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CHAPTER 1 
 
 
 

MODIFIED CEMENT SYSTEM: DURABILITY AND 
AESTHETICS 

 
Mohamed, J. S. Z. and   Mohamed Sutan. N.* 

 
 

ABSTRACT 
 

Concrete deterioration is one of the most concerning matters in the construction world. Significant 
decay such as efflorescence should not be ignored. The efflorescence is a deposit of salts, 
usually white, formed on the surface of the concrete. The efflorescence is not a significant 
problem that leads to structural defects, but it can build unattractiveness to the structure, such as 
brick walls and concrete mortar. The way to prevent the efflorescence occurrence is by studying 
the results of testing such as absorption and efflorescence itself to reduce the efflorescence. The 
non-modified cement system can reduce efflorescence but cannot avoid it because of the reaction 
of cement hydration itself. This study proves that using a modified cement system such as 
Pulverized Fly Ash (PFA) and Polymers (water-based latex grade 29Y46), the efflorescence of the 
mortar can be prevented. This study proved that the modified mortar, a sample with PFA and 
Polymers, has higher strength, durability, and minor efflorescence than the non-modified cement 
system. 

 
Keywords: Concrete, Efflorescence, Durability, Pulverized Fly Ash, Polymers 
 

INTRODUCTION 
 
One of the main characteristics influencing the durability of concrete is its permeability. The 

ingress of water, oxygen, carbon dioxide, chloride and others is the most durability problem in the 
concrete that can be attributed to the changes in the concrete. Volume changes in the concrete 
can be caused by many factors such as the hydration process, pozzolanic action, sulphate attack, 
carbonation, moisture movement, and others. A crack can decrease the durability of the concrete 
that occurs by interactions involving concrete materials and its surrounding environment. Colours 
changes of concrete can arise due to a well known yet not well-understood phenomenon called 
efflorescence. Efflorescence occurs when water percolates through poorly compacted concrete or 
cracks when evaporation can occur at the concrete’s surface. It will form white deposits that can 
decrease the concrete's aesthetic value. Efflorescence, which used to be ignored due to its 
negligible structural effect, is now viewed as a significant problem in coloured concrete products. 
To date, there are no economical and effective methods to guarantee the prevention of 
efflorescence [11]. 
 

EXPERIMENTAL PROGRAM 
 
The preparation of specimens varies with concrete mixes according to the predefined 

proportions. Concrete samples are tested through a series of test methods. The arrangement of 
the experimental program can be summarised in the flow chart, as shown in figure 1. 
 

*Faculty of Engineering, Universiti Malaysia Sarawak, Sarawak, Malaysia 
Email: msnorsuzailina@unimas.my 
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RESULTS AND ANALYSIS 

 

ABSORPTION TEST 

 

 

 
Figure 2 shows that the highest water absorption is 10% PFA replacement followed by 5% 

PFA replacement. At the same time, the 20% PFA replacement t is the lower percentage of water 
absorption. 
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Figure 3 shows the percentage of sample mixes with Polymer and non-non-modified. For 

non-modified water, absorption constantly increased with curing time. At the same time, the 
sample with the addition of Polymer water absorption starts to drop off always on day 14. It 
shows that the more polymers added to the mixtures, the lesser water absorbed into the sample. 
The result indicates that the sample with PFA has a higher percentage of water absorption than 
the sample with Polymers. More water can be absorbed when the air content is high in the PFA 
sample. While the polymer-modified mortar has a structure in which polymers can fill the larger 
pores. These features are reflected in reduced water absorption. For that reason, it can be 
concluded that polymerisation of monomers by additives and thermal activation, the hardening of 
latex takes place by drying or loss of water. 

 
 

COMPRESSIVE STRENGTH TEST 
 
 

 
 
Figure 4 shows the relationship between the compressive strength of PFA materials and 

100% Portland cement. The 20% replacement of PFA is sufficient to reduce the calcium 
hydroxide to the minimum level in the sample. It has the highest compressive strength in 28 days 
compared to 10%, 50% PM-A and non-modified mortar. The 20% replacement of PM-A is suitable 
for construction, reducing the cost of non-modified cement systems. 
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From figure 5, it can be concluded that additives with 1% of polymers developed a higher 

strength than those with 2%,3% and 0% of modified mortar. The polymer molecules are linked 
together with water and cement to attain a higher power. However, only concrete with additives 
1% polymers exhibits higher strength than the control sample at all ages. 

 

PUDDLE TEST & ELECTRICAL REFLECTANCE PHOTOMETER 
 
The puddle tests and electrical reflectance photometer have been done to measure the 

efflorescence and aesthetic of the concrete cubes. The measure of efflorescence is the different 
colours between the modified and non-modified cement systems. The humidity during the testing 
is around 86%, and the temperature is about 27.5°C during curing and absorption testing. High 
relative humidity around 80'% to 95% provides good protection against efflorescence after one or 
more days. Low humidity relatively takes a very long time to eliminate the risk of efflorescence. 
Low curing temperature can reduce the formation of protection against efflorescence. A puddle 
test is carried out by using mixtures that absorb more water than other samples. For the PFA 
sample, the percentage that absorbs more water is 10% replacement, while for the Polymer 
sample, the rate that absorbs more water is 1% addition of Polymers. 

 

 
 
Figure 5 shows that DE (total colour difference) I for sample PFA on day 1 is the highest or 

darker than others DE. The colour measurement of both samples constantly increases with 
ageing. But the sample PP-A shows a higher colour measurement than the sample with 
Polymers. The water absorption of the cube is the main reason for the colour measurement of 
change in both samples. The previous subtopic shows that the addition of PFA leads to 
absorption of more water whilst the addition of polymer gives less water absorption. For that 
reason, the colour measurement or efflorescence properties may also be affected. 

 
It can be concluded that the mixtures with modified cement systems are better than non-

modified cement systems. At the same time, the comparison between PFA and Polymers shows 
that the sample’s colour measurement with Polymers achieved fewer values or minor 
efflorescence. The admixtures with more polymers additives are insufficient to develop adequate 
strength but reduce efflorescence. 
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CONCLUSIONS 

 
In the conclusions, the concrete additives and concrete replacement with PFA can reduce the 

calcium efflorescence. It has been proved that replacing fly ash and adding polymer to concrete 
can prevent efflorescence. The mixtures with modified cement systems are better than non-
modified cement systems to determine efflorescence. The comparison between PFA and Polymer 
shows that the sample’s colour measurement with Polymers achieved a lesser value. The 
admixtures with more additives are insufficient to develop adequate strength but less 
efflorescence build-up. The high relative humidity around 80% to 95% gives good protection 
against efflorescence. Low curing temperature can reduce the formation of protection against 
efflorescence also. The compressive strength test proved that PFA with 20% replacement could 
reduce the calcium hydroxide to the minimum level. At the same time, the additives with 1% of 
polymers developed a higher strength at all ages. In conclusion, the additive with 1% Polymers in 
mixtures can reduce efflorescence, absorb more water and give more strength to the concrete. 
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CHAPTER 2 
 
 
 

UTILISATION OF RECYCLED AGGREGATE AS 
COARSE AGGREGATE IN CONCRETE 

 
Yong, P.C. and Teo, D.C.L.* 

 
 

ABSTRACT 
 
In this rapidly industrialised world, recycling construction material plays an important role in 

preserving natural resources. This research used recycled concrete aggregates (RCA) from site-
tested concrete specimens. These consist of 28-days concrete cubes after compression test 
obtained from a local construction site. These concrete cubes are crushed to a suitable size and 
reused as recycled coarse aggregate. The amount of recycled concrete aggregate used in this 
research is approximately 200 kg. Many researchers state that recycled aggregates are only 
suitable for a nonstructural concrete application. However, this research shows that the recycled 
aggregates obtained from site-tested concrete specimens make good quality concrete. The 
compressive strength of recycled aggregate concrete (RAC) is higher than that of normal concrete. 
Recycled aggregate concrete is near normal concrete in split tensile strength, flexural strength and 
wet density. The slump of recycled aggregate concrete is low, which can be improved using 
saturated surface dry (SSD) coarse aggregate. 

 
Keywords: Recycled Concrete Aggregate (RCA), Recycled Aggregate Concrete (RAC), Recycled Concrete,    
                    Recycled Aggregate 

 
INTRODUCTION 

 
Rapid industrial development causes serious problems worldwide, such as depletion of 

natural aggregates and creating an enormous amount of waste material from construction and 
demolition activities. One of the ways to reduce this probably is to utilise recycled concrete 
aggregate (RCA) in the production of concrete [1]. Many significant researches have been carried 
out to prove that recycled concrete aggregate could be a reliable alternative as aggregate in 
concrete production. As widely reported, recycled aggregates are suitable for non-structural 
concrete applications [2]. Recycled aggregates can also produce normal structural concrete with fly 
ash, condensed silica fume, etc. [3]. The strength of concrete is affected by the type of coarse 
aggregated used. It is necessary to know the characteristics of RCA and the effects of using RCA 
in concrete. There are limited reliable data on the use of RCA in concrete, and thus, more research 
on the utilisation of RCA should be carried out. In this research, the main concern is the testing of 
RCA and the resulting concrete made by it. 

 
RCA is the main component of old concrete, and for many reasons, there is a need to re-use 

them [4]. Such recycling operations have the added benefit of reducing landfill disposal while 
conserving primary resources and reducing transport costs [2]. There are many concrete wastes 
during the construction and demolition stages in Sarawak. RCA can be obtained from these 
wastages for the production of new concrete. Only After testing the g the t site, only concrete cubes 
were used for this study to obtain RCA.  
 
*Faculty of Engineering, Universiti Malaysia Sarawak, Sarawak, Malaysia. 
Email: tdelsye@feng.unimas.my 
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The construction industry in Sarawak normally requires 6 six or testing from a mixture truck. 

Many local concrete producers use 150 x 150 cubes for compressive strength tests pour 1000 m3 
concrete; an average of 2 m3 to 4 m3 will be used for concrete cube tests. These tested cubes can 
be crushed and screened through portable, mobile or stationary recycle plants instead of being 
discarded after testing and increased in landfills. 

 
The use of RCA for concrete production involves breaking, removing, and crushing existing 

concrete into a material with a specified size and quality. Recycling concrete is essential because 
it helps promote sustainable development in protecting natural resources and reduces demolition 
wasted from old concrete. Unprocessed RCA is helpful to be applied as many types of general bulk 
fill, bank protection, sub-basement, road construction, noise barriers and embankments. Processed 
RCA can be used to new concrete for pavements, shoulders, median barriers, sidewalks, curbs and 
gutters, and bridge foundations. It also can be applied to structural grade concrete, soil-cement 
pavement bases, lean concrete and bituminous concrete [5]. Recycled aggregate has typically 
higher water absorption and lowers specific gravity [6]. The density of recycled aggregate used is 
lower than the density of the average aggregate. The porosity of recycled aggregates is also much 
higher than those of natural aggregates [7]. Generally, the recycled aggregate grading curves are 
continuous and have a similar fineness modulus for an equivalent fraction [7]. 

 
Recycled aggregate concrete (RAC) is concrete made from the recycled aggregate. It was 

found that the workability of fresh RAC decreases with an increase in recycled aggregate due to 
water absorption of mortar adhered to recycled aggregate [6]. The strength of RAC is reported to 
be less by about 10% compared to normal concrete [8,9]. According to Tavakoli and Soroushian 
[10], concretes with recycled aggregate produced splitting tensile strengths higher than those 
obtained using natural aggregate. It was found that RAC with 100% recycled aggregate rep will 
decrease 13% in flexural strength compared to normal concrete [lacement3]. Poon and Chan [11] 
have studied the use of RAC in a project at Hong Kong Wetland Park. The highest concrete grade 
used was 35 MPa, while the concrete slump was 75 mm to 100 mm. The RAC was applied in pile 
caps, ground slabs, external works, mass concrete, minor concrete works and concrete blinding. 
The higher-grade RAC is made by 20% replacement of recycled coarse aggregate (RCA); 100% 
recycled aggregate replacement is used to produce lower-grade concretes. A total amount of 
12918m3 of recycled aggregate concrete was used in this project [11]. 

 
EXPERIMENTAL PROGRAM 

 
The main aim of this research project is to utilise recycled concrete as coarse aggregate to 

produce concrete. It is essential to know whether the replacement of RCA in concrete is 
inappropriate or acceptable. Three types of aggregates are used in this project: natural coarse 
aggregate, fine natural aggregate, and RCA. The natural coarse aggregate used is microtonalite 
with a maximum size of 25 mm. The fine natural aggregate used is river sand, and RCA used is 
crushed concrete from tested concrete cubes. Tests are carried out on these aggregates to 
determine the specific gravity and absorption, bulk density, moisture content and sieve analysis. 
After testing, a mixed design is produced by the properties obtained from the test results. Concrete 
is then produced with replacement of 0%, 50% and 100% of RCA and 100% replacement of 
saturated surface dry (SSD) RCA with the same mix proportion. Tests conducted on these 
concretes include the slump of fresh concrete. The 28-days air-dry density, compressive strength, 
split tensile strength, and flexural strength were determined for the hardened concrete. Except for 
the 28-days air-dry density, tests were conducted at the ages of 3, 7, 28 and 56 days, and the 
results at each testing age are reported as an average. The engineering properties of the RAC were 
also compared to those of the reference concrete. 
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The fine natural aggregate used for producing concrete is river sand. The source of this sand 
is the Batu Kitang River. The natural coarse aggregate available in the Civil Engineering Laboratory 
is microtonalite. The maximum size of this gravel is 25 mm. Recycled aggregate used in this 
research is crushed concrete, i.e. RCA. The site tested concrete cubes of 28-days are crushed 
together using a hammer. Since the natural aggregate is less than 25 mm in size, the recycled 
concrete is sieved through a 25 mm sieve and 4.75 mm in a mechanical shaker. Recycled 
aggregate passing 25 mm and retained on a 4.75 mm sieve is collected to produce recycled 
concrete. 

 
The mix design is produced with the selected slump of 30~60 mm, design compressive 

strength of 30 MPa and the maximum aggregate size of 25 mm. Other aggregate properties 
available from previous tests are used to calculate mix design. Numerous trial mixes are carried out 
to produce concrete with 0% replacement of RCA. This concrete serves as reference concrete 
(control concrete), and tests are conducted on this concrete to determine its properties. The other 
three mixes are carried out to produce concretes with 50% and 100% replacement of RCA and 
100% replacement of SSD recycled coarse concrete aggregate. The concretes with replacement 
of RCA are tested and their properties determined. Directly after casting, the fresh concrete is 
covered with a plastic sheet to avoid excess water evaporation. The hardened concrete samples 
are then demoulded after 24 hours and submerged in a clean water bath for curing until the age of 
testing. The compression test is carried out according to BS1881-116 to determine the 
characteristic strength of the concrete. In this test, 100 mm standard cube mould is used for 
concrete mix. Before testing, the apparatus should be clean and free from hardened concrete and 
excessive water [12]. 

 
The split cylinder test is performed according to ASTM C496 to find the tensile strength of a 

cylindrical concrete specimen. The cylindrical sample is placed with its axis horizontally and 
subjected to a line load along the length of the specimen. The diameter and size of the cylindrical 
concrete are 100 mm and 204 mm, respectively. Two wooden-bearing strips, 3.2 mm thick, 25 mm 
wide and slightly longer than the length of the specimen, are placed between the steel bars and the 
specimen to take account of deviations in the surface of the specimen [13].The flexural strength 
test is carried out on a concrete beam with loading at the third point according to ASTM C78. This 
test requires a rigid steel form 51cm long by 15cm in the other two dimensions. The loading machine 
should apply the loads uniformly without interruption [14]. 

 
 
RESULTS AND ANALYSIS 
 

 
Table 1 shows the various properties of natural aggregate (gravel) and RCA obtained by 

testing. From the result, the bulk density of gravel is 1469.8 kg/m3, and the RCA is 9.8% lower in 
bulk density than the gravel. The bulk specific gravity (dry), bulk specific gravity (wet) and apparent 
specific gravity of RCA are lower than gravel because of the lower density and higher water 
absorption in RCA. RCA’s absorption and moisture content are more elevated than gravel because 
the cement paste adhered to the recycled aggregate has high porosity. 
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The mix design is first done according to the DoE (British) mix design method, and numerous 

trial mixes were conducted to obtain the optimum mix. Once the optimum mix is determined, it 
produces concrete with 50% and 100% replacement of RCA and 100% replacement of SSD RCA. 
The constituents of this optimum mix proportion are shown in Table 2. 

 
 

 
 

 
The slump is taken for each mixing of concrete with 0%, 50% and 100% replacement of RCA. 

The results show that the slump of concrete made with natural aggregates is higher while the 
concrete with 100% replacement of RCA has no slump. The low slump in RAC is caused by the 
increased absorption of RCA (6.4%), which absorbs water during the mixing process. It is 
recommended to use saturated surface dry (SSD) RCA to improve the workability of fresh concrete. 
From the results obtained, concrete made with 100% SSD RCA has a competitive slump compared 
to the concrete made with natural aggregate, as shown in Table 3. 

 

 
 
Table 4 shows the results of the 28-days air-dry density of concrete. From the results, the air-

dry density seems to increase slightly with the addition of RCA. This could be due to the higher 
absorption capacity of the recycled aggregate. When the water is absorbed by aggregate, more 
space left by the absorbed water can be occupied by aggregates in a unit volume. Hence the density 
of recycled concrete is higher. 
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The natural aggregate and recycled aggregate are used to produce 100 mm concrete cubes 

for compression tests. Figure 1 shows the compressive strength of concrete with 0%, 50%, 100% 
replacement RCA and 100% replacement of SSD RCA. From the results, the compressive strength 
of concrete with 100% replacement of RCA has the highest 3-day and 28- day strength which 
reaches 40.24 MPa and 57.99 MPa, respectively. The compressive strength of recycled concrete 
with 50% replacement of RCA is near that of the control concrete. The compressive strength of 
recycled concrete with 100% replacement of SSD RCA is slightly higher than the control concrete 
but exhibits lower strength at 56 days. The results obtained show that the development of 
compressive strength of recycled concrete is better during the early stage but exhibits lower 
compressive strength during a later stage. 

 

 
A split cylinder test is carried out on each concrete sample to find the split tensile strength of 

the concrete cylinder. The results of the split tensile strength for the tested concrete samples are 
shown in Figure 2. The split tensile strength of recycled concrete with the replacement of 50% of 
RCA is approximately the same as the split tensile strength of the control concrete. The split tensile 
strength of recycled concrete with the replacement of 100% RCA and 100% SSD RCA are higher 
than the split tensile strength of control concrete. The results show that concrete made with 100% 
SSD RCA has the highest split tensile strength during an early stage. As with the compressive 
strength, the split tensile strength of recycled concrete is higher during the early stage, but it gains 
strength at a slower rate during later stages. 



11 

 

 

 
 
The flexural test is carried out for each sample, and the results are illustrated in Figure 3. The 

results show that the 3-day flexural strength of control concrete is lowest compared to the 3-day 
flexural strength of RAC. The control concrete gains strength gradually and has higher flexural 
strength later than the RAC. The 28-day flexural strength of control concrete is highest compared 
to the 28-day flexural strength of RAC. The performance of RAC in terms the flexural strength is 
not as good as the performance in terms of compressive strength and split tensile strength. This is 
because the recycled aggregates tend to deform more common natural gates, and the modulus of 
recycled aggregates is lower than the modulus of natural aggregates [15]. 

 

 
 
CONCLUSIONS 

 
Based on the experimental works from this research, the following conclusions are drawn: 
 

i) The w/c used in all mixes is 0.41. The proportion of cement: sand: gravel is 1: 1:11: 
2.07. 

ii) The workability of fresh concrete is not satisfied since the slump of recycled concrete 
made with 100% RCA is 0mm. It is recommended to saturate the RCA to saturated 
surface dry (SSD) conditions before casting. 

iii) RAC can achieve high compressive strength, split tensile strength as well as flexural 
strength. 
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iv) RAC has higher 28-day compressive strength and higher 28-day split tensile strength 
than control concrete. The 28-day flexural strengths of RAC are lower than that of 
natural concrete. 

iv) Recycled aggregates obtained from site tested concrete cubes (RCA) shows good  
potential as coarse aggregate for the production of new concrete. 
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CHAPTER 3 

 
 

EFFECT OF AGGREGATES AND CURING CONDITIONS 
ON THE COMPRESSIVE STRENGTH OF CONCRETE 
WITH AGE 

 
Aminur M.R1, Harunur M.R2*, Teo, D.C.L1 and Abu Zakir M.M2 

 
 

ABSTRACT 
 

The present research describes the effect of aggregate and curing conditions on the compressive 
strength of concrete with age. Ordinary Portland cement, coarse sand and brick chips/pebble 
gravels were used as binders, fine aggregate, and coarse aggregate. The ratio of cement, sand 
and coarse aggregate was 1:2:4 by weight. Five different curing conditions, namely, water curing 
(WC), self-curing (SC), air dry curing (ADC), one-day delay curing (1-DC) and three-day delay 
curing (3-DC), were employed. Two types of concrete namely concrete C1 (brick chips as coarse 
aggregate) and C2 (pebbles gravel as coarse aggregate), were prepared in this study. The physical 
and mechanical properties of aggregate were determined respectively. The results show that the 
compressive strength of concrete is affected by the properties of the aggregate and the curing 
condition employed. A hat found that concrete C1 and the normal water curing appeared to be 
better than concrete C2 and other touring conditions. 

 
Keywords: Brick Chips, Curing period, Concrete, physical and mechanical properties 

 

INTRODUCTION 
 

Concrete properties depend on temperature and humidity, especially during the curing period. The 
objectives of curing are to keep concrete saturated or nearly saturated to get the products of 
hydration of cement. The temperature of curing and the duration of moist curing are the critical factors 
for proper curing [1]. Generally, concrete properties and durability are influenced by curing condition, 
which significantly affects the hydration of cement. The hydration of cement virtually ceases when 
the relative humidity within capillaries drops below 80% [2]. Under an efficient curing method such 
as water curing, the relative humidity is above 80%, enabling cement hydration to continue [3].  
Conversely, the concrete specimens lose water or moisture through evaporation and become dry 
without proper curing. When hydration stops, sufficient calcium silicate hydrate cannot develop from 
the reaction of cement compounds and water. Calcium silicate hydrate is a significant strength-
providing reaction product of cement hydration [3]. It also acts as a porosity reducer, resulting in a 
dense microstructure in concrete. Therefore, efficient curing is inevitable to prevent the moisture 
movement or evaporation of water from concrete surface. This can be accomplished by keeping the 
concrete element completely saturated or as much saturated as possible until the water-filled spaces 
are substantially reduced by hydration products [4]. 
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As the reactions proceed, the products of the cement hydration process gradually bond together the 
individual sand and gravel particles and other components of the concrete to form a solid mass. The 
chemical reaction that occurs is as follows: 
 

CEMENT CHEMIST NOTATION: C3S + H→ C-S-H + CH 
 
STANDARD NOTATION: CA3SIO5 + H2O → (CAO)(SIO2)(H2O) + CA(OH)2 
 
 BALANCED: 2CA3SIO5 + 7H2O → 3(CAO)2(SIO2)4(H2O)+ 3CA(OH)2 

 
The hydration process begins in the mixer and continues when the concrete reaches its ultimate 
strength. The rate of hydration is controlled by the quality and quantities of the cementitious materials 
present in the mix as well as by the environmental temperature and the availability of moisture in the 
mix [1]. Ultimately the concrete can achieve higher strength and more excellent resistance to physical 
or chemical attacks in aggressive environments. Therefore, a suitable curing method is essential in 
order to produce strong and durable concrete [5].  Several researchers [6-12] have discussed the 
effects of water and vapour curing conditions  on the properties of concrete. However, in the desert 
area or where water is not readily available for curing purposes, the conventional curing method is not 
practised and delayed curing may occur. Sometimes, curing may also be delayed in the typical 
construction project due to many factors. Consequently, this study concentrates on different curing 
conditions on the compressive strength. The main objective of this paper is to investigate the influence 
of various types of curing conditions on the compressive strength of concrete produced from different 
coarse aggregates. The performance of these concrete in terms of compressive 
 

EXPERIMENTAL PROGRAM 
 

MATERIALS AND CURING CONDITIONS 

 
In this study, locally available brick chips and pebble gravel were used as coarse aggregate. 

In contrast, coarse sand, was used as fine aggregate. Portland cement was used as binder. Normal 
tap water was used in the mixing and curing process. The physical properties of coarse and fine 
aggregates are shown in Table 1. The unit weight of aggregates was done in accordance to ASTM 
C140–01 (2001) [13]. 

 
Table 1: Physical properties of aggregates 

 
 

Aggregate 
Unit Weight 

(kg/m3) 

Absorption 

capacity (%) 

Specific 

gravity (Gs) 

Fineness 

modulus 
(FM) 

Physical 

appearance 

 

Coarse 

aggregate 

Brick 
chips 

1050 14.88 2.0 6.58 
Rough 
surface 

Pebble 
gravel 

1770 0.53 2.66 6.68 
Smooth 
surface 

Fine 
aggregate 

Sand 1560 4.16 2.62 2.31 -- 

 
 

 
The sieve analysis and fineness modulus were also conducted according to ASTM C136-96a 

(1996) [14]. The absorption capacity and specific gravity of fine and coarse aggregates were 
performed as per ASTM C127 (2004) [15] and ASTM C192 (1996) [16] respectively. The particle 
size distributions of the aggregates are shown in Fig. 1. 
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 In this study, two types of concrete were produced namely C1 concrete (brick chips 

concrete) and C2 concrete (pebble gravel concrete). The ingredients of concrete C1 is brick chips, 
coarse sand, ordinary Portland cement and normal tap water. In contrast, for C2 concrete, pebble 
gravel is used as coarse aggregate ,and other materials are the same as those used for the 
production of concrete to high absorption capacity, the high absorption capacity of saturated surface 
dry (SSD) condition brick chips were used  in concrete C1pacity. The ratio of cement, sand and 
aggregate was 1:2:4 by weight. The ingredients of concrete C1 and C2 are summarized in Table 2. 

 
                                        Table 2: Concrete types and ingredient 
 

Concrete type C1 (Brick chips concrete) C2 (Pebble gravel concrete) 

Ingredient 
Brick chips, coarse sand, Ordinary 
Portland cement and water 

Pebble gravel, coarse sand, Ordinary 
Portland cement and water 

 
Five types of curing conditions were employed to investigate the curing effect with age on 

mechanical properties of concrete. During the curing period, specimens were stored in five different 
curing environments until tested. For the sake of consistency, three specimens were tested and the 
average values taken. For 1-DC and 3-DC, specimens were left in the lab after demolding and 
immersed in water after one and three days respectively. In the case of air-dry curing, specimens 
were stored in laboratory environment (approximately 21-24ºC) after 7 days of WC. This curing 
method was also used by Malhotra, (1992) [11]. The detailed procedures of the five types of curing  
conditions are shown in Table 3. 
 

                                      Table 3: Types of curing condition 
 

Curing condition 
Description Curing period (Days) 

Type Abbreviation 

Water curing WC Full submersion in water  

 

 

Until the age of test 

Self-curing SC 
Wrapped with th three layers 
of 
poly-film 

Air dry curing ADC 
Kept in room temperature 

after seven days of water 

curing 

One day delay 
curing 

1-DC 
Immersed in water after one 
day of demoulding 

Three day 
delay curing 

3-DC 
Immersed in water after three 
days of demoulding 
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METHODOLOGY 
 
SPECIMEN PREPARATION 

 
The brick chips and gravel were sieved and washed with normal tap water to remove dust and 

other foreign particles. The ingredients were mixed by using rotating type mixture machine (capacity 
50 liter, Model 55-C197) as per BS1881: Part 125 (1881) [17]. The concrete specimens were cast 
into 100 mm diameter and 200 mm height cylindrical moulds. Compaction was conducted according 
to BS 1881: Part 108 (1983) [18]. Immediately after casting, the specimens were kept in a cool 
place and covered with a plastic sheet and wet burlap. The specimens were demoulded after of 
24±2 hours and cured accordingly. 

 
MECHANICAL PROPERTIES TEST 

 
The concrete compressive strength test was performed at 7, 28 and 90 days according to 

ASTM C39 (1986) [19]. Sulfur cap was used on the top and bottom of specimen to obtain smooth 
surface of the specimen during testing. The caps were used between 3-6 mm thicknesses and 
surface was flat and smooth. The cylindrical specimens placed accurately at centre position of the 
lower platen of the machine by using a spacing block. The upper platen was driven vertically 
downward to top of the specimen. Uniaxial load was applied uniformly at specified rate. The 
maximum load was displayed in the digital display. The compressive strength was calculated using 
the following equation 1. 
. 

Sc = (F/As) × 103 (1) 
 
Where Sc is the compressive strength (MPa), F is the applied load (kN) and As is the area of 

cylindrical specimen (mm2). 

 
RESULTS AND DISCUSSION 
 
COMPRESSIVE STRENGTH 

 
The results of compressive strength for concrete C1 and C2 are shown in Figs. 2 to 5. From 

the figures, it can be seen that, the highest compressive strength value was found from WC 
condition at 90 days. From Fig. 2 it can be observed that, the compressive strength of specimens 
under delay curing (1-DC and 3-DC) are much lower compared to specimens under WC condition, 
especially at the earlier ages. However, at 90 days of the compressive strength of specimens under 
delay curing is almost similar to specimens cured under WC. This could be due to the internal curing 
provided by the brick chip aggregate since the aggregates were in SSD condition. The water stored 
within the aggregate may have acted as an internal reservoir which helps the cementitious hydration 
to continue even without proper curing. This ultimately improved the strength development of the 
specimens under 3-DC and 1-DC condition. From Fig. 2 it can also be observed that the 
compressive strength of specimens under SC for concrete C1 is higher than 3-DC up to 28 days of 
curing period, but after 28 days, 3-DC is higher than SC. 

 
In the case of concrete C2 as shown in Fig. 3, the compressive strength during early ages 

were closely similar. The development of good compressive strength for specimens under WC and 
1-DC is credited to sufficient moisture, which maintained to continue the hydration of cement. This 
also indicated that the compressive strength of concrete was not influenced by the overall water 
content but rather by moisture movement in the concrete specimens [20; 21]. However, the 
compressive strength of concrete C2 cured under 3-DC is lower than specimens cured under WC. 
It was also found that concrete C2 cured under 3-DC registered the lowest value. This could be due 
to the smooth surface of the pebble gravel which lowered the bonding capacity between the 
aggregate and the mortar and thus resulting in lower compressive strength. No internal curing was 
provided by this aggregate and this could also have affected the compressive strength. 
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Fig: 2. Variation of compressive strength for concrete C1 under 
different curing conditions 

Fig: 3. Variation of compressive strength for concrete C2 under 
different curing conditions 

 
In the case of concrete C2, the compressive strength of ADC is lower by approximately 26-

36% compared to concrete C1 under the same curing condition. This again could be due to the 
internal curing provided by the brick chips which resulted in higher compressive strength for 
concrete C1. 

 
 

 

 

 

Fig: 4. Variation of compressive strength with curing period 

for concrete C1 and C2 under WC condition 

Fig: 5. Variation of compressive strength with curing 
period for concrete C1 and C2 under WC and delay 

curing conditions. 

 
From Figs. 4 and 5 it can be clearly observed that the overall compressive strength of concrete 

C1 is better than concrete C2 and the water curing is better than other types of curing conditions. 
During the ADC curing period, the temperature and relative humidity (RH) were also recorded, 
which is presented in Figs. 6 and 7 respectively. The temperature and RH also may affect on the 
compressive strength of concrete. From Fig. 7 it can be observed that at the end of October (2005) 
the RH is high. As a result, the compressive strength of concrete C1 is almost similar with 
specimens under WC at 90 days. This could be due to absorbed moisture from surrounding 
environment. 
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                 Fig. 6: Variation of daily temperature during air dry curing 

 

 

 

 

 
                    
                          Fig. 7: Variation of relative humidity during air dry curing 

 
 
CONCLUSIONS 

 
From the results obtained in this research, the following conclusions can be drawn. 
 

1. The compressive strength increases with an increase in curing period. 
2. It was found that the compressive strength of concrete C2 is lower compared to concrete C1. 

This could be due to the rough surface of the brick chips which increased the bonding with 
mortar and ultimately increasing the compressive strength of concrete C1. Brick chips appear 
to be better compared to pebble gravel as aggregates for the production of higher strength 
concrete. 

3. As expected, the wc condition produced concrete with higher strength compared to the other 
types of curing conditions for both types of concrete. At 90 days, concrete c1 registered the 
lowest compressive strength under sc condition while concrete C2 cured under 3-DC condition 
produced the lowest compressive strength. 

4. Aggregates with high water absorption values used in SSD condition for casting concrete is 
suitable for construction in areas with water shortage/problems or where delay curing is 
expected since the compressive strength of specimens under delayed curing are closely similar 
to those of well cured specimens, especially at the later ages. 
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CHAPTER 4 
 
 
 

EFFECT OF SEAWATER ON THE PROPERTIES OF 
EPOXY MODIFIED CONCRETE 
 
Timmy Jupiter, Azida Hj Rashidi and Idawati Ismail* 
 
 

ABSTRACT 
 

Epoxy is the most common type of polymer used by civil engineers to produce Polymer 
Cement Concrete (PCC). In this study, the effect of seawater on epoxy modified mortar in the 
Malaysian seawater is investigated using PCC mixes with Epoxy is used as the cement 
replacement. Fifteen 100x100x100 mm standard cubes were casted from five different mixes. 
The samples range from 5% to 50% epoxy replacement to cement content by weight 
ratio.Samples were placed in sea water and tap water for 100 days and monitored for short-term 
durability aspects such as physical changes in weight, appearances and absorption percentages. 
Compressive strength for 7, 14, 28 and 100 days were also taken. Results were compared with 
control samples having 0% epoxy. Results show that the strength of samples depends on the 
amount of epoxy used. The absorption test results can be an initial indicator to the durability 
properties of concrete material. It was also found that PCC with 20% epoxy can effectively 
reduce overall deterioration of concrete especially those exposed to sea water. 
 
Keywords:Epoxy modified concrete, sea water, absorption, compressive strength 
 

INTRODUCTION 
 

Utilization of conventional mortar and concrete made with Portland cement as popular 
construction material cannot be doubted. However, they have some disadvantages such as 
delayed hardening, low tensile strength, high drying shrinkage, susceptibility to frost damage, 
low chemical resistance and especially, chemical attack in marine environment [1]. Hence, 
polymers or resin (commercial polymer) instead or as part replacement of Portland cement have 
been added to reduce these disadvantages [1]. 
 

POLYMER MODIFIED CONCRETE 
 

Polymer cement concrete or sometimes called polymer-modified concrete is a modified 
concrete in which part of the cement binder is replaced by a synthetic organic polymer admixture 
[2]. The polymeric admixtures or cement modifiers are relatively new materials that improve 
strength, durability, resistance to corrosion, water permeability and resistance to damage from 
freeze-thaw cycles [1]. Examples of the polymers used are latexes or emulsions, dispersible 
polymer powders, water-soluble polymers, liquid Resin and monomers such as Epoxy. Epoxy as 
part of cement replacement to produce epoxy modified mortar and concrete can be more 
expensive compared to the latex-modified mortar and concrete. However, epoxy modified mortar 
and concrete are gaining increasing acceptance in the construction industry because of their 
good cost-performance balance as well as giving more rapid hardening, higher thermal stability, 
better flexural strength, modulus of elasticity and better water resistance can be obtained. Other 
liquid polymer-modified mortar and concrete still require further laboratory testing and on-site 
experiences. [3] 
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Due to the improved properties, polymer cement concrete is being used in the construction 
industry and the repair of highways and structures such as floors, bridge decks, road surfacing[1-
4]. 
 
Extensive works have been done in understanding the properties of epoxy cement concrete, 
applications in harsh environments, high temperature and repair works [8][9][10]. Epoxy is used 
in the investigation of the sea-water effect on epoxy-repaired concrete [5][6]. Performance of 
epoxy modified concrete exposed to highly concentrated chloride and sulphate below ground 
conditions in coastal area was done by [7]. With the harsh environment of high salt concentration 
and low-quality local construction materials, it was found that the performance of latex and epoxy 
modified concrete was better than that of polymer concrete. Some works have also been done 
on marine structures in Malaysia [8]. 
 

RESEARCH SIGNIFICANCE 
 

The effect of seawater on epoxy modified mortar in Malaysian seawater is investigated in this 
study. An optimum design mix using locally available epoxy resin is investigated to give optimum 
strength as well as acceptable durability criteria when exposed to the marine environment. The 
criteria are the physical changes in weight and appearances and water/seawater absorption 
percentages. Compressive strength for 7, 14, 28 and 100 days were also taken. Results were 
compared with control samples having 0% epoxy in the mix. 
 

EXPERIMENTAL WORKS 
 

MATERIALS 

 
The materials used in this study were ordinary Portland cement, fine sand (0.07mm sieve 
analysis), Epoxy resin (hardener and resin) and tap water. 
 
CASTING AND MIXING 

 
The mixes were prepared by weight proportion with epoxy is used as a cement replacement 

material. A total 72 cube samples of 100mm X 100mm X 100mm size were prepared from six 
different mixes. Five mixes (EP5, EP10, EP15, EP20 and EP50) have different epoxy contents, 
with EP5 having 5% of epoxy resin by weight of cement; while CM, is the control mix with 0% of 
epoxy resin. Table 1 shows the different specimens with their mix proportions. 

 

Mix 
Epoxy content as part 

of cement 
replacement 

Cement w/c Epoxy Sand 

EP5 5% 45 0.54 5 50 

EP10 10% 40 0.45 10 50 

EP15 15% 35 0.4 15 50 

EP20 20% 30 0.3 20 50 

EP50 50% 0 0 50 50 

CM Control Mix 50 0.5 0 50 

Table 1. Mix Proportion Used 
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METHOD OF CASTING 

 
The use of epoxy compounds in preparing concrete can be difficult because the compound 
begins to set once the hardener and resin mix together. Therefore, other materials are pre-
prepared and thoroughly mixed before adding the epoxy compound. 
 
Casting is done quickly in 100x100x100 mm cubes. All the samples were cured in a curing tank 
to make sure that the maximum hydration process within the sample can take place [7]. The 
tests carried out in this project were the weight and density test, compression tests, absorption 
and durability check due to seawater and tap water. 
 

RESULTS AND DISCUSSION 
 
WEIGHT AND DENSITY 

 
An average weight from 3 cube samples at age of 0 days was obtained for each mix. Then, an 
average dry density from 3 cube samples for each mix was calculated using the cube volume. 
The average weight and density of each mix are shown in Figure1. 
 

Figure 1: Density of Specimen against the Percentage Epoxy used 
 
It is found that as the percentage of epoxy replacement increases, the weight and density of the 
specimen decreases accordingly in a linear manner. The decrease in weight is because the 
epoxy has lower density than cement. Figure 1 shows with increase in epoxy replacement, the 
possibility of achieving a lightweight concrete material is possible. 
 
COMPRESSIVE STRENGTH 

 
The compressive strength tests from 3 cube samples for each mix were done when the cubes 
are of 7 days, 14 days, 28 days and 100 days of age. 
 
Table 2 shows that the average compressive strength at 28 days increases with increase in 
epoxy percentage replacement. The strength increase may be due to cement hydration and 
increased percentage of epoxy particles flocculating into continuous film at the same time. 
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Specimen Average Compressive strength at 28days (N/mm2) 

CM 50.31 

EP5 51.17 

EP10 54.14 

EP15 57.02 

EP20 58.25 

EP50 64.37 

Table 2: Compressive Strength at 28 days for the different mixes 
 

Figure 2 shows the percentage of a rate increase in strength of the different specimens. 
Specimen with 0% epoxy shows a higher initial strength increase and E50 has the least strength 
increase. This means that the specimen with 0% epoxy has the highest initial cement hydration 
process since it has the highest cement percentage. Other samples have lesser cement content 
but with time, continue to increase in strength due to cement hydration and at the same time, 
epoxy particles coalesce into a continuous film. This shows that epoxy resin does not affect the 
hydration process of the cement materials. The percentage of strength increase is highlighted in 
Table 4. 
 

Figure 2 Graph of compressive strength of different mix vs time (days) 
 
 

Table 4: Rate of strength increase for different epoxy replacement 
 

 

Specimen 
14days Strength increase (%) 28days Strength increase (%) 

CM 26.23 4.09 

E5 19.31 17.41 

E10 22.61 18.45 

E15 21.76 19.51 

E20 9.93 8.65 

E50 9.22 6.82 
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TAP WATER AND SEAWATER ABSORPTION AND POST- COMPRESSIVE STRENGTH 

 
Three cube samples from each mix were oven-dried until no change in the specimens’ weight 

was observed. Then, the samples were soaked in a curing tank filled with seawater for about 100 
days. Then, weights for three cube samples from each mix are recorded at least three times a 
week during the 100 days duration to get an average weekly absorption value per mix. Similar 
procedure is also done for samples soaked in a curing tank filled with tap water as control test. 
The samples absorption capacities results in sea water are then compared to results from the 
control test. Physical and colour changes are also observed. Compressive strength for the 
specimens soaked in seawater after the 28 days duration was also noted. 
 

Figure 4.3 shows the relationship of water absorption with time for different mix proportion in tap 
water. 

 
Figure 4.4 shows the water absorption with time for different mix proportion in sea water. 
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From Figure 4.3 and 4.4, it can be concluded that specimens with 0% epoxy have the highest 
absorption properties. Absorption properties gradually decrease with increase in Epoxy 
percentages in the specimens with E50 has the least absorption properties in both sea water 
(0.19%) and tap water (0.972%). It is also found that the specimens absorb more seawater than 
the tap water. 
 
Figure 4.5 shows the comparison of compressive strength of different mix proportion soaked in 
sea water after 100 days. It is found that the compressive strength of the specimens soaked in 
sea water have reduced quite drastically. The specimen with 0% epoxy has a 16.1% strength 
reduction and specimen with 50% epoxy has the least reduction of 1.2%. 
 

Figure 4.5 Comparison in compressive strength of samples in seawater after 12 weeks. 

 

 
The strength of the specimen soaked in sea water is reduced as the seawater contains dissolved 
salts which react with concrete. Figure 4.6 shows the typical physical condition of the sample, 
EP0, with some cavities created on the surface of the specimen at 100 days. 
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Figure 4.6 shows the physical changes of sample, EP0, after being immersed in seawater for 

100days. 
 
Results from the seawater test shows that seawater can cause concrete to deteriorate. Leeching 
of concrete surfaces occurs when it is exposed to seawater for certain period of time. 
The replacement of cement binder by epoxy resin by some percentage can slow down the 
deterioration of concrete due to water penetration. In the initial stage, epoxy compound produces 
fine epoxy flocculation; then gradually form a continuous film/layer towards later stage while at 
the same time, the cement undergoes the hydration process. Water is prevented to seep through 
the fine pores due to the epoxy layer of the specimen; thus, making it impermeable. This is 
evident from the lower percentage of water absorption by epoxy modified concrete specimens, 
E5 to E50, compared to the specimens with zero epoxy. 
 
Seawater contains sulphates, magnesium, and chloride ions. Sulphates ions can bleach away 
the hydrated cement paste and exposed the aggregates. This type of deterioration leads to 
reduction in cross- sectional area of the structural component. 
 

CONCLUSION 
 
The conclusions drawn from this study and summarized below are applicable to the 
characteristics of the materials used and the range of parameters investigated: (i) the strength of 
samples increases as the percentage of epoxy used is increased (ii) As the percentage of epoxy 
used is increased, the percentage of water and sea water absorption decreases (iii) Sea water 
affects the compressive strength of concrete more than tap water (iv) concrete with highest 
percentage of epoxy as the least affected by seawater. (v)20% epoxy is the optimum percentage 
cement replacement in epoxy cement concrete and can effectively reduce overall deterioration of 
concrete especially those exposed to sea water. 
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CHAPTER 5 
 
 
 

STUDY THE STRUCTURAL BEHAVIOR OF FERROCEMENT 
BEAM 
 

 
Bong, J.H.L1 and Ahmed, E.2 

 
 

ABSTRACT 
 
The need of the construction industry to look for a reliable and cheaper strengthening 

component for reinforced concrete structure has led to the usage of ferrocement which proves to 
be a promising solution. This paper describes the structural short-term behavior of a beam 
strengthened with ferrocement laminate and identifies its advantages. Beam which is 
strengthened with ferrocement laminate is compared to a control beam for analysis of the 
advantages of using ferrocement. From the experiment carried out, beam strengthened with 
ferrocement proves to have a higher cracking load, ultimate load as well as having a lower 
deflection in comparison to a normal beam. 

 
Keywords: Reinforced concrete beam, ferrocement, strengthening, deflection 

 
INTRODUCTION 

 
Ferrocement is a type of building materials made up of a relatively thin layer of cement 

mortar reinforced with layers of continuous uniformly distributed wire mesh. The ACI Committee 
549 [1] defined ferrocement as “a type of thin wall reinforced concrete commonly constructed of 
hydraulic cement mortar reinforced with closely spaced layers of continuous and relatively small 
diameter wire mesh”. The cementing mix consists of cement and sand mortar while the 
reinforcement steel wire mesh has openings large enough for adequate bonding of the mixture. 
The uniform dispersion of the steel wire mesh and the close distribution of its opening transform 
the usually weak and brittle mortar mixture into a high performance building material distinctly 
different from normal reinforced concrete. This steel wire mesh is also responsible for ferrocement 
structures to have greater tensile strength and flexibility which is not found in ordinary concrete 
structures. It possesses higher tensile strength to weight ratio and a degree of toughness, 
ductility, durability and cracking resistance considerably greater than those found in other 
conventional cement based materials [2]. Since ferrocement is made of the same cementitious 
materials as reinforced concrete structure (RC), it is ideally used as an alternative strengthening 
component for rehabilitation work on any RC structures. The most widely used construction 
materials in today’s world would be concrete and steel combined to make reinforced concrete as 
can be seen in most building construction. However, the first known example of the usage of 
reinforced concrete started with the construction of boats when Joseph Lambot of France began 
to put metal reinforcing inside concrete in 1840s. That was the birth of reinforced concrete and 
from there subsequent developments followed. The technology at that period could not 
accommodate the time and effort needed to produce meshes of thousands of wires. Instead, 
large rods were used to make what is now called standard reinforced concrete. 
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One of the greatest assets of ferrocement is its relatively low unit cost of materials but in countries 
which demand higher cost of labor, the usage of ferrocement is not economical. For countries 
where unskilled, low-cost labor is available and can be trained, and as long as a standard type of 
construction is adhered to, the efficiency of labor will improve considerably, resulting in a reduced 
unit cost.  

 
With these conditions, ferrocement proves to be a more favorable option than other materials 
used in construction, all of which have a higher unit material cost and require greater inputs of 
skilled labor. The primary worldwide applications of ferrocement construction to date have been 
for tanks, roofs, silos and mostly boats. In this paper, the flexural behavior of beam strengthened 
with ferrocement laminate will be investigated. The result from the testing of ferrocement 
strengthened beam will be compared to a control beam to have a clearer insight into the 
advantages of using ferrocement. The cracking behavior and ultimate load carrying capacity will 
be highlighted in this paper. 

 
The aims of the study are listed as follows: 
 

i. To investigate the characteristic of short term deflection, cracking performance and 
ultimate flexural strength of ferrocement beam. 

ii. To compare the short term deflection & ultimate flexural strength of ferrocement beam 
against a normal control beam 

 
LITERATURE REVIEW 

 
Rehabilitation work has emerged as an important subject in an effort to deal with the 

problems of deteriorating infrastructure. For that purpose, several strengthening methods have 
been used in the past such as enlargement of cross section, reduction of span length, external 
post-tensioning, addition of new steel members and external plate bonding with FRP plate which 
result in various degree of success. There is a need to develop an alternative technique, which 
can be implemented at site with the help of semi-skilled labor available on site. The advantages of 
using ferrocement for strengthening work are its high tensile strength, easy application as well as 
its low cost in terms of materials and labors. This has led to a large scale of research on this 
material and thus produced a lot of information regarding the design and construction techniques 
using ferrocement. 

 
The strengthening of reinforced concrete beams using ferrocement laminates attached onto the 
surface of the beams has been carried out by Paramasivam, Lim and Ong [2]. In the research, 
they have come to the conclusions that the addition of ferrocement laminates to the soffit (tension 
face) of the beams tested statistically substantially delayed the first crack load, restrained cracks 
from further widening and increased the flexural stiffness and load capacities of the strengthened 
beam. The improvements in mid-span deflection and load capacities are lower in beams where 
the composite action was lost between the original beam and the strengthening ferrocement 
laminates. Thus, it is suggested that the surface of the beam to receive the ferrocement laminate 
to be roughened and provided with closely spaced shear connectors in order to ensure full 
composite action. 

 
Nassif and Najm [3] conducted an experimental and analytical investigation of ferrocement-
concrete composite beams whereby the method of shear transfer between composite layers is 
examined. It was concluded from this study that full composite action between both layers cannot 
be attained based on rough surfaces without shear studs and a minimum of five studs should be 
used to ensure full composite action. Shear studs with hooks exhibited better pre-cracking 
stiffness as well as cracking strength compared to all other types of studs. It was also concluded 
that beam specimens with square mesh are better for crack control than beam with hexagonal 
mesh. 
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Research done by Jumaat and Alam [4] showed that the spacing of the shear connectors used for 
the purpose of strengthening of beam also affects the formation of first crack, mid-span 
deflections and also the load capacity of the beam. The improvements in cracking, deflection and 
ultimate load was greater with smaller shear connector spacing. They also concluded that the 
performance of the strengthened beam with higher volume fraction of reinforcement in 
ferrocement laminate was slightly better than the one with lower volume fraction. It has also been 
found that pre-cracked beams prior to repair did not affect the ultimate load capacities of the 
strengthened beams. 

 
The shear behavior of ferrocement thin webbed sections had been studied by Ahmad, Lodi and 
Qureshi [5] whereby they studied the shear behavior of ferrocement channel beams by 
conducting tests under transverse loads for 15 beam specimens. The dominant parameters which 
are the shear span to depth ratio, ‘a/h’, the volume fraction of the reinforcement and the strength 
of mortar, were varied to determine its effect on the cracking shear strength. Results from their 
studies showed that the cracking and ultimate shear strength of ferrocement channel beams 
increases as the shear span to depth ratio decreases and/or the amount of wire mesh or mortar 
strength increases. The crack initiation and failure mechanism of the ferrocement beams were 
greatly influenced by the shear span to depth ratio. They observed that at shear span to depth 
ratio less than 2.0, first cracking usually occurs near the mid depth of the section; whereas bottom 
fibre flexural cracks appear first at higher shear span to depth ratios. 

 
Kazemi and Morshed [6] performed an experimental study to strengthen shear deficient short 
concrete columns using ferrocement jacket reinforced with expanded steel meshes. Ferrocement 
was found to be good for crack control purposes. Concrete specimens that were strengthened 
with expanded meshes showed distributed fine shear cracking even at the large amounts of 
displacement ductility capability. They also concluded that a small amount of expanded meshes is 
sufficient to increase the shear strength considerably but a larger steel volume was needed to 
attain a good amount of ductility. According to their finding, ties were not as effective as expanded 
meshes in shear strengthening of concrete columns.The flexural behaviour of reinforced concrete 
slabs with ferrocement tension zone cover had been investigated by Al- Kubaisy and Jumaat [7]. 
Their research proves that reinforced concrete slabs with ferrocement tension zone cover are 
superior in crack control, stiffness and first crack moment compared to similar slabs with normal 
concrete cover. Deflection near serviceability limit was significantly reduced in specimens with 
ferrocement cover. 

 
Finite element method of modeling ferrocement strengthened beam has also been done using 
ANSYS software to simulate the behavior of ferrocement beam. Elavenil and Chandrasekar [8] 
did a research on this and has come to the conclusion that finite element models represented by 
load-deflection plot at mid-span shows good agreement with the experimental and theoretical 
results. The research also shows that load carrying capacity as well as the ultimate load of 
ferrocement strengthened beam is higher than that of the control beam. The mid-span deflection 
at any given loads is also lower than that of control beam.Research has shown that ferrocement 
is effective for strengthening purposes for various types of reinforced concrete members such as 
beams, columns and slabs in terms of increasing the flexural strength, crack control as well as 
deflection. Columns reinforced with ferrocement jacket also had increased shear strength and 
higher ductility. Construction costs will be slightly higher with ferrocement cover but this is greatly 
offset by the money spent on repairing damaged structure caused by cracking or spalling of 
normal concrete cover. In addition to that, ferrocement allows the existing conventional concrete 
material and practices to be used and thus, is more practical as a strengthening material 
compared to others. The usages of ferrocement and its advantages compared to a normally 
reinforced beam is an interesting topic for further investigation. The short-term behavior, cracking 
load as well as cracking behavior could be analyzed further to gain more understanding of the 
advantages   of ferrocement 
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EXPERIMENTAL PROGRAMME  
 

DESCRIPTION OF TEST SPECIMENS 
 

Two concrete beams of Grade 30 were cast for the experimental testing carried out in the 
laboratory. One beam is strengthened with ferrocement on its soffit while the other beam is 
without ferrocement which act as a control beam. The beam were measured 1500 mm in length 
with cross section of size 150 mm×150 mm. Both the beams were cast using the same 
reinforcement which is 2 bar of 10 mm diameter for top and bottom steel reinforcement. The shear 
reinforcements were of 6 mm diameter bars spaced at 150mm center to center. In ferrocement 
laminate, square wire mesh with 1 mm diameter and spacing of 14 mm was used. 

 
MATERIALS PROPERTIES 

 
Normal weight concrete designed to achieve compressive strength of 30 N/mm2 after 28-

days was used. Ordinary Portland cement, sand and coarse aggregate of maximum size 20mm 
were mixed in the proportion 1:1:2.5 by weight with a water to cement ratio of 0.45. Slumps of 65 
mm were recorded prior to casting. Steel reinforcements which were selected for tension and 
compression reinforcement was 10mm diameter bars with characteristic strength of 460 N/mm2. 
For shear reinforcement, steel bars of 6 mm diameters with characteristic strength of 250 N/mm2 
were used. For the beam strengthened with ferrocement, 5 L-shaped bars of 6-mm diameter were 
used as shear connector. For the strengthening mortar, cement and sand were mixed in the 
proportion of 1:2 by weight and water to cement ratio of 0.4 which gives compressive strength of 
30 N/mm2 after 28-days. 

 
SURFACE PREPARATION 
 

During casting of the beam to be strengthened by ferrocement, the soffit of the beam is cast 
in such a way that it is rough and the aggregates were exposed as shown in Figure 1. The 
purpose of providing this rough layer is to ensure a better bonding between the original concrete 
beam and the ferrocement layer when mortar is applied. 

 

 
Figure 1: Attachment of wire mesh to the 

beam. 
Figure 2: Ferrocement laminate attached 

to beam. 
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STRENGTHENING OF BEAM 
 

To form the ferrocement beam, 3 layers of square wire mesh of 14-mm opening were 
attached to the soffit of the beam. Five L-shaped shear connector were used to secure the wire 
mesh from peeling off during testing. Mortar is placed through hand plastering whereby mortar is 
forced through the mesh. Surfaces are finished to about 30mm to assure proper cover to the last 
layer of wire mesh and leave to dry for about 1 week before it undergo flexural testing (Figure 2). 
 

Figure 3: Experimental set-up. Figure 4: Cross section A-A 
 
TEST SET-UP AND INSTRUMENTATION 
 

All the beams were tested under 2-point loading over a span of 1400mm and also 
instrumented for the measurement of mid-span deflections. Figure 3 and figure 4shows the 
loading point on the beam and the cross-section of ferrocement beam respectively. Loading is 
applied until the beam collapsed and the ultimate load is then noted. The ultimate load capacity 
and mid-span deflection of the ferrocement strengthened beam is then compared with that of a 
normal beam. Linear displacement transducers were used to measure the mid-span deflection of 
the beam. The deflection readings were recorded by a portable data logger. Before testing, it was 
made sure that the transducer was touching the soffit of the test beams. During testing, the load 
was applied by two hydraulic jacks attached to the pressure gauge. The pressure gauge records 
the applied load in unit bar or psi and based on past experiments, 1 unit bar of pressure from the 
meter corresponds to 0.31 kN. Cracks were visually detected using a magnifying glass and its 
propagation was traced and the corresponding loads were recorded on the surface of the beam. 
All the beams were tested with concentrated load applied in 10 bar (3.1 kN) for the first time and 5 
bar (1.55 kN) subsequently. The developments of crack were traced using a marker and the first 
crack loads were also recorded. For every load increments, the corresponding deflections were 
printed out from the data logger. Loading continued until the cracking on the beam were severe 
enough. Cracks started at the soffit of the beam and moved vertically as more load is applied. 
Loading is applied incrementally and stop once the cracks has passed the neutral axis of the 
beam. The cracking pattern is as shown in Figure 5. 
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Load 

(bar) 

Load 

(kN) 

Deflection (mm) 

C1 C2 C3 

0.00 0.00 0.00 0.00 0.00 

10.00 3.10 0.06 0.10 0.08 

15.00 4.65 0.20 0.40 0.27 

20.00 6.20 0.52 0.80 0.69 

25.00 7.75 0.87 1.29 0.98 

30.00 9.30 1.18 1.83 1.50 

35.00 10.85 1.78 2.62 2.04 

40.00 12.40 2.17 4.40 2.54 

45.00 13.95 4.63 7.42 5.11 

50.00 15.50 7.48 11.16 7.63 

 

Load 

(bar) 

Load 

(kN) 

Deflection (mm) 

C1 C2 C3 

0.00 0.00 0.00 0.00 0.00 

10.00 3.10 0.02 0.06 0.03 

15.00 4.65 0.05 0.14 0.05 

20.00 6.20 0.11 0.22 0.15 

25.00 7.75 0.25 0.40 0.31 

30.00 9.30 0.61 0.70 0.54 

35.00 10.85 0.74 1.18 0.69 

40.00 12.40 0.89 1.85 0.88 

45.00 13.95 1.52 2.60 1.75 

50.00 15.50 2.10 3.47 2.50 

55.00 17.05 2.92 4.48 3.60 

60.00 18.60 4.81 8.94 6.87 

 

 
Figure 5: Cracking pattern of ferrocement strengthened beam 

 
 

RESULTS AND DISCUSSIONS 
 
The results of the tests for the normal beam and ferrocement beam are summarized in 

Table 1 and Table 2 respectively. It can be seen that on the same value of load, the beam which 
is reinforced with ferrocement has lesser value of deflection compared to the beam without 
ferrocement. This shows that ferrocement can enhance the beam’s structural performance. 
Taking the loading of 6.20kN for example, the beam strengthened with ferrocement shows a mid-
span deflection of 0.22mm and still within the elastic range while the control beams shows a mid-
span deflection of 0.80mm. This shows an improvement of about roughly 70% for the ferrocement 
beam. The transducers at positions C1 and C3 give almost the same reading. This indicates the 
symmetrical behavior of the beam. 

 
* Highlighted value indicates the starting of cracking stage 
 

 

Table 1: Test results for the control beam. 
Table 2: Test results for the ferrocement 

beam. 
  



 

 

35 

 

From Figure 6, it can be seen that both beams behaved in the same pattern. Initially, during the 
uncracked stage, both the plot shows a steep increase. Once the cracking point has been 
reached, the gradient decreases until it almost become flat when it reaches the ultimate load. 
Since both the beams are made of the same cementitious materials, this behavior is expected 
with the only difference being the beam strengthened with ferrocement which shows a higher 
cracking point as well as higher ultimate loading point. 

Figure 6: Plot of load (kN) vs mid-span deflection for both the beams. 
 
When the beams were loaded, the concrete layer at the tension zone is able to resist the tensile 
forces exerted before the concrete tensile strength at the bottom of the beam has exceeded. This 
also means the deflection of the beam would increase steeply after cracking at the beam has 
occurred. Thus, the rate of increase in deflection of the beam can be used to detect the starting 
point of cracking in the concrete beam. For comparison, the rate of increase of deflection for 
every 10 bar is computed in Table 3 and Table 4. 

 
* Highlighted value indicates the starting of cracking stage 

Load Beam without ferrocement (mm) 

Bar kN C1 C2 C3 

0 – 10 0.0 – 3.1 0.06 0.10 0.08 

10 – 20 3.1 – 6.2 0.46 0.70 0.61 

20 – 30 6.2 – 9.3 0.66 1.03 0.81 

30 – 40 9.3 – 12.4 0.99 2.57 1.04 

40 – 50 12.4 – 15.5 5.31 6.76 5.09 

Table 3: Increase of deflection for every 10 bar (3.1kN) loadings (beam without ferrocement). 
 

Load Beam with ferrocement (mm) 

Bar kN C1 C2 C3 

0 – 10 0.0 – 3.1 0.02 0.06 0.03 

10 – 20 3.1 – 6.2 0.09 0.16 0.12 

20 – 30 6.2 – 9.3 0.50 0.48 0.39 

30 – 40 9.3 – 12.4 0.28 1.15 0.34 

40 – 50 12.4 – 15.5 1.21 1.62 1.62 

Table 4: Increase of deflection for every 10 bar (3.1kN) loadings (beam with ferrocement). 
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It can be seen from Table 3 and Table 4 that when cracking occurs, an abrupt rate of deflection 
value is observed. For example, for beam strengthened with ferrocement, the initial increase in 
deflection are about 0.30 mm per 10 bar of load applied. But once the loading reached about 40 
bars, an abrupt increase of about 1.10mm is observed. Thus, it can be concluded that cracking 
occurred at this point of loading. Comparing the cracking point of both the beams whereby the 
ferrocement beam first develop cracks at a loading of 12.40 kN while the control beam starts to 
crack at a load around 6.20 kN, it shows that ferrocement laminate increases the cracking load of 
the beam by about 50%. From the load-deflection curve in Figure 6, it can be predicted also that 
ferrocement beam increases the ultimate load of the beam by approximately 17%. 

 
CONCLUSION 
 
Based on the results from the experiment carried out, it can be concluded that ferrocement can 
increase and thus strengthen the beam in terms of its cracking load as well as deflection. It 
reduces the beam’s mid-span deflection and increases its strength as compared in the 
experiment carried out. The experiment indicates the following: 

 
i. The ferrocement beam shows the same load versus deflection pattern as found in the 

control beam. 
ii. The ferrocement beam increases the first cracking load of the beam by about 50%. 
iii. Deflection measured in the beam strengthened with ferrocement is roughly 70% less than 

the deflection found in control beam within the elastic limit. 
iv. Ferrocement laminate increases the ultimate load of the beam by about 17%. 
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CHAPTER 6 
 
 
 

EFFECT OF PFA ON STRENGTH AND WATER ABSORPTION 
OF MORTAR 

 
Gingos, G.S. and Mohamed Sutan, N.* 

 
 

ABSTRACT 
 
Partial replacement of cement by mineral admixtures or pozzolans can possibly improve the 

durability of mortar which directly related to its water absorption. Pulverized Fuel Ash (PFA) is one 
of the pozzolans that is locally available. Laboratory studies have been conducted on mortar mixes 
of 0.3w/c, 0.4w/c and 0.5w/c ratios with 10%, 20% and 30% PFA replacements. Mortar cubes 
were tested to determine their water absorption rates and compressive strengths as they mature. 
Amount of PFA replacements in the mortar has significant effects on the strength development and 
water absorption rate of the mortar. Results shows that 20% PFA mortars of 0.5w/c ratio is the 
best mix to reduced rate of water absorption and achieved higher compressive strength. 

 
Keywords: Mortar, Pulverized Fuel Ash (PFA), Water Absorption Test, Compressive Strength 

 
INTRODUCTION 
 

Mortar basically consists of cement, sand and water. Ordinary Portland Cement (OPC) plays a 
very important role in mortar as binder. Due to its increasing energy consumption and high Carbon 
Dioxide (CO2) emission from its production, alternative binding materials are needed to partially 
replace OPC. Mortar with cement replacement of mineral admixtures or pozzolan is called 
modified mortar. The use of partial cement replacement such as pozzolanic materials can improve 
the durability of the mortar produced. Pulverized Fuel Ash (PFA) is one of the pozzolanic materials 
widely used as cement replacement to produce high durability mortar [1][ 2]. Durability of mortar is 
directly related to its water absorption. The higher water absorbed by mortar the less durable it 
becomes. Water absorption of a mortar specimen is measured by drying the specimen to a 
constant mass, immersing it in water, and measuring the increase in mass as a percentage of dry 
mass. It is one of the important properties that determine the durability of mortars. Good mortar mix 
has water absorption well below 10 % by mass. Factors such as type of materials used, additives, 
temperature and length of exposure can affect the amount of water absorbed. Water absorption can 
also influence the strength of mortar. Previous studies indicated that low-calcium fly ash (ASTM 
Class F) improved the interfacial zone microstructure [3]. Computer simulation studies predicted 
that replacing 20% of cement with fly ash with smaller particles size resulted in higher interfacial 
strength than that of control Portland cement paste [4]. Previous studies also showed that PFA 
reduced the porosity of concrete hence contributed to the higher concrete strength [5]. In order to 
contribute further to the current knowledge in PFA cement replacement in mortar, a laboratory 
study was carried out to investigate on any possibility of waterproof effects of PFA in mortar and its 
contribution to mortar strength. 
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EXPERIMENTAL PROGRAM 
 

MATERIALS AND SPECIMENS PREPARATION 
 

Materials used in this study are commercially available Ordinary Portland Cement (OPC) 
equivalent to ASTM Type 1 cement, a commercially available fly ash equivalent to ASTM Type F 
fly ash and normal grade river sand [6]. Mortar mixes of water-to-cement ratio (W/C) of 0.3, 0.4 
and 0.5 were prepared. PFA replaced cement at levels of 10%, 20% and 30% by mass. The 
dimension of mortar cubes was 100 x 100 x 100mm. All mortars were removed from the moulds 
after 24 hours casting and then dry cured. Compressive strength and absorption rate of mortars 
were determined at age of 1, 7, 14, 21 and 28 days. 
 

WATER ABSORPTION TEST 
 

Water absorption test is a measure of the capillary forces exerted by the pore structure 
causing fluid to be drawn into the body of the material [4]. The amount of water absorbed by 
mortar mixes depends on the water tightness or waterproofness of the mixes. All mixes were 
subjected to water absorption test at the end of curing period of 1, 7, 14, 21 and 28 days after 
demoulding. They were taken from the curing tank 2 days before the test and later oven dried at 
100 ± 5°C for 7 days until a constant mass was achieved. Each mix was then weighed. The 
samples were covered with wax, except the bottom area before they were immersed in trays 
containing water. The reason of covering the cube with wax is to prevent air from entering the void 
during immersing process, since the cube is not fully soak in water, but only about 30-35mm of 
water level. The start time was immediately recorded. After 7 days, the mixes were removed from 
the tank, shook to remove bulk of the water, and dried with a cloth as fast as possible to remove all 
free water on the surface. They were then weighed again. The measured water absorption by each 
mix was expressed as the increase in the mass as a percentage of the oven dry mass. 

 

COMPRESSIVE STRENGTH TEST 
 

All mixes were subjected to compressive strength test at the end of curing period of 1, 7, 14, 
21 and 28 days after demoulding. This test was carried out to determine the maximum 
compressive load it can carry per unit area. Since strength of mortar was directly related to the 
structure of hydrated cement paste, this test was important not only to determine the strength 
development of the mortar specimen, but also the quality of the mortar specimen. A good mortar 
specimen should achieve the targeted mean strength at the end of 28 days [2]. 
 
The experimental program can be summarized in the flow chart as shown in Figure 1. 

 

Figure 1: Flow Chart of the Experimental Program 
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RESULTS AND ANALYSIS 
 

WATER ABSORPTION TEST 
 
Figure 2 and 3 show the same trend of water absorption rate for all 4 mixes. It shows that 10% 

PFA mix had the highest absorption rate compares to other mortar mixes. The other mixes had 
almost equal water absorption rate. 20% PFA mix had almost constant water absorption rate for 
the whole 28 day test. 20% PFA mix and 30% PFA mix shows almost the same trend which is 
relatively small changes in water absorption rate. Figure 4 shows that 0.5 w/c has the lowest 
absorption rate in all mixes comparing to 0.3w/c and 0.4w/c ratios. Overall results show that 
control mixes had highest water absorption percentile compare to the other mixes particularly at 
day 14. At day 28, for 0.5w/c ratio the more cement replaced with PFA the less the rate of water 
absorption. 

 

 

Figure 2: Water absorption for 0.3 w/c ratio 
 

 

Figure 3: Water absorption for 0.4 w/c ratio 

Figure 4: Water absorption for 0.5 w/c ratio 
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COMPRESSIVE STRENGTH TEST 

 
Figure 5 shows almost the same compressive strength at day 1 for all mixes relatively. Control 

mix shows constant increase whereas sample 20% PFA and 30% PFA show uneven development 
in strength. 10% PFA mix increased sharply in strength for the first 14 days. 

 
Figure 6 shows that 20% PFA mix and 30% PFA mix have a similar linear increment trend in 

strength development. Meanwhile control mix has slow development in strength in the beginning 
and achieved high strength at the end of 28 days. 10% PFA mix has sharp increases in strength 
development in the first 7 days 

 
Figure 7 shows a different trend in the strength development as compared to the previous 

mixes with 0.3w/c and 0.4w/c ratios. Control mix achieved the highest final strength at 28 days, 
showing sharp increase in strength for the first 14 days and the last 21 to 28 days. 10% PFA mix 
and 20% PFA mix behave almost similarly which is sharp increase in the first 7 days and a slow 
strength development afterwards. Whereas for 30% PFA mix, a linear trend can be seen as 
constant strength development is achieve. 
 

Figure 5: Compressive strength for 0.3 w/c ratio 
 

 

Figure 6: Compressive strength for 0.4 w/c ratio 

Figure 7: Compressive strength for 0.5 w/c ratio 
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CONCLUSIONS 
 
The effects of replacing cement with PFA to the compressive strength and absorption rate of 

mortar were investigated. The compressive strength and absorption rate of mortar with 10%, 20% 
and 30% PFA cement replacements and of 0.3w/c, 0.4w/c and 0.5w/c ratios were compared to 
control mortar. The following conclusions that can be drawn based from the results are: 

 
1. 0.4w/c ratio shows significant effects on the compressive strength of mortar at the age of 28 

days. 
2. 20% PFA replacement mortar of 0.5w/c ratio shows higher compressive strength than the 

control mortar. 
3. Water absorptions of PFA mortars of 0.5w/c ratio at 28 days were much lower as compared to 

control mortar. 
4. 20% PFA mortars of 0.5w/c ratio is the best mix to reduced rate of water absorption. 
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CHAPTER 7 
 
 
 

LABORATORY STUDY OF WATER ABSORPTION OF 
MODIFIED MORTAR 

 
Borhan,M.M. and Mohamed Sutan,N.* 

 
 

ABSTRACT 
 
This study investigates the effects of polymer additives namely polyvinyl acetate (PVAc) on 

water absorption and compressive strength of mortar. Twelve mortar mixtures were investigated 
for water absorption test and compressive strength test. Results showed that water absorption 
were inversely proportional to the percentage of PVAc addition. Final analysis showed that 
addition of PVAc had significant effects on water absorption. Samples with 1%, 3% and 5% 
addition of PVAc showed an increase of water absorption capacity in comparison to control 
mortar. 

 
Keywords: Mortar, Water Absorption, Compressive Strength, Polymer Additive 

 

INTRODUCTION 
 
Concrete or mortar is always associated with construction. It is so common that its uses are 

found almost everywhere; from massive dams to elegant reinforced and prestressed buildings, 
to road construction, and even art sculptures. Apart from that, concrete is less expensive, 
possesses adequate strength and durability, and require less energy to produce; when 
compared to other materials [1]. Basically, concrete consists of cement, fine aggregates,which 
includes both fine and coarse aggregates; water and additional materials, known as admixtures 
added to modify its properties and without coarse aggregates it becomes mortar. It is important to 
have a good quality concrete or mortar. Thus, during the mix design, it is crucial to remember that 
apart from having a workable fresh concrete, homogenous and unlikely to segregate, the 
concrete or mortar must also achieve the required strength after it is harden. Mortar with 
addition of chemical admixtures or additives is known as modified mortar. Mortar is categorized as 
durable if it has the ability to relatively withstand the negative effects of the environment without 
excessive deterioration [1][2][3]. Water absorption can influence the durability of mortar. The 
higher water absorbed by mortar the less durable it becomes. Water absorption, usually 
measured by drying a specimen to a constant mass, immersing it in water, and measuring the 
increase in mass as a percentage of dry mass, is one of the important properties that determine 
the durability of mortars. Good mortar mixes have absorption well below 10 per cent by mass. 
Factors such as the type of material, additives, temperature and length of exposure can affect the 
amount of water absorbed. Water absorption can also influence the strength of mortar [4]. 
Polymer additives may have the possibility to improve the pore structures of mortar and by this 
may minimize the ingress of water by absorption. Mortar with polymer addition is called Polymer 
Modified Mortar (PMC).There are now a wide varieties of PMC in the market that are specifically 
designed for applications in decorative finishing, pavements, adhesives and repair materials. One 
of the polymers used to modify mortar is polyvinyl acetate (PVAc) emulsion. PVAc has adhesives 
and binding properties on wood, paper and cloth. There are extensive investigations on its 
adhesive and binding properties on before mention materials but yet on mortar [5]. Its adhesive 
and binding properties hypothetically can leads to improve pore structures of mortar hence less 
water absorption. Therefore a laboratory study was carried out to investigate the possible 
waterproofing effects of PVAc addition in mortar by water absorption test and compressive 
strength test. 
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EXPERIMENTAL PROGRAM 
 

MATERIALS AND MIX PROPORTIONS 
 
Cement used in this experiment was Ordinary Portland Cement (OPC) produced by local 

manufacturer, Cahaya Mata Sarawak (CMS). It has a specific gravity of 3.16.The fine aggregate 
used in the experiment was natural sand (dry condition) with the specific gravity of 2.6. Ordinary 
pipe water was used throughout this experiment. PVAc used as an additive to mortar was 
Emultex 518 which was specifically designed to be used in mortar as plasters. It has a specific 
gravity of 1.07. 

 
Table 1 shows three different mortar mixtures with 1%, 3% and 5% Polymer to cement ratio (P/C) 
respectively. These mixes were tested for their water absorption ability and compressive strength 
in comparison to the ordinary mortar as the control. Table 2, 3 and 4 showed the different mix 
proportions for different mixes. The mixes were casted in 100 mm3 size steel moulds and were 
cured for 28 days. 

 
 

Mortar Mixes PVAC (%) 

 
A (w/c 0.3) 

AC 0 

A1 1 

A3 3 

A5 5 

 
B (w/c 0.4) 

BC 0 

B1 1 

B3 3 

B5 5 

 
C (w/c 0.5) 

CC 0 

C1 1 

C3 3 

C5 5 

 
Table 1: Mortar mixes with respective PVAc % 

 
 CEMENT (kg) WATER (kg) FINE AGGREGATE (kg) POLYMER (kg) 

CONTROL16 .60 4.98 12.42 - 

1% 16.60 4.98 12.42 0.17 

3% 16.60 4.98 12.42 0.50 

5% 16.60 4.98 12.42 0.83 
 

Table 2: Mix proportion for Sample A (W/C = 0.3) 
 

 

 CEMENT (kg) WATER (kg) FINE AGGREGATE (kg) POLYMER (kg) 

CONTROL17 .50 7.00 11.05 - 

1% 17.50 7.00 11.05 0.18 

3% 17.50 7.00 11.05 0.53 

5% 17.50 7.00 11.05 0.88 
 

Table 3: Mix proportion for Sample B (W/C = 0.4) 
 

 

 CEMENT (kg) WATER (kg) FINE AGGREGATE (kg) POLYMER (kg) 

CONTROL18 .00 9.00 9.87 - 

1% 18.00 9.00 9.87 0.18 

3% 18.00 9.00 9.87 0.54 

5% 18.00 9.00 9.87 0.90 

 
 

Table 4: Mix proportion for Sample C (W/C = 0.5) 
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WATER ABSORPTION TEST 
 
Water absorption test is a measure of the capillary forces exerted by the pore structure 

causing fluids to be drawn into the body of the material [3]. The amount of water absorbed by 
mortar mixes depends on the water tightness or waterproofness of mixes All mixes were 
subjected to water absorption test at the end of wet curing period of 1, 7, 14, 21 and 28 day after 
demoulding. They were taken from the curing tank 2 days before the test and later oven dried at 
100 ± 5°C for 7 days until a constant mass was achieved. Each sample was then weighed. The 
samples were covered with wax, except the bottom area before they were immersed in trays 
containing water. The reason of covering the cube with wax is to prevent air from entering the 
void during immersing process, since the cube is not fully soak in water, but only about 30-35mm 
of water level. The start time was immediately recorded. After 7 days, the samples were removed 
from the tank, shook to remove bulk of the water, and dried with a cloth as fast as possible to 
remove all free water on the surface. They were then weighed again. The measured water 
absorption of each samples were expressed as the increase in the mass as a percentage of the 
oven dry mass. 
 

COMPRESSIVE STRENGTH TEST 
 
All mixes were subjected to compressive strength test at the end of curing period of 1, 7, 14, 

21 and 28 days after demoulding. This test was carried out to determine the maximum 
compressive load it can carry per unit area. Since strength of mortar was directly related to the 
structure of hydrated cement paste, thus this test was important not only to determine the 
strength development of the mortar specimen, but also the quality of the mortar sample. A good 
mortar sample should achieve the targeted mean strength at the end of 28 days [6]. 

 

RESULTS AND ANALYSIS 
 

WATER ABSORPTION TEST 
 

WATER ABSORPTION TEST RESULT FOR SAMPLE WITH 0.3 W/C 
 

Figure 1 shows that water absorption rate of control mortar rises gradually until the end of 
28 days, having the highest water absorption of 15.7% compared to other mixes .Water 
absorption rates of the 3 PVAc mortar mixes also increase as the mixes matures, with 5% PVAc 
having the highest water absorption of 14.0% compared to the other 2 PVAc mortar mixes. 
 

 

Figure 1: Water Absorption of PVAc modified mortar with 0.3 w/c 
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WATER ABSORPTION TEST RESULT FOR SAMPLE WITH 0.4 W/C 

 
Figure 2 shows that 5% PVAc has the highest water absorption among the other PVAc 

mortar mixes and control mortar at the end of the 28 days. Starting from day 7, 1% PVAC mortar 
mix has nearly constant water absorption until the end of 28 days. Water absorption remains 
nearly constant from day 14 to day 28 for 3% PVAc mortar mix. 

. 

 
 

Figure 2: Water Absorption of PVAc modified mortar with 0.4 w/c 
 

WATER ABSORPTION TEST RESULT FOR SAMPLE WITH 0.5W/C 

 
Figure 3 shows that 5% PVAc mortar mix has the highest water absorption just like the 

previous sample. From day 14 onwards water absorption of control mortar and 1% PVAc mortar 
mix was almost the same with difference in margin of 0.1%. 
 

 

 
Figure 3: Water Absorption of PVAc modified mortar with 0.5w/c 
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COMPRESSIVE STRENGTH TEST 
 

COMPRESSIVE STRENGTH TEST RESULT FOR 1% PVAC ADDITION WITH 0.3, 0.4 AND 0.5 W/C 

 
Figure 4 shows that at 7, 14, 21 and 28 days after demoulding, compared to the other 

mixes,1% PVAc mortar mix with 0.3w/c ratio has the highest compressive strength which was 
66.49 MPa. 
 

 

Figure 4: Compressive Strength for 1% PVAc addition 
 
COMPRESSIVE STRENGTH TEST RESULT OF 3% PVAC ADDITION WITH 0.3, 0.4 AND 0.5 W/C 

 
Figure 5 shows that at 7, 14, 21 and 28 days after demoulding , 3% PVAc mortar mix with 

0.3w/c ratio has the highest compressive strength which was 57.41 MPa. 
 

 

Figure 5: Compressive Strength of 3% PVAc addition 
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COMPRESSIVE STRENGTH TEST RESULT OF 5% PVAC ADDITION WITH 0.3, 0.4 AND 0.5 W/C 

 
Figure 6 shows that from day 21 onwards after demoulding, control mortar mix with 0.3w/c 

ratio has the highest compressive strength which was 48.08MPa. Compressive strength for all 
PVAc mortar mixes increased as the mixes matured. 

 

Figure 6: Compressive Strength of 5% PVAc addition 
 

CONCLUSIONS  

 
The following conclusions may be drawn from results of this study: 

 
1. PVAc mortar mixes absorbed more water than control mix. They were potentially less durable 

than control mortar mix. 
2. 1% PVAc excelled in the development of compressive strength. It had the highest strength at 

the end of the 28 days for all w/c ratios. 
3. The adhesives and binding properties of PVAc only contributed to the increase of compressive 

strength of mortar but not to decrease the water absorption even though compressive 
strength should increases as the water absorption decreases. 

4. Adhesive or binding properties of PVAc did decrease rate of water absorption of mortar hence 
no waterproofing effects. 
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CHAPTER 8 
 

 

PERFORMANCE OF PROFILED STEEL SHEET DRY 
BOARD SYSTEM UNDER FLEXURAL BENDING AND 
VIBRATION 
 
Ehsan Ahmed* and Ghazali Bin Ahmad  

 
 

ABSTRACT 
 
This paper describe the experimental performance of Profiled Steel Sheet Dry Board system 
(PSSDB) against out-of plane bending and vibration. The PSSDB panel consists of plywood 
attached to the top surface of profiled steel sheet by self-drilling and self- tapping screws. Profiled 
steel sheet dry board panel has been used successfully as flooring system in few construction 
projects within Malaysia. As a lightweight flooring system, human induced vibration is becoming 
increasingly vital serviceability and safety issues for such panel when it is covering relatively longer 
span or area. Therefore, it is important to evaluate the factors affecting the structural performance 
and also to consider the effects of vibration in building such flooring system. This paper will focus on 
theoretical and experimental procedures to determine the overall performance of PSSDB system 
due to flexural bending and vibration. Each parameter that effect the performance of PSSDB system 
against vibration and flexural will be discussed in this paper. It is found that PSSDB panel with a 
practical span length have a natural frequency well above of 8Hz and hence, considered comfortable 
to the occupants of building in terms of vibration. 
 
Keywords: Profiled steel sheet, Dry board, Vibration, Natural frequency, and Flexural rigidity. 

 
 

INTRODUCTION 
 
Profiled steel sheeting dry board system or PSSDB is one type of the composite slab that had been 
used as flooring system in construction. Profiled steel sheet dry board (PSSDB) system consists 
of profiled steel sheeting that compositely connected to dry board panel using simple mechanical 
connectors. Over the past few years, the research on the system has been extended further in 
Malaysia by utilizing locally available materials. As a flooring member, PSSDB panels are generally 
constructed as a single skin member i.e. profiled steel sheeting connected to a single layer of dry 
board as shown in Figure 1. The function of the floor is to safely support all possible vertical loads, 
and transfer them to the foundation via 
members supporting the floor. Thus, as flooring system the PSSDB panel carries the out of plane 
bending and shear. 
 
Vibration problems in floor systems caused by human activities have long been a serviceability 
concern to engineers as mentioned by Murray [1]. Although, these floor vibrations are not a threat to 
the structural integrity of the floor system, they can be so uncomfortable to the occupants that the 
floor system may be rendered useless. Therefore, to avoid a vibration related problem with the 
lightweight flooring system having lesser depth and longer span, it is desirable to get a proper 
understanding on its dynamic behavior and to consider it in the design. 
 
*Faculty of Engineering, Universiti Malaysia Sarawak, Sarawak,Malaysia. 
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Figure 1: Profiled steel sheet dry board floor panel 
 
In this paper, flexural test is carried out to investigate flexural rigidity of PSSDB floor panel. This test 
result is then used to evaluate the dynamic design parameters such as natural frequency of the 
panel. Impact heel test is also carried out to determine the experimental natural frequency and to 
evaluate inherent damping of the PSSDB panel. The factors that affect the performance of PSSDB 
system against flexural and vibration such as span length, material properties, board types etc. are 
highlighted and their effects are also indicated in this paper. 
 

EXPERIMENTAL SPECIMEN AND MATERIAL PROPERTIES 
 

Two different tests are conducted in the laboratory in order to investigate the flexural and 
vibration performance of PSSDB flooring system. The flexural test is performed to obtain the load 
deflection graph, which facilitated the experimental stiffness values of the composite panel. Impact 
heel tests are performed to measure the experimental natural frequency and the damping coefficient 
of the floor system. The test specimens are constructed by using locally available SDP-51 profiled 
steel sheeting, connected compositely to 12 mm thick plywood by self-drill, self-tapping screws. The 
following table shows the typical experimental specimen detail: 

 

Panel Span (mm) Width (mm) 
Sheet type and 

thickness 

 Board type and 

thickness 
 Connector spacing 

1 1400 1000 
SDP-51, 1mm 

thick 
Plywood,12mm 

200mm centers 
in each rib 

 
Table 1: Experimental specimen detail 

 
Before conducting flexural and vibration test, material properties for each of the two main 
components; namely profiled steel sheet and dry board, need to be determined in the laboratory. 
Figure 2 shows the cross sectional dimensions of SDP- 51profiled steel sheet used in the 
experimental study. For SDP-51 profiled steel sheet, the necessary properties are either obtained 
from the manufacturer manual or calculated from the cross-sectional dimensions and are shown in 
Table 2. 

 

Figure 2: Cross sectional dimension of SDP-51 Sheet 
 
 
 
 
 

 



 
 

50 
 

Table 2: Properties of profiled steel sheeting 
 

 

 
To determine the material properties for the plywood, three-point bending test is conducted in the 
laboratory using Testometric machine as shown in Figure 3. Table 3 tabulates the properties of the 
plywood board used in this study. 
 

 
Figure 3: Three point bending test using Testometric machine  

 
 

Type Density (kg/m3) Young’s modulus (MPa), parallel to grain Bending  strength (MPa), parallel to grain 

12mm 700 577 45 

 
Table 3: Properties of Ply-wood board 

 

EXPERIMENTAL STUDY 
 
DETERMINATION OF BENDING STIFFNESS OF COMPOSITE PANEL 

 
To determine the experimental bending stiffness of the composite PSSDB panel system, a full-scale 
flexural test is carried out in the laboratory. Figure 4 shows the specimen and the instrumentation 
detail for the flexural test. The test procedure followed was that of conventional bending test and it 
was similar to that of DIN 18807 Part 2 [2]. The panel was tested over a simple span of 1400 mm 
and instrumented for the measurement of quarter and mid-span deflections. Linear displacement 
transducers were used to measure the deflection of the beam. Portable electronic data logger was 
used to record the reading of deflections. Loads were applied by hydraulic jack, which were attached 
to the pressure gauge that facilitated in getting the load readings. After a regular increase of loading, 
the loading values and the corresponding deflections were recorded. The load and the 
corresponding deflections taken at mid-width and mid-span location were then used to obtain the EI 
values of the composite panel. The quarter span transducers were used mainly to check the 
symmetrical nature of the loaded panel. Figure 5 shows the load-deflection behavior of the panel at 
mid-width, mid-span location. It is observed from the graph that the initial load-deflection response is 
linear and elastic and this elastic response continued until just before failure. The final failure 
occurred when the upper flanges of the steel sheeting buckled. The differences between load values 
and deflection values within the elastic range are the input into the simple beam theory as shown in 

Eq. (1) to obtain the EI value of the composite panel. 
  

Nominal 

thickness(mm) 

Depth of 

profile 

(mm) 

Weight 

(Kg/m2) 

Height to 

neutral axis 

(mm) 

Area of 

steel 

(mm2/m) 

Moment of 

Inertia 

(cm4/m) 

Moment 

capacity 

(kNm/m) 

SDP-51 1.0mm 51 10.56 25.5 1178 61.36 6.12 
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Where,EI is the bending stiffness of the composite section,L is span between centers of support 
(mm),P is increment in Load (kN) on the straight line portion of the load-deflection curve and∆ is the 
increment in deflection(mm) corresponding to the increment in load. 
 
 

 

Figure 4: Test arrangement and instrumentation 
detail 

Figure 5: Typical load-deflection behavior 
of test panel 

 
DETERMINATION OF NATURAL FREQUENCY USING IMPACT HEEL TEST 
 
To investigate the natural frequency of the PSSDB panel due to vibration, standard impact heel test 
is carried out in the laboratory. Pulse vibration analyzer available in the Mechanical Engineering 
laboratory of UNIMAS is used to conduct this test. In this test, a heel drop excitation is exerted on the 
floor panel. An average person sit-up at the mid span on the test floor, raise his heel to about 50 mm 
and produce a sudden impact on the floor. The resulting acceleration time history is measured by the 
accelerometer placed near the feet of the test person. The result can be interpreted using 
acceleration vs. time graph. Figure 6 shows the typical heel impact acceleration response at the mid 
location of the panel. To get reliable result, four heel impact tests are carried out on the selected floor 
panel. To determine the fundamental frequency of PSSDB system, the acceleration verses time 
response is converted to frequency verses magnitude values using Fourier analysis. Figure 7 shows 
the Fourier amplitude spectrum analysis of the test panel. The first successive well-defined peak of 
frequency will indicate the natural frequency of the panel system. 
 
From the time-acceleration plots in Figure 6, the damping coefficients are also calculated from Eq. 
(2) as presented by Ellis in 2000 [3]: 

In the above equation, Ao and An are the amplitudes of ‘n” successive peaks of the acceleration–time 
response plot. Damping obtained from the equation mentioned above is “Log decrement damping’. 
Murray [4] stated that modal damping is one-half to two thirds of the value of the log decrement 
damping. In this study, five initial successive peaks were used to determine average damping 
coefficient of the test panel. 
  



 
 

52 
 

 

Figure 6: Typical acceleration responses at mid-
span 

Figure 7: Fourier amplitude spectrum 
analysis of the test panel 

 

THEORETICAL STUDY 
 

DETERMINATION OF COMPOSITE STIFFNESS USING ANALYTICAL STUDY 

 
To determine the theoretical composite stiffness of the PSSDB system, elastic full interaction 
analysis is used. This analysis implies that there is negligible slip at the steel section and board 
interface. Figure 8 shows the cross section and strain distribution for the repeating section of the 
panel. The theory of transformed section is used in this analysis by assuming both board and steel as 
linearly elastic material. This enables the composite section to be replaced by an equivalent all steel 
cross section. Finally, the moment of inertia for the composite section can be determined using Eq. 
(3), when the elastic neutral axis of the composite PSSDB cross-section lies within the steel section. 
 

 

 

Figure 8: Strain distribution diagram for the repeating section of panel 

where,I x and As are the second moment of inertia and area of steel section about its neutral axis,y s 
is the depth of neutral axis of steel section alone,m is the modular ratio and is given bym=E s/Eb 
 

Composite stiffness of PSSDB system is obtained from multiplication of second moment of inertia of 
composite section (Ic) to the modulus elasticity of steel sheet (Es). Value for modulus elasticity of 
steel sheet is obtained from the manufacture manual of SDP-51 profiled steel sheet. Table 4 shows 
the analytical result of composite stiffness for test panel consisting of 12mm plywood and 1mm thick 
SDP-51profiled steel sheet. 
 

Table 4: Analytical result of composite PSSDB test panel 
 

Panel description Neutral axis 
depth, y (mm) 

Modulus of elasticity,E s 
(kN/mm2) 

Ic4 (mm4/m) EsIc2 (kN-m2/m) 

1mm thick SDP-51 with 
12 mm Plywood board 

31.08 210 873621.18 183 
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DETERMINATION OF NATURAL FREQUENCY 
 

To assess the floor response to dynamic loads, an accurate calculation of the first natural 
frequency is important to use in the design criteria against floor vibrations. Research done by Wyatt 
[5], Williams et al. [6], Bachmann and Pretlove [7] and Brand and Murray [8] yielded various method 
to estimate natural frequencies of floors. In this paper, fundamental natural frequency of the test floor 
panel is obtained from the generally used analytical solution given in Design Guide on Vibration of 
Floors [5]. This analytical solution for fundamental natural frequency is given as: 

 

Where ‘m’ is the mass per unit length (unit in tons/m if EI is expresses in kNm2, or kg/m if EI 
expressed in Nm2), L is the span in meters, E is the modulus of elasticity, I is the second moment of 
area of the composite section. The values of CB for various end conditions are 1.57 for the pinned 
supports (simply supported), 2.45 for fixed/pinned supported, 3.56 for fixed both ends and 0.56 is for 
fixed/free (cantilever) ends. 
 

To get the fundamental frequency from the equation mentioned above, it is necessary to calculate the 
actual value of EI of the composite panel. In this paper, theEI value of the test panel was determined 
from the full scale experimentation in the laboratory as mentioned in the experimental study section. 

 

RESULTS & DISCUSSIONS 
 

DISCUSSION OF RESULTS FOR FLEXURAL TEST 
 

TheEI value of the test panel as calculated from the slope of the load-deflection diagram was 83kN-
m 2/m. This value is much lesser than the fully composite stiffness of the test panel as calculated 
from the expression given in Eq. (3). In fully composite analysis, it was assumed that there is no slip 
between board and the profiled steel sheeting. However, due to the flexibility of the connectors, 
always partial interaction takes place between the board and steel sheet in practice. As a result, the 
actual stiffness of the panel will be different from that of the calculated one. The actual stiffness of the 
panels depends on the connector modulus and its spacing. It also depends to a certain extent on the 
types of board and steel sheet thickness. If the slip between board and steel sheet can be prevented 
using very closely spaced highly stiff connectors, then the experimental stiffness value will be closer 
to that of the calculated theoretical one. Considering the above, the experimental EI value of the 
panel will be used in the subsequent calculation of the paper. 
 

DISCUSSION OF RESULT FOR IMPACT HEEL TEST 
 

There are 4 sets of tests had been conducted in order to get an accurate average natural frequency 
for the PSSDB test-panel. The test results are analyzed and expressed in Table 5. The average 
natural frequency for the test panel was 59.25. 

 
Table 5: Natural frequency for each test 

 
 

Experiment   Natural frequency (Hz) 

Test 1 63 

Test 2 58 

Test 3 56 

Test 4 60 

average 59.25 
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Table 6 shows the comparison of fundamental natural frequency obtained from impact heel test and 
theoretical natural frequency using experimental EI value. A very close agreement between these 
two results indicates the validity of the expression mentioned in Eq. (4) in getting the natural 
frequency of such composite panel. Also, it validates the accuracy of theEI values obtained from the 
flexural test. 
 

Table 6: Comparison of natural frequency for test panel Natural frequency,f n 

 
 

 
 

The heel impact test result shows that the natural frequency varies between 56 Hz to 63 Hz for the 
test panel considered in this paper. For this shorter span panel, the natural frequency was well 
above the limiting value of 8 Hz. It should be noted that lower natural frequency below 8 Hz can 
cause uneasy feeling to the occupants [9]. Beside the natural frequency, the heel impact test result 
was used to estimate the damping coefficient of the test panel and it is on average 3.2% (log 
decrement damping) for the test panel. 
 
EFFECT OF SPAN LENGTH 
 

In building industries, the span length of composite PSSDB panel will be between 2-3m for normal 
office and residential houses. To investigate the effect of span length of PSSDB panel, Eq. (4) can 
be used to predict the theoretical natural frequency for different span length of the panel. Table 7 
shows the natural frequency for PSSDB system comprising of 1mm thick SDP-51 sheet with 12mm 
thick, 5-ply plywood board composite panels for different span length. 

 
Table 7: Natural frequency of PSSDB panel for different span length 

 
 

Span length (m) 
SDP51-1mm with 12mm,5 ply board 

Natural frequency (Hz) 

1.4 53.0 Hz 

2.2 21.5 Hz 

2.5 16.6Hz 

3.0 11.5 Hz 

3.5 8.5 Hz 
 

 

Based on the result shown in Table 7, it is shown that the change in span length results a significant 
change in its natural frequency. Smaller spans will produce larger frequency, where longer spans will 
produce smaller frequency. For panel with 2.2 m span, it shows a natural frequency of around 21.5 
Hz which is well above the limiting value and quite satisfactory for human comfort in terms of 
vibration. For span length more than 3 m, the natural frequencies obtained are becoming smaller. 
For 3.5m span, natural frequency obtained is 8.5 Hz which is nearly to the limiting value of 8 Hz. 
Thus, from this study, it can be concluded that PSSDB panel comprising of 1mm thick SDP-51 with 
12mm thick plywood will give satisfactory performance up to 3.5 m length of span and beyond this 
span length it will cause discomfort to the occupants of the building. 
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EFFECT OF PANEL STIFFNESS ON NATURAL FREQUENCY 
 

The spacing of connectors along the rib affects the natural frequency of the composite panel. The 
closer the spacing, the higher will be the stiffness and hence, the higher will be the fundamental 
frequency. Fundamental frequency becomes smaller with the increased spacing of connectors. It 
was observed using Eq. (3) that the use of thicker board in general increases the stiffness(EI) 
values of the panel and gives relatively higher value for the natural frequency. It was concluded that 
besides the span length; the factors influencing bending stiffness such as board thickness, 
connector spacing, sheet thickness can influence the natural frequency of the PSSDB floor system. 
The higher natural frequency will produces less vibration and thus acceptable for human comfort. 
 

CONCLUSION 
 

Both theoretical and experimental investigations have been carried out to evaluate the bending and 
flexural performance of PSSDB panels. Based on the study, the following conclusions can be drawn: 
 

1) A comparison between analytical and experimental study for the flexural performance revealed 
that, the theoretical approach that is considering full interaction between dry board and steel 
sheet overestimated the stiffness value of the PSSDB panel. Thus, it is recommended to 
calculate the actual stiffness of the panel either from experimentation or from partial interaction 
analysis to evaluate the first natural frequency of the panel. 

 

2) The analytical expression (refer to Eq. 4) given in this paper can effectively evaluate the 
fundamental frequency of PSSDB panel, provided the actual bending stiffness of the panel is 
obtained. 

 

3) Material properties such as dry board and steel sheeting thicknesses, spacing and rigidity of 
connectors contribute significantly to the stiffness of the panel system, thus affecting the 
fundamental frequency of the flooring system using such panel. 

 

4) Span length of floor panel should take as a major consideration when designing such floor 
system. A longer span will generate more vibration due to decreased natural frequency. In this 
paper, it was shown that the effective and practical span length for PSSDB panel would be 
between 2-3 m. 
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CHAPTER 9 
 
 
 

THE EFFECT OF REINFORCEMENT, EXPANDED 
POLYSTYRENE (EPS) AND FLY ASH ON THE 
STRENGTH OF FOAM CONCRETE 

 
Rosli, M. F., Rashidi, A.*, Ahmed, E., and Sarudu, N. H 

 
 

ABSTRACT  
 
Foam concrete is a type of lightweight concrete. The main characteristics of foam concrete are 

its low density and thermal conductivity. Its advantages are that there is a reduction of dead load, 
faster building rates in construction and lower haulage and handling costs. This research was 
conducted to investigate the compressive strength and flexural strength of reinforced foam concrete. 
The use of fly ash and Expanded Polystyrene (EPS) as cement and sand replacement were also 
included in the production of reinforced foam concrete. There were two types of reinforcements used 
to reinforce the foam concrete namely plastic and wire mesh. Physical failure mode, compressive 
strength and flexural strength of samples were compared and analyzed. The replacement 
percentages for both fly ash and EPS were varied between 0-50% and 0-40% respectively. The 
study showed that it is feasible to reinforce the foam concrete and the best result was obtained from 
wire mesh reinforcement. The study also showed that the optimum replacement level for both fly ash 
and EPS was 30% based on compressive and flexural strength results. 

 
Keywords: Foam Concrete, Wire Mesh, Fly Ash, Expanded Polystyrene (EPS), Strength 

 

INTRODUCTION 
 
Foam concrete is one of type lightweight concrete. It is composed of Portland cement, sand, 

water and air pores [1]. The air pores are produced by agitating air with a foaming agent diluted 
with water, creating mechanically manufactured foam [2]. This foam is then carefully blended 
with the cement slurry or base mix. Depending on the amount of foam introduced, foam concrete 
has low densities typically ranging from 400 – 1600 kg/m3 which ensures economical use for 
walls of the lower floors and foundations [3][4][5]. Besides that, it possesses high flowability, 
minimal consumption of aggregate, controlled low strength and excellent thermal insulation 
properties [3]. Foam concrete is suitable for a number of applications like cladding panels, curtain 
walls, composite flooring systems, and load bearing concrete blocks [3]. However, the use of foam 
concrete in structural applications is quite limited due to its low compressive strength [6]. Therefore, 
this study is an attempt to attain reasonably high strength foam concrete by reinforcing the foam 
concrete with wire mesh. Another aspect of the study is to investigate the effect of fly ash and EPS 
as cement and sand replacement respectively in foam concrete[7][8][9][10]. 
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MATERIALS AND MIX CONSTITUENT OF FOAM CONCRETE 
 
MATERIALS 

 
Cement which is Ordinary Portland Cement and Class F fly ash are used as cementitious 

materials in the concrete mixes. River sand from Kuching area with specific gravity of 2.5 is used. In 
this work, the range sizes of EPS beads that are used are 600 micrometer to 3.35 millimeter. The 
reinforcements used are the plastic and wire mesh as shown in Figure 1. 
 

 

Figure 1: Photos showing wire and plastic mesh 
 

MIX PROPORTIONS 

 
Seven mix proportions were prepared in this study. For each mix, the value of water/cement 

(w/c) ratio was 0.4. The volumes of foam used were varied as the desired densities were ranged 
between 1000 to 1200 kg/m3. All of the samples were labeled with Exx Fxx. For example, E20 F30 
represents 20% EPS 30% fly ash used as sand and cement replacement respectively. Table 1 
presents the mix proportions that are used in this study. 

 
Table 1: Mix proportions of showing various percentages of replacement of fly ash and EPS 

 

Mix 
Cement:Sand 

ratio w/c 
Percentage of fly ash as cement 

replacement by weight (%) 

Percentage of EPS as sand 

replacement by volume (%) 

*E0 F30 

 
 
 

1:1 

 
 
 

0.4 

30 0 

E20 F30 30 20 

E30 F30 30 30 

E40 F30 30 40 

*E30 F0 0 30 

E30 F40 40 30 

E30 F50 50 30 
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EXPERIMENTAL PROCEDURES 
 
Initially, the wire mesh was formed into the cubic shape (140x140x140 mm) and prism shape 

(140x140x 740 mm). The moulds were prepared and the wire mesh was placed in them. Then, the 
constituent materials like cement, sand, fly ash and EPS were weighed and were mixed in concrete 
mixer. After that, water was added and mixed for one minute. The mixing was carried out for one 
minute duration. Finally, foam was added to the wet slurry until the desired wet density ranging from 
1000 to 1200 kg/m3 was achieved. The density was measured each time after adding foam into the 
mixture. Next, mixing was continued for 30 seconds only to avoid the foam to disintegrate [4]. Then, 
they were poured into the cube moulds of size 150x150x150 mm and beam moulds of size 
150x150x750 mm. After 24 hours, the samples were taken out from the moulds and immersed in 
water for curing process until they were ready for testing. 
 

RESULTS AND DISCUSSIONS 
 

PHYSICAL FAILURE 
 

The failure pattern of reinforced foam concrete upon compressive strength and flexural strength 
test are investigated by comparing the results to the unreinforced foam concrete. For the ordinary 
unreinforced foam concrete, initially the cracks occurred at the top part of the sample. Then the 
shear stress along the diagonal of the samples was clearly formed at ultimate stage. Figure 2 (a-b) 
and (c-d) shows the failure pattern of one sample before and after undergo compressive and flexural 
test. In the case of foam concrete reinforced with wire mesh, the failure pattern is the same where 
initially, the cracks just occurred at the top part of the sample. However the reinforcement has 
reduced and slowed down the crack propagation and prevents the samples from brittle collapse for 
temporary period. Figure 3 (a-b) and (c-d) showed the failure pattern of one sample before and after 
undergoing the compressive and flexural test. However, in the case of foam concrete reinforced with 
plastic mesh, the maximum shear stress was at lower bottom quarter of the sample and the crack 
lines being formed at the bottom half of the samples. This is because the plastic mesh itself is a soft 
material. It will bends and breaks the sample from inside when the sample was being tested under 
axial compression as shown in Figure 4(a-b). Figure 4(c-d) showed one of sample before and after 
undergo flexural strength test. 

 

 
Figure 2a: Unreinforced Cube samples 

before failure 
 

 
Figure 2b: Unreinforced Cube samples 

after failure 

 
Figure 2c: Unreinforced Prism samples 

before failure 
 

 
Figure 2d: Unreinforced Prism samples t 

after failure after failure 
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Figure 3a: Wire mesh reinforced cube 

samples before failure 
 

 
Figure 3b: Wire mesh reinforced cube 

samples after failure 
 

 
Figure 3c: Wire mesh reinforced prism 

samples before failure 
 

 
Figure 3d: Wire mesh reinforced prism 

samples after failure 
 

 
Figure 4a: Plastic mesh reinforced cube 

samples before failure 
 

 
Figure 4b: Plastic mesh reinforced cube 

samples after failure 
 

 
Figure 4c: Plastic mesh reinforced prism 

samples before failure 
 

 
Figure 4d: Plastic mesh reinforced prism 

samples after failure 
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THE EFFECT OF TYPES OF REINFORCEMENT 

 
Table 2 summarizes the strength properties of foam concrete samples obtained from wire 

mesh, plastic mesh reinforced samples and those without any reinforcement. Figure 4a and 4b 
shows the compressive strength and flexural strength of mix E30 F30 respectively. 

 
Table 2: The compressive strength result for E30 F30 sample 

 

Mix 
Density 
(kg/m3) 

Types of 
Reinforcement 

Cube Test at 28 
days (N/mm2) 

Flexural Test at 28 
days (N/mm2) 

 
E30 F30 

 
1000 

No Reinforcement 0.77 0.66 

Plastic Mesh 0.93 0.78 

Mesh Wire 1.38 1.32 

 
 

 

Figure 4a: Compressive strength of samples with different reinforcement 

 

Figure 4b: Flexural strength of samples with different reinforcement 

Figures 4a and 4b indicates the strength developments of the two different types of reinforced 
sample. The rate of strength growth was similar in the case of plastic mesh and unreinforced 
samples while the rate was higher for wire mesh reinforced foam concrete. As expected, the 
compressive and flexural strength of foam concrete that are reinforced was greater than the one 
without reinforcement. The wire mesh reinforced sample had the highest compressive strength and 
flexural strength of the three samples. It is clear that wire mesh reinforcement strengthened the foam 
concrete by 44% from o.77 to 1.38 N/mm2 for compressive strength and 48% from 0.66 to 1.32 
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N/mm2 for flexural strength. 
 
In the case of plastic mesh reinforced foam concrete, the compressive strength and flexural strength 
of the sample was slightly greater than the unreinforced sample. The plastic mesh reinforcement 
strengthened the foam concrete by 17% for compressive strength and 14% for flexural strength. This 
is because plastic mesh is very soft and flexible. Plastic mesh will bend and breaks the foam 
concrete from inside due to the force acted on it. It is to be noted that the ratio of flexural to 
compressive strength is 1.0 compared to 0.25 for the same ratio of normal unreinforced foam 
concrete. This is because of the use of reinforcement, fly ash and EPS enhanced the flexural 
strength of foam concrete. 

 
THE EFFECT OF FLY ASH 

 
Table 3 summarizes the compressive strength and flexural strength of reinforced and 

unreinforced foam concrete with fly ash and EPS. Figure 5a and 5b indicates the effect of fly ash to 
the compressive strength of unreinforced and reinforced foam concrete with 30% EPS respectively. 
The flexural strength of the similar samples is shown in Figure 5c. 
 
As expected, the compressive and flexural strength of foam concrete of reinforced foam concrete 
was greater than the unreinforced foam concrete. Both Figures 5a and 5b shows the similar growth 
pattern except for 30% fly ash replacement. The concave down pattern for graph E30 F30 in Figure 
5a indicates that the concrete with fly ash take longer time to develop strength as compared to 
ordinary foam concrete. In the case of reinforced foam concrete, graph E30 F30 shows concave up 
pattern. It shows that when foam concrete reinforced by wire mesh, the optimum replacement for 
concrete containing fly ash without affecting the strength development of the samples is 30%. 

 
Table 3: Influence of fly ash addition on compressive and flexural strength of foam concrete with EPS 
 

 
Mix Density 

(kg/m3) 

Cube Test at 28 days(N/mm2) Flexural Strength at 28 days (N/mm2) 

Without 

Reinforcement 

With 

Reinforcement 

Without 
Reinforcement 

With 
Reinforcement 

E30 F0 1000 1.04 1.13 0.82 1.95 

E30 F30 1050 0.94 1.01 0.75 1.62 

E30 F40 1050 0.78 0.83 0.43 1.02 

E30 F50 1100 0.65 0.74 0.37 0.96 
 

 

Figure 5a: The effect of fly ash on the 
compressive strength of foam concrete 
containing EPS without reinforcement  

Figure 5b: The effect of fly ash on the 
compressive strength of foam concrete 

containing EPS with mesh wire as reinforcement 
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Figure 5c: The effect of fly ash on the flexural strength of foam concrete with EPS 
 

THE EFFECT OF EPS 

 
The compressive and flexural strength of foam concrete containing 30% fly ash with different 

percentage of EPS as sand replacement are summarized in Table 4. Figures 6a, 6b and 6c show the 
strength development of unreinforced and reinforced foam concrete respectively. The use of 30% 
EPS as sand replacement showed the highest compressive and flexural strength results. This is the 
optimum percentage of replacement for foam concrete with EPS. 

 
Table 4: Influence of EPS addition on compressive and flexural strength of foam concrete with   
              fly ash 
 

 

 
Mix Density 

(kg/m3) 

Cube Test at 28 days(N/mm2) Flexural Strength at 28 days (N/mm2) 

Without 

Reinforcement 

With 

Reinforcement 

Without 
Reinforcement 

With 
Reinforcement 

E0 F30 1000 1.02 1.14 0.62 1.37 

E20 F30 1000 0.92 1.21 0.55 1.35 

E30 F30 1100 1.09 1.85 0.75 1.62 

E40 F30 1100 0.81 1.01 0.5 1.21 
 

 

 

Figure 6a: The effect of EPS on the 
compressive strength of foam concrete with fly ash 

without mesh wire 

 

Figure 6b: The effect of EPS on the compressive 
strength of foam concrete with fly ash and 

reinforced with mesh wire 
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Figure 6c: The effect of EPS on the flexural strength of foam concrete with fly ash 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
It was found that reinforced foam concrete results in greater compressive strength and flexural 
strength compared to unreinforced foam concrete. From the two choices experimented in this study, 
the wire mesh reinforced foam concrete showed more promising results than the foam concrete 
reinforced by plastic mesh. With respect to fly ash and EPS replacement, an optimum replacement 
level of 30% produces best results. As a conclusion, the application of reinforcing foam concrete is 
feasible and contributed to better compressive and flexural strength. 
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CHAPTER 10 
 
 

 

STATUS OF INDUSTRIALIZED BUILDING SYSTEM 
MANUFACTURING PLANT IN MALAYSIA 

 
Mohamed Nor Azhari Azman, Mohd Sanusi S. Ahamad*, Taksiah A.Majid, and Mohd Hanizun Hanafi 

 
 

Abstract 
 
The trend construction industry have move from project based to product based in term of long term 

investment. Industrialized building system (IBS) in Malaysia is defined as a construction system where 
components are manufactured at factories on or off site, transported and then assembled into a structure 
with minimum work. IBS also is known as off-site construction or prefabrication. Thus, IBS have the 
similarity drive and challenge with the United States (US), United Kingdom (UK) and Australia; and 
among the factors are skilled craft worker, fast track completion, cost and transportation. United States, 
United Kingdom and Australia have achieved modular building standard while Malaysia still in the 
hybridization stage. The Malaysian government and researcher have promoted the modern method 
construction industry to break the ‘traditional technology’. Anecdotally, the total number of IBS 
manufacturing plant has increased from 21 in 2002 to 143 factories in 2010. From the evolution of the 
IBS manufacturing component, the most favorable system used in the IBS component is the precast 
concrete system and followed by the steel framing system. 

 
Keywords: Reviews, Degree of Construction Industry, Appropriate Technology, Research Development and  

                    Management 

 

INTRODUCTION 
 
 The latest development in technology and global standardization has changed the past 

practice of the construction industry. This has affected land resources, social environment and local 
skills to cater the demand from the public and private sector. In the early stage of development of the 
construction industry, construction technology was imported from overseas in order to accelerate the 
pace of development and to ensure the increase in productivity of the construction sector. In order to 
fabricate mass production and high-quality products, factors such as the environment, level of 
workers skills, knowledge competence and resources need to be taken into account. It is vital to ensure 
that the technology can adapt to the local condition and the needs of the construction industry. As 
reported Badir [1] the common use of the IBS components in Malaysia is for the frame system, panel 
system, box system, block system and the steel frame system but the percentages use of the IBS 
components is still low. Since the government has mandated that at least 70% of IBS components should 
be use in government project, there is a phenomenal change in the construction industry with the move 
towards the prefabrication stage. This has increased the number of IBS manufacturers in Malaysia and 
the Construction Industry Development Board (CIDB) as part of the government agency has played an 
important role to educate the industry. 
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The US and Japan have the biggest construction industry in the world and are well prepared with 
their global strategies [2]. The three factors that determine the ability of construction industries to enter 
the international market are technological advantages that are associated with possessing formidable 
construction technologies; sophisticated management systems for scheduling, material tracking, 
organized sub-contractors; and financing capability that enables a company to arrange for project 
financing schedules from international financiers. Technology is an important tool to push the construction 
industry to achieve the international level. This will help construction companies to achieve long-term 
profitability and acquire a balance growth in the future. The four countries involved in the studies are US, 
UK, Australia and Malaysia. The off-site manufacturing in the U.S. was started by Henry Ford [3]. It was 
a big evolution that became a phenomena and spread to the rest of the world. UK and Australia have the 
similarity in terms of the approach towards research and categorization of off- site system. Malaysia 
adapted the advanced approach practiced by other countries. 
 
In the US, off-site manufacturing in the construction industry is described as Off-site Construction 
Techniques (OSCT). However in the UK, the Modern Methods of Construction (MMC) is the term used 
by the government to describe a number of innovations in house building, most of which are off-site 
technologies. The term Offsite Manufacturing (OSM) is the term used both in Australia and the UK 
construction industry. The UK and Australia have shared the knowledge and the expertise of construction 
industry. Malaysia is well known by Industrialized Building System (IBS). This paper is divided into two 
sections. The first section explained the pattern of performance in the manufacturing sector by illustrating 
the similarity of the construction industry in US, UK, Australia and Malaysia. The second section reviews 
the status of IBS manufacturers in Malaysia. 

 

SIMILARITY OF PREFABRICATION IN THE CONSTRUCTION INDUSTRY 
 

The building sector has yet to undergo a complete phase of industrialization. Yet, if a car was 
produced the way a building is delivered, very few people would be able to own one; if a computer was 
produced the way a building is delivered, it would cost a fortune [4]. This demand can be met by means 
of the advanced technology used in the Industrialized Building System (IBS) or prefabrication system. 
Malaysia possesses the “hardware elements” of the industrialized building systems technology with only 
a little concern on the structure, but still lacks the “software elements” regarding availability of data and 
information on the system, users, clients, manufacturers and assembly layout and process, as well as 
allocation or resources and material [1]. Most of the construction industries have the resources but still 
lack on the constructability concepts and the advanced technology that can enhance the speed of 
construction, improve the quality of the structure and be able to protect the environment. However, the 
concept of constructability started in the late 1960s to integrate the optimum use of construction 
knowledge and experience in the conceptual planning, detail engineering, procurement, and conduct 
field operations in phases to achieve the overall project objectives; and ease of construction [5]. The 
constructability concept has been extensively developed and applied in US, UK and Australia as well as 
in Malaysia where numerous studies have proved that constructability concept manage to save cost and 
time in the process of completion of the projects [6-8]. The evolution of car manufacturing started by 
Henry Ford with the standard production line had attracted the Toyota’s President, Eji Toyoda, to spend 
three months at Ford’s Rouge plant in the USA [3]. This has resulted in Toyota developing a new 
approach towards lean production, use of plant, management resources, quality control and relationship 
between producers and consumers [3, 9]. The great influence of the highly successful manufacturing 
system in Japan has resulted in researchers from US and UK coming to Japan to learn from the 
Japanese experience [3, 10, 11]. Unlike the other countries, majority of the Japanese construction 
research is conducted by private institutes; with the ‘big-six’ Japanese contractor; Kajima, Kumagai- 
Gumi, Obayashi, Taisei, Takanaka and Shimizu where the companies provide an annual contribution of 
1% of their turnover to research and development [10]. The Japanese is more advanced in the field of 
technology of automation and robotics in the construction industry. This situation have motivated the 
others countries to move towards the advanced technology in order to gain competency in the industry. 
The phenomenal transition from conventional construction to prefabrication stage is not just occurred not 
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only in the US and Japan but such similar prefabrication system ia also implemented in UK, Australia and 
Malaysia. 
 

THE GENERAL TERM OF METHOD OF CONSTRUCTION 
 

Prefabrication is a manufacturing process generally taking place at a specialize facility, in which 
various materials are joined to form a component part for final installation [12]. But on the other hand the 
prefabrication process could also run onsite (onsite fabrication). While off-site construction is a 
description of the spectrum or part which are manufactured or assembled remote from building site prior 
to installation in their final position [13]. Thus prefabrication is use by the term off-site construction as well 
as Off-Site Construction Techniques (OSCT); Modern Method of Construction (MMC); Off-Site 
Manufacturing (OSM) and Industrialized Building System (IBS). 
 
Lu [14] reported that the OSCT study is limited and it would be beneficial to investigate the level of 
degree of these techniques in the US construction industry. MMC has been introduce by the UK Housing 
Corporation and the Office of the Deputy Prime Minister and is define as an efficient product 
management process such as pre-fabrication, off-site production and off-site manufacturing (OSM) to 
provide more products of better quality in less time as well as to improve the delivery of large-scale 
projects in terms of efficiency and cost [15]. In addition, MMC is as a tool to describe for the both off-site 
based construction techniques and innovative on-site technologies. As a result, policymakers have 
recognized that the use of modern methods of construction should be encouraged in order to both 
facilitate and stimulate house-building. 
 
In UK, Off-Site Manufacture (OSM) is just a part of the product management process but in Australia it is 
as a whole process and yet there is similarity on definitions and collaborate in networking research. The 
term OSM has been well known in Australia and internationally such as in UK, US and European 
countries. OSM is similar to the term used in Off-Site Fabrication (OSF), Off-Site Production (OSP), Off-
Site Construction (OSC), pre-assembly and prefabrication [16, 17]. But for consistency in using the 
construction term in Australia, OSM was used as being stated in the Construction 2020 Report [18]. Off-
Site Manufacture (OSM) is defined as the manufacturing and preassembly of components, elements or 
modules before installation into their final location [16]. The degree to which such preassembly takes 
place can however vary greatly, ranging from basic sub-assemblies, which are largely taken for granted, 
to entire modules. 
 
According to Kamar [19] there are six main characteristics of existing IBS definition which are 
industrialized production, transportation & assembly technique, onsite fabrication, mass production, 
structured planning and standardization and integration. The main function of the IBSs is to create 
synergy, by generating partners in the industry to assist in training, giving exposure on use of IBS 
techniques, encouraging the setting up of new IBS factories locally, updating on the latest technology, 
and enhancing current issues on IBS in the local state and international level [20]. 
 
The definitions for the term OSCT, MMC, OSM and IBS have the interrelated concept of prefabrication 
and onsite fabrication. Not all MMC is IBS, but all IBS is under MMC. The offsite and manufacturing 
technique is essential to IBS but onsite IBS method can be used in the form of in-situ pre-cast system. 
Thus, the paper concludes that all offsite is IBS, but not all IBS is offsite. Whereas all OSM and OSP may 
be regarded as failing within a generic MMC heading, not all MMC may be regarded as OSM and OSP. 
In this family, Prefabrication, Off-Site Construction Techniques (OSCT), Offsite Manufacturing (OSM) 
and Offsite Production (OSP) are largely interchangeable terms that refer to the part of construction 
process which is carried out away from the building site, such as in a factory or sometimes in specially 
created temporary production facilities close to the construction site (or field factories) [17]. The 
relationship of definitions for methods of construction is shown in figure 1. 
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Figure 1. Terminology used in the Method of Construction Industry (Source: Modified from Kamar 

[19]) 
 
With regards to the development of technology for the off-site construction industry and the various of off-
site construction industry system, the government and the researchers have come out with a guideline 
categorizing the off-site system as show in table 1. Table 1 also shows the pattern and the degree of 
technology changes. The US, UK and Australia have achieved the modular building standard but 
Malaysia is still in the initial stage to achieved it. In addition, the category of assembly method can be 
categorized as onsite and off-site. Preassembly which literally means to ‘assemble before’, constructed 
the manufacturing plant and assembly (usually off-site) of buildings or parts of buildings earlier than they 
would traditionally be constructed on-site [21]. Thus the off-site can be divided into preassembly and 
onsite assembly. The three countries have the similarity in off-site preassembly but UK and Australia 
have divided the off-site preassembly into non-volumetric and volumetric order. Thus, UK and Australia 
share the same similarity in the categorization of off-site system where most of the Australian 
researchers referred to UK. Malaysian researchers generally refer to the Australian and UK off-site 
system. Malaysia is still in the stage of hybridization system and the evolution pattern of the 
categorization of off-site system is shown in figure 2. 

 
Table 1. Categorization of off-site system 

 
 

Countries Categorization of Off-site System Author 

 
US 

- Offsite preassembly 

- Hybrid system 

- Panellized system 

- Modular building 

 
Lu (2009) 

 
UK 

-Component manufacture & sub-assembly 

-Non-volumetric preassembly 

-Volumetric pre-assembly 

-Modular building 

 
Goodier and Gibb (2004) 

 
Australia 

-Non-volumetric preassembly 

-Volumetric pre-assembly 

-Modular building 
Blismas and Wakefield (2008) 

 
 

Malaysia 

-Pre-cast concrete systems 

-Formwork’s systems 

-Steel framing systems 

-Prefabricated timber framing systems 

-Block work systems 

 
 

IBS Info (2010) 
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-Innovative product systems 

 
 

 
Figure 2. Evolution pattern of off-site construction industry 

 

THE SIMILARITY IN THE DRIVE AND CHALLENGE TO INTRODUCE THE MODERN 
METHOD OF CONSTRUCTION INDUSTRY 

 
SKILLED CRAFT WORKER 
 

U.S. has the highest spending capital on construction with seventy-four percent of the total spent 
capital in world construction [22]. Yet, they still face problems at the off-site construction industry as 
reported in CMAA [23] where more than 40% of the Construction Management Association of America 
experienced construction schedule overruns due to the shortage of skilled craft workers and resulted in 
escalation of project costs. Thus, this situation also occurred in UK and Australia as the main drive of the 
MMC and OSM industry. As reported by [24-26], the construction industry is having the most prominent 
shortage of skilled worker especially in the remote areas and high growth capital cities. Associated with 
the difficult situation the traditional tradesmen also find difficult to fulfill the requirement for higher onsite 
precision and to deal with the low tolerance of the tasks. The situation also happens in Malaysia, where 
the main objective of introducing IBS is to reduce the number of foreign workers. Although Malaysia can 
easily attract foreign workers to work here, but due to the huge number of foreign workers working in 
Malaysia, it has affected the employment opportunities for the locals. By using the IBS method, Malaysia 
is able to reduce the number of foreign workers in 2006 by 4% as shown in table 2. With the appropriate 
use of technology and systematic work in the industries, the use of IBS can gain the same productivity 
but with better outcome. 

 
Table 2. Percentage of Foreign Workers to Total Construction Workforce 

 

Items 2003 2004 2005 2006 

Local Workforce 224,877 272,053 334,704 309,528 

Foreign Workers 231,184 265,925 264,853 281,780 

Total 456,061 537,978 599,557 591,308 

Percentage of Foreign Workers 51% 49% 48% 44% 

Source: Department of Immigration Malaysia (MOF,2005) and Construction Industry Development Board (CIDB) Malaysia 
 

 
FAST TRACK COMPLETION 

 
Generally, the use of OSCT, MMC, OSM and IBS is the main drive is reduced the construction time 

and project overall schedule as well as reduced site cost and generate early income for clients [14, 24, 
26, 27]. Anecdotally, research by Kadir [28] in comparing the conventional building system and IBS in 
terms of labor productivity, crew size and cycle time proved that IBS manages to meet the target to 
reduce dependency on foreign labor, to improve construction productivity and quality, to achieve design 
standardization and to speed up construction time as mentioned in IBS [29]. In other words, the 
conventional building system was 70 per cent less productive than IBS in the completion of structural 
elements of one house unit. This result was in agreement with previous studies carried out by Trikha and 
Ali [30] which indicated that IBS saved about 75% time in the completion of projects under favorable 
circumstances. 
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COST 

 
The main barrier in using modern method of construction industry is the high initial capital, higher 

design, crane and transport cost incurred which is agreed by [14, 24, 26, 27]. The high initial capital can 
be overcome by sufficient volume and ability to reduce mould cost with repetition use of the design. The 
higher repetition in use of the design may save the cost of mould and the ability produce design layout 
suit especially for high rise building and high repeatable of houses design. That is why high technology is 
required in order to have the ability to produce any types of building and to achieve the high end 
standard of modular building which is produced by manufacturing. 
 
Malaysia is still in the process to achieve the modular building and is currently in the stage of 
hybridization system as well as open system. Most of the IBS system projects in Malaysia apply the 
“close system” where the components would only cater for a specific project and the factory would be 
closed after the project is completed. The government has taken action by introducing the “open system” 
by re-branding the concept of prefabrication “Industrialized Building Systems”, creating a better response 
from the industry. Based on the ManuBuild [31], open building manufacturing system is an integrated 
system that holistically incorporates building concepts, business processes, production technologies and 
ICT support as well as training. This enables future construction to act as a flexible, agile, value-driven, 
and knowledge based industry, and most of all to be highly customer centric, efficient and competitive. 

 
TRANSPORTATION 

 
The transportation issue is the main drive and constraint faced by OSCT, MMC, OSM and IBS 

where it is an essential mechanism in order to carry heavy load and have the specific measurement of 
height and width to get through the federal road or highway as well as to pass through the low density of 
city or high development area. The contractors also need to decide appropriate weight crane to carry and 
erect the non-volumetric component and the volumetric structure. Thus, the safety and proper erection is 
important to ensure the component is not defect and require high precision during the installation 
process. Apart from the effective distance to transport the component to the site, it is also important to 
have the component in partial size where it can be ‘plug and play’ to become large scale structure. The 
main reason why the manufacturer chooses to produce partial size for components is to enhance the 
effectiveness of erection, easy transport to the site construction and save cost to hire the appropriate 
crane. Also, to save the transportation cost of size truck and the number of travelling require to have the 
appropriate size and weight of component; suitable weight carry and economic value crane to erect the 
component; high safety installation; proper in sequence order of component to avoid the component 
defect and hard to carry out due to improper arrangement of component at site construction. 

 
BARRIER TO EDUCATE THE CONSTRUCTION INDUSTRY 

 
The great challenge faced by the construction industry in UK is to integrate the ‘traditional’ 

technology with the appropriate off-site technology. In UK, the strong ‘traditional’ technology that 
comprises of brick/concrete block cavity wall methods, timber/precast floors and timber truss roofs [26]. 
Thus, the house buyers are strongly influenced by the negative perceptions of the MMC innovation in 
housing construction that it will spoil the authentic ‘traditional’ house image [32]. This has a effect the 
construction industry and the innovation building technologies where the industry players faces difficulty 
in implementing new concepts to the building system [26, 33]. Notwithstanding, the MMC is also known 
as OSM [10]. UK and Australia have the similarity in applying the OSM in their countries. Goodier and 
Gibb [16] have difficulty in accessing the historic value of OSM in Australia. Thus a vague boundary 
exists between the traditional and OSM approaches, as well as data report on the performance of the 
construction and manufacturing industries. As for Malaysia the contractors are comfortable with the 
conventional method that is cheaper than IBS system but the situation has changed with Malaysia facing 
the problem of shortage in houses. As a result, the Malaysian Ministry for Local Government and 
Housing reported that IBS have the speed of construction, quality product and economics value as well 
as the capability to produce bulk production and to overcome the shortage of houses [34]. Although, 
Malaysia has tried hard to introduce IBS since the 60’s but received passive response from the 
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construction industry and also to overcome the delay in construction projects as mentioned by [35, 36]. 
The response from the construction industry changed when the government enforced the ruling in 2008 
where the use of a minimum of 70% IBS method will receive the 50 percent levy from the government. 
The exemption of the levy (CIDB levy – 0.125% of total cost of the project according to Article 520) on 
contractors that implanted some kind of IBS in 70 % of the building components was introduced effective 
from 31 October 2008. Act 520 in short, the act came into force on 24 July 1994 to establish CIDB as the 
governing body entrusted with the responsibility to provide effective leadership and coordination among 
Construction Industry players in Malaysia [37]. 
 
The IBS Survey 2008 also indicates that the awareness of construction industry in IBS knowledge and its 
application increased between 2003 and 2008 [27]. The scenario of construction industry in Malaysia has 
changed by the implementation of the IBS technology initiated by the Construction Industry Development 
Board (CIDB) Malaysia. The 50 percent of levy is used by the CIDB to educate the construction industry 
through by form of policies, financial incentive, strategy guidelines, workshops, seminars to increase the 
awareness among the end users and clients [38].In order to educate the construction industry, the 
government of Australia and researchers have also played vital role to come out with a master planned 
of C2020 Vision for future construction industry of Australia [24]. The national research has established 
the Cooperative Research Centre (CRC) in 2001 to determine the ‘state-of-the-art’ OSM in Australia. 
They analyzed the problem encountered on OSM usage in the construction industry and recognized 
future investment and research to dissolve the setbacks [24]. While in US, Lu [14] suggested that the 
construction industry need to develop R&D in the area of customized design and alternative materials; 
provide training; and increase the awareness among the manufacturers, general contractors and 
designers in the use of OSCT as well as to collaborate the vital players of construction industry to 
minimize the possibility of onsite changes. 
 

THE CURRENT IBS STATUS 
 

In an era of increasingly rapid technological changes, IBS is expected to play a greater role in 
ensuring improvement in construction activities and sustainable economic growth. The commitment of 
the government in encouraging the use of this approach can be seen with the development of the IBS 
Roadmap 2003-2010 [39]. The IBS Roadmap was approved by the Cabinet Ministers on October 2003 
with the aims of providing guidelines towards the establishment of an industrialized construction sector 
as well as achieving an open construction system by the year 2010. The development of this roadmap 
was based on the 5M strategy (machinery, manpower, material, measurement, and method) and will be 
implemented gradually for government projects [20]. This IBS guideline targets as much as 70% of the 
government projects to be in the category of buildings using the IBS approach in Malaysia by 2008. The 
CIMP is also intended to ensure that the construction industry is well positioned to support the nation's 
overall economic growth and in meeting various challenges, such as the need to enhance productivity 
and quality along the entire construction industry value chain [39].The shift in the trend of construction 
industry in Malaysia is shown in Table 3. This scenario has led to the encouragement of IBS adoption in 
construction activities in order to reduce dependency on foreign labors, to improve construction’s 
productivity and quality, environmental friendly, to achieve design standardization and to speed up 
construction time. Anecdotally, based on the IBS Survey (2008), the ranking of IBS benefits listed from 
the most beneficial to the least beneficial are (1) minimal wastage; (2) cleaner environment; (3) less site 
materials; (4) reduction of site labor; (5) controlled quality; (6) faster project completion; (7) neater and 
safer construction sites; and (8) lower total construction costs. There is no doubt that for initial stage an 
initial investment for IBS requirement long term return by producing mass production. 
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Table 3. The Trend of Construction Industry in Malaysia 
 
 

Method Traditional Construction Manufacturing 

Scope Project based Project based Product based 

Project Specification Short term Short term Long term 

 
Profit Earn 

Undefined profit or low 

profit gain 
 
Profit from customized solutions 

Profit in volumes of similar 

products 
(Gann 1996) 

 
Project Duration 

 
Long period 

Possibility of project being delayed 
(Lim and Mohamed 2000, 
Alaghbari et al. 2007) 

On time project completion / 

meeting timeline (Kadir et al. 

2005) 

 
Applied technology 

 
Manually 

Manually and semi mechanization 

Higher mechanization due to 

process repeatability and 

high-quality production 
Transportation 
requirement Not important Important Very important 

Erection Procedure Manually Occasionally required Very important 

Crane requirement Not required Occasionally required Very important 

Environmental 

Awareness 

3-D Syndrome (Dirty, 

Difficult & Dangerous) 

(IBS Survey 2003) 

3-D Syndrome (Dirty, Difficult & 

Dangerous) (IBS Survey 
2003) 

Environmentally friendly and 

recycled waste 

Type of workers Required unskilled worker Required a large number of 
unskilled worker 

Using minimum skilled 
worker 

 

 
In 2010, the total number of IBS manufacturer in Malaysia is 143. In the recent years, there are 21 
suppliers and manufacturers, which were actively involved in the dissemination of IBS in Malaysia [1]. 
Majority of the IBS originated from the United States, Germany and Australia with a market share of 25%, 
17% and 17% respectively. Malaysia produced about 12% of the IBS systems [28]. The growth of IBS 
has increased almost seven times as reported by Badir [1]. Based on Table 1, Malaysia has expanded 
their R&D IBS products into a more variety of categorization as such as steel framing system, timber 
framing system and innovative products system. Figure 3 shows the number of IBS products according 
to the classification groups. The highest number of IBS manufacturers is the precast concrete category 
followed by metal framing systems and timber framing manufacturer. The lowest numbers of IBS 
manufacturers are the innovative products system. Vice versa, based on the IBS Survey (2008) given to 
the same correspondent from 454 contractors in Malaysia on the most popular component used is steel 
framing system [27]. It was found that steel framing systems have become more popular compared to 
the precast concrete due to the time frame, cost effectiveness and quality impact of the completion 
project. Ananalysis to correlate with government mandatory rule pertaining to government funded 
construction projects using 70% of IBS components in proportion with the number of IBS manufacturer in 
each state [40]. 

 
 

Figure 3. The Number of IBS Manufacturer and IBS Products (Source: IBS Info [41]) 
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CONCLUSION 
 
The vital issue on the awareness of Modern Method of Construction (MMC), Off-Site Manufacturing 

(OSM) and Industrialized Building System (IBS) has a common related drive and attribute constraints 
that started seriously in early 90’s. In addition, the global economic expansion and the growth of 
population causing the increase market price of houses has forced the government to be concern with 
the bottom billion to have an affordable houses. In Malaysia, the CIDB (Construction Industry 
Development Board) have played an important role in changing the paradigm of construction industry 
into more knowledgeable, achieving high skills and flexibility of competitive products having the same 
view as the construction industry in UK and Australia [24-27, 42]. Thus Malaysian government manage to 
educate the construction industry through mandatory law but offering good incentive to ensure 
contractors usage of IBS component in construction works. 
 
The similarity and obstacle of OSCT, MMC, OSM and IBS is to have a break through to the end user and 
client’s negative perspective of the architectural value as well as to make aware of the construction 
industry benefits when applying the off-site technology for the long term investment. In addition, the 
government and the financial support play an important role to ensure the policy and regulatory work well 
with the construction industry especially in training and adequate monetary aid to the small and medium 
entrepreneur. The main benefits will be high quality products, fast track completion projects, reduced 
foreign workers and changing the perception of construction industry market into the global market chain 
value. 
 
The current trend of the IBS industry has gone through a few transitions from the conventional method to 
the prefabrication stages. The precast concrete system and steel framing system are the most popularly 
use in the IBS industry and the government needs to be responsive to this phenomenal change and 
provide more capital investment for automation and robotics technology in order to make Malaysia ahead 
in the transformation of the IBS industry. This research manages to determine the drive and barriers of 
OSCT, MMC, OSM and IBS manufacturing. 
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CHAPTER 11 
 
 
 

EVALUATION OF ACACIA MANGIUM IN STRUCTURAL 
SIZE AT GREEN CONDITION 

 
Gaddafi Ismaili1*, Badorul Hisham Abu Bakar2 and Khairul Khuzaimah Abdul Rahim3 

 
 

Abstract 
 
Acacia mangium is one of the most popular choices in the reforestation and rehabilitation of 

abandoned shifting cultivation areas dated back to the 70’s. This paper looks into the evaluation of 
mechanical strength and physical properties in structural size at green condition for Acacia mangium. 
The mechanical strength properties tests were referred to the modulus of rupture, modulus of 
elasticity and tensile strength. Meanwhile, physical properties determination referred to basic density 
and moisture content. At green condition, Acacia mangium had been identified under the strength 
group SG6. It was found that strength value of modulus of rupture was higher than the tensile 
strength value with 44% stronger in bending compared to in tension. At the structural size, the mean 
value for moisture content and basic density at green condition were reported with 73.03% and 
0.54g/cm3 respectively. 

 
Keywords: Modulus of rupture, modulus of elasticity, tensile strength, basic density and moisture content 

 

INTRODUCTION 
 
Acacia mangium (Fabaceae: Mimosoideae) is a perennial tree native to Australia and Asia. 

Common names for it include Black Wattle, Hickory Wattle and Mangium. The species was selected 
for this study as a result of some factors. One of the main factors is due to its fast growing 
characteristics. Besides that, it is also one of the major plantation species in Malaysia. Successful 
plantations of this species were reported from Sabah [4]. In Sarawak, this species is most widely 
used in the reforestation and rehabilitation of abandoned shifting cultivation areas [12]. This is 
because the species is very adaptable to a wide range of soil types that it even thrives on degraded 
sites where shifting cultivation had been practiced, on hill slopes overgrown with weeds like Imperata 
and Eupatorium species, and in areas subjected to seasonal flooding or areas leveled by tractors 
[21]. Structural usage of the timber is definitely one of the potential areas to explore [4]. A detailed 
knowledge of the growth and structure of wood is essential to the design of efficient timber 
structures. Nevertheless, an understanding of its characteristics may help engineer and designer to 
appreciate the behavior of wood as a constructional material [20]. Consequently, the purpose of this 
study is to evaluate Acacia mangium in structural size at green condition associated to the 
mechanical strength characteristic. 
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MATERIALS AND METHODS 
 

MATERIALS AND SAMPLING METHODS 
 

A total of 29 Acacia mangium trees were collected from Sabal Reforestation Plot. The age of 
the trees was about 23 years old. From these trees, a total of 323 samples were recovered. From 
those 323 samples, only the results from 50 samples at green condition were selected randomly and 
presented. The remaining samples are still in the process of air-drying and will be utilized for further 
studies. 
 
Selection of trees carried out for the samples were done at random basis. Then, the felled trees were 
sawn to logs form with length about 2.1m. Some allowance was given for the planning and air-drying 
process. Subsequently, the logs were marked and then sawn to 127 x 127mm flitches. The logs 
were firstly sawn at two opposite’s sides (Figure 1) to relieve the stress from the logs. Consequently, 
this was to avoid the flitches from bending outward when they were sawn through the middle of the 
logs. 

 
Figure 1: Sawing of logs to flitches’ forms. 

 

Next, the flitches undergo the machining process. During this process, flitches are ripped to sample 
pieces. The ripped samples were also given some allowance for the planning and air-drying process. 
From these green samples, 50 samples were taken to undergo the planning process to a target size 
of 50 x 100 x 2000mm. Balances of samples are stacked properly for air-drying process (Figure 2). 

 

 

Figure 2: Samples undergoing air-drying process. 
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TESTING METHODS 
 

MECHANICAL STRENGTH PROPERTIES 

 
There were two types of strength test conducted namely structural bending test and structural 

tensile test. Testing was done in accordance to the British Standard BS 5820:1979. The testing room 
condition was maintained at room temperature of 23 ± 3°C. Bending test was conducted using an 
Instron Universal Testing Machine, which has a loading capacity of 200kN (Figure 4) with a loading 
rate of 8mm/min. The support span for this test was 1800mm, and its loading span was 600mm. 
Samples were places on rollers, which are at a free support condition. The values of modulus of 
rupture and modulus of elasticity were electronically calculated by the machine. 

 

 
 

 

Figure 3: Structural bending test. 
 

On the other hand, the tensile test was conducted using Maekawa Horizontal Tensile Machine 
with a capacity of 1000kN (Figure 4). The test samples were loaded using gripping devices, which 
will permit as far as possible the application of uniform tension without inducing bending. Distance 
between both grips was 1000mm, and the applied load was at a continuous speed rate of 6mm/min. 
The formula (1) to obtain the values of tensile strength is shown below: 
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Figure 4: Structural tensile test. 
 

PHYSICAL PROPERTIES 
 

MOISTURE CONTENT DETERMINATION 
 

Moisture content determination was conducted directly after the processing was completed. 
This was to ensure that the moisture content inside the samples was properly conserved. At that 
point, the initial weights were taken. Then, samples were placed in the oven at 103±2°C until the 
constant weight was achieved. Afterward, the oven-dried weights were taken. Therefore, the 
moisture content values were determined by using the formula (2) below: 
 

 
BASIC DENSITY DETERMINATION 

 
Basic density determination test were conducted using the same samples used for moisture 

content determination test. Thus, the dimensions of the green samples were taken before they were 
placed into the oven to find out the green volumes. The values of the oven-dried were also needed to 
complete the formula used to determine the basic density as follows: 
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RESULTS AND DISCUSSION 
 
MATERIALS AND SAMPLING METHODS 

 
The results of modulus of rupture, modulus of elasticity and tensile strength of structural size 

samples is shown in Table 1. The mean values of modulus of rupture, modulus of elasticity and 
tensile strength are 60.95N/mm2, 13262N/mm2 and 42.32 N/mm2 with its coefficient of variation 
16.16%, 10.89% and 22.67% respectively. 
 

Table 1: Summary of results for Acacia mangium at green condition. 
 

 
 

Statistical 

Analysis 

Bending Tensile  
Basic 

Density 

 
Moisture 

Content 
 

MOR 
 

MOE 
 

Tensile Strength 

N/mm2 N/mm2 N/mm2 g/cm3 % 

Mean 60.95 13262 42.32 0.54 73.03 

STDEV 9.85 1444 9.60 0.05 11.93 

CV% 16.16 10.89 22.67 8.83 16.33 

n 25 25 50 
 

MOR = Modulus of rupture  
MOE = Modulus of elasticity  

Mean = Mean values  
STDEV = Standard deviation  

CV = Coefficient of variation  
n = Number of specimens 

 
The coefficient of variation is quit high for every result parameter mentioned with the exceptions on 
the modulus of rupture 10.89%. One of the main reasons is probably due to lacking in the number of 
specimens. Basically, if a higher number of specimens were used, the coefficient of variation would 
definitely be lower. Besides that, the occurrence of defects such as knots, sloping grain and inherent 
properties might reduce the strength values of timber. Based on the strength of green samples, the 
timber can be group in the SG 6 [6] which is in the same grouping with species such as Bindang 
(Agathisspp.), Jongkong (Dactylocladus stenostachys), Yellow Meranti (Shorea spp.), Mersawa 
(Anisoptera spp.), Durian (Durio spp.) etc. Therefore, the timber species may be recommended for 
structural applications. 

 

PHYSICAL PROPERTIES 
 

Fiber-saturation point of most timber species is between the ranges of 25 to 30%. Therefore, 
timber samples would be considered to be in green condition when its moisture content value is 
above that range. For that reason, all specimens were considered to be in green condition with mean 
moisture content of 73.03% which ranges between 53.08% and 117%. There was a marked 
increase in strength of timber species tested from green to air-dried condition [1]. The increment of 
strength with reduction in moisture is because of shortening and consequently, strengthening of 
hydrogen bonds linking together the microfibrils [13], [9]. Nevertheless, the effect of moisture is less 
significant on some mechanical properties of timber [18], [19], [15]. Thus, samples of air-dried 
condition of the timber will be tested. 
Wood density provides a simple measurement of the total amount of solid-wood substances in a 
piece of wood [17]. The mean value of basic density was 0.54 g/cm3 with the coefficient of 
percentage of 8.83%. Therefore, Acacia mangium is classified under Light Hardwood [7]. 
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From the results, the coefficient of variation of most parameters is quit high. The occurrences of 
defects mainly big size knots promote to this matter. It is well known that the strength and stiffness of 
wood members containing knots is reduced due to the disruption of the grain in the region of the knot 
[22]. Knots influence the strength properties of a piece of wood to a varying degree depending on the 
size, position and type [11]. However, there is no difference in the effects between live and dead knot 
as far as stress grading of timber is concerned [9]. 

 
The location of knots affects the bending strength more because the distribution stress varies along 
the depth of a beam [10], [14]. Based on timber failures, out of the total number tested for structural 
bending, roughly 90% of the timber samples failure started from compression and finally ended with 
tension failures (Figure 5). The failures pattern was similar to the small clear specimens. A knot that 
is located close to the axis will have less effect on strength than the one located close to the edge. 
Referring to Figure 6, this is true especially for the edge subjected to tensile stresses since the effect 
is more in tension rather than in compression [2], [10]. 

 

Figure 5: Failure on bending specimens 
 

 

Figure 6. Failure on Tensile Specimens 
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CONCLUSION 
 

The results obtained from structural size very much different with small clear specimen. This was 
due to the homogenous behavior in timber that been tested in structural size compared to small clear 
specimen or defect free sample. The differences can be identified where the small clear specimen 
recorded with modulus of rupture mean value 86.4N/mm2 [3] which was 29.46% higher than the 
mean value obtained from structural size with 60.95N/mm2. For modulus of elasticity, the small clear 
result obtained with 10900N/mm2 [3] which was 17.81% lower than the result acquired from 
structural size with 13262N/mm2. 
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CHAPTER 12 
 
 
 

BASIC AND GRADE STRESS FOR SOME TIMBER IN 
SARAWAK 

 
Gaddafi Ismaili1*, Badorul Hisham Abu Bakar2 and Khairul Khuzaimah Abdul Rahim3 

 

 

ABSTRACT 
 
Strength properties’ tests are conducted in the small clear sample. This paper aim to acquire 

the basic and grade stresses of some fast growing species thus identifies its strength group. Thus, 
the information of wood properties from different species and condition are acquired from strength 
property's test. The required information namely, bending parallel to the grain, compression stress 
parallel to grain, shear parallel to grain and modulus of elasticity. The condition of the trees which is 
referred to green and air-dry condition. Three different species which are referred to exotic species of 
Acacia mangium and indigenous species of Aras. The results from the study indicated that, Acacia 
mangium classified under the strength group SG5, whilst Aras was classified under the strength 
group SG7. The timber is of medium density Light Hardwood ranging from 0.37-0.52g/cm3 air-dry 
condition. 

 
Keywords: Bending parallel to the grain, compression stress parallel to grain, shear parallel to grain, modulus  

                    of elasticity. 
 

 

INTRODUCTION 
 
Although the density of timber is relatively reflected the strength of the timber, but it should not 

be the definite measurement of its strength. It had been understood that timber is homogenous 
material thus some physical testing had to be conducted to reveal and confirmed the timber strength 
group as identified from its density. The most suitable sample to be tested that had been suggested 
by using the small clear sample which is the defect free. [4]. Therefore, the strength properties of 
some species can be compared and to be concluded by identified its strength group classification on 
the species that base on Malaysian Standard MS544: Part 2 requirements. The strength group 
classification on the selected species for this study was subject to the testing results that acquired 
from compression parallel to grain test, shear parallel to grain test, bending parallel to grain and 
modulus of elasticity. The strength group classification was conducted in two conditions at green and 
air-dry. Classification on the strength group on the species was depended on the grade stresses 
results, i.e. grade select, grade standard and grade common. The strength groups can be classified 
into seven categories, which base on the strength species namely SG1, SG2, SG3, SG4, SG5, SG6 
and SG7. In timber engineering practice, the ultimate stresses obtained from tests are reduced by 
applying arbitrary factors [6] to obtain what is called working stresses or permissible stress. These 
arbitrary reduction factors account for variability of timber duration, and conditions offloading, and 
factor of safety [4]. 
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EXPERIMENTAL METHODS 
 

PREPARATION OF SPECIMEN 
 

Three timber species namely Acacia mengium and Aras were collected from Sabal 
Reforestation Plot are used in this study. Sampling of test samples was made throughout the whole 
length of the tree. The logs were then ripped into half through the pith to obtain the flicthes. The 
flicthes were planed and machined to 20x20mm for static bending tests. The sticks were visually 
grade, and only defect free green as well as air-dry samples are cut into specified length and tested. 
The green condition samples were first to be tested whilst for air-dry condition samples stacked 
properly for air-drying process. This air-dry process is depending on the type of sample, and this 
process can be more than nine months. A total of 190 timber samples were used for the bending 
tests both in each testing condition. 

 
TESTING METHODS 

 
The strength properties’ tests are conducted by using destructive test (DT) and results were 

obtained from two different timber conditions, i.e. green and air-dry conditions. There were four 
testing results of strength properties were acquired i.e. bending parallel to grain, compression parallel 
to grain, shear parallel to grain (tangential and radial) and modulus of elasticity. The average shear 
parallel to grain was from tangential and radial where as the result from the modulus of rupture was 
referred to the bending parallel to grain. The static bending testing was done in accordance to the 
British Standard BS 373: 1957 conducted using an Instron Universal Testing Machines with loading 
capacity of 50kN. A specimen 20 x 20 x 300mm in length is supported over a span of 280mm, and 
the test is carried out by the three-point bending method. The values of modulus of rupture and 
modulus of elasticity were electronically calculated by the machine. Compression test results were 
conducted with 20 x 20 x 60mm specimen in which special care has been taken to ensure that end-
grain surfaces are parallel to each other and normal to the longitudinal axis. The specimen was 
placed between two compression platen and the rate of upper platen descent 0.6mm/min is used. 
The property determined is the maximum compression strength parallel to grain. The values of 
compression stress at maximum load were electronically calculated by the machine. 

 

RESULTS AND DISCUSSION 
 

GRADE STRESS OF ACACIA MANGIUM 

 
Acacia mangium had been known as the most admired planted fast growing species in timber 

industries. From Table 1, where at green condition, mean results obtained from compression parallel 
to grain test reveal the basic stress of 17.1N/mm2 thus gave the results for grade stresses select, 
standard, and common were 13.7N/mm2, 10.8N/mm2 and 8.6N/mm2 respectively. From the result, it 
has been classified under SG4. Where by the average mean results from shear parallel to grain test 
reveal that the basic stress value is 3.0N/mm2 and thus contributed the grade stresses for select, 
standard, and common with 2.4N/mm2, 1.9N/mm2, and 1.5N/mm2 respectively. Thus, this has been 
classified under SG1. Basic stress for MOR or bending parallel to grain is 24.4N/mm2 and thus 
concluded that the grade stresses of select, standard, and common are 19.5N/mm2, 15.3N/mm2, and 
12.2N/mm2 respectively. This has been classified under SG2. Whilst, for modulus of elasticity, the 
grade stresses is 6044N/mm2 and identified under SG5. As recommended by Malaysian Standard 
MS544: Part 2, this can be concluded that strength group for Acacia mangium is classified under 
SG5 as it is the lowest case between strength groups that had been obtained from different tests at 
green condition. At the air-dry condition, it is revealed that the basic stress value of compression 
parallel to grain is recorded 17.3N/mm2. These gave the grade stresses results for select, standard, 
and common with 13.8N/mm2, 10.9N/mm2 and 8.6N/mm2 respectively. Therefore, it has been 
classified under SG4. Meanwhile, the average mean result of basic stress for shear parallel to grain 
is given 3.2N/mm2 with the grade stresses of select, standard, and common are 2.5N/mm2, 
2.0N/mm2, and 1.6N/mm2 respectively thus classified under SG2.  
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Basic stress for bending parallel to grain is 25.5N/mm2 thus contributed the results for grade 
stresses select, standard, and common with 20.4N/mm2, 16.1N/mm2 and 12.7N/mm2 respectively 
thus fall under SG3. Whilst, for modulus of elasticity, the grade stresses is 7586N/mm2 and classified 
under SG4. This can be concluded that strength group of Acacia mangium at the air-dry condition is 
classified under SG4. Thus for overall conclusion, Acacia mangium species is prone to be classified 
under SG5 as it is the lowest case between the strength group at the green and air-dry condition. 

 
GRADE STRESS OF ARAS 

 
Aras at green condition reported with the mean compression parallel to grain is 8.3N/mm2. This 

result has contributed the grade stresses for select, standard, and common with 6.6N/mm2, 
5.2N/mm2, and 4.1N/mm2 respectively as shown clearly in Table 1. Consequently, from this result, 
Aras had been classified under the strength group SG6. The average mean shear parallel to grain 
has reported contributed the results for grade stresses select, standard, and common with 1.4N/mm2, 
1.1N/mm2, and 0.9N/mm2 respectively. This gave shear parallel to grain test is classified under SG4. 
Aras’s basic stress for bending parallel to grain is 10.2N/mm2 which has contributed the grade 
stresses of select, standard, and common values with 8.2N/mm2, 6.4N/mm2, and 5.1N/mm2. From 
the result, it is classified under SG6, which is much lower compared to Acacia mangium with SG2. 
Furthermore, for modulus of elasticity, the grade stresses is 3491N/mm2 and classified under SG7. 
This can be concluded that, at green condition, Aras is classified under SG7 compared to Acacia 
mangium with SG5 as it is the lowest case between strength groups that had been obtained from 
different tests. 
 
Aras at the air-dry condition has revealed that basic stress for compression parallel to grain with 
14.7N/mm2. This has contributed the result for grade stresses select, standard, and common 
with 11.7N/mm2, 9.2N/mm2 and 7.3N/mm2 thus classified under SG5, which is relatively close to 
Acacia mangium with SG4. The average basic stress for shear parallel to grain is 2.9N/mm2 with the 
grade stresses of select, standard, and common are 2.3N/mm2, 1.8N/mm2, and 1.4N/mm2 
respectively. Thus from the result it is classified under SG2, which is relatively similar with Acacia 
mangium. The basic stress for modulus of elasticity is 16.3N/mm2. This has given the grade stresses 
select, standard, and common with 13.0N/mm2 10.2N/mm2 and 8.1N/mm2 respectively. Therefore 
from the results it can be classified under SG5. Moreover, for modulus of elasticity, the grade 
stresses is 5507N/mm2 and it is classified under SG6. The strength group obtained for each test at 
the air-dry condition thus can be concluded fall under SG6 compared to Acacia mangium which is 
classified under SG4 as it is the lowest case between strength groups. From both conditions, green 
and air-dry, it is to be concluded that Aras’s strength group is prone to be classified under SG7, and 
it is lower compared to Acacia mangium with SG5. 
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Table 1 Green and dry grade stresses and modulus of elasticity 
 

 

 
CONCLUSION 

 
The basic and grade stresses for strength groups can be used to facilitate the design, stocking and 
supply of timber for structural purposes [3]. The species was recommended mainly for general utility 
for furniture making and other non- structural applications. For structural design purposes, the results 
from small clear must not be used directly it must be first derived into permissible stresses. Thus 
appropriate modification factors had to be identified as given British Standard CP 112:1967 or 
Malaysian Standard MS544: Part 2 should be used. It was found that, exotic species of Acacia 
mangium was obviously known under SG5 and has been also proven in this study. Indigenous 
species of Aras has been classified under the strength group SG7. It is found that the strength 
properties’ values for bending parallel to the grain, compressive stress parallel to the grain, shear 
parallel to the grain and modulus of elasticity for Acacia mangium are 92.31N/mm2, 39.49N/mm2, 
5.215N/mm2 and 11742.79N/mm2 respectively. As for Aras, it is revealed that with 58.93N/mm2, 
28.28N/mm2, 8.76N/mm2 and 7286.85N/mm2 respectively. 
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CHAPTER 13 
 
 
 

THE BEHAVIOR OF STRENGTH PROPERTIES FROM 
THREE DIFFERENT TREE BOLES OF ARAS IN 
SARAWAK 

 
Gaddafi Ismaili1*, Badorul Hisham Abu Bakar2 and Khairul Khuzaimah Abdul Rahim3 

 

 

ABSTRACT 
 
Aras had been selected and tested in small clear specimens. Sampling of test specimens are 

made from three sections of the tree bole namely from bottom, middle, and top parts. This paper 
looks into the information of strength properties from three sections of sampled. The strength 
properties test required are the modulus of rupture, modulus of elasticity and compression stress 
parallel to grain. Meanwhile, the physical properties' test referred to moisture content and basic 
density. The testing conducted in two different conditions of the trees, which were referred to green 
and air-dry condition. It was found that the average mean values for modulus of rupture, modulus of 
elasticity and compressive stress parallel to grain tested at green condition were 47.52N/mm2, 
6358.56N/mm2 and 22.42N/mm2 respectively meanwhile at air- dry condition were 70.49N/mm2, 
8217.64N/mm2 and 34.07N/mm2 respectively. Meanwhile, the average mean values for moisture 
content at green condition were 83.34% whilst at the air-dry condition were 12.33%. Basic density 
remains unchanged from both conditions. 

 
Keywords: Modulus of rupture, modulus of elasticity, compression stress parallel to grain, moisture content,  

                    basic density 

 
 

INTRODUCTION 
 
Generally, log production in Malaysia is mainly to accommodate the huge demand for general 

utility timber for industrial purposes. Nowadays, timber industries in Malaysia have involved into 
cores of plywood and make up the major constituent of fibreboard, particleboard, interior 
construction wood, and other low grade use. [1]. Sarawak consists of numerous indigenous 
species of fast growing timber. From these species, there are several which has been identified to be 
potential species for light wood industries utilisation and for engineering structural design purposes 
as alternative species. The potential species are referred to Engkabang jantong, Aras, Terbulan, 
Kelampayan, Sawih, Benuang and, etc. Each of these species has its own characteristics and 
behaviour whether in terms of physical or strength properties. Therefore, there is a need to get some 
basic information on its strength and physical properties. Small clear specimens or defect free 
samples were used to know the strength properties and physical properties distribution within the 
tree bole viz., from bottom, middle and top parts. For this paper, Aras has been selected for this 
study. 
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Aras is a type of tree known by the locals in Sarawak. It is known by its botanical name as Ilex 
cissoidea. In Sabah, this species is known as bangkulatan and morogis, while in Peninsular 
Malaysia, this species is known as timah-timah. Meanwhile, in Indonesia it is known as Mensira 
gunung. Ilex cissoidea is categorized in Aquifoliaceae family that is commonly found throughout the 
temperate and tropical regions of the world, mainly in South East Asia. Its sapwood is not 
differentiated from the heartwood, which is white and darkens on exposure to be yellow-brown. The 
timber is of medium density Light Hardwood, ranging from 560-595kg/m3 in air-dry condition. The 
timber is non-durable and is subject to attacks by sapstain fungi. The grain is straight, and the 
texture is fine but uneven due to the presence of the broad rays. The split surface has a considerable 
sheen. This timber is reported to season well with only slight splitting [2]. This genus is rather rare in 
an occurrence and coupled with its small size. The timber is very unlikely to be of any commercial 
importance. However, this timber has been tried successfully for match splints and may be a good 
furniture timber if available in large enough quantities.[2] 
 

MATERIALS AND TESTING METHODS 
 

MATERIALS AND SAMPLING METHODS 

 
A total of 335 selected specimens of Aras were used in this study. The collection of the species 

was done at Sabal Reforestation Plot. The selected species were then be made into three sections 
of tree bole namely bottom, middle and top. At the site, the log of about 1.53m in length was then 
ripped through the pith to obtain two flitches and transported to the processing factory where the 
flitches be machined into boards. The boards were subsequently machined to produce exactly 
20mm square sticks. The sticks were visually graded, and only defect free green as well as air-dry 
samples were cut into specified length and brought to mechanical testing facility to be tested. 

 
STRENGTH PROPERTIES 

 
All the strength properties were conducted in accordance to the British Standard BS 373: 1957 

[3]. The results were obtained from the testing conducted by using destructive test (DT) in two 
different timber conditions, i.e. green and air-dry conditions. The strength properties that were tested 
were the modulus of rupture, modulus of elasticity and compression stress parallel to grain. An 
Instron Universal Testing Machines with loading capacity of 50kN was used to determine the 
strength values of the wood specimens. The loading rate for static bending and compression parallel 
to grain was 6.6 mm per minimum and 0.6 mm per minimum respectively. The testing room was 
maintained at temperature of 20±3oC. 

 
PHYSICAL PROPERTIES 

 
MOISTURE CONTENT DETERMINATION 

 
Moisture content (MC) determination was conducted directly after the wood processing was 

completed. At that point, the initial weights were taken. Then, samples were placed in the oven at 
103±2°C until the constant weight was achieved. The percentage of moisture content was calculated 
on the dry weight basis. The formula for calculating moisture content is shown below 
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BASIC DENSITY DETERMINATION 
 

The specimens were calculated from the ratio of oven-dried weight to green volume. Water 
displacement method was used to get the green volume, and the dry weight was measured using an 
electronic balance. The formula for calculating the basic density is as shown below. 

 

 

RESULTS AND DISCUSSION 
 
The test results for modulus of rupture, modulus of elasticity, compressive stress parallel to 

grain, basic density and moisture content of small clear specimens of Aras are shown in Table 1. 
Total number of 67 specimens from green and air- dry condition was tested for each test. The basic 
density was 0.37g/cm3 and classified under Light Hardwood based on Malaysian Grading Rules [4]. 
In terms of compressive strength with reference to Malaysian Grading Rule, it is classified under the 
strength group SG7 [4]. The average mean values for modulus of rupture, modulus of elasticity and 
compressive stress parallel to grain tested at green condition were 59.01N/mm2, 7288.10N/mm2 and 
28.25N/mm2 respectively. This timber can be use for joinery, matches, pattern making, boxes and 
crates, furniture components, plywood, light construction, carvings and wooden shoes. [5]. 

 
Table 1: Test results of small clear specimens of Aras. 

 

 

Statistical 

Analyses 

 
Modulus of 

rupture 

(N/mm2) 

 
Modulus of 

elasticity 

(N/mm2) 

Compression 

stress parallel to 

grain (N/mm2) 

 
Density 

(g/cm3) 

 

Moisture content 

(%) 

Mean 57.40 7162.36 27.49 0.37 52.59 

STDEV 15.75 1509.47 7.50 0.04 36.13 

CV (%) 27.43 21.08 27.27 10.79 68.70 

N 67.0 67.0 67.0 67.0 67.0 

 
Note: 
Mean= Mean values  
STDEV= Standard deviation 
CV= Coefficient of variation  
N= Number of specimens 

 
DISTRIBUTION PATTERN OF STRENGTH PROPERTIES WITHIN THE TREE BOLE 

 
The results for strength properties test for modulus of rupture, modulus of elasticity and 

compressive stress parallel to grain were represented in Figure 1, Figure 2 and Figure 3 
respectively. From the observation, specimens at green condition showed the highest modulus of 
rupture mean values possessed by top tree bole with 49.29N/mm2 followed by bottom and middle 
tree bole with the mean value of 46.79N/mm2 and 46.48N/mm2 respectively. For modulus of 
elasticity, the top tree bole remained with the highest mean value of 6604.07N/mm2 followed by 
bottom and middle tree bole with mean values of 6301.71N/mm2 and 6169.89N/mm2 respectively. 
Meanwhile, the mean value for compression stress parallel to grain revealed that bottom and top tree 
bole recorded with the same mean value of 22.70N/mm2 whilst the middle treetop with 3.5% different 
with mean value of 21.87N/mm2. 
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Meanwhile, at the air-dry condition, the middle tree bole section recorded the highest modulus of 
rupture mean value with 73.76N/mm2 followed by the bottom and top tree bole with mean values of 
69.68N/mm2 and 68.04N/mm2 respectively. The middle tree bole section also registered the highest 
mean value for modulus of elasticity and subsequently followed by top and bottom tree bole section 
with the mean values of 8618.11N/mm2, 8159.91N/mm2 and 7874.89N/mm2 respectively. Moreover, 
for compression stress parallel to grain, middle tree bole section with the mean value of 36.12N/mm2 
also gave the highest mean value followed by bottom and top tree section with mean values of 
30.91N/mm2 and 35.20N/mm2 respectively. 

 
The differences between the three tree bole sections at the green and air-dry condition are 
represented in its percentages different. For modulus of rupture, the middle tree bole section at the 
air-dry is 37% higher compared to at green condition, which was the highest followed by bottom and 
top section with 32.8% and 27.6% respectively. The same case was observed for modulus of 
elasticity, where the middle section has the highest difference followed by bottom and top with the 
condition showed the difference of 28.4%, 20.0% and 19.1% higher compared to than at green 
condition respectively. The compression stress parallel to grain also showed that middle tree bole 
section has the highest difference with air-dry giving higher values than green condition at 39.5% 
followed by top and bottom section at 35.5% and 26.6% respectively. From the finding, the strength 
properties values for Aras at green condition was found to be higher at the top tree bole section and 
with a 3.2% difference compared to the strength properties values at the bottom tree bole section. At 
the air-dry condition, the higher strength properties values possessed by the middle tree bole section 
with 5.2% different as compared to the strength properties values at the bottom tree bole section. It 
was found that, the outcome from this finding was contrary with [6], where timbers from butt logs are 
expected to be slightly stronger than top logs. However, the basic density results for both green and 
air-dry condition was agreed with [6], where timbers at the bottom tree bole section are slightly 
denser than the top tree bole section. Timber is physically specified as heterogeneous characteristic. 
This characteristic prompt to fluctuate in its strength properties even though within the same species. 
The difference in the strength properties between species is further accentuated if injurious defects 
such as knots, sloping grain are present, as some species are more prone to contain such defects 
[7]. 

 
DISTRIBUTION PATTERN OF PHYSICAL PROPERTIES WITHIN THE TREE BOLE 

 
For the physical properties, the highest mean value of moisture content at green condition 

possessed by middle tree bole with the mean value of 86.95% followed by bottom and top tree bole 
with mean value of 84.08 and 78.98% respectively. At top tree bole section had the highest basic 
density with the value of 0.38g/cm3, meanwhile at the bottom and middle tree bole gave the same 
mean value of 0.36g/cm3. 

 
At air-dry condition, the bottom tree bole section had the highest moisture content compared to top 
and middle tree bole section with value of 12.69%, 12.22% and 12.09% correspondingly. The 
highest basic density possessed by the top tree bole section with 0.38g/cm3 followed by middle and 
top tree bole with the value of 0.37g/cm3 and 0.36g/cm3 respectively. However, it was obvious that 
the difference of moisture content was higher at green compare to air-dry condition by middle section 
with the highest difference followed by bottom and top section by 86.1 %, 84.9 % and 84.5 % 
respectively. The results at air-dry condition were in agreement with [4], where wood increases in 
strength as it dries. The results for moisture content and basic density test are presented in Figure 4 
and Figure 5 respectively. 
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CONCLUSION 
 

Aras is classified under Light Hardwood and in terms of its strength, it is categorized under the 
strength group SG7. The species was recommended mainly for general utility for furniture making 
and other non-structural applications. It was found that the strength properties values for modulus of 
rupture, modulus of elasticity and compressive stress parallel to grain at green condition showed that 
highest values possessed by top tree bole section. Whilst at the air-dry condition, the highest value 
was possessed by middle tree bole section. The basic density also showed a similar trend which 
was reported higher at top tree bole section for both green and air-dry condition. 
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CHAPTER 14 
 
 
 

INITIAL SURFACE ABSORPTION OF POZZOLAN AND 
POLYMER MODIFIED MORTAR 

 
Lau Si Kiong and Norsuzailina Mohamed Sutan* 

 
 

ABSTRACT 
 
This study involves the investigation of water absoption of mortar modified with combinations of 

polymer and pozzolan by using initial surface water absorption test (ISAT). Since surface of mortar 
or concrete serves as medium that will be most easily penetrated by moisture that can cause 
corrosion of reinforcement bars that leads to durability problem, it is imperative to make it 
durable.Polymer additive and pozzolanic cement replacement used in this study was Styrene 
Butadiene Rubber (SBR) and Fly Ash (FA) respectively. Mixes were prepared with two water to 
cement ratios (w/c) of 0.3 and 0.4 with different combinations of 5%, 7% & 10% SBR additive and 
10%, 20% and 30% FA cement replacement. Results showed that modified mortar with combination 
of higher percentages of polymer additive and lower percentages of pozzolonic cement replacement 
have the lowest initial surface absorption rate compare to unmodified mortar. It can be concluded 
based on this study that high percentage of polymer addition and low percentage of pozzolanic 
cement replacement in mortar can enhance its resistance to water absorption. 

 

Keywords: Polymer Modified Mortar, Styrene Butadiene Rubber (SBR), Fly Ash (FA), Initial Surface  

                   Absorption Test (ISAT). 

 

INTRODCTION 
 
Durability of concrete structure is defined as its capability of to maintain a minimum 

performance level over a specific time when expose to any environment. In other words, durable 
concrete will retain its original form, quality and serviceability when exposed to its designated 
environment [1].The deterioration of concrete generally involves ingress of water or aggressive 
agents into concrete by physical or chemical processes. The mechanism of fluid transportation into 
concrete can be divided into three distinct groups which are summarized in Figure 1 [2].There are 
three main transportation processes in concrete: Absorption, Permeability and Diffusion. Absorption 
occurs when fluid ingress through capillary attraction. The absorption rate depends on the size and 
interconnectivity of capillary pores in concrete and the moisture gradient between concrete surface 
and its inner portion [2].The mechanism of transportation is an extremely complex interaction 
between permeation , material properties and environmental conditions as indicated in Figure 
1.Since the surface of concrete/mortar serves as a medium that will be easily penetrated by 
moisture, it is imperative to make it durable. Previous studies showed that polymeric cement additive 
and pozzolanic cement replacement can make durable modified concrete or mortar [3-9]. The 
presence of polymer in mortar can decrease its permeability by the blocking of pores effect. 
Meanwhile, pozzolan in mortar reacts with by product of cement hydration Calcium Hydroxide (CH) 
to produce more cementitious material called Calcium Silicate Hydrate (CSH) making mortar more 
impermeable [1].  
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Therefore, the present study investigated the effect of different combinations of polymer and 
pozzolan namely Styrene Butadiene Rubber (SBR) and Fly Ash (FA) respectively on the surface 
absorption of mortar using initial surface absorption test (ISAT) [2]. BS 1881: Part 5 defines ISAT as 
a measurement of the rate of flow of water into concrete or mortar surface per unit area at fixed 
intervals under constant heat and temperature. The results can be used to indicate the quality of 
mortar in terms of resistance against water absorption of water that is directly related to durability. 
SBR is one of the synthetic polymer additives from aqueous polymer latex group used in polymer 
composite. 
 

The presence of polymer membranes gives a sealing effect that enhances the waterproofness or 
watertightness , increase air permeation and chemical resistance of polymer modified mortar [3] [4]. 
In other words, the addition of SBR into mortar can improve its resistance against water absorption 
[5][6]. Meanwhile, FA decreases the permeability by reducing bleed channels, capillary channels and 
void spaces inside the concrete and mortars through pozzolanic reaction [8][9]. 
 

 

Figure 1: Interaction between material properties, environmental factors and transportation 
mechanisms of durability of concrete [2]. 

 

MATERIALS AND METHODS 

 
MATERIALS 

 
Polymer and pozzolan used in this study were Styrene Butadiene Rubber (SBR) (Synthomer 

Grade 29Y46) from Synthomer UK and Fly Ash (FA) respectively. Ordinary Portland Cement (OPC) 
(ASTM Type 1 recognized by ASTM C150) manufactured by Cahaya Mata Sarawak Cement Sdn. 
Bhd (CMS) exceeded the quality requirements specified in the Malaysian Standard MS 52: Part 1: 
1989 Specifications for Ordinary Portland Cement. The raw materials were clinker (90%), limestone 
(5%), and gypsum (5%). The chemical and mineralogical characteristics of the OPC are given in 
Table 1. To study the combination effect of polymer and pozzolan on ISAT, mixtures were prepared 
with two water to cement ratios (w/c) of 0.3 and 0.4 with different combinations of 5%, 7% & 10% 
SBR additive and 10%, 20% and 30% FA cement replacement. The mix proportions of all samples 
are shown in Table 2 and 3. The cement to sand ratio for all samples was 0.6.All samples that were 
casted into steel moulds of 150 mm X 150 mm X 150 mm cubes. 
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Table 1: Chemical Composition of OPC. 

 
 

Table 2: Mix proportion of 0.3 w / c 
 

 
 

Table 3: Mix proportion of 0.4 w / c 
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INITIAL SURFACE ABSORPTION TEST (ISAT) 
 

Figure 2: Setting of initial surface absorption test according to BS 1881: Part 5 and Part 208. 
 
The initial surface absorption was measured through a known mortar surface area. The surface 

contact area was definite by a plastic cell sealed and clamped onto mortar surface. The volumetric 
flow rate was obtained by observing the length of flow along a capillary with a known dimension. The 
general arrangement of the test apparatus is shown in Figure 2. The reservoir and capillary tube 
were assembled with support board of two stands. The capillary tube was installed up to 200 mm on 
top of the horizontal surface of specimen or 200 mm above the midlevel of vertical surfaces to create 
pressure on the surface of mortar. All apparatus were washed in a soap solution to minimize the 
surface tension. A circular cap with a surface area of at least 5000 mm2 was clamped tightly onto the 
mortar surface and filled with distill water from a reservoir. The other end of the tube was connected 
to a horizontal, calibrated glass capillary tube. 

 

RESULTS AND DISCUSSION 
 
Figure 3 and 4 show the ISAT rate for mortar with 0.3w/c and 0.4w/c respectively. Both graphs 

show ISAT rate gradually decreased with time as sample was becoming saturated with water. It can 
also be seen that the ISAT rate for 0.4 w/c mortar is lower than 0.3 w/c mortar. This means that 0.3 
w/c mortar has more capillary or void compared to 0.4 w/c mortar due to due to lack of water for full 
hydration. 

 

 

Figure 3: Initial Surface Absorption Rate of 0.3 
w/c 

 

Figure 4: Initial Surface Absorption Rate of 0.4 
w/c  
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Figure 5: Initial Surface Absorption Rate for different combination of SBR and FA modified mortar of 
0.3 w/c 
 
Data were presented in terms of ISAT rate in 0.01 ml/m2/ s per unit versus time in minutes. The data 
were taken every 15 minutes in order to see the pattern starting from 1 minute, 15 minutes, 30 
minutes, 45 minutes, and 60 minutes. Based on Figure 5, 0.3 w/c mortar has the highest ISAT rate 
meanwhile modified mortar of 10% SBR and 10% FA of 0.3w/c has lowest ISAT rate. This shows 
that the best combination of both polymer and pozzolan in modified mortar was the one with highest 
SBR and lowest FA content. From the graph, it is also shown that the ISAT rate for specimens were 
decreasing from specimen that have lower SBR (5 %) and higher FA (30 %). Besides, ISAT rate 
decreased with time for all specimens. These entire patterns can also be observed in Figure 6 for all 
0.4 w/c samples. The combination of polymer and pozzolan has improved the 0.3 mortar by making 
it water resistance. Polymer block the pores and the presence of FA caused pozzolanic activity in 
which helped decrease the permeability by reducing bleed channels, capillary channels and void 
spaces inside the mortar. 

 

Figure 6: Initial Surface Absorption Rate for mortar of 0.4 w/c with different combination of SBR and 
FA . 
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CONCLUSION 
 

Modified mortar showed better water absorption resistance compared to unmodified mortar. The 
specimen with higher addition of SBR and lowest replacement of FA gave better resistance against 
water absorption compared to the other combination. As a conclusion, higher addition of SBR into 
the mortar will improve the permeability of mortar. However lower amount of FA was favorable since 
the amount of water available for hydration during curing period increases as the amount increases. 
It can be concluded based on this study that high percentage of polymer addition and low 
percentage of pozzolanic cement replacement in mortar can enhance its resistance to water 
absorption. 
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CHAPTER 15 
 
 
 

THE INFLUENCE OF FINELY GROUND MINERAL 
ADMIXTURE (FGMA) ON EFFLORESCENCE 

 
Ong Ming Wei and Norsuzailina Mohamed Sutan* 

 
 

ABSTRACT 
 
Efflorescence phenomenon on concrete is not new and found in the form of white deposits on 

surfaces of concrete. Incorporation of Finely Ground Mineral Admixture (FGMA) in concrete to 
prevent occurrence of efflorescence is based on reduction of portlandite, densified microstructure 
and thus enhanced watertightness. The magnitude of efflorescence in term of percentage of calcium 
carbonate formation of FGMA modified mortar were evaluated at water-cement ratio of 0.3, 0.4 and 
0.5 with 10%, 20%, and 30% of cement replacement by weight. The samples were tested with 
chemical analysis at 7, 14, 21, 28, 60 and 90 days. The FGMA additions into mortar were comparing 
with ordinary mortar to evaluate enhanced performance of FGMA modified mortar toward 
efflorescence. The results of this experiment showed that addition of FGMA into mortar caused less 
formation of calcium carbonate as partial replacement of cement with certain w/c ratio and 
percentage of cement replacement. 

 
Keywords: Efflorescence, Fly Ash, Silica Fume, Calcium Hydroxide, Calcium Carbonate 
 

INTRODUCTION 
 
Research and development on enhancing cement based system is done progressively 

through past decades especially on aspect of durability. The utilization of FGMA can contribute to 
engineering benefits, economic benefits and ecological benefits [1]. The efflorescence is not new 
issues in construction industry and concluded as aesthetic problems in durability aspect. It caused 
unpleasant aesthetic for the construction industry especially precast concrete manufacturer and 
concrete or mortar for decorative purpose [2]. Efflorescence is the phenomenon of salt deposits 
formation, usually white, on or near surface of cement product and cause changes in appearance [3]. 
The salts deposit usually is calcium carbonate which is cause by transport of dissolve calcium 
hydroxide through surface and react with carbon dioxide and thus evaporate to become salt deposits 
[4].The mechanism of efflorescence formation is by dissolve calcium hydroxide at surface and reacts 
with carbon dioxide to form calcium carbonate. Equation 1 shows the chemical reaction formation of 
calcium carbonate. 
 

Ca(OH)2 + CO2 +H2O → CaCO3 + 2H2O (1) 
 

It is not water in concrete migrate to surface and entrain the calcium hydroxide. It is the calcium 
hydroxide diffuses up through the water-filled capillary system of the concrete to the surface and 
react accordance as shown in Equation 1[5].  
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To effectively avoid efflorescence, it can reduce the migration of calcium ions to concrete surface, 
reducing size of capillary and make carbonation take place below surface of concrete [6].FGMA (e.g. 
fly ash and silica fume) is well known of improving concrete properties in term of workability in fresh 
state and enhancing in strength and impermeable in hardened state [7],[8]. Fly ash and silica fume 
enhances concrete properties by physical mechanisms and chemical mechanisms such as reduced 
bleeding, provision of nucleation sites, denser packing density of solid particles and form additional 
calcium-silicate hydrate (CSH) [9],[10]. The purpose of the present investigation is to develop 
modified cement system with enhanced mechanical properties and reduce tendency of efflorescence 
phenomenon by introducing FGMA to alter the properties of cement based system. This research 
was carried out to determine influence of fly ash and silica fume on efflorescence tendency of mortar. 
The efficiency of FGMA incorporation in mortar against efflorescence is evaluated based on the 
percentage of CaCO3 formation compare to Ordinary Portland mortar. 
 

MATERIALS AND METHODS 
 

MATERIALS AND MIX PROPORTIONS 

 
Cement used in this experiment was Ordinary Portland Cement (OPC), produced by local 

manufacturer, Cahaya Mata Sarawak (CMS) with specific gravity of 3.16. The fine aggregate used is 
river sand (dry condition) with specific gravity of 2.6. Tap water was used throughout the experiment. 
FGMA used is fly ash and silica fume in powdered form as cement replacement (by wt) of 10%, 20% 
and 30%. 

 
Table 1 shows the mix proportion of mortar mixtures with 10%, 20% and 30% of FGMA to cement 
ratio at w/c ratio of 0.3, 0.4 and 0.5. These mortar mixes were conducted with chemical analysis and 
evaluated in term of percentage of calcium carbonate formation in comparison to the ordinary mortar 
as the control. 

Table 1: Mix Proportion for Mortar Samples 
 

FGMA Replacement w/c 0.3 w/c 0.4 w/c 0.5 

0 % 1:0.3:1.67:0 1:0.4:1.67:0 1:0.5:1.67:0 

10 % 1:0.3:1.67:0.1 1:0.4:1.67:0.1 1:0.5:1.67:0.1 

20 % 1:0.3:1.67:0.2 1:0.4:1.67:0.2 1:0.5:1.67:0.2 

30 % 1:0.3:1.67:0.3 1:0.4:1.67:0.3 1:0.5:1.67:0.3 

 
CURING CONDITION 

 
The mortar specimen is demolded after 24 hours of casting and immediately added with 10mm 

height of water at the surface. The added surface water is then left to evaporation or absorbed by 
specimens. The curing condition is wet curing and exposed to laboratory environment with relative 

humidity of 85% and temperature of 28⁰C. All the specimens were subjected to tests at the end of 

curing period of 7, 14, 21, 28, 60 and 90th days after demolding. 
 

CHEMICAL ANALYSIS 
 
All mortar mixes were conducted with chemical analysis with respect to its predetermined 

curing period. White deposits were observed for the samples after certain period. The surfaces of 
samples were then grinding into powdered form. Hydrochloric Acid is added to the sample in 
powdered form to determine the percentage of calcium carbonate in tested amount of powdered 
sample. The percentage of calcium carbonate obtained was representing the amount of calcium 
carbonate formed at surface of mortar. 
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Chemical analysis was proposed as it gives a reliable quantitative measure of the percentage of 
calcium carbonate (CaCO3) produce by efflorescence. The CaCO 3 may form beneath the surface of 
concrete/ mortar. Hence, those tests to evaluate efflorescence magnitude by concrete brightness 
test measures may not be that accurate due to ignoring the surface beneath CaCO3 [6]. Therefore, 
this method of chemical analysis is preferable to be used to evaluate the percentage of CaCO 3 
formation in a given sample and comparable with other type of mortar samples. 

 

RESULTS AND DISCUSSION 
 

RESULTS 

 

 

Figure 1: % of CaCO3 versus curing periods of mortar mix at w/c 0.3 
 

Refer to Figure 1, it can found that most of the mortar sample exhibit higher tendency of 
efflorescence in term of calcium carbonate at earlier time except for FA 10% composite specimen. 
Most of the mortar sample exhibit similar trend except for mortar with 10% fly ash replacement by 
reduction of calcium carbonate percentage as hydration process continues. Except of mortar with 
10% fly ash replacement, others mortar generally exhibit poorer results in term of higher percentage 
of calcium carbonate formation compared to control mortar, w/c 0.3. For silica fume modified mortar, 
none of the mortar incorporate silica fume gives enhancement toward efflorescence. Based on 
Figure 1, fly ash replacement of 10% shows lesser formation of calcium carbonate compared to 
control mortar, w/c 0.3. It can be concluded that maximum replacement of fly ash is 10% at w/c 0.3. 
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Figure 2: % of CaCO3 versus curing periods of mortar mix at w/c 0.4 
 

By referring to Figure 2, mortar samples with replacement of 20% FA gives most favorable result for 
28 and 90 days curing period compare to other types of mortar samples at w/c ratio of 0.4 in term of 
percentage of CaCO3 formation. However, for mortar sample with w/c ratio of 0.4, the poorest 
performance is mortar with 30% SF, 30% FA and 10% FA for curing period of 28 days in descending 
order. However, SF 20% mortar samples exhibit strange trend of percentage of efflorescence 
formation and gives very high percentage of CaCO3 at later age. The improved performance of 
mortar samples after replacement by FA and SF is mortar sample with FA 20% and SF 10% at w/c 
0.4. However, the mortar with SF 10% almost having same percentage of calcium carbonate 
formation with control mortar at w/c ratio of 0.4. It is concluded that for mortar sets of w/c ratio of 0.4, 
the only improvement in resistance toward efflorescence is mortar with replacement of 20% FA. 
 

 

Figure 3: % of CaCO3 versus curing periods of mortar mix at w/c 0.5 
 
By referring to Figure 3, the poorest performance is mortar sample with 30% SF for 28 and 90 days. 
It is also observed that mortar samples with SF of 20% and 30% generally give high percentage of 
calcium carbonate for mortar sets at w/c ratio of 0.5 except mortar with 20% SF which gives lowest 
percentage of CaCO3 formation at the first 7 days of curing. 
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The best performance of efflorescence resistance is mortar sample with 20% FA at w/c ratio of 0.5 at 
later age. Mortar sample with 10% FA and 10% SF also gives improvement compare to control 
mortar sample but it is not having significant improvement. It is found that, mortar samples with 
FGMA replacement at 30% do not enhance resistance toward efflorescence but worsen it. 

 
DISCUSSION 

 
I. The expected outcome of fly ash and silica fume addition in concrete is reduction in porosity and 

has better durability properties due to densified of interfacial transition zone. This may be explain 
by reduction in amount of calcium hydroxide as pozzolanic reaction by fly ash or silica fume 
particles to form additional calcium silicate hydrate gel which contribute to reduction in porosity, 
densified of interfacial transition zone [11],[13],[14]. 

II. This is out of the expected results whereas cement replacement by FA or SF generally should 
improve the resistance toward efflorescence by enhancing microstructure and reduce 
permeability of mortar [12]. 

III. The optimum percentage replacement of FGMA in mortar for minimum tendency and severity of 
efflorescence is not clear from this experiment as it varies with water-cementitious ratio. The 
optimum percentage replacement at w/c 0.3 for fly ash is 20% but only at earlier time. In case of 
w/c 0.4, there is only mortar sample with 20 % fly ash gives enhancement in properties against 
efflorescence. Whereby, only mortar sample with 20% fly ash and 10% silica fume gives less 
severity of efflorescence formation at w/c 0.5. The improvement of mortar sample at same w/c 
with lesser CaCO 3 formation than control mortar is only for mortar sets at w/c 0.4 and w/c 0.5. 

IV. Incorporation of FGMA increased the specific surface area of mortar and deduction in mix water 
due to mix water absorption on dry surface of FGMA. Especially for silica fume modified mortar, 
increase in water demand is significant due to high fineness of silica fume and tends to have 
large specific surface area [11], [13]. In this experiment, no superplasticizer was introduced for fly 
ash and silica fume modified mortar. 

V. It can be concluded that the water-cement ratio does have significant effects on FGMA modified 
mortar against efflorescence. Apparently, the higher the content of silica fume or fly ash added 
and more cement is replaced; due to fixed water-cement ratio, more water is deducted from the 
specimen and not only that, the fly ash and silica fume in dry powder tend to absorb a certain 
amount of remaining water to form into cementitious properties. Thus, without sufficient of mix 
water, higher percentage of FGMA replacement would not gives improvement in properties of 
mortar due to insufficient mix water for hydration process and pozzolanic reaction to develop. 

VI. Hence, the sample becomes absolutely dry and porous surface of mortar is formed. This porous 
structure of mortar samples in general having high permeability and thus eases the transport of 
calcium hydroxide or fluid leaching out or ingress thru mortar surface. As consequence, more 
dissolved calcium hydroxide leaches out to surface to react with carbon dioxide to form calcium 
carbonate and on the other hand, more water is capable ingress thru the porous surface due to 
large capillary pores. 

VII. The Scanning Electron Microscope (SEM) image of the control mortar, fly ash modified mortar 
and silica fume modified mortar in Figure 4 and Figure 5 shows significant improvement in the 
microstructure in terms of pores and lesser calcium hydroxide is observed for mortar with FGMA 
addition as confirmed by previous findings  
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(a) (b) 
Figure 4: Scanning Electron Microscope (SEM) of control mix (a) and mortar with 20% fly ash 

(b) at w/c 0.5 
 

Figure 5: Scanning Electron Microscope (SEM) of mortar with 30% silica fume at w/c 0.4 
 

CONCLUSION 
 

The incorporation of FGMA into mortar can reduce the severity of efflorescence by improving the 
properties of mortar.The employment of fly ash with cement replacement of 10% and 20% is 
effectively reduced severity of efflorescence whereas 30% cement replacement is not favourable in 
resistance to efflorescence compare to control mix. However, it is not enhanced efflorescence 
resistance when w/c below 0.4 for fly ash modified mortar. The addition of silica fume as cement 
replacement does not enhance the resistance against efflorescence compare to control mix for w/c 
below than 0.5 and as well as cement replacement rate more than 10%. It is obvious silica fume 
modified mortar require higher w/c ratio than fly ash modified mortar due to its high fineness 
particles. The poor performance can conclude is lack of appropriate water content for pozzolanic 
reaction to develop and FGMA acts as filler rather than binder. It is recommended to test the mortar 
sample with higher w/c ratio to determine the true extent of pozzolanic reaction in mitigation of 
efflorescence. Other durability test like absorption test can use to establish relationship with 
efflorescence formation. 
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CHAPTER 16 
 
 
 

CHARACTERIZATION OF EARLY POZZOLANIC 
REACTION OF CALCIUM HYDROXIDE AND CALCIUM 
SILICATE HYDRATE FOR NANOSILICA MODIFIED 
CEMENT PASTE 

 
J.Z. Chong, N.M. Sutan* and I. Yakub 

 
 

ABSTRACT 
 
This study intends to investigate the early pozzolanic reaction of Nanosilica (nS) modified  

cement  paste (NMCP) by the characterization technique of Calcium Hydroxide (CH) and Calcium 
Silicate Hydrate (C-S-H ) using Fourier Transform Infrared Spectroscopy (FT-IR). NMCP samples 
were prepared with water-binder ratio of 0.50. nS of 5-15nm particle size were used as 1%, 3% ,5% 
,7% and 10% replacement of cement by weight. All samples were cured in the concrete laboratory at 
daily room temperature (T) and relative humidity (RH) in the range of 18-28oC and 65-90%, 
respectively. Powdered samples were prepared and tested at day 1,7,21 and 28. It was found that 
characterization technique used were able to give satisfactory qualitative indication of pozzolanic 
reactivity of NMCP by the presence and absence of C-S-H and C-H that can indicate which 
replacement has higher pozzolanicity. NMCP exhibited a higher pozzolanic reactivity compare to 
conventional cement paste by which cement performance was enhanced. 

 
Keywords: Nanosilica, CH, C-S-H, FT-IR, Cement Paste 

 
 

INTRODUCTION 
 
Concrete is the most widely used material in construction industry and consumes almost 

the total 90% cement production in the world. The consumption of large quantity of cement 
causes greenhouse effects to environment producing global warming issues. This is due to the 
emission of significant amount of carbon dioxide, CO 2 as by-product from the combustion of fuel 
fossil and calcination of limestone during its production. As much as 1.25 tonnes of CO2 is 
emitted to produce every ton of cement and the CO2 emission from cement industry is responsible 
5% for the total global gas emissions of CO2 [1]. One of the alternatives to reduce the amount of CO2 
emitted is reducing the amount of cement used in cement based material by partial replaced it with 
supplementary cementitious materials such as fly ash, ground granulated blast furnace slag, silica 
fume and natural pozzolans. 
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Introduction of nanotechnology in cement industry has the potential to reduce the amount of CO2 
emissions by partial replacement of cement in cement based material with nanoparticles. Previous 
research found that remarkable improvements in the mechanical and chemical properties of 
cementitious materials can be observed with incorporation of nanomaterial such as SiO2, ZnO2, 
Al2O3, TiO2, carbon nanotubes, nanoclays, carbon nanofibers and other nanomaterial. In the recent 
development, the addition of nanosilica (nS) has attracted increasing interest because of its filling 
effect which improve the particle size distribution thus reduced the porosity and permeability of 
cement based materials in effect increase durability and sustainability [2]. The aspect that makes nS 
an excellent cement replacement material is due to its high pozzolanicity resulted in enhanced 
durability of cement based material. It has proven to be an excellent admixture for cement to improve 
strength and durability and decrease permeability [2]. Besides that, nS is also typically a highly 
effective pozzolanic material and addition of nS into cement paste will improved the microstructure of 
the paste and reduced calcium leaching as nS reacts with CH and form additional C‐S‐H gel [3]. 
Highly pozzolanicity of nS particles is due to its size which is typically 5 - 100 nanometers (nm) with 
specific surface area (SSA) in the 25 - 50 m2/g range and its fine vitreous particles approximately 
1000 times smaller than the average cement particles. 

 
According to ASTM C125 pozzolan is a siliceous and aluminous material which itself possesses little 
or no cementitious value but which will in finely divided form in the presence of moisture, react 
chemically with calcium hydroxide at ordinary temperature to form compounds possessing 
cementitious properties [4]. Pozzolanic reaction in cement system is the reaction of silica with 
Calcium Hydroxide (CH) formed during the hydration of the OPC. It produces additional Calcium 
Silicate Hydrate (C-S-H) which is the main constituent for the strength and density in the harden 
binder paste. The pozzolanic activity includes two parameters; the maximum amount of lime 
(CaOH2) that pozzolan can react to and the rate of reaction. The rate of the pozzolanic activity is 
related to the surface area of pozzolan particles where higher surface area of pozzolan particle gives 
higher pozzolanic reactivity. Larsen investigated and analyzed pozzolanic reaction by monitoring the 
production of CH based on changing cement and admixture [5]. Through his findings in 1961, it was 
determined that the concentration of CH, commonly known as Portlandite, can be used to quantify 
the C-S-H formed in the same specimen. There should be a decrease in the amount of Portlandite in 
a given specimen based on addition of silica and maximum nominal size of the graded silica due the 
pozzolanic reaction [5].The objective of this study is to investigate the early pozzolanicity of nS 
modified cement paste (NMCP) by monitoring the presence of crystalline form CH and its 
subsequent reduction in abundance with time as the pozzolanic proceeds to form more amorphous 
C-S-H gel. 

 
 

MATERIALS AND METHOD 
 

MATERIALS AND SAMPLE PREPARATION 
 
Nanosilica (nS) used in this study was Silicon Dioxide Nanopowder (CAS 14808-60-7) of 5-

15nm particle size (BET) with 99.5% silica purchased from Sigma-Aldrich, Germany. Cement used 
was Ordinary Portland Cement (OPC) (ASTM Type 1 recognized by ASTM C150) manufactured by 
Cahaya Mata Sarawak Cement Sdn. Bhd (CMS).The chemical and mineralogical characteristics of 
the OPC are given in Figure 1. NMCP samples were prepared with water-to-cement ratio (w/c) of 0.5 
and 1%, 3%, 5%, 7% and 10% cement replacements by weight. Universal Containers 30ml (28 mm 
diameter , 85mm height) were used as moulds. All samples were cured in the concrete laboratory at 
daily room temperature (T) and relative humidity (RH) in the range of 18-28oC and 65-90%, 
respectively. Powdered samples were prepared from small samples collected from the demoulded 
samples. 
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Figure 1: Chemical Composition of OPC 
 

METHOD 
 

Early pozzolanic reaction of Nanosilica Modified Cement Paste (NMCP) samples was analysed 
using characterization technique namely Fourier Transform Infrared Spectroscopy (FT-IR) at day 28. 
Test was performed on all samples with a Shimadzu Fourier Transform Infrared Spectroscopy (FT-
IR) 81001 Spectrophotometer. The spectrum measurement method applied in this FT-IR study is 
Attenuated Total Reflection (ATR) method. Transmission infrared spectrum of each sample was 
recorded using a Fourier Transform Infrared Spectrophotometer (IRAffinity-1) in the region of 400 
to 4000 cm-1 with 2.0 cm-1 resolution. 

 
RESULTS AND DISCUSSION 

 
Cement contains several chemical components with various functional groups, such as SiO2, 

SO4, H2O, OH, and CO3, which are infrared active. The absorbed infrared wavelengths of the 
functional groups are dependent on the chemical surroundings of the group. Hence, there will be 
shifts of the absorption bands of the functional groups [6]. The main products of hydration, calcium 
hydroxysilicate of the C2SH2 and CSH (β) types can be detected in the IR spectra from the ν3 (Si-O) 

absorption band at 965–975 cm-1 and calcium hydroxide (CH) from the v (OH) absorption band at 
3640 cm-1 [7]. 

 
ANALYSIS SAMPLE WITHIN THE SAME PERCENTAGES OF NS REPLACEMENT WITH AGE 
DEVELOPMENT 
 

Figure 2.1 to 2.5 showed the FT-IR spectrum for different percentages of nS replacement from 
day 1 to 28. When the hydration progresses from day 1 to 28, the CH band around 3630 cm-1 for 1%, 
3%, and 5% NMCP shown a decrease in intensity (as shown in Figure 2.1B, 2.2B and 2.3B) which 
indicated that the CH contents were reduced with the age development. The trend of CH 
development is opposite if compared with control set. 
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Figure 2.1A: C-S-H band of cement paste 

sample with 1% NMCP at (A) 1 day (B) 7 days 
(C) 21 days and (D) 28 days 

 
Figure 2.1B: CH band of cement paste sample 
with 1% NMCP at (A) 1 day (B) 7 days (C) 21 

days and (D) 28 days 

 
Figure 2.2A: C-S-H band of cement paste 

sample with 3% NMCP at (A) 1 day (B) 7 days 
(C) 21 days and (D) 28 days 

 
Figure 2.2B: CH band of cement paste sample 
with 3% NMCP at (A) 1 day (B) 7 days (C) 21 

days and (D) 28 days 

 
Figure 2.3A: C-S-H band of cement paste 

sample with 5% NMCP at (A) 1 day (B) 7 days 
(C) 21 days and (D) 28 days 

 
Figure 2.3B: CH band of cement paste sample 
with 5% NMCP at (A) 1 day (B) 7 days (C) 21 

days and (D) 28 days 
  



 
 

110 
 

 
Figure 2.4A: C-S-H band of cement paste 

sample with 7% NMCP at (A) 1 day (B) 7 days 
(C) 21 days and (D) 28 days 

 
Figure 2.4B: CH band of cement paste sample 
with 7% NMCP at (A) 1 day (B) 7 days (C) 21 

days and (D) 28 days 

 
Figure 2.5A: C-S-H band of cement paste 

sample with 10% NMCP at (A) 1 day (B) 7 days 
(C) 21 days and (D) 28 days 

 
Figure 2.5B: CH band of cement paste sample 
with 10% NMCP at (A) 1 day (B) 7 days (C) 21 

days and (D) 28 days 
 
This phenomenon is due to the pozzolanic reaction of nS where nS reacts with CH to produce 
additional C-S-H. The CH band for 7% and 10% NMCP samples have shown an increasing intensity 
(as shown in Figure 2.4B and 2.5B). The increasing intensity of the CH band indicated that there was 
no reduction of the CH content in the sample. Therefore, pozzolanic reactivity did not occur for 7% 
and 10% NCMP. This may be due to the agglomeration of nS that prevented its participation in 
hydration reaction. The intensity of the C-S-H band increased as hydration progresses for all 
samples (as shown in figure 2.1A-2.5A). The C-S-H content for sample with 1%, 3% and 5% NMCP 
were more than 7% and 10% NMCP. This was due to the pozzolanic reactivity that produced an 
additional C-S-H that was purely from the cement hydration. As a summary, 1%, 3% and 5% NMCP 
showed pozzolanic reactivity and produced additional C-S-H to the cement sample. Meanwhile 7% 
and 10% NMCP did not show pozzolanic reactivity due to the agglomeration of nS. 
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COMPARISON BETWEEN SAMPLES WITH DIFFERENT PERCENTAGES OF NS 
REPLACEMENT AT DAY 28. 
 

Figure 2.6 A and B showed comparison between samples with different percentages of nS 
replacement at day 28. The C-S- H band peak around 970 cm-1 for 1%, 3% and 5% NMCP samples 
(as shown in Figure 2.6A) have higher intensity compare to the control sample. The increasing trend 
of the C-S-H band indicated that there were more C-S-H produced in NMCP samples due to the 
pozzolanic reactivity of nS. The C-S-H band had shown the strongest intensity for the cement paste 
sample in 3% NMCP since it menifested the deepest and steepest downward peak for the C-S-H 
band as shown in Figure 2.6A. The 7% and 10% NMCP samples had low intensity in C-S-H band 
compare to the control sample. These indicated that there was lesser C-S-H produced in 7% and 
10% NMCP sample. It can be concluded that, 3% was the optimum dosage for 5-15nm NMCP. 

 

  

Figure 2.6A: C-S-H band around 970 cm-1 for 
(A) Control (B) 1% (C) 3% (D) 5% (E) 7% and 

(F) 10% NMCP sample at 28 day 

Figure 2.6B: CH band around 970 cm-1 for (A) 
Control (B) 1% (C) 3% (D) 5% (E) 7% and (F) 

10% NMCP sample at 28 day 

 

CONCLUSION 
 

In conclusion, 1%, 3% and 5% NMCP samples have shown pozzolanic reactivity. The CH content in 
1%, 3% and 5% NMCP samples decreased as the hydration progressed from day 1 day to day 28. 
The reduction of the CH is due to the pozzolanic reaction between nS and CH content in hydrated 
cement paste that produced additional C-S-H gel. Meanhile 7% and 10% NMCP samples did not 
show pozzolanic reactivity due to agglomeration of nS that did not permit the nS to join the hydration 
process. Analysis done between samples with different percentages of nS replacement had found 
that the optimum dosage of nS by comparing the C-S-H content was 3%. Therefore, 3% NMCP was 
the optimum and the most effective percentage replacement that produced pozzolanic reactivity that 
can improve the microstructure of the cement system. 
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CHAPTER 17 
 
 
 

STRENGTH CHARACTERISTICS OF MORTAR 
CONTAINING DIFFERENT SIZES GLASS POWDER 
 
N. Tamanna, N. Mohamed Sutan*, I. Yakub and D. T. C. Lee 

 
 

ABSTRACT 
 
A greater portion of nonrecyclable waste glass is accumulated on landfills creating a serious 

environmental problem. Recent studies have been carried out to utilize the waste glass in 
construction as partial replacement of cement. This paper investigates the fineness properties of four 
sizes glass particles and strength characteristics of mortar in which cement is partially replaced with 
glass powder in the replacement level with 10%, 20%, 30% and 40%. Mortar cubes containing with 
varying particle sizes in the ranges of 212 µm, 75 µm, 63-38 µm and lower than 38 µm and in a 
water to cement ratio 0f 0.50 and 0.45 have been prepared. Room temperature and relative humidity 
have been maintained 32ºC and 90% respectively during the curing process. Replacement of 10% 
cement with glass powder reveals the higher compressive strength at 28days than other levels of 
replacement. The reduction in compressive strength increases with the level of cement replacement. 

 
Keywords: Waste glass powder, cement replacement, compressive strength, 28days. 

 

INTRODUCTION  
 

The generation of waste materials has increased according to the rapid growth of industry 
and population explosion. The greater portion of these materials do not decompose by itself 
accumulated on the landfill areas, will remain in the environment for many years, thereby 
contributing to the environmental problems. The utilization of waste material in construction 
industries has been increased significantly, in the recent years owing to the short or long term 
properties of concrete without compromising concrete performance [1]. Waste glass is one such 
material, which is encouraged for recycling. Theoretically, glass is a 100% recyclable material; it 
can be indefinitely recycled without any loss of quality [2]. Nevertheless, the recycling rate of 
waste glass is quite low compared to the other solid wastes because of expensive cleaning and 
color sorting cost [3]. Environmental regulations and deficiency of landfill space are also 
encouraging the use of waste glass in concrete production.Several studies were carried out 
on the use of waste glass as an aggregate for concrete production in the 1960s. The first practice 
was conducted by Schmidt and Saia [4], 1963 to the use of glass chips to produced 
architectural exposed aggregate for concrete. The effect on mechanical properties of using waste 
glass in concrete had been studied by many other researchers, including Johnston (1974), Figg 
(1981)[5]-[6]. 
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Owing to high disposal cost of waste glass and environmental regulation the use of glass as cement 
concrete aggregates has attracted again under attention of the researchers in the last 20 years [7]-
[13]. This aggregate was applied in road construction and also used for production of glass tiles, wall 
panels, bricks, glass fibre, agriculture fertilizer landscaping reflective beads and tableware [14]. Alkali 
silica reaction considered as an extreme barrier that restrains the waste glass utilization [15]. The 
feasibility of using waste glass as cement replacement was 1st introduced by Patttengil and Shutt 
[16]. It was examined that if the glass was powder to a particle size of 300 µm or smaller, the ASR 
would not be harmful in concrete production [17]. It can act as a pozzolanic material to react with 
portlandite in hydrated cement to form C-S-H in increasing strength and durability of concrete 
because of the high silica content in glass powder [18]-[23]. This paper deals the strength 
characteristics of mortar containing different sizes of glass powder with different water to cement 
ratio. Cement is replaced by glass powder at rates varying from 10 to 40 percent. Particle size 
distribution, morphology and compressive strength are studied and made a comparison with control 
samples. 
 

MATERIALS AND METHODS 

 
RAW MATERIALS: 

 
PORTLAND CEMENT 

 
Ordinary Portland Cement (OPC) ASTM Type 1 which is manufactured by Cahaya Mata 

Sarawak Cement Sdn. Bhd (CMS) was used throughout the research, and it confirmed the quality 
requirements specified in the Malaysian Standard MS 522: Part 1: 1989 Specifications for OPC. The 
relevant physical properties and chemical composition of the OPC ASTM Type 1 obtained from the 
manufacturer are shown in tables 1. 

 
Table 1: Physical properties and chemical composition of ordinary Portland cement 
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GLASS POWDER 

 
Waste Glass used in this study was soda-lime clear glass bottles collected from recycle center and 
from the manufacturer. Glass bottles were cleaned with water to remove paper on the surface and to 
eliminate contaminations. The glass powder is obtained from the grinding machine (Los Angeles 
Abrasion Machine) in civil engineering laboratory and subjected to mechanical sieve analysis to get 
the desired particle size. To study particle size effect, four different sizes are used. 

 

 Glass Type 1: Glass powder having particles passing a #70 sieve (212 micron) and retained on 
a #100 sieve (150 micron). 

 Glass Type 2: Glass powder having particles passing a 100 sieve (150 micron) and retained 
on a #200 sieve (75 micron). 

 Glass Type 3: Glass powder having particles passing a #200 sieve (75 micron) and retained 
on a #400 sieve (38 micron). 

 Glass Type 4: Glass powder having particles passing a #400 sieve (38 micron). 
 

SAND AND WATER 

 
Sand used as a fine aggregate was obtained from Civil Engineering Laboratory, UNIMAS which is 
free from organic or chemical substance and passing through ASTM sieve no.16 aperture 1.18mm 
sieve. Water used as mixing water was collected from laboratory. 

 
PARTICLE SIZE DISTRIBUTION 

 
The particle size distribution of cement and four sizes glass powder was measured by using 
CILAS 1090 Laser Particle Size Analyzer. 

 
SCANNING ELECTRON MICROSCOPE 

 
In this research, SEM was carried out to analyze the particle size and shape of waste glass powder 
using Analytical Scanning Electron Microscope (JSM-6390LA) supplied by JEOL Company Limited, 
Tokyo, Japan. Waste glass powders were spread on a double sided adhesive conductive carbon 
tape to prevent scattering of loose particles. Then the samples were coated with platinum in argon 
gas atmosphere at a high vacuum of 30MPa in order to provide the samples electrically conductive 
in nature. The photographs, captured at a magnitude of 200 are presented in result and discussion 
section. 

 
COMPRESSIVE STRENGTH TEST 

 
Compressive strength of four type glass powder as cement replacement was investigated in the 

concrete laboratory. Mortar samples were prepared by glass powder containing 212 µm and 75 µm, 
75-38 µm, <38 µm with water to cement ratio 0.50 and 0.45 respectively. Type 1 glass powder was 
replaced in the level of 10%, 20% & 30% by weight casted into 150mm X 150mm X 150mm and type 
2,3,4 glass powder were replaced in the level of 10%, 20%, 30% & 40% by weight casted into 
50mm X 50mm X 50mm cube. All the samples were cured in the concrete laboratory with average 
temperature of 32˚C and relative humidity of 90%. 
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RESULTS AND DISCUSSION 
 

MORPHOLOGY OF GLASS PARTICLE UNDER SCANNING ELECTRON MICROSCOPE 
 

Scanning electron microscope shows the typical shape of four different sizes of glass powder. Glass 
powder type 1 which represents 212-150 µm exhibit angular shapes but not in uniform sizes. A large 
number of fine particles present in 212 µm glass powder where as angular flaky particles consist in 
both 75 µm and 38 µm glass powder. 
Moreover, 38 µm glass powder shows more angular shapes than glass powder type 1 and 2 as 
shown in figure1 (c). Glass powder which is lower than 38 µm contains homogeneous angular 
particles with a sharp edge than any other glass powders, shown in figure 1 (d) that gives similar 
particle size distribution as Portland cement. 

  

(a) (b) 
  

(c) (d) 
Figure 1: Shape of glass powder (a) 212-150µm (b) 150-75 µm (c) 75-38 µm & (d) <38 µm 
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PARTICLE SIZE DISTRIBUTION 
 

Figure 2 represents the particle size distribution of ASTM Type 1 portland cement and four 
sizes glass powder. It can be seen that the glass particles lower than 38 µm exhibit almost the same 
as that of Portland cement. The mean diameter of Portland cement is 21.19 µm while the particles 
lower than 38 µm is 21.35 µm. Portland cement contains about 50% of particles lower than 18.13 
µm whereas glass powder contains 17.15micron. Only one difference is lower than 38 µm glass 
particles maintain about 10% of particles nearly 4 µm where Portland cement maintains 2.79 µm. 

Figure 2: The particle size distribution 
 
Glass type 3 (38<X<75) shows a coarser distribution than Portland cement and glass type 4(X<38). 
The particle size distribution of glass type 3 is very similar in mean diameter but slightly finer than 
glass type 2(75<X<150).Glass type 3 keeps up about 10% of particles finer than 7.50 µm on the 
contrary glass type 2 keeps up coarser than 18 µm. Glass type 1 (150<X<212) displays coarser 
distribution than all type glass and Portland cement wherein 10% of particles contain higher than 
64micron but Portland cement does not. 

 
COMPRESSIVE STRENGTH TEST OF MORTAR 

 
The compressive strength of different batches at 28days is shown in figure 3-4. The 

compressive strength results of 212 µm glass powder (type 1) are plotted in figure 3. Control sample 
reveals the highest compressive strength than different percentage of replacement. Mortar 
containing 10% glass indicates slightly lower strength than control sample which is very close to that 
mortar containing 20% glass. It can be seen that the reduction in compressive strength increases 
with the level of cement replacement. The reduction in compressive strength is caused by a 
reduction in the quantity of cement content available for the hydration process. 
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Figure 3: Compressive strength of 212 µm glass powder 
 
The compressive strength results of control sample and type 2, 3, 4 glass powder are plotted in 

figure 4 at 28days of curing. Glass particles lower than 38 µm exhibits higher compressive strength 
than the control sample at 10% level of replacement that is confirmed by Khatib et al. [24]. Another 
75 µm and 75-38 µm glass particles show comparatively higher value of strength at 10% 
replacement. 

Figure 4: Compressive strength of different sizes glass particles with control sample at 28days 
 

CONCLUSION 
 

In the present study, the glass powder can be used as a partial replacement of cement. 
Replacement of 10% cement with glass powder reveals the higher compressive strength at 28days 
than other levels of replacement. Finer size glass particle exhibits comparatively better result than 
coarser particles. Particle size, finer than 38µm shows almost the same strength as Portland 
cement, due to the similar particle size distribution. Utilization of waste glass in cement replacement 
would be beneficial for environment by saving landfill and by reducing CO2 at atmosphere. 
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CHAPTER 18 
 
 
 

INFLUENCE OF SILICA BASED WASTE MATERIALS ON 
THE MECHANICAL AND PHYSICAL PROPERTIES OF 
MORTAR 
 
S.I. Balang1, N. Mohamed Sutan1*, I.Yakub1, M.S. Jaafar2 and K.A. Matori2 
 
 

ABSTRACT 
 
This is an investigation on the influence of silica based waste materials namely silica fume (SF) and 
recycled vase (RV) on the physical and mechanical properties of mortar. Results showed that 
15%SF modified mortar achieved the highest strength and lowest water absorption capability 
compared to Control mortar and other mixtures. The result was confirmed by water absorption 
capability test for the same mixtures where 15% SF modified mortar was found to absorb the least. 
Furthermore, combination of 15% SF and 10% RV achieved the lowest water absorption compared 
to other combinations samples but higher than Control and 15% SF modified mortar. The results of 
this study indicated that SF is highly pozzolanic material that can be an excellent cement 
replacement material to produce high- performance concrete. Study on pozzolanc behavior of SF 
samples subjected to longer hydration time is needed. Further microstructural investigation is 
needed to confirm the hypothesis on retardation of hydration due to unreactive RV. 
 
Keyword: Silica Fume, Recycle Vase, Mortar, Compressive Strength, Water Absorption 

 

INTRODUCTION 
 
The increased in the utilization of waste materials in construction product came from greater 
awareness of current and potential potential uses of alternative and recycled materials and wider 
realization of the environmental benefits accrued. The practice of partially replacing cement in 
concrete and mortar with waste and other less energy intensive processed materials will contribute 
environmental protection and sustainable construction in the future. To be qualified as a candidate 
for cement replacement for concrete or mortar, the waste material must be silica based and very 
fine. The specific chemical property is the classification of a material to be pozzolanic. Pozzolan is 
defined as a siliceous material which, in itself, possesses little or no cementing property but which 
will, in finely divided form and in the presence of moisture, react chemically with calcium hydroxide at 
ordinary temperatures to form compounds possessing cementitious properties that can improve 
concrete and mortar properties [1]. 
 
 
 
1*Faculty of Engineering, Universiti Malaysia Sarawak, Kota Samarahan, Sarawak, Malaysia 
   Email: msnorsuzailina@unimas.my 
2 Faculty of Engineering, Universiti Putra Malaysia, Serdang, Selangor,Malaysia. 

 

 
 
 
 
 



 
 

121 

 

Silica Fume (SF), a byproduct or waste from silicon metal or ferrosilicon alloys production, is a very 
reactive pozzolan due to its chemical and physical properties which are high in silica and fine 
particle size, therefore it can be used as partial cement replacement for concrete and mortar 
production [2-6]. 
 
One possible source of pozzolanic waste material is calcined clay [7-9]. Waste calcined clay used in 
this study, which is derived from recycled vase (RV) in the form of vase powder. Therefore, this study 
is designed to investigate the combination of waste calcined clay and silica fume as partial cement 
replacement or only silica fume as partial cement replacement on the improvement of durability 
properties of concrete modified mortar. The purpose of this research is to investigate the pozzolanic 
activity of binary binder system of by-product silica fume (SF) as partial cement replacement, and 
ternary binder of SF and waste calcined clay (RV). The objective of this research is to investigate the 
mechanical and physical properties of SF, RV modified mortar and their combination on namely their 
compressive strength and water absorption capability. These properties can be used as an indirect 
indication of extent of hydration and pozzolanic reactivity of modified mortar. 
 

MATERIALS 
 
MATERIALS AND METHODS 

 
Silica based materials chosen as cement replacement were Silica Fume (SF) according to ASTM C 
1240 obtained from Grace Construction and Recycle Vase (RV) or waste vase collected from Naga 
Emas Ceramic Ind. Sdn. Bhd. The waste vase was cleansed with water to remove dirt and washable 
contaminants. It was then crushed into smaller pieces and finely grounded to particle size finer than 
75 µm. Table 1 shows the chemical composition of OPC and RV obtained from X-ray fluorescence 
(XRF) analysis. Cement used was Ordinary Portland Cement (OPC) (ASTM Type 1 recognized by 
ASTM C150) manufactured by Cahaya Mata Sarawak Cement Sdn. Bhd. (CMS). The physical 
properties and chemical compositions of the OPC and RV are shown in Table 1. SF contains up to 
97% SiO2. Water and fine aggregate used in this study were regular tap water and natural river sand, 
respectively. Glenium was used as superplasticizer (SP). 

Table 1. Physical properties and chemical composition of OPC and RV 
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SAMPLE PREPARATION FOR COMPRESSIVE STRENGTH (CS) AND WATER 
ABSORPTION TESTS. 
 
The mix proportion for mortar was set at 0.6 binder to sand ratio (b/s) and 0.5 water to binder ratio 
(w/b) for all specimens that were casted into 150 mm cubes for compressive strength (CS) and water 
absorption tests. Cement was replaced by SF (10%, 15% and 20%) by weight as binary binder and 
combination of SF (15%, 20%) and RV (10%, 20% and 30%) by weight as ternary binder. All 
samples were prepared using the mix proportion as shown in Table 2 and were wet cured in the 
concrete laboratory at Universiti Malaysia Sarawak for 3, 7, 14, 21, and 28 days. All mixes except 
Control has an SP dosage of 1 litre per 100kg of binders. 
 

Table 2. Mix proportions for all specimens 
 

 

COMPRESSIVE STRENGTH (CS) AND WATER ABSORPTION TESTS. 
 
CS and water absorption tests were performed on day 3, 7, 14, 21, and 28 according to BS 1881-
116 (1983) [10] and BS 1881 Part-5 (1983) Part 122, respectively [11]. CS test was used to 
determine the maximum compressive load that a sample can carry per unit area. Meanwhile water 
absorption test was used to evaluate water absorption capability of a sample. Both tests give the 
overall picture of the quality of mortar as it hydrates. Each strength and water absorption values were 
the average of value of three specimens. Compressive strength for each sample was calculated by 
using Equation (1)[10]. Meanwhile, water absorption capability for each sample was determined by 
using Equation 2[11]. 
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RESULTS AND DISCUSSION 
 
COMPRESSIVE STRENGTH (CS) TEST 
 
Figures 1 and 2 show the compressive strength of SF and SFVC samples compared to Control 
samples. The increasing compressive strength as cement hydration proceeded from day 3 to 28 in 
both figures is an expected and established trend [12]. Figure 1 shows 15%SF sample has the 
highest 28 day comprehensive strength compared to other samples. This is caused by pozzolanic 
reaction of silica in SF with Calcium Hydroxide ( CH ) from cement hydration that produced more 
Calcium Silicate Hydrate (C-S-H) that refines the pores and densifies the cement matrix[1-9][12]. 
 

Figure 1. Comparison of Compressive Strength between Control and SF modified mortars  
 
Figure 2 shows that the combination of 15% SF and 10% RV produced higher strength than other 
combinations of SF and RV but there was no significant reduction in the compressive strength of 
these mixtures when compared to the control mortar and 15% SF sample.  

Figure 2. Comparison of Compressive Strength between Control, SF and SFRV modified mortars 
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RV may not have reactive silica that can produce pozzolanic behaviour. Besides, the presence ofRV 
may retard the reactivity of SF and cement hydration. Further microstructural investigation need to 
be done to confirm this hypothesis. 
 
WATER ABSORPTION TEST 
 
Figure 3 and 4 show the water absorption of SF and SFVC compared to Control samples. From 
Figure 3,15% SF sample has the lowest water absorption at day 28 which indicated that there are 
less interconnected capillary voids in the sample [4][5].Figure 4 shows that the combination of 15% 
SF and 10% RV achieved the lowest water absorption compared to the other combinations samples. 
However, the absorption is still higher than 15% SF and Control. This is an indication that the 
unreactive RV may retard hydration [8][9]. The water absorption trend for all samples is the 
opposites of compressive strength trend and this fact has already been an established trend [12]. 

 
Figure 3. Comparison of 24-hr water absorption capability between Control and SF modified 

mortars 

CONCLUSIONS 
 
The results of this study confirmed that SF is highly pozzolanic material that can be an excellent 
cement replacement material to produce high-performance concrete. In terms of compressive 
strength, 15% SF modified mortar achieved the highest strength and lowest water absorption 
capability compared to Control mortar and other mixtures. The result was confirmed by water 
absorption capability results for the same mixtures where 15% SF modified mortar absorbed the 
least. Furthermore, combination of 15% SF and 10% RV achieved the lowest water absorption 
compared to other combinations samples but higher than Control and 15% SF modified mortar. The 
results of this study indicated that SF is highly pozzolanic material that can be an excellent cement 
replacement material to produce high-performance concrete. Study on pozzolanc behavior of SF 
samples subjected to longer hydration time is needed. Further microstructural investigation is 
needed to confirm the hypothesis on retardation of hydration due to unreactive RV. 
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CHAPTER 19 
 
 
 

EFFECT OF CURING AND MIXING METHODS ON THE 
COMPRESSIVE STRENGTH OF MORTAR CONTAINING 
OIL 

 
M H. Almabrok, R G. McLaughlan* and K. Vessalas 

 
 

ABSRACT 
 
Oil contaminated fine aggregate is a major environmental concern and can arise as a by 

product of industrial activities (e.g. oil well drilling and land contamination). Cement–based 
stabilisation/solidification of oil contaminated materials is an emerging technology however there are 
some issues that have not been fully addressed. This paper reports the results of a study conducted 
to investigate the effect of different curing and mixing methods on cement solidification and its 
consequent effect on the compressive strength of the resultant cementitious product. This work has 
been done to address leaching concerns during the curing period. The normal curing method for 
samples to be tested for compressive strength is lime saturated water. However, this method 
invalidates any subsequent leaching tests. Accordingly, bag curing (BC) and lime saturated water 
curing (LSW) have been applied using mortar mixed with mineral oil up to 10% by sand mass under 
water wet (WW) or oil wet (OW) mixing methods. The results indicate that development in 28 day 
compressive strength can be achieved without applying water by external means if the moisture 
movement from the mortar samples is prohibited, irrespective of the mixing methods used. 

 
Keyword: Mortar, curing, compressive strength, mixing method, mineral oil 

 

INTRODUCTION 
 

One of the most important aspects regarding the performance of monolithic solidified/ 
stabilised (S/S) material is its ability to resist mechanical stress in the form of a compressive 
strength test. Compressive strength is linked to the progress of the hydration reaction and the 
durability of a monolithic S/S material, and is therefore a key variable [1]. The development of the 
compressive strength of the resultant cementitious product (e.g. mortar) is largely depends on the 
curing conditions (temperature and humidity) during the curing period [2]. Curing is the process of 
controlling the rate and extent of moisture loss from mortar during cement hydration. Generally the 
hydration of cement takes place only if there is enough moisture. This happens at sufficient relative 
humidity (≥ 80%) whereas if the humidity within the capillaries drops below 80%, the hydration 
almost ceases [3], [4]. Keeping mortar in a moist environment is important in relation to the 
development of hydration products as it reduces the porosity in hydrated cement and increases the 
density of the microstructure in mortar [2], [4]. To prevent the moisture movement or evaporation, a 
proper curing method is needed. This can be accomplished by keeping the mortar elements as 
saturated as possible in order to produce a strong and durable specimen [5], [6]. 
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Several researchers have discussed the effect of curing condition on the properties of the 
cementitious product [7-9]. However, the effect of the non-standard curing method on the mortar 
containing oil has not been studied to date. The objective of this paper is to primarily investigate the 
effect of different curing and mixing methods on the performance (i.e. compressive strength) of 
mortar containing mineral oil. The fresh properties (flow, wet density and air content) have been 
tested to identify if they have any effect on the resulting strength. 

 

METHODOLOGY 
 

MATERIALS 

 
General Purpose Cement (Cement Australia) which meets the general purpose (GP) 

requirements specified in AS 3972 [10] was used. The chemical properties of the cement used are 
shown in Table 1. The fine aggregate was that of Calga double washed sand (Rocla Quarry 
Products Pty Ltd) with an absorption capacity of 0.65%, specific gravity of 2.57 and median particle 
size of 0.5mm. The particle size distribution of Calga sand by sieving method (AS 1411.11.1) [11] is 
illustrated in Figure 1. The water sourced was of drinking water standard (pH 7.4; 2.29 µS/cm). 
Glenium, a polycarboxylate ether polymer based high-range water reducing admixture (HWR) (BASF 
Construction Chemicals Pty Ltd) was used. The mineral oil (Castrol Motorcycle Fork Oil – SAE 10) 
employed had a viscosity similar to medium crude oil (~ 35 mm2/sec @ 40 °C). 

 
Table 1 Chemical properties of cement 

 

Chemical entity Proportion 

Portland cement clinker < 97 % 

Gypsum (CaSO4·2H2O) 2 - 5 % 

Limestone (CaCO3) 0 – 7.5 % 

Calcium Oxide 0 - 3 % 

Hexavalent Chrome (Cr VI) < 20 ppm 

Crystalline Silica (Quartz) < 0.04 - 0.5 % 

Specific gravity 3 - 3.2 
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Figure 1 Particle size distribution (sieving method) of Calga double washed sand 
 

MIX PROPORTIONS 

 
The composition of the mortar was in accordance with AS 2350.12 [12] with the mix proportions 

being 1 part of cement and 3 parts of sand (by mass) at a fixed water/cement ratio (w/c) of 0.50. 
Each mortar batch comprised cement (225g), fine aggregate (675g), water (112.4g), and HWR 
(0.2ml) with between 0 to 10% of added oil (by sand mass). This has been reported as 0 to 67.5 
grams. 
 

MIXING AND CASTING OF TEST SAMPLES 

 
The mixing process followed the procedure outlined in AS 2350.12 [12] except for the oil 

addition using the Hobart mixer (model N-50 G) mixer. Two different mixing protocols (water-wet; oil-
wet) were used. For the water wet method, mineral oil was weighed (% by sand mass) and premixed 
thoroughly with sand for 5 – 7 minutes using a spatula before adding to the other ingredients. For the 
oil wet method, the same mixing procedure as specified for the water wet method was followed 
unless the oil was mixed with cement instead of sand. All laboratory work was conducted at 22 ± 2 
C°. HWR was added directly to water before the commencement of mixing and it was used with all 
the mixes to give reproducible flow (60 ± 10%). This proved to be most suitable for proper 
consolidation of the samples by hand. The protocol for moulding the mortar (ASTM C109) [13] was 
adopted and modified to minimise any impact of the protocol on any subsequent leaching tests. No 
mould-release agent was used; instead, cube moulds were lined with non-sticking tape. The moulds 
containing consolidated mortar were sealed in zip lock plastic bags to prevent moisture loss and 
stored in a moist atmosphere for 24 hours. Demoulding took place thereafter and triplicate mortar 
specimens having 50 x 50 x 50 mm dimensions were then again sealed in zip lock plastic bags and 
placed into a curing tank filled with water for up to 28 days at a temperature of 22 ± 0.5°C. Testing 
for fresh properties was also done on triplicate samples. 
 

CURING METHODS 
 
Once the samples were stripped from their respective mould, demoulding took place and the 

samples were cured under two types of curing until the day of testing. These were bag curing (BC) 
and lime saturated water curing (LSW). In bag curing, the samples were sealed in zip lock plastic 
bags and thereafter placed in plastic container with lid filled with water. In lime saturated water, lime 
(3 g/L) was used to saturate the curing water. The curing temperature was maintained at 22 ± 2 ºC in 
all of the curing methods. 
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TESTING PROCEDURES 
 
Flow was determined by the spread diameter on a hand driven flow table. Wet density was 

assessed based on the mass per unit volume of freshly mixed mortar. The air content was measured 
by the means of the air entrainment meter (TESTING Bluhm & Feuerherdt GmbH).The compressive 
strength was determined using an Avery Compression Testing Machine (ACTM) with a maximum 
capacity of 1993kN following the listed procedures of the test method ASTM C109 [13]. Vertical load 
at a rate of 1.5kN/sec was exerted on the samples and the maximum load indicated by the testing 
machine (load at failure) was recorded. 
 

EXPERIMENTAL RESULTS AND DISCUSSION 
 

FRESH PROPERTIES 
 
The flow of all mortar mixes were 60 ± 10% with 0.2 ml HWR whether the water wet or oil wet 

are used as the mixing method indicating that the mixing method has no significant effect on flow 
(Table 2). Wet densities were found to decrease with increasing oil addition levels irrespective of the 
type of mixing method (Table 2). The reduction in the wet density ranged from approximately 2% to 
9% for both methods compared to the control mix. This reduction can be attributed to the oil free 
mortar (2270 kg/m3) being replaced by lower density oils (866 kg/m3) when it is placed in a mould of 
a fixed volume rather than being the result of any effects of the mixing method. 

 
As a general trend, the percentage of air content decreases with increased oil content in the mortar 
mixes (Table 2). However, it is noted that the air content is not of a significant effect due to the use of 
different mixing methods (water wet and oil wet) where the air content in the both methods varies 
from 3 – 7%. 

Table 2 Fresh properties of mortar for water wet and oil wet mixing methods 
 

 
Oil content  

Mix 
method 

Flow Wet density Air content 

(%) (g) (%) STDEV (kg/m3) STDEV (%) STDEV 

0 0 WW 54 1.0 2270 1.2 6.4 0.5 

2 13.5 WW 70 1.0 2222 1.0 7.0 0.2 

4 27.0 WW 63 2.1 2176 1.5 6.3 0.3 

6 40.5 WW 62 1.7 2136 0.6 5.7 0.4 

8 54.0 WW 62 1.4 2096 1.5 4.8 0.2 

10 67.5 WW 70 1.3 2060 1.2 3.2 0.3 

2 13.5 OW 69 1.7 2224 1.2 6.5 0.5 

4 27.0 OW 64 1.3 2180 1.0 5.9 0.6 

6 40.5 OW 62 1.7 2139 0.6 5.5 0.4 

8 54.0 OW 61 1.3 2100 1.2 4.3 0.2 

10 67.5 OW 65 1.0 2062 1.0 3.2 0.2 

 

WW: water wet OW: oil wet STDEV: standard deviation 



 
 

130 

 

 
COMPRESSIVE STRENGTH 

 
The behaviour of 7 and 28 days compressive strength of all samples incorporating oil was quite 

different from that without oil (Figure 2, Figure 3). All mixes follow a similar trend where higher oil 
contents in mortars resulted in decreased compressive strength. An increase in the compressive 
strength with age (7 versus 28 days) was noted in all the mortar samples, irrespective of the curing 
or mixing methods utilised. However, for the water wet oil containing samples, the compressive 
strength development is greater at 7 and 28 days in the lime cured samples than for the bags cured 
ones. The difference is not significant based on the scatter which was evident in the error bars 
(Figure 2). The 7 day compressive strength for the BC oil wet samples has greater early stage 
development compared to the equivalent 7 day LSW cured samples. However at later times (28 
days) there is no significant difference based on the samples variability measured by error bars 
(Figure 3). Further work is needed to better understand these early stage hydration processes in oil 
contaminated mortars. 
 
The overall finding of this investigation indicated that the curing methods do not have a significant 
effect on the development of 28 day compressive strength. This is attributed to there being sufficient 
moisture and suitable vapour pressure present in both methods which together work to maintain the 
hydration of the cement. The results of the bagged cured generally indicate that the development in 
compressive strength can be achieved without applying water by external means if the moisture 
movement from the mortar samples is prohibited. 
 
Reference [14] also tested different curing methods and indicate that regardless of the curing method 
used, the compressive strength of concrete increases with increasing age and there is no significant 
difference between the methods employed. Indeed, they found that the compressive strength of 
water cured microsilica concrete was 56.60 and 64.81 MPa at 28 and 91 days, respectively. 
Wrapped curing (equivalent to BC) produced a compressive strength close to that of water curing. 
Wrapped curing provided a compressive strength of 55.50 and 62 MPa at 28 and 91 days, 
respectively. 

 

 
 

Figure 2 Variation in compressive strength for mortar mixes containing mineral oil using the 
water wet (WW) method for bag curing (BC) and lime saturated water curing (LSW) 

(Error bars equal average ± standard deviation) 
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Figure 3 Variation in compressive strength for mortar mixes containing mineral oil using the oil 
wet (OW) method for bag curing (BC) and lime saturated water curing (LSW) 

(Error bars equal average ± standard deviation 
 

CONCLUSION 
 
Cement – based stabilisation/solidification of oil contaminated material is an emerging 

technology however there is limited knowledge on the effects of the curing and mixing methods in 
relation to the properties of the resultant cementitious mix. With regard to the inhibition of cement 
hydration and its consequent effects on compressive strength, the overall finding of this investigation 
indicates that the fraction of oil in the mortar plays a more important role than the curing or mixing 
methods. 
 
Despite the fact that in the oil wet method, the oil is coated the cement particles prior to contacting 
the water, the water wet and oil wet methods exhibit the same trend, whereby higher oil content in 
mortar results in decreased compressive strength with strength developing from 7 to 28 days. 
Furthermore, it was found that a bag-cured protocol developed for this research was able to 
produce mortars with almost similar physical properties to that produced by the standard lime 
saturated curing protocol. The development of compressive strength with maturity shows that 
cement hydration occurs in all mixes but to varying degrees. This may be attributed to there being 
sufficient moisture and suitable vapour pressure present in both methods which in tandem works to 
maintain the hydration of the cement. 
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CHAPTER 20 
 
 
 

IMPROVING THE STRENGTH PERFORMANCE OF HIGH 
VOLUME PERIWINKLE SHELL ASH BLENDED CEMENT 
CONCRETE WITH SODIUM NITRATE AS ACCELERATOR 

 
Akaninyene A. Umoh and Anthony O. Ujene* 

 
 

ABSTRACT 
 
The objective of this study is to examine the effect of accelerator (NaNO3) on the strength 

properties of High volume Periwinkle shell ash blended cement concrete. A mix ratio and water-
binder ratio of 1:2:4 (cement: sand: gravel) and 0.60, respectively was used as the reference. The 
cement was then replaced with 30% Periwinkle Shell Ash (PSA) by weight of cement. Sodium nitrate 
in the dosages of 1, 2, and 3% by weight of cement was added to the blended mixture of cement and 
PSA. The strength properties investigated were compressive and splitting tensile strength tested at 
7, 14 and 28 days hydration. The results indicated that the compressive strength and the splitting 
tensile strength generally increases with curing age, and that sodium nitrate of up to 2% dosage 
greatly improved the strength performance of high volume PSA blended cement concrete over that 
of the reference. The study concluded that the inclusion of 2% sodium nitrate by weight of cement in 
the mixture could be considered the optimum dosage for the improvement of both compressive and 
splitting tensile strength of concrete incorporating up to 30% PSA content. 

 
Keywords: compressive strength, periwinkle shell ash, tensile splitting strength, sodium nitrate, accelerator 

 

INTRODUCTION 
 
Periwinkles are marine snails belonging to the family of gastropoda found on land, in fresh 

water and in salt water. The species that is commonly found in the Niger Delta of the South – South 
region of Nigeria is termed Tympanotonus fuscatus and their habitat is mainly the brackish water 
creeks and mangrove swamps in the Niger Delta area at the inter-tidal zone, where they are found in 
clusters [1], [2]. They are dark and have thick elongated conical shape with narrow deep posterior 
canals and siphonal notches. A study indicated that there are about 40.3 tonnes of periwinkle per 
year being harvested from 35 mangrove communities of Delta and Rivers states [3]. When the edible 
part of periwinkle has been removed, the shell is being dump as waste. In communities’ border with 
rivers, and in coastal regions of Nigeria where periwinkles are used as food, the shells posed 
environmental nuisance in terms of its unpleasant odour and unsightly appearance in open–dump 
sites. The utilization of these shells by burning it under control condition to form ash, that is 
Periwinkle shell ash, and used as partial replacement of cement in concrete have been reported [4 - 
6]. The assessment of the suitability of periwinkle shell ash (PSA) as partial replacement for ordinary 
Portland cement (OPC) in concrete [7] reported that the compressive strength of concrete specimens 
decreased as the percentage of PSA content increased.  
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Similar studies [4,6] separately indicated that periwinkle shell ash with replacement level up to 10% 
in binary blended system in concrete have been reported to enhance concrete strength and 
durability. The use of PSA in concrete as reported by various researchers [6,8-9] pointed to the fact 
that only 10% replacement is effective in contributing to properties of the concrete. To enhance the 
performance of concrete in terms of its strength and durability, the use of admixtures, mineral or 
chemical admixture, as a component of the concrete material has been advocated. 

 
According to National Ready Mixed Concrete Association, NRMCA [10], chemical admixtures are 
used to enhance the properties of concrete in the fresh and hardened state. These properties may 
be modified to increase compressive and flexural strength at all ages, decrease permeability and 
improve durability, inhibit corrosion, reduce shrinkage, accelerate or retard initial set, increase slump 
and workability, improve pumpability and finishability, increase cement efficiency, and improve the 
economy of the mixture. 
 

Seven functional categories of chemical admixtures have been presented [11] to include retarding 
admixtures, accelerators, air-entraining agents, anti-freezing admixtures, anti-washout admixture, 
shrinkage reducing admixtures and high-range water reducers. This study is concerned with the use 
of accelerators. Accelerators speed up the setting and rate of strength gain [10] and thereby making 
the concrete stronger to resist damage from freezing in cold weather. Accelerators are also used in 
fast track construction requiring early form removal, opening to traffic or load application on 
structures. Many substances are known to act as accelerators for concrete and include Alkali 
Hydroxides, Silicates, Fluoro-Silicates, Calcium Formates, Calcium Nitrates, Sodium Nitrate, Calcium 
Thio Sulphates, Aluminium Chlorides, Potassium Carbonates, Sodium Chlorides and Calcium 
Chlorides. However, non- chloride admixtures are preferred as those containing chlorides are 
believed to accelerate corrosion of reinforcement. 

 
The enhancement of concrete strength through the use of chemical admixtures in concrete has form 
the thrust of this study to improve the strength performance of concrete blended with high volume 
periwinkle shell ash up to 30% by weight of cement using sodium nitrate as an accelerator. 

 
METHODOLOGY 

 
Ordinary Portland cement (Unicem brand) was used which production conforms to the Nigeria 

Industrial Standard [12]. Erosion sand and granite chippings were used as fine and coarse 
aggregate, respectively. The sieve analysis of the erosion sand shows that it is in zone 2; while the 
coarse aggregate were predominantly of maximum aggregate size of 15mm and both met the 
requirement of BS 882 [13]. Water used for the study was tap water while sodium nitrate (NaNO3) 
was used as chemical admixture. 

 
The periwinkle shells were obtained from Ishiet, Akwa Ibom State. The shells were calcined in a gas 
furnace at 600 for 20-30 minutes and allowed in the furnace for 24 hours in order for it to cool. 
Thereafter, the ash was removed from the furnace, pound and sieved to particle sizes less than 75 
µm to obtain a fine ash. Chemical analysis conducted on the ash and as presented in Table 1shows 
that it has a higher content of calcium oxide (CaO). 

 
Table 1 Chemical Composition of Periwinkle Shell Ash 

 
 

Elemental Oxide SiO2 AL2O3 Fe2O3 CaO MgO SO3 K2O Na2O Mn2O3 

% 27.20 6.42 4.64 52.10 0.82 0.26 0.25 0.26 0.14 
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A mix ratio of 1:2:4 (cement: erosion sand: granite chipping) by weight and water-cement ratio of 
0.60 was adopted as a reference mix. The cement constitute in the reference mix was replaced by 
weight with 30% quantity of periwinkle shell ash (PSA) and thereafter a Sodium nitrate (NaNO3) of 
various dosages of 1, 2 and 3% by weight of cement were added to the 30% PSA blended cement 
concrete mix.The essence was to assess the effect of the NaNO3 on the strength performance of the 
concrete when compared to the reference and blended mixes. 

 
Mixing was done manually using a shovel. The materials, cement or PSA or both, and aggregates 
were measured and mix dry until a uniform consistency was attained. The required water and 
sodium nitrate were measured and gradually added to the already mixed materials and thoroughly 
mixed until a workable mix was obtained. The wet mixture was then cast in 100 mm cube moulds 
and properly marked for identification prior to de-moulding after 24 hours of casting. The de-moulded 
concrete specimens were water cured for 7, 14 and 28 days corresponding to their testing ages. 
 
The compressive strength test was carried out at testing ages of 7, 14 and 28 days using a 
compression test machine of capacity 1000 KN, and as specified by [14]. The compressive strength 

values were calculated from (1) thus: 
Where Cs is the Compressive strength of the concrete cube specimens in N/mm2, P is the failure 
load in Newton, and A is the Area of the cube specimen in mm2 

 
Tensile Splitting Strength test was equally carried out using concrete cube size 100 mm. The test 
was done in line with [15]. The tensile splitting strength values were calculated from (2) thus: 

Where ST is the tensile splitting in N/mm2, Ps is the splitting load in Newton, and l is the length of 
each side of the specimen in mm. 

 

RESULTS AND DISCUSSION 
 

COMPRESSIVE STRENGTH 
 
The results of Compressive Strengths of PSA blended cement concrete tested at 7, 14 and 28 

days are presented in Tables 2. The results indicated that the reference mix (that is mix with 0% 
NaNO3 and 0% PSA content) had compressive strength values of 16.67 N/mm2, 21.12 N/mm2 and 
24.86 N/mm2 at 7, 14 and 28 days hydration, respectively; but with the replacement of cement with 
30% PSA content, the strength was noticed to reduce to 14.60 N/mm2, 17.22 N/mm2 and 20.66 
N/mm2 at 7, 14 and 28 days, respectively. The value of 20.66 N/mm2 recorded at 28 days by the mix 
containing 30% PSA is comparable to the values obtained by [6, 7] which used the same mix 
proportion of 1: 2: 4 with 30% PSA content replacing cement in their investigation. The inclusion of 
sodium nitrate in the mixture was noted to enhance the strength performance of the concrete. The 
strength increases with increase in the quantity of sodium nitrate up to 2% content and start to 
reduce at 3% dosage. Therefore a peak compressive strength was noted to attain with 2% dosage of 
NaNO3 at all the curing ages. This indicate that 2% sodium nitrate inclusion in the mixture could be 
considered the optimum dosage for the improvement of compressive strength of concrete 
incorporating up to 30% PSA content. 
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Table 2 Compressive Strength of PSA blended cement concrete at Various Ages. 
 

PSA (% replacement of cement 
by weight) 

NaNO3 (% replacement of 
cement by weight) 

Compressive Strength (N/mm2) 

7 Days 14 Days 28 Days 

0 0 16.67 21.12 24.86 

30 0 14.60 17.22 20.86 

30 1 17.07 20.16 23.30 

30 2 19.83 22.50 25.10 

30 3 17.90 20.24 23.83 

 

 
TENSILE SPLITTING STRENGTH 

 
The results of Tensile Splitting Strength as presented on Table 3 show that the reference mix 

recorded a tensile splitting strength that range between 1.67 N/mm2 and 1.86 N/mm2, and with the 
inclusion of 30% PSA in the mix the values were reduced to a range of 1.16 N/mm2 and 1.63 N/mm2 
for the testing period of 7 to 28 days, respectively. These results agree with the findings [5] that 
tensile splitting strength increase with curing age and decreases as the percent weight of PSA 
increases from 15% to 30%. The incorporation of NaNO3 up to 2% content was noticed to enhance 
the strength and thereafter the strength decline with increased in NaNO3 beyond 2% content. 

Periwinkle shell ash blended cement concrete incorporating 2% NaNO3 was observed to attain 
the highest tensile splitting strength at all the curing ages of 7, 14 and 28 days, this was closely 
followed by mix containing 30% PSA and 3% NaNO3 especially at 28 days hydration. These findings 
indicate that sodium nitrate can be used to improve tensile strength performance of high volume 
periwinkle shell ash blended cement concrete. 
 

Table 3 Tensile splitting Strength of PSA blended cement concrete at Various Ages. 
 

PSA (% replacement of cement 
by weight) 

NaNO3 (% replacement of 
cement by weight) 

Tensile splitting Strength (N/mm2) 

7 Days 14 Days 28 Days 

0 0 1.67 1.72 1.86 

30 0 1.16 1.27 1.63 

30 1 1.36 1.44 1.80 

30 2 1.68 1.79 2.87 

30 3 1.60 1.66 2.76 

 

 

CONCLUSIONS 
 
The study revealed that the inclusion of NaNO3 in high volume periwinkle shell ash blended 

cement concrete had contributed to the enhancement of the concrete compressive and splitting 
tensile strength performances. It was equally observed that there was continuity of performance with 
curing age and therefore, it is recommended that NaNO3 in the dosage of 2% of cement weight 
should be added to high volume periwinkle shell ash blended cement concrete mix to improve its 
performance. 
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CHAPTER 21 
 
 

CHLORIDE RESISTANCE OF BLENDED ASH 
GEOPOLYMER CONCRETE 
 
Mohd Azreen Mohd Ariffin* and Mohd Warid Hussin  
 
 

ABSTRACT  
 
 Chloride attack on concrete is a mechanism of deterioration which causes corrosion of steel 
reinforcement. Geopolymer, an alternative aluminosilicate binder material, has attracted attention for 
its structural and durability performance as well as for environmental benefits in reducing the CO2 
emissions associated with concrete production. However, the understanding of its behaviour in the 
chloride resistance of geopolymer concrete especially from mixtures of pulverized fuel ash (PFA) and 
palm oil fuel ash (POFA) is scarce. In this study, geopolymer concrete using blended ashes from 
agro-industrial waste were tested for chloride content using ASTM 1543-10a (Standard Test Method 
for Determining the Penetration of Chloride Ion into Concrete). The geopolymer concrete samples 
were prepared using a mix of the PFA and POFA as the main binder components at the range of 
alkaline/binder ratio of 0.4 together mixed with coarse and fine aggregates. The ambient temperature 
(26-30°C) of curing regimes was used. The specimens were cast in 100mm3 molds. After achieving 
the targeted compressive strength (25-30 MPa), the specimens were immersed for 18 months to 
2.5% solution of sodium chloride (NaCl). The normal OPC concrete with similar compressive 
strength were also prepared for direct comparison. X-ray diffraction (XRD), Fourier Transformed 
Infrared Spectrometer (FTIR), Thermogravimetry analyser (TGA-DTG) and Field Emission Scanning 
electron microscopy images with energy dispersive X-ray (FESEM-EDX) were performed to analyze 
the microstructural characterisation of the materials. In particular, geopolymer concrete had shown a 
better resistance to chloride penetration as compared to OPC concrete 
 
Keywords: Geopolymer, Palm Oil Fuel Ash (POFA), Chloride, Durability 

 

INTRODUCTION 
 

 With an annual production of almost 3 Gt, Ordinary Portland cement (OPC) is the dominant 
binder of the construction industry [1-2]. The production of one ton of OPC generates almost one 
tone of CO2. Manufacturing of cement accounts for as much as 5% of global CO2 emissions to the 
environment, making one of the main contributors to global climate change [3]. Research works 
carried out so far in the development of alkali-activated cements showed that much has already been 
investigated and also that an environmental friendly alternative to Portland cement is rising [4]. 
Davidovits [5] was one of the author to address the carbon dioxide emissions of these binders stating 
that they generate just 0.184 tons of CO2 per ton of binder. Geopolymer is a potentially valuable new 
material for use in the concrete and construction industry. Made from industrial by products or 
wastes from processes such as pulverized fuel ash (PFA), and iron manufacture (slag), these low-
CO2 binders have proven to give comparable mechanical properties to normal Portland cement 
concrete, and ongoing work, including the study presented in this paper, is giving increased 
confidence in its likely durability in service. 

 
* Faculty of Civil Engineering, Universiti Teknologi Malaysia, Malaysia  
 Email: mohdazreen@utm.my 

  



 
 

139 

Geopolymer is synthesized from a combination of an alkaline solution with a reactive aluminosilicate 
powder such as metakaolin, fly ash and/or slag. The reaction of the aluminosilicate with the alkali 
results in the dissolution of the solid raw material, forming a disordered alkali aluminosilicate gel 
phase known as the geopolymeric gel binder, which also contains some embedded partially reacted 
solid precursor particles, and the water used in mixing [6]. 
 
The development of understanding of aggressive environments attacks on concrete is probably the 
most extensively observed and researched aspect of concrete durability worldwide. Chloride attack is 
one of an important durability and serviceability concern for geopolymer materials used in 
construction. Corrosion of embedded steel bars is the main consequence when chloride penetrates 
into concrete. The 
 
23 applications of de-icing salts, marine exposure, airborne salt or sodium chloride are the sources of 
chloride ions that can pose threats to concrete structures. Steel embedded in concrete usually has a 
protective passive layer, which is formed as an oxide layer while the pH of the pore solution is 
sufficiently high. However, when chloride ions are present, the protective layer will be destroyed, 
leading to corrosion of the steel reinforcement. Furthermore, different types of chlorides such as 
NaCl and CaCl2 would also cause the changes of microstructure of concrete [7]. To date, there have 
been limited investigations on the effects of chloride ingress in geopolymer concrete. This paper 
generally focuses on the use XRD, FTIR, FESEM-EDX and TGA-DTG techniques for investigating 
blended ash geopolymer (BAG) concrete using PFA and POFA from agro-industrial wastes. The 
durability of BAG concrete in comparison with OPC concrete immersed in sodium chloride with 2.5% 
concentration up to 18 months was investigated. 
 

METHODOLOGY 
 

In the present experimental work, dry pulverized fuel ash (PFA) obtained from the silos of Kapar 
Power Station, Selangor, Malaysia was used. While, Palm Oil Fuel Ash (POFA) was obtained as a 
result of burning of palm oil shell and husk from Kahang mill in Johor, Malaysia. The PFA and POFA 

have a mean particle size of 45 μm. The main chemical compositions of the PFA, POFA and ordinary 

Portland cement (OPC) as determined by X-Ray Fluorescence are shown in Table 1. The 
silica/alumina ratio (SiO2/Al2O3) is approximately 1.3 for PFA whereas POFA has higher silica 
content and reactive silica. To activate the blended ash, a commercial grade sodium hydroxide 
(NaOH) and sodium silicate (Na2SiO3) solutions were used as alkaline activator. Local crushed 
granite sand with a specific gravity of 2.62 and aggregates (10mm sizes) were used for making 
concrete. In order to improve the workability, high range water reducing super plasticizer 
(naphthalene sulphonate) and extra water was added to the mixture. 

 
Table1. Chemical Composition (%) of PFA, POFA and OPC 

 
 

Geopolymer concrete can be manufactured by adopting the conventional techniques used in the 
manufacture of OPC concrete. In the laboratory work, the blended ash and the aggregates were first 
dry mixed in 80 litre capacity pan mixer for five minutes. Both coarse and fine aggregates were in 
saturated surface dry condition. The alkaline liquid containing sodium hydroxide and sodium silicate 
was added and mixed for another five minutes. All geopolymer concrete specimens were prepared 
with an alkaline solution to blended ash ratio of 0.4 by mass and the concentration of NaOH in 
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solution was 14Molar. The ratio of sodium silicate (Na2SiO3) to sodium hydroxide (NaOH) was 2.5 
by mass. The super plasticizer was used to achieve the workability of geopolymer concrete in 
between 80-100mm slump. Some additional water was also added to the mixture. A class F PFA and 
POFA have been activated in an alkaline solution to form Geopolymer gel and further binding 
aggregates to make concrete. The preparation process and composition of the investigated materials 
were developed and published earlier [8]. 
 
The salt ponding test is one of the tests that are commonly used around the world in identifying the 
chloride penetration into a concrete. Modified to ASTM C1543-10a (Standard Test Method for 
Determining the Penetration of Chloride Ion into Concrete by Ponding), this process is done by 
exposing the top surface of samples 100mm concrete cubes to a solution containing chloride where 
sodium chloride (NaCl) is used. The solution is ponded, at least 20mm high as to create enough 
amount of chloride to penetrate the sample and the process is set to at least 18 months so that a 
significant result can be achieved.Immediately after completing the immersion period, the samples 
are then dried of the solution and left to dry for one day, where deposits of white salts can be found 
on the surface of the sample, brush off the salts before further tests can be done. In Figure 1, the 
samples are sliced at a depth of 10-20mm (Disc1), 25-35mm (Disc2), 40–50mm (Disc3) and 55–
65mm (Disc 4). 

 

 

 

Figure 1 Depth of sample 
 

The samples were then ground to powder forms in order to determine the chloride ion content. The 
tests are carried out by using the chloride penetration machine (HACH Machine). Control specimens 
(without salt ponded test) are kept in ambient condition for comparison. 
 
OPC concrete with water/binder (w/b) ratio 0.6 was used. The specimens with w/b = 0.6 had the 
same consistency as the geopolymer specimens at w/b = 0.4. Thus, the specimens were compared 
as having the same consistency at the time of testing. The compressive strength of OPC and BAG 
concrete at the age of 28days were 27 MPa and 28MPa respectively. 
 
2.5% concentration of the sodium chloride solution (NaCl) is used as the permeating reagent. All 
surfaces of the specimens are coated with a sealant except one. The test was done for 18 months 
where the sample was left to be submerged in the solution for the whole duration in order to 
permeate the sample through the uncoated surface; this will give the ideas on how much chloride 
can penetrate through the specimens. OPC concrete was also prepared as a comparison. In order to 
obtain the result of chloride content from the solid specimens in powder form of the discs, it needed 
to be changed into the liquid form by a dilution process with distilled water as shown in Figure 2. 
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Figure 2. Samples in liquid form 
 

Equation (1) was based on American Public Health Association Standard Methods (APHA) shows 
the conversion of of chloride content, mg/L obtained from HACH Machine DR5000 into percentage 
(%) of the chloride for each of the specimen tested: 
Where, 
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RESULTS AND ANALYSIS 
 
CHLORIDE ANALYSIS 
 

 

Table 2 shows the chloride content for both OPC and BAG concrete. The first layer (Disc 1) of 
the sample gives a higher chloride penetration. This resulted due to the disc being exposed more of 
the solution than others after 18 months chloride ingress by the absorption process. 

 
Table 2. Chloride Content (%) of BAG and OPC concrete after 18month immersion 

 
From Figure 3, BAG concrete shows a lower amount of chloride content compared to OPC concrete 
samples. The ingress of chloride is significantly less in samples that are made of geopolymer 
compared to OPC. At the critical point, Disc 1 (10-20mm depth) shows that for BAG concrete, it does 
not exceed 0.20% while in OPC give the highest value up to 0.25%. At the lowest point, Disc 4 (55-
65mm depth), samples of OPC give the highest content of chloride that is 0.13% while BAG concrete 
gives the value of 0.09%. This result shows that the durability of the BAG concrete is significantly 
higher compared to OPC concrete in term of chloride penetration 

 

Figure 3. Chloride content (%) at different depth 
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The BAG concrete showed better performance than the OPC concrete when immersed in NaCl with 
2.5% concentration due to difference in chemical composition. The chemistry of the material was 
certainly very important for its durability. The chloride penetration of OPC is higher due to the 
chemical composition with high calcium content whereas the BAG specimens with low Ca content 
performed significantly better than OPC specimens. 
 
X-RAY DIFFRACTION (XRD) ANALYSIS 

 
 X-ray diffraction (XRD) technique was used to obtain a better understanding of the possible 
transformation in the original materials as well as the samples immersed in NaCl. The reaction 
between PFA, POFA and the alkaline activator i.e. sodium silicate and sodium hydroxide resulted in 
a partial crystalline phase. The broad peaks of the geopolymer component can be seen in the region 
25-30ºC 2ϴ. Mineralogical characterization of the reaction product of alkali activation of the BAG 
concrete in Figure 4, shows crystalline quartz (Q), albite (A) and gmelinite (Gm).The main phase of 
BAG concrete discovered was a crystalline N-A-S-H phase, similar to albite (NaAlSi3O8, PDF03-
0451) [9-12]. Another phase in BAG concrete was gmelinite which produced from the reaction 
product of geopolymerisation and its represent the nanostructure of the zeolite precursor [13-15]. 
Figure 4, shows the XRD analysis results for the BAG concrete which consists of the samples 
(Disc1-4) after immersion in NaCl. In the initial sample, a semi-crystalline aluminosilicates gel (N-A-
S-H) is detected as a main phase and it is still observed after immersing in NaCl. 
 

Figure 4. XRD for BAG concrete after 18 months immersion in NaCl 
 

Conversely, the OPC concrete shows a different picture when immersing in NaCl. Chloride 
penetration in concrete based on Portland cement is generally attributed to the formation of Friedel’s 
salt, and ettringite, with the presence of chloride ion and/or sulphate ion [16-18]. Figure 5, presents 
the XRD for the OPC concrete before and after immersion of NaCl. The OPC concrete, shows strong 
intensity peaks for quartz and C-S-H phase which similar to anorthite (CaAl2Si2O8, PDF10-0379)[8]. 
When the OPC concrete immersed in NaCl (Disc1-3), the chloride ions intrude into concrete and 
react with portlandite Ca(OH)2 to generate calcite. The absence of portlandite is described by its 
chemical reaction in the presence of CO2 to form calcium carbonate (calcite)[17-18]. Contrary to the 
samples of the depth interval (Disc1-3), the XRD for the Disc 4 shows the peaks for Portlandite 
phase and ettringite. However, the peak for calcite is not appearing which suggests the absence of 
severe carbonation at particular depths (Disc4). The absence of CaCO3 is connected by the 
presence of portlandite. Sulphate ions may penetrate into concrete from an external environment, its 
can react with C3A during its hydration process to form monosulphoaluminate or ettringite. 
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Figure 5. XRD for OPC concrete after 18 months immersion in NaCFourier Transform Infra Red 
(FTIR) Spectroscopy analysis 

 
FOURIER TRANSFORM INFRA RED (FTIR) SPECTROSCOPY ANALYSIS  

 
The FTIR spectra in Figure 6&7, indicates major bands at approximately 3470, 1650, 1425, 1030 and 
780 cm-1 in BAG concrete and 3455, 1655, 1440, 995 cm-1 in OPC concrete before immersion in 
NaCl. The structure of molecular from 3200 to 3700 cm-1 is characterized by the O-H stretching 
band water system, while the bending of the chemically bonded H-O-H is located at 1650 cm-1 which 
related to water bound in the hydrated products formed after alkaline activation [20]. Thus, the bands 
at 995 to 1035 cm-1 are assigned to quartz as the crystalline phase in the both samples. The 
carbonate in the system is characterized by absorption at 1425 to 1440 cm-1, which is consistent with 
the presence of anorthite and calcite particularly in OPC concrete. The main binder gel band appears 
at 995 cm-1, assigned to the asymmetric stretching mode of the C-S-H structure formed in OPC 
samples whereas the position at 1030 cm-1 is consistent with N-A-S-H gels formed in geopolymer 
binder systems derived from solid precursor used [21-22]. Figure 6 shows the FTIR spectra of the 
BAG concrete samples before and after immersing in NaCl shows minor differences only at the 
depth interval (Disc 1) due to the presence of gypsum as identified in XRD diagrams. The bands at 
approximately 3470 cm-1 and 1650 cm-1 are attributed to O-H stretching and O-H bending, 
respectively, being characteristic of weakly bound molecules of water [23]. On the other hand, 
presence of albite as identified by XRD give the N- A-S-H binder gel of BAG concrete, still 
maintained at their position after immersion. It indicates that, most of the molecular chains consisting 
of SiO4 and AlO4 tetrahedra linked alternately by sharing all the oxygens, are not significantly 
destroyed by NaCl solution. 
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Figure 6. FTIR for BAG concrete after 18 months immersion in NaCl 
 

Conversely, the reaction of the OPC samples after immersion shows the marked decomposition of 
the C-S-H phase in the microstructure, and Figure 6 shows distinct differences between before and 
after immersion. The chemically bonded carbonate at 1440 cm-1 has changed to 1425 cm-1 which are 
contributed by the presence of anorthite and calcite as identified by XRD. Finally, the decomposition 
of the main binder, C-S-H gel is associated with the shifting from 995 cm-1 of the new bands at 1095, 
955 cm-1 for Disc 4, 1025 cm-1 for Disc 2&3 and 1040 cm-1 for Disc 1 after immersion in NaCl. It is 
also consistent with the degradation of the binder which assigned to the presence of anorthite and 

calcite. It’s shown that the OPC concrete were altered by the NaCl immersion. 
 

Figure 7. FTIR for OPC concrete after 18 months immersion in NaCl 
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THERMOGRAVIMETRY (TGA/DTG) ANALYSIS 
 

The results of the thermal analysis support the above argument as shown in Figure 8&9 (TGA-DTG). 
Both samples were crushed and sieved then analyzed using derivative thermogravimetry (TGA-
DTG). The mass loss (TGA) occurs for both samples at the depth interval from Disc 1-4 as shown in 
Figure 8 (a). The Figure shows the 23% mass loss (Disc 1) is observed compared to 28% (Disc 2), 
17% (Disc 3) and 15% (Disc 4) when BAG concrete immersed in NaCl for about 18 months. DTG 
data in Figure 9 (a) represent the characteristics of samples based on TGA at the specified range of 
temperature. Gypsum has been characterized at depth interval (Disc 1), at the peak centered of 
705ºC temperature range, probably resulting from reactions involving atmospheric CO2 as identified 
in the XRD diagram. On the other hand, there is no other Gypsum appeared in the Disc 2-4 of the 
samples. In addition, no ettringite was detected in BAG concrete at all depth intervals (Disc 1-4), 
consistent with the Ca/Si ratio of these systems. The Al was assumed to participate in the formation 
of N-A-S-H type gels and thus less available for ettringite formation than Portland cement [9-10]. 
Conversely, the OPC concrete has higher mass loss as shown in Figure 8(b). The Figure shows, the 
38% mass loss (Disc 1) is identified compared to 33% (Disc 2), 36% (Disc 3) and 12% (Disc 4) after 
immersing in NaCl. The DTG in Figure 9 (b), shows particularly for the depth interval Disc (1-3), does 
not exhibit the presence of Friedel’s salt and portlandite at the temperature range. On the other hand, 
a wide endothermic peak centred at 690ºC confirms the presence of calcite for the depth interval, 
Disc 1 to Disc 3. Alternatively, the DTG for the Disc 4 depth interval shows a peak of the ettringite 
and portlandite at centered 140ºC and 470ºC respectively. It is common that the presence of 
sulphate ion from an external environment can react with C3A and its hydration products to form 
monosulphoaluminate or ettringite. Previous researchers found that the increased of sulphate ion 
concentrations resulted in slightly decreased chloride binding and the distributions of bound 
sulphates and chlorides in concrete is subjected to mixed NaCl, MgSO4 and Na2SO4 attack [16, 18]]. 
Thus, the DTG results confirm all the XRD findings for all the depth intervals (Disc 1-4). 
 

  

Figure 8. Mass loss for (A) BAG and (B) OPC concrete after 1.5 year immersion in NaCl 
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Figure 9. DTG for (A) BAG and (B) OPC concrete after 1.5 year immersion in NaCl 
 

The FESEM and EDX spectrum of concrete specimens at the 55-65mm (Disc4) depth interval after 
18 months of immersion in 2.5% sodium chloride solution are shown in Figure10. The EDX spectrum 
of Figure 10 (A) showed a composition of Ca-S as indicated by the large presences of Ca and S. The 
formation of ettringite is clearly shown [24]. In addition, the OPC specimens became more cracks 
than BAG, after 18 months immersed in NaCl solution. Conversely, there is no formation of ettringite 
for BAG specimens in connection with the absence or less presence of sulphate ion in the concrete, 
as shown in Figure 10 (B). 
 

 

 

 
 

Figure 10. FESEM-EDX of (A) BAG and (B) OPC concretes at the age of 18 months 
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CONCLUSIONS 

 
The following conclusions are drawn from the present study. 
 
a) The BAG concrete showed better chemical stability after being immersed in NaCl than OPC 

concrete. 
b) The N-A-S-H gel systems can have less effect on the structure of a material compared to the Ca- 

rich gel such as C-S-H like OPC. 
c) The durability performance of both samples can be confirmed by microstructural analysis. The 

results showed that the structure of BAG concrete has less altered only at certain depth intervals 
(Disc 1), while the structure of OPC concrete has been altered for the most of the depth interval 
(Disc 1-3) due to the presence of calcite. 

d) The results of microstructural properties from XRD alone are inadequate. Results from FTIR, 
TGA- DTG and FESEM-EDX are essential to support the XRD results. 

e) Ettringite does not exist in severely carbonated concrete as proved in both analyses of 
microstructural characterization. 
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CHAPTER 22 
 
 
 

EVALUATION OF WATER HYACINTH STEM ASH AS 
POZZOLANIC MATERIAL FOR USE IN BLENDED 
CEMENT 
 
Neelu Das1*, Shashikant Singh2 

 
 

ABSTRACT 
 

 In this paper, the potential use of water hyacinth stem ash (WHA) in the partial replacement of 
cement is studied. WHA was used as a replacement for ordinary Portland cement at 10, 15, 20 and 
25 wt. %. To evaluate the pozzolanic activity of WHA, the properties investigated were chemical 
composition, particle size, soundness, setting time, specific gravity, presence of crystalline matter, 
compressive strength, water absorption and sorption. Mortar cubes were tested for compressive 
strength up to the age of 56 days, whereas water absorption and sorption tests are carried out at the 
age of 28 days. Test results reveal that mortar cubes with 10% WHA substitution for Portland cement 
produced comparative compressive strength values to control mortar. It was also observed that the 
use of WHA in Portland cement has reduced water absorption characteristics. 
 
Keywords: Compressive strength, Mortar, Sorptivity, Water absorption, X-ray diffraction 

 

INTRODUCTION 
 

Over the last few decades, there has been an increasing trend on blending ordinary Portland 
cement with locally sourced raw materials such as industrial, agricultural or domestic waste [1-3]. Fly 
ash, blast furnace slag, silica fume, rice husk, oil palm shell, coconut shell, corn cob, tobacco waste, 
bamboo leaf, sugarcane baggage, groundnut shell, egg shellhave already been tested as suitable 
and dependable alternative materials in cement production due their wide availability and 
successfully utilized, wherever applicable [4-10]. Amongst these, rice husk, fly ash, blast furnace 
slag, silica fume and egg shell have proven their effectiveness as partial cement replacement 
material both in laboratory and practice. The search for a new and viable alternative is important for 
conservation of natural resources and reduction in the manufacturing cost. It will also solve the 
disposal problem of these wastes, and hence, help  environmental protection. 

 
Water hyacinth (Eichhornia crassipes), an entirely free source of biomass is found unutilized as 
supplementary cementitious material (SCM) until now. It grows vigorously and richly to produce a 
large biomass and doubles the population in two weeks (Figure 1). The plant consists of long and 
fibrous roots which may be up to three meters in length and has fibrous stem. The average length of 
the fiber is 1.604 mm and the average diameter 5.5 micron [11]. In this work, studies have been 
carried out to evaluate this bio-waste for the first time as SCM and this will be beneficial for future 
application of WHA in cement and concrete. 
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Figure 1: Water hyacinth 
 

MATERIALS AND METHOD 
 
MATERIALS USED 
 

Ordinary Portland cement (OPC) of 43 grade conforming to IS: 8112-2013 [12] was used 
throughout the investigation. River sand was used as fine aggregate conforming to grading zone III 
of IS: 383-1970 [13]. The river sand was washed and screened through 1.18 mm sieve to eliminate 
over size particles. 

 

Figure 2: Preparation of water hyacinth stem ash (a) initial material, (b) after furnace and (c) after 
grinding and sieving 

 
Water hyacinth stems were collected from freshwater hyacinths in local ponds of Kokrajhar District of 
Assam, India. Stems of water hyacinth were cleaned and cut into small pieces (Figure 2). Then, they 
were dried in sun and incinerated in electric muffle furnace at a rate of 100C per min up to 7000C for 
6 hours to remove organic matter. After the burning process the ash was allowed to cool completely 
in the furnace so that it can’t absorb atmospheric water. The burned WHA was grounded in a ball mill 
for 30 minutes and screened through 150µ sieve (as per IS: 1727-1967 [14]) to reach fineness 
similar to OPC. The particle size distribution of the ash is shown in Figure 4. 
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PHYSICAL AND CHEMICAL ANALYSIS OF WHA 
 
The mineralogical composition was analyzed by XRD analysis using Rigaku Ultima IV X-ray 

diffractometer. The chemical composition of the ash were determined as per IS: 1350(Part III)-1969 
[15], IS: 1355-1984 [16] and Vogel’s text book of quantitative inorganic analysis [17]. Physical 
properties such as specific gravity, soundness, fineness by sieving were determined as per IS: 1727-
1967 [14]. 

 
BLENDED CEMENT 

 
WHA blended cement were prepared by replacing OPC with 0, 10, 15, 20, 25 wt. % of WHA 

(Table 1). Mix proportion used for preparation of mortar cubes was composed of one part of cement 
plus WHA, three parts of standard sand by mass and (P/4 + 3.0) percent water of combined mass of 
WHA, cement and sand, where P is the percentage of water required to produce a paste of standard 
consistency. 

 
Table 1: Adopted blended ratios of mortars 

 
 

Specimen ID Blending ratio (By weight %) 

W0 100% OPC + 0% WHA 

W10 90% OPC + 10% WHA 

W15 85% OPC + 15% WHA 

W20 80% OPC + 20% WHA 

W25 75% OPC + 25% WHA 

 
CONSISTENCY AND SETTING TIME OF BLENDED CEMENT 

 
Vicat apparatus method conforming to IS: 4031(Part-4)-1995 [18] was used to determine the 

water consistency of WHA pastes and the pastes having normal consistency were used to determine 
initial and final setting time as per IS: 4031 (Part 5)-1995 [19]. 

 
COMPRESSIVE STRENGTH OF BLENDED CEMENT 

 
Mortar cubes of dimensions 50x50x50 cm3 were cast and cured as per IS: 4031(Part 6)-1988 

[20] for the compressive strength test. After 24 hours, mortar cubes were striped from moulds and 
cured by complete immersion in clean water for 7, 14, 28 and 56 days. For each specimen ID, 18 
mortar cubes were prepared and the compressive loading tests were conducted on a compression 
testing machine (capacity: 500kN, least count: 2kN) with a loading rate of 140 kg/cm2/min as per IS: 
1727-1967 [14]. 

 
WATER ABSORPTION 

 
Three mortar cubes from each specimen ID after 28 days of curing were dried in an oven at 

1050C for 24 hours to obtain the dry weight. The mortars were weighted using an electronic balance 
that can be readable up to 0.001g and their weights are taken as dry weight (A) of specimen. Then 
they were again submerged in water for a period of 24 hours and this weight was taken as wet 
weight (B). The water absorption [21] was calculated as a percentage of initial mass as: 
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SORPTIVITY 
 

Sorptivity test was conducted on three oven dried cubes of each specimen ID after 28 days of 
curing to measure the capillary suction of the mortar cubes when it comes in contact with water. The 
mortar cubes were coated with waterproof paint on all four lateral sides such that only water 
absorption from its base is possible. Water level was kept at 5 mm above the base of the cubes. The 
masses of the cubes were measured by weighing at regular intervals up to 120 minutes on an 
electronic balance that can be readable up to 0.001g. The following equation was used to calculate 
the sorptivity coefficient [22]: 
 
 
 

Where Q is the amount of water absorbed, A is the surface area of the specimen through which 

water penetrated, t is the elapsed time, ρ is the density of water and S is the sorptivity coefficient of 

the specimen (mm/min0.5). 

 
RESULTS AND DISCUSSION 
 
CHEMICAL AND MINERALOGICAL COMPOSITION OF MATERIAL 

 
Based on the chemical composition data of OPC and WHA listed in Table 2, it is seen that 

WHA has very high LOI, high alkali content (K2O and Na2O) and very low SiO2 values. High value 
of LOI indicates presence of appreciable amount of un-burnt carbon. The sum of SiO2, Al2O3 and 
Fe2O3 is not more than 13% of the overall material composition, but CaO content is found high. SO3 
content is not more than 3%. The mineralogical composition of WHA determined by X-ray diffraction 
is presented in Figure 3. Calcite, potassium oxide are present as major constituent with silica in the 
form of quartz as minor constituent and have been attributed to the original inorganic elements 
present in water hyacinth stem ash. The most distinguished crystalline materials were potassium 
oxide, calcite and quartz. Diffraction peaks of potassium oxide appeared at 23.1800, 28.4800and 
40.6400, peaks of calcite were 23.1800, 29.5400, 36.0800, 47.6200, 48.6000, 57.5000 and 95.0600, 
whereas that of quartz (silica) were 39.5400, 40.6400, 58.8400 and 73.0200. 

 
Table 2: Physical and Chemical properties of cement and WHA 

 

Properties Cement WHA 

A) Physical Properties   

Specific Gravity 3.15 2.168 

Fineness 

(Residue on 75µm sieve) 

92% 87% 

Le Chatelier Expansion 0.5mm 0.5mm 

B) Chemical Composition   

SiO2(Silica) 19.62% 4.40% 

Al2O3(Alumina) 5.62% 2.20% 

Fe2O3(Iron Oxide) 5.33% 1.27% 

CaO(Calcium Oxide) 61.24% 22.61% 

MgO (Magnesia) 0.88% 14.01% 

SO3(Sulphur Trioxide) 2.60% 3.09% 

Na2O(Sodium Oxide) -- 0.35% 

K2O(Potassium Oxide) -- 14.82% 

Lime saturation factor (CaO- 0.7SO3)/ 

(2.8SiO2+1.2Al2O3+0.65Fe2O3) 

 

0.91 

 

1.29 

Ratio of Alumina/Iron Oxide 1.05 1.73 
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Total Loss on Ignition 2.06% 31.45% 

 
Figure 3: X-ray diffractogram of WHA 

 
CONSISTENCY AND SETTING TIME OF BLENDED CEMENT 

 
The graph of water consistency in Figure 5 indicates that the water required for normal 

consistency increased with the increase of cement replacement level and it is because of the high 
hygroscopicity nature of water hyacinth stem ash. The various oxides of WHA including Ca, K and Si 
are basic or amphoteric and produce hydroxides upon their reaction with water. Among these, KOH 
is known to be highly hygroscopic compound. 

 

Figure 4: Particle size distribution of WH 
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Figure 5: Water consistency of WHA blended cement 
 
From the chart of setting time in Figure 6, it is observed that with the addition of WHA, the setting 
time is retarded and this is due to the absorption of water at the surface of WHA. With the increase in 
the proportion of WHA, the absorption of water is also increased and hence the higher amount of 
water has delayed the setting time. However, the setting time values are found to be well within the 
permissible limits as per IS: 8112-1989 [13]. 
 

 

Figure 6: Initial and final setting time of WHA blended cement 
 

COMPRESSIVE STRENGTH OF BLENDED CEMENT 
 
Figure 7 shows variation in compression strengths for control and WHA blended mortar cubes 

with different ages. It can be seen that strength increased with the curing age for all the samples. 
Control mortar gained 49% at day 7 and 71% after 14 days, 91% after 28 days of curing over its 56 
days compressive strength. The WHA blended mortars gained 49-54% at day7, 62-71% after 14 
days, and 81-89% after 28 days of curing than their corresponding 56 days strength. It is clear from 
the observation that strength enhancement is lower than the cement mortar between 7 and 56 days. 
However the 10% replacement of WHA to OPC can be considered as optimal limit. 
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Figure 7: Development of compressive strength of mortar samples 
 
WATER ABSORPTION AND SORPTIVITY 

 
The results of water absorption and sorptivity tests are presented in Table 3. It can be seen that 

mortar mixes containing WHA produces lower absorption and sorptivity compared to the mixture 
containing no WHA (control). This may be due to the gradual closing of pores in the mortar as WHA 
is finer than OPC. 

Table 3: Water absorption and sorptivity test results of specimen 
 

Specimen ID Water absorption (% ) Water sorptivity (mm/min0.5) 

W0 7.31 0.146 

W10 6.76 0.135 

W15 6.41 0.127 

W20 6.24 0.124 

W25 5.93 0.116 

Table 3: Water absorption and sorptivity test results of specimen 
 

CONCLUSIONS 
 

Based on the results of this study, the following key conclusions can be drawn: 
 
a) Chemical composition analyses of the WHA reveal silica as the minor constituent and also have 

other compounds of Ca, Mg, K and S. 
b) The WHA blended cement paste specimen presented a long initial and final setting time when 

the replacement amount increased. This can be helpful while concreting in hot weather. 
c) Mortar specimens containing 10% of WHA had a compressive strength comparable to that 

without WHA. 
d) Mortar specimens prepared with WHA resulted in lower water absorption and sorptivity at ages 

of 28 days than that containing no WHA (control), which are important features of mortar 
resistance to exposure in aggressive environment. 
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POZZOLANIC PROPERTIES OF GLASS POWDER IN 
CEMENT PASTE 
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Ibrahim Yakub2 

 
 

ABSTRACT 
 
This paper investigates the formation of Calcium Silicate Hydrate (C-S-H) as a product of 

pozzolanic reactions in a cement paste with cement partially replaced with crushed recycled glass at 
the rate of 10% and 20%. Three different particle sizes for crushed glass used in this study were in the 
range of 150-75µm, 75-38µm and lower than 38µm; and a water to cement ratio of 0.45 was used for 
all specimens. This study showed that the formation of Calcium Hydroxide Ca(OH)2 is decreased while 
the formation of C-S-H is increased simultaneously at 90 days for 75-38µm and <38µm glass powder. 
The use of waste glass as a partial cement replacement improves the cement strength through the 
formation of C-S-H due to the pozzolanic reaction with Ca(OH)2 improving the strength of the mortar. 

 
Keywords: Pozzolanic Properties, Calcium Silicate Hydrate, Cement Replacement, Waste Glass Powder,  

                     Hydration. 

 

INTRODUCTION 
 
Glass is one of the most fundamental materials that we abundantly use in our day to day life. 

The amount of waste glass generation also increases with the increase in the use of glass. In 
theory, glass is a 100% recyclable material; it can be indefinitely recycled without any loss of 
quality [1]. However, the recycling rate of waste glass is still low compared to other solid wastes due to 
the cost of cleaning and color sorting, mixing of broken pieces, inconsistency of glass properties, 
mixing with impurities and increasing shipping cost [2]. Use of waste glass as a partial replacement in 
construction industry gives a new avenue of using recycled waste glass. Recent work has shown 
that crushed recycled glass has pozzolanic properties which make it possible to use as a partial 
cement replacement in concrete and cement mortar [3 - 5]. 

 

Waste glass that exhibits either binding properties or pozzolanic properties can be used as a partial 
cement replacement [6 - 9]. A typical pozzolanic material features three characteristics: it should 
contain high silica, be X-ray amorphous, and have a large surface area. Glass has sufficient silica 
content and is amorphous in nature [10]. The glass may satisfy as a pozzolanic material if it is ground 
to activate pozzolanic behavior. Smaller size of glass will reduce the Alkali Silica Reaction as well [6, 
11]. The pozzolanic properties of glass powder can be obtained from its microstructure analysis in 
terms of hydration. This paper deals with the formation of hydration compounds Calcium Silicate 
Hydrate (C-S- H) and Calcium Hydroxide (CH), which shows the pozzolanic properties of sample 
containing three sizes of glass powder (i.e. 150-75µm, 75-38µm and <38µm) through Differential 
Thermal Analysis (DTA) and Scanning Electron Microscope (SEM). In this experiment, glass powder is 
partially replaced as cement with 10 to 20 percent by weight. 
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EXPERIMENTAL PARAMETERS 
 
Experiments were conducted on cement paste prepared by the partial replacement of cement by 

three sizes waste glass powder. Water-cement ratio was maintained as 0.45 throughout the research. 
Glass powder was used as partial cement at replacement level of 10% and 20% by weight. 30ml glass 
containing cement samples were prepared for the age of 28 days and 90 days. A summary of the mix 
proportion is presented in Table 1. 
 

Table 1 Mixing proportion of cement paste samples with glass powder 

 
Glass beaker was used for mixing process of cement paste samples. Portland cement with the 
intended percentage of glass powder as a replacement was measured accordingly then mixed 
together until a uniform distribution was achieved. Water was then added to the mix and mixed until a 
uniform fresh paste of the mixed ingredient was achieved with no visible agglomerates. The cement 
paste samples were kept until desired day, cut into small pieces and placed into ethanol solution. 
Samples were then ground into powder form and kept in a plastic packet for testing. 
 

MATERIAL PROPERTIES 
 

PORTLAND CEMENT 
 
Ordinary Portland Cement (OPC) ASTM Type 1 was used in the research. The cement 

confirmed the quality requirements specified in the Malaysian Standard MS 522: Part 1: 1989 
Specifications for Ordinary Portland Cement. 

 
GLASS POWDER 

 
Waste Glass used in this current investigation is soda-lime silica glass collected from local 

recycle center. Glass bottles were cleaned with water thoroughly to remove paper labels from the 
outer surface of the glass and to remove contaminations. The glass was then ground using the Los 
Angeles Abrasion Machine. The glass powder was subjected to mechanical sieve analysis to get the 
specific particle size. In this current investigation, three different sizes were used as shown in 
Figure1 : (a) Glass Powder A : Glass powder having particles passing a 100 sieve (150 micron) and 
retained on a #200 sieve (75 micron), (b) Glass Powder B : Glass powder having particles passing a 
#200 sieve (75 micron) and retained on a #400 sieve (38 micron). (c) Glass Powder C: Glass 
powder having particles passing a #400 sieve (38 micron). Samples were named 10GPA, 10GPB, 
10GPC for the Glass powder A, B, C respectively at 10% replacement whereas 20GPA, 20GPB, 
20GPC for the corresponding Glass powder A, B and C respectively at 20% replacement. 
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WATER AND ETHANOL SOLUTION 
 
Potable tap water free from impurities was used for curing, mixing, cleaning and other purpose 

of cement paste making. Water to cement ratio of 0.45 was maintained throughout the research. In 
this experiment, ethanol solution with 95% purity was used to stop the hydration at a specific time. 
Ethanol solution helps to remove the free water from the cement paste to accurately measure the 
hydration products at specific time. Free water causes continuation of hydration process misleading 
the amount of hydration products generated at the specific time. 
 

(a) (b) (c) 
Figure 1 Particle Size of glass powder (a) Glass Powder A, (b) Glass Powder B and (c) Glass Powder 

C 
 

TESTING APPARATUS 
 

DIFFERENTIAL THERMAL ANALYSIS 
 
Differential Thermal Analysis (DTA) was carried out on specimens of cement pastes to 

measure the decomposition of main hydrated product Calcium Silicate Hydrate (C-S-H) and Calcium 
Hydroxide (Ca(OH)2). Curves of cement paste with various sizes of glass powder and cement paste 
without glass powder (control) samples were recorded using DTG-60H (C30574900361). The 
samples were heated from room temperature to 1000 °C with a heating rate of 5 °C/min in a nitrogen 
atmosphere, while the DTA curve is used to calculate the deformation during heating. 

 
SCANNING ELECTRON MICROSCOPY 

 
In this research, SEM analysis was carried out to obtain the morphology of cement pastes with 

glass powder using Analytical Scanning Electron Microscope (JSM-6390LA) supplied by JEOL 
Company Limited, Tokyo, Japan. Samples were placed on a double sided adhesive conductive 
carbon tape to prevent scattering of loose particles. Then the samples were coated with platinum in 
argon gas atmosphere at a high vacuum of 30MPa in order to make the samples electrically 
conductive. 
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RESULTS AND DISCUSSION 
 

DIFFERENTIAL THERMAL ANALYSIS RESULTS 
 
Differential thermal analysis (DTA) were carried out on specimens of control cement pastes 

with no glass powder, cement paste with glass powder with 10% and 20% replacement. The DTA 
curves show four different endothermic peaks for all samples of specimen. The first peak was 
located between 60 °C – 102 °C corresponding to the decomposition of bound water on compounds 
like ettringite, while the second peak was detected at 102 °C – 160 °C attributed to the deformation 
of C-S-H. The third endothermic peak was observed in the range 400 °C – 450 °C causes a new loss 
starting around 360 °C due to the dehydration of Ca(OH)2, while the forth peak referred to the 
decomposition of calcium carbonate CaCO3 at about 650 °C – 750 °C coming from clinker and the 
filler [12 - 14]. 
 
Lower peak corresponding to C-S-H was found for the control sample at Day 28 compared to other 
percentage of replacement as shown in Figures 2 (a), 3 (a) and 4 (a). Besides, it causes a significant 
increase in the deformation of C-S-H especially when 10% replacement is applied rather than 
20%replacement. It is due to the agglomeration of glass powder and takes a long time to form more 
C-S-H. A similar trend was found for 10GPA, 10GPB at 28 days. However, 20GPC shows greater 
peak than 20GPA and 20GPB because of smaller particle size distribution as shown in Figures 2 (a), 
3 (a) and 4 (a). 
 
On the other hand, the third peak which is related to the decomposition of Ca(OH)2 of Glass powder 
A, B and C appears larger than the same control peak meaning that there is a high amount of free 
water available that can participate in the hydration reaction. It also shows a slower hydration than 
normal portland cement. Excess calcium hydroxide participates to produce additional C-S-H forming 
pozzolanic reaction at later days. 

  

Figure 2 DTA curve of Control Cement Paste with 10GPA and 20GPA at (a) 28 Days & (b) 90 

Days 

  

Figure 3 DTA curve of Control Cement Paste with 10GPB and 20GPB at (a) 28 Days & (b) 90 

Day 
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Figure 4 DTA curve of Control Cement Paste with 10GPC and 20GPC at (a) 28 Days & (b) 90 

Days 
 
For 90 days result, a slight difference is found when comparing with the replacement levels. The peak 
due to decomposition of C-S-H was significant at replacement level 20% for all Glass Powder as 
shown in Figures 2(b), 3(b) & 4(b). The peak referring to decomposition of Ca(OH)2 is increased for 
GPA, while decreased for GPB and GPC . Glass Powder specimen shows lower peak than control 
specimen for both 10% and 20% replacement which indicates the consumption of CH in the 
pozzolanic reaction. This agrees with results obtained by Idir et al. [11]. Moreover, Aly et al. [3] also 
included that the reduction of CH was much greater when nano-sized particles such as colloidal nano-
silica was added in mixes together with glass powder. This phenomenon promoted acceleration of 
pozzolanic reaction and hydration process. The intensity of CH peak decreased up to 90 Days 
whereas the peak corresponding to C-S-H displayed opposite manner indicating more C-S-H 
formation by consuming more CH, reported by Heikal et al. [15]. 

 
SCANNING ELECTRON MICROSCOPY RESULTS 

 
The major hydrated products of specimen are developed simultaneously on the cement particles. 

The formation of C-S-H (vide infra) is surrounded by many needle-like structures named ettringite as 
shown in Figure 5. A gel like structure in a hexagonal shape is also visible in the cement matrix 
indicating the continuation of hydration [16-17]. 
 

Figure 5 Control sample 
 

The development of C-S-H in the specimen shows dense and compact in nature, while a part of 
cement is replaced by glass powder in Figure 6-8. The similar phenomenon is also found from the 
study of Nassar and Soroushian, [4] and Aly et al. [16]. 
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(a) 10% (b) 20% 

Figure 6 Cement paste containing Glass Powder A (a) 10%, (b) 20% 

(a) 10% (b) 20% 

Figure 7 Cement paste containing Glass Powder B (a) 10%, (b) 20% 

(a) 10% (b) 20% 
Figure 8 Cement paste containing Glass Powder C (a) 10%, (b) 20% 

 
a) A large quantity of C-S-H formation enriches progressive matrix of the reticular network [17]. C-

S-H gel fills the pore spaces between the cement structure wherein the pores become small in 
size. Figure 8 

b) shows that higher replacement level of glass powder causes extensive growth of C-S-H which 
produces comparatively compact, dense and uniform microstructures. 
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CONCLUSIONS 
 

All in all, cement paste exhibits the pozzolanic properties when replaced with the glass powder at the 
replacement level of 10% & 20%. The formation of C-S-H is higher for the GPC compare to GPA and 
GPB. 20GPC shows better pozzolanic properties because of fine particle size distribution. The 
morphology of sample containing glass powder confirms the formation of C-S-H that developed in the 
specimen by consuming Ca(OH)2 during hydration and will create the cement system quite dense, 
homogeneous in nature. 
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CHAPTER 24 
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PROPERTIES OF COMPRESSED CEMENT-SOIL BLOCK 
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ABSTRACT 
 
Compressed cement-soil block is used as low cost building material. In the south-western region 

of Bangladesh, there is availability of organic soil which is in the formation of overlying layer. 
Moreover, sandy materials do not occur and are not found easily in Bangladesh. The scarcity of sandy 
materials has led to the increase of the retail price and subsequently to higher production cost. So 
organic soil materials have been used as filler directly to produce cement-soil block. In this study, the 
compressive and flexural strengths of cement-soil block of density 1448kg/m³ to 1611kg/m³ with 
specified ratio of cement content were investigated using prism specimens. The observed elapsed 
periods were 1, 3, 7, 14, 28, 56 and 112 days with the variation of organic contents of 2%, 5%, 10%, 
20% and 40%. Preferable results on the 28th day indicated that the compressive strength and the 
flexural strength of cement-soil block with 20% organic content increased by 125% and 102% 
respectively. Moreover, the influence of density on the strength properties of cement-soil block was 
found to be higher than the age of the specimen. 

 
Keywords: Organic soil, cement-soil block, compressive strength, flexural strength, dry density 

 

INTRODUCTION 
 
Soil is a result of the influence of climate, relief (elevation, orientation, and slope of terrain), 

organisms, and parent materials interacting over time [1, 5]. Soil repeatedly undergoes maturity by 
way of numerous physical, chemical and biological processes, which comprise weathering with 
associated erosion. Soils are generally weak in tension. The tensile strength of soil is very low or 
negligible and in most analyses it is considered to be zero. Soil abrasion resistance is very stumpy. 
Soil absorbs water in high range and has a high capacity of retention. At the time of cyclic drying and 
wetting it is dimensionally instable [1]. 
 
To measure the workability of cement-soil mixture various researches have been done since 1950’s 
[2, 13, 17]. To make cement-soil blocks, first soil is compressed, then it is mixed with binding material 
cement and a suitable amount of water. At the time of mixing cork sheet is added to lessen the weight. 
The purpose of this study is to produce cement-soil block which can be used as a low cost building 
material in the urban construction of some developing countries [12, 16]. Soil properties, amount of 
cement, soil compaction technique and water quality are the main factors affecting cement-soil block. 
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Any soil containing a considerable quantity of organic matter to influence its engineering properties is 
called an organic soil. Organic soils are formed by decay of plants and animals. Accumulations of 
organic materials may be found in association with almost any type of geological deposit when the 
environmental conditions are appropriate. The properties of each soil layer depend on various factors. 
Weather, ground slope and the amount of organic matter are factors which change the soil layers 
[5]. Organic accumulations such as peat, muck, muskeg and marsh deposits may vary in thickness 
from a few inches to several feet. 

 
At the south-western region of Bangladesh, there is an available overlying layer of organic soil so it is 
used as a base for the manufacture of cement-soil block. Much research has been carried out on 
cement-soil block, however so far none on the effect of organic soil on cement-soil block using Teligati 
and KUET campus soil in Bangladesh. Thus, the purpose of this study is to observe the effect of 
various organic contents on the strength properties of cement-soil block. 

 

MATERIALS 
 

SOIL 

 
In this research, five types of soils were used. In Bangladesh, the organic soil layer exists in most 
places within a depth of 10 to25 ft below the surface. Soil was collected at a depth of 4 ft near the 
Teligati and at a depth of 7 ft inside the KUET campus, Bangladesh. Impurities such as tree roots, 
grass and leaves were removed. After that the soils were smashed to pass 40 mm sieve in the 
laboratory. Sufficient soil samples were taken to the laboratory for tests. Then the physical properties 
of the soil samples were determined as shown in Table 1. 

 
Table 1 Physical properties of organic soil 

 
 

Organic Content (%) 
Specific Gravity, 

Gs 

WL (%) WP (%) IP (%) 

2 2.03 35 18 17 

5 2.23 43 24 19 

10 2.46 50 38 12 

20 2.52 77 42 35 

40 2.27 330 270 60 

 
BINDING MATERIAL 

 
Many suitable binders could potentially be used for compressed cement-soil blocks. In this research, 
Ordinary Portland Cement (OPC) was used. The chemical and physical composition of OPC is 
presented in Table 2 and Table 3. 
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Table 2 Chemical composition of OPC 

 
 

Constituents Oxide Composition Percent Composition 

Tricalcium silicate 3CaO.SiO 45-55 

Dicalcium silicate 2CaO.SiO2 20-30 

Ticalcium aluminate 3CaO.Al2O3 9-13 

Tetracalcium aluminoferrite 4CaO.Al2O3 Fe2O3 8-20 

Calcium sulphate CaSO4 2-6 

Other compounds - 2-8 

 
Table 3 Physical composition of OPC 

  

 
 
 
 
 
 
 
 
 
 
 
WATER 

 
In this research, distilled water was used throughout the test using the ratio water: binder – 0.45. 

 
FOAMING AGENT 

 
Cork sheet was used as a foaming agent in this study. 

 

METHODOLOGY 
 

ORGANIC CONTENT 

 
To determine organic content, loss on ignition method was used, as shown in Equation 1. 
 
Organic content= (A-B)/(A-C) *100 (1) 
 
Where, 
A=Weight of crucible or evaporation dish and oven dry soil, before ignition. 
B=Weight of crucible or evaporation dish and oven dry soil, after ignition at a temperature of 450°C to 
500°C for six hours. 
C=Weight of crucible or evaporation dish, to the nearest 0.01 gm. 
 

 
 
 
 

Property Unit Value 

Specific surface cm2/gm 2250 

Initial setting time minute 30 

Final setting time minute 600 

Crushing strength at 3 days N/mm2 16 

Crushing strength at 7 days N/mm2 22 
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SPECIFIC GRAVITY 
 
The specific gravity is the ratio of unit weight of solid to the unit weight of water. The specific gravity 
was measured by Equation 2. 
 

Gs=γs/γw (2) 
 

The value of specific gravity for most natural soil falls in the general range of 2.65 to 2.75. 
 
MOISTURE CONTENT 

 
The oven-drying method was used to determine the moisture contents of the samples. Small 

representative specimens obtained from large bulk samples were weighed as received, then oven-
dried at 105°C for 24 hours. The sample was then weighed. The difference in weight was assumed to 
be the weight of water driven off during drying. The difference in weight was divided by the weight of 
the dry soil, giving the water content on a dry weight basis. 

 
ATTERBERG LIMIT TEST 

 
LIQUID LIMIT (WL) 

 
It is defined as the moisture content in percentage at which the soil changes from the liquid test. 

 
PLASTIC LIMIT (WP) 

 
It is defined as the moisture content in percentage at which the soil changes from a plastic state 
to semisolid state. 

 
PLASTICITY INDEX (PI/ Ip) 

 
It is defined as the difference between liquid limit and plastic limit as shown in Equation 3. 
 
IP=WL-WP (3) 

 
DENSITY 

 
The density is the ratio of mass of the soil sample to the volume of sample which was shown 
in Equation 4. 

 

ρ = M/V (4) 

 
Where, 
M=mass of soil sample V=volume of soil sample 

 
COMPRESSIVE STRENGTH 

 
The compressive strength is the capacity of a material or structure to withstand loads tending to 

reduce size (Figure 1). When specimen of material is loaded in such a way that it shortens then it is 
said to be in compression. Some materials crack at their compressive strength limit while others warp 
irreversibly, so a given quantity of deformation may be considered at the limit for compressive load. 
Compressive strength is a key value for designing structures. 
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Figure 1 Compressive Strength Test of Cement-Soil Block 
 

FLEXURAL STRENGTH 

 
Flexural strength is defined as a material ability to resist deformation under load. This strength is 
measured by centre-point loading method. In this method, the soil prism is provided as simply 
supported frame which is supported at the two ends and a point load is performed at the mid span 
(Figure 2). This loading condition is the procedure to determine the flexural strength. 
 

Figure 2 Flexural Strength Test of Cement-Soil Block 
 

PREPARATION AND CASTING 

 
Each of the five soil types were mixed with binder using the ratio filler (soil type): binder-1:1.5, water: 
binder-0.45 and cork sheet was also used 0.5% of binder (Figure 3). At the time of mixing, two-thirds 
of the required water was added within 1 minute and mixed for 2 minutes. Then, the remaining water 
was added and mixed for 1 minute. As soon as the mixing was finished, cement-soil mixtures were 
poured fully into a 50mm X 160mm X50 mm mould (Figure 4). 
  



 
 

171 
 

Figure 3 Mixing of the specimens  Figure 4 Casting of the specimens 

 
Each soil type was compacted in three layers using the required number of blows. The specimens 
were kept at room temperature and demolded after 24 hours (Figure 5). After demolding the 
specimens were stored in water under curing ages of 1, 3, 7, 14, 28, 56, 112 days. After curing the 
surface of the specimens were dried for some time. Then the specimens were taken to the 
Compression Testing Machine to measure compressive and flexural strength (Figure 6). 
 

 

Figure 6 Compression testing machine 

 

RESULTS AND ANALYSIS 
 
The presence of organic content in soil has a major effect on strength properties of cement-soil 

block. The variation of compressive strength with different organic content is shown in Figure 7. The 
graph shows the overall increase of compressive strength which is greatly influenced by organic 
content. The compressive strength for 20% organic content is maximum, after which strength 
decreases with increase in organic content. The graphical representation shows the scattering pattern 
of flexural strength which is greatly influenced by organic content. No definite relationship can be 
explained between flexural strength and organic content. 
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Figure 7 Variations of compressive strength and flexural strength with organic content. 
 
The graphical representation shows the linear relationship of density with organic content. The density 
of cement-soil decreases with increase of organic content (Figure 8). Based on Figure 9, it is apparent 
the compressive strength increased with time or age in a curvilinear manner. This can be readily 
explained from the fact that the degree of cement hydration and amount of cement gel formed in the 
cement paste increase with age. The graph shows the overall increase of compressive strength. The 
compressive strength for 20% organic content is maximum, after which strength decreases with further 
curing age. 
 

  

Figure 8 Variation of density with organic 
content 

Figure 9 Variation of compressive strength with 
age 
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CONCLUSIONS 
 

The density of organic soil based compressed cement-soil block decreases with increase of organic 
content. The compressive strength increases up to 20% organic content beyond which it decreases. 
No definite relationship can be drawn between flexural strength and organic content. The average ratio 
of compressive strength and flexural strength was 1.23 of compressed cement-soil block for 20% 
organic content. This investigation will play a vital role in selecting load bearing and non-load bearing 
applications. It is important and urgent to source for alternative materials to reduce the negative impact 
of developments towards the environment. This investigation has created a strong impetus to embark 
in using soil filler in compressed cement-soil block for non-load bearing applications. Further studies 
should consider replacing cork sheet with chemical aluminium powder or hydrogen peroxide powder 
as a foaming agent.. The strength determination in this work was done by center point loading system. 
The three point loading system is preferable for strength determination and recommended for future 
studies. 
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CHAPTER 25 
 
 
 

EFFECT OF BASE ISOLATOR ON THE STRUCTURAL 
RESPONSE OF REINFORCED CONCRETE 

MULTISTORIED BUILDING UNDER SEISMIC LOADS 
 

Z. Tafheem* , T.A. Arafat , A. Chowdhury  and A. Iqbal  

 
 

ABSTRACT 
 
This study investigates the effect of base isolator on the structural responses of multistoried 

reinforced concrete building under time history earthquake loading. In the present study, two 
identical six-storied reinforced concrete buildings with one conventional and the other one is base 
isolated have been modeled. Conventional building has been modeled with fixed support whereas 
base-isolated building has been modeled incorporating rubber bearing near the base of all columns. 
Modal analysis has been performed to get an idea of possible mode shapes of the building. After that 
time history analysis has been performed in order to investigate the effect of seismic loading on the 
building structure with respect to time. The structural responses of time history analysis such as time 
period of different modes, storey displacements, storey acceleration, and base shear have been 
obtained from both conventional and base-isolated buildings. Finally, a comparative study of 
structural responses has been carried out between those two structures. It has been found that 
fundamental time period of base-isolated building is increased by 28% compared to conventional 
building. Moreover, base shear value of the base-isolated structure is reduced by 69% and top 
storey acceleration is decreased by 75% compared to conventional building. This study reveals that 
isolation system reduces seismic responses significantly. 

 
Keywords: Base isolator, rubber bearing, modal analysis, time history analysis. 

 

INTRODUCTION 
 
The term base isolation means that the structure such as a building or bridge is separated 

from its foundation. Now-a- days the original terminology of base isolation is more commonly 
replaced with seismic isolation. The term seismic isolation is more accurate in that the structure 
is separated from seismic effects. In a seismic isolated structure, base isolation bearings are 
usually mounted between the structure and its foundation. Relative transverse motion between 
the structure and the ground is generally allowed in the isolated structure while providing rigid 
support in the vertical direction. The flexibility between the ground and structure causes the reduction 
in structural response under seismic vibrations. A base isolation system works by lengthening the 
fundamental time period of structure which reduces the acceleration. Most importantly, inertia 
forces that generally develop due to seismic vibration are proportional to building mass and the 
earthquake ground acceleration. The lateral movement of a seismic isolated structure has been 
illustrated in Figure 1. As ground acceleration increases, the strength of the building must be 
increased to avoid structural damage 
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Base isolation systems attempt to reduce the demand rather than increase the capacity. It is not 
possible to control the earthquake but it is possible to modify the demand on the structure by 
preventing the motions being transmitted from foundation into the structure above. It is meant to 
enable a building to survive a potentially devastating seismic impact through a proper initial design 
or subsequent modification [1]-[2].  

 
One of the earliest in this regard is the patent by Jules Touaillon of San Francisco filed in the US 
Patent Office in February 1870 [3]. It described an ‘earthquake proof building’ which was seated on 
steel balls which roll inside shallow dishes  In 1891, a base-isolated structure was proposed by 
Kawai after the Nobi Earthquake. In 1909, a seismic isolation system was proposed by Dr. 
Johannes Calantarients, an English medical doctor [4]. His idea was utilized in construction of the 
Imperial Hotel in Tokyo in 1921. After the 1923 Great Kanto earthquake, numbers of patents in 
Japan were submitted. For instance, the proposal of a double column with damper was proposed [5]-
[6]. In 1927, Nakamura proposed a system which consisted of several columns under a ground floor 
slab with around 15 meters length to the depth of the soil under the structure utilizing dampers at the 
joint points of the ground floor slab and these columns. In 1968, a building in Macedonia was built 
on hard rubber blocks. Soon after that, in 1969 a primary school in Yugoslavia was built on rubber 
bearings as base isolation for strong earthquakes [7]. In another study, innovative simplified design 
procedures were established for two types of isolator (i.e. lead rubber bearing and high damping 
rubber bearing) incorporated in multi-storey building structures [9]. In addition, to be acquainted with 
the optimal isolation system, different seismic base isolation systems were investigated on the 
dynamic response of multi-storey buildings under seismic loading [10]. Another study described the 
properties of lead-rubber hysteretic bearing together with its behavior under various loading 
conditions [11]. Numerical investigation has been carried out to analyze the effectiveness and the 
economic suitability of seismic isolation, using elastomeric isolators and sliders in reinforced concrete 
buildings [12]. Design procedures for lead rubber bearing was also presented in a study for 
earthquake resistant design of buildings [13]. A study revealed the differences caused by the use of 
different codes in the dynamic analysis of multistoried RC building along with fixed and isolated base 
conditions. [14] A review study summarized current practices, described widely used seismic 
isolation hardware and chronicles the history and development of modern seismic isolation systems 
using shake table testing of isolated buildings [15]. The behavior of base-isolated structures with two 
different types of isolation systems (lead rubber and friction-pendulum isolators) was compared with each 

other and also compared with fixed base structures in terms of base shear, story displacements, story 
drift, plastic hinges for different design periods and earthquake motions [16]. Moreover, the effects of 
base isolation on structures located on soft soils and near active faults were investigated using 
dynamic analysis procedure [17]. The effect of base isolation system in two different structures 
(symmetrical and non-symmetrical school buildings) was explored and seismic responses of fixed-
base and base-isolated conditions were also compared [18]. A new computational method for 
system identification was proposed for obtaining insight into the linear and nonlinear structural 
properties of base-isolated buildings [19]. A case study was taken into consideration for both with 
and without base isolation systems in order to observe dynamic behavior of such structures under 
seismic loads [20]. An existing building model with base-isolated conditions needs to be investigated 
under real earthquake vibration in order to learn about the effect of base isolator on the structural 
responses in a real life situation. This necessitates the study presented in this paper.  
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(a) Conventional Building  (b) Base-isolated Building  

Figure1. Principles of conventional and base-isolated building structures 
 

In the present study, two six-storied reinforced concrete buildings have been modeled using software 
package ETABS. One of them has been modeled with fixed support at the base and another model 
incorporated rubber bearings near the base of the columns. After that time history analysis has been 
performed to understand the effect of seismic loading on the structural responses throughout the 
loading period. The analysis results of time period, storey displacement, storey acceleration, base 
shear etc. were obtained from modal and time history analysis for both conventional and base-
isolated buildings. Finally, a comparative study has been carried out to ascertain the influence of 
base isolator on the structural responses. 

 

METHODOLOGY 
 
For modeling, material properties used for the structure are given in Table 1. Normal weight 

concrete has been chosen for the buildings in the model. 
 

Table 1. Material Properties 
 

Name of the 
Material 

Concrete Steel 

Material 

Properties 

Weight Per Unit 

Volume 

Modulus Of 

Elasticity 
Poisson’s Ratio 

Compressive 

Strength 
Yield Strength 

Unit N/mm3 (k/in3) MPa (ksi) -- MPa (ksi) MPa (ksi) 

Values 
2.356 ×10-5 
(8.68 × 10-5) 

20,000 (2900) 0.2 27.58 (4) 413.69 (60) 

 
In the present study, two structural models of six-storied conventional and base-isolated residential 
buildings have beenmodeled and analyzed using structural analysis and design software package 
ETABS V.15 [8]. The conventional building has been modeled with fixed support at the base and the 
base-isolated building has been modeled incorporating rubber bearings near the base of the 
columns. Those models included structural components such as RC columns, beams (i.e. grade 
beams, floor beams, stair beams etc.), shear walls for lift cores and slab. Other structural 
components were an overhead water tank and a staircase. The dimension along the longitudinal 
direction was 29.85m (97.9ft) and 9.91m (32.5ft) along the transverse direction. The longest bay was 
5.97m (19.58ft) in the longitudinal direction and the shortest bay was 4.95m (16.25ft) in the 
transverse direction. The height of each storey was 3.049m (10ft). The identical column-beam layout 
plan of the buildings has been shown in Figure 2. A three-dimensional view of the six-storied building 
model has also been shown in Figure 3. 
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Figure 2 Column-beam layout plan 

 

Figure 3. 3D view of six-storied building 

 
Dimensions of columns used for the buildings are given in Table 2. Beam sizes are given in Table 3. 
In addition, slab thickness was set at 5in. 

 
Table 2. Geometric dimension of columns 

 
 

Column ID C1 C2 C3 C4 C5 C6 

Dimension 
m×m (inch×inch) 

4.27× 4.27 
(14×14) 

4.27× 4.88 
(14×16) 

4.88× 7.32 
(16×24) 

4.88× 5.49 
(16×18) 

3.66× 6.1 
(12×20) 

3.66× 3.66 
(12×12) 

 
Table 3. Geometric dimension of beams 

 
Name of Beam Exterior Beams Interior Beams Grade Beams Stair Beams 

Width × Depth m×m 
(inch×inch) 

3.66 ×7.32 
(12×24) 

3.05× 6.10 
(10×20) 

3.66× 3.66 
(12×12) 

3.66× 4.27 
(12×14) 
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Figure 4. Rubber isolator near base of the base-isolated building 
 

In the case of rubber isolators shown in Figure 4, effective stiffness in vertical direction was kept 
much greater than that of horizontal direction. However, stiffness was the same in both longitudinal 
and traverse directions of the building. In addition, linear material properties were considered for this 
study. 
 
MODAL ANALYSIS 

 

 

Figure 5. Time period vs. mode number for conventional and base-isolated buildings. 
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The modal analysis has been done first to get an idea of possible mode shapes of those structures. 
Those models were then studied under time history analysis technique to observe the response of 
both conventional and base-isolated buildings with respect to time. This study demonstrated that the 
overall response was mainly affected by the incorporation of rubber bearings used as base isolators. 
The predominant time period has been lengthened for the seismic isolated building as logically 
expected. Figure 4 shows that the fundamental time period of the base-isolated structure has been 
increased by approximately 28% compared to the conventional building. For the base-isolated 
building, time periods of all other modes were also greater than those for the conventional system 
(Figure 5). For the fixed base situation, fundamental periods were in the range between 0.47 s and 
0.05 s. For the base-isolated system, fundamental periods were in the range between 0.604s and 
0.055s. The most important aim of a base isolation system is to increase the fundamental time 
period of a structure, which can eliminate the devastating first shocks of an earthquake. 

 
TIME HISTORY ANALYSIS 

 
Seismic loads are generally generated in a structure by imposing ground accelerations. Dynamic 
time history analysis has been carried out on two buildings. This analysis helped to assess the 
dynamic performance of the building under earthquake loading. One objective of this analysis was to 
understand the effect of a base isolator on top storey displacement, acceleration, base reaction and 
member force of the structure. The linear behavior of the structure has been analyzed during 
earthquake. In this study, time versus ground acceleration graph of the Northridge earthquake, 1994 
obtained from ETABS database has been shown in Figure 6. The selected ground motion is the 
record at the Rinaldi receiving station during the January 17, 1994 earthquake event in Northridge, 
Los Angeles. The duration of the ground excitation was approximately 20s with a peak ground 
acceleration (PGA) of 1.2g. The ground acceleration record was available at a sample time step of 
0.005s. This seismic data has been taken into account in the present study as the ground 
acceleration instrumentally recorded was significantly high in an urban area of North America. 
 

Figure 6. Time history function 
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RESULTS AND DISCUSSION 
 

STOREY ACCELERATION 
 
Lengthening of the fundamental time period of a building structure results in reduction of the 

induced story acceleration and in turn the earthquake-induced inertia forces of the building. As seen 
in Figure 7, it has been observed that the story accelerations were drastically reduced at all floors 
when the rubber bearings were used. As seen in Figure 8, the maximum value of joint acceleration at 
the top floor in the isolated building was 500cm/s2 which was far less than the peak acceleration 
value of 2000cm/s2 obtained from the conventional building. The top story acceleration has been 
reduced by 75% due to the incorporation of rubber bearings. The results are in complete agreement 
with the studies [13] where the top storey's maximum acceleration was reduced by 89% in the 
presence of rubber isolators at the bottom. 

Figure 7. Storey acceleration vs. floor no. for six-storied buildings (pg.53) 
 

Figure 8. Joint acceleration at top floor vs. time for six-storied buildings 
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LATERAL DISPLACEMENT 
 
Due to the use of rubber bearings, diaphragm centre of mass displacements at each story were 

reduced which in turn reduced the impact of earthquake on the structure. From Figure 9, it is clear 
that only at the first floor was the diaphragm displacement of the base-isolated building greater than 
that of the conventional model by 17.4%. The result is in close agreement with studies [18] where 
displacement occurring at the first floor was increased by 19.8% in the presence of rubber isolators 
compared to fixed-base structures. However, at all other floors, the diaphragm displacements of the 
base-isolated building were less than that of the conventional model. As seen in Figure 10, the 
maximum value of one joint displacement at the top story of the isolated building was 38mm, far less 
than the maximum displacement value of 70mm obtained from the conventional building. Top story 
displacement has been reduced about 46% due to the incorporation of rubber isolators. 

 

Figure 9. Diaphragm displacement vs. floor number for six-storied buildings 

Figure 10. Joint displacement at the top floor vs. time for six-storied buildings 
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BASE SHEAR 

Figure 11. Base shear vs. time for conventional and base-isolated buildings 
 
Rubber isolators reduced induced base shear of the structure during the vibration of an 

earthquake. As seen in Figure 11, the maximum value of base shear in the isolated building was 
2800kN, far less than the maximum shear value of 9000kN obtained from the conventional building. 
For the studied building, base shear has been reduced approximately 69% due to the insertion of a 
rubber isolator. The results are in complete agreement with studies [14] where base shears were 
reduced by 63-70% due to insertion of rubber isolators at the bottom compared to conventional fixed-
base structures. 

 
Therefore, reduction in induced structural forces due to seismic isolation systems leads to the design 
of smaller structural components and consequently considerable reduction in the whole weight of 
structure, which gives significant reduction in construction costs. It also helps in reducing life cycle 
cost of a building as safety improvements would reduce repair costs after an earthquake. 

 

CONCLUSIONS 
 

The findings of the present study are as follows: 
 

 Fundamental time period of the base-isolated structure has been increased by 28% in 
comparison to the fixed-base conventional structure. 

 Adding rubber bearings to the base-isolated building has significantly increased first floor 
displacement by 17.4%. 

 Top storey acceleration of the structure has been decreased by 75% by use of a rubber isolator. 

 The value of base shear in the base-isolated building has been reduced by 69% compared 
to the conventional building. 

 
Hence it can certainly be said that under seismic vibration, the structural response of a base-isolated 
structure is greatly reduced because of the increase in flexibility provided by the base isolation 
system which is beneficial for the structure as far as safety is concerned. The efficacy of a seismic 
isolated system depends on the characteristics of input seismic vibrations, the properties of the 
isolation devices and the superstructure. Therefore, it is necessary to do a comprehensive study to 
have an idea of the efficiency of a particular base isolation system according to the particular 
seismic map of an area and the characteristics of potential earthquakes. The main advantage of 
using a base isolation system is that due to the flexibility of the system, less structural damage would 
occur during an earthquake. As a result, seismic isolation has been found to be a viable solution for 
many earthquake-prone areas and its development process will continue over many years. 
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CHAPTER 26 
 
 
 

TONER USED IN THE DEVELOPMENT OF FOAMED 
CONCRETE FOR STRUCTURAL USE 
 
P. A. Shawnim* and F. Mohammad  
 
 

ABSTRACT 
 
This paper investigates the effect of toner as a new material on enhancing compressive strength and 
permeability of foamed concrete (FC). The aim is to develop the FC through testing the reaction of 
toner with the cement of the FC, to produce a hydrophobic lightweight FC to use for structural 
elements. Foamed concrete is generally made of ordinary Portland cement (OPC), sand, foaming 
agent, and water with a well spread pore structure. The experiment was carried out on 100 mm 
cubes. Results for toner inclusion of all the mixes, when added in the right quantities, showed high 
improvement for water penetration and compressive strength in comparison to the published data on 
FC for the use as structural material, which is a step forward in the advancement of FC to meet the 
aim of this research. 
 
Keywords: Compressive strength, Foamed concrete, Permeability, Toner. 

 

INTRODUCTION 
 
Foamed concrete (FC) is a lightweight material made up of Ordinary Portland cement paste (OPC 
and a filler, usually sand) and water with a well spread air voids or pore structure created by the 
introduction of air by mechanical means of foaming. The foam can be originated from an agent made 
of natural surfactants or synthetic materials, and can be added to the concrete mix either as pre 
foamed (where the foam is prepared in advance by the foaming machine and added later) or as 
mixed foaming (the foam is added to the mix at the same time as it is prepared) [1]. Foamed concrete 
is a lightweight material with low densities of between (400 - 1800) kg/m3 [2] incorporating a high 
volume of air, highly workable, self-flowing, self- compacting and self-levelling with fire resisting, 
thermal insulating and sound proofing properties. The typical strength value for foamed concrete of 
densities between (800 – 1600) kg/m3 is between (1–10) N/mm2, see Table 1 [3]. Foamed concrete 
produced in this range can only be used for general purposes, such as gap fillings. But at a minimum 
strength of 25 N/mm2, foamed concrete has the potential to be used as a structural material [4], [5]. 
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Table 1 Summary of properties of hardened foamed concrete [3] 
 

Density (kg/m3) Compressive strength (N/mm2) 

400 0.5 – 1.0 

600 1.0 – 1.5 

800 1.5 – 2.0 

1000 2.5 – 3.0 

1200 4.5 – 5.5 

1400 6.0 – 8.0 

 

 

While Table 2 shows the maximum compressive strength of 28.5 N/mm2 reached [6] 
 

Table 2 Compressive strength of foamed concrete at different densities [6] 
 

 
 

Fine aggregate type 
 

Plastic density kg/m3 
 

28-day compressive strength (N/mm2) 

 1400 13.5 

Sand 1600 19.5 

 1800 28.5 

 
The protein-based foam agents result in a stronger and a more closed-cell bubble structure, which 
permits the inclusion of greater amounts of air and provides a more stable air void matrix, while the 
synthetic foam agents yield greater expansion and thus lower density [7]. The content of the foaming 
agent has a considerable effect on the properties of fresh and hardened concrete. Therefore, the 
mechanical and physical properties of FC can vary depending on the type of foaming agent and 
dosage used in the mix [8]. It has been reported that the excessive foam volume results in a drop in 
flow, decrease in density, and decrease in compressive and tensile strengths [7]. Standard protein 
based foaming agents are formed by the process of protein hydrolysis using animal proteins from 
horn, blood, bones of cows or other remainders of animal carcasses. While Synthetic foaming 
agents are amphiprotic substance that are strongly hydrophilic and easily dissolve in water yielding 
air bubbles. However, when introducing synthetic agents into concrete, which is a complex chemical 
environment, the compatibility of surfactant and cement particles is critical to effectively entrain the 
desired air content and concrete microstructure [8]. The foam should be steady and stable to be able 
to resist the mortar pressure until the cement initially sets. This helps to build up a strong skeleton of 
concrete all over the voids filled with air [7]. 
 
This paper examines strength and permeability of toner (newly introduced material through this 
research) in the development of FC to produce a hydrophobic lightweight foamed concrete with 
enhanced properties to be used as a structural material. Foamed concrete is highly permeable, 
recently its potential as a semi- structural material came to light. It is generally used in building 
construction as low strength concrete for foundations, thermal and sound insulations, and in areas 
where resistance to frost is a requirement [9]. Classification of aerated concrete (AC) based on the 
method of pore-formation can be summarized as air- entraining method (gas concrete), foaming 
method (foamed concrete, FC) and combined method [10]. Autoclave is a form of curing, using heat 
treatment for early gain of concrete strength. The second type of aerated concrete is FC, for which no 
chemical reactions are involved. The cement content of the foamed concrete for all research studies 
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was kept constant at (500 – 600) kg/m3, which is comparable to other studies [11]-[13]. Addition of 
toner at 1% or 5% by weight of the cement, had no effect on water demands for the mixes involved. 
TONER 

 
This is a newly introduced material particular to this research, therefore, there is no published data 
available at all for its usage in this field of FC. This material comes in the form of a powder, which is 
going to be used as an additive to the experimental mixes, at 1% and 5% of the binding cementitious 
material (cement). This material is chosen for this research because it is widely available as a waste 
material for recycling and to help cleaning the environment by reducing buried waste and CO2 
emission around the world. Table (3) shows chemical composition for toner. Also, toner includes the 
following additives for flow and lubrication purposes: Fumed silica and metal stearates. 
 

Table 3 Chemical composition of toner [14] 
 
 

Toner Type Composition 

Plastic (Styrene acrylate copolymer, polyester 

resin) 

65-85% or 55-65%. 

Iron oxide 6-12% or 30-40%. 

Wax, ground sand 1-5% 

Amorphous silica 1-3 % 

Carbon black 1-10%. 

 

EXPERIMENTAL WORK 
 
The experiments were carried out in the laboratory in accordance to the relevant British Standards 
(BS) for each part of the process. Sets of 100 x100 x 100 mm plastic cube moulds were used to cast 
the normal weight concrete samples, whereas, disposable polystyrene cube moulds were used to 
cast all concrete samples containing foam to avoid the use of release agent and enabling the sealed 
curing process of the desired period of 28 days, figures (1 and 2). Eleven batches of different 
concrete mixes, made with OPC and sand, with a w/c ratio of 0.5. Only 5 out of the 11 batches made 
with the inclusion of toner at 1% and 5%. The foam was added at different percentages to the mixes 
to produce the desired densities. The foaming agent used in this project was a protein based 
foaming agent, dry pre-foaming method was used to generate the foam. All specimens cured for 28 
days. 
For a target plastic density (D, kg/m3) and water/cement ratio (w/c), the binder content (Cement, 
kg/m3), the total mix water (W, kg/m3) and fine aggregate content (Sand, kg/m3) are calculated from 
the following mix design equation: 
 
D = C + W + F 
Where D = target plastic density, kg/m3 C = binder (cement content) kg/m3 
 W = water content, kg/m3 F = filler (fine aggregate, sand) kg/m3 
 
COMPRESSIVE STRENGTH AT 28 DAYS 
 
The test was carried out with a digital log keeping and digitally controlled automatic loading machine 
in accordance with BS EN 12390-3:2009 [15]. The oven dried cubes were placed centrally under the 
loading plates and positioned to have even surfaces in contact with the loading plates, figures (3A and 
3B). Results quoted in each case are the average of six specimens. 
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Figure 1 Disposable polystyrene cube moulds of 

the size (100 x 100 x 100) mm. 
 

Figure 2 Sealed cubes in cling film as a method 
of curing. 

 

A B 
Figure 3, A; Cube between plates under compression, B; Cube after crushing. 

 
PERMEABILITY AT 28 DAYS IS MEASURED THROUGH CAPILLARY WATER ABSORPTION 
AND TOTAL WATER ABSORPTION 
 
CAPILLARY WATER ABSORPTION 

 
Capillary water absorption test was carried out under 5 bar pressure in accordance with BS EN 
12390- 8:2009 [16]. Three oven dried specimens put under the 5 bar permeability test apparatus for 
72 hours, after which they are taken out and split open to mark and measure water penetration from 
bottom up, results expressed in millimetres (mm), Figures 4 and 5. 
  

Figure 4 Left; Permeability apparatus Figure 5 Specimens split open and marked 
 
TOTAL WATER ABSORPTION 

 
Total water absorption test was carried out in accordance with BS 1881-122:2011 [17]. Three oven 
dried were totally immersed in water for at least 72 hours, after which they were taken out to 
measure weight of absorbed water. The absorbed water was determined from the difference in 
weight between fully water saturated and dried state of a specimens. Results expressed in (kg/m3) or 
in (%) of the dried weight. 
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RESULTS AND DISCUSSIONS 
 
COMPRESSIVE STRENGTH 
 
This part will be analysed based on the emerging results for the different densities, and on the bases 
of the 28.5 N/mm2 compressive strength set as a standard from Table 2, see Figure 6 and Table 4: 
 
Through the highest to the lowest density of 1800 to 500 kg/m3, S7 to S11 showed higher 
compressive strength of 49.3 to 5.1 N/mm2, compared to those corresponding compressive 
strengths of S2 to S6 made with no toner inclusion. The reaction between the constituents of the 
toner i.e. the iron oxide and the silica with the chemical composition of the binding material, results in 
a strong intercellular bond, in turn, a higher compressive strength. 
 

 The use of toner upgrades the strength to a much higher level, taking S8 of 55.1 N/mm2 as an 
example, the strength has increased by 93% (almost by two folds) over the 28.5 N/mm2 set as a 
standard. 

 Looking at the very low densities of the 500 kg/m3, S11 of 5.1 N/mm2, again, they have 
shown improvement by about 40 % compared to those figures published within the literature 
review of (0.5-2.0) N/mm2 for those matching densities. 

 Most of the above discussed results obtained for foamed concrete with toner inclusion of S7 to 
S9, closely match that of the sand mix normal concrete of 2000 kg/m3, taken as a controlled 
concrete mix for comparison. 
 

Table 4 Labelling for fillers of different concrete mixes and their densities 
 

 

Labeling Type of concrete cast 
Dry density 

(Kg/m3) 

S1 Sand 2000 

S2 Sand 1800 

S3 Sand 1600 

S4 Sand 1300 

S5 Sand 1000 

S6 Sand 600 

S7 Sand and Toner 1800 

S8 Sand and Toner (5%) 1700 

S9 Sand and Toner (5%) 1600 

S10 Sand and Toner (1%) 1100 

S11 Sand and Toner (1%) 500 
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Figure 6 Compressive strength versus density for different mixes contain sand and toner 
 

 

PERMEABILITY 
 
CAPILLARY EATER ABSORPTION UNDER 5 BAR PRESSURE 

 
All specimens made with toner inclusion, showed superior qualities over those made with the same 
corresponding mixtures but without the inclusion of toner, see S7 to S10, Figure 7 and Table 4.S7 of 
1800 kg/m3, 2 mm, S8 of 1700 kg/m3, 1 mm, S9 of 1600 kg/m3, 3 mm, showed less water 
penetration of 26 mm for the normal concrete of S1 specimen made without toner inclusion of 2000 
kg/m3 density. 

Figure 7 Capillary water absorption (mm) versus density for different mixes with and without toner 
inclusion 

 
TOTAL WATER ABSORPTION 

 
Looking through Figures 8 and 9, all specimens with the inclusion of toner, S7 to S10 recorded 
permeability of the range between (7 % to 12.5 %) or (115.2 to 138.5) kg/m3 of their dry weight while 
all the rest of the specimens made without the inclusion of toner show higher permeability of the 
range between (9.3% to 38.8 %) of their dry weight, or (187.7 to 388.7) kg/m3 water absorption. 
Specimens S7 to S10 showed less permeability compared to S1 specimen which is 187.7 kg for 
normal concrete of 2000 kg/m3, therefore, toner inclusion showed improvement in this respect, 
Figure 9 and Table 4. 



 
 

190 
 

Figure 8 Total water absorption (%) of dry weight versus density for different mixes with and without 
toner inclusion. 

 
 

 
Figure 9 Total water absorption (kg/m3) of dry weight versus density for different mixes with and 

without toner inclusion 
 
In both cases of the capillary water absorption and total water absorption improvements, the 
lubricating metal stearates from the toner forming a fine coating film around the binding particles and 
the voids, resulting in a stronger and closely packed hydrophobic (water repellant) cellular concrete 
matrix. 
 
CONCLUSIONS 

 
The following conclusions can be drawn from the present study: 
 
Toner at 5% dose, proved to be an excellent viable material for inclusion in foamed concrete (FC), 
improving compressive strength almost by up to two folds compared to those demonstrated through 
figures published by BCA [2]. Permeability test through capillary water absorption is improved to 
reach a minimum of a few millimetre water penetrations, i.e. close to zero, which cannot easily be 
obtained even with normal concrete of high densities. Permeability test through total water 
absorption is also improved to values that only the normal concrete of high densities of 2000 kg/m3 
and beyond can reach, i.e. permeability reached the minimum comparative values. Compressive 
strength is directly related to concrete density; concrete of high density exhibits high compressive 
strengths. Toner will enhance the compressive strength and permeability when added to the mix at 
5%, compared to the 1%. This material can be used in the development of the FC to be used in the 
construction of light weight structural elements. 
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CHAPTER 27 
 
 
 

FINITE ELEMENT SIMULATION OF DAMAGE IN RC BEAMS 
 

M. U. Hanif *, Z. Ibrahim*, K. Ghaedi, A. Javanmardi and S. K. Rehman 
 
 

ABSTRACT 
 
A concrete damage model has been incorporated in finite element code ABAQUS as concrete 

damaged plasticity model to examine the sensitivity of the damage, as ABAQUS has the model that is 
capable of stiffness degradation in cracking which is the basis of fracture mechanics. Nonlinear 
constitutive relationships for concrete and steel have been incorporated in the model. The static and 
dynamic response of the structure at 10 different damage levels is studied and the sensitivity of the 
damage model towards the presence of non-linearity has been discussed. The concrete damaged 
plasticity model is capable of predicting formation of cracks in concrete beams against any kind of loads, 
as the results match with the experimental results. It can be concluded that the concrete damaged 
plasticity is a versatile tool for modeling RC structures and careful choice of solution procedures for 
dynamic analysis can lead to accurate modeling of concrete using a few routine laboratory test results of 
the materials. 

 
Keywords: finite element modeling; Reinforced concrete damage, structural health monitoring 

 

INTRODUCTION 
 
Concrete is a very unique material. It exhibits strength in compression and is weak in tension. The 

post- peak softening behavior in tension makes concrete a quasi-brittle material. Reinforced concrete is a 
composite in which concrete tackles the compression and the reinforcement cater for the tension. Concrete 
is a very popular construction material which provides serviceability, economy and durability better than 
other construction materials. Modeling of reinforced concrete is a complex process. The detailed 
modeling may lead to accuracy but may make it computation intensive and vice versa. However, 
incorporating an accurate model in damage detection is the foundation of the SHM applications. Most of 
the damage detecting scenarios in the concrete assume the linear i.e. the structure is assumed to 
behave linearly after the damage. In contrast to this, the structures exhibit nonlinear behavior due to 
presence of microcracks. Most of the past research is based on linear damage detection methods. A 
comprehensive review of those methods can be found [1]. Vibration procedures are very popular due to 
the convenience in getting the response of the structure through only a few measurements. A brief 
review of vibration procedures can be found in [2].The non-linear damage detection procedures are quite 
complicated, therefore engineering simplifications are usually taken into consideration to make the 
procedures more convenient. As concrete is a cohesive material, it doesn’t show brittle or ductile 
response. Concrete shows softening behavior after the strength is reached, in compression as well in 
tension. So, the damage detection procedures incorporated successfully in manufacturing and industrial 
applications cannot be deployed in damage detection of concrete structures. 
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Recently it has been found that the damage in concrete structures can be detected by modeling the 
nonlinear behavior of cracked. The fictitious crack model offers the nonlinear post peak softening 
behavior, which is capable of reproducing the nonlinear behavior in concrete modeling. This has opened 
the possibilities of checking the capabilities of other non-linear models also in structural damage 
detection. The modal analysis is good indicator of damage, but due to environmental factors, they are 
found not much sensitive to damage in concrete structures [1,3]. 

 
A tensile constitutive relation [4] was used to model cracked concrete. The model is capable of 
representing the realistic crack behavior of concrete and was used recently for damage modeling RC 
beams [5]. The model is analytically precise in translating the experimental results but it has limited 
application in concrete modeling. This study is focused on whether the linear models, for example natural 
frequency degradation, are capable of reproducing the non-linear behavior in concrete modeling or not. 
 

CONSTITUTIVE RELATIONS 
 

The compressive model used in this study translates stress-strain behavior of concrete in 
agreement with most of the models [6]. The focus of this study will shift towards tensile concrete 
modelling, so a convenient compressive model is chosen for the ease of this study. Commercial finite 
element software ABAQUS was used for modeling RC beam. The model used for compressive strength 
of concrete is the concrete damage plasticity model (CDPM) [7]. The compressive constitutive relations 
[6] were incorporated in CDPM as: 

 
 
Where, 

 
fc = Compressive strength of concrete 
f’c = concrete cylinder compressive strength at 28 days  

ε = the concrete strain 

ε’c = strain at peak stress 

 

        (3) 

           (4) 

 
The concrete damage plasticity model was chosen in finite element software ABAQUS [7]. There are 
three built-in concrete models available namely Concrete Smeared Cracking, Concrete Damaged 
Plasticity and Cracking Model for Concrete in ABAQUS/Explicit, but the concrete damaged plasticity 
model has advantage of carrying out static and dynamic analysis of reinforced concrete members with 
bars embedded and has good convergence. The model includes tensile isotropic damage model which 
accounts for tensile cracking and the compressive crushing modes. Most importantly the model is also 
capable of stiffness degradation with irreversible damage that occurs during fracture process [8]. The 
response of concrete to uniaxial tension and compression is shown in Figures 1(a) and 1(b) respectively. 
  

(1) 

(2) 
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The damage parameters have been taken as a function of plastic strains, and they are zero representing 
undamaged material and one representing the total loss of strength [7]. 

 

Figure 1 Response of concrete to uniaxial loading in (a) tension and (b) compression. 

 

FEM SIMULATION 
 

The reference test data were taken from another research, the specimens details and material designs 
were taken from Hamad et al. [5]. Some brief details of the material properties are given in Table 1 and 
Table2. The model geometry is shown in Figure 3. 

 
Table 1 Mechanical properties of concrete 

 

Density fcu Fct Ec ν 
Tonne/mm3 MPa MPa MPa  

2.4E-9 36.5 3.65 26957.85 0.15 

 
Table 2 Mechanical properties of steel reinforcement 

 

Bar type 
Diameter 

(mm) 
Fy 

(MPa) 
Es 

(MPa) 

Plain Bars 6 393.6 208.4 

Main Bars 10 540.8 
 

199.2 



 
 

195 

 

The bond between concrete and reinforcing steel was kept a perfect bond i.e. the deformations in steel 
and concrete were the same at interface. It was achieved by using constraint as embedded region to 
embed steel in the concrete part. The support conditions were kept simply supported (vertical and 
horizontal restraint on nodes on left support and vertical restraint on the right support, see Figure 2). 
There was no accumulation of stresses at the supports and the fundamental modal frequency was in 
agreement with the reference model [5]. 
 

Figure 2 Flow chart for analyzing the concrete model 
 

The static loading was applied in incremental manner. The maximum allowable load of the beam (43KN) 
was divided into 10 steps. The beam was loaded at each step, then unloaded to zero load and then the 
harmonic excitation was applied to check its response as shown in Figure 3. For dynamic analysis, a 
harmonic excitation was applied to the beam after each static incremental loading. The natural frequency 
was determined by adding the frequency in stepping for linear perturbation procedure type. A linear 
perturbation step of the system provides the linear response of the system about the last non-linear step 
(base state) prior to the linear perturbation stem. The input harmonic signal (less than fundamental 
frequency) of 30Hz was applied for a duration of 5 seconds. The vertical displacement response was 
recorded at the locations of the accelerometers in the experiment [5]. The average of response was used 
for fast Fourier transform. Raleigh damping was used for the model with damping ratio taken as 5 
percent [9] 

Figure 3 FE model of the beam 
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RESULTS AND DISCUSSION 
 

STATIC RESPONSE 

 
The bond between concrete and steel reinforcement was made a perfect bond and the stresses in steel 
can be seen in Figure 4. 

Figure 4 Mises stresses in reinforcement at 90% damage level 
 

The load deflection response is shown in Figure 5 for 60% of the maximum load. The response of the 
beam remains in elastic region for up to 30% load. The beam is capable of taking more loads but the 
modal frequencies start changing abruptly at maximum load. Self-weight also contributes to the 
deflection. 
 

Figure 5 Load deflection behavior up to 60% load 
 

CRACKING PATTERN 

 
The cracks started forming at around 30% of the maximum load. The current model somewhat follows 
the similar constitutive model (fictitious crack model) which was experimentally proved previously [10]. 
The advantage of this model of beam is that it is capable of producing realistic crack formation. The 
flexural cracks in the shear span start getting inclined after 40 percent of the failure load. The crack pattern 
and its comparison with a recent flexural model sensitive to damage for the beam at 90% of failure load 
is demonstrated in Figure 6. The blue dashed lines in the figure represent the initiation of cracks in the 
reference beam. It shows close resemblance with the simulated crack formation. 
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Figure 6 Crack formation comparison of simulated beam with another model [5] 
 

DYNAMIC RESPONSE 

 
The response of the beam was recorded against a harmonic excitation of 30Hz. The modal frequencies 
for first five bending modes were also recorded with the increase of damage load. The natural frequencies 
reduced with the increase of damage. The frequencies were normalized and their behaviour is shown in 
Figure 7. There was maximum of 25% of modal frequencies at higher modes. The natural frequencies 
remained constant for up to 30% of damage load because the response of the beam was in elastic zone. 

Figure 7 Reduction in modal frequencies with damage 
 

Formation of super-harmonics is a popular method of detecting the presence of nonlinear behaviour. As 
the concrete cracks, the cracks should hinder concrete from vibrating in a perfect sinusoidal manner, and 
resultantly the super-harmonics should appear in the PSD [11,12]. The power spectral density of the 
present model was determined at every load interval, as shown in Figure 8. There was no formation of 
super-harmonics, which indicates that the modal dynamic approach is reproducing the nonlinear behavior 
through super-harmonics. The power spectrum density of the beam at peak load of 40% damage was 
also calculated, resulting in no super-harmonics. The response of the structure needs to be investigated 
by incorporating nonlinearity which has been observed previously [13, 14]. A recent study by the 
authors [15] shows that the implicit dynamic analysis is capable of reproducing the nonlinear behavior. 
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Figure 8 Nonlinear behavior not found in modal dynamic analysis 
 

CONCLUSIONS 
 

The commonly incorporated natural frequency determination procedure was incorporated in reproducing 
the nonlinear behavior through the formation of super-harmonics in cracked RC beam. The incremental 
damage was applied in identifying natural frequencies. At the same time a sinusoidal excitation was 
applied on the beam to observe nonlinear behavior using the modal dynamic procedure. Based on the 
above study, the following conclusions can be drawn: 

 
1. The currently proposed simulation technique is an effort in assisting practicing engineers and 

consultants to use at-hand software packages to conveniently model the damage in existing 
structures. 

2. Concrete damaged plasticity model is capable of predicting formation of cracks in concrete beams 
against any kind of loads, as the results match with the experimental results. 

3. The concrete cracking can be reasonably represented by the built-in damage crack visualization 
variable ‘dt’. 

4. Currently the built-in concrete damaged plasticity model is not sensitive to damage using linear 
vibration techniques. But if using nonlinear dynamic analysis (for example dynamic implicit) the 
nonlinearity maybe induced and the damage can be detected based on the extent of non-linearity, 
thus detecting the damage based on current condition of the structure and not requiring the intact- 
state response data from the structure. 

 
With all being said, the concrete damaged plasticity is a versatile tool for modeling RC structures and 
careful choice of solution procedures for dynamic analysis can lead to accurate modeling of concrete 
using a few routine laboratory test results of the materials. 
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CHAPTER 28 
 
 
 

SEISMIC PERFORMANCE OF DAMPER INSTALLED IN 
HIGH-RISE STEEL BUILDING IN BANGLADESH 

 
T.Tabassum1* and K.S. Ahmed2 

 
 

ABSTRACT 
 
This research paper describes the results of analysis of the seismic behavior of a thirty story 

steel building with and without damper under different earthquake acceleration signals. The 
proposed procedure placed the various types of damper like friction damper, bilinear damper and 
exponential damper on the top three floors of the building. The study compares the different 
performances such as the joint displacement, joint acceleration, the base force of structure with and 
without damper for a thirty-story steel building using ETAB2015. The study further performs time 
history analysis for different seismic accelerograms to observe the actual time domain responses of 
the structure. Linear time-history analysis on this steel building structure indicates that maximum 
displacement, maximum base force, and maximum acceleration effectively reduce in the presence of 
damper at top three floors of the building. 

 
Keywords: Earthquake, damper, static pushover analysis, linear time history, demand and capacity spectrum 

 

 

INTRODUCTION 
 

Over the last few decades, the world has experienced numerous devastating earthquakes. As a 
result, due to the collapse of buildings and severe structural damages in densely populated areas, an 
increased loss of human life occurred. In developed societies with modern infrastructure, major 
earthquakes claim significantly fewer lives when compared to prior generations. Our understanding 
of earthquake mechanisms and seismic ground motions is continually advancing. Furthermore, the 
understanding of how buildings respond to earthquakes continues to enhance. Recent studies give 
more importance to the research and development of structural control techniques such as passive 
control system, active control system, and semi-active control system giving particular importance to 
the improvement of seismic responses of buildings. Passive control systems do not require any 
power supply. For the typical design of building against earthquake, resistant of the building stems 
from the stiffness, ductility, and structural damping, thus, large amounts of energy dissipate through 
localized damage or plastic hinges formed in the lateral resistant system [1,2]. Energy dissipation 
action in a frame system, such as beam and column in a moment- resisting frame produces damage 
in those components. Repair of such damage after an earthquake is very expensive and often 
requires evacuation of the building. By locating energy dissipation device to new and existing 
structures earthquake-induced energy can dissipate efficiently. This enhanced structural system can 
reduce damage to the structures. Energy-induced by the earthquake can disperse by adding 
additional equipment called damper. 
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Dr. Johannes Calantarients proposed the first seismic isolation system (damper), an English medical 
doctor, in the year 1909 [7]. His theory showed that if a building could be separated from its 
foundation by a layer of talc, it would isolate the main structure from seismic shock [17]. Damper, a 
device useful as a seismic retrofit or strengthening in new construction, dissipates a significant 
portion of the induced energy in the most critical parts, so damage to the structure minimizes [4,5]. 
Among the three structural control systems referred in the preceding portion, damper system 
belongs to the passive control group. There are various types of dampers such as a viscous damper, 
tuned mass damper, friction, bilinear and exponential damper [3,6- 15]. Among this dampers, 
exponential, bilinear, friction dampers act as a function of displacement. In Bangladesh, the practice 
of application of energy dissipation device in existing or new buildings is stillat an early stage. This 
paper intends to focus on the advantages of nonlinear mass damping devices [2,10]. Nonlinear time 
history analysis is of paramount importance for seismic analysis and performance study. This 
research paper presents the nonlinear time history analysis of thirty story steel building frame with 
and without damper considering S-Monica2, Altadena, Corralit earthquake acceleration signals. The 
damper proves to be a significant device in enhancing the seismic performance of a building. Current 
investigation supports the conclusion by proving the contribution of the damper in the reduction of 
the story displacement, base shear, and joint acceleration while increasing the natural period of the 
structure. 

 

METHODOLOGY 
 
The study focuses on the seismic behavior of a 30-story 3D steel frame. Several researchers 

reported various aspects of damper enhanced structures including linear and nonlinear static and 
linear and nonlinear dynamic analysis of buildings frames fitted with dampers. This study locates the 
damper in top three floors for to enhance its seismic behavior. A comparison of time history analysis 
with and without damper compares the significant parameters such as story displacements, joint 
acceleration, and base shear. 

 
MODELING AND ASSUMPTIONS 

 
Structural system analyzed in this paper is a steel frame structure. The building has 13 bay in 

the X direction and eight bay in Y direction [Figs. 1 and 2], and the height of the building is 305 ft. The 
damper locates in 30th, 29th, and 28th storey. The current study employs a two-dimensional plane 
frame to study the seismic behavior of the structure assuming the seismic responses in two 
perpendicular directions to be independent of each other. Table 1 shows the building materials, loads 
and properties of frame as well as area sections. 

 
Table 1 Building materials and properties 

 

Name of structural member and loads Specification 
Bays in X direction 13 

Bays in Y directions 8 

Typical story height (ft) 10 

Bottom tory height (ft) 15 
Typical beams W 27 x 102 (A- LatBm) 

Grade beam W 27 x 102 (A- LatBm) 

Typical Columns W 14 x 193 (A- LatBm) 

Slab thickness (inch) 8 

Compressive strength of concrete (psi) 4000 (for all) 

Grade of steel (ksi) 50 

Grade of rebar (ksi) 60 

Dead load (psf) 75 
Live load (psf) 60 

Auto Mesh type At points / lines / edges 
Joint assignment- Restrain Fixed support 
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DAMPER MODELING 

 

This study simulates and compares the effect of exponential, bilinear, and friction dampers on the 
seismic performance of the structure. This paper presents nonlinear time history analyzes of the 
structure using ETABS 2015, a nonlinear finite element based structural analysis software. 

 
MODELING AND SPECIFICATION 
 

 

 

Figure 1 3d view of model Figure 2 Elevation of model 

 
Figure 1 and Figure 2 illustrate the 3D view and elevation of 30-story steel frame structure 
respectively. 
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Table 2 Damper properties 
 

 

Properties Exponential          Bilinear Friction Spring 

Mass(lb-s2/ft) 73454.1 73454.1 73454.1 
Weight (kip) 1301.70 1301.70 1301.70 
Effective stiffness(kip/in) 666.5 666.5 666.5 
Effective Damping(kip-s/in) 216.82 216.82 216.82 
Stiffness(kip/in) 1000 1000 1000 

Damping coefficient 

(kip-s/in) 
271.02 - - 

Damping Exponent 1 - - 

Initial Damping coefficient(kip-s/in) - 1212.056 - 

Yielded Damping coefficient 

(kip-s/in) 

 
- 

 
0 

 
- 

Linear Force Limit (kip) 
- 0.001 - 

Slipping Stiffness(loading) 

(kip/in) 

- - 1200 

Slipping stiffness 

(unloading) (kip/in) 

- - 1000 

Stop displacement(in) 
- - 0 

 
 

RESULT AND DISCUSSION 
 
Figures 3 to 6 illustrate the findings from the time history analysis of the 30-story building steel 

frame structure with mass damper. Table 3 to 8 lists the values in the form of the period, moment, 
and shear value for EQY and WINDY of building frames, base shear or force and base acceleration, 
story displacement. The investigation observed that there is significant variation in results due to the 
different earthquake motions [3]. As different time histories have different time periods and peak 
accelerations, here only 3 types of time histories (S- Monica2, Altadena and Corralit) have been used. 
The other earthquakes behave more or less same as these three earthquakes. 

 
MODE NUMBERS WITH PERIOD 

 
For various mode numbers and shapes, the natural period of the building increase with the 

installation of dampers in the frame. In this regard, exponential dampers work more efficiently, and 
bilinear damper along with friction spring damper [8,9] display more or less the same natural period. 
The reasoning is that as the mass of the building increases, the period also increased according to 
the following equation. This is because damper essentially dissipates energy and delays the motion, 
so the time taken to complete one cycle increases slightly. As the time period of the building 
increases for different dampers from without damper of the building, the building structure gets more 
time for dissipating energy of the shock. 

 

T=(2×π×√m) ÷(√k) (1) 

Here, m= mass of damper  
k= stiffness of damper 
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Table 3 represents the increment of the period for different mode shapes. The increase of building 
period varies from four to ten percentages. 
 

Table 3 Increment of building period 
 

 
Modal number 

Time period 
(sec) 

Without damper 

 
Time period(sec) 

Exponential damper 

Time period (sec) 
Bilinear damper 

 
Time Period (sec)  
Friction damper 

1 4.321 4.949 4.949 4.947 

2 3.784 3.806 3.806 3.806 

3 3.126 3.525 3.525 3.523 

4 1.394 1.526 1.526 1.523 

5 1.234 1.239 1.239 1.239 

6 1.029 1.126 1.126 1.124 

7 0.754 0.805 0.805 0.805 

8 0.694 0.696 0.696 0.696 

9 0.597 0.636 0.636 0.634 

10 0.523 0.549 0.549 0.547 

11 0.421 0.521 0.521 0.521 

12 0.415 0.486 0.486 0.486 

13 0.324 0.44 0.44 0.439 

14 0.309 0.409 0.409 0.413 

15 0.261 0.36 0.36 0.37 

16 0.238 0.336 0.336 0.337 

17 0.218 0.309 0.309 0.311 

18 0.187 0.276 0.276 0.28 

19 0.164 0.27 0.27 0.26 

20 0.146 0.229 0.229 0.224 

21 0.129 0.194 0.194 0.191 

22 0.109 0.16 0.16 0.158 

23 0.087 0.124 0.124 0.123 

24 0.066 0.087 0.087 0.086 

25 0.034 0.038 0.038 0.037 

 
 

MOMENT AND SHEAR VALUE 
 
Moment and base shear value of analyzed building frames increase if dampers locate on the 

involved frames. Thus, this study only investigates elevation 45GG frames and load cases EQY and 
WINDY. Table 4 illuminates the percentages of the maximum increase in shear and moment values 
for the 45GG frame. Installing damper is the indication of increasing the total mass of the building. 
So, the ultimate moment and shear force value of those (where dampers are installed) frames 
increases. Moment in 3-3 direction as well as shear in 2-2 direction are showed in the figures and 
those are the local axis directions of the frame cross section. 
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Figure 3 Moment values for WINDY 

 

 
Figure 4 Moment values for EQY 

 

 
Figure 5 Shear values for EQY 
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Figure 6 Shear values for WINDY 

 
 
As moment and shear values of the frames are increased, these lead engineers to design those 
frames for more allowable capacity and thus ensures security and durability. 

 
Table 4 Moment and shear value 

 
 

Kind of Response 
Without 
Damper 

Bilinear 
Damper 

Percent 
Increased % 

Friction 
Dampers 

Percent Increased 
% 

Moment (kip-ft) EQY 121.855 140.07 14.95 139.955 14.85 

Moment (kip-ft) WINDY 302.531 306.61 1.34 306.513 1.32 

Shear (kip) EQY 28.04 32.232 14.95 32.205 14.85 

Shear (kip) WINDY 69.61 70.549 1.34 70.568 1.32 

 
TIME HISTORY ANALYSIS OF BUILDING FRAME 

 
ETABS is an FE-based structural design and analysis software. The current research utilizes ETABS 
2015 to analyze a thirty-story building frame to study its seismic performance with and without a 
damper under both linear and nonlinear time history analysis. 

 
RESIDUAL DRIFT 

 

Residual drift is very threatening for a building as it is the permanent deformations that remain after 
the earthquake. Installation of dampers at the top portion of the building can successfully reduce the 
residual drift. As damper absorps energy, the ultimate residual drift is decreased. Table 5 and figure 7 
demonstrate that the residual drift decreases after the installation of the damper, and it becomes 
almost zero for the exponential damper. 
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Residual drift for S_Monica2 

0.0025 

0.002 

0.0015 

0.001 

0.0005 

0 
Without 

Damper 

Exponential 

Damper 

Bilinear 

Damper 

Friction 

Damper 

 

Table 5 Residual drift for S_Monica2 
 

Dampers Residual Drift*100 Percent Reduction (%) 

 
Without Damper 

 
0.023556 

 
- 

Exponential Damper 0.0000856 99.63 

Bilinear Damper 0.0002076 99.12 

Friction Spring Damper 0.0004079 98.268 

 

 

Figure 7 Residual drift for S_Monica2 
 

MAXIMUM BASE SHEAR OR FORCE 

 
Base shear is another important parameter in deriving the response of the frame against 

earthquake. Base shear may increase or decrease depending on the geometry of the structure. 
Mainly, for high rise buildings, base shear decreases whereas for low rise buildings, after installing 
dampers base shear increases [18]. 

 
Table 6 Base shear for different EQ loads 

  Base Reaction With Damper 
(Kip) 

 

EQ Without Damper (kip) 
Exponential 

Damper 
Bilinear Damper 

Friction Spring 
Damper 

S_Monica2 
1565.612 1377.396 1315.1 

1376.8 

 
Altadena 

 
3199.046 3063.848 3016.7 

 
3087.70 

 
Corralit 

 
1951.22 

 
1950.22 

 
1897.0 

 
1951.01 
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Figure 8 illustrates that the base forces are minimum and almost equal for the exponential damper 
and friction spring damper and slightly smaller for bilinear damper compared to the other two. 

 

 
Figure 8 Base shear for different dampers 

 
MAXIMUM JOINT ACCELERATION 

 
Joint acceleration of 30 story steel frame structure decreases when the damper locates on top three 
floors for all three-earthquake accelerograms namely, EQ S_Monica2, EQ Altadena, and EQ Corralit 
load. Table 7 represents the reduction of top floor joint (number 60) acceleration for different 
earthquake load case when dampers locate in the building compared to the frames without a damper. 
Joint acceleration reduces more significantly for EQ Corralit. As damper dissipates the seismic 
shock, the joint acceleration also decreases. 
 
 

Table 7 Joint acceleration 
 

Table 7 Joint acceleration 
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Figure 9 Joint acceleration for different damper 
 

This study extracts from Figure 9 that the installation of mass dampers decrease the joint 
acceleration for the three earthquakes and are shown in Table 7. 

 
MAXIMUM JOINT DISPLACEMENT 

 
Table 8 represents that the reduction of top floor joint (number 60) displacement for various 
earthquake load case when dampers provided in the building compares to the frame without a 
damper. However, here an interesting result is observed. For EQ S_Monica2, joint displacement is 
increased but for Altadena and Corralit EQ, joint displacement is decreased. This is because, EQ 
S_Monica has larger amplitude and intensity than the other two earthquakes. 

 
Table 8 Joint displacement 

 

  Joint Displacement with Damper (in) 

EQ WO Damper(in)    

  
Exponential 

Damper 
Bilinear Damper Friction Spring 

Damper 

S_Monica2 5.717643 6.541009 6.4486 6.49356 

Altadena 6.468611 5.143085 4.97329 5.10152 

Corralit 8.487805 4.699361 4.74011 4.93359 
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Figure 10 Joint displacement vs time for different dampers 
 

HYSTERESIS LOOP 
 

Energy dissipated by three types of dampers highlights in the graphs provided on the structure. Figure 
11 shows that energy dissipation for bilinear damper is more for steel building than exponential and 
friction spring damper. Friction spring dampers are well within the elastic limit showing its linear 
behavior. 

 

 
Figure 11 Hysteresis loop for bilinear damper 
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Figure 12 Hysteresis loop for exponential damper 

 

 
Figure 13 Hysteresis loop for friction spring damper 

 

CONCLUSION 
 

From the overall discussion and analysis of our study, we can come to the following 
recommendations: 

 
1. Seismic performance of a building can improve by installing energy dissipating device (damper) 

as it absorbs and dissipate energy during an earthquake. 
2. Base shear reduces effectively with the deployment of the damper. 
3. Joint acceleration decreases in the presence of damper, so the inertia forces also reduces. 
4. As the story displacement reduces, the structure requires less ductility to resist same earthquake 

forces. On the other hand, a typical building with limited ductility can withstand larger earthquake 
loads. 

5. Seismic performance has been improved as the modal period increases beyond the typical site 
period in Bangladesh. 

  



 
 

212 
 

REFERENCES 
 
[1] Balakrishna G.S, J. Jacob. Seismic Analysis of Building Using Two Types of Passive Energy 

Dissipation Devices. IOSR Journal of Mechanical and Civil Engineering (IOSR-JMCE), e-ISSN: 
2278-1684, p-ISSN: 2320-334X, PP 13- 19. 

[2] Khan W., Dr. S. Akhtar, A. Hussain (2014). Non- linear time history analysis of tall structure for a 
seismic load using a damper. International Journal of Scientific and Research Publications, 
Volume 4, Issue 4, ISSN 2250-3153, April 2014. 

[3] Lopez I., J.M. Busturia, H. Nijmeijer (2003). Energy dissipation of a friction damper. Journal of 
Sound and Vibration, 278 (2004) 539–561, October 2003. 

[4] Purasinghe R. Seismic Evaluation and Retrofit of A Moment Frame Building With Viscous 
Dampers, Professor of Civil Engineering, California State University at Los Angeles, California. 

[5] Rao S-S. Mechanical Vibrations. 5th-edition. 
[6] Shaukat Khan Q, A. Ullah Case and M. Ilyas (2013). Improved Seismic Response of RC Frame  

Structures by Using Fluid Viscous Dampers. Pak. J. Engg. & Appl. Sci., July 2013, Volume. 13, 
(p. 8-18). 

[7] Saiful Islam A.B.M., M. Jameel, Md. A. Uddin, M. Zamin Jumaat (2012). Competent Building 
Elevation for Incorporating Base Isolation in Aseismic Structure. International Conference on 
Advances Science and Contemporary Engineering, ICASCE 2012. 

[8] Thakur V.M and P.D. Pachpor (2012). Seismic Analysis of Multistoried Building with TMD (Tuned 
Mass Damper). International Journal of Engineering Research and Applications (IJERA), Volume 
2, ISSN: 2248-9622, Issue 1, pp. 319-326. 

[9] Wolff E. D., E C. Ipek, M. C. Constantinou and M. Tapan (2014). Effect of viscous damping 
devices on the response of seismically isolated structures. Published online in Wiley Online 
Library, DOI:10.1002/eqe.24643, 2014. 

[10]Khan, W. (2014). Nonlinear time history analysis of tall structure for seismic load using damper. 
International Journal of Scientific and Research Publications, Volume 4, ISSN: 2250-3153, Issue 
4. 

[11]Heysami, A. (April 2015). Types of Dampers and their Seismic Performance During an 
Earthquake. Current World Environment. Volume 10 ,Special Issue 1, 1002-1015. 

[12]Brock, J. E. (1946). A Note on the Damped Vibration Absorber. Journal of Applied Mechanics. 
ASME 13, A-284. 

[13]Kaynia, A. M. and Veneziano, D., Biggs, J. M. (1981). Seismic Effectiveness of Tuned Mass 
Dampers. Journal of the Structural Division. ASCE (107), 1465- 1484. 

[14]Wong, K. F., and Johnson, J. G. (2009). Seismic Energy Dissipation of Inelastic Structures with 
Multiple Tuned Mass Dampers. Journal of Engineering Mechanics. 135(4), 265-275. 

[15]Sladek, J. R., and Klingner, R. E. (1983). Effect of Tuned Mass Dampers on Seismic Response. 
Journal of Structural Engineering. ASCE (109), 2004-2009. 

[16]Villaverde, R., and Aguirre, M., and Hamilton C. (2005). A seismic Roof Isolation System Built 
with Steel Oval Elements: Exploratory Study. Earthquake Spectra. Volume 21, No 1, pp. 225-
241. 

[17]http://www.masterbuilder.co.in/seismic-protection-systems/ 
[18]Chukwuma E., Kingsley C. O., Gregg E. B., Gary C. H. and Can S. The Benefits of Using 

Viscous Dampers in a 42- Story Building 7 May 2010. 

http://www.masterbuilder.co.in/seismic-protection-systems/


 

213 
 

CHAPTER 29 
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ABSTRACT 
 
Steel is one of the fibers used in fiber reinforced concrete technology. Steel fibers in concrete 

help to improve flexural strength and crack resistance. Today, there are critical shortages of natural 
resources. In this research, waste concrete is being used to produce recycled aggregate. The 
Recycled Coarse Aggregate (RCA) is partially replaced with the natural coarse aggregate (NCA) in 
concrete to analyze the mechanical properties of steel fiber reinforced concrete (SFRC). Several 
tests were conducted, such as compression and flexural tests. Five batches (A, B, C, D and E) of 
concrete cube and prism samples with different proportions of RCA (0%, 25%, 50%, 75% & 100%) 
and 1.5% volume fraction of steel fiber were tested, together with one control sample which used 
100% NCA and 0% volume fraction of steel fiber. As a result, the control sample achieved 27.32 
MPa in compression strength and 0.90 MPa for flexural strength while batch A managed to achieve 
48.60 MPa and 1.10 MPa respectively. The cube and prism samples of all batches (A, B, C, D, E) 
showed decreasing compressive and flexural strength with increasing proportion of RCA in the 
concrete. Four samples fully achieved more than 20 MPa of compression strength and optimum 
flexural strength. 

 
Keywords: Recycled coarse aggregate, steel fiber reinforced concrete 

 

INTRODUCTION 
 
Concrete with aggregate from recycled materials, which enables saving sources of natural 

aggregate, is considered to have generally worse mechanical properties than common concrete. But 
the idea to add steel fibers to a concrete mixture with recycled aggregate may change material 
properties of such concrete, improve behaviour and bring about new types of applications. Steel fiber 
reinforced concrete with recycled coarse aggregate can be considered as optimal structural concrete 
for various applications [1]. Even though it is established that SFRC is superior to ordinary concrete 
in many applications, very little research has been carried out on utilizing recycled aggregates in the 
production of SFRC. Many waste materials have been proven to be successfully utilized in the 
manufacturing of normal concrete [2]. However, there are only a few attempts to utilize recycled 
aggregates in the production of SFRC due to the original defects of recycled aggregates. 
Nevertheless, the utilization of recycled aggregates for SFRC is still necessary, as SFRC is widely 
used nowadays. 
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MATERIALS AND METHODS 
 
Concrete contains cement, water, fine aggregate, coarse aggregate (recycled and natural) with 

the control concrete; 0% (Batch A), 25% (Batch B), 50% (Batch C), 75% (Batch D) and 100% (Batch 
E) of the naturally coarse aggregate is replaced with the recycled coarse aggregates (RCA). Three 
cube and prism samples per batch were cast in 100 x 100 x 100 mm and 100 x 100 x 500 mm molds 
respectively. A 1:2:4 concrete mix with the proportion replacement of coarse aggregate with w/c ratio 
of 0.50 and addition of 1.5% volume fraction of steel fiber was also added to each sample. After 
about 24 hours the specimens were de-molded and water curing continued till the respective 
specimens were tested after 7, 14 and 28 days for compressive strength, and after 7 and 28 days for 
flexural strength. 

 

RESULTS AND DISCUSSION 
 
COMPRESSION TEST 
 
Table 1 and Figure 1 shows the relationship of compressive strength between normal concrete 

and the steel fiber reinforced concrete which contains 1.5% volume fraction of steel fibers. The idea 
of adding steel fiber in the normal concrete is acceptable as the compression strength of SFRC is 
higher than normal concrete after the samples are tested after curing periods of 7, 14, and 28 days. 
At 7 days, the compression strength of normal concrete is 23MPa and 39 MPa for SFRC, at 14 days 
it is 24 MPa for normal concrete and 41MPa for SFRC, and after 28 days it is 27 MPa for normal 
concrete and 48MPa for SFRC. Results show the compression strength of concrete increases nearly 
80% when adding 1.5% volume fraction of steel fibers to the concrete. 

 
Table 1 Relationship of compressive strength between normal concrete and 1.5% volume   
              fraction of steel fiber reinforced concrete 
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Figure 1 Relationship of compressive strength between normal concrete and 1.5% volume  
              fraction of steel fiber reinforced concrete 
 
Figure 2 shows that with the increase of replacement of RCA in NCA, there is a decrease in the 

compressive strength. However even 75% RCA replacement could develop a 20 MPa concrete 
easily with the addition of 1.5% volume fraction of steel fibers which acts as crack resistor in the 
concrete. The drop patterns of the compressive strength of all batches are not drastic, decreasing 
between 5-10 MPa only. The compressive strength for 0% RCA replacement in the concrete was 
40.60 MPa compression strength which is considered a high strength of concrete. It dropped to 
31MPa and 27 MPa with 25% and 50% RCA replacement of NCA in the concrete respectively. For 
100% replacement of RCA, compression strength dropped to 11 MPa which is considered failure as 
the minimum strength of concrete in this study is 20MPa. 

 

Figure 2 Compressive strength of SFRC with different percentages of RCA 
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FLEXURAL TEST 
 

Table 2 and Figure 3 shows the relationship of flexural strength between normal concrete and 
the steel fiber reinforced concrete which contains 1.5% volume fraction of steel fibers. The idea of 
adding steel fiber to normal concrete is acceptable as the flexural strength of SFRC is higher than 
normal concrete after the samples were tested after 7 and 28 days. After 7 days of curing, the 
flexural strength of normal concrete is 0.6 MPa and 0.9 MPa for SFRC. After 28 days curing time, it 
is 0.9 MPa for normal concrete and 1.1 MPa for SFRC. Flexural strength of concrete is increased 
nearly 20% by adding a 1.5% volume fraction of steel fibers in the concrete after curing for 28 days. 

 
Table 2 Relationship between flexural strength of normal concrete and 1.5% volume 

             fraction of steel fiber reinforced concrete. 
 

 
 

 
Figure 3 Relationship between flexural strength of normal concrete and1.5% volume 

fraction of steel fiber reinforced concrete. 
 
Table 2 summarizes the flexural strength of SFRC with different percentages of RCA in the 

concrete. The increase in replacement of RCA in NCA leads to a decrease in the flexural strength of 
the SFRC. But the difference in flexural strength of all samples is small, ranging only between 0.02 
MPa to 0.20 MPa. After 28 days, the flexural strength of 0% replacement of RCA in SFRC is 1.1 
MPa, and 0.9MPa for 100% replacement. This decreasing result is obtained because porosity and 
amount of weak bond areas of RCA is higher than NCA. The greater number of weak bond areas in 
RCA is due to old mortar attached to RCA particles [3]. 
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Table 2 Relationship between flexural strength and percentage of RCA 

 
 

CONCLUSION 
 
         The main aim of this research project was to utilize recycled coarse aggregate (RCA) for 

the production of steel fiber reinforced concrete. It is essential to know whether the replacement of 
RCA in concrete is inappropriate or acceptable. Data analysis in comparison with the control 
concrete test results allowed the following several conclusions to be made: 

 

a) The compression and flexural strength of a steel fiber reinforced concrete which contains 
1.5% volume fractions of steel fibre is higher than a normal concrete. 

b) Increasing RCA replacement in the concrete mixtures caused the compressive strength of 
SFRC concretes to decrease. 

c) ncreasing RCA replacement in the concrete mixtures caused the flexural strength of 
SFRC concretes to decrease. 
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CHAPTER 30 
 
 
 

FINITE ELEMENT ANALYSIS OF A STRENGTHENED BEAM 
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ORTHOTROPIC CFRP MATERIAL 
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Abstract 
 
Using appropriate material properties for analyzing different models in academic and 

commercially available finite element software is one of the main concerns for design engineers and 
researchers. This paper demonstrates the importance of using appropriate material properties for the 
models to be considered by engineers during finite element modelling. Two reinforced concrete (RC) 
beams strengthened with Carbon Fiber Reinforced Polymer (CFRP) strips are investigated, 
considering the CFRP elements as elastically isotropic and orthotropic materials. To show the 
significance of the selective material properties, all properties of the models are chosen to be exactly 
the same for the two beams except for the CFRP strip. To validate the study, an RC beam is tested 
experimentally and the numerical results are compared to the experimental test. The results show 
that CFRP with isotropic or orthotropic properties has no significant influence on beam responses 
such as stresses, displacements and damage response under applied loadings. 

 
Keywords: Isotropic materials, orthotropic materials, CFRP, adhesive, ABAQUS 

 

INTRODUCTION 
 
Concrete materials have recently been used in many projects as these materials have 

favorable behaviour in construction of civil structures [1–5]. Concrete may be modified to increase its 
capacity against applied load, particularly under flexural loading. In recent years, concrete with 
Carbon Fiber Reinforced Polymer (CFRP) has seen an increase in use to improve its characteristics 
[6–9]. A wide range of research has been accomplished through bending tests on reinforced 
concrete (RC) and on steel beams strengthened with CFRP [10–13]. The behavior of such concrete 
beams are now well agreed- upon [8], and many stress-strain curve models have been projected for 
them using isotropic material properties. Besides, some researchers have used elastically orthotropic 
material for modeling such as Obaidat [11]. A model of isotropic linear elastic is frequently designed 
to model CFRP and Fiber Reinforced Polymer (FRP) where the trend of those materials is 
corresponding to the principal stresses [14]. Also, orthotropic linear elastic behavior can be 
considered since CFRP and FRP principally have orthotropic behavior [15]. Therefore, there is a 
challenge to use elastic material properties in terms of isotropic or orthotropic for materials like FRP 
or CFRP. This paper attempts to investigate the behavior of a strengthened RC beam with CFRP 
modeled with isotropic and orthotropic material properties in order to inspect the effect of elasticity 
behavior on overall response of the concrete beam-like structures under certain static loading. 
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METHODOLOGY 
 
The geometry of the concrete beam is 250 x 125 x 3000 mm. The CFRP is attached to the RC 

beam using adhesive with the same width and length of the CFRP; namely 125 mm and 2900 mm. 
A thickness of 1 mm and 0.17 mm is used for CFRP and adhesive materials, respectively. The finite 
element discretization of the model is done by means of the commercial software package 
ABAQUS 6.14.2. This package has the ability to simulate the real response of different structures 
having wide range of different material properties [16–19]. In this study, the concrete beam is 
designed with 8-node linear brick element with hourglass control and reduced integration or C3D8R. 
For steel bars a 2-node linear 3D truss (T3D2) is used. The layer of adhesive is modeled by means 
of a 3D cohesive element (COH3D8). The adhesive, CFRP and the RC beam are attached using tie 
constraints. The cohesive law is adopted to define the constitutive model. The CFRP is modeled 
once as an isotropic material and then as an orthotropic material. For the orthotropic materials the 
following characteristics are assigned [11]: 

 
E11=165 GPa. 

V12= V13= 0.3 
E22= E33= 9.65 
GPa. G12=G13= 5.2  
GPa. V23=0.45 
G23=3.4 GPa. 

 
Where E, V and G are module of elasticity, Poisson’s ratio and shear modulus of the materials, 
respectively. The subscript 1, 2 and 3 denotes the x, y and z direction. 

 
Table 1 indicates the elastic modulus and yield stress of the materials used in modeling of the RC 
beam. For adhesive, shear modulus of 4 GPa, Poisson’s ratio of 0.38 and thickness of 0.17 mm are 
used. The geometry and Finite Element (FE) model of the strengthened RC beam are depicted in 
Figure 1 and 2, respectively. A study on mesh convergence has been carried out to achieve a 
suitable mesh in order to study its finite element model. To implement an appropriate mesh in order 
to run and converge the analysis, several FE meshes have been created. 8608 elements and 12018 
nodes are used for discretization of different parts of the model based on the consequences attained 
from the testing of 8326, 7450, 9654, 8608 and 6442 elements.The whole FE model of the 
sections needs to be considered due to asymmetric boundary conditions (hinge and roller support 
at each side of the RC beam). 
 
 

Table 1 Material properties of concrete beam, CFRP, adhesives and steel bars 
 

Elastic Modulus E (GPa) Yield Stress (MPa) 

Concrete Beam 21 40 

CFRP 165 1300 

Stirrup 200 340 

Longitudinal Bar 200 400 
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Figure 1 Geometry of the RC beam 
 

Figure 2 Transparent view of FE modeling of the whole model with load position and boundary 
conditions 
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The procedure of the current study is drawn and presented in Figure 3. 
 

Figure 3 Diagram of the modelling processes 
 

EXPERIMENTAL VALIDATION OF THE MODEL 
 
The correctness of the present model is tested by experiment. As illustrated in Figure 4 (a), a 

strip of CFRP was attached to the bottom of the studied RC beam to evaluate the resistance effect of 
CFRP material on the RC beam under flexural load. A uniform incremental static load was applied to 
the test specimen up to its failure level (cracking stage). This can be seen in Figure 4(b). According 
to the developed FE method above, the strengthened RC beam with CFRP strip was simulated 
under the same conditions using ABAQUS software. Both isotropic elasticity and orthotropic 
behaviour of the CFRP were considered in FE analysis. A comparison of the experimental and 
software-based results are presented in the results and discussion. 

Figure 3 Diagram of the modelling processes 
  



 
 

222 
 

a) CFRP strip attached to the RC beam 

b) Strengthened RC beam under bending test 

 

Figure 4 The RC beam specimen a) strengthened with CFRP material under b) flexural loading 
 

CONCRETE DAMAGED PLASTICITY (CDP) 
 
One of the main important responses of structural members in analysis and design is damage 

severity [20–24]. In order to explain the complicated mechanical response of the concrete materials 
under loading, many constitutive approaches have been proposed including damage model, 
anisotropic damage and isotropic damage model. The method of explaining the nonlinear behavior 
of each combinatorial material in a multiphase composite material is generally used in the cracking 
analysis for concrete materials. This model factorizes the uniaxial strength functions into two 
divisions to stand for the permanent degradation of stiffness and deformation. The model assumes 
two major failure mechanisms for concrete materials, the first for cracking and the second one for 
crushing in tension and compression, respectively. In the incremental theory of plasticity the strain 

tensor is divided into two parts including the elastic strain and plastic strain where the 

linear elasticity can be written as: 
  



 
 

223 
 

The variables  are assumed to be identified at time (t). With that information, for stress 
tensor the following can be obtained: 

 
Where d is the scalar stiffness degradation variable which can be in the range of 0 (undamaged) to 1 
(fully damaged);  is the undamaged elastic stiffness for concrete material. The failure mechanism 
of the material associated with the damage reduces the elastic stiffness. This stiffness is assumed as 
a function of the internal variable (k) including of the compressive and tensile variables, namely 

The function of damages consisting of tension  and compression  are 
nonlinear functions which are computed by uniaxial response in tension and compression using 
practical data. Hence, the effective stress is determined as: 

 

RESULTS AND DISCUSSION 
 

STRESS 

 
The von Mises stresses of the strengthened RC beam owing to use of isotropic and orthotropic 

materialproperties are indicated in Figure 5. As shown in this figure, the difference in stress response 
between both models is negligible. The maximum von Mises stress when the isotropic and 
orthotropic properties are used for CFRP is 44.57 MPa and 45.42 MPa respectively, with 
approximately 2% difference. In addition to this, the stress contour of the RC beam for the different 
material properties of CFRP is extremely close to each other. 
 
Analogous to RC beam stress response, the von Mises stress of CFRP considering utilized isotropic 
and orthotropic material is shown in Figure 6. Figure 6(b) remarkably shows the stress direction in 
the CFRP plate when orthotropic elastic model is implemented. Nevertheless, for this condition the 
percentage of variance of the stress is around 75% smaller than the isotropic model but it does not 
change the overall response of the RC beam at the end of analysis. As shown in Figure 6(b), since 
the orthotropic material is assigned to CFRP in principal direction, therefore the stress response can 
obviously be seen in that direction. 

 
DISPLACEMENT 

 
The displacement response of the RC beam for two different analyses is demonstrated in 

Figure 7. From this figure it can be concluded that, similar to stress response, the difference of 
displacement for the two models can be ignored. These values are 1.847 mm and 1.9 mm 
respectively with about 3% difference. 
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a) Isotropic CFRP b) Orthotropic CFRP 

Figure 5 Von Mises Stress of the RC beam for different material properties used for CFRP 

 
 
 
 

  

a) Isotropic CFRP b) Orthotropic CFRP 

Figure 6 Von Mises Stress of the CFRP for different used material properties 
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a) Isotropic CFRP b) Orthotropic CFRP 

Figure 7 Displacement of the RC beam for different material properties used for CFRP 

 
LOAD-DEFLECTION AND STRESS-STRAIN CURVES 

 
The force-displacement curve for both isotropic and orthotropic elastic models are compared 

with the experimental test and presented in Figure 8(a). The FE model presents accurate 
expectation for the models. As observed in the figure, the values and trends of the force-
displacement curves for both casesare notably near to the result obtained in experiment. The 
force-displacement relation is 123.257 KN-17.74 mm for the isotropic and 123.254 KN-18.24 mm for 
the orthotropic model. Comparison of values in terms of force and displacement through this figure 
show a proportion of 2.4e-3% and 2.8% in changes, respectively. 

a) force-displacement curves 
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b) Stress-strain curves 
Figure 8 Comparison of a) force-displacement and b) stress-strain relationship curve 

 
The stress-strain relationship curve of the model is compared to the experiment as shown in Figure 
8(b). Since the stress-strain has a direct relationship with load-deflection curve, a similar curve or 
performance is achieved. As a result of this, a simillar percentage of difference obtained for load- 
deflection result can be observed for stress-strain curve considering the effect of isotropic and 
orthotropic elastic models. 

 

DAMAGE RESPONSE 
 
Based on the uniqueness of the cracking development, the damage propagation is inspected 

considering the effect of isotropic and orthotropic behavior of CFRP. The starting point of the 
cracking is formed from the central elements at the bottom of the RC beam and it propagates toward 
both sides. The tensile damage response of the RC beam in both cases is shown in Figure 9. 
Comparison of these results with those obtained from experiment (see Figure 4) confirms the 
accuracy of the study once again. As can be observed from the damage response, the RC beam 
strength modeled with isotropic and orthotropicbehavior of CFRP material has a very close 
response. Thus, it is emphasized that modeling of CFRP can be simplified from an orthotropic to an 
isotropic method. 

 

Figure 9 Damage response of the RC beam considering a) isotropic material and b) orthotropic 
material of CFRP 
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CONCLUSIONS 
 

Elastic isotropic and orthotropic behaviors were used to characterize the CFRP used for 
strengthening of a RC beam under flexural test. A cohesive model was designed to address an 
interface material between concrete and CFRP and analzyed using ABAQUS software. An 
experimental test was then carried out in the lab to validate the FE analysis results. Based on the 
experiment and modeling analysis, the following conclusions are drawn: 

 

 The overall responses of the RC beam such as stresses, displacements and damage response 
are not much different when isotropic and orthotropic material properties are defined for CFRP 
plate. 

 The variance of load-displacement curves as well as stress-strain relationship for the RC beam 
can be ignored when orthotropic material properties are deliberated for CFRP compared to that 
conducted isotropic features. 

 Finally, it is not obligatory to take orthotropic elastic material properties of the unidirectional 
CFRP into consideration. A uniaxial CFRP basically has an orthotropic behavior; nonetheless 
simulations illustrated that where the direction of principal stress corresponds with the fiber 
direction, an isotropic material could be replaced with a fine and acceptable accuracy. 
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CHAPTER 31 
 
 
 

COMPRESSIVE STRENGTH OF FOAMED CONCRETE IN 
RELATION TO POROSITY USING SEM IMAGES 

 
P. Shawnim* and F. Mohammad* 

 

ABSTRACT 
 
Foamed concrete (FC) specimens were examined for compressive strength at (28 and 180) 

days of air sealed curing, as well as at 28 days of water curing. The microstructure of 15 selected FC 
specimens was investigated for porosity in relation to compressive strength using Scanning Electron 
Microscopy (SEM) images. Twenty-two batches of FC specimens of the densities (1100, 1600, and 
1800) kg/m3 were made with fine sand and brick aggregates with toner and metakaolin (MK) inclusion 
as additives, they were casted in polystyrene cube moulds of (100x100x100) mm. The results 
showed that it is possible to produce FC with high compressive strength in the range of (28.5 to 59.2) 
N/mm2, with a variety of materials, while the 1600 kg/m3 density with the inclusion of toner and MK20 
is the favourite, which can be used for structural elements. Conventionally, compressive strength is 
in an inverse relationship with porosity, as porosity increases, compressive strength decreases, but 
using toner and MK20 can alter this relationship between porosity and compressive strength, 
whereby it is possible to produce a relatively light weight high porosity FC matrix to exhibit high 
compressive strength. Maturity of the FC at 180 days demonstrated an increase in the compressive 
strength. The microstructural investigations through SEM images revealed that the FC mix made 
with sand or brick only exhibited an irregular shape factor of the micro pore system with the pore size 
in the range of (10 to 70) µm, while those made with the inclusion of toner and MK20 had a regular 
shape factor of a matrix of finer micro pore system of the sizes in the range of (0.01 to 10.0) µm, all 
of which were evenly distributed, and exerted massive influence on the properties of the FC, 
particularly, on compressive strength. On the contrary to the conventional method of air sealed 
curing for FC, the water curing method can equally give the same or slightly better result in respect of 
compressive strength for some particular densities. 

 
Keywords: Compressive strength, foamed concrete, porosity, SEM, toner 

 

INTRODUCTION 
 

Foamed concrete (FC) is a lightweight material made of Ordinary Portland cement paste (OPC 
and a filler, usually sand) and water with well-spread air voids or pore structure created by the 
introduction of air by mechanical means of foaming. The foam can be originated from an agent made 
of natural surfactants or synthetic materials and can be added to the concrete mix either as pre-
foamed (where the foam is prepared in advance by the foaming machine and added later) or as 
mixed foaming (the foam is added to the mix at the same time as it is prepared) [1]. Foamed 
concrete is a lightweight material with low densities between (400 - 1800) kg/m3 [2] incorporating a 
high volume of air, highly workable, self- flowing, self-compacting, and self-levelling with fire 
resisting, thermal insulating and sound proofing properties. 
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The typical strength value for FC of densities between (800 – 1600) kg/m3 ranged between (1–
10) N/mm2 [3]. Foamed concrete produced in this range can only be used for general purposes, such 
as gap fillings. At a minimum strength of 25 N/mm2, FC has the potential to be used as a structural 
material [4], [5]. Table 1 presents the maximum compressive strength of 28.5 N/mm2 for 1800 
kg/m3 density [6]. 

 
Table 1 Compressive strength of foamed concrete at different densities [6] 

 
 

Fine aggregate type Plastic density (kg/m3) 28-day compressive strength (N/mm2) 

 1400 13.5 

Sand 1600 19.5 

 1800 28.5 

 
Ramamurthy et al., [7] found that at lower density, the foam volume controlled the strength 

rather than the material properties, hence, the compressive strength is primarily a function of density. 
Visagie and Kearsley [8] found that at higher densities, the air void distribution did not influence the 
compressive strength, which may be related to a more uniform distribution of voids at higher 
densities. Luping [9] stated that bigger pores affected the strength of concrete rather than the smaller 
pores for materials with similar matrix and porosity, while the strength was lower for that containing 
more of the large size pores. Durack and Weiqing [10] showed that for products of comparable 
density, air-cured foam concrete made with cement–sand and cement–fly ash for masonry, mixes 
with fly ash as fine aggregate in place of sand, gave relatively higher strength. 

 
METAKAOLIN AS ADDITIVE IN CONCRETE 

 
Metakaolin (MK) is considered as ultrafine pozzolanic material, produced by calcining purified 

kaolinite clay at a temperature ranging from 700 to 900 C⁰ [11] and [12]. MK utilization is considered 
as environmental-friendly, for that, it helps in the reduction of Portland cement consumption (PC), 

which in turn, refers to the reduction of CO2 emission into the surrounding. For the chemical 

composition of MK and PC, please refer to Table 2. 
 

Table 2 Chemical composition of Portland Cement (PC) and Metakaolin (MK) 
 
 

Composition OPC (%) MK (%) 

SiO2 20.1 52 

Fe2O3 2.3 4.6 

Al2O3 4.4 41 

CaO 63.4 0.1 

MgO 2.3 0.2 

SO3 3.2 – 

Na2O 0.14 0.1 

K2O 0.67 0.6 

TiO2 – 0.81 

LOI 2.81 0.6 

 
Studies in this field have shown that inclusion of MK gave good influence on the physical and 
mechanical properties, as well as on durability of concrete [13] and [14]. Bai et al. [15] found that MK 
highly contributed to early strength development as an accelerating admixture for PC and PC-PFA 
concrete, whereas MK as an admixture in PC concrete displayed a major role on the compressive 
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strength up to 30% greater than that of the plain concretes, depending mainly on replacement level 
of MK, w/c ratio, and testing age, in particular at the early age of day one, where strength 
enhancement was noticed. 
CLAY BRICK AGGREGATES (COARSE AND FINE) AS ADDITIVE IN CONCRETE: 

 
Table 3 shows the Chemical composition of the cementitious materials of clay brick. Debieb 

and Kenai [16] used both coarse and finely ground clay bricks, and found that the strength decreased 
in the range of 20% to 30% depending on the degree of substitution. Also, using only ground bricks 
as fine aggregates, Khatib [17], and Poon and Chan [18] found a decrease in strength. 

 
Table 3 Chemical composition of the cementitious materials of clay brick 

 

Composition Ground clay brick powder (GBP) (%) 

CaO 0.81 

SiO2 69.9 

Al2O3 15.38 

Fe2O3 6.78 

MgO 1.58 

SO3 0.04 

K2O 2.78 

Na2O 1.02 

Loss on ignition 0.16 

 
Cachim [19] found no effect on the strength when ground clay brick was used up to 15% substitute to 
natural aggregates, but a reduction of up to 20% at 30% substitute (depending on the type of brick). 
He added that the stress–strain relations are very similar for the concrete made with clay brick 
aggregate. Debieb and Kenai [16] reported a decrease in compressive strength of about 30, 35 and 
40% at 28 days of age when coarse, fine, or both fine and coarse aggregates were substituted, in 
which they also found densities of ground clay brick concrete compared to those of natural 
aggregates were lower by (up to 17%). As for modulus of elasticity, a reduction of 30%, 40% and 
50% was observed for concrete made with coarse, fine and both coarse and fine ground bricks. 
Therefore, Debieb and Kenai [16] and Ibrahim et al. [20] restricted the limit to 25% and 50% for the 
coarse and fine aggregates as an optimum percentage to produce a quality concrete with 
characteristics similar to those of natural aggregates concrete, as it provided better properties of 
lightweight concrete (compressive strength and durability), because they found at 25% substitution of 
clay brick showed the highest compressive strength of 25 MPa with density of 1647 kg/m3. 

 
Aliabdo et al. [21] supported the above phenomena, stating that ground clay brick aggregates 
content should not exceed 25% of total aggregate content, as exceeding this limit content will result in 
porous and bad volume stability of FC. Besides, 25% and 50% replacement percentages of clay 
brick aggregate enhanced the splitting tensile strength of FC. They found that at 25% clay brick 
aggregate, it had no significant effect on compressive strength, especially at prolonged curing, but on 
compressive strength enhancement at 50% replacement of ground brick powder, which may be 
produced from its pozzolanic characteristics. Porosity increased as well, when increasing ground clay 
brick content, resulting in porous structure. Aliabdo et al. [21] recommended that clay brick powder to 
be saturated for FC mixes to enhance workability and volume stability. This is also supported by 
Cachim [19] and Ibrahim et al. [20] for clay brick saturation, and stated that incorporation of clay brick 
into the concrete will increase the workability. 
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TONER 
 
This is a new material in the field of FC to be researched, therefore, no experimental data is 

available. This material is in the form of a black powder, which was used as an additive to the 
experimental mixes, at 1% and 5% of the binding cementitious material (OPC). This material was 
chosen for this research because it is widely available as a waste material for recycling and to 

generate a cleaner environment by reducing buried waste and CO2 emission around the world. 

Table 4 shows the chemical composition for toner, wherein toner includes the following additives for 
flow and lubrication purposes: Fumed silica and metal stearates. 

 
Table 4 Chemical composition of toner [22]. 

 

Toner Type Composition 

Plastic (Styrene acrylate copolymer, polyester resin) 65-85% or 55-65%. 

iron oxide 6-12% or 30-40%. 

Wax, ground sand 1-5% 

Amorphous silica 1-3 % 

Carbon black 1-10%. 

 
 

EXPERIMENTAL WORK 
 
This paper experimentally examined compressive strength at (28 and 180) days air sealed 

curing, as well as at 28 days of water cured for structural use at 28.5 N/mm2 [6], and investigated the 
microstructure of the FC matrix to determine porosity in relation to compressive strength. The 
experiments were carried out in the laboratory in accordance to the relevant British Standards (BS) 
for each part of the process. Twenty-two batches of different concrete mixes were made with OPC, 
fine sand (0 – 0.5) mm, and brick (0 – 0.5 and 10.0) mm as filler, while MK and toner were added at 
different doses as additives with a w/c ratio of 0.5. Addition of toner at 1% or 5% by weight of the 
cement had no effect on water demands for the mixes involved. These batches were casted in (100 
x100 x 100) mm disposable polystyrene cube moulds, air sealed for the desired period of (28 and 
180) days prior to testing, with only a number of selective densities of (1100 and 1600) kg/m3 chosen 
for water curing at 28 days for comparison (see Figure 1). The foam was added at different 
percentages to the mixes to produce the desired densities, in which the results are expressed in 
(kg/m3) of the dried weight. The foaming agent used in this project was a protein-based foaming 
agent, whereby dry pre-foaming method was used to generate the foam. The cement content of the 
FC for all the batches was kept constant at (500 – 600) kg/m3 which is compatible with other 
researches carried out in this field [22]. 

 
As for the microstructural investigation of the FC matrices, samples taken from 15 selective 
specimens were studied via secondary electron (SE) and backscattered electron (BS) images, which 
were captured using Scanning Electron Microscopy (SEM) in the form of 2D-images, in which the 
images were analysed using Image J software. Images were taken at 500X, 2000 X, and 10000X 
magnification, while the 2000X magnification was taken for analysis in this study for clarity to meet 
the purpose. For this technique, samples of about 10×10 mm size with a thickness of about 6 mm 
were cut from the cured specimens using microtome (a diamond cutter). In order to produce the best 
electron images and to eliminate distortion of the SE and BSE images due to negative charges, the 
samples were coated and polished with slow set epoxy resin and with a thin film of gold (conductive 
material) before placing them into the SEM chamber, which is compatible to the techniques used in 
this field [24]. 
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Porosity as a percentage ratio (%), pore sizes and pore size distribution of the selected 15 
specimens, namely (S3, S4, S5, S7, S8, S10, S11, S12, S13, S14, S15, S16, S18, S19 and S20), 
were found in the area under investigation (see Table 5). 
 

Table 5 Showing compressive strength in (N/mm2) for different curing methods and tests of the 
specimens, S1 to S22, with porosity ratio (%). 

 
 

 
Label 

 

 
Type of concrete cast: 

 
Dry 

Density 
(Kg/m3) 

 
Compressive 
strength 28 
days sealed 

(N/mm2) 

Compressive 
strength 28 
days water 

cured 
(N/mm2) 

 
Compressive 
strength 180 
days sealed 

(N/mm2) 

 

 
Porosity 

(%) 

Ratio of 180 
to 28 

compressive 
strength 

(%) 

S1 Sand 2000 53.3  58.5  9.8 

S2 Sand 1800 31  33.1  6.8 

S3 Sand 1100 7.4 7.8 8.1 60 9.5 

S4 Sand and MK20 1800 49.7  54.5 39.8 9.7 

S5 Sand and MK20 1600 47 49.1 58 54 23.4 

S6 Sand and MK20 1100 10.2 11.6 11.7  14.7 

S7 Sand and MK30 1600 38 39.3 44.2 65.1 16.3 

S8 Sand and MK30 1100 31 32.2 33.7 70 8.7 

S9 Sand and MK50 1600 30 31.6 35.6  18.7 

S10 Sand and MK50 1100 26.1 27.2 28.3 77.7 8.4 

S11 Brick aggregates 1800 47.3  51.7 46.4 9.3 

S12 Brick aggregates 1600 40.6 42.1 47.4 53.5 16.7 

S13 Brick aggregates 1100 14.1 15.2 18.3 66 29.8 

S14 Brick and MK20 1600 46 47.9 48.3 44.5 5.0 

S15 Brick and MK20 1100 25.6 27.4 30.6 51.6 19.5 

S16 Sand and Toner 1800 48.1  59 39.6 22.7 

S17 Sand and Toner (5%) 1800 55.1  59.2  7.4 

S18 Sand and Toner 1100 15 16.2 17.9 57.7 19.3 

S19 Brick and Toner 1600 43.8 45.1 48.2 46.6 10.0 

S20 Brick and Toner 1100 33.4 34.5 36 57 7.8 

S21 Brick and Toner (5%) 1600 50.5 52.1 56.7  12.3 

S22 Brick and Toner (5%) 1100 38.2 39.3 41  7.3 

 
 

COMPRESSIVE STRENGTH AT (28 AND 180) DAYS 

 
The test was carried out with digital log keeping and digitally controlled automatic loading 

machine in accordance with BS EN 12390-3:2009 [25]. The oven-dried cubes were placed centrally 
under the loading plates and positioned to have even surfaces in contact with the loading plates, (see 
Figures 2 and 3). The results quoted in each case are the average of six specimens. 
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Figure 1 Sealed cubes in cling 
film for curing 

Figure 2 Cube between plates 
under compression 

Figure 3 Cube after crushing 

 

RESULTS AND DISCUSSION 
 
For the compressive strength at (28) days of curing, Figure 4 illustrates that at 1600 kg/m3 

densities, a part of S9, which is too close for the same density, specimens S21, S5, S14, S19, S12, 
S7, S2 and S9 of (50.5, 47, 46, 43.8, 40.6, 38, 31 and 30) N/mm2, either toner or MK20 inclusion of 
sand or brick, gave higher compressive strength than the 28.8 N/mm2 (see Table 1) [6]. This means; 
high strength FC is possible to produce, using sand or brick as a filler with toner or MK20 inclusion, 
for which this is true even at low densities as 1100 kg/m3, specimens S22, S20 and S8 of (38.2, 33.4 
and 31) N/mm2. 

 
In fact, compressive strength for S21 of 50.5 N/mm2 of 5% toner inclusion, S5 of 47 N/mm2 sand 
made with MK20 inclusion, S14 of 46 N/mm2 brick made with MK20 inclusion, and S17 of 55.1 
N/mm2 with toner inclusion at 5%, was higher than S1 (the controlled normal concrete) of 2000 
kg/m3 density, with 53.3 N/mm2. This is followed by S4, S16 and S11 of (49.7, 48.1 and 47.3) N/mm2, 
with a close range compressive strength. All the latter specimens of 1800 kg/m3 density, plus S2 of 
31 N/mm2, showed higher compressive strength than that presented in Table 1. 

 
The reaction between the constituents of toner (i.e. iron oxide, lubricating metal stearates, and silica 
with chemical composition of the binding material), gave a fine coating film around the binding 
particles and the air voids, producing water-resistant, strong, and compacted intercellular bond, 
which in turn, improved the properties in respect of higher compressive strength and less 
permeability. MK displayed pozzolanic reactivity with the binding materials, produced stronger FC 
matrix through interconnecting air voids (micro pores) and interlocking channels found to be in a fine 
range for toner, and MK inclusion of the size of (0.01 to 10) µm that gave finer less porous and less 
permeable matrix. As a result, poor water movement may percolate through these micro pores of the 
interlocking channels, while maintaining the strength with a firm skeleton. 

 
Brick particles, on the other hand, are porous to a certain degree, which have the ability to absorb 
more water and keep it as a reserve for better curing later. The brick powder has pozzolanic 
reactivity, adding to the strength and pore refinement, improving size and number of pores as well as 
pore size distribution within the FC matrix when reacting with the MK20 and toner, i.e. minimising 
porosity, which in turn, improving strength increase. In examining the 180-day specimens of the 
same density of 1600 kg/m3, from Figure 4, specimens S5, and S21 of (58 and 56.7) N/mm2 showed 
higher compressive strength than S1 of 53.3 N/mm2, followed by S14, S19, S12 and S7 of (48.3, 
48.2, 47.4 and 44.2) N/mm2, respectively, which are within a close range. 
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All the rest of the specimens, from S2 to S22, a part of S3, S6, S13 and S18, showed higher 
compressive strength than 28.5 N/mm2 of Table 1, and only S10 of 28.3 N/mm2 was almost the 
same. In fact, specimens S22, S20, S15, and S8 are of the low density of 1100 kg/m3, here again, 
toner at (1% and 5%), MK20 and MK30 inclusion contributed to this. All water-cured specimens of 28 
days’ curing, which were selected at (1100 and 1600) kg/m3 densities, namely S3, S5 to S10, S12 
to S15 and S18 to S22,showed almost the same or just over the air sealed cured specimen 
compressive strength. This means; they are exactly subjected to the same analysis as for the 28 days 
of air-cured specimens mentioned above, and it can be said that contrary to what is conventionally 
followed, FC can be water-cured for the 28 days’ duration to get the same or slightly better results for 
that of air curing. At 1800 kg/m3 densities, specimens S17, S16, S4 and S11 with (5% toner, 1% 
toner, MK20 and brick made) respectively, having (59.2, 59, 54.5 and 51.7) N/mm2, showed higher 
(or a very close range of) compressive strength than the controlled normal concrete of S1 of 2000 
kg/m3 density with 53.3 N/mm2. 
 
Strength in relation to porosity through SEM images, looking at the 1100 kg/m3 densities from 
Figures 5 and 6, specimens S8 and S10 with (70 and 77.7) % porosity are of (31 and 26.1) N/mm2 
compressive strength respectively, while S3 and S13 with lower 60% and 66% porosity, showed (7.4 
and 14.1) N/mm2. As the pore sizes and their distribution over the FC matrix were investigated, S3 
and S13 displayed an un-evenly distributed bigger inter-connected pore sizes in the range of >10 
µm, i.e. (10 to 70) µm with irregular shapes. While S8 and S10 exhibited an evenly well-spread net of 
independent relatively finer size pores in the range of (0.01 to 10) µm, S4 and S16 of 1800 kg/m3 
densities with almost the same 39.8% and 39.6% porosity, made with MK20 and toner inclusion, had 
(49.7 and 48.1) N/mm2 respectively, the pore sizes and their distribution were too close to each other, 
MK20 of (0.01 to 10.0) µm pore size, and toner of (0.01 to 3.0) µm. 
 
Toner and MK20 inclusion, in refining the pore matrix to make the specimens stronger, S14 and S19 
of 1600 kg/m3 densities with (44.5 and 46.6) % porosity, displayed (46 and 43.8) N/mm2 compressive 
strength, again, the pore size and their distribution analysis gave the same result as for the S4 and 
S16 of 1800 kg/m3 above. Amongst the specimens, toner inclusion on sand or brick made 
specimens, namely, S16, S19, S20 and S18, produced very finely (0.01 to 3.0) µm well-spread net of 
independent pore matrix, which exhibited high compressive strength of (48.1, 43.8, 33.4, and 15.0) 
N/mm2 respectively, with comparatively low porosity ratio of (39.6, 46.6, 57.0 and 57.7)%. 
 
Meanwhile, MK20 inclusion on sand or brick made specimens, namely S4, S14 and S15, produced 
almost similar net of pore matrix, having compressive strength of (49.7, 46 and 25.6) N/mm2 
respectively, with comparatively low porosity ratios of (39.8, 44.5 and 51.6)% mentioned above. It is 
worth noting that S15, which exhibited slightly higher compressive strength of 25.6 N/mm2, is of the 
1100 kg/m3 density. Regardless of density and porosity ratio measure, FC mix made with sand or 
brick only, exhibited an irregular and unevenly spaced comparatively bigger pore matrix, namely, 
specimens S3, S11, S12, and S13. For these, the density and curing period are the two factors that 
contribute to the strength, the denser and the more aged specimens, and higher compressive 
strength of S11 with 1800 kg/m3 and 47.3 N/mm2, followed by S12, S13, and S3 with (40.6, 14.1 and 
7.4) N/mm2 respectively. Specimens with MK30 and MK50 inclusion, namely, S7, S8, and S10 
exhibited comparatively high porosity of (65.1, 70 and 77.7) % respectively, while maintaining slight 
improvement on compressive strength of (38, 31 and 26.1) N/mm2 in comparison to S3 of sand only 
made specimen, having 7.4 N/mm2 compressive strength. 
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Figure 4 Compressive strength versus density for different mixes contain sand and brick as 

fillers, with the inclusion of toner and MK as additives, for specimens with either (28 and 180) days 
air sealed curing, or 28 days selective water curing. 

 
 

Figure 5 Porosity versus density and compressive strength for different mixes contain sand and 
brick as fillers, with the toner and MK as additives for selective air sealed cured specimens at 28 

days. 
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Figure 6 Back scattered (BS) and SEM images of the selective fifteen (S3 to S20) FC 
specimens investigated. 

 

CONCLUSION 
 

The following conclusions have been drawn from the present study: 
 

 It is possible to produce FC with high compressive strength in the range of (28.5 to 59.2) 
N/mm2 
which can be used for structural elements with a variety of materials using different techniques. 

 The best FC can be produced at 1600 kg/m3 density to include all the beneficial properties 
required for structural purposes, such as, low porosity, low permeability and high compressive 
strength. 

 With the results of this study, it is possible to get an FC with the required compressive strength 
for structural use at 1100 kg/m3 density, but with lower grade properties. 

 For mixes made without the inclusion of toner and MK, the well-known statement is true, 
compressive strength is directly related to concrete density; concrete of high density exhibits low 
porosity and high compressive strength, and vice versa, but this is untrue for those mixes made 
with the inclusion of toner and MK. Therefore, density and porosity are not always the decisive 
factors over strength, it is possible to produce a light weight and relatively porous FC of 1100 
kg/m3 density, but with the required high strength up to 38.2 N/mm2 using toner and MK20 as 
additives for this purpose. 

 For a given density, compressive strength of FC depends on materials used (filler and additive 
types), porosity of which are the shape factor, pore size, and pore size distribution of the matrix, 
as well as maturity of the FC beyond 28 days of curing. 
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 Regardless of density and porosity, FC microstructure through SEM images investigation 
revealed that the FC mix made with sand or brick only exhibits irregular and unevenly spaced 
relatively bigger micro pores of the size in the range of (10 to 70) µm, while those made with the 
inclusion of toner, have a matrix of finer micro pores of the sizes in the range of (0.01 to 3.0) µm 
and (0.01 to 10.0) µm for those made with MK20 inclusion, all of which are evenly distributed. 

 FC has the ability to gain more strength at different percentage ratios for all the specimens, but 
picking up the minimum 5% for S14, and maximum 29.8% for S13 as examples with maturity up 
to 180 days period of sealed curing method. 

 Contrary to the conventional method of air sealed curing, water curing method can equally give 
the same result in respect of compressive strength and slightly better for some particular 
densities. 

 MK50 and MK30 inclusion, produces a highly porous matrix, but still can improve the 
compressive strength of the FC slightly to exceed those of the same densities, made without this 
inclusion. 
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CHAPTER 32 
 
 
 

PREDICTING THE STRUCTURAL PERFORMANCE OF 
SANDWICH CONCRETE PANELS SUBJECTED TO 
BLAST LOAD CONSIDERING DYNAMIC INCREASE 
FACTOR 

 
M. Hanifehzadeh1* and M. M. R. Mousavi2 
 

 

ABSTRACT 
 
The safety of civil structures can be significantly improved against shock waves and blast loads 

by using steel concrete steel (SCS) protective walls. A numerical study was performed to simulate 
the response of SCS wall subjected to a near-field blast load. A conventional SCS panel subjected to 
near-field blast load and its structural performance had been evaluated in terms of maximum 
damage and deformation. The simulations were performed using ABAQUS\EXPLICIT finite element 
package and built-in concrete damage plasticity concrete constitutive formulation. The dynamic 
increase factor (DIF) was added to the material constitutive behaviour to consider the rate effect on 
the behaviour of concrete and steel. The maximum deformation, the plastic strain, and the failure 
mode under different loading scenarios were investigated. This study predicts the structural 
response of the SCS panel with different blast charge and identification of optimum configuration in 
terms of concrete strength and plate thickness. In the second part of the study, two novel sandwich 
configurations consisting of a corrugated metal sheet and the concrete core are proposed and 
compared with the conventional protective walls. The optimum parameters for each structural 
component are identified using an optimization procedure. Based on this study, the proposed wall 
configuration shows more damage tolerance subjected to the blast loading as well as less out of 
plane deformation and weight compared to the conventional walls. 

 
Keywords: Sandwich panel, blast load, finite element analysis, concrete damage plasticity 

 

INTRODUCTION 
 
Explosions due to terrorist attacks can induce catastrophic damages to the buildings, bridges, 

and infrastructure. To minimize the consequences of the air blast loads on buildings, application of 
steel- concrete steel (SCS) composite panel, significantly improves the structural safety. In using 
SCS panels, the ductility of member significantly increases, and progressive collapse and sudden 
failure could be prevented. Blast load with sudden release of energy is due to chemical or nuclear 
source that causes large deformation. The blast induces shock wave traveling in the radial direction 
from the source detonation. For maximum performance in case of blast load, both the strength and 
ductility of a member should be improved. SCS panel consists of two steel plates with a concrete 
core in between. The composite performance between the plates and the concrete layer is achieved 
by steel connectors welded to the plate’s inner surface.  
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The connectors provide full contact and shear transfer between the plates and the core. The SCS 
panels have considerable advantages over the reinforced (RC) panels in terms of cost and time of 
construction as it could be prefabricated. In addition, the two steel plates act as formwork which 
promotes the construction efficiency in onsite fabrication. The plates also provide confinement for the 
core and improve the compressive strength of concrete. Therefore, SCS panels have more structural 
stiffness and ductility. In terms of dynamic performance, the high density of the concrete provides 
inertia force improving blast resistance compared to a single steel plate. The panels could be used in 
military shelters and nuclear power plants station or barriers for protection of the building and critical 
infrastructures [1-3]. Wang et al. [4] studied the performance of curved SCS panel used for offshore 
structures and identified different failure modes. They identified the shear connector as a vital 
parameter in the composite performance of the panel. They evaluated the effect of rising height (or 
rise to span ratio) and rear to front plate thickness ratio. They concluded that increase in rise height 
and front plate thickness can improve the overall response of the panel. Castedo et al. [5] performed 
an experimental and numerical study on slabs reinforced with steel and polypropylene and used non-
destructive tests to characterize the damage. Athanasiou et al. [6] used LS-DYAN to study the effect 
of near-field blast on a two-layered reinforced RC slab with different detonation charge. They 
validated their results with experimental data and observed that the failure mode shifts from 
penetration to perforation by increasing the blast charge amount. Kong et al. [7] performed a 
numerical investigation non-composite SCS panel without a shear connector. They proposed a novel 
detailing for flared end connections to eliminate relative movement between the concrete core and 
the steel plates through axial restraint. They found that the shear connection between the core and the 
plate is insignificant under dynamic load. Tabatabaei et al. [8] performed experimental and numerical 
study concrete panel reinforced with two types of carbon fibres. They fabricated a 1830x1830 mm 
steel reinforced panel for the experiment under the net equivalent weight of 34 kg of TNT charge and 
at standoff distances of 1065 mm and 1370 mm. They found that the addition of carbon fibre 
significantly reduced the cracking and spalling of the concrete up to 89%. A numerical study 
performed using LS-DYNA and material model 159 for concrete to develop spall prediction curve 
based on the thickness of the slab to standoff distance ratio. Hanifehzadeh et al. [9] studied the 
dynamic structural performance of the sandwich panel under high strain rate load using concrete 
damage plasticity and Smoothed Particle Hydrodynamics (SPH) technique. The results showed that 
the CDP model offers faster analysis with reliable results compared to SPH. Sawab et al. [10] and 
[11] performed an experimental and numerical study on the sandwich panels fabricated using ultra-
high performance concrete (UHPC) used for the small modular reactor. They obtained the optimum 
reinforcement configurations for maximum shear performance. 
 
This study evaluated the blast resistivity of SCS panel using non-linear explicit finite element analysis 
and elaborates the advantages of the SCS panels compared to regular RC panels and walls. A novel 
composite configuration consists of concrete core and the corrugated metal sheet is proposed for 
blast protection application. Two-panel configurations with the same boundary conditions and similar 
geometry were developed including conventional SCS wall and two novel composite walls. The 
structural responses of the walls were optimized and compared with conventional versions. The 
proposed configurations showed considerable improvement in terms of structural performance, when 
compared to conventional designs. 
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FINITE ELEMENT ANALYSIS 
 
Numerical analysis of the blast loading was performed using explicit solver of the ABAQUS 

FEA package[12]. The geometry of the model consisted of a solid 3000x3000 mm concrete core with 
300 mm thickness sandwiched between two steel plates. 3D continuum brick elements with linear 
shape function and reduced integration (C3D8R) were used to mesh the core. 201,600 elements 
were used for the plates considering the small thickness. The location of blast detonation is at the 
center of the wall with a standoff distance of 10 m. Fixed boundary condition was considered on the 
edges where the displacement of the nodes was restrained. It is assumed that the core is fully 
connected to the plates using shear studs or j- hooks during the construction process. Therefore, the 
plates were modeled using 4-noded shell elements (S4R) tied to the surface of the concrete core. 
The general configuration of the model is illustrated in Figure 1. 
 

Figure 1 The geometry of the RC panel and blast detonation source. 
 

MATERIAL MODEL 
 

CONCRETE 

 

Figure 2 Behaviour of concrete under uniaxial compression and tension [14]. 
 
Concrete Damage Plasticity (CDP) proposed by Lee and Fenves [13] built-in ABAQUS [14] was 

assigned to the concrete wall. The uniaxial compressive strength of concrete was taken as 50 MPa. 
The CDP constitutive behavior has been successfully utilized in many blast, impact and nonlinear 
analysis cases [15-19]. The compressive and tensile behavior in uniaxial direction is shown in Figure 

2. In tension, the stress-strain response is linear until 𝜎𝑐𝑜 where the micro cracks initiate in the 

concrete volume. Here, 𝜎𝑐𝑜, linear proportional limit, was taken as 60% of the maximum compressive 

strength. 𝜎𝑐𝑢 is the maximum uniaxial strength derived from the uniaxial compression experiment on 
concrete the cylinder. Beyond that, micro cracks join and interact and will lead to dilative behaviour in 
concrete. The stress-strain showed softening behaviour under this condition and the material was 
considered as failed. In the tension, strain hardening did not exist in the model and the softening was 
observed immediately after the linear proportional limit. 
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0 

The model also implemented scaler damage in both tension and compression assigned from zero to 

one by two damage variables, dt, and dc. Zero represents the undamaged material and one 

represents total loss of strength. The stress-strain relations under uniaxial tension and compression 
are formulated as 

 

 

where E0, ε
𝑝 

and ε
𝑝 

are the initial elastic stiffness of the concrete, the equivalent plastic strain 
in  compression and tension, respectively. The default parameters of the model calibrated for 
grade 50 concrete is summarized in Table 1 [20]. Young’s modulus is determined using the 

equation of 𝐸 = 4700√𝑓′ proposed by ACI-318 [21] where 𝑓′ is uniaxial compressive strength of 

concrete cylinder in MPa. The strain the maximum strength, 𝜀′ , and ultimate strain, 𝜀𝑐𝑢, are 
assumed as 0.002 and 0.0035 respectively. The maximum tensile strength is assumed as 10% of 
compressive strength. 
 

Parameter Value 

Dilation angle 16 

Eccentricity 0.1 

fb0/fc0 1.16 

Κ 0.667 

Viscosity parameter 0.0001 

Compressive strength (MPa) 50 

Tensile Strength (MPa) 5 

Young’s Modulus (GPa) 27.8 

Poisson’s Ratio 0.21 

Table 1 Input parameters for the CDP model. 
 
STEEL 

 
Elasto-plastic behavior with isotropic hardening was assumed for the steel sections. The A36 

material was considered for the steel with Young’s modulus and Poisson’s ratio considered as 200 
GPa and 0.3. The input parameters for the steel model are summarized in Table 2. 

 
 

Part 
Density 

[kg/m3] 

Yield stress 

[MPa] 

Ultimate 

strength 

[MPa] 

Elastic 

modulus 

[GPa] 

Poisson’s 

ratio 

Maximum 

plastic strain 

Steel plate 7800 250 360 200 0.3 0.20 

Table 2 Material properties for steel 
 
DYNAMIC INCREASE FACTOR 

 
Increase in strength for steel and concrete under high strain rate has been reported by many 

researchers which are mostly contributed to inertia effect [22-24]. The dynamic increase factor (DIF) 
is generally used in blast and impact problems defined as strength under dynamic load with respect 
to static strength. In the blast case, the rate may reach up to 103 sec-1 as shown in Table 3. 

 

Loading Scenario 
Strain Rate 

[sec-1] 

Creep -∞ - 10-8 
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Quasi-static 10-6 - 10-4 

Earthquake 10-3 - 10-2 

Impact 101 - 102 

Blast 102 - 103 

Table 3 Strain rate for different phenomena [25]. 
 

In this study, the CEB-FIP recommended model [26] used for concrete strength for compression and 
tension as 
 

 

where 𝜀𝑑, 𝜀�̇� and f’c are the dynamic strain rate, the quasi-static strain rate (taken as 30×10-6 s-1) and 
quasi- static unconfined compressive strength. f’0 is a constant value equal to 10 MPa. For the steel, 
the equation proposed by Cowper and Symonds [27] used to calculate DIF as 

where �̇� is strain rate, and C and q are constants values taken as 40.4 and 5 for mild steel. 
Considering conservative strain rate of 100 s-1 and using Eqn. 3 and Eqn. 6, the DIF for concrete was 
obtained as 2.11 and 2.44 in compression and tension. Similarly, DIF was calculated as 1.65 for the 
steel plates form Eqn. The quasi-static strength of material reported in section 2.3 and 2.4 were 
multiplied by the pertinent DIF before implementing in the finite element model. 
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BLAST LOAD 
 
A large amount of energy released abruptly from explosion induces a pressure wave, which 

propagates through the surrounding environment in a blast incident. The pressure behind the shock 
wave drops below the atmospheric pressure called negative pressure phase. Consequently, a 
vacuum zone forms on the structure surface, applying a force in the reversed direction of the shock 
wave. Maximum applied force on the structure is a function of explosive mass defined as kg of TNT 
and distance from the source. A general pressure time history of a shock wave is shown in Figure 3. 
 

Figure 3 Shock wave time history [14]. 
 
P0 is the atmospheric pressure and Pmax is overpressure peak caused by the shock arrived at time 
tA. The duration of the vacuum phase is shown with t’0 in Figure 3. Built-in blast function CONWEP 
developed by Kingery and Bulmash [28] was used to apply the shock wave to the panel. The amount 
of blast charge, the location of the detonation, and the subjected surface should be identified by the 
user. For this study, 10 kg TNT with standoff distance of 10 m was considered as the base case 
loading scenario. The panels were subjected to different blast charges and the responses are 
compared in section 5.1. In this study, only the effect of pressure from the blast incident was applied 
to the panels. The modeling techniques for the combined effect of mechanical force and high 
temperature could be found in Zeng et al. [29] and Talebi et al. [30, 31]. 
 

RESULTS 
 
The results of the analysis for the conventional geometry are provided in this section. The 

plastic equivalent strain (PEEQ) and iso-surface compressive damage subject to 10kg detonation 
charge are shown in Figure 4 and Figure 5. The damage is initiated at the corner and edges 
considering fixed BC and then propagates through the center of the panel. The rear panel is yielded 
during the impact due to the large deformation, therefore only the PEEQ is shown in this section. 

Figure 4 Equivalent plastic strain on the rear plate 
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Figure 5 Iso-surface compressive damage in the concrete core. 
BLAST CHARGE 

 
In this section, the panel is subjected to four blast loads with a different charge ranging from 2 

to 20 kg of TNT. The responses of the panels are compared in Figure 6. The maximum out of plane 
deformation and PEEQ are provided in Table 4. The results show that the rear plate is not yielded 
under 2 kg blast. 

 

Blast Charge 

[kg] 

Deformation 

[mm] 
PEEQ 

2 29 0.0 

5 97 0.0001 

10 175 0.0290 

20 335 0.0625 

Table 4 Structural response of steel plate under different shock wave. 
 

 

Figure 6 Deformation time history at the center of the rear panel. 
 

COMPOSITE BEHAVIOR 

 
In this section, the effect of composite behavior of the panel on the maximum deformation is 

investigated. This is important considering the extra cost of j-hooks installation required for 
composite interaction. For full composite behavior, adequate number of j-hooks is required to be 
welded on both rear and front plates which can significantly increase the total cost of fabrication of 
the panel. For this purpose, the analysis is performed for two cases; with and without a full bond 
between the core and plates. Tie command is used in the fully connected condition to tie the nodes 
in the core and plates. In the second scenario, only surface to surface friction with a coefficient of 0.2 
is considered between the core and the plates. The results show 16% improvement in rear 
deformation in the fully connected scenario, as shown in Table 7. 
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Figure 7 The effect of composite behavior on the rear deformation of the panel (20 kg charge). 
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CONCRETE DENSITY 
 
Several researchers have reported higher resistance against dynamic load considering the 

inertia force of the concrete core. Here, the effect of density evaluated in the response of sandwich 
panel was subjected to 20 kg charge. Four different cases covering light, normal, and heavy weight 
concretes were considered and the results are summarized in Table 5 and Figure 8. 

 
Case Concrete density 

[kg/m3] 

Max. Rear 

deformation [mm] 

1 1,300 384 

2 1,800 357 

2 2,300 335 

3 2,800 316 

4 3,300 302 

Table 5 The effect of concrete density on the structural response. 
 
 

Figure 8 Rear deformation versus concrete density. 
 

In Figure 8, linear behavior between density and rear deformation was observed. By using heavy 
concreteinstead of normal weight and increasing the density by 43%, the rear deformation is reduced 
only by 10%. It is concluded that the effect of density is insignificant and therefore; density is not 
considered in the optimization process in section 6. 
 
STEEL PLATE THICKNESS 

 
A test matrix is developed to optimize the configuration of the wall in terms of plate thickness 

which is shown in Table 6. For better comparison, the sum of the thickness of the front and rear 
plates was fixed for all cases. The maximum out of plane deformation at the center of the wall 
considered as the controlling parameter for the optimization process. The failure at the rear plate is 
considered as the failure of the wall. In the sandwich configuration, the concrete core may experience 
severe damage; however, while the rear plate is not ruptured, the structure could be assumed in a 
safe condition. The deformation time history for five cases in Table 6 is shown in Figure 9. 
 

Case 
Front 

Thickens 

[mm] 

Rear 

Thickness 

[mm] 

Rear to Front 

Thick. Ratio 

Maximum Rear 

Deformation 

[mm] 

1 50 12 0.24 213 

2 38 24 0.63 184 

3 32 32 1.00 175 

4 24 38 1.58 163 

5 12 50 4.16 159 

Table 6 optimization matrix for sandwich configuration (10 kg charge). 
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Based on the results, the rear deformation is highly a function of rear thickness. Larger rear 
thickness reduces the deformation with a quadratic rate (see Figure 10). However, the deformation 
tends to converge with a ratio of the rear to front thickness beyond 1.5. Therefore, this value could be 
considered as the optimum thickness ratio. 

Figure 9 Rear deformation for different plate thickness configuration (10 kg charge). 
Figure 10 Rear deformation vesus rear plate thickness (10 kg charge). 

 
CONCRETE STRENGTH 

 
The effect of concrete strength on the performance of the panel is studied in this section. For this 

purpose, a range of concrete strength from conventional up to high-strength is considered for the 
concrete core. The material properties and input parameters for normal strength and high-strength 
concrete calibrated to be used in the CDP model could be found in Shafiefar et al. [32], Sawab et al. 
[33], Hanif et al. [34] and Baghi et al.[35]. The effect of concrete strength is shown in Figure 11. The 
variation of rear deformation with respect to concrete strength is shown in Figure 12. It could be seen 
from the figure that increasing concrete increased the strength from 35 MPa to 100 MPa, which 

further reduced the rear deflection from 188 to 123 mm. 
Figure 11 Rear deformation for different compressive strength (10 kg charge). 
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Figure 12 Rear deformation versus rear compressive strength (10 kg charge). 
 

MESH SENSITIVITY 
 
The mesh sensitivity studies on the model have been performed for 10 kg charge and 10 m 

standoff distance, wherein the optimal mesh size was selected accordingly. Mesh size needs to be 
optimized to avoid excessive cost of computation and also to avoid loss of accuracy. Mesh size of 25 
mm for the concrete core is considered in order to provide 12 elements through the thickness. The 
rear and front plate have 25 mm mesh size as well. 

 

 

Case 

 
Number of 

Elements 

Concrete 

Element Size 

[mm] 

No. of Elements 

Through the Depth 

Rear 

Deformation 

[mm] 

 

PEEQ 

1 382,500 20 15 175 0.0120 

2 201,600 25 12 175 0.0117 

3 28,800 50 6 172 0.0111 

Table 7 Results of mesh sensitivity study. 
 

Figure 13 mesh density of the concrete core. 
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PROPOSED CONFIGURATION 
 
Based on the results obtained from the previous sections, two novel composite sandwich panels 

have been introduced to improve the structural performance of the wall against blast load. The two 
governing factors for optimum configuration is the total weight of the panel and minimum out of plane 
deformation at the center. The front and rear steel plates are considered for the new panel to 
minimize the risk of scabbing and fragmentation. The core concrete provides inertia force required to 
minimize the out of plane deformation. Furthermore; the presence of steel plates improves the 
concrete strength by providing passive confinement. 

 

SERIES CONFIGURATION 

 
The first model consists of a concrete core and a corrugated metal sheet. Considering flexural 

behavior, the concrete core is placed in the compressive area and a thick plate is placed on the rear 
which is the tensile region. The corrugated steel plate transfers the shear force from the core to the 
rear plate to maintain composite interaction. In the ultimate level of deformation, the energy 
dissipation capability of the corrugated steel wall provides further resistance against the shock wave. 
Since the concrete core is enclosed between the two steel plates, no scabbing is predicted in the 
rear face of the current configuration. The geometry of the proposed wall is shown in Figure 14. Due 
to the modular configuration of the system, it can be pre-fabricated in the factory to reduce cost and 
save fabrication time. Since the concrete core performs well in the compressive region, the thickness 
of the front plate could be reduced for weight and cost optimization. 

Figure 14 First proposed configuration for the shock resistance composite wall. 
 

A series of analysis with different plate thicknesses of the front, damper and rear plate is performed 
to identify the optimum plate thickness for the composite wall, as shown in Table 8. In order to 
maintain total weight and weight of the steel in the wall, the sum of the steel plates thicknesses is 
limited to 60 mm in the parametric analysis. Since the rear plate has a major role in the general 
response of the wall maximum thickness of 30 mm is considered in the parametric study. 
Thicknesses higher than 30 mm is not considered since the cost of material will significantly 
increase. Since the mid plate is close to the neutral axis, the value of 10 mm is considered, which 
refers to the minimum value. Cases 3 and 5 in the table have the minimum rear deformation under 
the blast load. Although the composite wall has a higher cost of fabrication, the rear deformation is 
29 % and 22% less than the conventional wall for 10 kg and 20 kg respectively. Based on the 
results in section 7.2, the same deformation could be obtained from the conventional wall if the 
concrete is increased from 50 MPa to 115 MPa, which results in an additional cost of fabrication. The 
out of plane deformations of the panel under 10 kg and 20 kg blast charge are shown in Figure 15. 
The parametric analysis performed on the steel plate thickness and deformation of the proposed 
model for case 3 under 10 kg and 20 kg blast charge are shown in Table 8 and Figure 15. 
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Case 

 

Front Plate 

Thick. [mm] 

 

Damper Plate 

Thick. [mm] 

 

Rear Plate 

Thick. [mm] 

Rear 

Deformation 

[mm] 

1 10 10 30 284 

2 5 20 30 295 

3 10 15 30 261 

4 15 10 30 275 

5 20 5 30 263 

Table 8 Parametric analysis of plate thickness (20 kg charge). 

 

Figure 15 Out of plane deformation of the composite panel under 10 kg and 20 kg blast charge 
at t=1 ms for the case 3. 

 
PARALLEL CONFIGURATION 

 
The main idea behind the second configuration is to increase the flexural stiffness of the panel 

using the composite interaction between wide flange steel sections, steel plate, and concrete core. 
As shown in Figure 16, wide flange sections are considered between the two steel plates and the 
concrete is casted in the cavities. The steel sections and the plates provide confinement in three 
directions for the concrete core. On the other hand, the concrete core provides confinement for the 
steel sections and prevents local buckling of the web. Two options are available to provide 
composite interaction in the system; welding the flange to the plates or installation j-hooks or shear 
studs on the inner surface of the steel plates. In the first option, the shear is transferred by the web of 
the steel sections, while in the second option, the shear is transferred through the concrete segments 
in the presence of j-hooks. 
 

Figure 16 Second proposed configuration for the shock resistance composite wall. 
 
The current configuration has the same geometry as in the conventional sandwich panels, while the 
rear deformation is significantly reduced up to 42% (case 3 under 10 kg charge). Comparison of the 
deformation between different cases could be conducted, as shown in Table 9, where three different 
steelsections as well as two front steel thickness were analyzed. Maximum rear plate thickness of 30 
mm is considered for all the cases. Figure 17 shows the deformation of the panel under 10 kg and 20 
kg blast charge. 
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Case 

 
Section 

Front Plate 

Thick. 

[mm] 

Flange 

Thick. 

[mm] 

Web 

Thick. 

[mm] 

Rear Deform. 

[mm] 

1 W12X14 30 5.7 5.1 157 

2 W12X50 30 16.3 9.4 133 

3 W12X136 30 31.8 20.1 101 

4 W12X50 20 16.3 9.4 194 

5 W12X136 20 31.8 20.1 116 

Table 9 Parametric analysis of steel section (10 kg). 
 

Figure 17 Rear deformation for steel sections (10 kg charge). 
 

 
Figure 18 Out of plane deformation of the composite panel under 10 kg and 20 kg blast charge 

at t=1 ms for case 3. 
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SUMMARY OF THE RESULTS AND DISCUSSION 
 

Summary of the results for different configurations is provided in Table 10 for better 
comparison. The second proposed model or parallel model has the best structural performance in 
terms of out of plane deformation. The weight of the steel parts and the total weight of the panels are 
in a similar range in Table 10, while the out of plane deformation for the second configuration is 
significantly less. This improvement could be attributed to the composite interaction between the 
steel and concrete. In the series model, the corrugated section experienced buckling at the center 
especially in the higher level of deformation. This issue increased the overall deformation of the wall. 
Considering brittle behavior of the concrete, in a high level of deformation, the resistance of the core 
reduced significantly. Therefore, the key to obtain the maximum capacity is obtaining the highest 
initial flexural stiffness, which is based on the results observed in the second model. It was found that 
the initial resistance against the blast load is provided by the concrete core, while the rear steel plate 
provides final resistance in a higher level of deformation. The cost of material is expected to be almost 
equal between the conventional SCS wall and the parallel model. Note that in the conventional 
model, a considerable number of shear studs or J-hooks needs to be installed on both steel plates to 
provide composite interaction between the concrete and the plates. However, in the parallel model, 
there is no need for inclusion of shear studs since the shear is transferred through the steel section. 
Based on the results presented in Table 8, the average reduction of deformation is about 34% in the 
parallel configuration. 

 

Configuration Reference Case 
Total 

weigh (kg) 

Weight of 

steel (kg) 

5 kg 

charge 

10 kg 

charge 

20 kg 

charge 

Conventional SCS Table 6 3 10,730 4,520 97 175 336 

Series Table 8 3 11,200 4,990 60 124 261 

Parallel Table 9 5 10,960 4,750 54 116 249 

Table 10 Summary of the results. 
 

CONCLUSION 
 

In this study, a comparative non-linear explicit analysis was performed to study the structural 
performance of conventional SCS wall subjected to a near-field blast load. Two main parameters of 
maximum out of plane deformation and PEEQ at the center of the rear plate were considered for 
comparison. The most effective configuration in terms of concrete strength and plate thickness were 
identified. The results showed that the rear to the front plate thickness of 1.5 is the optimum ratio to 
minimize the deformation. In addition, concrete strength more than 100 MPa significantly improved 
structural performance. Using high strength concrete, instead of normal strength (100 MPA instead 
of 50 MPa), the rear deformation reduced up to 25%. The effect of concrete density on structural 
performance was insignificant. Using heavy concrete instead of normal weight and increasing density 
by 43%, the rear deformation was reduced only by 10%. Two novel configurations were proposed to 
improve the structural response and were optimized using parametric analysis. The proposed 
parallel configuration showed significant improvement, when compared to the conventional design. 
With similar cost fabrication, using the new design, the rear deformation could be reduced up to 
44%. 
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CHAPTER 33 
 
 
 

PARTIAL REPLACEMENT OF CEMENT BY COFFEE HUSK 
ASH FOR C-25 CONCRETE PRODUCTION 
 
Abebe Demissew1*, Fekadu Fufa2 and Sintayehu Assefa3 
 
 

Abstract 
 
Concrete is a mixture of aggregates and binders. From concrete ingredients, the binder and the costliest and 
environmental-unfriendly element is cement, which is an ecological unsociable process due to the discharge of 
CO2 gas into the atmosphere and ecological degradation. Coffee husk (CH) has been considered as a 
category of agriculture by-product; as its quantity rises, the disposal of it is becoming an environmental 
problem. Hence, this study investigated the suitability of coffee husk ash (CHA) as a partial replacement for 
ordinary Portland cement (OPC) in conventional concrete production. Initially, CH samples were collected from 
different coffee treatment centres. The CHA was then ground and its chemical and physical properties were 
investigated using Atomic Absorption Spectrophotometer method. After that, the pastes containing OPC and 
CHA at different levels of replacement were investigated. For this purpose, six different concrete mixes with 
CHA replacement 0, 2, 3, 5, 10, and 15% of the OPC were prepared for 25MPa conventional concrete with 
water to cement ratio of 0.5 and 360 kg/m3 cement content. The results of the study show that, up to 10% 
replacement of OPC by CHA achieved advanced compressive strength at all test ages, i.e. 7, 14, and 28 days 
of age using compressive test machine. 
 
Keywords: Coffee husk ash, compressive strength, concrete, environment 

 

INTRODUCTION 
 

Cement production is an ecological unsociable process due to the discharge of CO2 gases into the 
atmosphere and environmental degradations. Portland cement clinker production is a major source of CO2 and 
other greenhouse gases within the contribution of 5% of the annual global atmospheric CO2 emission [17]. 
Beyond its adverse environmental impact, cement is also one of the most expensive materials when compared 
to other ingredients of concrete due to its huge energy consumption for productions. Twenty to forty percent of 
the total production cost of cement is attributed by energy [17]. On the other hand, residue from coffee 
processing factories, principally coffee processing effluent and release from the factory, can cause significant 
pollution to water courses, while those living around the coffee processing stations have complains about 
pollution of rivers and other associated health impacts [9,18]. Coffee silver skin and spent coffee grounds are 
the main coffee industry residues, obtained during the beans burning up, and the process to prepare “instant 
coffee,” respectively. Recently, coffee husk ash (CHA) had been tested in some countries for its pozzolanic 
possessions, which has been found to develop some of the properties of the paste, mortar and concrete-like 
compressive strength and water tightness in confident substitution percentages and fineness [14]. 
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Once the cherries of coffee beans are harvested, the beans have to be extracted by using either the dry or the 
wet method [8, 15, 22]. The dry method (natural method) is the oldest and the simplest, which requires little 
machinery and the process is slow, ranging from three to four weeks. The method involves drying the whole 
cherry. Coffee husks (CHs), which are produced through these methods, are the major solid residues from the 
handling and processing of coffee, since for every 1 kg of coffee beans produced, approximately 1 kg of husks 
is generated [8,11]. The wet method requires the use of specific equipmentand substantial quantities of water. 
Hence, the coffee produced by this method is usually regarded as being of better quality and commands higher 
prices [11, 20]. 

 
Coffee husk ash acts as a pozzolanic material when added to cement because of its silica (SiO2) and 
aluminate content, which reacts with free lime released during the hydration of the cement and forms additional 
calcium silicate hydrate as a new hydration product [12]. This additional calcium silicate hydrate improves the 
mechanical strength of the cement concrete. The silica content of the ash depends on the nature of soil, its 
harvest, and flaming temperature of the CH. High temperature helps to remove impurities in CHA. A research 
conducted on the burning of CH at 400, 500, 600, 700, and 800 oC identified the suitable burning and seat time 
to be 600 oC [12,14]. The elevated temperatures will give superior amount of silica content, but the ensuing 
silica is in crystalline form that is not in active state. 

 

STATEMENT OF THE PROBLEM 
 
Making concrete is not an easy task, especially to achieve the desired strength of concrete. Many studies have 
conducted various techniques to determine the most suitable and environmental-friendly ingredients to produce 
different types of concrete with acceptable strength. In fact, the strength of concrete relies on the quality of the 
ingredients used [10]. 

 
Among those ingredients, binder and the costliest and environmental-unfriendly element is cement. As a result, 
the necessity to decrease the sky-scraping cost of OPC in order to supply sustainable and cost- effective 
structure for the public and private sectors has led researchers to focus on some nearby obtainable 
construction materials that can be used as fractional substitution for OPC in construction industries. Various 
studies have performed two-fold blends of OPC with different cementitious materials, such as fly ash, blast 
furnace slag, silica fume, rice husk ash, CHA, and metakaoline, in making cement composites confirmation to 
be valuable in meeting of the necessities of environmental-friendly, sustainable and durable concrete structures 
[19]. 

 
Cement production is a common ecological unsociable process due to the discharge of CO2 gas into the 

atmosphere. In addition to its release of different gases, its raw material extraction is environmental- unfriendly 
due to degradation and disruption to the existing natural environment. It indicates that the cement industry 
contributes to the present worldwide concern, which is global warming. Beyond its adverse environmental 
impact, cement is also one of the most expensive materials when compared to the other ingredients of 
concrete due to its huge energy consumption for productions. 20 - 40% of the total production cost of cement is 
attributed by energy [16]. The raw materials for the cement production, such as lime, is also being exploited in 
large amount that may result in running out of them, as it is predicted to happen in some places of the world 
and in the same way also in Ethiopia [13]. 
 
Coffee husk is more often considered waste of agricultural activities; when its mass rises, the disposal of CH 
becomes an ecological crisis, especially around coffee purple centres. The residue from coffee processing 
factories, predominantly coffee processing waste matter and release from the plant, can be considerable 
sources for contamination of water sources and people living around coffee processing stations have 
complains about pollution of rivers and its associated health impact [9]. This study adopted well-liked and usual 
agricultural waste materials, CH, to manufacture the ash of CH by using high temperature burning method and 
applied it to C-25 concrete grades in order to investigate the fresh and hardened concrete properties with 
specified replacement rate of CHA as partial replacement of cement. The experiment examined the 
practicability of CHA as partial replacement of cement for concrete material as alternative sustainable 
construction material. 

 
OBJECTIVES 
 
The main objective of this study is to determine the suitability of CHA as a partial cement replacement for C-25 
concrete grade production. 
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SPECIFIC OBJECTIVES 
 

 To check the major chemical composition of CHA. 

 To determine the optimal ratio of CHA as partial replacement of OPC for C-25 concrete grade production. 

 To examine the engineering properties of C-25 concrete with CHA as partial replacement of OPC. 

 To assess economic and environmental benefits of CH as partial replacement of OPC in C-25 concrete 
grade production. 

 

MATERIALS AND METHODS 
 
MATERIAL 
 
COFFEE HUSK ASH (CHA) 

 
Coffee husk was collected from Jimma, Ethiopia and was exposed to sun to eliminate surface moisture and 
burnt in an enclosed place to limit the amount of ash being blown off at several fixed temperatures and time 
duration. In this research, CH was burned in a carbonate furnace for two, three, and four hours at 500 oC, 550 
oC and 600 oC, to determine the appropriate temperature and duration of it to get the required quality of CHA at 
JU, CAVM, Post Harvesting Department laboratory. After a general comparison, this study selected 550 oC and 
three hours’ duration for the burning process. Then, the ash particle size was reduced to the required level of 

finesse and sieved with a 63 μm sieve to discard impurities and courser size particles. 

 
COURSE AGGREGATE 

 
This study used 25 mm size coarse aggregate obtained from Kality in Ethiopia. 
 
FINE AGGREGATES 

 
The fine aggregate was obtained from Sodery, Oromia Region, Ethiopia. 
 
CEMENT 

 
Ordinary Portland cement (OPC) was purchased from Megenagna, Addis Ababa, Ethiopia and it conformed to 
the requirements of ASTMC150/C150M [5]. 

 
WATER 

 
Tap water supplied by Addis Ababa municipality to Material and Research Testing Centre of Ethiopian 
Institutes of Architecture, Building Construction and City Development was used. 
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METHODS 
 
BATCHING AND MIXING 

 
In this study, the weight batching method was employed and OPC was replaced partially by the weight ratio of 
2, 3, 5, 10, and 15% by CHA. In addition to that, 0% replacement was used as control test for the study. 

 
MIX DESIGN 

 
In this study, ACI 211.1 method was used to specify the quantities and the proportion of concrete ingredients, 
OPC cement, CHA, Sand, Gravel, and water. 

 
CASTING OF SAMPLES 

 
Concrete cubes sized 150x150x150 mm were casted to assess all hardened concrete properties. Six mixes 
were prepared for 0, 2, 3, 5, 10, and 15% for replacement of cement by CHA. The concrete was mixed, placed 
and compacted in three layers, demolded after 24 hours, and kept in a curing tank for 7, 14, and 28 days as 
required by standards. The slump and fresh density of concrete was determined according to ASTM 
C143/C143M. [3]. 
 
SAMPLE TESTINGS 

 
The compressive strength test of concrete cubes were conducted by using Universal Compressive Testing 
Machine at /Addis Ababa University/Eiabc, Materials Research and Testing Centre (MRTC)laboratory Addis 
Ababa, Ethiopia. This was done in accordance to ASTMC-192/C192M [6]. 

 
RESULTS AND DISCUSSIONS 
 
CHA has low density (2.72 g/cm3, as compared to OPC that has a density of 3.15 g/cm3). The combined 
chemical composition; SiO2 + Al2O3 + Fe2O3 = 37.1 < 50 %, which testified the pozzolanic nature of CHA and 
the loss on ignition (LOI) value for CHA was found to be 27.98%, which was higher than that specified as per 
ASTM C- 618 specifications [7]. When the burning temperature of CH increased, the major chemical 
compounds of CHA decreased. It is due to disintegration of the ash to the respective chemical elements. As a 
result, this study was performed based on 550 oC temperature. CHA was found to have high alkali content, such 
as K2O (19.5 %), thus implying high potential for alkali- silica reaction when used in concrete with silica reach 

aggregates. CHA had higher values from some common raw materials of cement. For example, SiO2 of CHA 

was greater than gypsum, bauxite, iron ore, and lime stone. Al2O3 of CHA was greater than limestone, bagasse 

ash sand, shale, iron ore, and sandy clay. Fe2O3 of CHA, in similar manner, was found higher than gypsum, 
sandy clay, clay, and limestone. This is the same for CaO of CHA, which was greater than bagasse ash, fuel 
ash, bauxite, sand, shale, iron ore, clay, and sandy. This shows that CHA has the required chemical requirement 
of raw materials for cement production. 

 

CONSISTENCY OF BLENDED PASTES 
 
The normal consistencies of pastes containing CHA are shown in Table 1. The control paste or CHA0 had 
normal consistency of 26%. All pastes containing CHA showed normal consistency equal and higher than the 
control paste, CHA0. Up to 2% replacement, the normal consistency was constant; at 3% replacement, the 
normal consistency showed slight increment to 31%, and it increased continuously to 38% at 15% 
replacement.The usual range of water to cement ratio for normal consistency is between 26 and 33 [4]. The 
pastes with replacement up to 5% showed a consistency within this range, however, after 10% replacement, the 
results showed considerably elevated value. This was due to the fineness of CHA and its porosity. 

 
Table 1 Normal consistency of blended pastes containing CHA 

 

Mix Code CHAO CHA2 CHA3 CHA5 CHA10 CHAO15 

Consistency (%) (ASTM C 187) 26 26 31 33 35 38 
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SETTING TIME OF BLENDED PASTES 

 
The Ethiopian standard limits the cement final setting time not to exceed 10 hours, while the initial setting time 
not to be less than 45 minutes. The results for the setting time presented in Table 2 indicate that the addition of 
CHA retarded the setting; however, this retardation was within limits as specified by the Ethiopian standard. As 
the CHA content increased, the setting time displayed a trend of increment. The reason for the increase in 
setting time could be the adsorption of water on CHA surface. The higher the proportion of CHA, the higher 
was the adsorption of water increasing the normal consistency, which in turn, re-treaded the setting time of 
paste. 

 
Table 2 Setting time of pastes containing CHA 

 

Mix Code CHAO CHA2 CHA3 CHA5 CHA10 CHAO15 

Initial setting time (min) 63 69 77 89 105 112 

Final setting time (min) 365 392 415 431 465 475 

 
 
 
RESULTS AND DISCUSSION ON FRESH AND HARDENED CHA CONCRETE PROPERTIES 
 
WORKABILITY TEST 

 
As observed from Table 3.3, the slumps of the concrete containing CHA displayed a reduction as the CHA 
content increased. In order to get a certain slump, OPC-CHA blended concretes needed higher water content 
than one without CHA. The possible reason for this was CHA’s lower density giving it higher porosity, resulting 
in higher water request. In order to get similar slump for the control and OPC-CHA concrete, the water content 
was increased as the CHA content increased. According to [3], the slump of the study was found in the range 
of 30-38 mm, wherein CHA concrete is good in plastic and cohesive properties. As a result, it was found that 
CHA concrete will be good to minimize segregation of fresh concrete during placing and consolidating of 
concrete. 
 

Table 3 Slump test results for CHA concrete 

 
 

Mix Code CHAO CHA2 CHA3 CHA5 CHA10 CHAO15 

Replaced OPC (%) 0 2 3 5 10 15 

Water to Binder 0.5 0.5 0.52 0.54 0.6 0.68 

Observed Slump (mm) 38 36 33 33 32 30 
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FRESH CONCRETE UNIT WEIGHT 

 
Unit weight properties of fresh CHA concrete was investigated by using mould with constant weight and volume 
of 5.4 kg and 9 litres, respectively. According to [1], fresh concrete properties can be determined by their 
respective maximum size of aggregates as a result of the 25 mm size of course aggregates, in which the 
corresponding unit weight was found to be 2375 kg/m3. In this research, the fresh concrete unit weight was 
calculated using equation 3.1 and as presented in Table 4. 

Where W1 is weight of mould that is constant 5.4 Kg, W2 is weight of mould plus weight of fresh concrete in 

Kg, and V is volume of mould in M3 that is constant 9 litres. 

 
As shown in Table 4, the fresh CHA concrete density reduced when the percentage of CHA increased and 
from overall, CHA concrete had been good in producing lightweight concrete structures. 

 
 

Table 4 Fresh concrete density 
 

 

Mix Code CHAO CHA2 CHA3 CHA5 CHA10 CHAO15 

W2 (Kg) 27.8 27.5 27 26.4 25.2 24.0 

Density of fresh concrete (Kg/M3) 2489 2456 2400 2333 2200 2066 

Reduction of density in % 0 1.34 2.26 2.78 5.71 6.06 

 

 
DENSITY OF HARDENED CHA CONCRETE 

 
The density values used for the analysis of the study were measured from the concrete cubes sample after 28 
days of being cured in curing tank. The experimental results showed a significant reduction of density, while 
CHA replacement percentages increased, as shown in Table 5. 
 

Table 5 density of harden CHA concretes 
 

 

Mix Code CHAO CHA2 CHA3 CHA5 CHA10 CHAO15 

Density (kg/m3) 2306.2 2243.5 2209.6 2207.5 2203.3 2184.9 
Density Reduction (%)) 00 6.27 9.66 9.87 10.30 12.14 

 

 
The low specific gravity of the CHA, 2.72, as compared to the cement, 3.15, resulted declining in the density of 
the CHA concrete, as shown in Table 5. Since CHA was nearly 16% lighter than cement, it was expected that 
the mass density of the mix would be significantly reduced. In addition to that, it could be accredited to the raise 
in voids in the concrete samples as the CHA percentage increased. Nevertheless, the unit weight increased as 
the ages of specimens increased and the concrete got denser. 

 
COMPRESSIVE STRENGTH TEST 

 
For each percentage replacement, the mean values of three cubes were taken as compressive strength. The 
strength reduction due to increment of CHA was calculated by using equation 2, while Figure 1 illustrates the 
compressive strength values: 
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Where F0j is CHA0 (control test of compressive strength), at j days of curing and Fij is the compressive 
strength of i% of replacement at j days of curing.As for CHA concrete, the results showed that addition of CHA 
resulted in reduction of concrete compressive strength, when compared to control, CHA0. This shows that 
when CHA increased, the compressive strength of the concrete reduced. However, the compressive strength 
of the CHA concrete increased as it aged. 
 

Figure 1 Compressive strength of OPC-CHA concrete 
 
The probable reason for the decrease in CHA concrete compressive strength is because of the high 
percentages replacement of cement by CHA, thus reducing the content of cement in concrete, which on the 
other hand, reduced cement hydration reactions. Beyond this high amount of CHA, it resulted in higher water 
requirement, hence making water unavailable for cement hydration. 
 
ENVIRONMENTAL AND ECONOMIC BENEFITS OF CHA CONCRETE 

 
Damping of CH at landfill sites facilitates the threat of wild fires, and generates toxic chemicals that affect the 
ecology, such as soil, water, and plants. Hence, the flourishing use of by-product of coffee bean processing, 
CH, in concrete, can be placed forward as one of the environmental responsible and cost- effective eco-friendly 
ways of adapting coffee husk waste into valuable resources. 
 
REDUCTION IN MATERIALS USAGES 
 

Using CHA, which is a recycled material, will save a great deal of materials used for concrete production. For 
one ton of OPC, 1.52 tons of raw materials are required [2] and CHA is a recycled (recovered) material.Table 
3.7 shows that using CHA as a cement replacement saves use of raw materials for production of cement. For 
example, the 10 % replacement saved about 10.05 % of raw materials required to produce 360 kg of cement, 
which means 38 kg of cement per a meter cube of concrete when compared to the control concrete, which is 
about 38 kg/m3 that is nearly one bag of cement per one-meter cubic of concrete. In 2016-production year of 
Ethiopia, coffee production and its associated residue reached 172,990 MT of CHA. 
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Table 7 Raw material input for cement per cubic meter of concrete 

 

Mix Code CHA0 CHA2 CHA3 CHA5 CHA10 CHA15 

OPC (kg/m3) 547 536 530 519 492 465 

CHA (kg/m3) 0 11 17 28 55 82 

Saving of materials (%) 0 2.01 3.10 5.12 10.05 15.00 

 
For one ton of cement production, it consumes 1.52 ton of raw materials, which is equivalent to 10 % of CHA, 
thus reducing the raw materials for cement production with 172,900 MT of CHA, hence saving 262,808 
(172900*1.52) MT of raw materials each year. 

 
ENERGY SAVING 

 
CHA formation needs only 550 oC, which is reduction of 900 oC, in which 62.1% of temperature required for 
formation of clinker. This plays a great role in addressing global warming and energy cost. In order to produce 
one ton of clinker, one needs to burn 0.164 ton of coals and usage of 43,223.8 KJ of energy per one kilogram 
of clinker [17]. If one substitutes it by CHA10, it will reduce the energy consumption by 0.1018 (i.e. 0.164 x 
62.1%) ton of coal per ton of clinkers and 26,841 (i.e. 43223 x 62.1%) KJ of energy per 1 kg of clinker 
production. As a result, CHA is important for energy cost reduction of cement productions that can reduce the 
cost of cement as cement partial replacement. 

 
REDUCTION IN CO2 EMISSION 

 
One kg of cement production emits around 0.79 kg CO2 and from this 37%, 0.37*0.79 kg=0.2923 Kg, CO2 
comes from fuel consumption. Hence, for 10% CHA replacement, 0.02923 kg of CO2 per kg of cement can be 
saved. Based on 2016 annual coffee productions of Ethiopia, there were equivalent CH production and for this, 
there was around 172, 900 MT of CHA productions. As a result, use of CHA as partial replacement of cement 
within 10% as a limit can reduce the emission of CO2 by the quantities of 5,053.867 MT of CO2 per year only 
from fuel consumption, since CHA can be produced.  
 

CONCLUSION AND RECOMMENDATIONS 
 
The chemical composition test reveals that the CHA from Jimma, Ethiopia has significant values of Al2O3 and 
SiO2, which are major components of cement. Elevated replacements of cement by CHA resulted in advanced 
normal consistency (i.e. higher water requirement for workability) and longer setting time. The introduction of 
CHA in concrete considerably decreased both workability and slump aspects. It was observed that the 
slump decreased as CHA percentages were increased in all the specimens. The low specific gravity of the 
CHA, when compared to cement, produced a decrease in the density of the CHA concrete.The compressive 
strength increased with curing period, but decreased with increased amount of CHA. The compressive test 
showed that more percentage replacement caused less degree of strength for the same ages of specimen. In 
the reveries, aged specimens resulted better strength for the same replacement percentages. Therefore, the 
investigation of this study found that OPC replacement with CHA from 2% to 10% resulted in better compressive 
strength and density. Therefore, 10% of CHA replacement is the optimum ratio for C-25 concrete production. 
Similarly, 15% of CHA concrete is good for lower grade of concrete, such as C-20. Based on these preliminary 
results, it can be concluded that CHA can be used as an alternative cement to replace cementitious materials 
for the production of normal weight concrete with acceptable physical, chemical, and mechanical 
performances. This research has demonstrated that concrete produced from CHA has high potential as a 
source of environmental-friendly cementitious material that reduces pollution and provides a sound coffee 
waste management option. 
 
The recommendations of future research as per below. 
 

 The CHA from different major sources of coffee producing areas throughout the country should be studied. 

 Studies may want to check the chemical compositions and pozzolanic reaction of the CHA by using 
advanced methods, such as X-ray Diffraction (XRD) Analysis, and Scanning Electron Microscopy (SEM). 

 The durability properties of CHA concrete need to be investigated in relation to concrete ages. 

 The carbon dioxide emission and burning cost of CHA can be accurately calculated using several scientific 
methods. 
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CHAPTER 34 
 
 
 

POROSITY, PERMEABILITY AND MICROSTRUCTURE OF 
FOAMED CONCRETE THROUGH SEM IMAGES 

 
P. Shawnim* and F. Mohammad* 

 
 

ABSTRACT 
 
This paper examined the Foamed Concrete (FC) for permeability of total and capillary water 

absorption, at 28 days of air sealed curing. The microstructure of 15 selected FC specimens was 
investigated to determine permeability in relation to porosity and density using Scanning Electron 
Microscopy (SEM) images. The FC specimens of the densities (1100, 1600, and 1800) kg/m3 were 
made using fine sand and brick aggregates with toner and MK inclusion as additives. The 
microstructural investigation of the FC revealed porosity measure as a percentage ratio of the area 
under investigation to be in the range of (39.65 to 77.7) %. The pore size is in the range of (0.01 to 
70) µm, depending on the type of additive, for the mixes containing toner and MK, it is in a fine range 
of (0.01 to 10.0) µm. For the FC specimens, the finer the pore size, the less permeable and the 
stronger it is. Permeability is porosity and strength dependent, whereby high porosity leads to high 
permeability and low compressive strength for FC mixes made with sand or brick only with no additive 
inclusion. Meanwhile, the FC mixes made with the inclusion of additives, such as the toner and 
MK20 mixes, showed an evenly spread net of independent air voids with a regular shape within their 
matrix, which is beneficial in decreasing permeability. Therefore, besides the porosity and strength, 
the fineness of the pore matrix and the shape factor of the pores are two other key factors in 
controlling permeability. Toner and MK20 inclusion can enhance the capillary water absorption to 
reach almost water tight. Besides, MK30 and MK50 inclusion displayed adverse effect on 
permeability. Depending on the type of filler, the additive, and the percentage ratio of the porosity of 
the FC matrix at (1600 and 1800) kg/m3 densities, it is possible to produce FC with compressive 
strength between (55.1 and 30) N/mm2. 

 
Keywords: Foamed concrete, microstructure, permeability, porosity, SEM 

 

INTRODUCTION 
 
Foamed concrete is a lightweight material with densities that vary between (400 - 1800) kg/m3 

[1], known for good workability, self-flowing, and self-compacting, used for gap filling and the 
construction of nil structural elements. Foamed concrete is made up of Ordinary Portland cement 
(OPC), sand and water with no gravels, having a net of well-spread air voids or pore structure, 
created by the introduction of air by mechanical means of foaming. The foam can be generated from 
natural surfactants or synthetic materials, which can be added to the concrete mix either as pre-
foamed or as mixed foaming [2]. The production of a stable FC mix depends on many factors, 
namely selection of the foaming agent, method of the foam preparation, and the addition of the foam 
for a uniform air-voids distribution. The materials section and the mixture design strategies, the 
production of foam concrete, and the performance with respect to fresh and hardened states are of a 
greater significance [3].  
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Ramamurthy et al. [3] found that concrete with uniform distribution of air-void sizes, circular air-
voids, and optimal spacing between voids can produce FC with good mechanical properties. The 
water absorption of FC is decreased with density, while it is increased for the cement–sand mixes, 
therefore, water absorption of FC should be expressed in kg/m3 rather than as a percentage by 
weight because of its reduced density. 

 
Ramamurthy et al. [3] further stated that the durability studies showed that the cell-like structure 

and possible porosity do not make it less resistant to penetration of aggressive ions than the densely 
compacted normal weight concrete. This is because; the ratio of connected pores to total pores that 
determines the durability, is lower in FC. Hence, it has good resistance to freeze and thaw, fire, 
thermal conductivity, and possesses lower sorptivity. Experimental models have been proposed to 
relate porosity and strength of porous materials, some models relating strength to porosity have 
been presented for aerated concrete [4], and for FC [5]. Kumara and Bhattacharjeeb [6] studied the 
pore system and suggested a new model that considered porosity, pore size distribution, cement 
content of concrete, aggregate type, exposure condition, and age of concrete. They also found that 
the existing models related to strength with pore size characteristics of cement-based material were 
inadequate for proper explanation. Air-void distribution is more uniform at a low dosage of foam 
volume than at a high foam volume content, this uniformity is true in FC containing fly ash mixes in 
comparison to concrete of sand mixes only [7]. 

 
Xingang et al. [8] showed that the pore diameters of the light weight and high strength FC are 

mainly in the range of (100-200) μm. Even distribution of fine and close pores resulted in high 

strength and low permeability, while uneven distribution of large size pores and open pores lead to 
low strength and high permeability. Xingang et al. [8] further stated that scanning electron microscopy 
(SEM) is appropriate for the pore structure and microstructural analyses of FC. Visagie and Kearsley 
[9] found that at higher densities, the air void distribution does not seem to have an influence on the 
compressive strength, which may be related to a more uniform distribution of air voids at higher 
densities. Luping [10] stated that the bigger pores have effects on the strength of concrete, rather 
than the smaller pores, materials with the same matrix and porosity, the strength is lower for that 
which contains more of the large size pores. Both, the critical pore diameter and the pore range with 
diameter >200 nm decreased with increase in the density. There is a strongly positive relationship 
between them and the permeability of FC, and that many of the artificial pores due to the added foam 
did not take part in water absorption, indicating that many of them are not interconnected [11]. As for 
the concept of shape factor, Lange et al. [12] and Zhang et al. [13] stated that air-void shape has no 
influence on the properties of FC. 

 
METAKAOLIN (MK) AS AN ADDITIVE IN CONCRETE 
 
Metakaolin (MK) is considered as an ultrafine pozzolanic material with particle size of less than 

2.0 μm. It is produced by calcining purified kaolinite clay at a temperature ranging from 700 to 900 

C⁰, to drive off water from the kaolin (Al2O3 · 2SiO2 · 2H2O), and the structure of the material 

collapses resulting in an amorphous aluminosilicate (Al2O3 · 2SiO2), MK [15], [16] and [17]. Table (1) 

shows the chemical composition of Portland Cement (PC) and MK. 
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Table 1. Chemical composition (%) of Portland Cement (PC) and Metakaolin (MK) 
 
 

Composition OPC (%) MK (%) 

SiO2 20.1 52 

Fe2O3 2.3 4.6 

Al2O3 4.4 41 

CaO 63.4 0.1 

MgO 2.3 0.2 

SO3 3.2 – 

Na2O 0.14 0.1 

K2O 0.67 0.6 

TiO2 – 0.81 

LOI 2.81 0.6 

 

Metakaolin utilization, is considered as environmentally friendly, and for that, it helps in the 

reduction of Portland cement (PC) consumption, which in turn, helps in the reduction of CO2 

emission into the surroundings. Cherem et al. [18] found that the inclusion of MK remarkably reduced 
the drying shrinkage. Metakaolin exhibits pozzolanic activity through which it can accelerate the early 
stages of hydration of cement pastes and mortars. MK inclusion leads to durability enhancement 
through pore refinement and reduction in calcium hydroxide of the cement paste matrix [19]. 
Improvement in workability, durability to thermal cracking, durability to chemical attacks, and 
production of high-performance concrete suggesthigh strength and low shrinkage. Gruber et al. [20] 
reported that (8%–12%) levels of MK substitution can increase the resistance to chloride ion 
penetration, i.e. to improve permeability. Metakaolin in concrete can increase compressive strength 
and reduce permeability with good workability [21]. According to some researches in this field, MK is 
said to have beneficial effects as to the refinement of the pore structure of the concrete [16], as it can 
reduce porosity and decrease permeability [22]. 

 
CLAY BRICK AGGREGATES (COARSE AND FINE) AS ADDITIVE IN CONCRETE 
 

Many researchers have used clay brick as coarse aggregates, and some have applied it as 
coarse and fine. Meanwhile, Bektas and Wang K., 2012 [23], Moriconi et al. 2003 [24] and Turanli et 
al. 2003 [25] used ground clay brick powder (GBP) as partial replacement of cement in concrete and 
classify GBP as pozzolanic materials. For chemical composition of the cementitious materials of clay 
brick, see Table (2). 

 
Table 2. Chemical composition (%) of the cementitious materials of clay brick 

 

Composition Ground clay brick powder (GBP) (%) 

CaO 0.81 

SiO2 69.9 

Al2O3 15.38 

Fe2O3 6.78 

MgO 1.58 

SO3 0.04 

K2O 2.78 

Na2O 1.02 

Loss on ignition 0.16 

 
  

http://www.sciencedirect.com/science/article/pii/S0958946500000974
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Aliabdo et al. [26] noticed improvement in compressive strength at 25% and 50% replacement, 
for which continued by increasing GBP aggregate content, they also found that it was possible to 
achieve a concrete of high strength using clay brick as coarse aggregates. Debieb and Kenai [27] 
found that porosity is becoming significant when strength of concrete decreases. 

 
Clay brick aggregates present a relatively lower density and higher water absorption compared 

to natural aggregates. Debieb and Kenai [27] reported a decrease in compressive strength of about 
30, 35 and 40% at 28 days of age when coarse, fine, or both fine and coarse aggregates were 
substituted, reduction of 30%, 40% and 50% were observed for concrete made with coarse, fine and 
both coarse and fine ground bricks, while shrinkage and water permeability increased using ground 
bricks. Therefore, Debieb and Kenai [27] and Ibrahim et al. [28] restricted the limit to 25% and 50% 
for coarse and fine aggregates as optimum percentages to produce a quality concrete with 
characteristics similar to those of natural aggregates concrete. Debieb and Kenai [27] and Ibrahim et 
al. [28] also found compressive strength enhancement at 50% replacement of GBP, was increased, 
as well as porosity, when GBP content was increased, which could be attributed to its pozzolanic 
characteristics, resulted in a porous structure. Aliabdo et al. [26] recommended saturation of the GBP 
for FC mixes, to enhance workability and volume stability, which is also supported by Cachim [29] and 
Ibrahim et al. [28], stating that incorporation of clay brick into the concrete will increase workability. 

 
TONER 

 
This is a newly found material to be used in this field of FC, therefore, there is no published data 

available for its usage in this field. This material comes in the form of a powder from the unused or 
waste cartridges of printers, which is going to be used as an additive in the experimental mixes, at 
1% and 5% of the binding cementitious material (cement). This material had been chosen for this 
research because it iswidely available as a waste material for recycling and to help in a cleaner 
environment by reducing buried waste and CO2 emission around the world. Table 3 shows chemical 
composition for toner. Besides, toner includes the following additives for flow and lubrication 
purposes: fumed silica and metal stearates. 

 
Table 3. Chemical composition of toner [30] 

 

Toner Type Composition 

Plastic (Styrene acrylate copolymer, polyester resin) 65-85% or 55-65% 

iron oxide 6-12% or 30-40% 

Wax, ground sand 1-5% 

Amorphous silica 1-3 % 

Carbon black 1-10% 

 
This paper investigated porosity and permeability in relation to density and compressive 

strength. For this, different experimental FC mixes were used, which contained newly introduced 
additives, such as toner and MK, in addition to the sand and brick aggregates, which were used as 
fillers. As for the microstructural analysis, the SEM was performed on the images to investigate the 
pore matrix, i.e. pore size, pore size distribution, and their shapes, to analyse permeability in this 
respect, in relation to density and compressive strength. 
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EXPERIMENTAL WORK 
 
The experiment was carried out in the laboratory in accordance to the relevant British Standards 

(BS) for each part of the process. Sets of (100 x100 x 100) mm disposable polystyrene cube moulds 
were used to cast all concrete samples containing the foam, enabling air sealed curing process of 
the desired curing period of (28) days before testing (Figure 1). Twenty-two batches of different 
concrete mixes were made with OPC, fine sand (0 – 0.5) mm, and brick aggregates (0 – 0.5 and 
10.0) mm as a filler, and MK and toner added at different doses as additives with a w/c ratio of 0.5. 
Addition of toner at 1% or 5% by weight of the cement had no effect on water demands for the mixes 
involved. The foam was added at different percentages to the mixes to produce the desired 
densities. The foaming agent used in this project was a protein-based foaming agent, wherein dry 
pre-foaming method was used to generate the foam. The cement content of the FC for all the 
batches had been kept constant at (500 – 600) kg/m3 which is comparable with other studies carried 
out in this field [14]. Compressive strength and permeability through capillary water absorption and 
total water absorption, were measured at (28) days. As for the microstructural investigation of the FC 
matrix, samples from 15 selected specimens were studied via secondary electron (SE) and 
backscattered electron (BS) images captured using SEM in the form of 2D-images, and the images 
were analysed using Image J software. Images were taken at 500X, 2000X, and 10000X 
magnification, while the 2000X magnification was analysed in this study for clarity to meet the 
purpose. For this technique, samples of about (10×10) mm size with a thickness of about 6 mm were 
cut from the cured specimens, using microtome (a diamond cutter). To produce the best electron 
images and to eliminate distortion of SE and BS images due to negative charges, the samples were 
coated and polished with slow set epoxy resin, and with a thin film of gold (conductive material) prior 
to SEM analysis. This is compatible to the techniques used in this field [31]. Porosity as a percentage 
ratio (%), pore sizes and pore size distribution of the selected 15 specimens, namely (S3, S4, S5, 
S7, S8, S10, S11, S12, S13, S14, S15, S16, S18, S19 and S20) were found in the area under 
investigation (see Table (4)). 

 
Table 4 Compressive strength in (N/mm2) for different curing methods and tests of the 

specimens, S1 to S22, with porosity ratio (%) 
 

 

 

Label 

 

 

Type of concrete cast: 

 
Dry 

Density 
(Kg/m3) 

 
Capillary water 
absorption 5 bar 

(mm) 

 
Total water 
absorption 
(Kg/m3) 

Compressive 
strength 28 

days 
(N/mm2) 

 
Porosity 

(%) 

S1 Sand 2000 26 187.7 53.3  

S2 Sand 1800 67 210 31  

S3 Sand 1100 100 288.7 7.4 60 

S4 Sand and MK20 1800 20 122 49.7 39.8 

S5 Sand and MK20 1600 34 170.7 47 54 

S6 Sand and MK20 1100 57 221 10.2  

S7 Sand and MK30 1600 81 205 38 65.1 

S8 Sand and MK30 1100 74 288 31 70 

S9 Sand and MK50 1600 90 349.7 30  

S10 Sand and MK50 1100 100 444 26.1 77.7 

S11 Brick aggregates 1800 70 243 47.3 46.4 

S12 Brick aggregates 1600 86 249 40.6 53.5 

S13 Brick aggregates 1100 100 270 14.1 66 

S14 Brick and MK20 1600  130.4 46 44.5 

S15 Brick and MK20 1100 55 160.5 25.6 51.6 

S16 Sand and Toner 1800 2 133.3 48.1 39.6 

S17 Sand and Toner (5%) 1800 1 120 55.1  

S18 Sand and Toner 1100 60 172 15 57.7 

S19 Brick and Toner 1600 5 170.1 43.8 46.6 

S20 Brick and Toner 1100 35 188 33.4 57 

S21 Brick and Toner (5%) 1600 3 115.2 50.5  

S22 Brick and Toner (5%) 1100 16 165.4 38.2  
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CAPILLARY WATER ABSORPTION 
 

Capillary water absorption test was carried out under 5 bar pressure in accordance to BS EN 
12390- 8:2009 [32]. Three oven-dried specimens were placed under the 5 bar permeability test 
apparatus for 72 hours, after which they were taken out and split open to mark and measure water 
penetration from bottom up. The results reported as an average of the three specimens, expressed in 
millimetres (mm) (see Figures 2 and 3). 

   

Figure 1 Sealed 
cubes in cling film for 
curing 

Figure 2 
Permeability apparatus 

Figure 3 Specimens split-open and 
marked 

 
TOTAL WATER ABSORPTION 

 
Total water absorption test was carried out in accordance with BS 1881-122:2011 [33]. Three-

oven dried were totally immersed in water for at least 72 hours, after which they were taken out to 
measure the weightof the absorbed water. The absorbed water was determined from the difference in 
weight between fully water saturated and dried state of specimens. The results are expressed in 
(kg/m3) of the dried weight. 
 

COMPRESSIVE STRENGTH AT 28 DAYS 
 
The test was carried out with a digital log keeping and digitally controlled automatic loading 

machine in accordance with BS EN 12390-3:2009 [34]. The oven-dried cubes were placed centrally 
under the loading plates. The results quoted in each case are the average of six specimens. 

 

DATA ANALYSIS AND FINDINGS 
 
Looking at Figure (4) for total water absorption, specimen S21 of 1600 kg/m3 density displayed 

the lowest total water absorption of 115.2 kg/m3, followed by S17, S4, S14, S16, S15, S22, S19, S5 
and S18 with (120, 122, 130.4, 133.3, 160.5,165.4,170.1, 170.7, 172) kg/m3 are way below 187.7 
kg/m3 density of S1 (the normal concrete) of 2000 kg/m3 (with no foam) taken as control specimen 
for comparison, and S20 of 188 kg/m3 at this density. Apart of S4, S16, and S17, which are of 1800 
kg/m3 densities, all of these specimens mentioned have either toner or MK20 inclusion within their 
matrix and are of the densities (1100 and 1600) kg/m3. S9 and S10 of (349.7 and 444) kg/m3 
densities, recorded the worst scenario in respect of total water absorption. Inclusion of toner or MK20 
for sand or brick as a filler showed improvement in respect of total water absorption for (1100 and 
1600) kg/m3 densities. 

 
The total water absorption for specimens S21 and S22 brick containing (1600 and 1100) kg/m3 

toner at 5% closely matched S14 and S15 brick containing the same densities, respectively with 
MK20 inclusion. This means; toner has the same effect as MK20, which goes back to the lubricating 
metal stearates from the toner to form a fine coating film around the binding particles and the air 
voids, resulting in a stronger and closely packed water resistant cellular concrete matrix for both 
capillary water absorption and total water absorption improvement. S2 and S3 of (1800 and 1100) 
kg/m3 densities for sand as filler alone, and S11 to S13 of (1800, 1600 and 1100) kg/m3 densities, 
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respectively, for brick as filler alone, showed high total water absorption compared to S1 (control 
specimen). 

Figure 4 Total water absorption (kg/m3) of dry weight versus density for different mixes 
containing sand and brick as filler, with the inclusion of toner and MK as additives for specimens with 
28 days of sealed curing. 

 
Sand specimens S7 and S8 containing MK30, S9 and S10 contained MK50 of (1600 and 1100) 

kg/m3 densities respectively, showed the same high total water absorption. All toner-included 
specimens (S16 to S22) for all the three densities, namely (1800, 1600 and 1100) kg/m3, displayed 
improvement in respectof total water absorption, regardless of having sand or brick as filler within 
their matrix. Sand specimens of low densities of 1100 kg/m3 namely S6, S8, and S10 cannot be 
improved with MK inclusion to reach that of the control specimen S1, but it can be with toner for total 
water absorption, even when strength is as low as 15 N/mm2, S18. Besides, MK20 inclusion can 
improve the total water absorption for sand or brick as a filler at 1600 kg/m3 densities. Brick particles 
are porous to a certain degree, which has the ability to absorb and keep more water for better curing 
later, and has pozzolanic reactivity, adding to the strength. When the brick particles react with MK20 
and toner, it will refine the pores, improving the pore size and pore size distribution within the FC 
matrix. This minimises both porosity and permeability. 
 

For capillary water absorption under 5 bar, Figure (5) shows that S17, S16, S21, and S19 of 
(1800, 1800, 1600 and 1600) kg/m3 densities respectively, toner inclusion for sand or brick as filler with 
capillary water absorption of (1 to 5) mm, only getting dampness to the outer layer of the specimen, 
close to water tight improvement. Capillary water absorption showed improvement through 
specimens, S14 and S5 of 1600 kg/m3 densities, with (15 and 34) mm, S4 of 1800 kg/m3 densities 
with 20 mm, and S20, S15, S18, and S6 of 1100 kg/m3 densities with (35, 55, 60 and 57) mm 
respectively. These specimens, which showed improvement, were made with toner or MK20 
inclusion, compared to the sand made specimens of S2 or S3 of (1800 and 1100) kg/m3 density, 
having (67 and 100) mm of capillary water absorption respectively. There is no standard for an 
acceptable level of capillary water absorption, while the minimum water penetration should be taken 
as an acceptable level, which depended on the application of the FC used for. 

 
Regardless of the type of the filler used, S4, S14, S16, S17, S19 and S21 of (20, 15, 2, 1, 5 and 

3) mm having either MK20 or toner inclusion within their matrix, and are of 1800 kg/m3 density or 
below, showed better resistance against water absorption compared to S1 of 2000 kg/m3 density 
with 26 mm, taken as control specimen. Sand or brick made alone S3, S13 and S12 of (1100, 1100 
and 1600) kg/m3 densities respectively, showed the worst scenario in respect of the capillary water 
absorption. Besides, S2 and S11 of 1800 kg/m3 densities and specimens made with the inclusion of 
MK at 30% or 50%, namely S7 and S9 of 1600 kg/m3 densities, S8 and S10 of 1100 kg/m3 densities, 
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showed poor resistance to capillary water absorption. Meanwhile, S21, S19, S14, and S5 of 1600 
kg/m3 densities with (3, 5, 15, 34) mm, toner or MK20 inclusion have compressive strength of (50.5, 
43.8, 46 and 47) N/mm2 respectively, displayed significant improvement in respect of permeability 
and compressive strength alike. 
 

Figure 5 Capillary water absorption (mm) versus density for different mixes containing sand and 
brick as fillers, with the inclusion of toner and MK as additives for specimens with 28 days of air-
sealed curing 

 
For porosity through SEM image analysis (see Figures (6, 7 and 8)), S16, S4, S14, and S19 

with close range porosities of (39.6, 39.8, 44.5, and 46.6) % respectively showed close range 
permeability of (2, 20, 15 and 5) mm capillary water absorption, and (133.3, 122, 130.4 and 170.1) 
kg/m3 total water absorption, they matched that of the control specimen, S1 of 26 mm capillary water 
absorption, and 187.7 kg/m3 total water absorption. 

 
Specimen S11, which is within the same range of porosity of 46.4%, had higher permeability of 

70 mm capillary water absorption and 243 kg/m3 total water absorption. Looking at the BS images of 
S11 and S12, when compared with S19 and S20, all brick-made had almost similar range of porosity 
of (46.4, 53.5, 46.6 and 57) % respectively, but S19 and S20 of lower densities, showed 
improvement in respect of permeability. This is due to toner inclusion, which refined the pore system 
to a better pore size distribution of the smaller size micro pores of less than 10 µm, unlike S11 with 
uneven interconnected bigger size pores with a range of (50 to 70) µm.Taking S3 and S13 of the 
1100 kg/m3 density as control samples, with (60 and 66) % porosity, 100 mm capillary water 
absorption, and (288.7 and 270) kg/m3 total water absorption respectively, improvement for 
permeability was noted for capillary and total water absorption in S8, S15, S18 and S20. To note, 
specimen S20 (brick-made with toner inclusion), revealed 57% porosity and displayed better 
performance in capillary water absorption of 35 mm, while specimen S15 (brick-made with MK20 
inclusion) had 51.6% porosity and performed better in total water absorption of 160.5 kg/m3. 

 
Porosity of all the mentioned samples were below 57.7%, i.e. low porosity shows low 

permeability, apart from S8 with 70% with 31 N/mm2 compressive strength, which is over the porosity 
of the control samples of sand and brick made of 1100 kg/m3 density, S3 and S13 with (7.4 and 14.1) 
N/mm2 respectively, this shows that porosity may not be the only factor controlling permeability, but 
strength is another factor which comes from the inclusion of MK or toner. 

 
Looking at the 1600 kg/m3 density, in comparison to S12 brick made only, porosity 53.5% with 

86 mm capillary water absorption, and 249 kg/m3 total water absorption, improvement is noted for 
S14 brick made with MK20 inclusion and S19 brick made with toner inclusion, having (130.4 and 
170.1) kg/m3 total water absorption, and (15 and 5) mm capillary water absorption, respectively. 
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Meanwhile, S5 of sand made with MK20 inclusion is a better example for porosity improvement 

than S7, sand made with MK30 inclusion, having (54 and 65.1) % porosity, with (34 and 81) mm 
capillary water absorption, and (170.7 and 205) kg/m3 total water absorption, respectively. Looking at 
1800 kg/m3 density, specimens S4 and S16 sand-made with MK20 and toner inclusion showed 
improvement in respect of porosity, having (39.8 and 39.6) % respectively, compared to S11 of brick 
made only, having 46.4% porosity. This is followed by S5, S14, and S19 which are sand or brick 
made with the inclusion of either MK20 or toner. 

 
Toner inclusion on sand or brick mixes of (1800 and 1600) kg/m3 densities namely, S16 and S19 

exhibited comparatively low porosity of (39.6 and 46.6) %, with high compressive strength of (48.1 
and 43.8) N/mm2 respectively, having (2 and 5) mm capillary water absorption, signifying low 
permeability and almost water tight FC matrix. For the same purpose of permeability, MK20 inclusion 
appeared to be the second on the same (1800 and 1600) kg/m3 densities, namely S4, S14, and S5 
with (39.8, 44.5 and 54) % porosity, of (49.7, 46 and 47) N/mm2 compressive strength, which exerted 
(20, 15 and 34) mm capillary water absorption, respectively. 

 
Based on the experimental results, all toner-contained specimens performed better in respect 

of permeability in comparison to the rest of the specimens. Toner and MK work in the same way for 
controlling permeability, as they refine the pores, the pore size, and their distribution, but with 
different mechanisms. Toner contains stearates that will interact with the fine air voids, producing a 
net of water repellent pores, and safeguarding their distribution to stay unconnected (from SEM 
images analysis). This minimizes or inhibits water movement through the FC matrix. Meanwhile, MK 
refines the air voids to a finer interconnecting but with a strong FC skeleton, altering the 
microstructure of the matrix, for which it may relatively be porous and allow a minimal, or inhibiting 
water movement through their body, whilestill maintaining the strength. Porosity for capillary water 
absorption has a different phenomenon from porosity for total water absorption. 

 
Metakaolin makes a stronger FC matrix through the interconnecting air voids (micro pores) of 

the size up to 10 µm and interlocking channels (set of interconnecting closely-packed micro pores) 
allowing poor water movement through these micro pores of the interlocking channels, while 
maintaining the strength with a firm skeleton. At the same time, this system of micro pores of the 
smaller size pores of <10 µm is produced within the firm skeleton, inhibiting water penetration through 
one direction for the improvement of the capillary water absorption under 5 bar water pressure. 

 
Regardless of the density, specimens made without any additive, showed unevenly spaced 

relatively bigger irregularly shaped pore diameters in the range of (0.1 to 70) µm. The shape factor, 
which increases the porosity of the specimens, in turn, influences the control of permeability. This 
contradicts findings reported by Lange et al. [12] and Zhang et al. [13] stating that air void shape has 
no influence on the properties of FC, while those specimens made with MK20 or toner, showed an 
evenly spaced and more regularly-shaped finer pore diameters in the range of (0.1 to 10.0) µm (see 
S4, S5, S14, S15, S16, S18 and S20). Specimens with 1800 kg/m3 densities, or those with toner 
inclusion, showed even better compacted FC matrices with pore diameters in the range of (0.01 to 
3.0) µm. 

 
MK30 and MK50 inclusion specimens, namely, S7, S8, and S10 exhibited relatively high 

porosity of (65.1, 70 and 77.7) % respectively, which has an adverse effect in respect of permeability 
with (81, 74 and 100) mm capillary water absorption, while maintaining slight improvement on 
compressive strength, in comparison to S3 of sand only made mix, having 7.4 N/mm2 compressive 
strength. 

 
Depending on filler type and additives of the FC matrix, compressive strength between (50.5 

and 30) N/mm2 can result from the 1600 kg/m3 densities, and at 1800 kg/m3 densities, (55.1 and 31) 
N/mm2, while at 1100 kg/m3 densities, it can only meet the compressive strength requirement for 
structural use at 28.5 N/mm2. 
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This means; light weight FC of the compressive strength of (55.1 to 28.5) N/mm2 can optionally 
be chosen to match the minimal permeability or the strength requirement for structural use. 

 

Figure 6 Porosity and capillary water absorption in relation to density for different mixes 
containing sand and brick as fillers, with the inclusion of toner and MK as additives for specimens 
with 28 days of sealed curing 

 
 
Figure 7 Porosity and total water absorption in relation to density for different mixes containing 

sand and brick as fillers, with the inclusion of toner and MK as additives for specimens with 28 days 
of sealed curing 
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Figure 8 Porosity and compressive strength in relation to density for different mixes containing 
sand and brick as fillers, with the inclusion of toner and MK as additives for specimens with 28 days 
of sealed curing 

 

CONCLUSIONS 
 

The following conclusions can be drawn from the present study: 

 The pore size of the FC of the densities (1100, 1600 and 1800) kg/m3 is in the range of (0.01 to 
70) µm depending on the type of the additive. It is in the range of (0.01 to 3.0) µm, for the mixes 
that contained toner, and (0.01 to 10.0) µm for mixes that contained MK. 

 As for the FC specimen, the finer the pore size, the less porous, the less permeable and the 
stronger it is. Therefore, permeability is porosity dependent in a linear relation for FC mixes made 
with sand or brick only with no additive inclusion, which exhibits an unevenly distributed pore 
system of an irregular shape. While the FC mixes made with the inclusion of additives, such as the 
toner and MK20 inclusion mixes investigated, showed an evenly spread net of independent fine 
air voids (micro pores)with a regular shape within their matrix, which is beneficial in decreasing 
permeability. Therefore, porosity may stay high, i.e. an inverse relationship between porosity and 
permeability. 

 Besides porosity and strength, the shape factor of the porous matrix is another key factor in 
controlling permeability. 

 Toner and MK20 can refine porosity to decrease permeability of the FC for total and capillary 
water absorption. Toner and MK20 inclusion can enhance the capillary water absorption 
significantly to reach almost water tight at the (1800 and 1600) kg/m3 densities. Even at the low 
densities of 1100 kg/m3, toner can improve permeability to slightly exceed that of the control 
figures. While MK30 and MK50 inclusion have an adverse effect in respect of permeability. 

 Depending on the filler type, the additive, and the percentage ratio of the porosity of the FC 
matrix, all the specimens having compressive strengths between (55.1 and 30) N/mm2, of (1600 
and 1800) kg/m3 densities of this investigation can be chosen to meet the compressive strength 
requirement for the structural use at 28.5 N/mm2. While at 1100 kg/m3 densities, there are three 
specimens which can be chosen to meet this purpose. This means, light weight FC of the three 
densities namely, (1800, 1600, and 1100) kg/m3, and various compressive strength limits 
mentioned here, can be chosen to match the permeability or strength requirement for the 
structural use. 

 FC with toner and MK20 inclusion at (1800 and 1600) kg/m3 densities can be selected for their 
highest compressive strength, and minimal permeability amongst the others, while at the 1100 
kg/m3 density, the FC with toner inclusion at 5% can be selected. 
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SUPPLEMENTARY 

 
Back Scatered images SEM images at 2000X Back Scatered images SEM images at 2000X 

(BS)  (BS)  

 
Figure 7 Backscattered (BS) and SEM images of the selective fifteen (S3 to S20) FC specimens 
investigated 
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Figure 7 Backscattered (BS) and SEM images of the selective fifteen (S3 to S20) FC specimens 
investigated. (cont.) 
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CHAPTER 35 
 
 
 

SOME MECHANICAL CHARACTERISTICS OF 
CONCRETE REINFORCED WITH DRIED WATER 
HYACINTH AND QUARRY DUST AS FINE AGGREGATES 

 
C.K. Kiptum*, L.Rosasi, O. Joseph and E.Odhiambo 

 
 

ABSTRACT 
 

This paper presents some mechanical properties of concrete reinforced with dry water hyacinth 
stem and quarry dust as fine aggregates. Fresh water hyacinth stems were collected from Lake 
Victoria; sun dried for a week and chopped into 3 cm long pieces. Sieve analysis was done for fine 
and coarse aggregates. Concrete mix designs were done according to Department of Environment 
(United Kingdom) method. A total of 32 cubes of concrete were cast (16 horizontal orientations of 
fiber, and 16 vertical orientations of fibers). Dry water hyacinth stems were incorporated during 
casting of cubes in terms of 0%, 0.1%, 0.2% and 0.3% of the volume of cube. Average compressive 
and split tensile strength tests were performed after 28 days. The results showed concrete 
composed of horizontal orientation of dry water hyacinth stem fibers had an average optimum tensile 
strength of 1.5 N/mm2 corresponding to 0.1% replacement. In vertical orientation, there was uniform 
decrease in tensile strength as the percentage replacement increased. Compressive strengths 
decreased slightly as the composition of water hyacinth fibers increased for both vertical and 
horizontal orientations. 

 
 

Keywords: Aggregates, Compressive strength, Hyacinth, Quarry dust, Tensile strength 

 

INTRODUCTION 
 
Housing demand has been increasing in Kenya. To cope with this problem, the government 

came up with the ‘Big Four Agenda’ in 2018 to help in solving this problem [1]. The ‘Big Four’ 
includes; Manufacturing, Affordable Housing, Universal Healthcare and Food and Nutrition Security 
[2]. Provision of affordable houses to people requires use of cheap and environmental friendly 
materials. Concrete is one such material used in the construction of houses in Kenya. Concrete is a 
composite material that constitutes natural sand, coarse aggregates, cement, water and in some 
cases admixtures [3]. Conventional concrete is weak in tensile strength. In addition to this, sand 
harvesting not only leads to depletion of natural resource but causes environmental degradation. 
These problems can be minimized by use of quarry dust as fine aggregates and reinforcing concrete 
with dry water hyacinth stem. Quarry dust is a by -product from quarry during production of coarse 
aggregates. Uniformly graded quarry sand has been used as a partial replacement of river sand [4]. 
Quarry dust is cheap, environmental friendly, readily available and is known to improve both tensile 
and compressive strengths of concrete. Water hyacinth is plant that grows on water bodies. It 
invaded Lake Victoria (Figure 1); the largest fresh water lake in Africa and second largest in the world 
[5].  
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It causes problems such as fish reduction, navigation hindrance, breeding for mosquitoes and affects 
quality of water [6]. In the past, water hyacinth has been used in production of biomass which used as 
fuel; making baskets; as manure and also in paper and pulp industries [7]. Previous studies show that 
water hyacinth has been used as partial replacement of cement in concrete [8], and pozzolanic 
material for use in blended cement [9]. This study focused on use of dry water hyacinth stem and 
quarry dust in the production of concrete. Laboratory tests such as compressive strengths, tensile 
strengths and slump tests were conducted to help in the investigation of properties of concrete 
reinforced with dry water hyacinth stem and finding the optimum point that yields highest tensile 
strength.  

 

 

 

 
 

Figure 1 Water Hyacinth in Lake Victoria 
 

MATERIAL AND METHODS 
 

MATERIAL 

 
In this research, quarry dust and coarse aggregates were sourced from Sirikwa Quarry in 

Eldoret. The two ingredients conformed to BS ISO 812.103:2003. Ordinary Portland cement (Bamburi 
cement) grade 32.5 that conformed to BS EN 197-1:2000 [10] was also used. Fresh water hyacinth 
stems were collected from Lake Victoria in Kenya and chopped into 3 cm long pieces as shown in 
Figure 2a (fresh) and 2b (dry). 
 

  

(a) (b) 

Figure 2 preparation of water hyacinth (a) Fresh Water Hyacinth (b) Dry Water Hyacinth 
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METHODS 
 

Collection and cleaning of water hyacinth stems from Lake Victoria was done manually. Air 
drying of the water hyacinth in sunlight was done for one week. Sorting of dry water hyacinth stems 
was done and chopped into pieces of 3 cm long was done. Sieve analysis tests were performed 
based on BS 812- 103.1:2000 [11] for both the fine and coarse aggregates. Design of concrete 
mixes was based on the approach proposed by the Department of Environment, Building Research 
Establishment of United Kingdom, (DOE) [12]. The mix design ratios were 1:2.7:5 for cement, quarry 
dust and coarse aggregates, respectively. The batching was done by weight and mixing was 
continuous to ensure that all materialsformed a homogeneous mix. The mixes were used to cast 
cubes (150 mm by 150 mm by 150 mm) for testing in two replicates and done according to BS EN 
12390-2:2009 [13]. Thirty-two cubes were cast (16 for horizontal orientation of fibers and 16 for 
vertical orientation of fibers). Dry water hyacinth stem was added in the cubes at time of casting with 
the following percentages (0.0%, 0.1%, 0.2% and 0. 3%) volume of a cube, based on orientations of 
fibers. Horizontal orientation involved placing the dry water hyacinth stems horizontally in the mould 
during casting at depths of 25 mm, 75 mm and 125 mm from the base of the mould. Similarly, for 
vertical orientation dry water hyacinth stems were placed vertically in the mould during casting. 
During compaction, care was taken so that the final concrete was monolithic and uniform. Slump 
tests were done based on BS EN 12350-2:2009 [14]. The specimens were labeled as follows: N for 
normal (0.0%), E for 0.1%, L for 0.2% and J for 0.3%. The cubes were cured in a water tank for 28 
days. Laboratory tests for compressive strength and split tensile tests based on BS EN 12390- 
3:2009 [15] and BS EN 12390-6:2009 [16], respectively were done. The means of weight of cubes at 
0.1% and 0.0% were compared to find the percent reduction in weight. The split tensile test equation 
according to Fanlu and Jiang [17] was used: 
 

 Tensile strength =2PL/BD2 (1) 

Where B = width of the sample (mm)  

L = length of the sample (mm) 

P = maximum applied load in Newton  

D = diagonal length (mm) 

 

 

The compressive strength equation was: 

 Compressive strength = P/A 

 

(2) 

Where P = maximum applied load in Newton  

A = cross sectional area in mm2 
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RESULT AND DISCUSSION 
 

SIEVE ANALYSIS RESULTS 
 

COARSE AGGREGATES 
 

The results from sieve analysis for coarse aggregates weighing 4455 g are tabulated in Table 1. 
 

Table 1: Sieve analysis for coarse aggregates. 

 

Fineness modulus = [Total cumulative % weight retained] /100 (3)  

7122/100=7.122 

 
A value of 7.122 meant that the average size of particle of the coarse aggregate sample was 
between 5 mm and 10 mm. From the table, it can be observed that, coarse aggregates particle 
distribution was reasonably uniform and it was in agreement with BS grading requirement [11]. 

 
FINE AGGREGATES 

 
The results from the sieve analysis of fine aggregates weighing 1987 g are tabulated as shown in 
Table 2. 

Table 2: sieve analysis for fine aggregates 
 
 

Bs sieve mm 
Weight retained 

g 
% Retained 

Cumulative % 
weight 
retained 

% Passing 

6.3 0 0 0 100 

5.0 197 9.9 9.9 90.1 

2.36 256 12.9 22.8 77.2 

1.18 407 20.5 43.3 56.7 

0.6 236 11.9 55.2 44.8 

0.3 324 16.3 71.5 28.5 

0.154 567 28.5 100 0.0 

Pan 0.9    
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Fineness modulus = [Total cumulative % weight retained] /100 (4) 

 302.7/100 = 3.027 

 
A value of fineness modulus of 3.027 meant that the average size of particle of the fine aggregate 
sample is between 2.36 mm and 5.0 mm. From the table, it can be observed that, fine aggregates 
(quarry dust) particles distribution is reasonably uniform and it is in agreement with BS grading 
requirement [11]. This meant that the aggregates were approximately of the same size. The fine 
aggregate was regarded as coarse sand whose fineness modulus falls between 2.9 and 3.2 [18]. 

 

INDIRECT TENSILE STRENGTH TEST RESULT 

 
ORIENTATION OF FIBERS 

 
The tensile strengths for horizontal orientation for the fibres are shown in Table 3 while the 

tensile strengths for vertical orientation for the fibres are shown in Table 4. 
 

The average tensile strengths increased as percentage of dry water hyacinth stem fibers increased 
up to 1.5 N/mm2 corresponding to 0.1% replacement for horizontal orientation of fibers. The average 
compressive strength reduced from 1.5 N/mm2 as the percentage of dry water hyacinth stem 
increased. It can also be seen that horizontal orientation of fibers yielded higher compressive 
strengths than vertical orientation of fibers. The reason behind this was attributed horizontal 
orientation of fibers being acting against the applied load. Therefore, fibers offered resistance to the 
applied loads. 

Table 3 Tensile Strength Test Result for Horizontal Orientation of Fibers 
 

Samples 
designations 

% of dry 
water 

hyacinth 
stem 

Weight of 
each cube in 

kgs 

Load in N 
(*103) 

Tensile 
strength in 

N/mm2 

Average tensile 
strength in 

N/mm2 

N 0 7.60 30.5 1.36 1.37 

  7.55 31 1.38  

E 0.1 7.50 34 1.52 1.50 

  7.50 33 1.47  

L 0.2 7.40 31 1.38 1.37 

  7.38 30.5 1.36  

J 0.3 7.35 26 1.16 1.21 

  7.32 28 1.25  

 

Table 4 Tensile Strength Results for Vertical Orientation of fibers 

Samples 
designations 

% of dry 
water 

hyacinth 
stem 

Weight of 
each cube in 

kgs 

Load in N 
(*103) 

Tensile 
strength in 

N/mm2 

Average 
tensile 

strength in 
N/mm2 

N 0 7.60 28.4 1.26 1.25 

  7.55 28.0 1.24  

E 0.1 7.15 24.1 1.07 1.08 

  7.10 24.5 1.09  

L 0.2 6.90 18.5 0.82 0.79 

  6.95 17.0 0.76  

J 0.3 6.80 15.6 0.69 0.64 

  6.75 13.2 0.59  
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COMPRESSIVE STRENGTH TEST RESULTS 
 

ORIENTATION OF FIBERS 

 
The compressive strengths of horizontal orientation of the fibers are shown in Table 5 while 
the compressive strengths for vertical orientation of fibers are shown in Table 6. 

 
Table 5 Compressive Strength Result for Horizontal Orientation of Fibers  

 

 
 

Table 6 Compressive Strength Results for Vertical Orientation of Fibers 
 

Samples 
designations 

% of dry 
water 

hyacinth 
stem 

Weight of 
each cube 
in kgs 

Load in 
N (*103) 

Area in 
mm2 

Compressive 
strength in 

N/mm2 

Average 
compressive 
strength in 

N/mm2 

N 0 7.66 592 22500 26.31 26.18 

  7.5 586 22500 26.04  

E 0.1 7.10 420 22500 18.67 18.94 

  7.20 432 22500 19.20  

L 0.2 7.10 480 22500 18.22 18.12 

  7.15 494 22500 18.13  

J 0.3 7.20 386 22500 17.16 16.32 

  7.10 348 22500 15.47  

 
 
Dry water hyacinth stems had an impact on the compressive strength of concrete. It reduced the 
average compressive strength of concrete, as the percentage of dry water hyacinth stem increased. 
It reduced compressive strength by 1.01 N/mm2 for horizontal orientation at the optimum point of 
0.1% hyacinth incorporation. Compressive strength for Normal concrete in Table 5 and 6 should be 
the same. However, in this research, they are not the same because the samples were cast at two 
different days. This partly contributed to the variance. Normal concrete has a density range of 2240 
kg/m3 to 2400 kg/m3 [19]. When the density of concrete is below that of normal concrete, it may be 
considered as lightweight concrete. The average density of concrete at optimum point was found to 
be 2215 kg/m3 and 2119 kg/m3 for horizontal and vertical orientations, respectively. From table 5 and 
6, there was reduction in weight as the percentage of water hyacinth increased. For horizontal 
orientation of fibers, the percentage reduction of weight at optimum point was 1.4% while for vertical 
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orientation the reduction of weight was 5.7%. Therefore, this concrete was considered as a 
lightweight concrete [19]. 
 
CONCLUSIONS AND RECOMMENDATIONS 

 
CONCLUSIONS 

 
It can be concluded that 0.1% hyacinth incorporation was the optimum point that yielded the average 
highest tensile of 1.5 N/mm2. It was also noted that vertical orientation resulted in tensile strength 
reduction as amount of dry water hyacinth increased. Compressive strength in both orientations 
decreased as the amount of dry water hyacinth fiber increased. It is worth noting that concrete 
reinforced with the fibers was light and thus can be suitable in construction industry where lightweight 
concrete is desirable. 

 
RECOMMENDATIONS 

 
This study was limited to horizontal and vertical orientation of fibers and therefore there is need for 
further research to investigate properties of concrete reinforced with dry water hyacinth stem fibers 
with random and inclined orientation of fibers. The study used dried stems and not ash from stems 
and this could be a possible research area in future 
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CHAPTER 36 
 
 
 

POTENTIAL USE OF CINDER GRAVEL AS AN 
ALTERNATIVE BASE COURSE MATERIAL THROUGH 
BLENDING WITH CRUSHED STONE AGGREGATE AND 
CEMENT TREATMENT 
 
M.Seyfe* and A. Geremew 

 
 

ABSTRACT 
 
Cinder gravels are pyroclastic materials associated with recent volcanic activity which occur in 

characteristically straight sided cone shaped hills. The aim of this study was to use this marginal 
material which is abundantly available in many parts of Ethiopia by modifying their properties through 
mechanical blending and chemical stabilization. Results of physical and mechanical test conducted on 
cinder gravel samples prove their marginality to be used as base course materials especially for highly 
trafficked roads. An experimental investigation was carried out by blending cinder gravels with 
conventional crushed stone bases course material, Crushed Stone Aggregate (CSA), in proportions of 
cinder/ Crushed Stone Aggregate (CSA) (10/90, 20/80, 30/70, 40/60 and 50/50) and treating with 6. 8 
and 10% of cement. According to results of sieve analysis, Aggregate crushing value (ACV), flakiness 
index and California Bearing Ratio (CBR), 30% of Crushed Stone Aggregate (CSA) can be replaced by 
cinder gravels for use as Fresh, crushed rock (GB1) material and for cement treated cinder gravels 
adding 6% and 8% cement make them suitable for use as Stabilized base course (CB2) and (CB1) base 
course materials respectively, referring to their 14 day compressive strength as determined by Unified 
compressive strength test(UCS) test. 

 
Keywords: Marginal materials, cinder gravel, conventional material, Crushed Stone Aggregate (CSA), cement 
treated,Fresh, crushed rock (GB1), Unified compressive strength test (UCS), stabilized road base (CB1),(CB2) 

 

INTRODUCTION 
 
The function of road pavement is to provide a safe, comfortable, convenient and economical 

running surface for the passage of fast-moving traffic [5]. Each layer has a specific function and the 
appropriate materials also the layer thickness has to be selected with regard to efficiency and 
economy. Pavement base course have generally been desired to be dense graded so that they 
achieve the maximum density and strength. The quality of the base depends on factors like Gradation, 
Angularity of the particles, Shape of Particles (flat and elongated particles should be avoided), 
Soundness of the aggregate particles and Resistance to weathering [7]. In Ethiopia materials to be 
used for base course construction have been specified which mainly include unbound granular 
materials (crashed stone and natural river gravels) as well as chemically stabilized materials (lime, 
cement or pozzolana-lime). However, availability of good quality aggregate may be a problem in some 
locations resulting in the haulage of alternative materials over increasing distances. This gives rise to 
the need for use of locally available marginal materials by modifying physical and engineering 
properties by conducting local experimental analysis which is recommend practice [4][3].  
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A broad definition of a marginal aggregate is any aggregate that is not normally usable because it does 
not have the characteristics required by the specification, but: could be used successfully by modifying 
normal pavement design and construction procedure [13]. Their marginality could be caused by their 
gradation, particle shape and strength or plasticity behavior. Too coarse materials generally tend to 
reduce stability, increase risk of shear and settlement, low in situ density and difficult to compact [18]. 
Gap-grade causes difficulty in compaction, dispersing of the compacted mass, moisture susceptibility 
and pumping of fines. Aggregate bases with high fines content are susceptible to loss of strength and 
load supporting capability upon wetting [6] [12]. 

 
For this study, marginal aggregates will be defined as aggregates that do not meet the ERA 
specification for flexible pavements base course materials. The marginal material used for the study was 
cinder gravels found extensively located in rift valley areas of Ethiopia, which are pyroclastic materials 
associated withrecent volcanic activity occurring in characteristically straight sided cone shaped hills. 
Cones which commonly found in groups can extend to a height of 100meters and generate about 1 
million metric ton of cinder gravel. Problems associated with cinder gravels are their gradation and 
weak particles that can be broken easily which make them unsuitable for base course construction 
[1][2]. The study indicated that cinder cones were found to be concentrated in the rift valley which 
extends southwards into Kenya and Tanzania. Laboratory studies on cinder materials collected from 
different areas of the country showed that cinders were found to possess dry modified aggregate impact 
values in the range 46 to 100 and on soaking no loss in strength occurred in addition it was observed 
that they may not have well-defined optimum moisture content. Repeated compaction test proves that 
depending on the amount of breakdown which could take place during field compaction then the 
material could be improved [1]. 

 
Full scale experimental investigation carried out using cinder gravels as a road base material with 
double surface dressing surfacing reveled they can perform satisfactorily for a traffic level up to 
440,000ESAL based on measurement of surface measurements of rutting, cracking and deflection at 
yearly intervals [2]. Another study found out that using a thin asphalt surfacing and a thick cement 
treated cinder layer is required to withstand the stresses resulting from wheel loads in the order of 9 
tones Based on the seven day strength of the cement treated cinder and a Pavement design for axle 
load data collected from Ethiopia [10]. 

 
Aggregate stabilization is a proven pavement construction technique which utilizes local aggregates to 
enable pavement construction at often significantly reduced costs and without adversely affecting the 
pavement’s performance either through physical or chemical means [9]. Many researchers had made 
an attempt to partially replace scarce standard road construction materials with substandard materials 
and wastes including agricultural wastes like palm kernel shell, recycled asphalt pavements, broken 
ceramics, used rubber tires and industrial by products like fly ash and iron slag and obtain satisfactory 
result [8]. The mixing of one material with another is a direct means of creating improved grading and 
plasticity characteristics. Mechanically stabilized materials will have properties similar to any other 
unbound material and can be evaluated by reference to conventional granular pavement material 
requirements [16]. Any cement can be used for stabilization, but ordinary Portland cement is the most 
widely used throughout the world [14]. 

 
Cement treated aggregate is described as a mixture in which a relatively small amount of cement is 
used as a binder of coarse aggregates, and which needs proper water content for both Compaction 
and cement hydration [15]. Cement is most effective for low plasticity granular materials. The Unified 
compressive strength (UCS) test is the most common test performed on cement stabilized materials to 
determine the suitability of the mixtures for uses such as in pavement bases and subbases [15]. 

 
Studies conducted on samples of cinders from some location show that their property can be 

improved significantly by adding fine materials as well as treating them with cement. Two methods 
were examined in this study for making use of these abundantly available resources which are partially 
replacing Crushed Stone Aggregate (CSA) with cinder gravels (physical stabilization) and treating them 
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with cement (chemical stabilization). Physical tests were used on both methods to investigate the 
possibilities of both methods and results were compared with relevant specifications. The importance of 
this study to overcome problems regarding shortage of standard materials near to project site by 
making use of locally available materials. promote use of locally available marginal materials so that 
the government of Ethiopia will benefit from using abundantly available resources instead of exploiting 
scare standard materials which imply conservation of natural resources and Reduces cost and 
environmental benefit gained from using abundantly available cinder gravel for projects to be built in the 
study area will help the government to build more networks by eliminating extra costs of hauling from 
far distance and time delay which is one of the problem to the completion of the road construction at 
planned construction period. 

 
Table 1 Desirable limits of Unified compressive strength test (UCS) for cement stabilized materials 

[3][11][17]. 
 
 

Standard  Strength requirements (MPa) 

 
Road note 31 [ERA PDM] 

 
 

3.0 – 6.0 for CB1 

  1.5 – 3.0 for CB2 

 

US army and air force 
 

 

5.2 

 

National cooperative highway research 
program 

 

Base course 
 

2.1 – 5.17 

Soil types 2.1 – 4.2 for A-1, A-2, A-3 

  1.72 – 3.5 for A-4, A-5 

  1.4 – 2.8 for A-6, A-7 

 
EXPERIMENTAL INVESTIGATION 
 

STUDY DESIGN 

 
The research follows experimental type of study which begins by collecting samples. The stages 
involved in the study include: 

 

 Taking samples 

 Preparation of samples for each laboratory tests 

 Laboratory tests to characterize natural untreated cinder gravel materials and CSA 
samples. 

 Process of blending cinder gravel with CSA to find out maximum replacement amount that 
satisfy requirements of standard specification 

 Process of chemical stabilization to determine amount of cement needed to be added to 
natural cinder gravels to satisfy strength requirements. 

 
The laboratory investigation starts with examining the physical and mechanical properties of Crushed 
Stone Aggregate (CSA) and cinder gravel samples in as received condition which were Sieve analysis, 
Atterberg limits, Moisture density relation, California Bearing Ratio (CBR), aggregate crushing value 
(ACV) and ten percent value (TFV), Flakiness index (conducted only on Crushed Stone Aggregate 
sample), Water absorption and specific gravity 

 
All above mentioned test except flakiness index was conducted on Crushed Stone Aggregate Crushed 
Stone Aggregate (CSA) - cinder gravel blends with varying proportions. The final stage of the laboratory 
work was determining the compressive strength of cement treated cinder gravel through Unified 
compressive strength test (UCS) in order to come up with optimum cement content satisfying 
specification for cement bound base course layer. 
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MATERIALS 
 
Cinder gravel samples were purposively collected from three different areas namely Sallo, Tullu 

dimtu and Debrezeit based on the availability of materials and Crushed Stone Aggregates were 
obtained from Chinese railway building company in Ethiopia (CRBC) stock pile for base course 
Construction at ‘‘Jimma ber” quarry site and ordinary Portland cement was purchased from local 
construction materials shop. 

 

RESULTS AND DISCUSSIONS 
 
As shown in the graph below the gradation of all cinder gravel samples collected from Sallo, 

Debrezeit and Tullu dimtu or their blended prepared by mixing these samples in equal proportion by 
volume determined before and after compaction doesn’t satisfy the requirements to be used as 
Ethiopian road authority manual of flexible pavement(ERAPDM) base course material in addition to the 
specification Table 2 shown below. 

 
Table 2 Summary of Test Method 

 

 

Type of test 
 

Test method/ Designations 

Sieve Analysis (Wet method) AASHTO T - 27 

Aterrberg Limits AASHTO T 89-90 

Water absorption and specific gravity AASHTO T - 84 

Moisture Density Relation AASHTO T - 180 

CBR AASHTO T - 193 

ACV BS 812: part 110 

TFV BS 812: part 111 

Flakiness index BS 812: section 105.1: 1989 

UCS BS 1924-2:1990 part 2: 

 
 

GRADATION CURVE 
 

GRADATION CURVES FOR CINDER GRAVEL SAMPLES DETERMINED BEFORE AND AFTER  

 

Figure 1 Gradation curves for cinder gravel samples determined before compaction 
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Figure 2 Gradation curves for cinder gravel samples determined after compaction 

 
 
COMPACTION 

 
Results of physical and mechanical tests conducted on cinder gravels presented in Table 3 show 
that cinder gravel is a weak material and has high water absorption capacity because of its high 
porosity. 

 
The California Bearing Ratio (CBR) value of the material is low for base course but satisfies the 
requirements for subbase course materials. 
 
Table 3 Summary of results for tests conducted on cinder gravel and Crushed Stone Aggregate (CSA) 

samples. 
 

Percentage of cinder 
gravel in the blend 0 10 20 30 40 50 100 Specification 

OMC (%) 7.6 8.9 10.6 11.24 11.75 13.23 19.44 NS 

MDD (g/cc) 2.32 2.19 2.15 2.13 2.08 2.05 1.77 NS 

CBR (%) 162.5 155.42 135.67 121.43 104.89 89.54 32 >100 

Water absorption (%) 0.55 4.55 4.67 4.82 5.03 5.17 ND 1.0 – 2.0 

Specific Gravity 2.6 2.5 2.4 2.4 2.3 2.285 ND 2.5 – 3.0 

ACV (KN) 18 21.2 23.2 26.3 29.4 33.5 35 <29 

TFV (KN) 230 203 167 131 114 104 107 > 111 

Flakiness index 18 ND ND ND ND ND ND < 30 

*ND -not determined         

*NS -not specified 
 

 
       

. 
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CRUSHED STONE AGGREGATE (CSA) - CINDER GRAVEL BLENDS GRADATION 

 

Figure 3 Gradation curves for Crushed Stone Aggregate-cinder gravel before after compaction 

Figure 4 Gradation curves for Crushed Stone Aggregate-cinder gravel samples after compaction 
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From the results shown in Figure 3 and Figure 4 we can observe that for both before and after 
compaction condition as percentage of cinder gravel increase the gradation curve for the particular 
blend proportion will tend to move towards the lower limit curve for particles above 4.75mm and lower 
than 0.425mm whereas the curve move to upper limit for the range of particle sizes between 4.75mm 
and 0.425mm and this shows the open graded nature of cinder gravel samples. 

 
Crushed Stone Aggregate (CSA) – cinder gravel blend up to 40% cinder gravel by volume satisfies 
gradation limits established by Ethiopian road authority (ERA) according to sieve analysis conducted 
before compaction. Compaction increases this value up to 50% as a result of additional fine and lesser 
coarser particles obtained by weak nature of cinder particles. 

 
MOISTURE – DENSITY RELATIONSHIP 
 

As it can be seen from the summary of the test results for Crushed Stone Aggregate (CSA) – cinder 
gravel blends with different amount of replacement of rate of cinder gravel for Crushed Stone Aggregate 
(CSA) (10 -50) in Figure 5 the moisture content increases from 7.6 to 13.23 and maximum dry density 
(MDD) decreases slightly from 2.32 for samples containing Crushed Stone Aggregate (CSA) only to 
1.77 for samples that was prepared by blending cinder gravel samples from three different location. 
The change in moisture content was significant which may be caused by high absorption 
characteristics of cinder gravel materials in addition to their round particles which can decrease the 
grain-to-grain contact (shear strength) of the samples as % cinder material in the mix increases. 

Figure 5 Results of moisture density relation test for different proportions of cinder gravel and Crushed 
Stone Aggregate (CSA) California Bearing Ratio (CBR) test. 

Figure 6 Percent cinder verses California Bearing Ratio (CBR) for different proportions of Crushed 
Stone Aggregate (CSA) – cinder gravel blends 

From the Figure 6 we can see that as percentage of cinder gravel replacement for volume of Crushed 
Stone Aggregate (CSA) increases the California Bearing Ratio (CBR) also decrease by almost 50% 
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from 162.5 for samples containing Crushed Stone Aggregate (CSA) only to 89.54 for mix having 50% 
cinder gravel and 50% CSA by volume of the total mix. The reason for this could be decrease due to the 
reduced workability to compact the material because of change in gradation due to stabilization and 
rounded particles of cinder which decrease the shear strength and California Bearing Ratio (CBR) can 
be taken as a measure of shear strength besides the increase in weak particles when volume of cinder 
increases in the mix increase from 10 – 50% 
 
Analyzing the result replacing 40 % Crushed Stone Aggregate (CSA) with cinder can give a California 
Bearing Ratio (CBR) value of 100 even though one satisfying well above 100 requirement and safe 
with respect to National Cooperative Highway Research Program (NCHRP) criteria is blend containing 
up to 30% cinder gravel of having a California Bearing Ratio (CBR) of 121.4. 

 
AGGREGATE CRUSHING TEST 

 
Figure 5 showing the decrease in ten percent value (TFV) and increase in aggregate crushing value 

(ACV) as percentage of cinder gravel increase in the mixture which can be simply guessed because of 
weak nature of cinder gravels. 

Figure 7 Percent cinder verses aggregate crushing value (ACV) and ten percent value (TFV) for 
different proportions of CSA – cinder gravel blends 

 

Crushing tests were conducted on different proportions of Crushed Stone Aggregate (CSA) and cinder 
gravel with percentage replacement of cinder gravel for Crushed Stone Aggregate (CSA) varying from 
10 -50%.from the results we can understand that replacing Crushed Stone Aggregate (CSA) with 
cinder gravels up to 30% by volume yields values below the maximum aggregate crushing value (ACV) 
and above the minimum ten percent value (TFV) specification for Fresh, crushed rock (GB1) material. 
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TESTS ON CEMENT TREATED CINDER GRAVEL 
 

MOISTURE DENSITY RELATION OF CEMENT TREATED CINDER 
 

Since the maximum density of a soil-cement mixture varies only slightly as the percentage of 
cement varies, a moisture-density test at the median cement content will suffice. In this study the 
median cementcontent was 8% so maximum dry density (MDD) and optimum moisture content (OMC) 
were determined by adding 8% of cement by dry weight of cinder gravel samples. 

 
Figure 8 Compressive strength verses cement content 

 
An optimum moisture content (OMC) of 17.28 and maximum dry density (MDD) 1.84 was obtained as 
in the compaction curve shown below in given in Figure 9 it has exhibited decrease in moisture content 
and increase in dry density which may be because of additional workability cement brings to the mix 
due to its grain size improving the gradation so as to achieve high maximum dry density (MDD) with 
reduced moisture content that needed for cinder gravel alone. 

Figure 9 Moisture - density relation for cement treated cinder gravels with 8% cement content 
  



 
 

299 
 

DETERMINATION OF COMPRESSIVE STRENGTH 

 
Using the predetermined optimum moisture content (OMC) and maximum dry density (MDD) 

values 15 cylindrical specimens of size 100mm x200mm were prepared by using split type of molds to 
make working with specimens smooth (when they were taken out of molds). 

 
Table 3 Results of Unified compressive strength test (UCS) for three cement contents in each 

                 curing period. 
 

Cement content 
(% by weight of cinder gravel) Curing day Curing condition 

Dry 
density UCS 

 
6 

 
7 

 
Moist curing 

 
1.7 

 
1.6 

 14 Moist curing 1.7 2.3 

  7 days soaked 1.72 2.25 

 28 Moist curing 1.7 3.1 

8 7 Moist curing 1.79 2.77 

 14 Moist curing 1.79 4.12 

  7 days soaked 1.78 4.25 

 28 Moist curing 1.79 4.65 

10 7 Moist curing 1.8 3.7 

 14 Moist curing 1.78 4.8 

  7 days soaked 1.8 5.2 

 28 Moist curing 1.8 5.7 

 
The cylinder were crushed after a 7, 14 and 28 days of moist curing or soaking in water in order to 
compare with different specifications and examine the effect of curing time on the strength 
development of cement treated cinder gravels. Since Ethiopian road authority specifies UCS criteria for 
using cement stabilized materials namely CB1 and CB2 based on specimens tested after 7 days moist 
curing and 7 day soaked under water the cylindrical specimens was tested at this condition and 
resulted in a UCS of 2.28, 4.19and 4.48 for 6, 8 and10 % cement contents respectively. 
 

Figure 10 Showing comparison of strength achieved by cylindrical specimens casted @ different 
cement contents and tested@ certain duration and condition of curing. 
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To compare the strengths of the trial mixes with the requirements of ERA pavement design manual, the 
Unified compressive strength test (UCS) values of the trial specimens have to be converted to 
equivalent value of the 150mm cube specimen since the values in the Ethiopian road authority 
pavement Design manual has been established on the basis of 150 x150mm cubical specimens. 
Accordingly, the correction factors set by Ethiopian road authority pavement design manual in road 
note 31 were used to derive appropriate correction factor based on the height to diameter ratio of the 
specimens. The results of UCS tests obtained after 7 days moist curing and 7 days soaking in water as 
specified in Ethiopian road authority pavement Design manual (ERA PDM) were changed by 
multiplying with 1.25 to values supposed to be equivalent with 150mm cubic specimens 
 

Table 4 Adjusted unconfined compressive strength of cylinders 

Cement content UCS of 100 x 200mm cylinders (a) Correction factor Corrected value = (a*1.25) 

6 2.25  2.81 

8 4.25 1.25 5.31 

10 5.2  6.5 

 
From the results it can be stated that cinder – cement mix containing 6 and 8% satisfy the requirement 
for Crushed weathered rock, gravel or boulders (CB2) and Fresh, crushed rock (CB1) material while 
the National Cooperative Highway Research (NHCRP) specification is fulfilled by mix with 10% cement 
by dry weight of cinder gravel. 

 

CONCLUSION AND RECOMMENDATION 
 

From the results of this experimental study having above mentioned objectives the following conclusions 
are made. 

 
1) The first part of laboratory investigation showed that cinder gravel is a weak material with an 

aggregate crushing value (ACV ) >30KN and ten percent value (TFV )< 111KN also has high water 
absorption capacity because of its high porosity. 

2) The gradation of natural cinder gravel doesn’t fulfill the requirement, lacking sufficient fines and 
having coarser particles more than upper limit of gradation envelop for fresh, crushed rock (GB1) 
material as determined before compaction with Nom. Max. Size 37.5mm. Even if compaction 
produce fine grained materials to fill the gap it also make their gradation out of limit due to some 
fractions of particles were produced more than specified for base course material. 

3) The California Bearing Ratio (CBR) value of the material is very low (< 40%) for base course. So 
natural cinder gravels can’t be used as base course materials especially for high traffic unless 
modified in some way. 

4) From Gradation point of view it has been seen that all the blend proportions satisfy requirements for 
dense graded base course as determined in after compaction state. 

5) The results of particle strength and bearing capacity tests on Crushed Stone Aggregate (CSA) – 
cinder gravel reveal that 70/30 blend fulfill the criteria by attaining aggregate crushing value 
(ACV) of 26% 

6) <29KN and California Bearing Ratio (CBR) of 121% (satisfying well above 100 criteria). Thus is has 
been conclude that replacing 30% of conventional Crushed Stone Aggregate (CSA) with cinder 
gravel material is a possible alternative. 

7) Optimum (minimum) cement content fulfilling strength requirement of Road note 31 (according to 
Ethiopian road authority pavement design manual there was table taken as a standard 
specification) for stabilized road base (CB1) is 6% and for crushed weathered rock, gravel or 
boulders stabilized road base 

8) (CB2) 8%. The only mix satisfying criteria by US army was the one containing 10% cement by 
weight of dry cinder gravel. 

9) The compressive strength of cinder– cement mix increases with curing age and also cement 
content. Soaking specimens in water decrease the strength of the mix only in the case of mix 
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having 6% cement whereas for the others it was observed that the strength increase in small 
amount, which indicates cinder 

10) cement mix with 8 and 10% cement are not susceptible to moisture change. 
 

Based on literatures reviewed during the study and the outcomes of the study Based on the results of 
the research, it is recommended for consultants(designers) that utilization of the locally available cinder 
gravels shall be given due consideration for upcoming road construction projects in the study area or in 
other locations with similar characteristics. 
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CHAPTER 37 
 
 
 

WATER PERMEABILITY AND CHLORIDE AND 
SULPHATE RESISTANCE OF RUBBERISED FIBRE 
MORTAR 

 
A. M. Mukaddas1, F. N. A.Abd. Aziz2*, N.A. Mohd. Nasir2, and N. Mohamed Sutan3 

 
 

ABSTRACT 
 
Non-biodegradable solids such as waste tyres and oil palm fruit fibre (OPFF) would cause 

environmental problems if not disposed properly. This research studied the water permeability and 
chloride and sulphate resistance of mixes with addition of OPFF and sand replacement with Treated 
Crumb Rubber (TCR). The mix known as Rubberised Fibre Mortar (RFM) is a composite of 10% to 
30% of TRC and addition of 1% to 1.5% of OPFF. In total sixteen different mixes, with water to 
cement ratio of 0.48 were prepared and subjected to related tests up to 56 days. The specimens are 
separated to two water curing types; immersion and spraying. The results show immersion cured 
specimens is less permeable and more resistance to chloride and sulphate than spraying 
specimens. The TCR does reduce the water permeability of the mix when 20% and less replacement 
made, while addition of less than 1% OPFF allows medium permeability. The moderate chloride 
resistance is achieved in mix with less than 10% TCR replacement and OPFF is not added. While 
sulphate resistance of RFM with less than 30% TCR is acceptable but addition of OPFF must be 
limited to 1% to prevent large strength reduction. In conclusion, for indoor mortar applications such 
as partition wall, RFM made of less than 10% TCR and less than 1% OPFF is recommended. 

 

Keywords: Curing Method, Durability, Oil Palm Fruit Fibre, Rubberised Fibre Mortar, Treated Crumb Rubber 

 

INTRODUCTION 
 
Natural waste materials such as sludge, rice husk ash (RHA) and groundnut husk ash (GHA), 

coconut shell and oil palm shell are mainly used as cement or fine and coarse aggregates replacer. 
These alternative materials are used to reduce the waste and to provide alternative and greener 
materials in making concrete. Cement replacements are carried out using sludge, rice husk ash 
(RHA) and groundnut husk ash (GHA) [1,2]. While, natural aggregate replacements were either by 
using waste or agricultural by-products or solids such as coconut and palm oil shells, sawdust, 
recycled aggregates, mining tiling waste and tyre [3,4,5].In Malaysia more than 50,000 tons of worn 
automobile tyres are generated annually, while in the UK is about 40 million, Nigeria has about 15 
million and United States more than 270 million scrap-tyres [6]. These has increased over the years 
and if unmanaged, scrap tyre poses environmental and health associated risks through tyre stockpile 
fires and as a breeding ground for disease carrying mosquitoes, rats, mice and vermin [7,8]. Hence, 
the use of rubber waste shredded tyres in concrete was studied in by many researchers in various 
forms such as crumb, chips, or particles and in the form of fibres [4,7,8].  
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The potentialities of utilising waste crumb tyres in various mechanical properties of mortar and 
concrete shows that the compressive strength, density, and modulus of elasticity were decreasing as 
the percentage of waste crumb tyre replacement increased. On the same note, the initial water 
absorption capacity was decreasing but later it increased in line with the addition of percentage of 
crumb tyres replacement, with no significant change in slump height during the process. The 
abrasion resistance, noise and thermal insulation were also increased as the percentages of 
replacement were increasing. Based on these properties, the use of waste crumb tyres are 
recommended for non-structural concrete applications such as floor rips, partitions, back stone 
concrete, concrete blocks, and other non-structural uses [9]  
 

Waste from scrap tyres is considered as one of the most crucial environmental problems of the 
world, because they are non-biodegradable. These discarded tyres can be recycled into various 
forms of rubber particles for use in the construction industries. It can be used as an aggregate in 
cement based products, fuel in cement kilns and incinerators for production of electricity. Many 
researches had shown that use of crumb tyres particles as coarse aggregates will significantly 
reduce the mechanical properties of concrete) but its usage in granular and powdered form will 
minimize the loss in mechanical properties. Although, there was a general reduction in compressive 
strength over conventional concrete, the strength is adequate for medium load bearing structural 
elements [10,11,12]. 
 
Natural fibres are another waste material that have potential to enhance the properties of concrete 
and to produce a sustainable ‘green’ concrete material. Fibres are usually used in concrete to control 
plastic and drying shrinkage cracking. Examples of natural fibres are sisal, coconut, jute, bamboo, 
palm, industrial hemp, banana leaves, Oil Palm Fruit Fibre (OPFF), oil palm trunk, coconut fibre, 
bamboo, sisal fibre, coir fibre and wood fibres. These fibres have always been promising as 
reinforcement of cement composites because of their availability, low cost and low energy 
consumption. Besides, some types of fibres produce a greater impact, abrasion and shatter 
resistance in concrete [13]. 
 
OPFF is the most available natural fibre in Malaysia, about 4 million hectares of land is used for oil 
palm plantation annually yielding about 19 million tons of palm oil in Malaysia, which placed as the 
world’s second largest producer; as the production accounts for about 80% of the world’s production. 
There gives significant impact in the environment as they require proper disposal technique. The 
OPFF has been tested and it proves to improve mechanical properties of concrete and mortar matrix 
when added as an additive in concrete [14, 15,16]. However, works utilising OPFF mainly focuses on 
the mechanical properties of concrete with little or none on durability properties. 
 
Ismail and Hashim [14] studied the strength development of concrete using palm oil fibre of lengths 
1cm, 3cm, and 5cm used with fibre percentages of 0.25% and 0.50% of cement weight to fibre 
respectively. The results revealed that at fibre content 0.25% and 0.50%, for both percentages the 
optimum fibre lengths were 5cm and 3cm respectively which ultimately led to the increase in strength 
development by 39% in contrast to OPC specimens. 
 
The utilisation of OPFF as a greener and a more cost-effective approach in improving the strength of 
the composite crumb rubber mortar was employed by Aziz et. al. [16]. The mortar mechanical 
properties with addition of 0%, 0.5%, 1% and 1.5% OPFF and crumb rubber replacement of 0– 40% 
by volume of aggregate were reported. The addition of 0.5% OPFF to the composite was found to 
improve the mechanical properties of the mortar composites. But, research on durability of the 
product of cement- based matrix incorporating OPFF is not known to the authors knowledge. 
 
As rubber is an insoluble and do not absorbed water, therefore the depth of water penetration is high 
for rubber concrete mixtures hence, the capillary porosity is low [11, 17]. Amount of absorbed water 
is closely related to the porosity of the concrete structure giving a picture of the internal 
microstructure surface. Addition of 10% of rubber particles by total volume of aggregate caused 



 
 

304 
 

average increase of almost 100% in water permeability depth. It is also observed that mixtures 
containing pre-treated rubber absorb less water, indicating better adhesion of rubber particles to 
matrix. Thus, pre-treatment is necessary to ensure better bond between rubber particles and other 
concrete materials [18]. Uses of crumb rubber in concrete as replacement materials for aggregates 
are well reported in many articles. Aziz et. al. [16] reported the mechanical properties of mortar with 
0%, 0.5%, 1.0% and 1.5% oil palm fruit fibre (OPFF) additions and tyre-crumb replacement of 0–40% 
at 10% increment by volume of fine aggregate was investigated. The influence of pre-treatment of 
tyre crumb on the strength of mortar was emphasised from which it was concluded that the tyre 
crumb must be pre-treated before use in the matrix mix to enhance the bond between particles. 
However, the works are only on the mechanical properties of the composite. In durability aspects, 
Ahmad et.al. [19] had only reported the carbonation effect of OPFF and TCR mix compositions but 
other durability aspects are yet to discuss. 

 
Durability of concrete or mortar is defined as the ability of concrete to resist weathering action, 
chemical attack such as chloride and sulphate and abrasion while maintaining its designed 
properties without deterioration for a great number of years. Part of durability or known as permeability 
is water penetration. Many factors influence these aspects of concrete such as cement content, 
compaction, curing method, cover thickness and exposure conditions. In some situations, high 
strength is not necessary, but the conditions of exposure are such that high durability is vital. Hence 
it is important to study the durability of mortar or concrete composition containing waste and 
agriculture materials. How these wastes influence durability parameters under different curing 
conditions and most importantly how waste treatment can enhance the durability performance of this 
mortar is a question that must be addressed. 

 
Based on the senario, this research will focus on some part of durability, namely water penetration 
and chloride and sulphate resistance of RFM. Mix design proportions by Farah et al. [15], who 
reported the mechanical properties of the mix, will be followed. Success of this study is a 
supplementary information of RFM as the strength behaviour is already known. 

 

METHODOLOGY 
 

This study is concerned with the durability performance of the RFM by assessing the effect of 
OPFF and TCR within the RFM under different curing conditions. The effect of replacing fine 
aggregate with treated crumb rubber (TCR) at 10 - 30% and the effect of adding oil palm fruit fibre 
(OPFF) at 0.5 - 1.5% respectively. The RFM specimens were produced and then subjected to 
different curing methods (Immersion and spraying) for 28 days before laboratory assessments were 
made on the durability properties in accordance with standard codes of civil engineering laboratory 
practices. In total, 1248 RFM specimens were prepared and investigated comprising of 960 mortar 
cubes, 96 cylinders and 192 prism and the results presented. As mentioned in the introduction, the 
potential use of this mixture is as non- structural construction building product that is specifically 
planned for block or brick production and curing method is one of the factors influencing the 
durability of mortar or concrete, hence two potential curing methods which are practical for brick or 
block production were studied, namely immersion and spraying curing methods. 

 

MATERIALS 
 
In this study, the mortar mixes were produced using Ordinary Portland Composite Cement 

CEM II/B-M (V-L) 32.5R conforming to ASTM C150[20]. Stone dust with maximum particle size 
passing sieve no.4 in accordance with ASTM C33[21] having a specific gravity, density and 
absorption of 2.63, 1702 kg/m3 and 2% respectively. In addition, the granulated TRC has particle 
sizes ranging between 0.15 – 2.36 mm; a compacted density and fineness modulus of 668 Kg/m3 
and 0.9 respectively in accordance with ASTM C128[22] was used after it had been treated. The 
crumb rubber pre-treatment process was carried out by soaking it in water for 24 hours, then air dried 
until a saturated surface dry (SSD) condition was reached. Thereafter it was mixed with dry 
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composite cement powder in a tilting concrete mixer until a homogeneous mix was achieved, the 
TCR was then air dried. The TCR was pre-treated with the aim of ensuring the existence of 
adequate bonding between it and other constituents, the pre-treatment with cement helps in the 
creation of surface roughness/friction in conformity with Farah et al. [15]. Cement was chosen 
because it provides better effect over other chemicals such as hydrochloric acid and sodium 
hydroxide etc. which could be detrimental to the cement mortar matrix. Combined grading for the 
fine aggregate and granulated TCR is shown as upper and lower limits and used, respectively in 
Figure 1. The OPFF was obtained from Seri Ulu Langat Palm Oil Mill Sdn. Bhd at Dengkil, Malaysia. 

 

 
 

Figure 1 Combined grading for sand and crumb rubber 

 
MIX PROPORTIONS 

 
The adopted mix design was in accordance with ASTM C 270 [23] having a water cement ratio 

of 0.48 and cement to FA ratio of 1: 2.75 in line with Farah et.al. [15] and Ahmed et.al. [19]. Minimum 
target strength of 17 MPa is designed as the control mortar mix. The crumb rubber substitution was at 
0%, 10%, 20% and 30% by volume fraction of aggregate. While addition of oil palm fibre (OPFF) of 
0%, 0.5%, 1.0% and 1.5% are by weight of cement content. In total, 16 mortar mixes were prepared 
(Table 1) whilst noting that water content (in column 5, Table 1) is inclusive of 2% water absorption of 
the fine aggregate. 
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Table 1 Composition of Plain and Rubberised Fibre Mortar Mixture 
 

Mix Ref./ 
Percentage 

Cement Content 
(kg/m3) 

Fine Aggregate 
(kg/m3) 

Crumb Rubber 
(kg/m3) 

Water Content 
(kg/m3) 

Fibre 
(kg/m3) 

F0 CR0 740.0 2035.0 0.0 399.6 - 

F0 CR10 740.0 1831.5 80.0 395.5 - 

F0 CR20 740.0 1628.0 159.8 391.5 - 

F0 CR30 740.0 1424.5 239.8 387.4 - 

F0.5 CR0 740.0 2035.0 - 399.6 3.7 

F0.5 CR10 740.0 1831.5 80.0 395.5 3.7 

F0.5 CR20 740.0 1628.0 159.8 391.5 3.7 

F0.5 CR30 740.0 1424.5 239.8 387.4 3.7 

F1.0 CR0 740.0 2035.0 - 399.6 7.4 

F1.0 CR10 740.0 1831.5 80.0 395.5 7.4 

F1.0 CR20 740.0 1628.0 159.8 391.5 7.4 

F1.0 CR30 740.0 1424.5 239.8 387.4 7.4 

F1.5 CR0 740.0 2035.0 - 399.6 11.1 

F1.5 CR10 740.0 1831.5 80.0 395.5 11.1 

F1.5 CR20 740.0 1628.0 159.8 391.5 11.1 

F1.5 CR30 740.0 1424.5 239.8 387.4 11.1 
 

Note: The F0 CR0 notations under mix ref./percentages in col. 1 of Table 1 is for ease of identification where; ’F’ is OPFF, 

the first ‘0’ is % content of fibre, ‘CR’ is crumb rubber and the second, ‘0’ is the % content of the crumb rubber. The same 
notations are applied in explaining the samples for every batch. 

 

MIXING AND CURING METHODS 
 

The dry materials used in the mix such as cement; fine aggregate; and TCR aggregate were 
first mixed for 2 mins in a bowl mixer in order to prevent balling effect associated with the 
conventional mixing technique. Then OPFF and one - third (1/3) of water were added and further 
mixed for 2 mins, the remaining water was gradually added, and mixing continued for about 5 mins 
until a homogeneous mixture was achieved and samples produced. These samples were cured by 
either water immersion or water spraying methods. The latter is carried out by covering the 
specimens with wet burlap clothes and water spraying at alternate day. This method is an effective 
method of curing particularly for brick or block. In both methods the temperature is of 25 – 30 0C and 
about 100% relative humidity (RH) for 28 days before the appropriate durability tests were 
conducted. 

 
TESTING 
 

The standards for test methods adopted in this study refers to a condition of a tropical temperature 
ranging between 28 – 300C, except where modifications are required as appropriately stated. To 
measure the fresh mortar properties, flow table test of hydraulic cement mortar as per ASTM 
C1437[23] was performed. Average of three measurements of each mortar mixes were plotted. 
Besides, the density is measured in accordance with BS 1881- 114 [24] by weighing specimens’ 
masses (kg) which defines it as the mass of a unit volume of hardened concrete expressed in 
kilograms per cubic metre. Hence, the densities of the mortar cubes were calculated by dividing the 
weight (kg) by the dimensions of the cubes (m3) using equation 1: 

Where M is mass of specimen (kg) and V is volume of specimen calculated from cube dimensions 
(m3). Besides, the workability and density, the following permeability aspects are carried out: - 
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WATER PERMEABILITY 
 

This was investigated according to the BS EN 12390-8 [25] based on the penetration of water under 
hydrostatic pressure. The diffusion depths into the samples after the water penetration were 
determined by splitting the samples into two halves and the diffusion depth measured. 

 

RAPID CHLORIDE PENETRATION TEST (RCPT) 
 

Chloride – induced corrosion of reinforcing steel due to chloride ingression is one of the most 
common environmental attacks that lead to the deterioration of concrete structures. Therefore, the 
ability of concrete to resist the penetration of chloride-ions is a critical parameter in determining the 
service life of a steel reinforced concrete structure exposed to marine environments or water 
containing chlorides or sulphates. This test method measures the ease with which the mortar allows 
charge to pass through it by recording current as a function of time which then gives an indication of 
the mortar’s resistance to chloride-ion penetration. Unlike water permeability which measures the 
ease with which fluid flow through concrete/mortar under hydrostatic pressure. The resistance of the 
RFM to chloride-ion penetration was evaluated by the rapid chloride penetrability test (RCPT) in 
accordance to ASTM C1202 [26]. The PROVE’it RCPT instrument was used by allowing electrical 
charge to travel between 2-sides of the specimen during a 6-hour period and the charge passed is 
correlated to the chloride – ion travelling through the pore system of the specimen. Total of 288 short 
cylinders cured under two different curing mediums. 

 
SODIUM SULPHATE INGRESSION TEST 

 
After 28 days of curing, the specimens were kept under laboratory atmospheric condition for 24 
hours to dry its surface water prior to weigh. After that, all samples were submerged in a 2.5% 
sodium sulphate (Na2SO4) solution with pH of 6 for another 7, 28 and 56 days, following the test 
procedure reported by James [27], and Bala and Mohammad [28]. The mass of the specimens was 
weighted, and the appearances of the specimen were observed to ensure no deterioration at the 
edges as well as any colour changes before the compression test was conducted. Effect of sulphate 
attack on compressive strength of samples with TCR and OPFF are shown Kfi, resistance to 
corrosion coefficient of compressive strength and is expressed by eq. 2 [29]. 

Where fci is a compressive strength at the stage i, and fc0 is a compressive strength at 28 days. 

 
RESULT AND DISCUSSION 
 

WORKABILITY 
 

The important behavior for an acceptance of any waste materials used in concrete or mortar is 
its workability. The results for the RFM flow table test were compared to control as shown in Figure 
2. The workability of TCR samples reveals the largest flow diameter of 143 - 147 mm, which is 
similar to the control samples of 146 mm. These show the nature of TCR, which is a non-absorbent 
had been improved by the cement coating treatment, which had successfully reduced the non-
absorbent nature and allowing water to flow in-between its grain. Indeed, this is in line with findings 
reported by Gupta, Chaudhary, & Sharma [30]. With addition of OPFF, RFM mixes obtained the 
lowest workability with flow diameter of 106 mm. The physical characteristic of OPFF that had high 
water absorption capacity may affect the friction between solid particles [31], hence less water 
shared by other matrix and subsequently reduced the workability to about 38% of the control 
specimen. 
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Figure 2 Workability of RFM as a function of rubber and oil palm fiber content 

 
DENSITY 

 
Aggregates both, fine and coarse are about 75% of the concrete density, hence their 

replacement with low density material will greatly result in the self-weight reduction of the concrete 
elements. The TCR utilised in this study has density of 688kg/m3 which is similar to that of Pierce and 
Blackwell [4] and Benazzouk et al. [17]. The density results for RFM specimens cured by water 
immersion and spraying are presented in Figure 3(a) and in Figure 3(b), respectively, where all are 
above 1350 kg/m3. Generally, both curing methods showed density decreases with addition of both 
TCR and OPFF. The low unit weight of TCR leads to the development of a lighter mortar. The 
density of all the specimens containing 30% TCR and 0% - 1.5% of OPFF falls within the density for 
structural lightweight concrete as in Table 2 except specimen containing 20% TCR and 1.0% OPFF 
which had 5.6% greater than the maximum value for structural lightweight concrete category. Only 
RFM containing 10% TCR ranged between 1960- 2128Kg/m3 which is above 1900 Kg/m3 i.e. 
normal weight concrete. 

 
Table 2 Practical Range of Lightweight Concrete [32] 

 

Categories Density Range (kg/m3) Minimum Strength (MPa) 

Structural lightweight concrete 1350 – 1900 17 

Moderate strength concrete 800-1350 7-17 

Low density concrete 300-800 Use for non-structural purposes such as 

insulation panel, blocks, pavements, etc. 

  



 
 

309 
 

Figure 3 Density of RFM specimens 

 
WATER PERMEABILITY 

 
The durability of concrete is mainly dependent on the fluid ability to penetrate the concrete 

microstructure, which is referred as permeability or, more importantly penetrability. The permeability 
results of RFM are shown in terms of water penetration depth in Figure 4 and are compared to the 
water permeability classification in accordance with DIN 1048[33]. General observation shows 
spraying curing method cause higher permeability than immersion. Also based on the specimen 
density, the immersion cured samples (2128 kg/m3) are less porous than spraying specimens (2048 
kg/m3). This shows that the earlier curing method allows full hydration of sample and subsequently 
produced a denser specimen, hence prevent less penetration of water. 

 

Referring to Figure 4, an increase of TCR replacement from 10 to 30 percent cause inconsistent 
permeability depth on immersion samples, while spraying samples shown medium depth for 10 and 
20 % TCR replacement but very high when 30% replacement is made. This is due to lack of good 
bonding between rubber particles and cement paste where the interface surface between cement 
paste and rubber grains act as the bedding for pressurised water to flow in the concrete containing 
rubber [11]. Similar patterns were observed when 0.5 to 1.5% OPFF are added, with the highest 
permeability depth is when 1.5% OPFF is added. From these results, it can be concluded that when 
1.5% OPFF and 20-30% TCR are added, RFM produce a porous mortar which allows high water 
penetration, and when 0.5-1% OPFF with 10% TCR are used, RFM with medium penetration is 
obtained. 
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Figure 4 Water penetration depth of RFM samples 
 

RAPID CHLORIDE PENETRATION 
 

Chloride– induced corrosion of reinforcing steel due to chloride ingression the most common 
environmental attacks that lead to the deterioration of concrete structures. The ease with which the 
mortar allows charge to pass through it gives an indication of the mortar’s resistance to chloride-ion 
penetration. The effect of TRC onto the chloride-ion penetration of the specimens is as shown in 
Figure 5. The resistance to chloride ion penetration of RFM specimens made of 10% TRC and are 
subjected to immersion curing is better than the control specimens. This probably due to good 
interaction between rubber particles and mortar composites preventing the chloride penetration to 
about 30% less than the control. However, as the rubber content increases the penetration of 
chloride ions also increases. This is in contrary to other works reported in [34], in which the 
percentage of TRC is not more than 15%. This shows that addition of more than 15% TCR 
replacement will caused many pores and weak bond between particles in the mix which allows high 
charge passed the mix and lower the mix resistance to chloride attack. 

 

On the other hand, regardless of the curing methods, the addition of OPFF at 0.5-1.5% as shown in 
Figure 6 had categorised the mixes as high penetrability where the charge passed are more than 
4000 coulombs. High absorption capacity of the OPPF had significantly cause large chloride 
penetration into the mixes. Hence, even the mechanical properties of RFM with OPFF addition shows 
acceptable strength as reported by Aziz et.al. [16], OPPF addition in the mix are not recommended 
when durability is the main concern. In conclusion, only 10% TCR replacement subjected to 
immersion curing is classified as moderate penetrability of chloride by ASTM C1202 [26], that is 
suitable for reinforced concrete application as low chloride-ion permeability is necessary to reduce 
the potential for corrosion of embedded reinforcement. 
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Figure 5 TRC effect on Chloride-ion penetration  

 

Figure 6 OPFF effect in Chloride-ion penetration 

 

SULPHATE RESISTANCE 
 
In total 192 cube specimens are prepared, in which half were cured by immersion and another 

half by water spraying for 28 days before being submerged in the Na2SO4 solution. The average 
compressive strength of immersion and spraying samples are tabulated in Table 3a and Table 3b, 
respectively. By observation, no eroded residues of either fine aggregate or crumb rubber particles 
or cement were observed before 56 days, however after that, salt scaling precipitate was noticed as 
shown in Figure 7. 

 

Table 3a shows samples with increasing percentages of TCR, obtained good resistance to sulphate 
attack with resistance coefficient factor Kfi of more than 100%. This explains that TCR content of less 
than 30% can sustained the strength when exposed to sulphate. While addition of 1.5% OPFF 
reduces the resistance to corrosion coefficient of compressive strength to less than 100%. On the 
other hand, Table 3b shows spraying curing specimens obtained inconsistent interaction of matrix to 
the sulphate attack with percentages of Kfi between 98-116, this could due to its higher permeability 
and more porous structure of the mixes. 
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Table 3a: Compressive Strength of immersion curing specimens before and after sulphate  
attack 

 

IMMERSION  F0% (EFFECT OF TCR)  TCR10 (EFFECT of OPFF)  

 TCR0 TCR10 TCR20 TCR30 F0% F0.5% F1.0% F1.5% 

At 28 days (MPa) 37.1 34.0 25.9 26.3 34.0 32.4 34.2 32.6 

After sulphate attack 

of 28 days (MPa) 49.3 40.3 34.4 27.5 40.3 37.8 37.5 29.2 

Resistance to corrosion 

coeff.% Kfi 133 119 133 105 119 117 110 90 

 
Table 3b: Compressive Strength of spraying curing specimens before and after sulphate attack 

 

SPRAYING  F0% (EFFECT OF TCR)  TCR10 (EFFECT of OPFF)  

 TCR0 TCR10 TCR20 TCR30 F0% F0.5% F1.0% F1.5% 

At 28 days (MPa) 34.0 35.0 32.7 24.3 35.0 31.0 33.2 28.0 

After sulphate attack 
of 28 days (MPa) 

 
53.0 

 
37.3 

 
32.0 

 
26.2 

 
37.3 

 
34.5 

 
37.6 

 
32.6 

Resistance to 
corrosion coeff. % Kfi 

 
156 

 
107 

 
98 

 
108 

 
107 

 
111 

 
113 

 
116 

 
 

 
Figure 7 Salt scaling on samples surface before and after Na2SO4 immersion 

 

CONCLUSION 
 

The water permeability and chloride and sulphate resistance of RFM discussed above can be 
concluded as below: 
 
1) The mixes behavior are more predictable on specimens cured by immersion than spraying 

technique. 
2) The workability is not affected by TCR but largely reduced by addition of OPFF as compared to 

the control specimens. While the density showed reduction in RFM specimens. 
3) Water permeability of RFM specimens are classified as high and not recommended for structural 

applications except for specimen made of 10% TCR and less than 1% OPFF, is classified as 
medium. 

4) Addition of OPFF is not recommended when chloride resistance is required while only less than 
10% TCR replacement can be classified as moderate penetrability to chloride. 

5) Sulphate resistance of RFM with less than 30% TCR is acceptable but addition of OPFF must be 
limited to 1% to prevent large strength reduction. 5. Seismic performance has been improved as 
the modal period increases beyond the typical site period in Bangladesh. 
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CHAPTER 38 
 
 
 

CASE STUDY OF STRUCTURAL HEALTH MONITORING 
IN INDIA AND ITS BENEFITS 

 
Riya Bhandari* 
 

 

ABSTRACT 

 
 In today’s modern world, the development is at its peak. Due to increasing development, 

thousands of new buildings, tunnels, bridges, expressways, and many challenging and complex 
structure are being made day by day for suiting the increasing needs of people. The development is 
also seen in the new materials and techniques used in construction methods. Due to this increasing 
construction of vast structures, the analysis of structures has also become a major challenge as 
maintaining the integrity of the structure is of utmost importance. Traditional methods of structure 
analysis are not much beneficial and are not sufficient enough. Structural health monitoring (SHM) is 
a great development in the analysis of the structures for damage detection and determination of 
cracks and defects present in the structure. SHM system improves the safety and reliability of the 
structures; reduce maintenance costs and also helps in extending the useful life of the structures. 
Still the practical applications of this method are not much used and are still behind in the civil sector 
in India. 

 
Keywords: SHM, damage detection, cracks 

 

INTRODUCTION 

 

India is full of old heritage monuments, buildings either owned by state government or people. 
These heritage buildings are still standing despite of several hundred years and the environmental 
conditions. It is a remarkable sign of integrity. Despite these old buildings in India, the high rise 
buildings and other complex structures are also being made day by day. Monitoring safety and 
health conditions of these structures is very important as these structures like huge monuments, 
shopping malls, hospitals, schools etc have a large amount of people gathering. Any failure in these 
structures will harm hundreds of people at the same time. 
 
Dams are also huge complex structures which involve various complex design, construction, 
maintenance process. Failure in these dams would cause a great amount of loss to economy and 
also to thousands of peoples. So monitoring the health conditions of dams is utmost important. 
Qualitative and non-continuous methods have long been used to evaluate structures for their 
capacity to serve their intended purpose. Nearly about the 19th century railroad wheel-tappers have 
used the sound of a hammer striking the train wheel to evaluate if damage was present.[1] The 
current method of damage inspection include visual inspection and localised experimental methods.  
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All of these methods requires the area which is to be inspected, is accessible. In relation to this 
limitation, there is shortage of highly experienced inspectors and also inevitable delay of time in-
depth structure analysis. As a result, need for development in damage detection methods for 
complex structures has risen.[2]The shift from simple experimental observation to Structural Health 
Monitoring has been driven by two factors: on the one hand, by the consequences led by 
degradation of modern construction materials and functional obsolescence onto infrastructure 
economics and, on the other hand, by the availability of cheap, effective and durable innovative 
instrumentation and hardware/software tools to accomplish complex data acquisition and signal 
processing functions.[3] 
 
Structural health monitoring (SHM) is a process of finding the accurate conditions and performance 
of the structures. SHM is a great development in the field of civil sector. It provides Permanent 
continuous, Periodic or Periodically continuous recording. of representative long terms. The 
information/data received from SHM systems strength and modal parameters over short or would 
then be used for repairs or rehabilitation and to maintain the safety of the structure. [4] 
 

STRUCTURAL HEALTH MONITORING(SHM) 
 

WORKING OF SHM 
 

Working of SHM is same as the human nervous system. In human nervous systems, there are 
number of nerves connected to controlling part of human body (brain) and as soon as we feel pain in 
any part of our body, the nervous system sends signals to the brain. Likely in SHM systems, sensors 
act as nervous systems which are connected to the main controlling unit of data processing and 
decision making. 
 
Responses are recorded from the detecting system and are distinguished as: 
 
1. Physical- temperature, humidity 
2. Mechanical- strain, cracks opening, stress load 
3. Chemical- carbonation, chloride or sulphate penetration [4] 
 

The data received from the sensors shows the type of response like physical, mechanical or chemical 
and then the measures are taken to correct or repair the type of damage recorded. 
 
The engineering structural health concept encompasses four distinct subsets: 
 
1. Sensor allocation and measurements, 
2. Structural identification, 
3. Damage or degradation detection, and 
4. Decision making. [5] 

 
The total process includes these four sub processes for identification, location and severity of damage 
and for determining the remaining life of the structure inspected. 
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SHM TECHNIQUES 
 
SHM techniques are basically divided into two categories:- 
 

 Global dynamic technique 

 Electromechanical impedance technique 
 

GLOBAL DYNAMIC TECHNIQUE 

 

In this technique, the structure which is to be tested is subjected to low frequencies excitations, either 
harmonic or impulse and the response vibrations such as velocity, displacement and acceleration is 
recorded. Initial mode shapes with corresponding natural frequency is then compared with healthy 
state data and the severity of damage is determined. The damage present in the structure affects the 
modal parameters like modal frequency, modal damping and mode shape. The damage incurred 
also affects the structure parameters.[6] 
 
The basic drawback of this technique is low sensitivity to incipient damage. 
 

ELECTROMECHANICAL IMPEDANCE TECHNIQUE (EMI) 

 
It is an ultrasonic technique and one of the most attractive methods used for monitoring. In this 
technique, PZT (leadzicornate-titanate) transducers are embedded on the structure which is to be 
monitored. PZT transducers are basically made up of piezoelectric materials exhibiting 
electromechanical coupling characteristics. These are called smart materials, which have ability to 
communicate between two domains. [7] 
 
PZT transducer acts both as a actuator and sensor. It uses high frequency range excitation, so 
vibrations from outside environment like vehicles and wind will not have a significant effect on the 
EMI technique. The main advantage of this method is that it can detect internal damage at a 
relatively low cost. [8] 
 
USE OF SHM IN STRUCTURES OF INDIA-CASE STUDIES 

 
MONITORING OF OLD HERITAGE TEMPLE 

 
Bhand deval temple is situated in Arang tahsil Raipur district, Chhattisgarh. It is a heritage 

temple which was built in 9th century AD under the rule of Haihaya dynasty. The monitoring method 
adopted in this temple is Rapid visual screening which is based on seismic intensity, building type 
and damageability grade. Geo coordinates are Lat 21degrees 11 minutes and 43 seconds North and 
Long.81 degrees 58 minutes 10 seconds East. Popularly known as Bhand Deul, this temple is 
dedicated to Jaina section as evident from three beautiful images of Tirthankaras in kayotsarga pose 
installed in the sanctum. [9] 

 
NAINI BRIDGE (2001-2004) 

 
The Naini Bridge is part of the Allahabad bypass, crossing the Yamuna River just upstream the 

in- tersection to the Ganges River. The Bridge is owned by National Highway Agency of India 
(NHAI), designed By COWI A/S and constructed by a JV of Hundai and Hindustan Construction 
Company. The Structural Health Monitoring System for the bridge was also designed by COWI A/S 
and contracted by Devcon Infrastructure Private Ltd (DIPL). 
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The most parameters to monitor was defined to the traffic loads in order to assess the frequency of 
overload, settlement measures of the pylons and movements of pylons for design verification of 
creep assumptions for the bridge. The SHMS was designed to be operated from local control room 
approximately 750 from site by remote control from NHAI in Delhi. [10] 
 
SIGNATURE BRIDGE IN DELHI 

 
It is new cable-stayed bridge under construction across river Yamuna in Wazirabad, Delhi. This 
bridge will have total span of 675m, with a main span of 251m. It will carry four lanes of traffic in each 
direction. Its dramatic inclined steel pylon, with a height of 154 meters, and elegant stay cable 
design, will make it a particularly attractive and imposing addition to the Wazirabad skyline. 
 
The bridge will be equipped with a sophisticated structural health monitoring system, supplied by a 
joint venture of Mageba India, Mageba Switzerland and Vienna Consulting Engineers. [11] 
 
The system is intended to fulfill these major purposes: 

 

 Structural health monitoring and damage detection; 

 monitoring of weather loading (e.g. temperature, storms); and 

 Earthquake monitoring [11] 
 
BENEFITS OF SHM 
 
INCREASED SAFETY 

 
Advancements of new technologies have made greater impact on public safety. SHM systems 

include sensors, data processing tools and data acquisition which helps in providing digital 
information about structures indicating their health conditions. 
 
SHM helps in finding out whether the structure is able to withstand further excessive loading or 
whether the building is going to collapse or not. All these information helps us in finding out the useful 
life of the structure and also to maintain public safety by maintaining the integrity of the structure. 
 
Traditional methods of visual inspection tools help in scheduled inspection of the structure but SHM 
helps in continuing monitoring of the structure. Continuing monitoring helps in constantly monitoring 
the health conditions of the structure. [12] 
 
COST EFFICIENCY 

 
Maintaining structural integrity of structures for longer period of time reduces demolition and 

rebuilding cost. SHM can also greatly reduce long-term and short-term costs related to structural 
maintenance. Additionally, SHM technology reduces need to halt profitable operations for large scale 
safety inspections, and to perform unnecessary maintenance on structural components that are still 
in good condition. All this helps in maintaining economic benefits for business and industry. [12] 
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TIME SAVING 

 
Time also plays a major part in comparing SHM with the traditional methods of damage 

detection. The scheduled detection test takes a greater amount of time to check the faults or damage 
and if in depth checking is done, ample amount of time is wasted. But in SHM, the sensors give 
immediate results and also time used in rebuilding the degraded structures would also be saved by 
continuous monitoring of structure and providing immediate remedy or repair work at early stage 
only. 

 
ASSURANCE OF QUALITY 

 
The quality of structures can also be maintained by using SHM systems. Installing SHM 

systems at early stage of construction of structure can help in maintaining the quality of the structure. 
It can help us in quality check of the structure at every stage of construction and also after the 
construction is finished. 
 
Quality assurance is another very important factor in maintaining the safety of the structure. If the 
quality standards are in the desired proportion, then the structure is termed as safe. 

 
NEED OF SHM IN INDIA 

 
Between 2010 and 2014, a total of 13,178 people lost their lives in accidents where 

structures whether the building or the flyovers or any other structure have fallen.[13] Seven 
incident of structures collapse happen every day. States in which this incident occur time to time: 

 
Table 1: Deaths corresponding to different states 

 
 

STATES DEATHS IN NUMBER 

Uttar Pradesh 2065 

Maharashtra 1343 

Andhra Pradesh 1330 

Madhya Pradesh 1176 

Tamil Nadu 1154 

Gujarat 1067 

 
Between 2010 and 2014, the collapse of residential buildings caused a total of 4,914 dying and this 
accounts for about 37.3 per cent of the total number of deaths. The data of collapse of structure 
is categorized into five categories-residential building, commercial building, bridges, dams and 
others. The collapse of other structures resulted in deaths of 6,233 people and this accounts 
for 47.3 percent of the total deaths. A total of 1,610 people died in collapse of the commercial 
buildings. A total of 124 and 297 people died in collapse of dams and bridges respectively and this 
accounts for 3.2 percent of the total deaths.[13] By looking at these numbers, we can take an idea 
that how failing of the structures is affecting the lives of people and it also shows the carelessness 
and the irresponsible behavior in the construction and maintenance of the structures. This all is 
costing the lives of innocent people. 
 
Therefore, implementing SHM systems is of utmost importance for large-scale buildings to secure 
structural and operational safety and to issue early warnings on damage or deterioration prior to 
costly repairs or even catastrophic collapse. Long-term SHM of high-rise buildings is very helpful in 
understanding the building conditions under abnormal loading conditions and ensuring the safety for 
whole-life cycle. It provides the most authentic information for assessing structural probity, 
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serviceability and reliability. 
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Many seismologists have said that "earthquakes don't kill people, buildings do". This is because 
most deaths from earthquakes are caused by buildings or other human construction falling down 
during an earthquake. Structural collapse is responsible for 75% of deaths in earthquake. In 
earthquake, majority of damage is done by falling of structures and measure should be taken to 
make buildings earthquake resistant by using high quality aggregates, by good and strong 
reinforcement and continuing monitoring of the structure. SHM helps in analyzing the structure for 
damage and also shows data which helps in verifying the characteristics adopted in wind and 
seismic design.[14] By this we can determine whether the structure is going to withstand any future 
unexpected vibrations or not. 
 
India is a developing nation and it is very important that the country is enlightened and aware of its 
infrastructure. India is adopting certain SHM techniques, but they are very basic and their results are 
not very effective and can be better with new technologies like sensors based SHM, Wireless SHM, 
SHM software. [15] SHM systems are not much used by people because they are not aware of these 
new technologies and also some does not adapt it because of high installation cost. So, in order to 
make people use of this system, government should made it legal for the construction of public 
structures and also the high rise buildings which are more prone to catastrophic conditions in the 
future. Government should make awareness plans so that more and more people will be informed 
about SHM system and its benefits. India shall have an Indian Standard Code for Structural Health 
Monitoring and it has to be made mandatory for upcoming and previous structures. 
 

CONCLUSION 
 
Ageing of structures is inevitable; we cannot stop the structures to age. Structures start losing 

its strength gradually with age. Phenomenon like carbonization in steel and creep, fatigue in concrete 
starts appearing after certain period of time of excessive loading, harsh environment conditions etc. 
All this damage to the structures can be prevented to a certain limit by making changes in designing 
method but cannot be eliminated. Analysis of structures is a great method to find out the faults and 
damage in the structures. Traditional methods of scheduled inspection are becoming obsolete and 
outdated with time as they are time consuming and also not much efficient. SHM systems are a 
great development in analyzing the structures for every type of defects. It is a method of continuous 
monitoring of the structure and also very efficient. In India, applications of SHM are not practically 
used in civil sector. One of the main reasons behind this is general awareness of SHM technology 
among the people. People are not aware of this new technology for damage detection and also there 
is a great misunderstanding among people that SHM systems are expensive! They do not 
understand that this is only a onetime expense only the installation cost is high and also by using 
SHM system, the scheduled inspection is not needed. 
 
Other reason is that government has not made it legal. There is no rule for using SHM as a 
mandatory element in the construction. Government should make some rules regarding compulsory 
use of SHM systems in the construction process especially in huge public structures as number of 
failing structures is increasing day by day and this collapsing and failing of structures is leading to 
deaths of thousands of people in different parts of the country. For making a safe and reliable 
environment for the people of our country our government should consider the more and more use of 
SHM. These little steps will lead our country to greater heights and also one step closer to known as 
developed country. 
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CHAPTER 39 
 
 
 

COMPARING COMPRESSIVE STRENGTHS OF LAYERED 
AND RANDOM PLACEMENT OF EXPANDED 
POLYSTYRENE WASTES IN QUARRY DUST BLOCKS 
 
Clement Kiprotich Kiptum*, Victor Muroki Mwirigi and Steve Ochillo Ochieng 
 
 

ABSTRACT 
 
Despite intense research on building materials, the challenge of finding cheap and lightweight 
construction materials still persist for persons wishing to construct a house. A material that is getting 
attention of researchers and lightweight is Expanded Polystyrene (EPS). The aim of this study was to 
compare compressive strength and mass of blocks made when EPS were mixed randomly or in 
layered manner in cement-quarry dust mortar. The EPS wastes were placed randomly and in a 
single layer so as to give percentage volume of 0% (control), 10%, 20%, 30%, 40% and 50% EPS of 
the cube of 150 mm. The results showed that the average compressive strength of mortar was 18.67 
±1.33 N/mm2. The strength reduction proportionality factor for layered mixing was 0.76 to 1 and 0.29 
to 1 for random mixing. This showed that reduction of strength was greater in random mixing than 
layered mixing. Increase of EPS above 30% randomly, resulted in lightweight blocks of between 
1319 and 1669 Kg/m3, whereas increasing EPS in layered manner above 50% resulted in 
lightweight blocks of densities less than 1679 Kg/m3. This research showed that 40% EPS randomly 
mixing resulted in a light block which met the minimum strength criteria of 3.6 N/mm2. 
 
Keywords: Compressive strength, density, expanded polystyrene wastes, quarry dust 
 

INTRODUCTION 
 
Cost of construction materials influence affordable housing. Materials like bricks, blocks and stones 
are used to construct walls in houses. Using burnt bricks for walling can reduce costs as they are 
available everywhere, however, bricks are being discouraged as they lead to forests depletion, 
because firewood is needed to fire kilns during brick making. In fact, bricks require energy of 2.3-9.3 
MJ/Kg while in the kiln [1]. Other construction materials used in Kenya include interlocking earth 
blocks and expanded polystyrene (EPS). Proponents of EPS encourage its use as it results in overall 
cost reduction by 25 % and construction time by 50%, therefore ideal building material for the poor. 
Another advantage of EPS is that it results in thermal insulation of houses [2]. On the contrary, EPS 
use in construction, leaves behind a trail of wastes and hence the need to recycle them in this era of 
sustainable development. Indeed, Sustainable Development Goal number 12 calls for responsible 
consumption and production in the world [3]. A country like Japan recycles over 90.4 % of EPS used 
[4]. In Kenya, no recycling of EPS is done because it is economical to produce EPS than recycle [5] 
and hence the need for recycling. The wastes can be recycled by incorporating them in making of 
blocks. As the demand for housing increases so is the use EPS, consequently leading to more 
generation of EPS wastes. Expanded polystyrene (EPS) is a non-biodegradable material that 
contains 98% air and 2% polystyrene and therefore it is light.  
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The density of EPS varies from 10 kg/m3 and 35 kg/m3, elastic modulus of 3.1-3.3 GPa, Tensile 
strength of 30-55MPa and Thermal conductivity of W/mK [6].It is known to have good thermal, sound 
and water resistance. Due to its lightness it can be used to make lightweight concrete. Most of the 
EPS panels are used to make walls and upper floors. The panels are normally reinforced with steel 
mesh enabling the panels to transmit shear and compression forces safely to the foundation. EPS 
technology has been used in South America, North America, Europe, Middle East, West Africa and 
South Africa. It was first introduced in Kenya and by extension East Africa in 2013. National Housing 
Corporation, a parastatal in Kenya, built a factory to manufacture EPS in Kenya [7].The minimum 
requirements for construction materials are stipulated in the American Society for Testing and 
Materials (ASTM). Such minimum requirements include compressive strength for building blocks and 
mortar. The mortar type M can withstand high compressive forces as well as lateral loads (ASTM 
C270)[8] and this is good for the EPS panels. Bricks have a minimum compressive strength of 5 
N/mm2 while concrete blocks have a minimum strength of 3.6 N/mm2 [9]. According to ASTM 
standards, concrete blocks are lightweight if the density is less than 1680 Kg/m3 and heavyweight if 
the density is more than 2000 Kg/m3. Another study talks of lightweight concrete as having a density 
of less than 1800 kg/m3 [10].Currently, a lot experimental research work on global level is being done 
on EPS. For example, [11] investigated use of EPS wastes and fly ash. The researchers varied ratio 
of EPS from 0, 60 and 100%. Their results showed that increasing EPS had an effect of reducing the 
compressive strength of concrete. The research used 1 part of cement to 6 parts of aggregate which 
is the same as the one used in this study. Mixing of EPS with mortar was done randomly in a 
planetary mixer. To avoid segregation, the EPS beads were stabilized with clay which can be scarce 
in some parts of Kenya where clay cannot be easily obtained.Another study by [10], considered 
random mixing by replacing aggregates both fine and coarse aggregates with EPS beads. The use 
of fine and coarse aggregate can be a challenge in areas where the fine aggregate is far and hence 
increasing the construction cost because of the transportation cost.[12] considered using EPS beads 
reinforced with polyamide-66 in coming up with lightweight concrete. A study by [2] compared 
densities of concrete made of recycled EPS and recycled concrete. As [7] and manufacturers 
worldwide advocate and promote the use of EPS, there is need for in-depth study on EPS so as to 
give more information that will guide decision makers at the county and national levels in Kenya. From 
above studies, it is evident that most researchers have concentrated on EPS, however, none of them 
has done comparison of layered and random mixing of EPS in concrete. The objective of this study 
was to compare random mixing and layered mixing of quarry dust and cement mortar with increasing 
quantities of EPS by volume. 
 

METHODOLOGY 
 
MATERIALS 
 
Mortar of cement and quarry dust was used in this study. The cement from Bamburi cement 
company branded Bamburi Tembo CEM IV/B[P]32.5N pozzolanic cement to KS EAS18-1:2001[13]. 
Quarry dust of fineness modulus of 4.4 from Kuinet Quarry in Eldoret town was used after conducting 
sieve analysis as per BS 812: Part 103.1:1985 [14]. The quarry dust rock was of volcanic origin. 
Expanded Polystyrene wastes were sourced from National Housing Corporation factory, Mlolongo in 
Machakos County, Kenya. 
 
MIXING OF MATERIALS 
 
The ratio of cement to aggregate was maintained at 1: 6 with water cement ratio of 0.55. EPS beads 
were broken into smaller pieces of around 3 mm close to the size of beads. Expanded Polystyrene 
wastes incorporation into the mortar was done in two ways and each had five treatments. The first 
was layered and the second was random mixing. The control experiment was a sample with 0% EPS 
wastes.Layered mixing was done by sandwiching the EPS wastes in the mortar so as to achieve 
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10%, 20%, 30%, 40% and 50% EPS composition by volume in a cube of 150 mm by 150 mm by 150 
mm. The layered placement was done so as to ensure that the minimum thickness of mortar was not 
less than 25 mm as required by ASTM C90-11[15]. For this experiment the minimum was 37.5 mm 
on either side representing 50% EPS. 
 
PROCEDURE FOR RANDOM MIXING 
 
The following five steps were used in carrying out random mixing: First, 60 Kg of quarry dust and 10 
Kg of cement were weighed and dry mixed in a concrete mixer. Secondly, EPS used was measured 
as per the percentage volume in the treatment and pre-wetted to create a bond between the EPS 
particles. For example, if 10% waste was required, EPS beads were placed in the mould to a depth 
of 15mm. This was repeated for all the other treatments. The third step was measuring the cement 
quarry dust mixture as per the percentage volume. For example, if 10% wastes were required, the 
depth of the cement-quarry dust mixture was 135 mm. Fourth step entailed mixing of cement, quarry 
dust, EPS wastes as per percentage volume in the mould until all the EPS beads were completely 
and randomly distributed in the mixture as per BS EN 12390-2:2009[16]. The last step was removing 
the cubes from the moulds and curing in water for 28 days before measurement of compressive 
strength and mass as per BS EN 12390-3:2009[17]. 
 
PROCEDURE FOR LAYERED MIXING 
 
The following five steps were used in carrying out layered mixing (Figure 1): First and foremost, 60 
Kg of quarry dust and 10 Kg of cement were weighed and dry mixed in a concrete mixer. Secondly, 
EPS to be used was measured as per the percentage volume in the treatment and pre-wetted to 
create a bond between the EPS particles. For example, if 10% waste was required, EPS beads were 
placed in the mould to a depth of 15mm. This was repeated for all the other treatments. Thirdly, the 
cement-quarry dust mortar was poured into moulds to depths as per the treatment. For instance, 10 
% EPS, 67.5 mm of mortar were placed first to be followed by EPS (15 mm) then 67.5 mm of mortar. 
This procedure was repeated for all the other treatments. The fourth step was removal of the cubes 
from the mould and keeping in water for 28 days before measurement of compressive strength and 
mass as per BS EN 12390-3:2009[17]. The last step was application of compressive force parallel to 
the EPS layers for cured cubes. 

Figure 1 . Layered mixing of EPS wastes 
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For random mixing, the EPS beads were mixed randomly with the mortar. The EPS wastes were 
also 10%, 20%, 30%, 40% and 50% composition by volume. Each sample was replicated thrice. Both 
layered and randomly mixed blocks as shown in Figure 2 were put in the cube molds and cured for 
twenty-eight days for the determination of compressive strength and mass at 28 days after casting. 
The average mass and compressive strength plus or minus standard deviation was recorded. 
Compressive strength was done according to BS 1881 part 111:1983 [18] using motorized 
compression/tension machines. The loading was applied at low loading rate. 
 

(a) (b) 

Figure 2: (a) Randomly mixed cube (b) and layered mixed cube 
 
Compressive strengths response (Ks) to percentage of EPS panels was represented by the following 
equation. 

 
Where Sx is the maximum strength (Control strength), S is the difference between the control strength 
and the strength of the treatment in N/mm2, EPS as Percent EPS of the treatment and Ks is the 
proportionality factor between the reduction of strength in relation to increase of EPS percentage.The 
proportionality factor Ks for layered was divided by Ks for random to get a ratio for comparison. 
 

RESULTS AND DISCUSSIONS 
 
The compressive strength and mass of layered and random mixing are shown in Table 1. 
 
Table 1. Average mass and compressive strengths for layered and random mixing 
 
 

% EPS Average mass (Kg) Average compressive strength(N/mm2) 

 Random Layered Random Layered 

0 7.32 ±0.24 7.32 ±0.24 18.67 ±1.33 18.67 ±1.33 

10 6.43 ±0.19 6.65 ±0.30 10.00 ±0.67 15.41 ±1.20 

20 6.27 ±0.06 6.33 ±0.24 9.04 ±0.46 13.56 ±1.02 

30 5.63 ±0.10 5.92 ±0.35 5.19 ±0.34 12.44 ±1.33 

40 5.07 ±0.16 5.78 ±0.03 3.85 ±0.34 9.56 ±1.14 

50 4.45 ±0.35 5.67 ±0.03 2.74 ±0.57 7.19 ±0.34 
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In Table 1, it can be seen that the masses of layered cubes were more than the masses of randomly 
mixed ones. This was attributed to the dense packing of ingredients in layered cubes than randomly 
mixed cubes. Random mixing was thought to have some voids and hence the less mass. The control 
experiment resulted in the highest mass of 7.32 kg while the least was 4.45 kg observed in 50% 
EPS. The density of 2169 kg/m3 for the control was close to 2060 Kg/m3 specified by Code of 
Practice for Dead and Imposed loads 2011[19]. Furthermore the block could be regarded as 
heavyweight is its density was more than 2000 Kg/m3. The lightest block had a density of 1319 
kg/m3. Lightweight blocks were observed for 30%, 40% and 50 % EPS for random mixing and only 
50% EPS for layered mixing. This agrees with [2] who found lightweight concrete when EPS was 
30%. The critical mass for transitioning to lightweight block was 5.67 Kg. 
 
The highest percentage reduction in mass between the control and 50% EPS randomly mixed block 
was 39%. Percentage reduction in mass was more for random mixing than layered mixing. 
 
Table 1 reveals that the compressive strengths for layered were more compared to those of 
randomly mixed. This shows that compressive strength was directly proportional to mass. The 
compressive strength of the control sample had 18.67 N/mm2. This strength met the minimum 
requirements for mortar type M which should have a minimum strength of 17.2 N/mm2 as per ASTM 
C270 [8]. All the layered cubes had compressive strength in excess of 3.6 N/mm2 normally used for 
making concrete blocks. On the other hand, for random mixing all of them met the requirement 
except the 50% EPS substitution which had strength less than 3.6 N/mm2. It can be inferred from 
Table 1, that 40% EPS substitution randomly was the one that had the least density and met the 
strength requirement. This value is higher than 30% observed by [20]. The difference could be 
attributed fine aggregate used. This study used quarry dust unlike [20] who used river sand. 
 
Comparing the percentage reduction in strength, it was observed that the highest reduction of 85% 
was observed in the cubes made by incorporating 50% of EPS in the mortar randomly (Figure 3). If 
50% EPS was incorporated in layered manner it resulted in reduction of compressive strength of 
about 61.5% as shown in Figure 3. 
 

Figure 3. Graph of percent reduction in strength against percentage of EPS wastes 
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Comparing strength and mass, it was seen that compressive strength was more sensitive to EPS 
increase than mass (Figure 2). This means that increasing EPS wastes in making blocks severely 
impacted more on compressive strength than the mass. Therefore, in cases where lightweight blocks 
are required, random mixing may be preferred. Where blocks of high compressive strength are 
required such as load bearing walls, layered blocks where EPS wastes are sandwiched between the 
mortar may be used. The Ks values for layered was more than random mixing as shown in Table 2. 
Increasing EPS by 10 – 20%, meant that random layered strength was reduced by one and half 
times of the layered. Interestingly, reduction in strength in random was 2.5 times higher than layered 
ones for EPS ratios of between 30 and 50 percent as shown in Table 2. 
 

Table 2. Proportionality factors for layered and random mixing 
 

 

Percent of EPS Ks layered Ks random Ratio between Ks layered/Ks random 

0 1.00 1.00 1.00 

10 0.92 0.60 1.54 

20 0.91 0.61 1.50 

30 0.95 0.40 2.40 

40 0.85 0.34 2.48 

50 0.76 0.29 2.62 

 

CONCLUSION 
 
From the findings it was evident that compressive strengths and masses were reducing as the 
percentage of EPS increased from 0 to 50%. More reduction of mass and compressive strength was 
observed in random mixing than layered mixing. Layered mixing resulted in higher strengths than 
random mixing. In addition, 40% EPS random mixing brought about the lightest block that met the 
minimum strength requirement. This research did not compare the results with the hollow cubes; 
hence future research is needed to compare how strength of hollow blocks behaves when compared 
with those of EPS. 
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CHAPTER 40 
 
 
 

EXPERIMENTAL STUDY ON APPLICATION OF MARBLE 
WASTE AS CONVENTIONAL AGGREGATE FOR BASE 
COURSE MATERIALS 
 
Lami Gonfa1*, Emer Tucay Quezon2 and Anteneh Geremew3 
 
 

Abstract 
 
Recently, highway and construction industries utilize a substantial quantity of conventional 
aggregates. The increasing demands for conventional aggregate cause an increase in the cost of 
construction, reduction of natural resource, and continuing deterioration of the earth's surface. On the 
other hand, the waste generated from the marble industries during the process of cutting and polishing 
was increasing day by day all over the world. In Ethiopia, the use of Marble Waste Aggregate materials 
in road construction as a base course material was not well-known, and it was simply wasted at every 
place where the marble production was continuing. Therefore, this paper focused on evaluating the 
possibility of using marble waste aggregate as conventional aggregate in the base course layer of 
flexible pavements by experimental method. To achieve the objectives of the research, mechanical 
stabilization and laboratory tests have been carried out at different percentage replacement of 
Conventional Aggregate by (0%, 20%, 40%, 50%, 60%, 80%, and 100%) of Marble Waste Aggregate 
weights. Marble wastes materials are collected from Burayyu city, Alisha marble processing industry. 
The laboratory test results for MWA indicated SG, ACV, AIV, LAA, Flakiness Index , Elongation Index, 
Plastic Index, Water Absorption, and CBR of 2.74%, 23.63%, 26.21%, 27.03%, 26.48%, 13.29%, Non 
Plastic, 0.50% and 73.3%, respectively. These test results fulfilled the ERA standard specification for 
some tests, and it showed marginal quality values to the standard specification for GB2 and GB3 base 
course materials. CBR and gradation test results shown failure to meet the standard specification. 
Thus, mechanical stabilization was done to improve the mechanical and physical properties of Marble 
Waste Aggregate. Blending of 80%MWA with 20% CA results in SG, ACV, AIV, LAA, Flakiness Index, 
Elongation Index, Plastic Index, Water Absorption, and CBR of 2.83%, 18.2%, 21.52%, 22.58%, 
23.79%, 16.29%, Non Plastic, 0.80%,and 82.5% respectively. At this proportion the gradation also 
observed to fit with the required ERA standard specification of GB2 and GB3 materials. Therefore, the 
use of marble waste aggregate up to 80% by weight is recommended for road base course layer, 
when it is found near to the construction site and in places where the materials are abundantly 
available. 
 
Keywords: Base Course Material, Conventional Aggregate, Marble Waste Aggregate, Mechanical Stabilization, Physical and 

Mechanical properties 

 

INTRODUCTION 
 
The road construction industry is one of the major sectors in the world[1].Due to a sharp population 
increase, rapid industrialization, and high standards of living, a lot of infrastructure developments are 
taking place that leads to a considerable rise in the extraction and consumption of natural aggregate, 
increased cost of construction material, increased dumping of waste material and meaningful 
environmental impacts[2].  
 1*Department of Civil Engineering, Madda Walabu University, Ethiopia. Email: lammiigonfaa55@gmail.com 
2 Civil & Construction Engineering and Management Streams, Ambo University, Ethiopia. 
3 Faculty of Civil & Environmental Engineering, Jimma Institute of Technology, Jimma, Ethiopia. 
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Moreover, the growing trend of generating waste material from demolished structures, a waste by-
product from Industry and the lack of landfills have raised governments and authorities 
concern[3]..Over the last decades, the increasing environmental problems arising from explained 
issue attracts the world’s attention to employing waste products as a viable alternative in engineering 
applications[4]–[6]. 
 
Many countries and international establishments have been working for new regulations on how to 
minimize and reuse the generated waste. One of the major waste generating industries is the 
construction and marble processing industry. Nearly 70% of this precious mineral resource gets 
wasted in the mining processing and polishing procedures [7]. 
In order to specify the use of waste and recycled materials for unbound pavement layers, it is 
important to understand what the function of these layers is within the pavement section. Depending on 
whether the pavement structure is flexible or rigid, the function of the unbound layer is different. For 
rigid pavements, the function of the unbound layer is to prevent pumping, protect against frost action, 
provide a construction platform, drainage of water, prevent volume change of the subgrade, and 
increasing structural capacity. To prevent pumping, a base course must be either free draining or 
resistant to the effects of water. To increase structural capacity, the base course must be able to resist 
deformation due to loading. The role of the unbound layer for flexible pavements is different in that the 
primary function is to increase structural capacity[8]–[10]. 
 

The unbound aggregate layers constitute a significant intermediate component that contributes to 
pavement stability and performance. Performance of unbound aggregate materials crushed stone and 
gravel or crushed gravel bases in base course layers depends on the properties of the individual 
aggregate particles and the interaction behavior of groups of particles associated with aggregates in a 
matrix. The importance of the individual particle properties comes from its influence on the group 
behavior within the matrix[11]. 
 

Globally road construction has become very expensive due to the increased costs of raw materials. 
Natural aggregate is one of the main components in flexible and rigid pavement construction (>95 %). 
Demand for aggregate is high and will only increase in the future as cities grow and demand in 
infrastructure increases. As available natural resources become scarce, non – renewable and the cost 
of extracting good quality of the material is increasing the utilization of recycled material and waste 
material for road construction purposes has become increasingly common[12], [13].Environmental 
wastes produced by technological and industrial development are increasing, whereas natural 
resource and disposal areas for those wastes are decreasing day by day. So recycling and reuse of 
waste materials have become crucial in terms of protection of environment and economy[14]. 
 

In Ethiopia, the demand for cement has been growing since then and in 2008 there were four cement 
plants with a combined production capacity of about 2.85 million metric tons per year as reported by 
Ethiopian investment agency[15].Conventional aggregate is expensive; hence, the use of Marble 
waste aggregate, when it is locally available and close to the highway project it can be used as partial 
replacement of conventional aggregate. 
 

Use this waste makes good economic sense for project owners and contractors. Putting industrial 
waste materials such as marble waste aggregate, ceramic waste aggregates to use in construction 
projects will solve several environmental problems, on one hand avoiding the extraction of large 
quantities of raw materials from the earth and by reducing the landfill areas that would be occupied by 
these wastes. Therefore, it is important to see an alternative mineral aggregate material in order to save 
the environment. Thus, this paper attempts at the application of marble waste as a conventional 
aggregate for base coarse materials in flexible pavement. 
 

The study was conducted on marble waste collected from the Alisha marble processing industries 
which is located in Burayyu city, Western part of Ethiopia. The study aims at evaluating the usability of 
marble waste aggregates generated during the marble processing as conventional aggregates in the 
base course construction procedure. The use of waste marble aggregates has the potential to reduce 
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road construction budgets as well as encourage environmental protection when it is close to the 
construction site. Different laboratory tests have been conducted on samples that have been collected 
from the sample site to study material properties, the effect of MWA on the quality requirement of the 
mix and find maximum replacement rate of CA with MWA needed to produce material that can be used 
as alternative base course construction material. This tests include sieve analysis, ACV, TFV, AIV, 
LAA, CBR, Compaction, SG, and Water absorption tests that was used to investigate the materials in 
the laboratory. 
 

METHODOLOGY 
 
In order to succeed the objective, purposive sampling techniques have implemented to collect 
conventional aggregate and marble waste aggregate for laboratory analysis. 
 
RESEARCH DESIGN 
 
Figure 1. Flow chart for the research design to conducted laboratory tests such as the physical and 
mechanical properties of CA and MWA materials, determining the effect of MWA on quality 
requirements of base course material and blending MWA with CA to find out possible replacement 
amount that satisfies requirement of the ERA manual standard specification and in accordance with 
gradation requirement for base course material. 
 

 

Figure 1. Flow chart for the research design. 
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SAMPLING TECHNIQUES AND PROCEDURES 
 
Sampling techniques, non-probability method, for conventional and marble waste aggregate were 
used techniques that involves the selection of sample for laboratory analysis. The samples were 
collected according to the procedure AASHTO T-2 Methodology for sampling from stockpiles and 
reducing samples of aggregate to testing size was according to AASHTO-T248. For each test, 
quartering, riffle splitter, and weighting are used for sampling techniques. Sampling activities are 

shown in Figure 2 and Figure 3. 
Figure 2. Photos showing Sample preparation of both aggregate types for the test 

 

Figure 3. Photos showing sample Quartering done with riffle box splitter 

 
RESULT AND DISCUSSION 
 
PHYSICAL AND MECHANICAL PROPERTIES OF MARBLE WASTE AGGREGATE AND 
CONVENTIONAL AGGREGATE 
 
PARTICLE SIZE DISTRIBUTION MWA AND CA 

 
Based on USCS MWA is coarse-grained aggregate with greater than 50% retained on #200 sieve and 
5%- 12% fines (i.e. 8.4%) with CU value of 68.33 greater than 4, CC value of 3.15 and having greater 
than 15% of sand (i.e. 40.4%) it was classified as GW-GM (well-graded gravel with silt and sand). On 
the same way, CA was coarse- grained aggregate with greater than 50% retained on #200 sieve size 
and less than 5% fines (i.e. 2.7%) with CU value of 23.65 which was much greater than 4, Cc value of 
1.98 that lies between 1 and 3, and having greater than 15% of sand (i.e. 24.9%) it was classified as 
GW (well- graded gravel with sand). Particle Size Distribution comparisons of Unblended MWA and 
CA are shown in Figure 4. 
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Figure 4. Particle Size Distribution comparisons of Unblended MWA and C 

 
As per AASHTO soil classification system as shown in Table 1, for granular material if less than 35% 
of total samples passing #200 (0.075mm) sieve size and this granular material has also sub-
classification A-1, A-3, A-2. Again based on percent of passing sieve sizes of #10, #40, #200 and 
value of LL and PL the aggregates are reclassified. From the test results of MWA and CA, both 
materials are classified as A- 1-a type of soils having less than 15% of particles passing sieve opening 
of size 0.075mm and PI of zero. The material contains gravel and sand. Hence, according to 
AASHTO soil classification system soil classified as A-1-a was preferred for road construction. 
 

Table 1. Aggregate classification by using AASHTO and USCS 
 

 
Parameters used for Classification 

Aggregate material type 

MWA CA 

D10(mm) 0.12 0.80 

D30(mm) 1.76 5.47 

D60(mm) 8.2 18.92 

Coefficient of Uniformity, CU 68.33 23.65 

Coefficient of Curvature, CC 3.15 1.98 

Gravel Content, % 51.14% 72.4% 

Sand Content, % 40.4% 24.9% 

Fine Content, % 8.4% 2.7% 

AASHTO Classification A-1-a A-1-a 

USCS Classification GW-GM GW 
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THE SPECIFIC GRAVITY OF MWA AND CA 

 
Result for specific gravity and water absorption of MWA and CA are shown in Table 2 and 3 
respectively. 
 

Table 2. Result for specific gravity and water absorption of MWA 
 

 
Particle Size 

Average Specific Gravity Average 
Absorption, 

% 

Standard 
Specification for 
Water absorption 

The bulk 
(Dry) The bulk (SSD) Apparent 

Fine MWA 2.72 2.73 2.76 0.53 <2% 

Coarse MWA 2.7 2.72 2.74 0.50 <2% 

 
Table 3. Result of specific gravity and water absorption test for CA 

 
 

Particle Size 
Average Specific Gravity Average 

Absorption, 
% 

Standard 
Specification for 
Water absorption 

The bulk 
(Dry) The bulk (SSD) Apparent 

Fine MWA 2.79 2.83 2.89 1.26 <2% 

Coarse MWA 2.83 2.86 2.93 1.20 <2% 

 
THE FLAKINESS AND ELONGATION INDEX FOR MWA AND CA 

 
The flakiness and elongation index obtained from laboratory tests for MWA are 26.48% and 13.29%, 
this result indicates that the MWA sample tested was suitable for use as a base coarse material 
because it is within the ERA standard specification limit. ERA and BS standard specification 
recommends the maximum value of FI as 30%, and the recommended value for elongation index was 
10%-35% as per BS standard. Hence MWA satisfies both requirements of shape test, but the value of 
the flakiness index was somewhat near to the maximum value, to improve this little blending amount 
was required. Flakiness and elongation index of CA are 14.44% and 12.26% respectively and they are 
also within the ERA standard specification for Base coarse materials in pavement construction. MWA 
and CA Flakiness and Elongation test results are shown in Table 4. 

 
Table 4. MWA and CA Flakiness and Elongation test result 

 

 
Aggregate type 

Flakiness and Elongation Index Value 

FI, (%) EI, (%) 

CA 14.44 12.26 

MA 26.48 13.29 

 
AGGREGATE CRUSHING VALUE (ACV) FOR MWA AND CA 

 
The Aggregate Crushing Value (ACV) for MWA & CA test results shown in Table 5 is obviously 
indicates that the aggregate crushing value for MWA was 23.63% and 8.91% for CA. The values 
obtained from the test results are within the ERA standard specification for base course material. 

 
Table 5. Aggregate Crushing Value (ACV) for MWA & CA 

 
 MWA CA ERA,2013 Standard specification Remark 

Average ACV 
(%) 

 
23.63 

 
8.91 

 
<29 Both aggregate types are within the 

specification limit for the base course. 

 
 
 



 
 

337 
 

It is predictable that conventional aggregate has more resistance than marble waste aggregate for 
static impact load. Yet the marble waste aggregate shows good property against the static impact 
load. 
 
TEN PERCENT FINES VALUE (TFV) FOR MWA AND CA 

 
The strength and durability requirements of conventional aggregate (crushed stone) shall be assessed 
using the 10% Fines Aggregate Crushing Test (10% FACT), in terms of the dry and wet strength, and 
the wet/dry ratio related to rock type are specified in ERA specification. In this specification the 
general requirement for most of the rock type is 110KN As per BS-812-Part-111. Ten Percent Fines 
Value result for MWA and CA are shown in Table 6 and 7 respectively. This result tells that marble 
waste aggregate does not fulfill the minimum requirement for a base course materials in dry condition. 
But, the ratio of wet to dry condition satisfy minimum requirements of ERA standard specification for 
base course materials. As anticipated from the literature reviewed, MWA has lower TFV than the 
conventional aggregate. 
 

Table 6. Ten Percent Fines Value result for MWA 
 

 
Ten Percent Fines Value (TFV), KN 

ERA 2013, Standard 
Specification for base course 

Dry Condition 95 >110 

Wet Condition 84.5 - 

Ratio Wet/Dry, % 88.95 >75 

 
Table 7. Ten Percent Fines Value result for CA 

 
 Ten Percent Fines Value (TFV), KN ERA 2013, Standard Specification for base 

course 

Dry Condition 295 >110 

Wet Condition 284 - 

Ratio Wet/Dry, % 96.27 >75 

 
AGGREGATE IMPACT VALUE (AIV) RESULTS FOR MWA AND CA 

 
As it was clearly observed from Table 8, AIV test results show that the MWA sample collected from 
the site has much big difference in impact load resistance when compared to that of CA, which means 
the Conventional aggregate has an excellent resistance capacity of 4.61% while that of MWA has poor 
impact resistance of 26.21%. But, the test result in both cases shows that the materials have fulfilled 
the criteria to be used as a base coarse material as per ERA standard specification. The lower 
aggregate impact value the greater will be the resistance capacity to impact (toughness) sudden load 
caused by jumping off the steel tired wheels from one particle to another at different levels that causes 
severe impact on the aggregates. 

 
Table 8. Results of AIV test for MWA and CA samples 

 

Sample Name Average AIV, (%) 
ERA 2013 Governing 

Specification 

MWA 26.21  
AIV<30% 

CA 4.61 
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LOS ANGLES ABRASION TEST (LAA) RESULTS FOR MWA AND CA 

 
As it was clearly seen from Table 9 the test result shows that before blending MWA with CA both 
samples were within the allowable ERA standard specification for base course materials requirement. 
This implies that MWA material was resistant against wearing load happen on it and does not crush 
under load. The specification of ERA sets the maximum value of LAA 45% for the unbounded base 
course (GB2 and GB3). Here the result shows that both MWA and CA satisfy the requirement in terms 
of LAA for base course materials. 
 

Table 9. Los Angeles Abrasion (LAA) result for Marble Waste & Conventional aggregate 

 

Aggregate Type Average LAA, (%) ERA2013, Standard Specification 

MWA 27.03  
LAA<45% 

CA 10.92 

. 
 

MOISTURE – DENSITY RELATION OF MWA AND CA 
 

Table 10 shows the results of the compaction test for MWA and CA 
 

Table 10. Result of the compaction test for MWA and CA 
 

Aggregate Type OMC, (%) MDD, (gm/cm3) 
 

MWA 

 

1.06 

 

2.13 
 

CA 

 

2.2 

 

2.04 

 

40%MWA-60%CA 

 

1.72 

 

2.07 
 

50%MWA-50%CA 

 

1.31 

 

2.16 
 

60%MWA-40%CA 

 

1.78 

 

2.08 
 

80%MWA-20%CA 

 

1.39 

 

2.08 

 
Figure 5 shows the value of OMC for marble waste aggregate is lower than that of conventional 
aggregate, this is due to surface smoothness and water resistance capacity of marble materials. But, 
the density of marble waste aggregate was to some extent greater than that of conventional 
aggregate and it was due to the gradation of aggregates, as it was generally known gradation 
adjustment can improve/increase the maximum dry density. 

Figure 5. Graph of Moisture-Density Relation of MWA and CA 
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CBR TEST RESULTS OF MWA AND CA 
 
The CBR test result for MWA at 98%MDD is 73.2% which was less than the ERA standard 
specification for (GB2 and GB3) base course materials. Because, ERA recommends minimum CBR 
value for Mechanically Stable Natural Gravels & Weathered Rocks for use as Base Course Material 
(GB2, GB3) was 80%. On the other hand, from the same table, the CBR result for CA at 98%MDD is 
102.9% which was much higher than the ERA standard specification for base coarse materials (GB1). 
From both values of CBR values it is obvious that the CBR value of conventional aggregate was 
greater than marble waste aggregate. Figure 6 and 7 show the results of . Load versus Penetration 
and Dry density Versus CBR Curve of MWA and CA respectively. 

Figure 6. Load versus Penetration and Dry density Versus CBR Curve of MWA 
 

Figure 7. Load vs. Penetration and Dry Density vs. CBR Graph of CA 
 
BLENDING OF AGGREGATES AND DETERMINATION OF THE MAXIMUM PERCENTAGE OF MWA 
REPLACING CA AND IT’S EFFECT ON ENGINEERING PROPERTIES OF AGGREGATES 

 
Marble waste aggregate sample that was tested to determine its physical and mechanical properties 
indicates failure to satisfy minimum and maximum limit of ERA standard specification recommended for 
base coarse materials for Gradation, Ten Percent Fines Value, CBR and shows marginal quality value 
for the AIV, ACV, FI, and LAA. Hence, the blending of aggregate was required to meet the required of 
standard specification. Blending was done by trial and error at 20%MWA-80%CA,40MWA%-60%CA, 
50%MWA-50%CA, 60%MWA-40%CA, and 80%MWA-20%CA. 
PARTICLE SIZE DISTRIBUTION BLENDED MWA AND CA 
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The 80%MWA mixed with 20%CA were completely fitted with ERA Standard specification for GB2 and 
GB3 base course material as shown in Figure 8, which is usually used for a heavy trafficked road in 
Ethiopia. As it was observed from Figure 9, mix proportion of 80%MWA-20%CA has a particle size 
distribution curve within the acceptable value of ERAfor GB2 and GB3 as a base coarse materials. 
These mix proportions gradation curve was parallel to the lower and upper limit value and the value of 
percent passing was close to the target value of the governing specification. 

Figure 8. Particle Size Distribution of all Mixtures used in this Research 
 

Figure 9. Particle Size Distribution of Blended Aggregates by 80%MWA-20%CA 
 
According to ERA standard technical specification, the minimum Grading Modulus shall be two for 
natural materials used as base course. In Table 11, above the grading modules are calculated for 
different proportions of MWA and CA. The values of grading modulus in all case is above the 
minimum required specification. Therefore, the aggregates used are satisfying grading modulus 
requirements at all mix proportions as base coarse materials. Fineness modulus of coarse aggregate 
varies from 5.5 to 8.0. And for all in aggregates or combined aggregates fineness modulus varies from 
3.5 to 6.5. Fineness modulus of fine aggregate varies from 2.0 to 3.5mm. Fine aggregate having 
fineness modulus more than 3.2 should not be considered as fine aggregate[16], [17]. According to 
this limitation, the aggregate mixes used in this research were not fully coarse or fine, but the 
combination of the coarse and fine aggregate because FM varies from 3.54 to 4.66 which lies 
between 3.5 to 6.5 which was FM of all in aggregate or combined aggregates. 
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Table 11. Grading and Fineness modulus of aggregate mixes used in this study 
 

 
Type of mixture Grading Modulus, (GM) Fineness modulus, (FM) 

CA 2.720 4.66 

20%MWA-80%CA 2.654 4.46 

40%MWA-60%CA 2.604 4.40 

50%MWA-50%CA 2.520 4.10 

60%MWA-40%CA 2.460 3.87 

80%MWA-20%CA 2.480 4.03 

MWA 2.367 3.54 

 
 

SPECIFIC GRAVITY AND WATER ABSORPTION BLENDED MWA AND CA 

 
The limit as per ERA standard specification for maximum absorption for using aggregate material in 
pavement construction was 2%. Therefore, the results of all tested aggregate much less than the 
specification value with a maximum of 1.26% for CA and a minimum of 0.50% for MWA and the other 
mixtures have a value between these values as shown on the Table 12. 
 
Specific gravity is the measure of the density of soil or aggregate relative to that of water. Based on 
this an aggregate with high specific gravity has high density or strength while that of lower specific 
gravity has low strength. When compared to CA, marble waste aggregate has low specific gravity, this 
indicates that MWA has low in strength than that of CA. According to ERA 2013, standard specification 
materials used for base coarse and sub-base construction have a minimum specific gravity of 2.5. 
Hence, based on the test result shown in Table 12; The MWA has minimum specific gravity of 2.70 and 
CA has maximum specific gravity of 2.93 and all the other mixture type has specific gravity between 
this values, in all cases the values obtained from test result was greater than the minimum ERA 
recommended value, then the aggregates are suitable to use it as a base coarse material based on 
their specific gravity and water absorption value. 
 

Table 12. Specific gravity of all mixtures used in this Research 
 

 
Mixture Name 

Particle 
Type 

Average Specific Gravity Average 
Absorption,% The bulk (Dry) The bulk (SSD) Apparent 

 
20%MWA-80%CA 

Fine 2.78 2.81 2.87 1.10<2 

Coarse 2.83 2.87 2.93 1.25<2 
 

40%MWA-60%CA 
Fine 2.75 2.78 2.83 1.03<2 

Coarse 2.79 2.82 2.88 1.12<2 
 

50%MWA-50%CA 
Fine 2.76 2.79 2.84 1.00<2 

Coarse 2.78 2.81 2.86 1.02<2 
 

60%MWA-40%CA 
Fine 2.72 2.74 2.78 0.86<2 

Coarse 2.78 2.80 2.84 0.81<2 
 

80%MWA-20%CA 
Fine 2.73 2.75 2.79 0.75<2 

Coarse 2.77 2.79 2.83 0.80<2 
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ATTERBERG’S LIMIT 

 
The plastic limit and liquid limit of the MWA and CA samples could not be obtained. Hence it can be 
taken as non- plastic (NP) due to water repellent in nature. Being NP is the desired quality for the 
base course (GB1) and for hot mix asphalt aggregate according to ERA and MS-2 specifications. 
Table 13 shown platic index and plastic product for blended materials. Table 13 shows Plastic index 
and plastic product for blended materials. 

 
Table 13. Plastic index and plastic product for blended materials 

 

Type of mixture Plastic index Plasticity product 

CA NP Zero 

20%MWA-80%CA NP Zero 

40%MWA-60%CA NP Zero 

50%MWA-50%CA NP Zero 

60%MWA-40%CA NP Zero 

80%MWA-20%CA NP Zero 

MWA NP Zero 

 
 

FLAKINESS AND ELONGATION INDEX FOR BLENDED MWA AND CA 

 
As it was clearly observed from Table 14 and Figure 10 the results of shape tests like flakiness index 
and elongation index for a different blended proportion of MWA and CA were tabulated and analyzed 
by the graph. From the graph as a percent of MWA increases the flakiness index also increases, but 
all mixes have value within the specification limits of ERA and BS standard specification that 
recommends maximum FI<30% and EI is between 10%-35%. But the blended aggregate have 
flakiness index of 15.79%-23.79% and elongation index of 14.52%- 16.29% which was within the 
required ERA and BS standard specification. 

 
Table 14. Flakiness and Elongation Index Value of Blended MWA and CA 

 
 

Aggregate mix type 

 
Flakiness and Elongation Index Value 

FI, (%) EI, (%) 

20%MWA-80%CA 15.79 14.53 

40%MWA-60%CA 16.63 15.95 

50%MWA-50%CA 18.78 14.52 

60%MWA-40%CA 22.32 15.74 

80%MWA-20%CA 23.79 16.29 

 
AGGREGATE CRUSHING VALUE AND TEN PERCENT FINES VALUE BLENDED SAMPLES OF MWA & 
CA 

 
The laboratory tests are conducted and the results of the test were presented in table 15. The tests 
are conducted on the specimens prepared by combining Conventional aggregate with a marble waste 
aggregate of 20%, 40%, 50%, 60%, and 80% for a base course material. The aggregate crushing 
value and ten percent fines value test result clearly shows that replacing CA with all percentages of 
MWA was not out of ERA standard specification requirement for GB2 and GB3 base course material 
which requires a maximum value of 29% ACV and 110KN TFV respectively. 
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Table 15. ACV and TFV Test results for blended MWA and CA 
 

 

 
Mixtures Name 

 
ACV, 

(%) 

TFV, (%) Ratio 
Wet/Dry, 

(%) 

ERA 2013, Standard 
specification for base 

course 
Dry 

Condition 
Wet 

Condition 

20%MWA-80%CA 9.88 291.5 283.5 97.25  
 
 
 

ACV< 
29% 

 
 
 
 

TFV>110KN 

40%MWA-60%CA 11.10 286 270 94.44 

50%MWA-50%CA 13.11 265 238 89.81 

60%MWA-40%CA 15.07 205.5 180.5 87.8 

80%MWA-20%CA 18.20 154 130 84.4 

 
As it is clearly observed from Table 15 as a percentage of MWA increases the loss due to crushing 
was increased. But, it is within the standard specification for use as a base course material as per ERA 
manual. This indicates that MWA has low strength material when compared to CA to stand under 
gradually crushing force. The samples with higher MWA percentages have poor crushing resistance 
properties. Since, samples containing higher MWA percentages increased crushing value compared 
to samples with lower marble waste aggregate percentages, which implies that the base course in 
MWA was more sensitive to crushing compared to conventional aggregate. 
In the same way, TFV also decreases as the percentages of MWA increases. TFV for dry condition 
decreases from 283.5KN to 130KN for 20%MWA and 80%MWA replacement of CA respectively. The 
tested MWA material was satisfying principal mechanical properties of base coarse materials and it 
was satisfactory to resist crushing load under the roller during the construction of roads. Because all 
mixes were strong enough and within the limit of standard specification to be used for the base course 
layer of GB2 and GB3 layer according to ERA. 
 
AGGREGATE IMPACT VALUE (AIV) FOR BLENDED MWA AND CA 

 
Table 16 shows that the summary of all test results for different percentage replacement of CA by 
weight of MWA (20%, 40%, 50%, 60%, 80%). As is clearly seen from the table AIV were increased 
4.61% of neat CA to 21.52% at 80%MWA replacement. Hence, the higher AIV of the material the 
lower resisting capacity of the material under sudden impact load 

 
Table 16. Results of AIV test for blended MWA and CA 

 
 

 

Mix Name and Proportion Average AIV, (%) ERA 2013 Governing 

Specification 

20%MWA-80%CA 7.94  
 
AIV<30% 40%MWA-60%CA 12.62 

50%MWA-50%CA 16.41 

60%MWA-40%CA 18.49 

80%MWA-20%CA 21.52 

 
As shown in Figure 11, aggregate impact value was computed as per BS 812: Part 112:1990 to find 
out the impact capacity of conventional aggregate and marble waste aggregate. The results of this 
study were revealed that the data of the minimum impact value significantly increased with the 
addition of marble waste aggregate. In relation to this, aggregate impact value ranges from 4.61%, 
7.94%, 12.62%, 16.41%, 18.49%, 21.52%, and 26.21% aggregate after mix with 0%(conventional 
aggregate), 20%MWA, 40%MWA, 50%MWA, 60%MWA, 80%MWA and 100%MWA respectively. 
From the above data, one can safely arrive at the conclusion that the resistance against impact 
decreases with increasing the percentage of marble waste aggregate in the mixture. In any way, the 
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materials meet the ERA standard specification requirement for base coarse materials which 
recommend the aggregate impact value of less than 30 %. 

Figure 11. Average AIV of Blended MWA and CA 
 
LOS ANGLES ABRASION VALUE (LAAV) FOR BLENDED MWA AND CA 

 
Table 17 shows LAAV Test Result of Blended Marble Waste and Conventional Aggregate . 
Requirements of ERA specifications, the maximum abrasion value of the base course is limited to 
45%. As can be seen from Figure 12 the mixture containing marble waste aggregate has a lower 
abrasion value than conventional aggregate, and the resistance against abrasion and impact 
decreases with the increasing 
percentage of MWA in the mixture. Hence, the result of this test indicates that the use of 100%MWA 
in base course construction would not cause any abrasion problems. 
 

Table 17. LAAV Test Result of Blended Marble Waste and Conventional Aggregate 
 

Mix Name and Proportion Average LAA, (%) ERA 2013 Governing 

Specification 

20%MWA-80%CA 11.26  
 
 
LAA<45% 

40%MWA-60%CA 14.30 
50%MWA-50%CA 17.84 

60%MWA-40%CA 21.77 
80%MWA-20%CA 22.58 

 

 
Figure 12. Los Angles Abrasion Test (LAA) Results for blended MWA and CA 
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MOISTURE – DENSITY RELATIONSHIP OF BLENDED MWA AND CA 

 
As it was clearly observed from Figure 13, the optimum moisture content of the mixtures decreases 
with increasing percentages of marble waste aggregate in the mixtures the values decreases from 
2.17% for 20%MWA-80%CA to 1.39% for 80%MWA-20%CA, that was due to smoothness and water 
resistance capacity of marble waste. The results of the maximum dry density of the mixture containing 
marble waste aggregate are slightly higher than that of neat conventional aggregate. Thus, maximum 
dry density was increased as a percentage of marble waste aggregate was increased slightly in the 
mixture from 2.05gm/cm3 to 2.08gm/cm3 for 20%MWA-80%CA and 80%MWA-20%CA respectively. 

 
Figure 13. OMC and MDD of marble waste and conventional aggregate mixtures test results. 

 
As it was clearly observed from Figure 14, the optimum moisture content of the mixtures decreases 
with increasing percentages of marble waste aggregate in the mixtures the values decreases from 
2.17% for 20%MWA-80%CA to 1.39% for 80%MWA-20%CA, that was due to smoothness and water 
resistance capacity of marble waste. The results of the maximum dry density of the mixture containing 
marble waste aggregate are slightly higher than that of neat conventional aggregate. Thus, maximum 
dry density was increased as a percentage of marble waste aggregate was increased slightly in the 
mixture from 2.05gm/cm3 to 2.08gm/cm3 for 20%MWA-80%CA and 80%MWA-20%CA respectively. 

Figure 14. Moisture-Density relation curve of blended MWA and CA 
 
The results also show that the maximum dry density of the mixtures containing marble waste 
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aggregate is slightly higher than those of the mixtures containing conventional aggregate 
 
CALIFORNIA BEARING RATIO (CBR) TEST RESULTS OF BLENDED MWA AND CA 

 
Table 19 and Figure 15 shows the results CBR test for blended MWA with CA at different proportions 
to meet the required ERA standard specification of Mechanically Stable Natural Gravels & Weathered 
Rocks for use as Base Course Material (GB2, GB3). Then, the values of test results of 
20%MWA- 
80%CA, 40%MWA-60%CA, 50%MWA-50%CA, 60%MWA-40%CA, and 80%MWA-20%CA are 
82.5%, 86.3%, 88.6%, 92.7%, and 97.1% respectively. As it was clearly seen from the values for all 
condition of blending it satisfies the ERA standard specification recommended which is >80% for base 
coarse material of (GB2 and GB3) and the value of swelling was between 0.00 and 0.01, this shows 
that soaking of aggregate material has no much effect on the values of swelling property. Therefore, the 
marble waste aggregate can be used up to 80% for unbounded base course (GB2 and GB3) 
materials as a pavement construction without mentioning strength problems. 
 

Table 19. Results of the CBR test for blended MWA and CA. 
 

 

 
Figure 15. CBR and Dry density at 98% of MDD of blended MWA and CA. 

 
From all data analysis taken the maximum amount of marble waste aggregate that can replace 
conventional aggregate was 80%MWA/20%CA. Hence, the use of marble waste aggregate up to 80% 
(80%MWA-20%CA), when it was found near to construction site and in places where MWA was 
abundantly available might help to meet the increasing demands, reduce demands on existing landfill 
sites, reduces extraction of conventional aggregates, and slow down any detrimental effects on the 
environment. 
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CONCLUSION 
 

 Particle size distribution of MWA and CA does not fulfill the ERA standard specification for 
MWA (GB2 and GB3) and CA (GB1) of 37.5mm nominal maximum aggregate sizes for 
base course materials. Hence, the blending of aggregate was required to meet the 
requirement of standard 
specification. Blending was done by trial and error 80%MWAmixed with 20%CA were completely 
fitted with ERA Standard specification for GB2 and GB3 base course materials. 

 Based on the specific gravity test results of MWA and CA, the Specific Gravity and Water 
absorption of marble waste aggregate was lower than that of conventional aggregate as 
MWA was light in weight and non-porous material when compared to the conventional 
aggregate. But, the result of both SG and WA of MWA, CA, and their mixture satisfy the 
required ERA manual standard specification. 

 MWA and CA materials have very low clay content. Therefore, the plastic limit and liquid 
limit of the MWA and CA samples could not be obtained. Hence it can be taken as non-
plastic (NP). 

 This study has shown that the test result for ACV, TFV, AIV, and FI of 100%MWA has 
marginal quality to be used as base coarse material as per ERA. Blending of MWA with 
CA at 20%MWA- 80%CA to 80%MWA- 20%CA mix proportion gave ACV of 9.88%-
18.2% (Max.29%), TFV of 154KN-291.5KN(Min. 110KN), AIV of 7.94%-21.52% (Max. 
30%), LAA value of 11.26%-22.58%( Max. 45%), FI value of 15.79%-23.79 %( Max.30%), 
and EI value 12.26%-16.29 %( range of specification 10%-35%). 

 Based on moisture density relationship or compaction test results as percentages of MWA 
increased in the mixture, the OMC was decreased from 2.17% to 1.39%, this is due to the 
smoothness and non- porosity of marble materials, which leads to reduction in amount of 
water required to achieve MDD, and MDD was increased from 2.05gm/cm3 to 
2.16gm/cm3. 

 The California bearing ratio (CBR) of marble waste aggregate samples do not satisfy the 
required ERA manual standard specification for base coarse course material in pavement 
construction. Hence, blending of MWA with CA has done by trial and error, conventional 
aggregate was replaced at 20%, 40%, 50%, 60% and 80% of MWA by weight, and CBR of 
the mixes is 97.1%, 92.7%, 88.6%, 86.3%, and 82.5% respectively. As long as the value of 
CBR is decreasing as percentages of MWA increased, they are all in all within ERA 
standard specification for GB2 and GB3 base coarse material that recommends minimum 
CBR of 80%. Finally, the use of marble waste aggregate up to 80% (80%MWA-20%CA), 
when it was found near to construction site and in places where MWA was abundantly 
available might help to meet the increasing demands, reduce demands on existing landfill 
sites, reduces extraction of conventional aggregates, and slow down any detrimental 
effects on the environment. 
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CHAPTER 41 
 
 
 

EVALUATION OF THE PERFORMANCE OF WASTE 
MARBLE DUST AS A MINERAL FILLER IN HOT-MIX 
ASPHALT CONCRETE 

 
Levy Sang1, Temitope Idowu1* and Victoria Okumu2 

 
 

Abstract 
 
As the construction industry continues to evolve globally, there is a need to develop best practices 

geared towards achieving sustainable construction. Asphalt concrete’s demand has been increasing 
steadily with an estimated global demand of 122.5 million tons in 2019. This is driven primarily by the 
growth in construction activities in developing countries as each country works towards enhancing its 
transportation facilities to cater to the ever-expanding population. Hence, there are needs to develop 
newer and more efficient means of asphalt consumption. One of such is identifying cheaper or waste 
materials for use in Asphalt production. This study, therefore, examined the viability of waste marble 
dust (WMD), an industrial waste produced during the shaping and polishing of marble blocks and also 
during its extraction from the mines, as a mineral filler in Hot-mix asphalt (HMA) concrete. Engineering 
properties such as Marshall stability and flow, Void characteristics, Indirect tensile strength and Tensile 
strength ratio properties were examined. It was observed that the addition of WMD steadily increased 
the Marshall Stability and indirect tensile strength values and lowered the voids percentages. The 
study’s major finding is that waste marble dust is highly suitable as a mineral filler in HMA and a 3% 
by volume addition of WMD in HMA at 4.5% binder content produced the most optimal mix for use in 
road pavements. 

 
 

Keywords: Hot mix asphalt concrete; Mineral fillers; Waste marble dust; Sustainable construction; Construction 
waste management. 

 

INTRODUCTION 
 
Asphalt concrete, a mixture of complex heterogeneous materials composed of aggregates, mastic 

cement, additives, and void spaces, has been an integral component of the flexible road construction 
process for well over a century [1]. Industry-based reports projected an upward trajectory in the global 
demand for asphalt and it was expected to reach 122.5 million tons by 2019, with over 75% being used 
for flexible road pavements [2], [3]. The mastic cement is a paste of asphalt binder and fine aggregates 
that binds the graded aggregates to form asphalt concrete used for the surfacing of flexible road 
pavements [4]. Flexible road pavements account for the highest percentage of paved roads both in 
developed and developing countries. For instance, 94% of paved roads in the United States are flexible 
pavements [5] and in Kenya, flexible pavements account for 97% of all paved roads [6]. This implies 
the overall importance of flexible pavements in achieving effective road transport systems and asphaltic 
concrete is an integral component of these pavement types 
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In the past few decades, the need for sustainability has come to the fore in several fields of endeavor 
including the construction industry. This gave rise to the concept of sustainable construction which is 
understood as “ensuring the provision of current built environment needs without compromising 
resources needed to meet the needs of future generations. [7]” Hence, in achieving the objectives of 
sustainable construction in the road pavement industry, two main approaches have been followed – 
1) the development of new asphalt mixing and laying technologies and 2) the adoption of residues 
(wastes) and industrial by-products [8]. The adoption of waste materials that otherwise constitutes an 
environmental nuisance performs two roles in the achievement of sustainability. The first is it serves 
as a means of disposing of the waste, and hence contributing to environmental cleanup. Secondly, the 
productive use of waste materials offsets the costs of the conventional materials they are replacing. 
 
Hot-mix asphalt concrete is typically composed of the complex heterogeneous composition of 
aggregates, additives, and bitumen binder is also known as asphalt cement and additives. Mineral 
fillers are the fine mineral particles that pass through the standard sieve No 200 that are naturally 
present in the mineral aggregate or in cases where they are not in sufficient quantities are added to 
the mix. In this regard, mineral fillers form part of the aggregate skeleton of the pavement. Hence, the 
fillers may be obtained from the crushing of rocks at quarry sites or they may be manufactured or 

industrial products. Limestone powder which comprises over 70% by weight of calcium carbonate 

(CaCO3)[9] is one of the most widely used mineral fillers. Other conventional filler materials include 
hydrated lime [10], Portland cement, slag or ash. The main functions of the mineral filler are to fill the 
voids in the aggregate skeleton and create a denser and more cohesive mixture, thereby increasing 
the overall stability of the asphalt mix and improving the adhesion between the aggregates and 
bitumen in Asphalt concretes [11], [12]. However, several studies have established that mineral fillers, 
when added to the asphaltic concrete, improve the engineering properties of the mix such as durability, 
skid resistance particle shape, surface area, surface texture, and other physiochemical properties. 

 
For instance, studies by [13], [14] confirmed that fillers can modify the ageing processes of asphalt. 
Other studies by [15], [16] show that fillers can stiffen and/or elongate the binder, thereby affecting the 
fatigue and rutting properties of the asphalt. Several other studies have recorded how mineral fillers, 
depending on their inherent properties, significantly impacted different engineering properties of 
asphalt mixes and bitumen mastics [9], [17]– [20]. The objectives of sustainable construction were 
pursued in some of the studies. For instance, [18] investigated the use of biomass ashes – a renewable 
resource – as fillers in asphalt mixes while [17] considered the potential use of recycled fine 
aggregates. 

 
Marble dust is an industrial waste produced during the shaping and polishing of marble blocks and 
also during its extraction from the mines. During the extraction, shaping, and polishing process, nearly 
20-35% raw marble is converted into dust which is a waste [21]. Another study by [22] puts the total 
amount of generated marble wastes at 30 – 50% of the total volume of all processed blocks in marble 
blocks production sites. This poses an environmental problem since the dust is settled by 
sedimentation and left close to the processing sites. Marble dust has been observed to contain over 
50% Calcium oxide [23], and its similarity with limestone powder in terms of chemical composition [23], 
makes it an excellent replacement in civil engineering works. Numerous studies have, therefore, been 
conducted on the potential use of waste marble dust (WMD) in different civil engineering applications. 
In soil stabilization studies, investigations by [24] and [25] on the use of WMD for improving the 
properties of black cotton soil and rice husk ash stabilized expansive soil, respectively showed that 
significant improvements were observed in the engineering properties of the soils. These include 
lowering of the plastic limits, increase in shrinkage limits, lower differential free swell, and increase in 
the bearing capacity of the soil [24], [25]. 
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Similarly, in a study by [26] on the use of waste marble dust as a stabilizer for the cohesive soil to be 
used in the construction of earth dam cores, it was observed that the presence of the waste marble dust 
reduced the permeability and increased the durability of the soil samples. In studies on bricks and 
concrete works, the investigation by [27] showed that there were improvements in the engineering 
properties of industrial bricks when waste granite and marble dust were incorporated. Another study 
by [28] proved that the incorporation of WMD can increase the freezing-thawing durability of the 
concrete. Several other studies on the possible application of WMD are found in literature [29]–[32]. 
The above utilization of waste marble dust and the positive results as observed will likely lead to an 
improvement in the engineering properties of the asphalt concrete. Therefore, the objectives of this 
study are  

 
1) to investigate if the use of waste marble dust as a mineral filler will improve the engineering 
properties of hot- mix asphalt and 
 2) and if it does, to determine the optimal mix in line with best practices for HMA in road construction. 
Achieving the two objectives will contribute original findings on alternative materials to conventional filler 
materials in HMA production, and by extension further the achievement of sustainable construction. 
 

MATERIALS AND METHODS 
 

MATERIALS 

 
AGGREGATES 

 
According to [33], 90-95% of asphalt concrete is composed of aggregates, with the remaining 5-

10% a summation of binder and air voids. The aggregates in the mix form the structural skeleton which 
resists deformation and transmits wheel loads to the underlying pavement layers. The aggregates 
should, therefore, provide enough shear strength to the asphalt mix for resisting permanent 
deformation. In addition to the load-bearing properties, the aggregates also determine the texture and 
skid resistance of the pavement surface. Hence, the aggregates should possess the necessary 
hardness, toughness, and abrasion resistance to enable the resultant mixes to withstand traffic 
conditions. In terms of stability, asphalt concrete (AC) types are classified as either high or low stability, 
also known as Type I or Type II AC, respectively [34]. This study’s aggregate type and grading were 
focused on achieving Type I AC 0/14 wearing course. The aggregate grading, which is the process of 
physically blending different aggregate sizes to fit within a specific envelope, was used to determine 
the mix-matrix for the samples prepared as shown in Plate 1. The Fuller curve (0.45 power grading chart 
developed by [35] was used in determining the maximum particle density before the addition of the 
bitumen binder. The power chart plotted using Equation 1 was based on the assumption that the best 
aggregate grading for bitumen mix gives the densest particle packing. 
 

𝑃 = 100(𝑑⁄𝐷)n (1) 
 

Where; P is the total % passing a particular sieve size; d is the particular sieve size opening diameter; 
D is the maximum aggregate size; n= 0.45. 
 
The manual [35] further details the procedure for the utilization of the 0.45 power grading chart in 
making adjustments to the aggregate grading during the asphalt mix design. The actual gradation of 
the aggregate was plotted in the same power chart and compared to the maximum density line. 
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BITUMEN BINDER 

 
Bitumen binder, also known as asphalt cement or asphalt, is a complex mix of hydrocarbons, -

dark brown to black- 
which may occur naturally or be obtained through petroleum refining. Large scale refining of crude oil 
to manufacture fuel and lubricants has made the sourcing of naturally occurring bitumen less 
economical. Generally, the bitumen used for road construction today is obtained by refining crude oil 
and the resultant product is commonly referred to as penetration grade bitumen. Some studies have 
also been carried out on the viability of using waste materials as additives in bitumen for asphalt 
production, e.g. waste paints[36], crumb rubber from waste tires [37], and High-Density Polyethylene 
[38], plastic [53]. The straight run bitumen of penetration grade 80/100 was used in this study 

 
MARBLE DUST 

 
Marble dust is produced as a by-product of marble processing. It mainly contains carbonate 

minerals mostly calcite (CaCO3) and dolomite. The exact chemical composition of marble dust may vary 

depending on the location and the minerals or impurities present in the limestone during 

recrystallization. Typically marble dust is composed of the following major constituents; Lime(CaO): 

38-42%, Silica(SiO2): 20-25%, Alumina(Al2O3): 2-4%, Oxides (NaO and MgO): 1.5-2.5%, 
Carbonates(MgCO3): 30-32% [23]. Further details on the physical, chemical, and morphological 
properties of waste marble dust, its applications and the role of its management in achieving a 
sustainable environment and construction are well detailed in the extensive study by [31]. Figure 1 
shows samples of waste marble dust obtained from the Kenya Marble and Quarries Limited, Industrial 
Area, Nairobi. 
 

Figure 1 The graded aggregates and Waste marble dust 
TESTING PROGRAM 
 
 

AGGREGATE AND FILLER GRADING 

 
In this study, grading used to determine the Particle Size Distribution of both the aggregates and the 
filler was based on BS EN 1260:2013. 
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AGGREGATE GRADING 

 
The mix design involved a single size and combined grading of the aggregates. The single size grading 
included 0/6mm, 6/10mm, and 10/14mm aggregates while the combined grading proportioning 
adopted were 20% of 10/14mm aggregates, 20% of 6/10mm aggregates, and 60% of 0/6mm 
aggregates. The summary of the aggregate grading for the HMA is presented in Table 1 and the 
resulting grading curve is presented in Figure 1. 
 

Table 1. Grading Data for the aggregates (According to the Kenya Road Design Manual) 
 

Agg size 10/14mm 6/10mm 0/6mm 0/6mm GRADING   

 
PROPORTIONS Theoretical Actual grading 

Standard 

specification 

Sieve(mm) 20 20 60 grading  min max 

20 100 100 100 100 100 100  

14 94 100 100 99 98 90 100 

10 2.4 82 100.0 77 78 70 90 

6.3 0.0 19.8 100.0 64 65 55 75 

4 0.0 0.0 96.0 58 58 45 63 

2 0.0 0.0 64.0 38 38 33 48 

1 0.0 0.0 39.0 23 24 23 38 

0.425 0.0 0.0 23.0 14 14 14 25 

0.3 0.0 0.0 19.0 11 11 12 22 

0.15 0.0 0.0 13.0 8 8 8 16 

0.075 0.0 0.0 9.5 6 6 5 10 

  

Figure 2 Grading curve for the Type 1 wearing course asphalt concrete. 
 

From the grading curve plotted in Figure 2, the actual grading curve lied within the upper and lower 
bound envelope, but slightly closer to the lower bound with aggregates passing sieve 1mm hence the 
need to improve it with a filler. When aggregates are well fitted within the curve, the friction at many 
points are higher and the mix voids are relatively lower in comparison to aggregates whose curves lie 
outside the envelope. 
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FILLER GRADING 

 
Filler grading was done on waste marble dust to determine the suitability of the use as a mineral filler. 
The results for the filler grading are as shown in Table 2 and the filler grading curve in Figure 2. 
 

Table 2 Filler grading (According to the Kenya Road Design Manual) 
 
 

Sieve Size Mass Retained Mass Passing % Passing MIN MAX 

600 0 760 100 100 100 

425 0 760 100 100 100 

300 0 760 100 95 100 

150 58 702 92 90 100 

75 168 534 70 70 100 

Table 2 Filler grading (According to the Kenya Road Design Manual) 
 

Figure 3. Filler Grading curve 

 
Filler grading was done on waste marble dust to determine the suitability of the use as a mineral filler 
in asphalt concrete mixes. The confirmatory test from the grading curve supports the use of waste 
marble dust as a filler since the grading curve fits within the minimum and maximum limits as shown 
in Figure 3. 

 
Finally, the initial binder content for the mix was determined using Equation 2 [39]. 
 

𝐷𝐵𝐶 = 0.035𝑎 + 0.04𝑏 + 𝐾𝑐 + 𝐹 (2) 

 
Where; DBC = Approximate Design Bitumen Content percent by total weight of mix, A = % of mineral 
aggregate retained on the 2.36mm sieve, B = % of mineral aggregate passing the 2.36mm sieve and 
retained on the 0.075mm sieve, C = % of mineral aggregate passing the 0.075mm sieve, K = 0.15 for 
11-15% passing the 0.075mm sieve, = 
 
0.18 for 6-10% passing the 0.075mm sieve, = 0.20 for 5% passing the 0.075mm sieve, F= 0 - 2% 
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Based on absorption of bitumen. In the absence of other data, a value of 0.7 is suggested [39]. 
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CONFIRMATORY TESTS 

 
Confirmatory tests according to the Standards were conducted to determine the suitability of the 

mechanical properties of aggregates, bitumen grade, and the use of waste marble dust as a filler. They 
include; Grading, Flakiness Index, Los Angeles Abrasion, Aggregate Crushing Value, Penetration on 
Bitumen as shown in Table 3. 

 
Table 3 Confirmatory Tests 

 
Confirmatory Test Objective Standards and Codes Code used 

Grading To determine the Particle Size Distribution of the 
aggregates and the filler (grading) 

BS EN 13043:2015 [40] 

Flakiness Index To determine the flatness of an aggregate sample BS EN 933-3: 2012 [41] 

LAA To determine the hardness of aggregates when 
exposed to wearing action. 

BS EN 1097-2: 2010 [42] 

ACV To determine the relative resistance of aggregates to 
crushing on the application under a gradually applied 
load. 

BS 812-110:1990 [43] 
BS EN 1097-2: 2010 [42] 

Penetration on Bitumen To determine the consistency of the bitumen and its 
penetration grade. 

BS EN 1426:2015 [44] 

 
 

The summary of the outcomes of each confirmatory test conducted on the materials is 
represented by Tables 4. 

 
Table 4 Confirmatory Tests Results 

 
 

TEST VALUE Specifications according to the standards 

Flakiness Index (FI) 16.9 Max 25 

Los Angeles Abrasion (LAA) 28 Max 35 

Aggregate Crushing Value (ACV) 25.7 Max 30 
Penetration on Bitumen 83.5 80-100 

 

 
MARSHALL STABILITY AND FLOW 

 
Asphalt concrete requires sufficient strength and stability to withstand and transfer traffic loads 

from the surface. This is captured by the Marshall stability properties of the AC. For Type I AC, the 
Marshall stability ranges from 8000N to 19,000N [34]. In this study, the Marshall Stability and Flow 
tests were based on the BS EN 12697- 34:2012 [45]. Marshall Stability is a measure of permanent 
deformation resistance by the asphalt concrete. The test is used for asphalt mixes containing bitumen 
where the maximum aggregate size is 25.4 mm or less. Asphalt specimens were loaded on their 
cylindrical side-edges with a Marshall loading head at a specified loading rate and temperature. The 
resistance against the plastic flow was measured. Marshall Flow is the amount of deformation that 
occurs under maximum load. 

 
DETERMINATION OF VOIDS PERCENTAGE 

 
The determination of the volumetric properties of the compacted specimen from which the voids 

percentage was obtained was based on the BS EN 12697-8:2018 [46]. The volumetric parameters 

obtained include the Dry bulk density, Air voids VA, Voids in mineral aggregate (VMA), and Voids filled 

with bitumen (VFB). 
 
The Bulk Densities of the samples were determined using the buoyancy method where the volume of 
a sample was estimated based on the volume of water it displaces when immersed in water. The 
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estimations are represented by equations 3 and 4 where the volume was estimated using equation 3 
and the bulk density using equation 4. 
 

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑆𝑆𝐷 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 (3) 
 
 

Where, SSD is the saturated surface dry condition of the samples after weighing in water. The bulk 
density was then calculated as shown in Equation 4. 

 
 

The Air Voids (Val) are the tiny spaces between the skeletons formed by the coarse and fine 
aggregates in the presence of the bitumen. The air voids, to some extent, influence the aggregate 
interlocking characteristics and compaction of the mix [47]. The percentage volume of air voids in the 
compacted asphalt mix was determined using Equation 5.Where; Gmm is the measured maximum 
specific gravity of uncompacted asphalt mix, Gmb is the measured bulk specific gravity of the 
compacted asphalt mix 

 

The Voids in mineral aggregate (VMA), which is the inter-granular void space between aggregate 
particles in a compacted mixture that includes the air voids and the effective asphalt content expressed 
as a % of the total volume. The VMA was calculated based on the bulk specific gravity of the combined 
aggregate and is expressed as a % of the bulk volume of the compacted asphalt mixture as shown in 
Equation 6. 
 

 
 

Where; Gmb is the measured bulk specific gravity of the compacted asphalt mixture, Ps is the % by 
weight of the total amount of aggregate in the mixture, Gsb is the bulk specific gravity of the combined 
aggregate. 
 
The Voids filled with bitumen (VFB) are the void spaces found between the aggregates in the 
compacted AC mixture containing the bitumen binder. It is expressed as a percentage of the VMA in 
the presence of a bitumen binder [48]. 

 
INDIRECT TENSILE STRENGTH AND TENSILE STRENGTH RATIO 
 

The Indirect Tensile Strength (ITS) helps determine the tensile characteristics of the asphalt mix 
which can be further related to the cracking behaviour of the final pavement. Higher tensile strength is 
indicative of a higher resistance of the pavement to cracking. Conversely, the tensile strength ratio 
(TSR) indicates the moisture sensitivity of the samples. In this study, the experimental setup for the 
ITS and TSR of the HMA mix was based on BS EN 12697-23:2017 [49]. Details of the test procedures 
are outlined in the standard [49]. On the final analysis, the Indirect Tensile Strength (ITS) was 

calculated as shown in equation 7. 
 

Where; ITS = Indirect Tensile Strength (N/mm2), P = Maximum load applied to specimen in N, t= 
Specimen thickness (mm) and D = Specimen diameter (mm). 
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The Tensile Strength Ratio (TSR) is the ratio of the Indirect Tensile Strength of soaked samples to the 
dry samples. The Asphalt Institute recommends that the Tensile Strength Ratio (TSR) for asphalt 
mixes be equal to or greater than 0.7 [50]. 
  
RESULTS AND DISCUSSIONS 

 
Triplicate samples of the HMA samples were tested for WMD filler increments of 0, 1%, 3% and 

5% at binder contents of 4%, 4.5%, 5%, 5.5% and 6%. The results of the Marshall Stability and flow, 
Voids properties, and strength are discussed in this section. 

 
EFFECTS OF WMD ON THE MARSHALL STABILITY 
 

The summary of the Marshall Stability values obtained under the varying percentages of WMD 
fillers and bitumen binder contents (BC) are presented in Table 5. It can be observed that the Marshall 
Stability generally increases with the increasing addition of binder up to a certain point and declines 
beyond that point for each WMD percentage. These points are the optimal binder percentages for that 
particular filler content. A glance at the trends along the columns in Table 5 shows that the Marshall 
Stability values increased with an increase in the WMD content in the HMA mix. Figure 4 illustrates 
the increasing trend with the blue line which represents 5% WMD mineral filler in the mix recording the 
relatively highest values across each binder content and conversely, the purple line which represents 
an absence of WMD in the mix (neat sample), recorded the lowest values. 
 

 
Table 5 Marshall Stability Values 

 
Figure 4 Marshall Stability vs Binder Content 
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The Marshall stability at optimum binder content is 9179N at 5.5% BC for neat sample, 9687N at 5.5% 
B.C for 1% waste marble dust filler, 10835N at 4.5% BC for 3% WMD Filler, 14457N at 4.5% B.C for 
5% WMD filler as indicated in green in Table 5. It should be noted that extremely high values of 
Marshall Stability imply that the asphalt concrete will be too stiff, hence may be susceptible to failures 
associated with poor workability. On the other hand, extremely low values of the Marshall Stability 
imply low pavement durability under traffic loads. In this study, the highest value (14,457N) was 
observed at 5% filler and 4.5% BC while the lowest value of 7421N was observed when no WMD was 
added to the mix at 4.5% BC. These trends observed in the marshal stability values are similar to that 
of a related study where waste marble was used as a filler in Dense bituminous macadam (DBM) and 
the highest values were observed to be 12.95KN obtained for a 4% filler at 5.5% bitumen content [48]. 
In comparison to conventional filler materials, the maximum Marshall stability values in an HMA mix 
were obtained at 2.5% for limestone and 3.0% for cement dust in a study by [51]. Based on the 
guidelines, the minimum standard Marshall stability value is 7500N [52]. As seen in Table 1, for a neat 
sample to meet this threshold, more bitumen blinder will be required above 4.5% but introducing the 
WMD mineral filler drastically raises the values above the threshold at any BC percentage, the optimal 
being at 4.5%. 
 

EFFECTS OF WMD ON THE MARSHALL FLOW 

 
Asphalt concrete with lower values of Marshall flow tends to fail due to disintegration, while higher 

values mean that the workability is also greatly reduced if they exceed the given limits. As per the 
specification, the Marshall flow should range between 2 and 4mm [30]. The Marshall Flow values 
obtained from this study’s samples are as tabulated in Table 6. From the Table, it can be observed that 
there was a general increase in Marshall Flow with an increasing percentage of the filler for each binder 
content. Across the table, for the same % WMD filler, there was a gradual increase in the flow values 
up to a certain point before decreasing. However, with exceptions of the samples with extremely high 
binder content (6%) and no filler which recorded a value of 1.81 (<2) and the samples with high WMD 
filler content (5%) coupled with relatively high BC, thereby recording values of 4.40 and 4.09 (>4), over 
80% of the samples fell within the range stipulated in the standards and are highlighted in green. 

 
 

Table 6 Marshall Flow values 
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Figure 5 further illustrates how the lower curve of the neat sample has the least flow within the range 
of 1.81 - 3 mm except for the 6% binder content where the flow drops to 1.81mm. The 1% and 3% 
waste marble dust filler seem to produce the best flow values across all binder contents. 

 

EFFECTS OF WMD ON THE PERCENTAGE VA, VMA AND VFB 
 

The percentage of voids is an important element in asphalt concrete. The resulting calculations 
show that the measured specific gravities and bulk densities of the samples varied from 2.41 to 2.49 
and 2.19g/cm3 to 2.29 g/cm3, respectively. The summary of the values of the percentage voids, voids 
in mineral aggregates, and voids filled with bitumen are given in Table 7 and the plot of the relationship 
between the binder content and these variables for each addition of WMD are given in Figure 5. 

Table 7 Percentages Voids properties 

 

Figure 6a A plot of Binder Content against the Voids % (Va) 

V
o

id
s 

%
 



 
 

361 
 

 

Figure 6b A plot of Binder Content against the Voids in mineral aggregates (VMA) 
 

Figure 6c A plot of Binder Content against the Voids filled with bitumen (VFB) 
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The voids percentage allowed for asphalt concrete mixes is in the range of 5 - 10% [30]. From 
Figure 6a, the voids for the neat sample are above 10% for the different binder percentages. The air 
voids percentage with 1% filler reduces to a maximum of 10.2 at 4% binder content, 10.1 at 4.5 % 
binder content, and 9.2 at 5% binder content. With 3% filler, the range of the air voids is 8.2% at 5% 
binder content, 8.5 at 4.5 % binder content, and to a maximum of 9.1% at 4% binder content which is 
within the range. The 5% filler also meets the specification since the range is 7.7 with 4.5% binder, 8 
at 5% binder, and 8.8 at 4% binder. Air voids are important during the rolling of the asphalt concrete 
and also allows for differential temperature variations as can be experienced in the field. Higher values 
of the percentage voids beyond the maximum allowed value increase the susceptibility to moisture 
damage of the pavement. Lower values below the given specifications, on the other hand, reduces the 
workability of the asphalt concrete during rolling hence the required compaction levels might not be 
achieved. 
 
There are no specific values for the VMA and VFB. However, from previous studies, VMA values 
should generally be low (20% or less) while the VFB ranges between 50 and 70%. As observed in 
Figures 6b and 6c, the addition of the WMD mineral had an inconsistent effect on the VMA and VFB 
values at varying percentages of binder contents as observed. Nevertheless, it can be observed that 
the increasing addition of WMD mineral filler progressively lowered the VMA values from >20% to 
<20% especially at 5% BC where the VMA values from 23.2% to 20.6% at 0% and 5%, respectively. 
The addition of the WMD binder at 1%, 3%, and 5% placed the VFD values within the 50-70% range 
for all values BC (Figure 5c). 
 

EFFECTS OF WMD ON THE INDIRECT TENSILE STRENGTH (ITS) AND TENSILE STRENGTH 
RATIO (TSR) 
 

The Indirect Tensile Strength is a direct indicator of the moisture sensitivity of the mix. Therefore, 
per the above results, it can be seen that the strength characteristics of the treated mixes remain higher 
than those of the untreated mix. It can also be observed that the incorporation of the mineral filler 
improved the ITS of the HMA concrete. 

 
The Tensile Strength Ratio (TSR) for Asphalt Concrete should be greater than or equal to 0.7 [43]. 
The Tensile Strength Ratio of the treated mixes were all above the 0.7 thresholds, and hence within 
the required limit. This implies that the addition of WMD mineral filler into the HMA will not increase 
the susceptibility of the mix to damage due to moisture. 
 

Table 8 Indirect Tensile Strength Values 
 

 
 

Waste marble filler % 
0 1 3 5 

Indirect Tensile Strength (N/mm2) 
SOAKED 46.4 46.8 47.1 48.5 

UNSOAKED 52.24 52.5 53.14 54.2 
TSR 0.89 0.89 0.88 0.9 
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Figure 7 is a plot of the Filler percentages against the indirect tensile strength values for both the 
soaked and unsoaked samples. The Figure illustrates that besides the fact that the ITS values for the 
unsoaked samples were generally higher, the addition of WMD as a mineral filler in HMA brings a 
corresponding increase in the ITS. 

Figure 7 ITS Vs Filler (%) 

CONCLUSION 
 

In the bid to advance the objectives of sustainable construction, there is the need to develop ever 
new ways of utilizing materials that would otherwise constitute environmental waste that poses 
challenges to management and disposal. In this study, waste marble dust – a waste that usually 
amounts to 30 – 50% of the total volume of all processed blocks in the marble blocks production 
industry – was tested for its viability as a mineral filler in Hot- Mix-Asphalt concrete. The findings of the 
study show that Waste marble dust filler increases the Marshall Stability from 9179N at 5.5% Binder 
content for the neat sample to 10,835N when 3% of Waste marble dust filler is used at 4.5% binder 
content. The flow of Asphalt concrete increased from 2.6mm for the neat sample at 5.5% Binder 
content to 3.86mm when 3% of waste marble dust filler is used at 4.5% binder content. The voids 
percentage reduced from 11.7% for the neat sample to 8.5% when 3% of waste marble dust is used 

as a filler at 4.5% binder content. This is a 27% reduction in Va. Furthermore, it was observed that the 

increasing addition of WMD mineral filler progressively lowered the VMA values from >20% to <20%. 
The addition of the WMD binder at 1%, 3%, and 5% placed the VFD values within the 50-70% range 
for all values BC. The Indirect Tensile Strength of HMA increased from 52.24N/mm2 (neat sample 
value) to 53.14N/mm2 when 3% of WMD is used for the unsoaked samples and 46.4N/mm2 (neat 
sample value) to 47.1N/mm2 when 3% waste marble dust is used as a filler for the soaked samples. 
By observing Tables 5 – 7, it can be observed that the only combination that meets the thresholds 
according to the specifications for the Marshall Stability and flow, Va, VMA, and VFD is the 3% by 
volume addition of the waste marble dust in the HMA at 4.5% binder content. At 4.5% BC, the addition 
of WMD at 1%, 3% and 5% increased the Marshall stability by 28%, 46% and 95%, respectively. 
Hence, it can be concluded that waste marble dust is not only a suitable material, but the optimal 
percentage is 3% by volume of the aggregate in a Hot-mix asphalt at 4.5% binder content. 
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CHAPTER 42 
 
 
 

LINEAR AND NONLINEAR FREE VIBRATION ANALYSIS 
OF RECTANGULAR PLATE 
 
Edward Adah1*, David Onwuka2, Owus Ibearugbulem2 and Chinenye Okere2  
 
 

ABSTRACT 
 
The major assumption of the analysis of plates with large deflection is that the middle surface 
displacements are not zeros. The determination of the middle surface displacements, u0 and v0 along 
x- and y- axes respectively is the major challenge encountered in large deflection analysis of plate. 
Getting a closed-form solution to the long standing von Karman large deflection equations derived in 
1910 have proven difficult over the years. The present work is aimed at deriving a new general linear 
and nonlinear free vibration equation for the analysis of thin rectangular plates. An elastic analysis 
approach is used. The new nonlinear strain displacement equations were substituted into the total 
potential energy functional equation of free vibration. This equation is minimized to obtain a new 
general equation for analyzing linear and nonlinear resonating frequencies of rectangular plates. This 
approach eliminates the use of Airy’s stress functions and the difficulties of solving von Karman's large 
deflection equations. A case study of a plate simply supported all-round (SSSS) is used to 
demonstrate the applicability of this equation. Both trigonometric and polynomial displacement shape 
functions were used to obtained specific equations for the SSSS plate. The numerical results for the 
coefficient of linear and nonlinear resonating frequencies obtained for these boundary conditions were 
19.739 and 19.748 for trigonometric and polynomial displacement functions respectively. These 
values indicated a maximum percentage difference of 0.051% with those in the literature. It is 
observed that the resonating frequency increases as the ratio of out–of–plane displacement to the 
thickness of plate (w/t) increases. The conclusion is that this new approach is simple and the derived 
equation is adequate for predicting the linear and nonlinear resonating frequencies of a thin 
rectangular plate for various boundary conditions. 
 
Keywords: Membrane strain, total potential energy, linear, nonlinear free vibration, rectangular plates 
 

 

INTRODUCTION 
 
Generally, environmental conditions lead a majority of structures as a whole or some parts to be 
subjected to dynamic loadings during their life span. It is expected most often that, these structures or 
elements performed optimally with these adverse dynamic circumstances, thereby avoiding the 
damages caused by the resonating frequencies. Most scholars believe that the maximum amplitude of 
vibration must be limited for the safety of the structure [1,2,3,4,5]. Of recent, free vibration of plates 
with large deflection have received considerable attention, because structures of low flexural rigidity 
are susceptible to large amplitude vibration [6,7,8,9,10,11].  
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Researchers have analyzed nonlinear vibrations of composite plates because of their lightweight 
advantage just like thin plates [12,13,14]. The major assumption of the analysis of plates with large 
deflection is that the middle surface displacements are not zeros [15,16]. Large deflection analysis of 
rectangular plate anchors mostly on von-Karman type nonlinear strain-displacement relations [16] and 
are given as equations 1 and 2: 

 

Where εxx and εyy are nonlinear strains along the x- and y-direction respectively; u and v are 

displacements in x- and y- directions respectively; w is out-of-plane displacement; u0 and v0 are 
middle surface displacement in the x- and y- directions respectively. 
 
The first term is bending strain, while the second term in square brackets is the total membrane strain 

of the plate along the x- or y-direction. The determination of the middle surface displacements, u0 and 

v0 along x- and y- axes respectively is the major challenge encountered in large deflection analysis of 
plate. Most authors [17,18,19,20,21,22] have assumed expressions for the middle surface 
displacement rather than determining them from the actual behavior of the plate at the inelastic range. 
This led to unsatisfactory results beyond the elastic limit of the plate. Also, Airy's stress function is 
another challenge in the analysis of a plate with large deflection. Unlike earlier authors, some recent 
authors [23,9,11], determined the stress functions by direct integration. However, their approaches 
were too complex and full of assumptions that may have construed the actual behavior of a loaded 
plate. Hence, their results underestimate the carrying capacity of a plate beyond the yield point. Some 
authors used numerical methods to determine the nonlinear frequencies of a plate by incorporating 
geometric nonlinearities [24, 25]. This was to avoid the difficulties associated with trying to obtain a 
closed-form solution to von Karman large deflection equation. 
 
Beyond the yield point, a plate carries the load by the membrane action. The membrane strains are 
responsible for this additional strength of the plate. Hence, they [26] obtained the nonlinear strain 
displacement relations as equations 3 and 4: 

The in-plane shear strain, Yxy within x - y plane is given as equation 5: 

And the middle surface strains along the x- and y- axis (εx0 and εy0) of the plate are given as equations 6 
and 7: 
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In order, to circumvent the use of Airy's stress function and avoid arriving at the same governing 
equation introduced by von-Karman, this study presents a simple and exact approach to free vibration 
analysis of rectangular thin plates with large deflection. It is aimed at formulating a general free 
vibration equation for the analysis of a plate with both small and large deflection for all boundary 
conditions. This will be achieved via the use of new nonlinear strain displacement equations in the 
total potential energy functional equation and minimization. It will also, formulate the specific equation 
for a plate simply supported all-round the edges (SSSS) as a case study. 
 

MATERIALS AND METHODS 
 

The method used here is the total potential energy/variational method. The formulation is as follows: 
 

1.1 TOTAL POTENTIAL ENERGY FUNCTIONAL 

The total potential energy functional, Π, of a thin rectangular plate under free vibration is given as 

equation 8: 
Where λ Resonating frequency or fundamental natural frequency, t is the plate thickness, 𝜌 is the 

density of the plate material. And the constitutive relations are given as equation 9: 
Substituting equations 9 into equation 8 yields equation 10: 
Substituting the nonlinear strain displacement relations in equations 3 and 5 into equation 10, we have 
equation 11: 
By carrying out the closed domain integration of equation 11 with respect to z gives equation 12: 
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Writing equation 12 in terms of the non-dimensional coordinates, R = x/a and Q = y/b, for 0≤R≤1; 
0≤Q≤1, we have equation 14:  

To minimizing equation 12 with respect to w, u0 and v0, let rewrite equation 12 as equation 15: 

Note that minimization with respect to u0 and v0 shall be based on the differential part without involving the constants 
coefficients.  

 

Now, minimizing equation 15 with respect to w gives equation 16a: 
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For this equation to be true, the integrand must be equal to zero.  
Minimizing equation 15 with respect to (dw2/dx) gives equation 16b: 

That is: 

That is: 
Minimizing equation 15 with respect to (dw2/dy) gives equation 16c: 
That is: 

That is: 
Equation 16a is the governing equation, while equations 16b and 16c are the displacement 
compatibility equations.  

It is seen from equations 16b and 16c that; 
Substituting equation 17 into equation 6 we have equation 18:  
Comparing equations 7 and 18 we have equation 19:  
Substituting equation 17 into equation 16a we have equation 20: 
Let the solution of equation 20 be in the form of equation 21: 
Substituting equation 21 into equation 14 gives equation 22: 
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Where A is the amplitude of deflection, and h is the displacement shape profile.  
Minimizing equation 22 with respect to A gives equation 23:  

Multiply equation 23 by  
𝑎3

𝐷𝑏
,  we have equation 24: 

Rewriting equation 24 in symbolic form, we have equation 25: 

Subscripts b and m denote bending and membrane parts respectively.  
 
From equation 25, we have equation 27: 
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𝐾𝑏𝑇 is the total bending stiffness and 𝐾𝑚𝑇 is the total membrane stiffness.  
 
Substitute equations 11a and 11b into equation 27 we have equation 29:  
 

 

From equation 29, the linear/nonlinear resonating frequency is given as equation 30:  

 
Where 𝜆= 𝜆𝑥 is the linear/nonlinear resonating frequency along the x-axis. Equation 30 is the general 
linear/nonlinear resonating frequency of a rectangular isotropic plate undergoing free vibration. Also 
from equation 27, the ratio of the amplitude of deflection to the thickness of the plate can be given as 
 

And the maximum displacement, w, at the corresponding resonating frequency is as equation 32: 
 

 

 
 
NUMERICAL APPLICATION  
 
Let’s consider a simply supported rectangular plate (SSSS), the trigonometric displacement shape profile, h, is 

given as equation 33:  

 

ℎ=(𝑆𝑖𝑛 𝜋𝑅) (𝑆𝑖𝑛 𝜋𝑄); ℎ𝑥=(𝑆𝑖𝑛 𝜋𝑅) ; ℎ𝑦=(𝑆𝑖𝑛 𝜋𝑄)     (33) 
 
While the polynomial displacement shape profile is given as equation 34: 
 

 ℎ=(R−2R3+R4)(Q−2Q3+Q4)    (34a) 
 

 𝑊ℎ𝑒𝑟𝑒,h𝑥= (R−2R3+R4); h𝑦=(Q−2Q3+Q4)  (34𝑏) 
 
Evaluating the plate stiffness from equations 26a-f using the trigonometric displacement shape profile, 
we have the results obtained presented in row 2 of Table 1. While stiffness results obtained from 
polynomial displacement shape profile are presented in row 3 of Table 1.  
Substituting these stiffness values in equation 30 we have the specific equation for linear/nonlinear 
resonating frequency for SSSS plate undergoing free vibration, as presented in Table 2. 
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RESULTS AND DISCUSSION  
 
Table 1 showed the plate stiffness results obtained from equations 26a-f using both trigonometric and 
polynomial displacement profiles. While Table 2 showed the various new equations developed from 
this present work.  
 

Table 1 Stiffness values for SSSS plate from both Trigonometric and Polynomial Analyses 

 
The new mathematical models formulated are presented in Table 2. These equations will help in the 
easy prediction of the frequency of a loaded plate at a particular deflection based on the thickness of 
the plate. The three parameters unknown in the equation are the frequency, 𝜆𝑀𝑎𝑥 , the deflection or 
displacement, w, and the plate thickness, t. In designing, knowing the limiting or maximum deflection 
of a plate, and the maximum frequency required to avoid resonance, a designer can comfortable with 
this equation determine the plate thickness required to avoid failure. Any of the parameters can be 
determine by knowing the values of the other parameters. Also, when the deflection, w, is zero, the 
equation will predict the fundamental natural frequency of the plate. That means, the plate deflection is 
still within the elastic limit and still linear. The use of both the polynomial and trigonometric shape 
functions in the formulation of the specific equation for the SSSS boundary condition provided an easy 
alternative to analysts and indicate the adequacy of the new approach. The numerical results obtained 
from equations 29 and 30 (shown in Table 2) are presented in columns 2 and 3 for linear/nonlinear 
resonating frequency parameter and in columns 6 and 7 for linear and nonlinear resonating frequency 
of plate in Table 3.  
 

Table 2 New Linear/Nonlinear Resonating Frequency Equations from this work   
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To validate the results obtained from this work, both trigonometric and polynomial displacement shape 
functions were used in the analysis. These numerical results were compared in columns 4 and 8 of 
Table 3 for frequency parameter and linear/nonlinear resonating frequency respectively. The 
percentage differences for the frequency parameter had a maximum value of 1.537 while those of 
resonating frequencies were less than 1. This is negligible and showed a good agreement between 
the results of the two numerical approaches. Also, there is a good agreement between the critical 
resonating frequencies (that is, the fundamental frequencies) between this work and those in literature 
as shown in Table 4. The fundamental frequencies obtained from the use of trigonometric and 
polynomial displacement shape profiles indicated a percentage difference of -0.043, meaning that, the 
trigonometric displacement shape profile yield results which are lower bound to those obtain by 
polynomial displacement shape profile. However, the present fundamental frequency value is the 
same as the value obtained by Leissa & Quta (2011) and Deutsch et al. (2019). It indicates that the 
new equations developed by this work were adequate for free vibration analysis of rectangular plates. 
These results also indicated that the nonlinear frequency increases as the w/t increase. In contrast to 
Figure 1, the nonlinear frequency decreases as the aspect ratio (b/a) increase. This is in the 
agreement with the work of Onodagu (2018) and reflects the behavior of thin rectangular plates. 
However, Figure 1 showed a complete agreement between the results of the two displacement shape 
profiles. Besides, the gradual increase in the nonlinear frequency from the fundamental frequency as 
w/t increases indicated the adequacy of the results. This indicates the actual behavior of the SSSS 
rectangular plate before ultimate failure. It’s also indicated that the SSSS plate does not fail 
geometrically but may fail materially.  
 
Table 3 Linear/Nonlinear Resonating Frequency Parameter values and Linear/Nonlinear Resonating  

               Frequency, for Aspect Ratio, Ƨ=1  
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Table 4 Comparison Fundamental frequency from this work with those in literature  

 
 

Figure 1 Relationship between Linear/Nonlinear Resonating Frequency and the Aspect Ratio (b/a) for 
given Displacement to thickness ratio (w/t). 

 
This means that the failure of the plate based on these results may be due mostly to material 
imperfection such as manufacturing defects, use of substandard materials, etc rather than failure due 
to the shape of the plate or support conditions used. Since there is a continuous increase in the 
frequency beyond the fundamental frequency as w/t increases. This is in agreement with the works of 
Oguaghamba (2015) and Onoduga (2018). Furthermore, it’s showed that both displacement shape 
profiles were adequate for rectangular plate analysis for both small and large deflection. 
 

CONCLUSION 
 

The present work had derived a new general linear/nonlinear free vibration equation for the analysis of 
rectangular thin plates. It's had also, derived the linear/nonlinear free vibration equations for SSSS 
rectangular plate by using both trigonometric and polynomial analyses. The approach used here is 
independent of the complex von Karman nonlinear equations of large deflection and Airy’s functions. 
The results obtained for the linear and nonlinear frequencies using polynomial and trigonometric 
shape functions had agreed very closely with each other and with those in literature with percentage 
difference less than 1. Also, the results indicated that the nonlinear frequency increases as the w/t 
increase but decrease with increase in aspect ratio. Furthermore, it was observed that the SSSS plate 
will not fail geometrically but rather it may fail materially. This means that the failure of the plate based 
on these results may be due mostly to material imperfection such as manufacturing defects, use of 
substandard materials, etc rather than failure due to the shape of the plate or support conditions used. 
This is in agreement with the works of Oguaghamba (2015) and Onoduga (2018). It is concluded that 
this approach is simpler and exact and has eliminated greatly the difficulties associated with closed-
form large deflection analysis of rectangular plates. Also, that the developed equations are adequate 
for linear/nonlinear free vibration analysis of rectangular plate. 
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CHAPTER 43 
 
 
 

INFLUENCE OF OIL PALM SPIKELETS FIBRE ON 
MECHANICAL PROPERTIES OF LIGHTWEIGHT FOAMED 
CONCRETE 
 
Siti Shahirah Suhaili, Nurshafikah Nadirah Alias, Md Azree Othuman Mydin*, Hanizam Awang 
 
 

ABSTRACT 
 
As issues related to sustainable construction in Malaysia gains more importance, research on the 
utilization of waste by products especially from oil palm in concrete is vigorously implemented. 
Utilization of different parts of oil palm fibres in lightweight foamed concrete have garnered positive 
outcomes in terms of conservation of natural resources, lessening of environmental problem and can 
improve concrete's durability and mechanical properties. Lightweight foamed concrete (LFC) is well-
known as a low-density concrete with a wide range of applications. It is good in compression but poor 
under flexural load, as it produces multiple microcracks and cannot withstand the additional stress 
induced by applied forces without supplementary reinforcing elements. Hence this study was 
performed to examine the potential use of oil palm spikelets fibre (OPSF) in LFC in order to improve 
its engineering properties. LFC specimens were strengthened with OPSF fibre at different 
percentages of 0.15%, 0.30%, 0.45%, and 0.60%. LFC density of 1000 kg/m3 was prepared with a 
constant cement-to-sand ratio of 1:1.5, and cement-to-water ratio of 0.45. The parameters that had 
been evaluated were flexural strength, compressive strength and splitting tensile strength. The results 
revealed that the addition of 0.45% of OPSF fibre gave the best compressive, bending and splitting 
tensile strengths result. OPSF fibre in LFC aided to evade the promulgation of cracks in the plastic 
state in the cementitious matrix. 
 
 
Keywords: lightweight foamed concrete, oil palm waste, spikelets fibre, flexural strength, compressive strength,    
                    tensile force 
 

INTRODUCTION 
 
Though lightweight foamed concrete (LFC) has been extensively studied, some limitations such as 
low flexural strength still restrict its wider applications. The strength of LFC is determined by different 
cementitious materials, cement dosage, mix proportion, water-cement ratio, foam volume, foaming 
agent, curing method, additive, and addition of waste by-product [1]. To a certain extent, the density 
controls the strength of LFC. Therefore, it is always to seek a balance between strength and density, 
for the purpose to maximize strength while reducing density as much as possible. Sometimes, this can 
be achieved through optimizing cementitious materials and selecting high-quality foaming agents and 
ultralight aggregates. The filler types and inclusion of oil palm biomass will influence the water-solid 
ratios when concrete density is constant, and the reduction of sand particle size will help to improve 
strength [2].  
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The pozzolanic effect of fibre biomass waste is to react with the secondary product, Ca (OH)2 

(calcium hydroxide, also known as portlandite), of cement hydration to form additional C-S-H gel 
(secondary C-S-H). During the pozzolanic reaction, the longer silicate chains are formed as the Ca:Si 
molar ratio of C-S-H drops. This secondary C-S-H reduces the porosity in bulk cement paste and 
improves the interfacial bond between aggregate particles and fibre, thus increases the strength, 
density, and ion diffusion resistance of LFC [3]. Lately, LFC has gained major attention among the 
industrial players and building material manufacturers owing its excellent thermal and mechanical 
properties such as high flowability, low self-weight, good thermal performance and sound insulation 
properties [4]. Besides, LFC is an environmentally friendly building material because of its minimal 
usage of aggregate and high potential to integrate waste material such as natural fibres. LFC is a 
mixture of cement paste (slurry) and homogeneous foam introduced using a suitable foaming agent, 
which can be regarded as self-compacting materials [5]. LFC has an air content of more than 25% by 
volume, thus, distinguishing itself from highly air entrained materials. Even though increasing 
consideration has been given to LFC worldwide, its application in the context of Malaysian construction 
industry is still in its infancy [6]. However, it has been utilized in several housing and void filling project 
in Malaysia. Hence this research was performed to inspect the potential utilization of OPSF in LFC to 

improve its mechanical properties. 
 
MATERIALS AND METHODS 
 
MATERIALS 
 
There were 5 main materials been used to fabricate LFC which were ordinary Portland cement (OPC), 
fine sand, surfactant, water, and the additive which was oil palm spikelets fibre. The OPC was 
supplied by YTL Castle Cement Marketing. All the cement used was in good condition and stored in a 
covered area. The fine sand utilized in this study was natural fine sand which was obtained from the 
local supplier. This fine sand had a maximum width of 2mm and a 600-micron sieve, and a passage of 
60% to 90%. The suitability of the sand had to follow BS822:1992 [7]. To produce stable foam, a 
protein-based foaming agent was used, precisely Noraite PA-1. The foam was produced by a portable 
foaming generator machine, namely the Portafoam TM-1 machine. The water- cement ratio used for 
this research was 0.45, because this ratio can achieve reasonable workability [6]. Finally, the fibre 
used was oil palm spikelets fibre (OPSF), which was obtained from local farm in Seberang Jaya, Pulau 
Pinang after processing. The OPSF was placed under the sun to dry as shown in Figure 1. Next, 
Figure 2 shows the surface morphology details of OPSF. Table 1 shows the chemical composition and 
mechanical properties of OPSF used in this investigation. 
 

Figure 1 Raw OPSF 
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Figure 2 Surface morphology of OPSF 
 

Table 1 Mechanical properties and chemical composition of OPSF 
 

Composition (units) Value 

Cellulose (%) 27.7 

Hemicellulose (%) 31.4 

Lignin (%) 28.5 

Extractives (%) 2.3 

Density (g/cm3) 0.94 

Length (mm) 19 

Diameter of fibre (µm) 12.45 

Diameter of lumen (µm) 6.81 

Tensile strength (MPa) 139 

Elongation at break (%) 11.41 

Young’s modulus (GPa) 12.9 

Table 1 Mechanical properties and chemical composition of OPSF 
 

MIX DESIGN 
 
For this investigation, a total of five mixes and a density of 1000 kg/m3, were prepared accordingly. The 
percentages of the OPSF used were 0.15%, 0.30%, 0.45% and 0.60%. These four percentages were 
opted because during the pilot study, the authors had found that beyond 0.60% addition of OPSF, 
homogenous mix can’t be obtained and the foam that was added in the mix quickly broken down. For 
entire mix, the sand-cement ratio utilized was 1:1.5 and the water-cement ratio used was kept 
constant at 0.45. Table 2 demonstrates the mix design of LFC of this study. 
 

Table 2 LFC mix design 
 

Density (kg/m3) OPSF (%) Mix Ratio Cement (kg) Sand (kg) Water (kg) 

1000 - 1:1.5:0.45 37.47 56.20 16.86 

1000 0.15 1:1.5:0.45 37.47 56.20 16.86 

1000 0.30 1:1.5:0.45 37.47 56.20 16.86 

1000 0.45 1:1.5:0.45 37.47 56.20 16.86 

1000 0.60 1:1.5:0.45 37.47 56.20 16.86 
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EXPERIMENTAL SETUP 
 
Tests were carried out investigating the mechanical properties with the inclusion of OPSF which 
includes flexural test, compression test and splitting tensile test. 
 
 
FLEXURAL TEST 

 
For the flexural test, prism of 100mm x 100mm x 500mm was utilized according to ASTM C293 / 
C293M [8]. Three-point flexural test was opted to obtain the flexural strength of LFC. Three specimens 
were prepared, and test and average result of flexural test was taken as final result. Figure 3 shows 
the setup for the flexural test. 
 

Figure 3 Flexural test of LFC 
 

COMPRESSION TEST 

 
The specimen size for compression test is 100mm x 100mm x 100mm cube which was performed 
according to BS EN 12390-3 [9] standard. Figure 4 shows the arrangement of the compression test. 
 

Figure 4 Compression test of LFC 
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SPLITTING TENSILE TEST 

 
As for splitting tensile strength, cylinder of 100mm diameter x 200mm height was considered 
according to ASTM C496/C 496M [10] standard. Three specimens were prepared and test and the 
average reading from these three results of flexural test was taken as the final result. Figure 5 shows 
the setup for the flexural test. The cylindrical specimen was clamped properly to ensure equal 

distribution of tensile load during the test. 
Figure 5 Splitting tensile test arrangement 

 

RESULTS AND DISCUSSION 
 
FLEXURAL STRENGTH 
 
Generally, the flexural strength of LFC with the inclusion of OPSF fibre show trend of increment spite 
of the percentages of fibre included into LFC. Fig. 6 shows the result of flexural strength attained for the 
1000 kg/m3 LFC considered in this study. The control mix showed the lowest flexural strength display 
only a slight increment along with the testing age from day-7 to day-60. Though, LFC specimens with 
the addition of OPSF fibre show a significant increment in flexural strength by the testing age. At day-
28, the flexural strength of control LFC was 
2.86 N/mm2. The optimum percentage of OPSF fibre that gave the best result of flexural strength was 
0.45%. The highest flexural strength accomplished at day 60 were 3.99 N/mm2 with the presence of 
0.45% percentage of OPSF. Nevertheless, undue OPSF percentage included into LFC (more than 
0.45%) may lead to reducing the bonding between the cement matrix and the fibre [11,12]. Utilization 
of a 0.45% volume fraction of OPSF can be considered an optimal percentage for this type of concrete 
based on the increment of results obtained. High flexural strength attained is due to the reduction of 
porosity in LFC mixes. 

Figure 6 Bending strength of LFC with different percentages of OPSF 
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COMPRESSIVE STRENGTH 
 
Fig. 7 shows the results of the compressive strength with different percentages of OPSF. Same as 
flexural strength, the optimum percentage of OPSF that gave the best compressive strength was 
0.45%. The highest compressive strength achieved at day-28 was 3.59 N/mm2, with the addition of 
0.45% of OPSF fibre compared to control sample which only achieved compressive strength of 2.86 
N/mm2. Above 0.45% of OPSF addition, non-uniform scattering of fibres was detected, which resulted 
in the lessening of the compressive strength. At the optimum level of fibre addition, OPSF and the 
LFC cementitious matrix reached maximum compaction, which lead to excellent mix consistency 
[13,14]. As LFC encompasses of large void size in the matrix, micro cracks will take place at the 
transition zone between the LFC matrix [15,16]. 

Figure 7 Compressive strength of LFC with different percentages of OPSF 
 
SPLITTING TENSILE STRENGTH 
 
Figure 8 visualized the results of splitting tensile strength of LFC with different percentages of OPSF. 
The highest splitting tensile strength attained at day-28 was 0.72 N/mm2 with the addition of 0.45% 
OPSF compared to control specimen (with no fibre inclusion) which only reached compressive 
strength of 0.41 N/mm2. Beyond the optimum level of OPSF inclusion, agglomeration of fibres was 
observed, which results in the drop of tensile strength (at 0.6% volume fraction of OPSF fibre). The 
data attained in this study specifies that the addition of OPSF boosts the tensile strength of LFC 
irrespective on any percentages of OPSF fibre [17, 18]. 

Figure 8 Splitting tensile strength of LFC with different percentages of OPSF 
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PERFORMANCE INDEX (PI) 
 

The axial compressive strength and dry density of LFC has correlated relationship. In theory, higher 
density of LFC will lead to higher compressive strength [19,20]. The density of LFC for this research 
was control to within 1000 kg/m3. As the density for each sample was varying, the performance index 
of LFC was considered to enhance the precision of the results attained from the experimental work. 
Figure 9 displays the performance index (PI) of the LFC considered in this study. It can be seen that 
parallel tendency was reached by performance index, in which the performance index is unswervingly 
proportionate to the specimen’s age of curing. The 60-day PI was attained by LFC with 0.45% 
inclusion of OPSF, which was 4.20N/mm2 per 1000 kg/m3. 
 

Figure 9 Performance index of LFC of different OPSF percentages 
 

CONCLUSION 
 
From the results obtained from this study, it can be summarized that the strength of LFC improved 
with the inclusion of OPSF. Though, the different percentages of OPSF included in LFC gave a 
different result on the mechanical properties of LFC. Overall, 0.45% of OPSF in LFC gave an 
outstanding flexural strength, compressive 
strength and splitting tensile strength compared to other percentages considered in this study. OPSF-
matrix interface bonding, which is regarded as a coarser surface, is helpful given its surface roughness. 
Hence, it empowers the OPSF fibre, and matrix mechanical interlocking, thus refining the mechanical 
properties of LFC. 
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CHAPTER 44 
 
 
 

EXPERIMENTAL STUDY ON BEHAVIOR OF 
UNPROTECTED FOAMED CONCRETE FILLED STEEL 
HOLLOW COLUMN UNDER FIRE 
 
Bishi Kado1*, Shahrin Mohammad2, Yeong Huei Lee3, Poi Ngian Shek4 and Mariyana Aida Ab Kadir2 
 
 

ABSTRACT 
 
Reduction in self-weight and achievement of full fire resistance requirements are some of the 
important considerations in the design of high-rise structures. Lightweight concrete filled steel tube 
(CFST) column provides an alternative method to serve these purposes. Recent studies on 
lightweight CFST columns at ambient temperature have revealed that foamed concrete can be a 
beneficial and innovative alternative material. Hence, this study investigates the potential of using 
foamed concrete in circular hollow steel columns for improving fire resistance. A series of nine fire 
test on circular unfilled hollow and foamed concrete filled hollow section column were carried out. 
ISO 834 standard fire exposure test were carried out to investigate the structural response of these 
columns under fire. The main parameters considered are load level and foamed concrete density; 
foamed concrete density used are 1500 kg/m3 and 1800 kg/m3 at 15%, 20%, and 25% load level. All 
the columns tested are without any external fire protection, with concentrically applied load under 
fixed-fixed boundary conditions. The columns dimension was 2400 mm long, 139.7 mm diameter 
and steel tube thickness of 6 mm. The fire test result showed that foamed concrete increases the fire 
resistance of steel hollow column up to an additional 16 minutes. The improvement is more at load 
level above 15%, and the gain in fire resistance is about 71% when 1500 kg/m3 density foamed 
concrete is used. Generally, foamed concrete filled steel hollow column demonstrate a good 
structural fire behavior, based on the applied load and foamed concrete density. Also, inward local 
buckling was averted by filling the steel hollow column with foamed concrete. General method for 
composite column design in Eurocode 4 adopted to calculate the axial buckling load of 1500 kg/m3 
foamed concrete filled columns. These type of columns can be used for structures like airports, 
schools, and stadiums; taking the advantage of exposed steel for aesthetic purpose and high fire 
resistance. It can also be used for high rise structures; taking advantage of high fire resistance and 
reduction in self-weight of a structure. 
 
Keywords: Fire resistance, Foamed concrete filled column, hollow column, unprotected foamed 

concrete filled, column, temperature 
 

INTRODUCTION 
 
Unprotected structural hollow steel columns resist fire for only limited amount of time. Depending on 
the applied load on the column and shape factor of steel hollow column, a 15 to 20 minutes fire 
resistance usually achievable; Fire resistance of 30 minutes can only be achieved in a rare    
cases[1–2].  
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250, 98009 Miri, Sarawak, Malaysia. 
4Construction Research Centre (UTM-CRC), Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia 



 
 

389 
 

 
 
For a hollow structural steel sections to resist fire for a longer period of time, certain protective 
measures must be done to slow the temperature rise in the steel. External insulation, water cooling, 
and concrete filling are among the fire protections for hollow structural steel sections. However, filling 
with concrete is very attractive and easiest method of enhancing the fire resistance. Temperature 
development in the bare steel outer shell increases rapidly, making it to loses strength and stiffness, 
as the steel can no longer carry the load, it will then be transferred to the concrete [3]. Furnace fire 
tests were carried out on concrete filled steel tube columns exposed to standard fire. A total of 58 
columns comprising circular and square cross-section were filled with plain concrete, reinforced 
concrete, and steel fiber reinforced concrete were then tested under fire at National Research 
Council, Canada. 
 
The outer steel tubes were kept naked without any external fire protection and majority of the 
columns were tested under concentric load. The results showed that filling steel tube with plain 
concrete can make the column to resist fire up to 1 to 2 hrs. While filling with reinforced concrete or 
fiber reinforced concrete, a fire resistance of up to 3 hrs can be achieved. Most of the plain concrete 
filled columns failed due to buckling, and the failure was sudden contraction. Whereas failure for the 
reinforced concrete and fiber reinforced concrete filled column was by gradual contraction [4-5] 
 
Extensive researches on concrete filled steel hollow column sections were conducted. Romero et al. 
[6] investigated the behavior of axially loaded slender concrete filled steel tube columns using normal 
and high strength concrete at elevated temperature. Sixteen steel tube columns were tested with the 
plain concrete, reinforced concrete, or fiber reinforced concrete; nominal concrete strength of 30 
MPa for normal concrete and 80 MPa for high strength concrete were used. Applied axial load level 
were 20% and 40%, under fixed-pinned boundary condition. All the columns tested had an external 
diameter of 159 mm, 6 mm wall thickness and 3180 mm long. The result showed that addition of 
fiber reinforcement in concrete filled hollow structural steel column under fire does not improve the 
column fire resistance, but addition of steel reinforcing bars produce a reasonable increase in the fire 
resistance of the column. Fire resistance test was carried out on axially and eccentrically loaded 
circular concrete filled steel tube slender columns. A total of 36 columns were tested using grade 30 
and 90 concrete, the load level and the infill concrete type was the same as in [6]. Also similar 
conclusions were made as in [6] above [7]. 
A study on the fire behavior of continuous axially loaded concrete filled steel tubular columns was 
conducted, 10 specimens of square cross-section were tested with plain, reinforced and steel fiber 
reinforced concrete as infill. All the columns tested were 3.2 m long, but only central 2 m length 
subjected to fire, with applied load levels between 33 to 38%. The authors reported that the steel 
tube axial elongation was less than 3 mm, which is far less than the axial elongation from the other 
fire tests on concrete filled column where the whole length was exposed to fire. Also comparison 
between experimental and calculated results from codes may not be conservative, especially for the 
columns filled with plain concrete and with fire resistance less than 30 minutes [8].Fire resistance 
study on concrete filled steel tube column exposed to non-uniform fire on the column faces was 
investigated by [9]. The results showed that fire endurance time of the column increase as the 
slenderness ratio and load level increases. Also, steel and concrete strength have negative effect on 
the fire endurance time of the column. 
Experimental and numerical study on fire behavior of high strength steel circular columns were 
carried out by [10]. Three high strength steel circular hollow columns and a concrete filled high 
strength steel hollow column were tested under ISO standard fire exposure with eccentrically applied 
load. The experimental result showed that high strength steel column resist fire for 20 to 22 minutes 
with load level between 10.1 to 19.4%. There was no local buckling on the unfilled column; failure 
was due to global buckling. Filling the high strength steel hollow column with concrete increases the 
fire resistance to 108 minutes with load level of 12.8%, and it fails due to global buckling. A 
numerical investigation on concrete filled steel tube column using high strength structural steel was 
carried out. The parameters investigated include column dimension, strength of steel, concrete 
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strength, load level, aggregate type and concrete moisture content. The result indicated that 
concrete diameter and strength have much significant effect on fire resistance rating than steel 
strength. Also at the same load level, the fire resistance decreases with higher steel strength and 
increases with lower concrete strength [11].Ghannam [12] investigated the use of stainless steel as 
an alternative to carbon steel in concrete filled steel tube column. Twelve columns comprising 
circular and square cross-section were studied for fire and post-fire conditions. The columns were 
1870 mm long, 200 mm diameter and 3 mm steel tube thickness. The load was applied axially at 
30 and 45% load level. It was concluded that concrete filled stainless steel column have a better 
performance in fire than concrete filled carbon steel column.Exposed concrete filled hollow steel 
section columns in fire have better fire resistance characteristics than reinforced concrete columns 
exposed in fire, since the steel tube prevents the inner core concrete from spalling. The steel tube 
serves as a form work, so no form work required, which is an added advantage. These are among 
the benefits that caused increase in the use of concrete filled hollow steel section column for tall 
buildings in China [13].Filling steel hollow sections with normal and higher strength concrete 
increases the strength, stiffness, and fire resistance of the steel column. However, reducing the self-
weight of a structure is another benefit derived from using foamed concrete or light weight concrete 
as infill material in the concrete filled hollow section columns. Hunaiti investigated the contribution of 
foamed and light weight aggregate concrete at ambient temperature. The results showed that 
circular hollow section filled with foamed concrete resist up to 90% of the squash load [14]. 
Researches by [15-16] at ambient temperature suggested that it is possible to replace normal weight 
concrete with light weight concrete. Also, design equations from Eurocode 4 can be used for 
lightweight concrete filled circular steel tube columns [17]. Ambient temperature test on foamed 
concrete showed that light weight, ease of fabrication, durability and cost effectiveness are some of 
its advantages identified by [18–20]. Other advantages include excellent thermal and sound 
insulation, low density, self-compacting, and high flow ability [21].A lot of studies were performed on 
columns filled with normal and high strength concrete at ambient and elevated temperatures. Few 
researches are available on concrete filled column using foam concrete and lightweight foam 
concrete at ambient temperature, with very few or no available literature on concrete filled steel tube 
column using foamed concrete at elevated temperature. The purpose of this research is to study the 
possibilities of using foamed concrete to improve the fire resistance of steel hollow column, and to 
study the behavior of steel hollow section column filled with foam concrete exposed to standard fire. 
The effect of filling the steel hollow section with 1500 kg/m3 and 1800 kg/m3 density foamed concrete 
under fire were studied. Load levels applied on the columns were 15%, 20%, and 25% of the 
ultimate compressive load of the hollow steel column at ambient temperature. 
 

EXPERIMENTAL PROGRAM 
 

The fire resistance tests were carried out at the fire testing laboratory of Universiti Teknologi 
Malaysia. Nine fire tests were carried out on structural hollow steel section and foamed concrete 
filled structural hollow steel sections. Three columns were tested hollow without infill foamed 
concrete, while the remaining six columns were filled with 1500 kg/m3 or 1800 kg/m3 density. The 
aim of this experiment was to investigate the effect of foamed concrete and load level on the fire 
behavior of structural hollow steel section columns. All the columns tested were 2400 mm long, 
139.7 mm outer diameter, and steel tube thickness of 6 mm. The columns were fixed at top and 
bottom ends, and the loads were applied axially on the columns. Load levels applied on the columns 
were 15%, 20%, and 25% of the hollow steel section ultimate load at ambient temperature according 
to Eurocode 3, part 1 [22]. 
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Table 1: Test Properties and Results 

 
MATERIAL PROPERTIES 

 
Hollow steel sections used for these tests were cold formed circular hollow steel sections 
manufactured in Malaysia. The steel grade was S355JOH, the actual strength of the steel hollow 
sections were determined from the tensile coupon tests in accordance to BS EN 10002-1 [23]. 
Material properties of the steel obtained from the coupon test are presented in Table 1. 
Foamed concrete cylinders were cast and cured in water for 28 days. The foamed concrete densities 
used in this research are 1500 kg/m3 and 1800 kg/m3. Cylinder strength for all the densities 
considered is presented in Table 1. 
 
SPECIMENS PREPARATION 

 
The circular steel hollow sections used are 2400 mm long, an outer diameter of 139.7 mm and wall 
thickness of 6 mm. Two ventilation holes were drilled of 15 mm diameter on each column at 500 mm 
from both ends; another hole was drilled at the middle of the column length for concrete 
thermocouples.330 x 330 x 12 mm steel end plates were welded at the bottom end of the columns, 7 
days after casting the foamed concrete and curing; other end plates of the same dimension with the 
bottom plate were also welded at the top end of the columns. 
 
EXPERIMENTAL SETUP AND PROCEDURES 

 
The furnace used for these tests as shown in Figure 1, was 4.35 m height and 1.2 m width with a 
hydraulic jack of 1000 kN capacity attached to the furnace. The columns were positioned vertically 
inside the furnace, and then fixed between the furnace base and the top plunger. The columns were 
loaded from the top using the plunger from the hydraulic jack. The loads were kept constant 
throughout for a given load level, and then the furnace gas burners were activated, ISO 834 [24] 
standard temperature time curve was used. 
 

Figure 1: Furnace  
 

Figure 2: Thermocouple positions 

TC @70mm (center) 

TC @35mm 

 

TC on steel surface 

Φ139.7mm 
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Temperatures of the columns were measured using the type K thermocouple attached on steel 
surface and inside the in filled foamed concrete as shown in Figure 2. Two thermocouples were 
attached on the steel surface, another two were attached inside the column at concrete center and 
at one-fourth of the column diameter. Furnace temperature was obtained from the four 
thermocouples in the furnace. 
 
Axial displacements of the columns were obtained from the movement of the plunger of the hydraulic 
jack machine. An ISO 834 failure criterion for axially loaded member under fire condition was 
adopted in this research, which is based on the amount and rate of axial deformation. The axial 
contraction should not exceed 0.01L mm or axial deformation rate not exceed 0.003L mm/min, 
where L is the length of specimen in mm. 
 
RESULTS AND DISCUSSION 
 
EFFECT OF LOAD LEVEL 

 
The failure mode was the same for the entire load level considered. Global and local buckling as in 
figure 3, are the failure observed in the unfilled hollow steel column, the local buckling is inward 
around the mid-height and bottom of the unfilled hollow steel column. Global buckling was observed 
for the entire foamed concrete filled column tested, outward local buckling was also observed for 
15% load level only as shown in Figure 4. 
 

  

Figure 3: Failed unfilled hollow column Figure 4: Failed foamed concrete filled column 

 
Figure 5A presents the axial deformation with time for circular hollow steel columns loaded with 15, 
20 and 25% load levels. CHS column loaded with 15% load level has higher fire resistance due to 
the less applied load which will result in less axial stress on the column when compared to CHS 
columns loaded with 20 and 25% load level. CHS20 and CHS25 experienced more axial stress and 
less axial expansion when compared to CHS15 column. Increase in load level level significantly 
decreases the fire resistance of CHS columns. This can be as a result of increase in axial stress over 
the cross-section of the column as a result of higher load level. Also, the strength and stiffness of the 
CHS decrease with increasing temperature during the fire exposure. Therefore, CHS15 has 27 
minutes fire resistance, which is more than CHS20 and CHS25 that have 15 and 14 minutes fire 
resistance, respectively. 
 
Figure 5B and 5C presents the effect of load level on FCFHS columns filled with 1800 kg/m3 and 
1500 kg/m3 foamed concrete density, respectively. Increasing the load level decreases the fire 
resistance of the columns. It is due to the increase in the axial stress over the cross-section of the 
column as a result of higher load level. At the same time, the strength and stiffness of steel and 
foamed concrete decrease with increasing temperature during the fire exposure. It can also be seen 
that the axial expansion of the column increase with decreasing load level. Considering FCFHS 
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columns loaded with 15% load level in Figure 5B and 5C, the contraction of the columns due to 
induced stress become less, allowing more thermal expansion to take place with increasing 
temperature. When the load level increase from 20 to 25% for FCFHS1500, 1 minute fire resistance 
decrease was observed. This can be due to little increase in load level (5%) as also shown in Figure 
5A for CHS columns. 
 
Generally, fire resistance of 30 minutes is obtained for 15% load level. At high load level of 20% and 
25%, fire resistances of less than 30 minutes are recorded. The load level affect the axial stress 
induced in the columns during fire exposure. Between 15% to 25% load level, a substantial decrease 
on fire resistance time was observed from both CHS and FCFHS columns. 
 

 
Figure 5: Effect of load level on the Columns (A) CHS (B) FCFHS1800 (C) FCFHS1500 

 
EFFECT OF FOAMED CONCRETE FILLING 
 
A comparison was made between circular hollow steel columns and foamed concrete filled hollow 
steel columns with 15%, 20%, and 25% load level as shown in Figure 6A, 6B, and 6C. Foamed 
concrete filling improves the fire resistance of steel hollow columns. This is because foamed 
concrete slows the temperature rise in FCFHS columns, and reduction in strength of steel and 
foamed concrete is also slow. This will result in additional fire resistance time when compared to 
CHS columns. At the same time, the foamed concrete prevents inward local buckling of the steel 
hollow columns during fire exposure. All these contribute in improving the fire resistance of FCFHS 
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columns.The axial deformation with time for the columns with 15% load levels in Figure 6A showed a 
significant difference in fire resistance time. All the columns were loaded with 15% of its design axial 
buckling load at ambient temperature. FCFHS1500-15 column has highest fire resistance of 43 
minutes, this can be due to the low thermal conductivity of 1500 kg/m3 foamed concrete which cause 
slow temperature rise in hollow steel and delays the deterioration of the steel and foamed concrete 
strength during fire exposure. 
From Figure 6B and 6C for 20% and 25% load level, respectively; the fire resistance of FCFHS 
columns is more than that of CHS columns due to foamed concrete filling. FCFHS1500 columns 
have higher fire resistance than FCFHS1800 columns for all the load levels considered, this is 
because 1500 kg/m3 foamed concrete has low thermal conductivity when compared to 1800 kg/m3. 
Therefore, foamed concrete deterioration due to fire exposure will be slow and the temperature rise 
in the hollow steel will be delayed.Generally foamed concrete filling increase the fire resistance of 
CHS columns. A fire resistance of CHS is increased from 27 minutes to 43 minutes using 1500 
kg/m3 foamed concrete filling at 15% load level. At 25% load level, it was increased from 14 minutes 
to 24 minutes using the same foamed concrete density. 

Figure 6: effect of foamed concrete filling (A) 15% Load level ()20% Load level (C)25% Load level 
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TEMPERATURE DEVELOPMENT 
 
The steel hollow section temperature rises more rapidly with time, while the foamed concrete 
temperature increases gradually with time for all the foamed concrete filled hollow columns tested. 
This is from the fact that steel has high thermal conductivity than foamed concrete, and the fire is 
directly applied to the steel surface without any protection; the foamed concrete was being protected 
by the steel tube. There are wide gap between the temperature on steel and that of foamed 
concrete. 
 
The temperature rise within the foamed concrete is slow due to its low thermal conductivity, which is 
as a result of air pores. The air pores inside the foamed concrete make the heat conduction to 
dominate at a relatively low temperature. A representative sample for FCFHSQ15 showing steel and 
foamed concrete temperature development against time was plotted in figure 7. 

Figure 7: Temperature-Time curve for FCFHSQ15 
 

Figure 8: Comparison for critical temperature at different load level. 
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The steel tube temperature at which the steel tube column failed is called critical temperature. From 
figure 8, the critical temperature of unfilled hollow steel column was high at 15% load level; it 
decreases to almost same value for 20 and 25% load level. Critical temperature for foamed concrete 
filled hollow section columns decreases with increase in load level. A sharp decrease of critical 
temperature was observed for foamed concrete filled hollow columns. The critical temperature of 
FCFHSQ was higher than that of FCFHSW for all the load level considered, but critical temperature 
for FCFHSW drops below that of hollow steel column at 25% load level. Generally, the critical 
temperature decreases with increase in load level for all the tested columns. 
 
FIRE CONCRETE CONTRIBUTION RATIO 

 
Fire concrete contribution ratio (FCCR) can be defined as the ratio between the fire resistance rating 
of the concrete-filled section and that of the hollow steel section, both subjected to the same axial 
load [6], [25] as in equation 1. 
 

 

                        FCCR                      

S/N Column ID Load level FCFHS CHS FCCR 

1 FCFHSQ15 15 36 27 1.33 

2 FCFHSQ20 20 24 15 1.60 

3 FCFHSQ25 25 21 14 1.50 

4 FCFHSW15 15 43 27 1.59 

5 FCFHSW20 20 25 15 1.67 

6 FCFHSW25 25 24 14 1.71 

Table 2: Fire concrete contribution ratio (FCCR) 
 
It is intended to study the benefit of using the foamed concrete filled hollow column relative to unfilled 
hollow steel column. Table 2, presents the gain in fire resistance time for using foamed concrete 
filled hollow section column. It can be seen that the fire resistance time of an unfilled hollow column 
can be improved depending on the load level applied on the column. Filling hollow steel column with 
1800 kg/m3 density foamed concrete increases the fire resistance time by 60% at 20% load level. An 
amount of up to 71% increase in fire resistance of unfilled hollow column was achieved when filled 
with 1500 kg/m3 density foamed concrete at 25% load level. It is clearly shown that 1500 kg/m3 
density foamed concrete filling produced more gain in fire resistance time of the foamed concrete 
filled hollow columns tested at different load levels.FCFHS1800-20 column has high FCCR 
compared to FCFHS1800-25. This shows that the steel tube buckles during expansion. The steel 
tube carries the whole load on CFST column during expansion. Therefore, when the steel tube 
buckles during expansion, concrete will take part in resisting the load from that time to failure. As 
such, foamed concrete contribute more in resisting the load under fire for FCFHS1800-20 column. 
 
Contrary to findings by [6] and [25] on CFST columns under fire, the FCCR for FCFHS column is 
higher for columns subjected to high load level. This is because foamed concrete has low thermal 
conductivity. Therefore, the material deterioration will be slow due to possible short fire resistance 
time as a result of high load. As such, greater contribution in resisting load is expected from the 
foamed concrete. Another reason may be as a result of shorter axial expansion in columns subjected 
to high load level. Hence, the foamed concrete contribution is expected to be more. 
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COMPARISON WITH EXISTING DESIGN MODELS 

 
Several simple calculation models are available for calculating specific parameter in concrete filled 
steel tube column under fire. The existing models have some certain limitations in their application; 
their validity of applications was checked in foamed concrete filled steel hollow column. 
 
AXIAL BUCKLING LOAD COMPARISON 
 
Eurocode 4 provides simple calculation model for concrete filled steel hollow sections, two methods 
were provided; general method for composite column and Annex H which is specifically for 
unprotected concrete filled hollow column. General method for composite column was considered in 
this work. Temperature field measured from the experimental work was used for the calculation. The 
design axial buckling load was calculated from equation 2, 
Fire resistance design equation 3, from Association of New Urban Housing Technology (ANUHT) in 
Japan was also used to compare with the experimental results. 

 
Table 3: Axial buckling load comparison 

 
 

Axial buckling load (KN) 

Column ID Test EC4 ANUHT Test/EC4 Test/ANUHT 

FCFHSQ15 167.9 170.81 211.9 0.98 0.79 
FCFHSQ20 223.8 281.04 229.7 0.80 0.97 

FCFHSQ25 279.8 349.89 235.8 0.80 1.19 

FCFHSW15 167.9 141.67 123.0 1.19 1.37 
FCFHSW20 223.8 161.99 131.1 1.38 1.71 

FCFHSW25 279.8 233.56 131.7 1.20 2.12 

Mean    1.06 1.36 

Standard deviation    0.24 0.49 

 
 
Axial buckling load from the test was compared with the calculated values as shown in table 3. It can 
be shown that axial buckling calculated using Eurocode simple calculation produces mean value of 
1.06 and standard deviation of 0.24. The values of axial buckling load for specimens filled with 1800 
kg/m3 foamed concrete density produced unsafe values. While all the specimens filled with 1500 
kg/m3 foamed concrete density produced safe results. Therefore base on the test and calculated 
values, Eurocode 4 general method for composite column can be used to predict the axial buckling 
load of foamed concrete filled steel hollow column with 1500 kg/m3 foamed concrete density. 
 
From the calculated values of axial buckling load using ANUHT, specimens filled with 1800 kg/m3 
foamed concrete density produced unsafe results for 15 and 20% load level; and a safe value for 
25% load level. While all the specimens filled with 1500 kg/m3 foamed concrete density produced 
safe and conservative results. Based on these results, ANUHT method cannot be used to predict the 
axial buckling load of foamed concrete filled steel hollow column. 
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CRITICAL TEMPERATURE COMPARISON 

 
Critical temperature is the temperature at which the column is expected to fail in a steel member; it 
depends on the applied load level on the member. BS EN 1993-1-1[22] provides an equation for 
calculating critical temperature. Temperatures measured from the thermocouples at the time of 
failure were compared with the calculated critical temperature from Eurocode using equation 4, the 
values are presented in Table 4. 

 
Table 4: Steel critical temperatures comparison with test result 

 

Load level Critical steel temperature (ºC) 

Column ID hollow Foamed 

Concrete 
filled 

Test hollow Foamed 

Concrete 
filled 

FCFHSQ15 0.15 0.11 873 768.2 814.9 
FCFHSQ20 0.20 0.15 824 725.0 768.2 

FCFHSQ25 0.25 0.19 710 691.3 732.7 
FCFHSW15 0.15 0.13 830 768.2 789.8 

FCFHSW20 0.20 0.18 785 725.0 740.8 

FCFHSW25 0.25 0.22 671 691.3 710.6 
 

Two critical steel temperature values were calculated, considering the hollow steel tube only; and 
when both the steel tube and foamed concrete were considered in calculating the load level. For all 
the critical temperature values in table 4; the less the load level, the high the critical temperature and 
vice-versa. It can be seen that the critical temperature for hollow steel tube is less than that of 
concrete filled column. This shows that foamed concrete contributed in resisting the load at a time 
the steel can no longer sustain the load. Also, the foamed concrete delays the temperature rise in 
the steel tube. All the specimens produced safe result for the critical temperature except 
FCFHSW25, where the test result is less than the calculated values for hollow and concrete filled 
specimen. For this case a sensitivity analysis is required to make a reasonable conclusion as 
suggested by [6].The critical temperature for values for hollow column was calculated because in 
some cases failure occurs during the load transfer from the steel tube to foamed concrete core. 
 

CONCLUSION 
 
The paper presented 9 fire tests on hollow and foamed concrete filled hollow steel column. The work 
focused on 1800 kg/m3 and 1500 kg/m3 foamed concrete density; 15%, 20%, and 25% load level. 
The work investigated the fire behavior of foamed concrete filled hollow columns by considering the 
axial deformation, temperature developments, failure modes, and foamed concrete contribution in 
fire endurance of the columns. From the analysis and comparison of the results, the following 
conclusions could be made: 
A. There is a significant change in fire resistance between 15 to 20% load level for all the columns 

tested. But between 20 to 25% load level, the fire resistance change was not significant for all the 
columns tested. 

B. Foamed concrete filling slows the temperature rise in the foamed concrete filled steel hollow 
columns under fire. A highest fire resistance of 43 minutes was achieved at 15% load level. 

C. Foamed concrete filling improved strength and stiffness of the column, thereby preventing it from 
local buckling. 

D. Foamed concrete filling decrease the rate of axial deformation of the columns, which is as a 
result of delay in temperature rise of the steel hollow section. 

E. Foamed concrete density of 1500 kg/m3 was found to be a good in fill material for the concrete 
filled column, considering its contribution in fire resistance time of the columns when compared 
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with 1800 kg/m3 foamed concrete density. 
F. Simple calculation using general method for composite column in Eurocode 4 can be used to 

reasonably predict the axial buckling load of foamed concrete filled column with foamed concrete 
density of 1500 kg/m3 up to 25% load level. 
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