
International Journal of the Physical Sciences Vol. 5(14), pp. 2127-2134, 18 October, 2010 
Available online at http://www.academicjournals.org/IJPS 
ISSN 1992 - 1950 ©2010 Academic Journals 
 
 
 
 
 
 
 
Review 
 

Mix design and mechanical properties of oil palm shell 
lightweight aggregate concrete: A review 

 
Payam Shafigh*, Mohd Zamin Jumaat and Hilmi Mahmud 

 
Department of Civil Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia. 

 
Accepted 11 October 2010 

 
To build environmentally sustainable structures, especially in developing countries, the possibility of 
using some agricultural wastes and industrial by-products from different industries as construction 
materials will be highly desirable and has several practical and economic advantages. Oil palm shell 
(OPS) is a form of agricultural solid waste in the tropical regimes. Research over the last two decades 
shows that OPS can be used as a lightweight aggregate for producing structural lightweight aggregate 
concrete. The density of OPS concrete is around 20 - 25% lower than normal weight concrete. 
Generally, mechanical properties of OPS concrete are slightly lower than the other types of lightweight 
aggregate concrete. It seems that from the summary and analysis of the existing information 
concerning OPS concrete and comparing it with other lightweight aggregate concrete it appears that 
significant achievements can be attained.               
 
Key words: Lightweight aggregate concrete, agricultural solid waste, mix design, mechanical properties, oil 
palm shell (OPS). 

 
 
INTRODUCTION 
 
Concrete is a widely used construction material in civil 
engineering projects throughout the world for the 
following reasons: It has excellent resistance to water, 
structural concrete elements can be formed into a variety 
of shapes and sizes and it is usually the cheapest and 
most readily available material for the job (Mehta and 
Monteiro, 2006). From the various kinds of concrete, 
lightweight concrete (LWC) is one of the most interesting 
subjects for researchers because of its advantages such 
as the savings on reinforcement, formwork and 
scaffolding , foundation costs as well as the savings 
derived from the reduced cost of transport and erection. 
Furthermore, better fire resistance, heat insulation, sound 
absorption, frost resistance, superior anti-condensation 
properties and increased damping are other advantages 
of lightweight concrete (CEB/FIP, 1977). The most 
popular way  of  achieving  LWC  production  is  by  using  
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lightweight aggregate (LWA) (Polat et al., 2010). 
Lightweight aggregate concrete (LWAC) is not a new 
invention in concrete technology; it has been used since 
ancient times. The fact that some of these structures are 
still in good condition validates the durability of concrete 
(Chandra and Berntsson, 2002). LWA may be subdivided 
into two groups: Those that occur naturally and those that 
are manufactured. The main natural LWAs are diatomite, 
pumice, scoria, volcanic cinders and tuff (Neville and 
Brooks, 2008). Manufactured aggregates can be divided 
into two groups. Naturally occurring materials that require 
further processing (produced by the application of heat) 
such as expanded clay, shale, slate, perlite and 
vermiculite and materials that occur as industrial by-
products such as sintered pulverized-fuel ash (fly ash), 
sintered slate and colliery waste, foamed or expanded 
blast-furnace slag (CEB/FIP, 1977).  

An alternative LWA in tropical regimes and countries 
that have a palm oil industry is Oil Palm Shells (OPS), 
sometimes called Palm Kernel Shells (PKS). The use of 
OPS as a lightweight aggregate or porous aggregate in 
producing  lightweight  concrete  was  researched early in  
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Figure 1. The great mass of oil palm shells (OPS) in the palm oil mill area. 

 
 
 

 
 
Figure 2. Estimates of agricultural residues in South-East Asia, (2005) (ESCAP, 2007). 

 
 
 
1985 by Salam and Abdullah (1985) in Malaysia. The oil 
palm industry is important in many countries such as 
Malaysia, Indonesia and Nigeria. Malaysia is one of the 
world leaders in the production and export of palm oil 
(Subramanian et al., 2008) and contributes about 57.6% 
of the total supply of palm oil in the world (Ahmad et al., 
2010). This industry is one of the main pillars of the 
country’s economy contributing some RM 28.60 billion in 
export earnings from palm oil and oil palm products in 
2006 (MPOB, 2006). Oil palm shells are produced in 
large quantities by the oil mills (Figure 1). For instance, in 
Malaysia and Nigeria it was estimated that over 4 (Teo et 
al., 2006) and 1.5 (Ndoke, 2006) million tonnes of oil 
palm shell (OPS) solid waste is produced annually and 
only a fraction is used  for  fuel (traditionally used as solid 

fuels for steam boilers at palm oil mills) and other 
applications such as a palliative for un-tarred roads and 
for producing activated carbon. For comparison, Figure 2 
(ESCAP, 2007) shows the estimates of several types of 
agricultural residues in South-East Asia, from which it can 
be seen that there are large amounts of agricultural 
residues in some countries. 

Research shows that OPS can be used as a lightweight 
aggregate for producing structural lightweight aggregate 
concrete (Teo et al., 2007; Abdullah, 1996; Teo et al., 
2006; Basri et al., 1999; Mannan and Ganapathy, 2001; 
Mannan and Ganapathy, 2004). Furthermore, it was 
found that OPS structural lightweight concrete is a good 
thermal performance material for low cost housing 
(Harimi et  al., 2007).  The  utilization  of  this  agricultural  



 
 
 
 
solid waste as a lightweight aggregate in the construction 
industry not only reduces the cost of construction 
materials but also resolves the problem concerning the 
disposal of waste products generated at the palm oil 
mills.   

The authors believe that from the summary and 
analysis of the existing information pertaining to OPS 
concrete and by comparing it with other lightweight 
aggregate concrete significant achievements can be 
attained. Furthermore, new subjects for research will be 
identified for researchers to explore innovative lightweight 
concrete based on the financial and environmental 
design factors.   
 
 
PROPERTIES OF OIL PALM SHELL (OPS) 
 
Palm oil processing is separated into six stages: 
Sterilization, threshing, pressing, depericarping, 
separation of kernel and shell and clarification (Abdullah, 
1996). Shells are one of the wastes produced during this 
process. Their colour ranges from dark grey to black. The 
shells are of different shapes, such as angular, polygonal 
etc., depending on the breaking pattern of the nut. The 
surfaces of the shells are fairly smooth for both concave 
and convex faces. However, the broken edge is rough 
and spiky. The thickness varies and depends on the 
species of palm tree from which the palm nut is obtained 
and ranges from 0.15 - 8 mm (Basri et al., 1999, Okpala, 
1990).  

The shell has a 24 h water absorption capacity range of 
21 - 33%. This value implies that the OPS have high 
water absorption compared to conventional gravel 
aggregates that usually have water absorption of less 
than 2% (Neville, 2008). This high water absorption could 
be due to the high pore content. It was reported that the 
porosity of the shell is 37% (Okpala, 1990). Mannan et al. 
(2006) reported an improvement in the quality of OPS by 
using pre-treatment methods such as 20% poly vinyl 
alcohol as a PVA solution. This decreased the water 
absorption of OPS significantly from 23.3 to 4.2%. 

Because of the higher porosity of OPS than 
conventional aggregates, loose and compacted bulk 
densities and the specific gravity range from about 500- 
550, 590 - 620 kg/m3 and 1.14 - 1.37, respectively. These 
ranges of densities show that OPS are approximately 
60% lighter than conventional coarse aggregates. The 
densities of the shell are within the range of most typical 
lightweight aggregates (Okpala, 1990; Okafor, 1988). The 
shell is hard and does not easily suffer deterioration. The 
Los Angeles abrasion value of the OPS and crushed 
stone was reported as (Basri et al., 1999) 4.8 and 24% 
respectively. This shows that it is much lower than 
conventional coarse aggregates and has a good 
resistance to wear. Furthermore, the aggregate impact 
value and aggregate crushing value of OPS aggregates 
were   much   lower  compared  to  conventional  crushed  
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stone aggregates. This shows that the aggregate has a 
good absorbance to shock (Teo et al., 2007). Koya and 
Fono (2009) demonstrated that because these shells are 
subjected to hard and variable braking forces particles 
they can be effectively used in brake lining formulations 
when properly combined with other additives. 

There is only one report concerning the compressive 
strength of OPS aggregate. Okpalan (1990) reported that 
the indirect compressive strength test of OPS aggregate 
was 12.10 MPa with a standard deviation of about 2 
MPa. Table 1 shows the chemical composition of OPS 
aggregate. From the table, it can be observed that the 
loss on ignition of OPS is about 100%. This percentage 
was reported elsewhere (Mannan and Ganapathy, 2002).      
 
 
OPS LIGHTWEIGHT AGGREGATE CONCRETE 
 
Mix design 
 
In well-proportioned mixtures, the cement content and 
strength relationship is fairly constant for a particular 
source or one type to another. Therefore, trial mixtures 
with varying cement contents are required to develop a 
range of compressive strengths, including the strength 
specified (Kosmatka et al., 2002). Because the oil palm 
shells are lighter than the cement matrix, the shells tend 
to segregate in wet concrete mixes. Abdullah (1996) 
suggested that trial mixes are necessary to achieve a 
good mix design. Lightweight concrete mix design is 
usually established by trial mixes. Mix design methods 
that apply to normal weight concrete are generally difficult 
to use with lightweight aggregate concrete (Shetty, 2005). 
A study for finding a mix design method for OPS 
lightweight concrete was conducted by Mannan and 
Ganapathy (2001). They found that the 28-day 
compressive strength of OPS concrete, designed 
according to the America concrete institute (ACI) method 
for conventional concrete, is not suitable for OPS 
lightweight concrete because the strength is very much 
less than the targeted design strength. Even with this 
method and the use of superplasticizer, the strength 
could not be increased. Furthermore, they followed the 
mix design method for lightweight aggregate such as 
Leca, Fumed slag, Aglite and Lytag. However, these 
methods were not suitable for OPS concrete. They 
explained that the OPS aggregate is a natural organic 
material with a smooth texture and different shapes. 
Finally, they suggested six acceptable mix proportions for 
OPS concrete with different ingredients, as shown in 
Table 2.    

Olanipekun et al. (2006) investigated the effect of 
crushed, granular coconut and palm kernel shells as 
substitutes for conventional coarse aggregate in two mix 
ratios of 1:1:2 and 1:2:4 with a water to cement ratio of 
0.75 and 0.50 and a 28-day compressive strength of 35 
and 27.5 MPa respectively. They concluded that by using  
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Table 1. Chemical composition of OPS aggregate (Teo et al., 2007). 
 

Elements Results (%) 
Ash 1.53 
Nitrogen (as N) 0.41 
Sulphur (as S)  0.000783 
Calcium (as CaO)  0.0765 
Magnesium (as MgO)  0.0352 
Sodium (as Na2O)  0.00156 
Potassium (as K2O) 0.00042 
Aluminium (as Al2O3) 0.130 
Iron (as Fe2O3)  0.0333 
Silica (as SiO2)  0.0146 
Chloride ((as Cl-) 0.00072 
Loss on Ignition  98.5 

 
 
 
Table 2. Acceptable mix proportion of OPS concrete reported by (Mannan and Ganapathy, 2001). 
 

Mix code 
Proportions by weight of cement 
(cement = 480 kg/m3), w/c = 0.41 Demoulded 

density (kg/m3) 
Fresh Property 
(Slump, mm) 

28-day compressive   
strength (N/mm2) 

Cement Fly ash CaCl2 Sand OPS 
E1 1.00 0.00 0.00 1.71 0.77 1890-1905 7 24.20 
E2 0.90 0.10 0.00 1.71 0.77  8 22.60 
E3 0.85 0.15 0.00 1.71 0.77  9 19.50 
E4 1.00 0.00 0.5% 1.71 0.77  6 23.45 
E5 1.00 0.00 1.0% 1.71 0.77  7 29.40 
E6 1.00 0.00 1.5% 1.71 0.77  8 24.50 

 
 
 
these lightweight aggregates, grades 20 and 15 
lightweight concrete can be obtained if the percentage 
replacement levels of the conventional coarse aggregate 
with both lightweight aggregates do not exceed 25 and 
50% respectively, for both mix ratios tested.  

Irrespective of other mix proportions of OPS structural 
lightweight concrete, the OPS content in 1 m3 for 
achieving the compressive strength for grades of 20 - 35, 
ranged from 290 - 450 kg. (Teo et al., 2007; Teo et 
al.,2006; Mannan and Ganapathy, 2004; Mannan and 
Ganapathy, 2002; Mannan and Ganapathy, 2001; 
Mannan et al., 2002; Alengaram et al., 2008). In these 
researches, the cement content was in the range of 400 - 
600 kg/m3. It should be noted that, generally, the cement 
content in lightweight aggregate concrete varies from the 
same as normal weight aggregate to 70% more for the 
same strength of concrete (Neville and Brooks, 2008). 
According to ACI-213R, for structural lightweight concrete 
(compressive strength ranges from 17 to 41 MPa) the 
cement content is in the range of 240 - 500 kg/m3 (Mehta 
and Monteiro, 2006).  
 
 
Density  
 
For  structural  applications  of  lightweight  concrete,  the  

density is often more important than the strength 
(Rossignolo et al., 2003). The density of LWC typically 
ranges from 1400 to 2000 kg/m3 compared with that of 
2400 kg/m3 for normal-weight concrete (NWC) (Chen and 
Liub, 2005). Okafor (1988) reported that the production of 
concrete with a density of approximately 1758 kg/m3 
using this agricultural solid waste is possible. According 
to Basri et al.(1999) investigation, the 28-day air-dry 
densities of OPS concrete were 19 - 20% lower than 
ordinary crushed stone concrete. Other studies show that 
OPS concrete is 22% (Mannan and Ganapathy, 2004) 
and 24% (Alengaram et al., 2008) lower than the normal 
weight concrete. Furthermore, it was reported (Mannan 
and Ganapathy, 2004) that OPS concrete containing 10 
and 15% fly ash are 2 and 3% lower than OPS concrete 
without fly ash content.  
 
 
MECHANICAL PROPERTIES 
 
Compressive strength 
 
The compressive strength is the most commonly used 
parameter to describe the quality of concrete in practice 
(Wiegrink et al., 1996). According to ASTM C 330-89, the 
28-day  cylinder  compressive strength should not be less 



 
 
 
 
than 17 MPa (Neville and Brooks, 2008). Okafor (1988) 
reported that the maximum compressive strength of 
lightweight concrete produced using this agricultural shell 
is approximately 25 to 35 MPa. This range is within the 
typical compressive strength for structural lightweight 
concrete (20 - 35 MPa) (Kosmatka et al., 2002). Mannan 
and Ganapathy (2001) showed that by using 480 kg/m3 
cement, a free water to cement ratio of 0.41 and mix 
proportion of 1:1.71:0.77 by weight of cement, sand and 
OPS aggregate, the 28-day compressive strength of OPS 
concrete is between 20 and 24 MPa depending on the 
curing. 

The highest 28-day compressive strength, of about 36 
MPa, was achieved  by using fly ash and silica fume, a 
sand to cement ratio of 1.6 and a water to binder 
(SF+FA)  ratio of 0.35 was reported elsewhere 
(Alengaram et al., 2008). Okafor (1991) investigated the 
performance of a superplasticizer in PKS lightweight 
concrete. He concluded that the compressive strength of 
PKS lightweight concrete in water to cement ratios of 
0.45 and 0.50 increases with the increase in dosage level 
of the superplasticizer from 0 to 2.5% of cement weight. 
This is due to the greater dispersion of cement particles. 
However, with a water to cement ratio of 0.60 and level of 
dosage of 2.5%, to bleeding and segregation in the 
concrete, the compressive strength at all ages is lower 
than that those of the corresponding mix with an 
admixture dosage of 2%. 

Mannan et al. (2006) showed that with an improvement 
in quality of OPS aggregates, it is possible to decrease 
the water absorption of this aggregate to about 82% 
(from 23.3 to 4.2%) and achieving better adhesion 
between the OPS and cement paste. This improved the 
compressive strength to 35.3, 38.8 and 39.2% for 3, 7 
and 28-day respectively. These highest compressive 
strengths at early and later ages were obtained using 
OPS pre-treated with 20% poly vinyl alcohol as a PVA 
solution.  

Basri et al. (1999) reported that the compressive 
strength of OPS concrete is approximately 50% lower 
than that of ordinary concrete. On the basis of Okafor’s 
investigation (Okafor, 1988), OPS performs satisfactorily 
as a lightweight concrete in middle and low strength 
concrete.                        
 
    
Splitting tensile strength 
 
The compressive strength of concrete is the property 
commonly considered in structural design, however, for 
some purposes, such as the design of highway and 
airfield slabs, the shear strength, resistance to cracking; 
the tensile strength is of interest (Neville, 2008). The 
studies (Teo et al., 2006; Abdullah, 1996; Mannan and 
Ganapathy, 2002; Alengaram et al., 2008) showed that 
the splitting tensile strength of the continuously water 
cured OPS concrete at 28-day varied  from  about  1.1  to  
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2.4 MPa. That is about 6 - 10% of the corresponding 
cube compressive strength. For cold-bonded fly ash 
aggregates, this percentage is about 8 to 10% with the 
compressive strength ranging from 21 to 47 MPa 
(Gesoglu et al., 2004). The ratio of split-tensile strength to 
a corresponding compressive strength of about 21 - 24% 
was reported (Kilic et al., 2003) for crushed basaltic-
pumice (scoria) lightweight concrete with a compressive 
strength ranging from 28 to 38.9 MPa at 28 days of age. 
In most cases, the splitting lightweight concrete in cube 
compressive strength of 20, 30, 40 and 50 MPa is in the 
range of 1.4 - 2, 1.8 - 2.7, 2.2 - 3.3 and 2.5 - 3.8 MPa 
respectively (CEB/FIP, 1977). 

The best fit overall for OPS concrete is given by the 
expression:  
 

17.157.0 −= cut ff   (R2 = 0.88)               (Equation1) 

or  
3 220.0 cut ff =   (R2 =0.84)                            (Equation 2) 

 
Where tf  is the splitting strength and cuf  is the 
compressive strength of cubes, both in MPa. 

For cold-bonded fly ash lightweight aggregates 
concrete there is a relation between splitting tensile and 
cube compressive strength for compressive strength 
ranging from 20.8 to 47.3 MPa, as given in Equation 5 
(Gesoglu et al., 2004): 
 

3 227.0 cut ff =                                               (Equation 3) 
 
The relation reported by Neville (2008) is given in 
Equation 4 for palletized blast furnace slag lightweight 
aggregate concrete for a compressive strength of 
between 10- 65 MPa:   
 

3 223.0 cut ff =                                               (Equation 4) 
 
The tensile strength of structural lightweight concrete is 
less than the tensile strength of the similar strength grade 
normal weight concrete (Al-Khaiat and Haque, 1998). 
Mannan and Ganapathy (2002) reported that the tensile 
strength for OPS concrete is nearly 10% of the 28-day 
compressive strength. They concluded that the behaviour 
of OPS concrete in this respect is very similar to the 
control normal weight concrete. 
 
 
Flexural tensile strength 
 
Figure 3 shows the relationship between the flexural and 
compressive strength at 28 days for OPS concrete 
specimens that were stored under water. There were also 
compared to the lightweight concrete based on expanded 
clay lightweight aggregates reported by Lo et al. (2004).  
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Figure 3. Relationship between 28-day flexural and compressive strength. 

 
 
 
The best fit equations for the flexural tensile strength 
( rf ) of OPS concrete are calculated based on Figure 3: 
 

cur ff 58.0=      (R2 = 0.84)                       (Equation 5) 

 
or 
 

3 233.0 cur ff =      (R2 = 0.87)                       (Equation 6) 

 
Where rf  is flexural strength and cuf is cube 
compressive strength in MPa. 

Lo et al. (2004) reported that the relationship between 
the flexural and cube compressive strength of expanded 
clay lightweight aggregate concrete at 28 days can be 
represented by Equation 7. Using this equation, it was 
determined that their measured flexural strength is 
marginally lower than the past research findings for 
concrete mixes of similar compressive strength 

.   

cur ff 69.0=                                              (Equation 7) 

 
For cube strengths ranging from 20 to 60 MPa, another 
relationship between the compressive strength and the 
flexural tensile strength of moist cured, lightweight 
concrete was made using expanded shale and clay 
aggregates. This is provided by Equation 8 (CEB/FIP, 
1977): 

 
3 246.0 cur ff =                                               (Equation 8) 

 
This shows that, in general, the flexural strength of OPS 
lightweight concrete is lower than the lightweight concrete  
made with artificial lightweight aggregates. 

Modulus of elasticity (E) 
 
The modulus of elasticity of OPS concrete is in the range 
of about 5 - 11 GPa for a compressive strength range of 
24 - 37 MPa (Teo et al., 2006; Teo et al., 2006; Mannan 
and Ganapathy, 2002; Alengaram et al., 2008; 
Alengaram et al., 2008). In general, the modulus of 
elasticity of concrete is primarily affected by the stiffness 
and volume of components (Gao et al., 1997). For the 
same strength the modulus of elasticity of lightweight 
aggregate concretes is 25 - 50% lower than normal 
weight concrete (Neville and Brooks, 2008).  

The elastic modulus of normal weight concrete is 
higher because the modulus of the normal weight 
aggregate particles are greater than the modulus of the 
lightweight aggregate particles (Holm and Bremner, 
2000). For example, the modulus of elasticity of 
expanded clay and shale aggregates mainly from 5 to 15 
GPa, however, the but this value for dense natural 
aggregates such as quartz, limestone and basalt is about 
60, 80 and 100 GPa, respectively (CEB/FIP, 1977). 
Wilson and Malhotra (1988) reported that the modulus of 
elasticity of lightweight concrete made with expanded 
shale lightweight aggregate ranges from 23.8 to 27 GPa, 
for compressive strength range of 33.6 - 60.8 MPa. 
Rossignolo et al. (2003) reported that at the age of 7 
days the modulus of elasticity and compressive strength 
of the Brazilian lightweight aggregate (expanded clay) 
concrete varied from 12 to 15.2 GPa and 39.7 to 51.9 
MPa respectively. The modulus of elasticity of structural 
lightweight concrete ranges between 10 and 24 GPa, 
which is generally much less than that of normal 
aggregate concrete (CEB/FIP, 1977).  

These values show that the modulus of elasticity of 
OPS lightweight concrete is very much lower than that of 
normal weight concrete and lower than other types of 
lightweight aggregate concrete. A low modulus of 
elasticity  affects  the  prestress  losses  as  well   as   the  



 
 
 
 
member deflections. Haktanir and Altun (2002) reported 
that the modulus of elasticity (E) of Pumice structural 
lightweight aggregate concrete with a 28-day com-
pressive strength (for standard cylindrical samples) of 
about 21 MPa is about 9.3 GPa. They concluded that the 
disadvantage of possible excessive deformation in such 
elements as slabs and beams due to this low elasticity 
modulus can be compensated for by keeping the span 
lengths as small as possible and by keeping the slab 
depths just a little greater than customary values. The 
example given in Sylva et al. (2002) shows that because 
of the lower E in LWC compared to NWC, hence the 
higher prestress loss in LWC, a girder designed with 
lightweight concrete would require approximately 8 
additional strands to maintain the same effective 
prestress force as a normal weight girder. A previous 
study by Teo et al. (2006) showed that the deflection of a 
beam made with OPS concrete (cube compressive 
strength of 26.3 MPa and modulus of elasticity of 5.28 
GPa) with a reinforcement ratio of 1.13% exceeded the 
maximum value as provided by BS 8110. They 
recommended that when OPS concrete beams are 
required for higher load bearing purposes, larger beam 
cross-sections should be considered to satisfy the 
deflection criteria. 
 
 
CONCLUSION 
 
Oil palm shells are an agricultural solid waste in palm oil 
industry and can be an alternative material for production 
LWAC and in the building environmentally sustainable 
structures. Results obtained from last researches 
concerning the use of oil palm shells for the production of 
lightweight aggregate concrete and the analysis and 
comparison between this agricultural solid waste 
lightweight aggregate concrete and other types of LWAC, 
it can be concluded that: 
 

1. The specific gravity of OPS range from about 1.14-
1.37; that shows OPS are approximately 60% lighter than 
conventional coarse aggregates. The 24 h water 
absorption capacity is much higher than conventional 
gravel aggregates. It can be used as lightweight 
aggregates for the production of structural lightweight 
concrete. 
2. The physical and mechanical characteristics of OPS 
are different from the other types of lightweight 
aggregates. For this reason the mix design is different 
and trial mixes are necessary to achieve a good mix 
design. 
3. The 28-day compressive strength of OPS concrete is 
in the range of the typical compressive strength for 
structural lightweight concrete with a density of around 20 
- 25% lower than normal weight concrete.   
4. The splitting tensile strength of OPS concrete is slightly 
lower than the lightweight concrete made with cold-
bonded   fly   ash    and    palletized   blast   furnace   slag  
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lightweight aggregate. 
5. The flexural tensile strength of OPS concrete is lower 
than the lightweight concrete was made using expanded 
clay and shale aggregates. 
6. The modulus of elasticity of OPS concrete is lower 
than the other types of lightweight aggregate concrete. 
For this reason, for higher load bearing purposes, larger 
cross-sections should be considered to satisfy the 
deflection criteria. 
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