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Abstract. One of the key characteristics affecting the properties of OPS concrete is the saturation condition of the 
coarse aggregates used during mixing. In this current study, the effect of different aggregate saturation conditions 
during mixing on the slump, compressive, flexural and splitting tensile strength of OPS concrete was investigated. 
Three aggregate saturation conditions were employed, namely saturated-surface-dry (SSD), air-dry (AD) and sun-dry 
(SD). The results revealed that the SD mix had a higher slump value than AD mix and SSD mix. On the other hand, 
SSD mix registered better compressive, flexural and splitting tensile strength compared to the AD and SD mix.  This 
suggests that the use of SSD aggregates is more effective in producing higher strength concretes which could be 
credited to the internal curing provided by the SSD aggregates.  

1 Introduction 
The re-use of waste materials in many modern 
construction industries as an alternative approach to 
create a more sustainable and cleaner environment has 
been gaining increased attention. In the concrete industry, 
the making of concrete consumes a substantial amount of 
natural resources. To ensure the continuous availability of 
these resources in the future, one feasible approach is to 
replace natural stone aggregates with alternative coarse 
aggregates. 

In Malaysia, the palm oil industry is one of the largest 
agricultural industries. Malaysia contributes about 57.6% 
of the total supply of palm oil in the world [1]. Large 
quantities of agricultural wastes have been produced due 
to increased agricultural production and development of 
agro-based industries [2]. Oil palm shell (OPS) is a solid 
waste material generated during the extraction of palm 
oil. Past studies have shown that OPS can be successfully 
used as full coarse aggregate replacement to produce 
structural lightweight concrete [3-5]. 

The characteristics of natural stone aggregates and 
OPS aggregates are very different. One distinct difference 
of OPS aggregates is the high water absorption capacity 
and this can affect the properties of the resulting concrete 
produced. Consequently, the current paper presents an 
investigation on the effects of different OPS aggregate 
condition during mixing on the properties of the resulting 
concrete. The aggregate conditions used include 
saturated-surface-dry (SSD), air-dry (AD) and sun-dry 
(SD) conditions.  

2 Materials Used for Concrete 
Production and Mix Proportion 
For the production of OPS concrete, Ordinary Portland 
Cement (ASTM Type 1), river sand as fine aggregate, 
OPS as coarse aggregate and Glenium C380 Type F 
superplasticizer were used. The OPS aggregates were 
obtained locally and have water absorption value of about 
21%. The particle size distribution of the OPS aggregate 
and river sand used are shown in Figure 1 and Figure 2 
respectively. 

The three saturation conditions of the OPS aggregate 
used consisted of saturated-surface-dry (SSD), air-dry 
(AD) and sun-dry (SD) conditions. The SSD condition 
was obtained by immersing the OPS aggregates in 
potable water for 24 ± 2 hours. Then, the aggregates were 
dried using a large cloth until all the water on the 
aggregate surface was removed so that the aggregates are 
in SSD condition prior to concrete casting. For the AD 
condition, the OPS aggregates were left to air-dry in 
ambient laboratory conditions until the moisture content 
of the aggregates is in the range of 2% to 6%. For the SD 
condition, the aggregates were left out in the open to sun-
dry for around two weeks until the moisture content of 
the aggregates fall below 2%.  
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Figure 1. Particle size distribution for OPS aggregates 
 
 

 
 
Figure 2. Particle size distribution for river sand 
 

The mix proportion was produced using OPS as full 
coarse aggregate replacement and the mix was first 
determined using aggregates which were in SSD 
condition. Water adjustments were made to mixes which 
contained AD and SD aggregates as a means to ensure 
that the aggregates in these conditions do not absorb 
additional water from the mix. The water adjustments 
were made based on the moisture content of the 
aggregates. Table 1 shows the concrete mix proportions 
containing OPS aggregates with different saturation 
conditions. The OPS concrete mixes are called SSD mix, 
AD mix and SD mix hereinafter. 

 

 

Table 1. Mix proportion of OPS concrete sample under 
different aggregate conditions. 

Aggregate conditions SSD AD SD

Water to cement ratio 0.42 0.42 0.42

OPS aggregate (kg/m3) 384 384 384

Fine aggregate (kg/m3) 749 749 749

Cement (kg/m3) 480 480 480

Water (kg/m3) 202 202 202

Additional mixing water 
(water adjustment) (kg/m3)

- 54 71

Superplasticiser (l/100kg of 
cement)

1.2 1.2 1.2

3 Experimental Program
For each OPS concrete mix, the workability of the fresh 
concrete was determined using the slump test in 
accordance with BS 1881: Part 102 [6]. 
 For the hardened concrete, the tests conducted 
included the compressive strength [7], flexural strength 
[8] and tensile splitting strength [9]. Samples were tested 
at 3, 7, 28 and 56 days after being subjected to full water 
curing and the results were reported as an average of 
three tested samples. For the compressive strength test, 
the samples used were 100mm cubes, while 100mm x 
100mm x 500mm beam samples and 150mm (dia.) x 
300mm cylindrical samples were used for the flexural 
strength test and split tensile test respectively.  

4 Results and Discussion 

4.1. Slump  

The slump values for the fresh OPS concrete under 
different OPS aggregate conditions are illustrated in 
Figure 3. From Figure 3, it can be observed that the SD 
mix recorded the highest slump value followed by the 
AD mix, while the SSD mix had the lowest slump. This 
suggests that the drier aggregates did not managed to 
fully absorb the additional water from the water 
adjustment added for aggregate absorption during mixing 
which resulted in higher initial free water content in the 
mix containing drier aggregates. These findings are 
consistent with a previous study which also showed that 
the concrete mix containing dry aggregates had a slightly 
higher slump value as compared to the concrete mix with 
wet aggregates [10]. 
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Figure 3. Slump of OPS concrete containing different aggregate 
conditions 

4.2 Compressive Strength 

Figure 4 presents the compressive strength development 
of the OPS concrete containing different aggregate 
conditions. The compressive strengths of the SSD mix 
were higher at all ages as compared to the AD and SD 
mix. More specifically, at an age of 28 days, the 
compressive strength for the SSD mix, AD mix and SD 
mix were 30.7 MPa, 24.7 MPa and 22.7 MPa 
respectively. The compressive strength of the AD mix 
and SD mix were approximately 19.5% and 26.1% lower 
compared to the compressive strength of the SSD mix at 
28 days. 
 In general, concrete strength is dependent on the 
amount of water contained in the concrete for hydration 
process. Sufficient amount of water for hydration would 
lead towards higher concrete strength. From this study, it 
can be observed that although additional water is added 
to the AD and SD mix during mixing, the compressive 
strength is still much lower compared to the mix which 
contained SSD aggregates. This suggests that the use of 
SSD aggregates is more effective in producing higher 
strength concretes which could be attributed to the 
internal curing provided by the SSD aggregates. Past 
studies have also shown that the cementitious hydration 
can be enhanced due to the process of internal curing 
from the internal reservoir of water absorbed by the 
lightweight aggregate [11,12]. Furthermore, the high 
absorption capacity of OPS aggregates may also 
strengthen the contact zone between the cement paste and 
the OPS through the formation of new hydrated 
compounds at the interface zone when SSD aggregates 
are used during mixing [13]. 
 
 
 
 
 
 
 

 
 

 
Figure 4. Compressive strength development of OPS concrete 
containing different aggregate conditions 

4.3 Flexural Strength  

The flexural strength of the OPS concrete containing 
different aggregate conditions is illustrated in Figure 5. 
From Figure 5, it can be observed that the flexural 
strength of all OPS concrete mixes continues to increase 
with age. As with the compressive strength results, the 
SSD mix registered the highest flexural strength for all 
ages followed by the AD and SD mix which again could 
be due to the effect of internal curing provided by the 
saturated aggregates. 
 

 
 
Figure 5. Flexural strength development of OPS concrete 
containing different aggregate conditions 
 
 In general, the flexural strength is about 10% to 20% 
of compressive strength of the concrete [14]. From Table 
2, it can be observed that the ratio of flexural to 
compressive strength for all OPS concrete containing 
different aggregate saturation is in the range of 12.7% to 
16.9% which is in close agreement with that of 
conventional concrete. 
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Table 2. Percentage of flexural strength to compressive strength 
 

Aggregate 
condition

Testing 
age

(days)

Compressive 
strength 
(MPa)

Flexural 
strength 
(MPa)

Flexural to 
compressive 
strength (%)

SSD

3 18.3 2.5 13.7

7 25.2 3.8 15.1

28 30.7 4.1 13.4

56 34.7 4.4 12.7

AD

3 11.8 2.0 16.9

7 20.1 3.2 15.9

28 24.7 3.7 15.0

56 27.3 3.9 14.3

SD

3 9.9 1.6 16.2

7 17.8 3.0 16.9

28 22.7 3.3 14.5

56 25.9 3.6 13.9
 

4.3 Splitting Tensile Strength  

Figure 6 shows the splitting tensile strength of OPS 
concrete at different ages under different aggregate 
conditions. Again, it can be observed that the concrete 
mix containing SSD aggregates recorded the highest 
splitting tensile strength followed by the mixes 
containing AD and SD aggregates respectively at all ages 
of testing. 
 

 

Figure 6.  Splitting tensile strength development of OPS 
concrete containing different aggregate conditions 

Table 3 shows the ratio of tensile splitting strength to 
compressive strength. Generally, for conventional 
concretes, the tensile splitting strength is about 8% to 
12% of the compressive strength [15]. From Table 3, it
can be seen that the splitting tensile strength is in the 

range of about 6.5% to 8.5%, which is slightly lower 
compared to that of conventional concretes.

Table 3. Percentage of splitting tensile strength to compressive 
strength 

Aggregate 
condition

Testing 
age

(days)

Compressive 
strength 
(MPa)

Splitting 
tensile

strength 
(MPa)

Splitting 
tensile 

strength to 
compressive 
strength (%)

SSD

3 18.3 1.4 7.7

7 25.2 1.8 7.1

28 30.7 2.0 6.5

56 34.7 2.4 6.9

AD

3 11.8 1.0 8.5

7 20.1 1.5 7.5

28 24.7 1.9 7.7

56 27.3 2.2 8.1

SD

3 9.9 0.8 8.1

7 17.8 1.2 6.7

28 22.7 1.6 7.0

56 25.9 2.0 7.7

5 Conclusions 
In the current study, the effects of OPS aggregate 
conditions used during mixing on the workability and 
mechanical strength of concrete were investigated. Three 
aggregate saturation conditions were used namely 
saturated-surface-dry (SSD), sun-dry (SD) and air-dry 
(AD). Based on the results obtained from this 
experimental study, the main conclusions drawn are: 

1. The mix containing OPS aggregates under the SD state 
exhibited the highest slump value followed by the mix 
containing AD and SSD aggregates respectively. This 
suggests that the drier aggregates did not manage to fully 
absorb the additional water from the water adjustment 
added for aggregate absorption during mixing which 
resulted in higher initial free water content in the mix 
containing drier aggregates and therefore resulted in 
higher slump values. 

2. The compressive strength of the SSD, AD and SD mix 
at the age of 28 days were 30.7MPa, 24.7MPa and 
22.7MPa respectively.  This suggests that the use of SSD 
aggregates is more effective in producing higher strength 
concretes which could be attributed to the internal curing 
provided by the SSD aggregates. 

3. In terms of the flexural strength, the SSD mix also 
registered the highest strength followed by the AD and 
SD mix with values of 4.1MPa, 3.7MPa and 3.3MPa 
respectively at 28 days. It was determined that the ratio of 
flexural strength to compressive strength of concrete is 
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about 12.7% to 16.9% which is in close agreement with 
that of conventional concrete. 

4. The splitting tensile strength developed in the OPS 
concrete with SSD, AD and SD aggregates were 2MPa, 
1.9MPa and 1.6MPa respectively at 28 days. It was also 
found that the splitting tensile strengths of the OPS 
concrete were about 6.5% to 8.5% of the respective 
compressive strengths. 
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