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Abstract: This study presents the segregation resistance of SCC incorporating palm oil fuel ash (POFA). 
Twenty SCC mixtures were produced based on the water/binder (W/B) ratios of 0.25-0.40 and 
incorporating 0-30% POFA by weight of cement. The segregation resistance of the SCC mixtures was 
examined by sieve and column segregation tests with respect to segregation index and segregation 
factor, respectively. In both tests, the effects of W/B ratio and POFA content on the segregation 
resistance of SCC were observed. Test results revealed that the segregation index varied from 9% to 
18.9%. The lowest segregation index was obtained for the SCC produced with 0.40 W/B ratio and 0% 
POFA content and the highest segregation index was achieved for the SCC prepared with 0.25 W/B ratio 
and 30% POFA content. Furthermore, the segregation factor varied from 8% to 21.8%. The lowest 
segregation factor was found for the SCC mixture produced with 0.35 W/B ratio and 0% POFA content 
whereas the highest segregation factor was achieved for the SCC mixture prepared with 0.25 W/B ratio 
and 30% POFA content. Higher segregation index and segregation factor indicate a lower segregation 
resistance for SCC. The recommended maximum limit for segregation index is 18% and the acceptable 
maximum limit of segregation factor is 20%. The overall test results showed that W/B ratio and POFA 
content significantly affect the segregation resistance of SCC. However, all concretes of this study passed 
the requirements of segregation resistance, except the concrete mixture produced with 0.25 W/B ratio 
and 30% POFA content. 

1 INTRODUCTION 

Self-consolidating concrete (SCC) is a special concrete that can flow easily through congested 
reinforcement to fill all spaces in the formwork, and gets consolidated without any aid of vibration (Khayat 
1999). If designed properly, it possesses superior filling ability into concrete formwork, excellent passing 
ability through reinforcing bars, and good segregation resistance during and after placement. 

SCC becomes more prone to segregation because of its highly fluid nature, unless it is designed 
adequately to get a cohesive concrete mixture. Different forms of segregation such as bleeding, mortar 
halo, and coarse aggregate settlement may occur in SCC (EFNARC 2002). The segregation resistance of 
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SCC is influenced by the volume concentrations of cementing materials and coarse aggregates 
(Safiuddin 2008). The water/binder (W/B) ratio of SCC might be decreased to get higher binder content 
as well as lower aggregate content. In addition, high-range water reducer (HRWR) should be added 
adequately to increase the flowing ability (filling ability and passing ability) of SCC. In fact, W/B ratio and 
HRWR make it possible to produce SCC with the desired filing ability, passing ability, and segregation 
resistance. However, excessive HRWR dosage and high W/B ratio may reduce the cohesiveness of 
concrete, thus leading to segregation of concrete. Therefore, the balanced use of W/B ratio and HRWR 
dosage is required to enhance the flowing ability of SCC without a substantial reduction in cohesiveness 
(Khayat 1999). Viscosity modifying admixture (VMA) can be used to improve the segregation resistance 
of SCC (Okamura and Ozawa 1994). On the other hand, the use of one or more suitable supplementary 
cementing materials (SCMs) may be an option to produce SCC with good flowing ability and adequate 
segregation resistance. Certain SCMs can decrease bleeding and enhance the segregation resistance of 
SCC (Safiuddin 2008, Safiuddin et al. 2009). It has been observed that SCMs are often used in concrete 
mixtures to reduce cement content, improve flowing ability and segregation resistance, increase strength, 
and to enhance durability through hydraulic or pozzolanic activity (CAN/CSA A3001 2003, Siddique and 
Khan 2011, Safiuddin 2008, Safiuddin et al. 2009). 

SCMs are categorized as natural and industrial by-product materials based on the sources (Safiuddin 
2008). In addition, some SCMs can be obtained from agro-industrial wastes such as rice husk ash and 
palm oil fuel ash (POFA). Several SCMs (fly ash, silica fume, ground granulated blast-furnace slag, rice 
husk ash, etc.) obtained from industrial and agriculture sources have already been used to produce SCC 
(Cyr and Mouret 2003, Kim et al. 1997, Okamura and Ozawa 1995, Safiuddin 2008). Likewise, POFA, 
which is an agro-industrial waste generated in palm oil plants can be used as a suitable SCM to produce 
SCC with good flowing ability and adequate segregation resistance. POFA is generally dumped in open 
field near palm-oil mills without profitable return, causing environmental pollution and human health 
hazard (Sumadi and Hussin 1995, Tonnayopas et al. 2006). Many researchers have recognized that 
POFA can be used as an SCM to produce various types of concrete including SCC (Safiuddin et al. 
2011a, Alsubari et al. 2014, Alsubari et al. 2015, Salam et al. 2015, Ofuyatan et al. 2015, 
Mohammadhosseini et al. 2015, Ranjbar et al. 2016). However, very few studies have been performed to 
examine the segregation resistance of SCC including POFA. Alsubari et al. (2015) prepared different 
SCC mixtures replacing 0%, 10%, 20%, 30%, and 50% of cement by treated POFA and studied several 
fresh properties such as slump flow, T50 spread time, V-funnel flow time, J-ring flow, L-box, and 
segregation index. Mohammadhosseini et al. (2015) presented the experimental results of some fresh 
and hardened properties of the SCC mixtures prepared with 30% and 60% POFA at different W/B ratios 
of 0.4, 0.45 and 0.5. The filling ability, passing ability and segregation resistance of SCC along with 
strength properties were determined in their study. Ranjbar et al. (2016) produced a number of SCC 
mixtures by using 10, 15 and 20% POFA by weight as a partial replacement of Portland cement for the 
W/B ratio of 0.35 and investigated their fresh properties such as slump flow, T50 spread time, V-funnel 
flow time, J-ring flow, L-box flow, and segregation index. The aforementioned three studies determined 
the segregation resistance of SCC by visual inspection, sieve test, and V-funnel flow test (after 5 min 
rest). None of these studies used column segregation test to examine the segregation resistance of SCC. 

The present study produced various SCC mixtures using 0-30% POFA contents with the W/B ratios of 
0.25-0.40 to examine the segregation resistance by sieve and column segregation tests. These two tests 
are usually used to examine the segregation resistance of SCC. In this study, sieve and column 
segregation tests were conducted to determine the segregation index and segregation factor of the SCC 
mixtures, respectively. In both tests, the effects of W/B ratio and POFA content on the segregation 
resistance of SCC were observed. 

2 MATERIALS AND METHODOLOGY 

2.1 Materials 

Crushed granite stone coarse aggregate (CA) with a nominal maximum size of 19 mm was used in this 
study. The specific gravity of CA was 2.62, the absorption capacity was 0.55 wt.%, and the oven-dry 
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based bulk density was 1510 kg/m3. The mining sand with a maximum size of 4.75 mm was used as fine 
aggregate (FA). Its specific gravity was 2.69, absorption capacity was 1.32 wt.%, fineness modulus was 
2.88 and, oven-dry based bulk density was 1700 kg/m3. Ordinary (ASTM Type I) Portland cement (OPC) 
was used as the main cementing material. The relative density of OPC was 3.16, the median particle size 
was 14.6 µm, and the Blaine specific surface area was 351 m2/kg. POFA was used as an SCM to partially 
replace OPC. The raw POFA collected from a local palm oil mill was ground in the Los Angeles abrasion 

machine using steel bars to pass 95% through 45-m wet sieve. The median particle size, relative 

density, Blaine specific surface area, and strength activity index of POFA was 9.51 m, 2.48, 775 m2/kg, 
and 105%, respectively. The silica content of ground POFA was 62.3%. Normal tap water (W) was used 
in preparing the concretes. In addition, a polycarboxylate-based HRWR was used to maintain high flowing 
ability in the SCC mixtures. The solid content and relative density of HRWR was 30 wt.% and 1.05, 
respectively. 

2.2 Concrete Mixture Proportions 

In total, twenty SSC mixtures were produced with different W/B ratios and POFA contents. OPC was 
substituted with 0%, 10%, 20%, 25% and 30% POFA by weight. The lower W/B ratios of 0.25, 0.30, 0.35, 
and 0.40 were used to produce various SCC mixtures. The amount of water was selected based on the 
guideline given in ACI 211.4R-08 (2008) and the amount of cement was calculated based on the selected 
W/B ratios. The optimum sand/aggregate (S/A) ratio leading to maximum bulk density was 0.50, which 
was determined by measuring the bulk density of various aggregate blends. The HRWR dosage for an 
SCC was fixed to obtain high flowing ability with a slump flow higher than 600 mm. The detailed mixture 
proportions of various SSC mixtures along with their designations are shown in Table 1. 

Table 1: Mixture proportions of various SCCs 

SCC 
designation 

W/B 
ratio 

CA FA OPC POFA W HRWR 
(kg/m3) (kg/m3) (kg/m3) (wt.% of B*) (kg/m3) (kg/m3) (wt.% of B*) 

SCC25P0 0.25 780.0 779.7 705.9 0 0 176.5 1.8 
SCC25P10 0.25 772.0 771.4 635.3 10 70.6 176.5 1.845 
SCC25P20 0.25 763.0 761.0 564.7 20 141.2 176.5 1.875 
SCC25P25 0.25 758.0 757.9 529.4 25 176.5 176.5 2.0 
SCC25P30 0.25 754.0 752.1 494.1 30 211.8 176.5 2.1 
SCC30P0 0.30 834.0 833.2 588.2 0 0 176.5 1.5 
SCC30P10 0.30 827.0 825.6 529.4 10 58.8 176.5 1.575 
SCC30P20 0.30 819.0 817.1 470.6 20 117.6 176.5 1.8 
SCC30P25 0.30 815.0 813.3 441.2 25 147.1 176.5 1.875 
SCC30P30 0.30 811.0 809.9 411.8 30 176.5 176.5 1.925 
SCC35P0 0.35 872.0 871.4 504.2 0 0 176.5 1.2 
SCC35P10 0.35 867.0 865.3 453.8 10 50.4 176.5 1.225 
SCC35P20 0.35 860.0 858.5 403.4 20 100.8 176.5 1.25 
SCC35P25 0.35 856.0 855.5 378.2 25 126.1 176.5 1.5 
SCC35P30 0.35 853.0 851.9 352.9 30 153.3 176.5 1.575 
SCC40P0 0.40 901.0 899.5 441.2 0 0 176.5 1.0 
SCC40P10 0.40 895.0 894.9 397.1 10 44.1 176.5 1.05 
SCC40P20 0.40 890.0 888.2 352.9 20 88.2 176.5 1.2 
SCC40P25 0.40 887.0 885.9 330.9 25 110.3 176.5 1.225 
SCC40P30 0.40 884.0 882.1 308.8 30 132.4 176.5 1.4 

*OPC+POFA 

2.3 Preparation and Testing of Concretes 

A revolving pan-type concrete mixer was used to prepare the SCC mixtures. At first, coarse and fine 
aggregates were charged into the mixer and then mixed with one third of the mix water for 1 min. 
Thereafter, the mixer was stopped, the binder (OPC alone or with POFA) was added, and the mixing was 
continued for additional 2 min with another one third of the mix water. Then the mixer was stopped and 
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allowed for a 3 min rest. To minimize the evaporation of water during the rest period, a piece of wet 
burlap was used to cover the mixer. After the rest period, the final one third of the mix water blended with 
the HRWR dosage was added and the mixing was continued for further 3 min to produce the fresh SCC 
mixtures. Immediately after the completion of mixing, the flowing ability of the fresh concretes was 
examined by determining the slump flow of concrete in accordance with ASTM C 1611/C 1611M-09a 
(2009). Then the technique depicted in Safiuddin et al. (2009) was followed to conduct the sieve 
segregation test. A 300 mm diameter sieve along with a pan was used to conduct the sieve segregation 
test for all SCC mixtures. The concrete sample was poured onto the sieve and left for 5 minutes rest to 
allow a fraction of the mortar to pass through the sieve. After that, the sieve and pan assembly including 
the concrete was weighed (Figure 1(a)). The weights of the sieve and pan were subtracted to get the 
weight of the concrete sample. Then the pan along with the mortar fraction passed was weighed (Figure 
1(b)), and the weight of the mortar was determined by subtracting the weight of the pan. Thereafter, the 
concrete on sieve was washed and the aggregates obtained thereby were made surface-dry by 
absorbent cloths. The aggregates were weighed and subtracted from the concrete weight to get the 
amount of mortar contained in the concrete sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Sieve segregation test 

The segregation index (SI) was determined from the sieve segregation test to examine the segregation 
resistance of SCC mixtures. At first, the amounts of mortar passing the sieve and contained in freshly 
mixed concrete sample were measured. Then the segregation index for each SCC was computed using 
the following equation. 
 

SI =
Mp

Mc
× 100%                                                                                                                                           (1) 

 
Where,  
SI = Segregation index (wt.%) 
Mp = Weight of the mortar that passed the sieve (kg) 
Mc = Weight of the mortar contained in concrete sample (kg) 

The column segregation test was performed for all SCC mixtures using the apparatus developed by 
Safiuddin (2008). A circular steel column of size 150 mm diameter (D) × 600 mm height (H) was used to 
measure the segregation resistance of SCC. There are three sections in the column apparatus; the 
bottom and top sections are 150 mm D × 150 mm H whereas the middle section is 150 mm D × 300 mm 
H. Before testing, the top, middle and bottom sections were attached accordingly. The fitted three-section 
column apparatus was filled with concrete in one layer within 2 min by using scoop without any 

compaction (Figure 2(a)). The concrete was allowed to stand undisturbed in the column mould for 151 
min. Thereafter, the top section of the column mould was separated and the concrete from the top section 

(a) (b) 
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was collected in the collector plate to put onto a No. 4 (4.75 mm) sieve. A similar process was applied to 
collect the concrete portion from the middle section; this portion was discarded. The remaining concrete 
portion from the bottom section was also placed onto a No. 4 sieve. The concrete portions from the top 
and bottom sections were washed to separate the aggregates (Figure 2(b)). The separated aggregates 
were made surface-dry by using absorbent cloths. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 2: Column segregation test  

The segregation factor was determined from the column segregation test to express the segregation 
resistance of SCC. At first, the amounts of coarse aggregates in top and bottom sections of the column 
apparatus were measured. Then the segregation factor for each SCC was quantified using the following 
equation. 
 

SF = 2 [
(CAB−CAT)

(CAB+CAT)
] × 100%                                                                                                                           (2) 

 
Where,  
SF = Segregation factor (wt.%)  
CAB = Weight of coarse aggregate in the bottom section of the column apparatus (kg) 
CAT = Weight of coarse aggregate in the top section of the column apparatus (kg) 

3 RESULTS AND DISCUSSION 

The concretes were highly flowable and fulfilled the requirement of SCC, as the slump flow varied in the 
range of 605–720 mm in this study (Table 2). According to SCCEPG (2005), SCC must provide a slump 
flow greater than 550 mm. In this study, the SCC mixtures with a lower W/B ratio and a higher POFA 
content needed a larger HRWR dosage for the desired flowing ability with regard to slump flow. 
Nevertheless, the detailed discussion on the flowing ability of different SCC mixtures is not provided in 
this paper. The focus of this paper is the segregation resistance of SCC. The segregation resistance 
results of various SCC mixtures have been discussed below. 

3.1 Segregation Index from Sieve Segregation Test 

Sieve segregation test yields segregation index to quantify the segregation resistance of SCC. This 
segregation parameter is particularly suitable to judge the segregation resistance of an SCC mixture that 
spreads horizontally in shallow sections, such as sidewalk, pavement, floor, balcony, and flat roof. The 
segregation indices of various SCC mixtures are shown in Figure 3. 

(a) (b) 
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In this study, the segregation index ranged from 9% to 18.9%. The SCC mixture with 0.40 W/B ratio and 
0% POFA content (SCC40P0) had the lowest segregation index. In contrast, the SCC mixture with 0.25 
W/B ratio and 30% POFA content (SCC25P30) possessed the highest segregation index. The 
recommended maximum limit of segregation index for SCC mixtures is 18% (Parez et al. 2002). Hence, 
the sieve segregation test results reveal that all SCC mixtures, except SCC25P25 and SCC25P30, 
showed good or satisfactory segregation resistance. 

Table 2: Slump flow results of various SCC mixtures 

Concrete 
type 

Slump flow 
(mm) 

Concrete 
type 

Slump flow 
(mm) 

Concrete 
type 

Slump flow 
(mm) 

Concrete 
type 

Slump 
flow (mm) 

SCC25P0 660 SCC30P0 640 SCC35P0 630 SCC40P0 605 
SCC25P10 680 SCC30P10 655 SCC35P10 640 SCC40P10 620 
SCC25P20 705 SCC30P20 670 SCC35P20 665 SCC40P20 630 
SCC25P25 710 SCC30P25 680 SCC35P25 670 SCC40P25 635 
SCC25P30 720 SCC30P30 700 SCC35P30 675 SCC40P30 645 

 

 

Figure 3: Sieve segregation test results of various SCC mixtures 

It was also observed that an SCC mixture provided a higher segregation index when it possessed a 
greater slump flow (Table 2, Figure 3). The greater slump flow intensified concrete spread on the sieve. 
As a consequence, more mortar passed through the sieve openings and hence an increased segregation 
index indicating a reduced segregation resistance was obtained. The previous research studies on SCC 
incorporating limestone powder and fly ash (Rols et al. 1997), ground granulated blast-furnace slag and 
fly ash (Lachemi et al. 2003), and rice husk ash (Safiuddin 2008) reported similar findings. 

3.2 Segregation Factor from Column Segregation Test 

Column segregation test yields segregation factor to measure the segregation resistance of SCC. This 
segregation parameter is particularly suitable to judge the segregation resistance of an SCC placed 
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vertically in deep sections, such as column, deep beam, foundation wall, retaining wall, and deep footing. 
The segregation factors of various SCC mixtures are presented in Figure 4. 

The segregation factor for various SCC mixtures ranged from 8% to 21.8%. A higher segregation factor 
indicates a lower segregation resistance (Safiuddin et al. 2011b). For SCC mixtures, the recommended 
maximum limit of segregation factor is 20% (Safiuddin 2008). Hence, the SCC mixture with 0.25 W/B ratio 
and 30% POFA (SCC25P30) possessed inadequate segregation resistance as it had a segregation factor 
> 20%. This SCC mixture showed a lower segregation resistance mainly due to non-uniform distribution 
of coarse aggregates. Also, the heterogeneity occurring along the height of concrete column during and 
after placement may lead to an increase in segregation factor (Safiuddin et al. 2011c). 

 

Figure 4: Column segregation test results of various SCC mixtures 

3.3 Effects of W/B Ratio and POFA Content 

The segregation resistance of SCC was influenced by the W/B ratio and POFA content. The segregation 
index of SCC, measured by sieve segregation test, increased with lower W/B ratio and higher POFA 
content, as can be seen from Figure 5. The slump flow results (Table 2) indicate that concrete spread 
was higher with lower W/B ratio and higher POFA content due to a greater paste or mortar fluidity. 
However, the increased paste or mortar fluidity in concrete intensifies the phase separation of mortar in 
the form of mortar halo (Bailey 2005, Safiuddin et al. 2012). For that reason, the quantity of mortar 
passing through the sieve openings increased and thus a higher segregation index indicating a lower 
segregation resistance was obtained. 

The segregation factor of SCC, measured by column segregation test, mostly increased with higher 
POFA content, as can be seen from Figure 6. This finding is also linked with the greater paste or mortar 
fluidity of concrete. For an SCC with higher POFA content, a higher HRWR dosage was added (Table 1) 
to achieve the required flowing ability by increasing the fluidity of paste or mortar component. But the 
increased paste or mortar fluidity intensifies the settlement of coarse aggregates in SCC (Bailey 2005, 
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Safiuddin et al. 2012). Therefore, an SCC with higher POFA content had a higher segregation factor 
indicating a lower segregation resistance. 
 

 

Figure 5: Effect of W/B ratio and POFA content on the segregation index of SCC 
 

 
 

Figure 6: Effect of W/B ratio and POFA content on the segregation factor of SCC 

The segregation factor did not vary systematically with the W/B ratio of concrete, as can be seen from 
Figure 6. This is perhaps due to the variation in the HRWR dosage used for different SCC mixtures as 
well as their aggregate content. For example, the SCC mixture prepared with a W/B ratio of 0.25 required 
a relatively high dosage of HRWR (Table 1) to obtain the desired flowing ability that substantially 
intensified the concrete fluidity, which is obvious from its higher slump flow (Table 2). As a consequence, 
the settlement rate of coarse aggregates increased in this SCC mixture, leading to a higher segregation 
factor. Furthermore, the fluidity of SCC mixture prepared with a W/B ratio of 0.40 was comparatively low 
(Table 2). This SCC mixture needed a lower HRWR dosage but its coarse aggregate content became 
substantially higher due to an increased W/B ratio (Table 1). The increased aggregate content intensifies 
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the degree of aggregate settlement (Bonen and Shah 2005, Saak et al. 2001). Therefore, a relatively high 
segregation factor was found for the SCC mixture produced with a W/B ratio of 0.40, as can be seen in 
Figure 6. 

4 CONCLUSIONS 

The segregation resistance of SCC was influenced by the W/B ratio and POFA content of concrete. The 
following conclusions are drawn based on the findings of the present study: 

a) The SCC mixture with lower W/B ratio and higher POFA content possessed higher segregation 
index and thus exhibited lower segregation resistance as the increased amount of mortar passed 
through the sieve due to a greater concrete spread. 

b) The W/B ratio of SCC affected its segregation factor depending on the HRWR dosage and 
aggregate content of concrete mixture. Higher HRWR dosage and increased aggregate content 
contributed to increase the segregation factor of SCC for a given W/B ratio. 

c) The increase in POFA content enhanced the settlement rate of coarse aggregates in an SCC 
mixture. This is because the increased POFA content required a higher HRWR dosage, which 
enhanced the paste or mortar fluidity in SCC. Consequently, the SCC mixture with greater POFA 
content possessed lower segregation resistance and thus provided higher segregation factor.  

d) The SCC mixtures including 0-25% POFA contents fulfilled the performance criteria for 
segregation resistance. However, the SCC mixtures incorporating 20% POFA content exhibited 
the best segregation resistance performance. 

e) The overall research findings suggest that segregation-resistant SCC can be produced 
incorporating a reasonable amount of POFA into concrete. 
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