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1. Introduction 

 

Concrete is one of the structural materials and nowadays 

it is difficult to find a construction project without using 

concrete (Zhang et al. 2019, Abedini and Zhang 2020, Sun 

et al. 2020, Xu et al. 2020b). Many researchers have studied 

the performance of concrete structures subjected to different 

loading conditions such as seismic loads (Zhu et al. 2018, 

Zhang and Wang 2019a, Alam et al. 2020a, c). In the last 

two decades, concrete is no longer a material made solely of 

cement, aggregate and water, but is an engineered material 

with new components and meets many of the amazing 

needs of the construction industry (Badry 2015, Alam et al. 

2020b, Zhang et al. 2020b, Abedini and Zhang 2021). 

Advances in concrete technology have resulted in the 

development of a new type of concrete called self -

compacting concrete (SCC) (Toghroli et al. 2017, Nosrati et 

al. 2018, Ziaei-Nia et al. 2018, Sun et al. 2019, Yazdani et 

al. 2020). The main feature of this type of concrete is based 

on two aspects of self-compacting and its high performance. 

SCC is an innovative concrete that does not need vibration 

for placing and compaction. Self-Compacting Concrete 

(SCC) is popular because it is a workable concrete with a  
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satisfactory level of strength (Memon et al. 2020, Shariati et 

al. 2020b). This concrete is able to fully fill the mold and 

achieve full compaction due to its weight being poured even 

in the presence of compacted reinforcements. Its hardened 

concrete is dense and homogeneous and has engineering 

properties and durability similar to that of normal vibrating 

concrete (NVC) (AK et al. 2018, Li et al. 2019, Yang et al. 

2020). 

Following the definition of EN 206: 2000, which has 

been updated to EN 206: 2013 + A1 2016, the concrete 

performance is determined not only by its mechanical 

properties but also by its rheological properties. 

Improvement of durability can be achieved significantly by 

the presence of supplementary cementitious materials 

(SCM) in the mixture (Badogiannis et al. 2015, Wang et al. 

2020, Zheng et al. 2020, Wang et al. 2021). Due to the high 

pozzolanic activity and filling ability, SCM can produce a 

more durable, cohesive, and compacted concrete that will 

promote mechanical properties and reduce permeability 

(Güneyisi et al. 2008, Cassagnabère et al. 2010, Sfikas et 

al. 2014, Xu et al. 2020a). 

SCC contains more fillers and admixtures than NVC, 

and its particle density is more uniform; therefore, the 

required viscosity and rheology will be provided. To 

achieve self-compaction properties, it is necessary to limit 

the volume of coarse materials, reduce the ratio of water to 

cement and using more superplasticizers (SP) (Madandoust 

et al. 2012, Yang et al. 2015, Toghroli et al. 2018, Afshar et 

al. 2020, Shariati et al. 2020c). It has been shown that 

modification of concrete with fine particles improves the  
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Abstract.  Today, the tendency to use self-compacting concrete (SCC) is expanding because of its significant benefits. In this 

study, SCC was made by using native materials and then different pozzolans were replaced instead of a part of cement and the 

rheological and mechanical properties and microstructure of the concrete were investigated. The pozzolans containing of 

metakaolin (15%, 25% and 35%), silica fume (6%, 12% and 18%) and fly ash (20%, 35% and 50%) were replaced instead of a 

part of cement separately or simultaneously. Self-compaction tests including slump flow, T500, L-box, U-box, and J-ring as well 

as mechanical tests including compressive strength, splitting tensile strength, and static modulus of elasticity were performed on 

the specimens. The results showed that the pozzolans improved the microstructure of the SCC and the secondary reactions 

improved the mechanical properties of the concrete containing the pozzolans at older ages than the reference concrete. At 15% 

replacement, metakaolin increased the 180-day compressive strength up to 106 MPa that was about 18% more than reference 

concrete. In ternary mixtures the maximum and minimum rate were 29% and 19%, respectively, and in quaternary mixtures the 

rates were significant and increased up to 46%, while the rate for reference concrete was 20%. This significant growth was 

probably due to the secondary reaction of pozzolans with calcium hydroxide residue from cement hydration. 
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Table 1 Limitations of fly ash types (C, F & N) 

% C F N 

Minimum sum of silica, alumina and iron oxide 50 70 70 

Maximum sulfur trioxide 5 5 4 

Maximum moisture content 3 3 3 

Maximum amount of thermal mass loss 6 6 10 

 

 

mechanical properties and durability of concrete 
(Niewiadomki 2018). Active fillers have a positive effect on 
the delay in the process of concrete degradation and 
increase the toughness of the cementitious compounds 
(Zhang and Ou 2008, Golewski and Sadowski 2014, 
Golewski and Sadowski 2017, Abedini et al. 2020). 

In this study, some rheological and mechanical 

properties of SCC have been investigated. In order to 

provide a scientific solution to protect the environment and 

move towards sustainable development, part of the cement 

has been replaced with different SEMs. For this purpose, 

Metakaolin (MK), Silica Fume (SF) and Fly Ash (FA) were 

replaced instead of cement separately with different 

percentages. Each of these SCMs was used in separate, 

binary, ternary and quaternary mixes. 
 

1.1 Supplementary cementitious materials (SCMs) 
 

SCMs are natural materials or industrial by-products 

that exhibit cementitious behavior when used with water 

and cement. In addition, alternative cementitious materials 

make the concrete mix extremely economical, improve 

strength, and reduce concrete permeability (Shariati et al. 

2020a, Zhao et al. 2020, Zuo et al. 2020, Zhang et al. 

2021). 

The SCMs react with calcium hydroxide, which is 

released through the cement hydration, and is converted to 

Calcium Silicate Hydrate (C-S-H). This is called the 

pozzolanic reaction. As pozzolan reacts with calcium 

hydroxide and consumes it, which is a poor component of 

cement paste and improves concrete microstructure, it 

increases the durability of concrete against destructive 

factors (Shariati et al. 2019a, Trung et al. 2019, Toghroli et 

al. 2020, Mehrabi et al. 2021, Rajaei et al. 2021). The 

pozzolanic reaction rate is generally slow and consequently 

the heating rate will be slow which makes these products 

usually a good choice for mass concrete (Memon et al. 

2018, Liu et al. 2020b, Zhang et al. 2020c). Mechanical 

properties were of SCC affected by the cementitious 

materials used. The effect is significant on certain types of 

pozzolans such as silica fume and fly ash (Behfarnia and 

Hasanzade 2014, Zhang et al. 2019, Liu et al. 2020a, Xu et 

al. 2021).  

ASTM C618 has defined the FA and natural pozzolans 

that shall conform to the requirement as to chemical 

composition prescribed in Table 1. 

MK is a white amorphous (non-crystalline) silicate that 

has pozzolanic properties and is classified as N class 

Pozzolans by ASTM C618. It is obtained by calcination of 

the kaolinite clay at 500 to 800°C. Due to the highly 

irregular texture of MK, it reacts rapidly with calcium 

hydroxide generated by the hydration action and produces 

calcium silicate hydrate gel. (Hassan et al. 2010) 

investigated the effect of MK on SCC rheology and found 

that by increasing the amount of MK in SCC mixtures from 

0 to 27%, the demand for SP increased to 25%. 

(Vejmelková et al. 2011) investigated the effect of MK and 

slag on the properties of SCC and reported that adding MK 

to SCC increased the amount of water needed and this 

concrete lose its rheology relatively quickly over time. This 

is attributable to the higher side surface area of cement gel 

with MK due to its high reactivity rate, which is why the 

compressive strength (CS) of the SCC containing MK 

grows very rapidly during the initial hardening period. 

Gruber et al. (2001) evaluated the durability of the concrete 

containing MK and concluded that MK with high reactivity 

reduces permeability of chloride in concrete and extremely 

effects on life of reinforced concrete in environment 

containing chloride. Badogiannis and Tsivilis (2009) 

investigated the effect of MK on the durability of concrete 

and concluded that the addition of MK caused a relative 

decrease in the adsorption of the concrete. Poon et al. 

(2003) examined the pozzolanic reaction temperature of 

high performance cement paste mixed with MK and 

compared it with cement paste mixed with SF and FA. It 

was reported that the pozzolanic rate of MK was higher 

than that of SF and decreased with increasing age, reaction 

rate is reduced for both MK and SF, but this decrease was 

greater for MK. 

SF is a by-product of the melting process in the 

ferrosilicon manufacturing industry. It is usually a gray 

powder somewhat similar to ordinary Portland cement or 

FA and can have both pozzolanic and cementitious 

properties (Zhang et al. 2006, Siddique and Khan 2011, Zuo 

et al. 2015, 2017). by replacing SF and MK pozzolans 

separately and simultaneously, it has been concluded that 

these pozzolans increase water demand in fresh concrete 

and decreases the short-term strength of concrete, while 

also increases its long-term strength. Also, researchers 

found that the engineering properties of SCC are improved 

by replacing different percentages of SF. 

FA is also known as burnt ash, is produced through 

burning of soft coal by electric power of electricity plant. 

The size of FA particles depends on the type of equipment 

used for collecting dusts and is usually smaller than 

ordinary Portland cement with a diameter in the range of 1 

to 150 µm (Sun et al. 2018, Zhang and Wang 2019b, 

Shariati et al. 2020d). Jalal et al. (2015) tried to explore its 

properties by replacing a part of cement with FA and SF in 

self-compacting reinforced concrete. They found that the 

FA improved the concrete rheology, while SF improved the 

mechanical properties of the concrete. 
 

 

2. Laboratory program 

 

2.1 Characteristics of used materials in research 

 

In this study, ordinary Portland cement type 2 produced 

by Khouzestan Cement Company with the specific surface 

of 2.561 g/cm3 has been used to construct mixtures of SCC. 

High fineness limestone powder (passing through sieve No. 

140) and apparent specific weight of 2.561 g/cm3 were also  

142



 

Investigating the effect of using three pozzolans separately and in combination on the properties … 

 

 

 
Fig. 1 Grading curve of the sand used in the study 

 

 
Fig. 2 Grading curves of the gravel used in the study 

 

 
used as viscosity modifying agent (VMA). The pozzolanic 

materials used in the study are MK, SF, and FA with an 

average particle size of 37 µm (equivalent to 400 mesh) and 

are manufactured by the Jahan Powder Group, Delijan, Iran. 

The chemical compositions of cement, limestone powder 

and pozzolanic materials used in the study were determined 

using X-ray fluorescence spectroscopy and have been 

presented in Table 2.  

In order to prepare the desired mixture, twice washed 

broken sand in two different sizes were used. The physical 

Andimeshk river sand with fineness modulus of 4.8 and  

 

 

 

properties of the stone materials used in the research have 

been presented in Table 3 and their grading curves have 

been shown in Figs. 1 and 2. SP based on brown 

polycarboxylate ether with a specific weight of 1.07 g/cm3 

produced by Fabir Company were also used to provide the 

required flow ability. 

 

2.2 Details of the research mix design 
 

In this study, the construction and test of 20 concrete 
mixtures (including a reference SCC (Ctrl) and 19 SCC 
mixtures containing pozzolans with different replacement 
percentages as binary, ternary, and quaternary mixtures) 
were studied. The details of the research mix design have 
been given in Table 4. In SCC mixtures, the Ctrl was first 
made to reach the requirements for rheology, then in the 
other mixtures, pozzolans of the MK, SF, and FA with 
different percentages (binary, ternary and quaternary) were 
replaced some parts of the cement. In all made mixtures, the 
amount of sand, fine aggregate, coarse aggregate, limestone 
powder and water to binder ratio were kept constant. Levels 
of polycarboxylate SP were determined for all mixtures 
visually by gradual addition to achieve the required flow 
ability. 

 

2.3 Casting mixtures 
 

Rotary mixers with fixed blades and 300-liter capacity 

were used to make the concrete mixtures and the mixing 

procedure was applicated for all mixtures through similar 

process. First, the aggregates (all sand and gravel) were 

poured dry in the static mixture, then 10% of mixing water 

was added to them and stirred for 30 seconds, then was 

stopped three minutes. Next, the mixer was started and the 

limestone powder was slowly added, then the pozzolan 

mixed with 50% of the mixing water was gradually added. 

30 seconds later, the cement and immediately SP combined 

with the residual water were added to the mixture. Finally, 

the SCC was mixed for another 2 minutes. The mixtures 

were made at an average temperature of 32°C and relative 

humidity of 50%. It is noteworthy that the order and 

percentage of addition of materials to the concrete mix was 

based on the researcher’s experience. 

Table 2 Chemical composition of limestone powder (LP) and cementitious materials used in the research 

Materials Used % Al2O3 CaO Na2O K2O SiO2 SO3 Fe2O3 MgO LOI 

Cement - 4.60 63.44 0.24 0.79 21 2.56 3.54 2.42 1.36 

MK 0.45 15.69 1.46 0.01 0.04 80.76 0.12 0.04 0.05 -- 

SF -- 0.41 3.15 0.01 0.10 94.68 0.12 -- 0.09 -- 

FA -- 18.08 39.35 0.05 0.11 38.28 -- 3.06 0.21 3.007 

LP 1.24 4.05 10.05 0.25 0.023 15.47 0.5 2.3 17.63 42.13 

Table 3 Physical characteristics of the stone materials used in the research 

Type of stone materials Maximum size (mm) Specific weight (g/cm3) Water absorption (%) Available humidity (%) 

Sand 5 2.65 0.6 0 

Fine aggregate 9.5 2.56 1 0 

Coarse aggregate 19.5 2.63 0.8 0 
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Table 5 Allowed range values for fresh self-compacting concrete 

(The European Guidelines for SCC 2005) 

Test Property Max. Min. Unit 

Slump flow Filling ability 800 650 mm 

J-ring Passing ability 10 0 mm 

L-box Passing ability 1 0.8 - 

U-box Flow ability 30 0 mm 

 

 

2.3.1 Fresh concrete tests 

Five different tests were performed for each mixture 

related to the rheological behavior of fresh concrete 

(Shariati et al. 2019b). Performance was tested using slump 

flow test according to ASTM C1611, T500 test, passing 

ability was tested with L-box and J-ring tests according to 

EN 12350 and ASTM C1621 and flow ability was evaluated 

with U-box test according to EN 11044. The mixtures were 

classified in terms of rheology according to the European 

Guidelines for SCC (2005). This guideline defines the 

permissible ranges for the various SCC tests that have been 

presented in Table 5. 

 

2.3.2 Hardened concrete tests 

For each mixture, 12 cubic specimens with 100×100 

×100 mm dimensions and 7 standard cylindrical specimens 

were casted. A total of 380 different specimens were 

prepared for the purpose of this study. The specimens were 

kept in the molds for 24 hours in the laboratory and then the 

molds were opened and the specimens were stored in a  

 

20±2°C water tank and they were treated in accordance 

with EN 12390. At the age required for the test, the 

specimens were removed from the reservoir one hour before 

the start of the test and kept in a laboratory environment 

without any excess moisture. 
At the end of the treatment period, the specimens were 

tested according to the related standards. CS was carried out 
on cubic specimens at 7, 28, 91 and 180 days of age, and 
splitting tensile strength (SPT) at 28 days of age and static 
modulus of elasticity at 28 and 91 days of age were 
performed on standard cylindrical specimens. Scanning 
electron microscope (SEM) images at 28 days of age were 
taken to investigate the microstructure of pozzolanic SCC. 

 

 

3. Analysis of experimental results 
 

3.1 Fresh concrete tests 
 

In this study, to evaluate the self-compacting properties 

of concrete, five experiments of slump flow, T500, L-box, 

U-box and J-ring were carried out on fresh concrete based 

on the European Guideline for SCC (2005). Pictures of self-

compacting tests have been shown in Fig. 3. The results of 

the self-compaction tests have been presented in Table 6. 

  

3.1.1 Slump flow test 
This test was performed according to ASTM C1611 to 

evaluate the flow and filling ability of fresh SCC with a 

maximum aggregate size of 25 mm. The permissible range 

recommended by the European Guidelines for SCC (2005)  

Table 4 Research mix design details 

Mix No. Mix design C W S FAG CAG LP SP MK SF FA 

1 Ctrl 546.4 218.6 948.4 233.4 311.2 105.1 8.197 - - - 

2 MK15 464.4 218.6 948.4 233.4 311.2 105.1 8.197 82 - - 

3 MK25 409.8 218.6 948.4 233.4 311.2 105.1 7.650 136.6 - - 

4 MK35 355.2 218.6 948.4 233.4 311.2 105.1 6.010 191.2 - - 

5 SF6 513.7 218.6 948.4 233.4 311.2 105.1 8.197 - 32.8 - 

6 SF12 408.8 218.6 948.4 233.4 311.2 105.1 8.197 - 65.6 - 

7 SF18 448.1 218.6 948.4 233.4 311.2 105.1 6.556 - 98.4 - 

8 FA20 437.1 218.6 948.4 233.4 311.2 105.1 8.197 - - 109.3 

9 FA35 355.2 218.6 948.4 233.4 311.2 105.1 6.830 - - 191.2 

10 FA50 273.2 218.6 948.4 233.4 311.2 105.1 5.846 - - 273.2 

11 MK15 SF12 398.9 218.6 948.4 233.4 311.2 105.1 7.103 82 65.6 - 

12 MK25 SF12 344.3 218.6 948.4 233.4 311.2 105.1 7.923 136.6 65.6 - 

13 MK15 FA20 355.2 218.6 948.4 233.4 311.2 105.1 6.721 82 - 109.3 

14 MK25 FA20 300.1 218.6 948.4 233.4 311.2 105.1 6.770 136.6 - 109.3 

15 SF12 FA20 371.5 218.6 948.4 233.4 311.2 105.1 6.556 - 65.6 109.3 

16 SF12 FA35 289.6 218.6 948.4 233.4 311.2 105.1 6.556 - 65.6 191.2 

17 MK15 SF6 FA35 240.6 218.6 948.4 233.4 311.2 105.1 6.666 82 32.8 191.2 

18 MK25 SF6 FA35 185.8 218.6 948.4 233.4 311.2 105.1 6.104 136.6 32.8 191.2 

19 MK15 SF12 FA35 207.6 218.6 948.4 233.4 311.2 105.1 1.101 82 65.6 191.2 

20 MK25 SF12 FA20 234.9 218.6 948.4 233.4 311.2 105.1 6.720 136.6 65.6 109.3 

Notice: Water to binder ratio was constant as 0.4 for all the mixtures 
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(a) (b) 

  
(c) (d) 

Fig. 3 SCC tests performed 

 

Table 6 Results of self- compacting concrete tests in fresh 

state 

Mix 

no. 

Mix 

design 

Slump flow 

(mm) 

T500 

(sec) 

U-Box 

(mm) 

J-Ring 

(mm) 
L-Box 

1 Ctrl 695 1.5 8 665 0.91 

2 MK15 640 1.8 10 610 0.88 

3 MK25 650 2 5 620 0.88 

4 MK35 800 1.25 5 770 0.94 

5 SF6 810 1.5 6 580 0.85 

6 SF12 660 1.8 20 630 0.76 

7 SF18 630 2 21 600 0.875 

8 FA20 775 1.5 5 745 0.95 

9 FA35 720 1.5 5 690 0.89 

10 FA50 710 1.5 10 680 0.94 

11 MK15 SF12 645 1.8 11 615 0.89 

12 MK25 SF12 815 1.5 1 785 0.98 

13 MK15 FA20 760 1.5 5 730 0.91 

14 MK25 FA20 695 2 13 665 0.94 

15 SF12 FA20 700 1.5 7 670 0.96 

16 SF12 FA35 700 1.8 10 670 0.91 

17 
MK15 SF6 

FA35 
760 1.5 2 730 0.96 

18 
MK25 SF6 

FA35 
645 1.8 9 615 0.9 

19 
MK15 SF12 

FA35 
630 1.8 5 600 0.86 

20 
MK25 SF12 

FA20 
675 1.8 10 645 0.87 

 
 

for the results of this experiment is 650 to 800 mm. 
According to the results presented in Table 6, the slump 
flow value of the reference SCC was 695 mm, which is 
within the permissible range. By applying a portion of 
cement with SCM, the slump flow was in the range of 610 
to 815 mm, which was within the permissible range or their 
distance to the permissible range was very low. 

3.1.2 T500 test 
The T500 test has been proposed by the European Guide 

of SCC (2005) as an optional test in conjunction with slump 

flow test to determine the flow rate and relative viscosity of 

SCC mixtures. The T500 reaches the outer edge of the 

concrete circle with a flow diameter of 500 mm, which is 

measured by a timer during slump flow testing. The 

permissible range recommended by the European 

Guidelines for SCC (2005) is 2 to 5 seconds. The results for 

the T500 test were in the range of 1.25 to 2 seconds, 

indicating the very low relative viscosity and internal stress 

of SCC mixtures. 

 

3.1.3 U-box test 
The method of conducting this test according to EN 

11044 is presented for evaluation of the flow ability of 

SCC. In this experiment, the height difference of the 

concrete in the two chambers is considered as the number of 

the U-box test. The European Guideline for SCC (2005) has 

been recommended a maximum of 30 mm for this 

experiment. The results presented in Table 6 show that all 

the numbers obtained from the different SCC mixtures were 

in the range of 1 to 21 mm, indicating their very good flow 

ability. 

 

3.1.4 J-ring test 
The method of performing this test according to ASTM 

C1621 is presented to evaluate the fresh SCC in terms of 

passing ability. According to the results presented in Table 

6, the values obtained for the J-ring in all mixtures were in 

the range of 580 to 785 mm, which were within the 

permissible range, indicating the appropriate passing ability 

of these mixtures in the face of obstacles. 

 

3.1.5 L-box test 
The method of conducting this test according to EN 

12350 is presented to evaluate the passing ability and filling 

ability of fresh SCC and to examine the possibility of SCC 

blocking in the face of reinforcement. For this purpose, the 

concrete height reduction is measured at the beginning of 

the horizontal part of the box (H1) and at the end of the 

horizontal part of the box (H2). The number of L-boxes is 

obtained by dividing H2 to H1. This number must be in the 

range of 0.8 to 1 according to EN 12350. The results 

presented in Table 6 show that all the numbers obtained 

from the various SCC mixtures were within the permissible 

range except the SF12 mix design whose difference was 

negligible. 

 
3.2 Hardened concrete tests 

 

3.2.1 Compressive strength 

The effect of different pozzolans at 7, 28, 91 and 180 

days on CS of SCC presented in Table 7 and has been 

shown in Fig. 4. As expected, the CS of all mixtures 

increased with age. At 7 days of age, the CS of all mixtures 

containing pozzolan was lower than the Ctrl. Meanwhile, 

SF had the least strength and MK had the highest strength. 

At 28 days of age, the SCC containing of MK had a higher 

rate of growth strength than the other two pozzolans. At this  
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age, by replacing part of the cement with MK and SF, more 

CS was obtained than the Ctrl at the same age, whereas FA 

replacement showed less CS than the Ctrl. Fernandez et al. 

reported in a similar study the improvement of CS o 

reported that replacement of cement with MK at 7 days of 

age resulted in improved CS. However, (Marsh and Day 

1988) reported a negligible contribution of FA in strength 

until about 14 days of age. 

The results of the 91-day experiments also showed a 

good CS growth rate for all mixtures at all replacement  

 

 

 

levels. Replacement of 15% MK increased about 15% of 

CS at 91 days of age compared to the Ctrl at the same age, 

which could be explained by the improvement of the 

concrete microstructure by performing secondary MK 

reactions. (Khodabakhshian et al. 2018) reported the 

replacement of 10% SF significantly increases the CS 

compared to the Ctrl. 

It can be seen in Fig. 4 that all ternary and quaternary 

mixtures had less CS than all binary mixtures at all ages. It 

is important to note that the growth rate of strength 

Table 7 Compressive strength test results at different ages (MPa) 

Mix no. Mix design 
7 days 28 days 91 days 180 days Rate change 

compared to Ctrl  

at 28 days (%) CS SD CS SD CS SD CS SD 

1 Ctrl 65.1 3.25 75.3 2.15 79.6 3.46 90.2 4.21 19.7 

2 MK15 61.3 2.63 79.7 3.26 91.6 4.27 106.0 2.30 40.8 

3 MK25 56.3 2.21 72.6 2.93 84.6 3.87 89.1 3.15 18.4 

4 MK35 52.4 3.60 65.5 3.25 70.7 5.12 72.3 2.39 -4.0 

5 SF6 58.7 4.20 76.4 3.86 80.1 4.89 92.2 4.96 22.5 

6 SF12 62.8 4.15 78.9 4.72 84.6 4.29 89.8 3.24 19.2 

7 SF18 55.6 5.32 72.3 3.99 76.0 2.81 80.4 5.86 6.8 

8 FA20 57.6 2.85 72.0 2.96 79.8 3.69 87.2 3.71 15.8 

9 FA35 51.8 2.23 69.7 1.85 74.3 2.18 79.2 2.36 5.1 

10 FA50 42.1 3.56 59.4 2.13 63.7 4.32 69.0 3.16 -8.4 

11 MK15 SF12 51.4 1.78 56.1 2.36 66.7 4.28 72.0 3.02 -4.4 

12 MK25 SF12 51.9 4.65 62.0 3.12 68.7 6.01 77.2 3.23 2.5 

13 MK15 FA20 51.3 3.12 58.2 3.25 65.7 2.63 69.3 5.68 -8.0 

14 MK25 FA20 37.7 2.56 54.3 3.46 61.8 2.36 66.5 2.35 -11.7 

15 SF12 FA20 56.4 3.25 61.5 2.18 65.4 1.45 79.4 2.22 5.4 

16 SF12 FA35 39.1 1.98 54.9 2.56 56.4 2.17 69.9 3.12 -7.2 

17 MK15 SF6 FA35 28.5 3.62 46.3 3.03 62.2 2.69 67.6 2.15 -10.2 

18 MK25 SF6 FA35 29.3 4.02 43.1 2.72 53.5 3.12 54.7 2.48 -27.3 

19 MK15 SF12 FA35 28.5 3.51 42.1 4.83 46.4 2.84 50.9 3.56 -32.4 

20 MK25 SF12 FA20 33.3 3.29 42.0 4.11 53.3 2.45 57.7 3.11 -23.3 

CS: compressive strength; SD: standard deviation 

 
Fig. 4 Compressive strength of SCC mixtures in different ages 
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increases with age, especially in quaternary mixtures, and 

considering the high replacement levels (56% to 66%), the 

considerable CSs has been achieved. It is also evident that 

with increasing percentages of replacement of MK and FA, 

the CS of all ages decreased at almost constant rates. 
The results of CS at the age of 180 days showed a 

growth for all mixtures compared to the results of 91 days 
of age. The highest CS was for the SCC containing of 15% 
MK that showed 106 MPa at the age of 180 days, while it 
was 33% more than the result of 28 days of the same 
mixture and 16% more than the results of the Ctrl at the 
same age.  

 Studies have indicated that that the performance of 

pozzolanic SCC was better than that of ordinary pozzolanic 

concrete because it had on average about 7% more 

compressive strength. It was reported the rapid pozzolanic 

activity of SF and the conversion of calcium hydroxide 

crystals to gels as well as their filling properties result in 

greater strength of SCC than NVC. In the present study, 

these effects have been observed not  only in the 

replacement of MK but also in FA. It should be noted that 

these effects were especially higher for binary and ternary 

mixtures and the percentage of increase in CS with 

increasing age of the specimens for these mixtures was 

higher than the Ctrl or binary mixtures. (Guo, Jiang et al. 

2020) also found that as the age increased, the percentage of 

increased CS due to binary and ternary mixtures (FA, SF 

and slag) was higher than the Ctrl without pozzolan or 

binary mixtures. (Ardalan et al. 2017) observed that as a 

result of single replacement of FA and pumice, the CS of 

the Ctrl decreased but the CS could be increased through 

binary mixtures with SF. The last column of Table 7 

presented the increase in long-term (180 days of age) CS 

compared to standard (28 days of age) CS in SCC mixtures. 

The study of the process of achieving CS shows that the 

amount of long-term CS in quaternary mixtures compared 

to ternary and binary mixtures has increased by 81% and 

31%, respectively, and ternary mixtures have increased by 

39% more than binary mixtures. Therefore, in comparison 

between the use of pozzolans in binary, ternary and 

quaternary mixtures in the process of achieving CS by age, 

compared to the Ctrl at the age of 28 days, quaternary 

mixtures to binary and ternary mixtures is strongly 

recommended. But, when CS results in 180 days of age 

compared to Ctrl in 28 days of age, observed that binary 

mixtures on average gained 13% higher CS than the 

reference mixture at 28 days of age, while the average CS 

achieved for ternary and quaternary mixtures at 180 days of 

age was 4% and 23% less, respectively, in compared to the 

CS of the reference mixture at 28 days of age. Therefore, in 

comparison between the effect of pozzolans in binary, 

ternary and quaternary mixtures, compared to Ctrl at the age 

of 28 days, binary mixtures are really preferred to ternary 

and quaternary.  

Due to the secondary reaction of the pozzolans, the 

long-term compressive strength of mixtures containing 

alternative SCMs has improved and the growth rate has 

increased with increasing replacement rate. However, the 

decrease in compressive strength compared to the Ctrl at the 

age of 28 days in ternary and quaternary mixtures was due 

to the decrease in the amount of cement used. This cannot 

be considered a negative factor because in the mixture 

containing the highest amount of replacement (66% in the 

MK25 SF6 FA35 mixture) the compressive strength 

decreased by only 27%, which indicates the effectiveness of 

the pozzolans. 
 

3.2.2 Splitting tensile strength 

Tensile strength in SCC is of particular importance. The 

results of splitting tensile strength test (SPT) presented in 

Table 8 and has been shown in Fig. 5. Application of MK 

resulted in improved SPT compared to the Ctrl. At 15% 

replacement, the SPT increased by 10% compared to the 

Ctrl but the growth rate decreased as the replacement 

percentage increased, so that by 35% replacement, the SPT 

decreased compared to the Ctrl. With the increase in the 

percentage of SF replacement, the SPT of SCC was initially 

increased to about 6%, but at 18% replacement, this 

strength decreased to 15% compared to the Ctrl. All 

percentages of FA replacement decreased the SPT and with 

increasing the amount of replacement, the strength loss was 

also increased. (Iris, Belen et al. 2017) reported the 

behavior of SCC in SPT similar to that of NVC. stated that 

the SPT of concrete has a behavior similar to that of CS and 

increases with time, but its increase trend slows down over 

time compared to the CS. This is also seen in the results of 

the present study. 

As shown in Fig. 6, it is evident that in all ternary and 

quaternary replacement, the SPT have significantly 

decreased compared to the Ctrl strength. However, the rate 

of strength loss in quaternary mixtures was higher than that 

of ternary mixtures. The maximum strength loss was related 

to the MK15 SF12 FA35 quaternary mixtures that its SPT 

was decreased by about 48%, and the lowest strength loss 

was related to the SF12 FA20 ternary mixtures with SPT 

loss of about 28%. It is important to note that in the 

quaternary mixture, the cement used was 62% lower than 

the cement used in Ctrl. 

Fig. 6 illustrates the relationship between the SPT and 

the CS of made SCC at 28 days of age. It is observed that 

the process of achieving SPT with increasing age is 

proportional to the process of achieving CS but its 

increase/decrease rate is different from the increase/ 

decrease rate of the compressive strength. 
Guo et al. (2020) observed that binary or ternary 

mixtures reduced the SPT by 17.2% to 89%, while in 
quaternary mixtures, the SPT significantly increased by 
about 10.2% compared to the no-pozzolan mixture. This is 
also seen in the findings of this study. 

By analyzing the results of SPT as presented in Table 8, 

observed that binary, ternary and quaternary mixtures on 

average gained 16%, 23% and 36% less SPT than Ctrl, 

respectively. It can be found that using of SCMs have not 

positive effect on SPT results and the SPT results decreased 

by increasing replacement level in comparison with Ctrl. 

This effect may be less due to the use of cement, and 

possibly at older ages, the pozzolanic reaction of SCMs will 

compensate for this difference. 

 

3.2.3 Static modulus of elasticity 

The SME of concrete is a crucial mechanical property in 

design and analysis of concrete structures, for example,  
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Table 8 Tensile strength (SPT) and static modulus of elasticity (SME) 

Mix no. Mix design 

SPT SME 

28 days 

(MPa) 

SD 

(MPa) 

28 days 

(MPa) 

SD 

(MPa) 

28 days 

(MPa) 

SD 

(MPa) 

1 Ctrl 5.66 0.35 3.9 0.22 4.1 0.22 

2 MK15 4.58 0.33 3.4 0.18 3.7 0.21 

3 MK25 4.73 0.32 3.3 0.17 3.8 0.36 

4 MK35 4.47 0.31 3.0 0.19 3.2 0.22 

5 SF6 5.07 0.36 4.0 0.2 4.1 0.28 

6 SF12 4.73 0.26 3.6 0.19 4.3 0.33 

7 SF18 4.82 0.35 2.3 0.14 3.1 0.15 

8 FA20 5.19 0.42 2.2 0.14 3.6 0.16 

9 FA35 4.66 0.36 3.2 0.17 3.4 0.18 

10 FA50 4.52 0.38 2.7 0.18 2.8 0.12 

11 MK15 SF12 3.96 0.21 2.8 0.12 3.3 0.13 

12 MK25 SF12 4.16 0.25 3.2 0.14 3.2 0.16 

13 MK15 FA20 4.36 0.25 2.7 0.11 3.6 0.14 

14 MK25 FA20 4.30 0.21 2.3 0.11 3.4 0.15 

15 SF12 FA20 4.64 0.29 2.8 0.12 3.3 0.19 

16 SF12 FA35 4.44 0.3 2.3 0.13 2.6 0.10 

17 MK15 SF6 FA35 4.13 0.28 2.7 0.11 3.7 0.21 

18 MK25 SF6 FA35 3.50 0.23 2.3 0.18 2.9 0.21 

19 MK15 SF12 FA35 3.36 0.15 3.0 0.16 2.6 0.16 

20 MK25 SF12 FA20 3.68 0.22 2.6 0.13 3.0 0.12 

 
Fig. 5 The SPT results at 28 days of age of the specimens 

 
Fig. 6 Relationship between SPT and CS of specimens at 28 days of age 
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member deflections for serviceability requirements, seismic 

analysis, drift calculations, elastic shortening of concrete in 

pre-stressed concrete design, and creep losses (Golafshani 

and Ashour 2016). The SME of SCC were applied on 

standard cylinders at 28 and 91 days of age, as described in 

ASTM C469. The SME test setup utilized in this research 

presented in Fig. 7. The results of the experiment are 

presented in Table 8 and have been shown in Fig. 8. 

The concrete SME depends on the SME of the 

components and their percentage in the concrete volume. 

The SME of concrete is a function of its CS (ACI 1995). As 

can be seen in Fig. 6, the SME of all SCC mixtures 

containing pozzolans was lower than the Ctrl. The trend of 

improvement in SME has increased with age for concrete 

containing pozzolans, and this improvement has been 

further enhanced by increasing the amount of replacement 

of pozzolans. Fig. 9 shows the relationship between SME 

and CS of SCC made at 28 days of age. It can be seen that 

the trend of increasing the SME with increasing age is 

proportional with the trend of increasing the CS, but its 

growth rate is lower than the growth rate of compressive 

strength. 

By comparing the results presented in second and third 

 

 

 

columns of Table 8, it can be founded that results of SME as 

reference, binary, ternary and quaternary mixtures at 91 

days of age, growth 5%, 16%, 21% and 11% compared to 

results at 28 days of age. So, it should be mentioned that 

ternary mixtures have the best performance in rate of 

growth by age. When the results of SME at 91 days of age 

compared to Ctrl at 28 days of age, observed that binary, 

ternary and quaternary mixtures on average gained 9%, 

21% and 24% less SME than Ctrl, respectively. Therefore, 

it was concluded that SME results on average, decreased at 

all multiple pozzolanic mixtures, although, SF12 showed 

the best performance in SME at all ages. 

Analysis of the results presented in Table 8 shows that 

the use of SCMs initially reduced the SME but with 

increasing age, had a good growth rate, which is probably 

due to the improvement of concrete microstructure as a 

result of pozzolanic reactions. 

Fig. 10 shows the relationship between SME and CS of 

SCC made at 91 days of age. It is observed that the SME at 

91 days also behaves similar to the SME at 28 days but its 

growth rate is different. The relationship between the SME 

at 28 days and 91 days has been shown in Fig. 12. 

According to Figs. 9 and 11, it can be concluded that the 

 
Fig. 7 SME test setup to determine static modulus of elasticity 

 
Fig. 8 Changes in the SME of the specimens at 28 and 91 days of age 
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Fig. 9 Relationship between SME and CS of the specimens 

at 28 days of age 

 

 
Fig. 10 Relationship between SME and CS of the 

specimens at 91 days of age 

 

 
Fig. 11 Relationship between SME specimens at 28 and 91 

days of age 

 

 

SME of all specimens is improved with age, but their 

growth rate is different due to different pozzolanic 

behaviors. 

 

3.3 Microstructural analysis of the specimens 

 

Scanning Electron Microscopy (SEM) images were 

taken at 28 days of age to investigate changes in the 

microstructure of SCC due to the application of different 

pozzolans. In producing images, attention has been paid to 

the porosity, fine cracks, quality of ITZ between cement 

paste and aggregates, and the quality of hydration products. 

The SEM image of the reference SCC is shown in Fig. 12. 

The microstructure image of this concrete shows a 

heterogeneous texture with large needle-shaped calcium 

hydroxide crystals. In this Fig., large cavities have been 

seen along with small cracks. 

SEM images of SCC by binary mixtures of the MK, SF,  

 
Fig. 12 SEM image of reference specimen 

 

 

and FA pozzolans have been shown in Fig. 13. As can be 

seen in this Fig. 13, the microstructure of the concrete has 

been further deformed by using pozzolans and the size of 

the cavities has been reduced. The formation of hydrated 

calcium silicate gel (C-S-H) is evident from the reaction of 

calcium hydroxide with water and pozzolan in these 

images, which improves the properties of concrete and can 

lead to secondary reactions. 

Fig. 13(a) shows the microstructure of the SCC 

containing MK in which the cavities became more regular 

than the Ctrl, while the size of the cracks was much finer 

and the presence of residual calcium hydroxide remaining 

from initial hydration is observed. 

Fig. 13(b) shows the microstructure of SCC containing 

SF in which large crystals are transformed into small 

crystals and the amount of C-S-H increased. Small holes 

and cracks can also be seen in this image. 

Fig. 13(c) shows that the reactivity of the FA resulted in 

a sharp decrease in the crystals but large cavities and cracks 

were observed that could decrease the CS of the concrete. 

This is also evident in the results of the CS test. 

The microstructure of SCC with ternary mixtures has been 

shown in Fig. 14. In these mixtures, the concrete has a more 

amorphous structure and becomes more homogeneous and 

no calcium silicate gel or ettringite is observed in it. In these 

images, it is obvious that the size and volume of holes are 

reduced, but the poor quality of the ITZ between the cement 

paste and the aggregates is observed along with the large 

cracks. 

The microstructure of SCC with quaternary mixtures has 

been shown in Fig. 15. It is apparent in these images that 

the crystals have increased sharply as they have become 

smaller. In these mixtures, the homogeneity and density of 

the concrete were improved compared to the other mixtures, 

and the volume of the cavities decreased significantly. The 

quality of the ITZ is also better than the binary and ternary 

mixtures, but with increasing crystalline content, it is 

expected that the strength of these mixtures to be less than 

Ctrl or binary and ternary mixtures. In addition, due to the  
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(a) OPC & FA 

 
(b) OPC & SF 

 
(c) OPC & MK 

Fig. 13 SEM images of SCC with binary mixtures 
 

 
(a) OPC, MK & FA 

 
(b) OPC, SF & FA 

 
(c) OPC, MK & SF 

Fig. 14 SCC SEM images for ternary specimens 
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(a) K15 S6 F35 

 
(b) K25 S6 F35 

 
(c) K15 S12 F35 

Fig. 15 SEM images of SCC for quaternary specimens 

presence of the high C-S-H, the secondary reactions are 

likely to increase and the rate of strength development of 

these mixtures will increase dramatically with age, which is 

fully consistent with the results of mechanical experiments. 

 

 

5. Conclusions 
 

In this study, the rheological and mechanical properties 

of SCC containing three pozzolans as MK, SF, and FA with 

separate and simultaneous applications were investigated. 

On this basis, the SCC was first constructed using 

conventional materials along with limestone powder with 

an average particle size of 100 µm. In the next step, MK, 

SF, and FA with different percentages were replaced either 

as binary, ternary & quaternary mixtures to replace a part of 

the cement in SCC. Specimens made of SCC were tested in 

fresh and hardened states at different ages. 

The key results of the research are as follows: 

• Using of SCMs reduced the need for SP to achieve 

required rheology. In binary mixtures, FA, MK and SF have 

orderly the best performance for reducing the SP demand 

and in ternary and quaternary mixtures, using of SP reduced 

15% and 18% respectively. 

• At 7 days of age, the CS of all mixtures containing 

pozzolans was lower than the Ctrl, but the growth rate with 

the age was more significant for concrete containing 

pozzolans. In MK15, the CS at 180 days of age increased 

up to 106 MPa (18% more than Ctrl at the same age). 

• In binary mixtures, MK, FA, and SF have the highest 

impact on the CS of SCC, respectively. In compared to 28 

days of age, the maximum growth rate for MK, SF and FA 

were 33, 20 and 21%, respectively, while the amount for 

Ctrl was 19%. 

• The most significant influence of using SCMs was in 

quaternary mixtures, which increased the 180 days of age 

CS up to 46% compared to 28 days of age (which is more 

than 2.5 times the growth rate of the Ctrl). It should be 

noted that for the mixture with the most rate of growth 

(46% for MK15SF6FA35) the replacement percentage was 

56%. 

• When pozzolans used separate simultaneous, analysis 

of CS of SCC shows the best performance as in quaternary 

mixtures if the growth rate is considered, and the best 

performance for binary mixtures if is compared to Ctrl at 28 

days of age.  

• The SPT at 28 days of age in all mixtures containing 

pozzolans was lower than the Ctrl. FA, SF, and MK have 

orderly the best performance in achieving SPT. 

• The SME in all mixtures containing pozzolan is lower 

than the Ctrl. The variations in the SME of the mixtures 

containing pozzolans were proportional to their 

corresponding CS changes but had a lower increase/ 

decrease rate. 

• Using different pozzolans, the microstructure of the 

concrete became more amorphous and large crystals were 

not formed. The simultaneous application of pozzolans has 

resulted in greater homogeneity and improved ITZ, 

especially in ternary mixtures. 
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