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Abstract:  Global cement production has increased dramatically in recent years; it is nowadays the third 
largest source of carbon dioxide emissions. The use of binary and ternary cement in production of new 
binder has a positive effect on the reduction of CO2 emissions. The main objective of work is to 
investigate the feasibility of metakaolin (MK) and marble powder (MP) as partial replacement of cement. 
In this experimental study, nine mixtures of self-compacting mortar (SCM) were prepared by substituting 
the cement with marble powder and metakaolin in ternary blend systems. SCM was evaluated at fresh 
state with mini slump flow and mini V-funnel flow time. At hardened state, compressive strength, density 
and water absorption were measured. The results indicated that the inclusion of MP and MK mixtures 
improved the flowability of SCM. The use of ternary blended cements based on MK and MP increased 
the mechanical properties with a content ranging from 15% to 20% cement replacement. Based on this 
investigation, it may be concluded that the use of MK and MP as a partial cement replacement has a 
potential to reduce atmospheric emissions of CO2 released during the cement production.
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1. Introduction
Ordinary Portland cement (OPC) is conventionally used as the primary binder to produce concrete. The 
amount of the CO2 released during the manufacture of OPC due to the calcinations of limestone and 
combustion of fossil fuel is in the order of one ton for every ton of OPC produced. Attempts are made to 
reduce the use of Portland cement in concrete are receiving much attention due to environment-related. 

There are therefore compelling reasons, in the long-term, to extend the practice of partially replacing 
cement in concrete and mortar with waste and other less energy intensive processed materials, which 
have pozzolanic properties. One possible source for a pozzolan is calcined clay. Natural pozzolans in 
the form of calcined earths blended with lime have been used to produce cementitious materials for 
thousands of years [1-6]. The incorporation of MK as a mineral admixture and MP as a filler material 
have a significant impact on the fresh, hardened and durability properties of concrete, the inclusion of 
MK as a pozzolanic material has benefits on the environmental and ecological aspects due to the lesser 
carbon dioxide emission in the MK production. The MP as waste product of marble industry, the storage 
of which otherwise poses a lot of environmental and ecological problems can be used in the production 
of sustainable concrete [7-17].

Patil et al. [18] show that metakaolin (MK) has a good pozzolanic activity and is a good material for the 
production of high strength concrete. The use of MK is gaining popularity due to its positive effects on 
various properties of concrete. A review of the literature suggests that optimal performance is achieved 
by replacing 7% to 15% of cement with MK, and when MK use is less than 10%, the benefit is not fully 
realized, hence at least 10% of MK should be used. After 28 days, the compressive strength value of 
concrete with MK may exceed 20% of normal concrete strength. However, a 15% dose of MK leads to 
loss of function. Due to the increasing amount of perceptual ratio of MK in concrete mixtures, higher 
doses of super plasticizers are required to ensure the duration of work. Shirule et al. [19] described the 
feasibility of using marble mud dust as a partial replacement of cement in concrete production. The 
compressive strength increased by 10% when using less marble powder, and it was also observed that 
the 10% substitution gave the optimal percentage strength. A study by Sabir et al. [1] showed that MK 
was an effective pozzolan providing a great improvement in the pore structure and therefore increased 
concrete resistance to damages. Their study also showed that MK increased the initial strength of 
concrete and some improvement in long-term strength. The tested mortar and concrete containing MK 
were found to have great improvements in resistance to water diffusion and diffusion ions that lead to 
erosion of the matrix. Khatib et al. [20] studied the compressive strength, density and ultrasonic pulse 
velocity of a high volume of MK mortar as a partial replacement of cement. In that research, up to 50% 
MK was used in increments of 10% cement replacement. After de-molding, the samples were cured in 
water at 20°C for a total duration of 28 days. The density decreased with increasing MK content, 
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especially when the MK content was above 30%. Strength increased as MK content increased to about 
40% with maximum strength up to 20%. With 10% and 30% MK blends, compressive strength increased 
to about 37%, but at 50% MK blend, the strength started to decrease. Abdullah et al. [21] studied the 
replacement of cement by marble dust and ceramic waste in concrete in the range of 0 to 50% by weight. 
The mixture was developed, tested and compared to conventional concrete. The purpose of the 
investigation was to analyse the behavior of concrete with marble dust powder as a cement replacement 
at different proportions in concrete. The result obtained for the 28-day compressive strength confirmed 
that the optimum percentage for the cement replacement with MP was about 10%. It will post less on 
the production of carbon dioxide and solve the environmental pollution by cement production by 
increasing the urban environment [22].

The aim of the present work is to find an optimal percentage of MK and MP that can replace cement to 
produce self-compacting mortar. The outcome will lead to using metakaolin and marble powder as a 
partial replacement of cement to reduce environmental pollution by utilizing waste material in concrete 
and to make eco-friendly concrete.

2. Materials and experimental program

2.1. Materials
For all mortar mixtures, an Ordinary Portland Cement CEM I 42.5 was used. Marble powder (MP) is a 
waste resulting from cutting, shaping and lustrating of the marble stones. The kaolin was calcined at 
temperatures from 850 °C for 3 hours to obtain metakaolin (MK) that was then used as a partial 
replacement of OPC by mass replacement at rate of 5%, 10% and 15%. The chemical composition and 
physical properties of cement, MP and MK are given in Table 1. The SEM and XRD results are presented 
in the Appendix.

As fine aggregate, a river sand was used with fineness modulus, specific gravity and water absorption 
of 2.43, 2.68 and 0.79, respectively. A polycarboxylate superplasticizer (SP) with a specific gravity of 
1.07 and a solid content of 30% was used as a high range water reducer in SCC mixtures to achieve 
the desired flowability. 

Table 1. Chemical composition and physical properties of cement, MP and MK

Chemical composition Cement MP MK
SiO2 20.87 0.51 50.30
Al2O3 4.17 0.13 41.81
Fe2O3 5.65 0.06 1.5
CaO 62.87 56.24 0.08
MgO 1.53 0.1 0.4
K2O 0.58 0.01 0.81
Na2O 0.15 0.45 0.09
SO3 2.29 0.01 -
Loss ignition - 42.49 -
Physical properties
Specific gravity (g/cm3) 3.08 2.6 2.45
Blaine Fineness (cm2/g) 3344 3400 7000

2.2. Mix design
A control mix without any substitution, in addition to eight mix designs with two groups of self-compacting 
mortar made including MP and MK were prepared. In the first group, the MP content was fixed at 10% 
by weight of cement, while the MK was replaced in proportions of 5%, 10%, 15% and 20%.  In the 
second group, the MK content was fixed at 10% by weight of cement, while the MP was replaced in 
proportions of 5%, 10%, 15%, and 20%.  The SCM mixtures proportions are shown in Table 2. 

The mixing procedure consisted of mixing the powder and sand in dry condition to homogenize the 
mixture for half a minute before adding 70% of the water needed with a regular flow for 1 min, and then 
adding the remaining 30% of water containing SP for another 1 min. The mixing procedure continued 
for 5 min.

2.3. Experimental setup
The filling ability of SCM was evaluated by the mini-slump flow test. The apparatus consisted of a mould 
in the form of a frustum of cone, 60mm high with diameter of 70mm at the top and 100mm at the base. 
The cone was filled with mortar and the lifted to allow the mortar to spread, and then subsequent 
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diameter of the mortar was measured. The spread mortar was visually checked for any segregation or 
bleeding [23].

The passing ability of SCM was assessed by a V-funnel flow test, where funnel is filled with 1.1 liters of 
mortar. The V-funnel flow time is the time between opening the orifice and the first daylight appearing 
when looking vertically down though the funnel [23].

The average compressive strength of six specimens of 40×40×160mm at ages of 3, 7, 28 days was 
determined [24]. The density of hardened SCM was determined in accordance with NF P18-435 
standard [25] . While, the water absorption test was carried out in accordance with ASTM C642-97[26]

Table 2. SCM mixture proportions

Binder

Mix. ID
W/B Water 

(Kg/m3) Cement 
(Kg/m3)

MP 
(Kg/m3)

MK
(Kg/m3)

Sand 
(Kg/m3)

SP (% by 
weight of 
binder)

Control 710 0 0 0.8
10MP5MK 630 75 35 1

10MP10MK 600 75 75 1
10MP15MK 580 75 115 1.1
10MP20MK 550 75 155 1.2
10MK5MP 630 35 75 1

10MK10MP 600 75 75 1
10MK15MP 570 115 75 1.1
10MK20MP

0.4 310

540 155 75

1300

1.2

3. Results and discussion 

3.1. Fresh properties
Figure 1 depicts the effect of MP and MK on the fresh properties of mortars. As shown in this figure, the 
slump flow diameters of all obtained mixtures are within the ranges suggested by Domone and Jin [23]. 
The slump flow of the first group, however, was affected by the MK content, whereas the flowability of 
mortars decreased as the MK amount increased. This is due to the fine particles of MK having a larger 
surface area. This finding is consistent with the findings of several studies [12, 14, 16], which reported 
the beneficial influence of MP in ensuring a quantity of water destined to cement deflocculation and 
dispersion on the one hand. MK particles, on the other hand, do not require any additional water or SP. 
When MK is used in a self-compacting system, Khushnood et al. [27] concluded that more water and 
superplasticizer are required. For the second group of mixes, it is clear that increasing the amount of 
MP improves the workability of mixtures. Belaidi et al.[28] attributed this increase in workability to the 
dilution effect produced by marble powder, demonstrating its effectiveness in reducing SP consumption. 
According to Ma et al. [29], MP reduces the amount of water required and increases the fluidity of 
mixtures.

In terms of passing ability through the V-funnel, all values obtained are clearly within the targeted domain 
(2 to 10 s). For the first group, the results show an increase in flow time as the MK content increases. 
In contrast to the second group, the incorporation of MP reduces the viscosity of the mixtures, resulting 
in low V-funnel flow times. Similar results were reported by Boukhelkhal et al. [14], who found that, using 
MP in SCC reduced flow time for the same SP dosage. According to Laidani et al. [30], incorporating 
calcined clay bentonite (CB) and MP as cement replacement increased the flow time of SCM. 
Khushnood et al. [27] have reported that, the increased V-funnel flow time and T25 of self-compacting 
pastes containing MK is most likely due to the high friction between particles offered during the flow. 
Belaidi et al. [28] concluded that the use of pozzolan and MP by substitution to cement has no negative 
effects on the workability of SCC at constant W/B ratio and SP content.

3.2. Density
Figure 2 depicts the effects of MP and MK on density. This figure shows that SCM mixtures with 15% 
MK and 10% MP have the highest density values. Density decreases after this point. MK and MP's 
synergistic effect accelerates internal structure development by forming additional hydrates, resulting in 
an increase in density. Furthermore, the total porosity decreases due to the filling effect of MK within the 
SCM skeleton. There was a reduction in density above 15% MK substitution because MK fine grains 
began to take the place of cement particles, resulting in a reduction in compactness at high amounts of 
substitution. Furthermore, higher MK replacements could absorb the water demand for the hydration 
process [16]. 
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Figure 1. Slump flow test and V-funnel flow time of SCM made with MP and MK

The second group test results show that as the MP proportion increased, density values varied 
marginally confirming that the effect of MP was more on the fresh properties than on hardened 
properties. The calcite from MP reacts with aluminate from MK, resulting in the formation of 
carboaluminate, which aids in the formation of more compactness [31]. Furthermore, due to its finer 
particle size, MP fills the void between cement particles. Once the space between cement particles is 
completely filled, MP begins to occupy the place of cement particles, resulting in a decrease in density 
and sound transmission velocity [20-23]. It should be noted that the lower specific gravity of MP also 
contributes to a reduction in hardened SCM density [23, 32].

Figure 2. Density of SCM made with MP and MK

3.3. Water absorption
Figure 3 shows the results of water absorption by total immersion of all mixtures after 28 days. According 
to this figure, the water absorption of both groups decreases as the rate of substitution increases. 
Furthermore, all absorption values are lower than those of the control mixture. The mortar 5MP10MK 
has the lowest water absorption value; additionally, the first group has a higher absorption potential than 
the second group. This could be due to MP's filling role, where its grains fill the porous system because 
they are finer than cement and MK, as well as the production of extra C-S-H during the pozzolanic 
reaction between MK and MP. It was discovered that all tested SCM have low water absorption, which 
is less than 10%, as required by concrete specifications [33,34].
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Figure 3. Water absorption of SCM made with MP and MK

3.4. Compressive strength
The compressive strength of all SCM mixes containing varying amounts of MK and MP is determined 
after 3, 7, and 28 days of water curing, and the results are shown in Figure 4. The figure shows that 
when cement is substituted with MP and MK (3 and 7 days), the compressive strength increases 
significantly in the first days of hydration. This is due to the nature of the MP, which belongs to the family 
of quasi inert fillers [30]. This filler has some physicochemical activity, which helps to accelerate the 
hydration of C3S with the component CaCO3, which improves strength at a young age [34]. The presence 
of MK increases the strength of mortar mixes as the hydration reaction progresses (28 days). The 
pozzolanic reaction of MK with Ca(OH)2 and the acceleration of OPC hydration explain this [14, 18]. 
However, the combination of two additions reduced slightly the compressive strength when the level of 
30% of additions of seems ternary mixes; this phenomenon is due to the effect of the high rate of fine 
particles that absorb the water required for the hydration of the cement, which improves the 
compactness of mixes [19].

Figure 4. Compressive strength of SCM made with MP and MK

4. Conclusions 
The following conclusions can be drawn from this experimental work

 Increasing the amount of MP improved the workability of the studied mixtures, indicating that 
MP has a beneficial influence.

 When MK was used in SCM, more water and superplasticizer were required.
 Flow time increased as MK content increased, while MP incorporation reduced the viscosity of 

the mixtures.
 The density values increased as the MP proportion increased until they reached a maximum 

(corresponding to 10% for both MP and MK) and then decreased.
 The highest density values are found in SCM mixtures containing 10% MP and 15% MK.
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 By increasing the percentage of MP and MK, the water absorption of the tested mixtures 
increased.

 The mixtures with 15% MK and 10% MP had the lowest water absorption value.
 When cement was partially substituted with MP and MK, the compressive strength increased 

significantly at the first 28 days of hydration.
 The combination of MP and MK reduced slightly the compressive strength of mixtures when the 

combined content was 30%.
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Appendix

Materials

(a)                                   (b)                                           (c)
            

             Figure A1 (a) Marble Powder, (b) Kaolinite Clay, and (c) Metakaolin after calcination at 850oC

Chemical compositions

SEM of marble powder                XRD of marble powder

(a)
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        SEM of Kaolin XRD of Kaolin

(b)

SEM of Metakaolin             XRD of Metakaolin

(c)

              Figure A2 SEM and XRD results (a) Marble Powder, (b) Kaolin, (c) Metakaolin


