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A B S T R A C T   

This study analyzed the performance of self-compacting concrete with a paste composition that 
includes limestone filler and metakaolin replacing cement to design binary (75% cement and 25% 
limestone filler) and ternary binders (60% cement, 25% limestone filler and 15% metakaolin). 
Furthermore, to analyze the effect of the solid volume fraction (volume of sand and coarse 
aggregate) on concrete rheology, the concretes were designed using four volumes of paste (350 l, 
400 l, 450 l and 500 l). Rheological tests were performed at three resting times to measure the 
viscosity and yield stress over time. The results indicated that the viscosity decreased by 43.3% 
when the cement was replaced by limestone filler and increased by 73.1% when the cement was 
replaced by 15% metakaolin while maintaining the limestone filler. These values were obtained 
as 27.6% and 62.2%, respectively, when the yield stress was analyzed. In addition, the hardened 
properties (mechanical behavior and durability) were studied by measuring the strengths at 28 
days, as well as the electrical resistivity and ultrasonic pulse velocity over time. In this case, at 28 
days the use of binary binder reduces the strength and resistivity (about 20%) and the employ-
ment of ternary binder reduces strength (15%) while increases the resistivity up to the double 
(when compared to the 100 C concrete). Moreover, to measure the efficiency of the concrete, a 
material index was designed that considers the fresh behavior, mechanical performance, dura-
bility, cost, and environmental impact. Self-compacting concretes with ternary binders provided 
the highest indices. The use of alternative materials, particularly metakaolin has been proven to 
be a good option to enhance concrete sustainable performance.   

1. Introduction 

Self-compacting concrete (SCC) presents a workability of a high-performance concrete [1]. Compared to a vibrated concrete, it 
shows a different fresh behavior[2,3], which is defined by its fluidity (measured through rheology). To achieve self-compacting 
behavior, SCC is frequently designed to exhibit a rather high paste volume, which implies high consumption of cement and natural 
resources. Furthermore, cement production is responsible for 5–7% of CO2 emissions, as 1 ton of cement emits 900 kg CO2 into the 
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atmosphere [4]. 
In recent years, efforts to achieve more efficient cement-based materials have opened up the possibility of using supplementary 

cementitious materials (SCMs). SCM can be pozzolanic, such as fly ash [5], granulated blast furnace [6], metakaolin [7] or silica fume 
[8]; or non-pozzolanic, such as limestone filler [9], granite powder [10], marble powder [11] or rubber powder that produces binary, 
ternary, or quaternary binders. The use of SCM directly affects concrete workability, mechanical performance, and durability. 

To understand the rheological behavior of concrete with SCMs, an in-depth knowledge regarding the characteristics of the ma-
terials is required, as certain factors, such as, particle size distribution, morphology, and texture have a strong influence [12]. Vance 
et al. [12] studied the influence of the particle size distribution (PSD) of limestone powder on the rheological behavior and reported 
that coarse limestone filler decreased the rheological parameters (as it increased the particle spacing); in contrast fine limestone 
powder resulted in higher yield stress and plastic viscosity (as it increased packing density, resulting in a decrease in interparticle 
spacing). However, the same authors found that when blended suspensions (Portland cement + limestone filler) were prepared with 
the same PSD, the use of limestone negligibly affected the plastic viscosity, although it decreased the yield stress [13]. Gesoǧlu et al. [5] 
found that the use of limestone filler and marble powder increased SCC viscosity. Consequently, when analyzing binary blends of 
cement and metakaolin, the authors concluded that an increase in the replacement rate resulted in an increase in both the rheological 
parameters [12,14]. This is attributed to the high specific surface area and the tendency of the fine part of metakaolin to agglomerate 
[12]. Furthermore, an analysis of ternary blend cement with limestone filler and metakaolin [12] where electrostatic forces act by 
modifying interparticle spacing, concluded that yield stress is reduced as the fine limestone filler content is increased. However, other 
studies [15] found that the use of metakaolin in limestone cement concrete reduce yield stress while plastic viscosity is increased. 

The use of non-pozzolanic materials replacing a significant level of cement usually results in a reduction in the mechanical per-
formance as, in these cases, the physical effects do not compensate the chemical activity of the cement substituted. However, 
pozzolanic SCMs can counteract this effect [14]. In this regard, the ultrasound pulse velocity is a good indicator of the compressive 
strength of concrete, as the propagation velocity primarily depends on its density and elastic properties. Concrete durability and its 
resistance to reinforcement corrosion are primarily influenced by the pore structure and characteristics of the pore solution [16]. The 
use of binary and ternary binders improves these characteristics. Duc-Hien et al. (2018) [17] found that mixes with sugarcane bagasse 
ash slag and ground blast furnace slag in binary and ternary binders presented a low risk of corrosion after 28 days. 

Finally, to evaluate the sustainability of concrete with binary and ternary binders more accurately, economic and environmental 
aspects should be considered. For this purpose, different methodologies (found in the literature) can be used with certain being 
complex [18] whereas others are simple and can be easily used by concrete producers [10]. 

1.1. Objectives 

Although many publications discuss the use of different mineral additions [19], there is lack of data on the use of ternary cement 
mixes with limestone filler, metakaolin and Portland cement at the level of concrete. Most of works that deal with these supplementary 
cementitious materials in ternary cement systems analyze the behavior in mortars or cement pastes [20–22] but the works that deal 
with concretes are scarce [15]. 

The analysis of the rheological behavior of different cement systems at the level of concrete, using a concrete rheometer, is also a 
novel approach as most of the research works employ only industrial tests (as V-funnel or slump flow) [23]. The study of the rela-
tionship between rheological parameters and solid volume fraction comparing different cement systems is also scarce in the literature 
[13,24]. It is well known that the inclusion of SCM in concrete produces important changes in its rheological behavior and the 
structural build-up of the mixes. Although no consensus exists in the literature regarding their effects, the physical and chemical 
characteristics of the supplementary material used and the relationships they develop with cement particles during the mixing process 
are the determining factors affecting the fresh behavior of the mixture. Thus, a broad characterization of the material is important for 
fully understanding these effects. 

Regarding hardened behavior, the influence of the paste volume content in concrete compressive strength, UPV or ER is also limited 
and some authors have suggested that more works are needed in this regard [25]. 

Finally, to ensure the sustainable behavior of the new concrete, some indexes that takes in account not only fresh behavior, but also 
mechanical performance and durability must be studied when designing this type of concrete. This work covers fresh, hardened and 
durability properties of the concrete. This allows the authors to develop an analysis of the efficiency of the concrete considering all 
these important aspects together. 

Therefore, the primary objective of this study was to evaluate the effect of binary and ternary binders on the performance of SCC. 
First, the fresh state behavior was analyzed using rheology as a tool of science, which facilitated the study of interactions between the 
physical and chemical characteristics of the SCMs within the paste and concrete upon addition of fine and coarse aggregates. Second, 
the efficiency of SCC with binary and ternary binders was measured and compared. The hardened behavior was determined using 
destructive and non-destructive tests. Finally, the fresh state behavior, mechanical and durability performance, cost, and environ-
mental impact were considered in the material efficiency assessment. 

2. Experimental program 

2.1. Raw materials characterization 

Three powder materials were used in this study: Portland cement labelled CEM I 52.5 N-SR5 (C), limestone filler (F), and 
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metakaolin (M) as SCM in binary and ternary cementitious blends. To compare the effect of SCM on concrete properties, F and M were 
used by partially replacing cement by volume, yielding three blended cementitious systems: 100 C (100% cement), 75C25F (75% 
cement and 25% limestone filler), and 60C25F15M (60% cement, 25% limestone filler, and 15% metakaolin). 

The particle size distribution (PDS) of the systems, measured using a laser diffractometer, is shown in Fig. 1 and Fig. 2. The D90, 
D50, and D10 parameters, along with the specific density are presented in Table 1. As expected, limestone filler is thinner than cement 
or metakaolin. 

The nitrogen gas adsorption technique was used to calculate the specific surface area (SSABET). Further, using the PDS and assuming 
a spherical shape without pores for the particles, the specific surface area per unit volume (SSAPSD) and the particle density (NPSD) was 
estimated following Navarrete et al. [24]. 

Fig. 1. Grading curves of powder materials.  

Fig. 2. Grading curves of blended binders.  

Table 1 
Physical properties of powder materials and blended systems.   

C F M 75C25F 60C25F15M 

Specific density (g/cm3) 3.11 2.64 2.55 2.99 2.91 
SSABET (m2/g) 1.36 1.44 4.25 1.38 1.81 
SSABET (m2/m3) 4.23E+ 06 3.79E+ 06 10.8E+ 06 4.13E+ 06 5.27E+ 06 
SSAPSD (m2/m3) 0.66E+ 06 1.413E+ 06 0.675E+ 06 1.04E+ 06 1.00E+ 06 
SSAPSD (m2/g) 0.286 0.535 0.265 0.349 0.3451 
D10 (μm) 4.91 1.46 4.18 4.05 3.938 
D50 (μm) 23.69 12.24 20.96 20.82 20.42 
D90 (μm) 49.77 50.21 112.17 49.88 59.24 
Particle density - NPSD 23 55 19 31 30.4  
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The chemical composition was determined by X-ray fluorescence (XRF), presented in Table 2. Further, phase identification was 
performed via X-ray diffraction (XRD) to identify the presence of different amounts of crystalline phases (Fig. 3) in each powder. 
Scanning electron microscopy (SEM) images of C, F, and M are shown in Fig. 4. 

Fig. 1 shows that the PSD of the powder materials are different. Limestone filler presents finer particles than cement or metakaolin. 
However, on comparing the particle distribution of cement and metakaolin, it is evident that metakaolin presents finer and coarser 
particles than cement, as the volume of the middle-sized particles is smaller. This was confirmed by SEM images (Fig. 4.b), where the 
presence of fine particles in the limestone filler image was clear. As shown in Fig. 2, the 75C25F and 60C25F15M mixtures exhibited 
similar particle size distributions because of the limestone filler. Both mixtures have more fine particles than cement-only systems 
(100 C). 

Differences between SSABET and that calculated using the PSD were 6.4, 2.7, and 15.9 times those calculated with the particles size 
distribution considering spherical particles without pores for cement, limestone filler and metakaolin, respectively. The highest dif-
ference was observed with the metakaolin, implying that the particle shape of this material was considerably different from the 
spherical shape. Further, SEM images (Fig. 4) show that the high specific surface value of metakaolin is due to its irregular shape, rough 
surface, and high open porosity with layers in parallel geometry, which facilitates the adsorption of N2 and provides high values of 
SSABET. The calcination process employed for the metakaolin was the “fluidized bed process,” which according to the literature [26] 
generates angular and salient shape particles. However, in the SEM images, certain particles were observed to exhibit perfect 
roundness. In the SEM images, the limestone filler particles appeared smooth and irregular. In contrast, cement particles were irregular 
in shape and the texture was not as rough as that of metakaolin, nor as smooth as that of limestone filler. 

According to XRF analysis, M presents a SiO2/Al2O3 ratio of 1.58, implying that it is a metakaolin with low impurity content, 
considering that a ratio equal to 1.18 is considered pure M [26]. This is in accordance with the XRD analysis, which showed the 
presence of kaolinite and detectable amounts of illite and quartz. In addition, this is consistent with the results of Cassagnabère et al. 
(2013) [26] who concluded that the employment of the fluidized process results in metakaolin presenting a less amorphous structure in 
the area of the halo centered at 20 = 27.07◦. To confirm the pozzolanic activity of the metakaolin, it was measured following the 
French standard NF P18–513 [27]. The lower limit to be considered as pozzolanic is 650 mg of Ca(OH)2 [28] and the results obtained 
with metakaolin used in this work provide a value of 946 mg of Ca(OH)2; hence, metakaolin is considered to be a pozzolanic material. 

Table 2 
Chemical composition of powder materials (XRF).  

% by mass C F M 

SiO2  18.9  1.5  58.0 
Al2O3  6.3  0.45  36.8 
Fe2O3  2.7  0.22  1.2 
CaO  59.9  55  0.075 
K2O  1.9  0.12  2.1 
MgO  1.6  0.49  0.18 
SO3  3.5  0.17  0.058 
LOI  4.3  41.9  0.7  

Fig. 3. X-Ray Diffraction.  
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Finally, fine (FA) and coarse (CA) crushed aggregates (limestone) were used, with nominal size of 0–4 and 6–12 mm. Their physical 
properties are presented in Table 3: 

The maximum packing fraction of the aggregates was experimentally measured using the method described in the literature [29]. It 
was measured considering the combination of fine and coarse aggregates according to the CA/FA ratio defined in the mixture pro-
portions, yielding a value of 0.73. 

Tap water and a polycarboxylate superplasticizer (Sika ViscoCrete-3500) were used in the mixtures. 

Fig. 4. a) Cement, b) Limestone filler, c) Metakaolin.  

Table 3 
Properties of aggregates.   

FA CA 

Density (g/cm3) 2.72 2.81 
Water absorption 24 h (%) 1.05 0.63 
Los Angeles coefficient (%) – 18 
BET Surface (m2/g) 73 –  

Table 4 
Mixture proportions (1 m3).     

Dosage (l/m3) 

Paste level (l) Binder (%) Vw/Vb CEM LP M FA CA Super Water 

350 100 C 1.1 165.78   325.00 325.00 1.86 182.36 
75C25F 124.50 41.50  1.39 182.60 
60C25F15M 99.60 41.50 24.90 1.39 182.60 

400 100 C 1.1 189.47   300.00 300.00 2.12 204.41 
75C25F 142.29 47.43  1.59 208.69 
60C25F15M 113.83 47.43 28.46 1.59 208.69 

450 100 C 1.1 213.15   275.00 275.00 2.39 234.46 
75C25F 160.07 53.36  1.79 234.78 
60C25F15M 128.06 53.36 32.01 1.79 234.78 

500 100 C 1.1 236.83   250.00 250.00 2.65 260.52 
75C25F 177.86 59.29  1.99 260.86 
60C25F15M 142.29 59.29 35.57 1.99 260.86  
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2.2. Concrete mixes 

SCCs were designed varying the solid volume fraction (that is the volume of sand and coarse aggregate) or, accordingly, the paste 
volume (volume of paste in 1 m3). Therefore, four different paste levels (350, 400, 450, and 500 liters) were employed in the concrete 
mixes. These pastes were designed using the three blended cementitious systems: 100 C, 75C25F, and 60C25F15M. 

The mixture parameters of the concrete are listed in Table 4. All mixtures were prepared with the same water-to-binder volumetric 
ratio (Vw/Vb of 1.1), coarse-to-fine aggregate volumetric ratio (CA/FA of 1.0), and superplasticizer dosage (1.12%). 

To avoid aggregates from absorbing water from the mix, they were dry homogenized in the mixer for 1 min and then mixed with the 
water calculated to compensate their absorption at 10 min for another minute. After that, the mixer was stopped for 8 min and then 
rotated again for 1 min introducing the powder materials. In this manner, the aggregates were 10 min in contact with the water that 
compensates their absorption at 10 min. 

Concretes were made using batches of 36 l that were prepared in a vertical-axis mixer. The mixing protocol is illustrated in Fig. 5. In 
this figure t0 is the time of cement-water contact (the reference time) and t7 is the time when the concrete is taken off the mixer and 
introduced in the rheometer (7 min from t0). 

2.3. Methods 

After discharging the concrete from the mixer in t7 (Fig. 5), it was immediately introduced into the rheometer, and its rheological 
behavior was measured following the steps described in Fig. 6. 

The rheological properties of the studied concretes were determined at different ages, that is, 10 (t10), 30 (t30), and 65 (t65) min, 
from the time of cement-water contact (the reference time, t0). These testing times (age of the mix) corresponded to three different 
resting periods: 2, 15, and 30 min 

Two rheological tests were performed at each testing time using a portable rheometer with vane geometry, ICAR rheometer: the 
stress growth test (SGT) and flow curve test (FCT). SGT was performed twice under two conditions: first undisturbed, immediately after 
the resting time, and thereafter disturbed, immediately following the first one. In this test the constant rotational speed was 0.025 rps 
and the test was stopped after 60 s, once the peak torque was reached. Then, the vane was removed, the concrete remixed with a shovel 
and the disturbed SGT started (using the same speed and duration as before). Subsequently, the FCT was performed. In this test a 
rotational speed of 0.5 rps was applied for 20 s and then the speed was decreased in seven steps to 0 rps. The torque was measured in 
the descending steps of the test. The time required to perform these tests was 5 min 

For each testing time wherein rheological characteristics of the mixtures were analyzed, the slump flow test according to EN 12350- 
8 [30] was developed to measure the spread diameter and T500 parameters. 

After the rheological tests were performed, five cylindrical specimens (150 ×300 mm) were cast to control the hardened-state 
properties While three specimens were used to measure the compressive strength according to UNE-EN 12390-3 [31] the other two 
specimens were used to evaluate the tensile splitting strength [32] at 28 days of age. 

Three additional cylindrical samples (100 × 200 mm) were cast to evaluate their Electrical Resistivity (ER) and ultrasonic pulse 
velocity (UPV). The UPV was performed with the Pundit equipment and 54 kHz type transducers. The surface ER was measured using 
the Wenner 4 probe method following UNE 83988-2:2014 [33]. Both tests were conducted on the same specimen, always following the 
same sequence: measurement of ER in six generatrixes followed by measurement of UPV between the top and bottom surfaces of the 
sample. The test specimens were maintained in water up to the testing days (2, 7, 14, 21, 28, 56, 70, 112, and 126 d). 

Fig. 5. Mixing protocol.  

Fig. 6. Testing protocol.  
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3. Analysis of fresh state behavior 

3.1. Slump flow results 

The slump flow results are shown in Fig. 7. To consider a suitable self-compacting concrete, limits were established according to the 
European Guidelines for Self-Compacting Concrete specifications, production, and use [34]. Considering these limits, when only 350 l 
of paste is used, many mixes were observed to lose their self-compacting behavior; 60C25F10M was not self-compacting at any time, 
75C25F at 30 and 65 min, and 100 C at 65 min. In addition, with 400 l of paste, only the mix 60C25F10M at 65 min did not fulfil the 
requirements. 

As expected, the T500 increased over time as the paste content decreased. Self-compacting mixes with 400, 450, or 500 l of paste 
yielded a low value of T500 (lower than 2 s), which showed minimal evolution with time; however, mixes with only 350 l of paste are 
clearly more sensitive over time. This test is very operator sensitive; therefore, analyzing the effect of the paste composition is 
challenging. However, when metakaolin was added, the T500 values slightly increased. 

The spread diameter results show that an increase in the paste content resulted in an increase in this parameter. This increase was 
significant when the paste content increased from 350 to 400 l, showing that the concrete with 100 C and 75C25 had an increment of 
40% and 25%, respectively. However, when the paste content increased from 400 to 500 l, the spread diameter increased by 
approximately 7% (100 C and 75C25F). Further, analyzing the effect of time, a reduction trend of the spread diameter was observed, 
which was more pronounced when the paste content was low. In contrast, for high paste content at early ages, the spread diameter was 
similar, regardless of the paste composition. However, at later ages or when the paste content was only 350 l, the concrete with 
60C25F15M exhibited the lowest values of spread. 

Fig. 7. Slump flow test results.  

Fig. 8. Static yield stress disturbed (top) and undisturbed (bottom).  
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Fig. 9. Plastic viscosity evolution with time.  
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Fig. 10. Dynamic yield stress evolution with time.  
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3.2. Stress growth test results 

The SGT results are discussed in this section. This test was performed twice, under both undisturbed and disturbed conditions, at 
the following testing ages: 10, 30, and 65 min 

At 65 min, the mixtures produced with ternary binders and 350 l paste lost SCC characteristics, and the rheological test could not be 
performed. Furthermore, certain level of segregation was observed in a few of the samples in concrete with a paste volume of 500 l. 

The static yield stress decreases as the paste content increases. This rheological parameter is always higher under undisturbed 
conditions than under disturbed conditions, as expected. Further, the differences between both measurements, undisturbed and 
disturbed, appear to be smaller for high paste contents (500 and 450 l) than for low paste contents (400 and 350 l). 

As shown in Fig. 8, the replacement of cement with limestone filler decreased the static yield stress in comparison to the cement 
only mixture. However, the use of metakaolin at 15% (replacing cement and maintaining the limestone filler at 25%) resulted in an 
increase in the rheological properties (yield stress), even exceeding the value obtained with the cement-only base mixture. This implies 
that a binary blend based on cement and limestone filler improves flowability, whereas the introduction of metakaolin in the ternary 
cement reduces the fluidity of the mixture. 

Regarding the evolution over time, it is evident that for the 10 min measurement, where the mixture was at rest for just two min in 
the rheometer, as expected, the values for both the undisturbed and disturbed states were essentially the same. An increase in the static 
yield stress for both testing states was observed in all the mixtures over time. 

3.3. Flow curves: dynamic yield stress and plastic viscosity results 

For the flow curves (in relative units), the Bingham model was applied using the seven data points obtained from the FCT at each of 
the seven steps in the descending ramp of the testing protocol. Certain authors have concluded that the Bingham model estimates 
higher yield stress values than other models [35] and the use of models such as Hershel Bulkley or Eyring have provided better ad-
justments for the study of cement pastes [36]. However, in this study, the Bingham model was used to calculate rheological parameters 
in absolute units. 

With regard to viscosity over time (Fig. 9), this property remains constant for high paste contents and mixtures with cement only or 
cement and limestone filler. Viscosity differences were more noticeable in the 350 l concrete series. The viscosity values showed an 
increasing tendency when metakaolin was incorporated, whereas the lowest values were obtained for mixtures with cement and filler. 
Moreover, in all systems the viscosity decreases as the paste content increases. 

Regarding the behavior over time, the dynamic yield stresses (Fig. 10) showed minimal change for paste contents of 400, 450, and 
500 l when cement only, or cement and limestone filler were used. This is because only reversible phenomena are occurring. However, 
an increase over time was observed in the values of both parameters for mixtures with cement, filler, and metakaolin, particularly at 
65 min, and for concrete with a low paste content. This implies that an irreversible phenomenon occurs. 

These results indicate that, for all concretes, the dynamic yield stress does not change for up to 30 min, implying that the concrete is 
in the dormant period and hydration reactions can be neglected (considering that only reversible phenomena occur). As occurs with 
the viscosity, the dynamic yield stress decreases as the paste content increases. 

3.4. Rheological parameters and solid volume fraction 

To better analyze the effect of the paste content and composition on the rheological behavior of concrete, curves for the solid 
volume fraction as a function of the rheological parameters were plotted using the results up to 30 min (considering that concrete is in 
the dormant period and hydration reactions can be neglected). Fig. 11 shows the rheological parameters of concretes with different 
types of powders at ages of 10 and 30 min when the aggregate volume is modified. Empty bullets correspond to the results at 10 min 

Fig. 11. Rheological parameters vs. solid volume fraction.  
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and full bullets with the values obtained at 30 min. 
The values obtained indicate a clear increment in the rheological parameters when the solid volume fraction rises. They also show 

that the viscosity decreases when the cement is replaced by limestone filler and increases when the cement is replaced by metakaolin 
while maintaining the limestone filler. Comparing 75C25F concrete with 60C25F15M, it is evident that the inclusion of metakaolin 
sharply increases both rheological parameters. 

According to Table 1, the limestone filler system 75C25F displays a higher specific surface area and particle density than the 100 C 
system, implying that the separation distance between particles is lower. This results in an increase in the physical interaction between 
the particles, thereby increasing the rheological parameters. However, both yield stress and viscosity are lower at 75C25M than at 
100 C; therefore, colloidal forces must be considered. Certain forces are repulsive, that is, electrostatic forces between similarly 
charged surfaces, while others are attractive, such as van der Waals and electrostatic forces between opposite charges on the surface of 
the particles. When using different powder materials, the van der Waals forces can be repulsive; however, when using only cement, 
these forces are always attractive [13]. Furthermore, because of the similar charges on the surfaces of the cement particles, the 
electrostatic forces are repulsive. Depending on the magnitude of the generated forces, if attractive forces dominate the system [37], 
flocculation occurs and the rheological parameters increase in value. In contrast, if repulsive forces rule, then a stable colloidal system 
is produced and the rheological parameters are lower. The solid loading influences, which is the dominant force, such that when a 
certain solid volume fraction exceeds the Van der Waals force rule, whereas below this concentration, the repulsive forces control the 
behavior of the mixture. Regardless, the particle size in a cement system is quite large; therefore, Brownian forces were not considered 
in this study. Consequently, the reduction in both the apparent yield stress and plastic viscosity with the incorporation of limestone 
into the concrete paste is because of the reduction in the number of flocculated cement particles, as its inclusion increases the repulsive 
forces while reducing the cement particle connections. In this case, this factor dominated the particle spacing, resulting in the 100 C 
system presenting higher rheological parameters than the 75C25F system. 

Analyzing the system with limestone filler, it was observed that 75C25F and 60C25F15M presented similar particle densities, 
although their specific surface areas were very different and higher in the metakaolin system. Metakaolin has a very high specific 
surface area and a rough and irregular structure (sometimes layered like kaolinite, with elongated particles), indicating that it in-
creases the water demand, reduces the interparticle distance, and promotes particle jamming. These properties have enabled concrete 
with metakaolin to completely counteract the effect of limestone filler and consequently present the highest values of both yield stress 
and plastic viscosity. These results agree with those obtained by other authors analyzing mortars or pastes with metakaolin [38]. [38] 
reviewer observed, at the level of a mortar, that the substitution of cement with M leads to an increase in the plastic viscosity at a 

Fig. 12. Relationship between Static Yield Stress and slump flow.  

Fig. 13. Relationship between T500 and Plastic Viscosity.  
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constant or even increasing the dosage of superplasticizer. The yield stress also rises with the inclusion of metakaolin when the 
superplasticizer is kept constant. 

Finally in Fig. 12 and Fig. 13 the relationships between the yield stress and slump flow and the plastic viscosity and T500, 
respectively, are plotted. The slump flow test is an industrial test that analyzes both the yield stress and viscous behavior of fresh 
concrete; therefore, the measurements of spread and T500 are related to different rheological parameters. In the figures, the rela-
tionship shown by all mixes, regardless of the cementitious composition or paste content, is similar. 

The relationship between the yield stress and slump flow test diameter is a function of the material density and is similar to that 
obtained in other studies for SCC [35,36]. In addition, a good relationship was found between viscosity and T500. 

4. Analysis of hardened behavior 

To analyze the hardened behavior, the evolution of the pulse velocity, compressive strength, and splitting tensile strength at 28 
days were measured. The evolution of ER was used to measure concrete durability. 

4.1. Ultrasonic pulse velocity and strengths 

Fig. 14 shows the evolution of the ultrasonic pulse velocity (UPV) of all mixes. This parameter exhibits a high rate of gain at early 
ages that slows down in a later state; however, certain differences can be observed in different concretes. At early ages, mixes with only 
cement (100 C) and 60C25F10M exhibited the highest and lowest values, respectively. However, at long ages, the mix with metakaolin 
and 75C25F exhibited the maximum and minimum velocity values, respectively. In addition, the concretes with a high aggregate 
content showed higher values of ultrasonic pulse velocity; that is, mixes with only 350 and 500 I of paste always present the highest 
and lowest values, respectively. 

Ultrasonic wave propagation depends on the dynamic elastic modulus, Poisson’s ratio, and density of the medium; therefore, it 
differs between aggregates and pastes. In addition, the measured value depends on the velocity in each of these systems and their 
volume content. At a low aggregate content, UPV depends primarily on the velocity in the matrix. In this study, aggregates presented a 
denser structure than the matrix, thus, the values of UPV were higher in concrete with a higher aggregate content. 

Comparing concretes with the same aggregate content, the velocity of the wave depends on the matrix properties, primarily the 

Fig. 14. Ultrasound pulse velocity over time.  

Fig. 15. Compressive and splitting tensile strength (28 days).  
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density of the microstructure, which is related to the hydration process. During setting and hardening, pore refinement of the concrete 
matrix occurs, and then the UPV grows. The evolution of the UPV exhibited a different reaction in mixes with metakaolin owing to its 
pozzolanic reaction as was already seen by other authors when studying the compressive strength evolution [39]. While 100 C and 
75C25F showed a similar trend in the evolution of ultrasonic velocity, the performance of the 60C25F15M mix was different. In the 
first days, the rate of gain (the slope of the curves) was high, whereas after 20 days, it slowed down and became similar to the evolution 
observed at 100 C and 75C25F. After 28 days, the UPV decreases as the paste content increases. 

The influence of the paste volume content in concrete compressive strength is complex and limited works has been developed to 
clarify the reasons behind [35,36]. Fig. 15 shows the compressive and splitting tensile strengths at 28 days and, in this work, the results 
indicate that the strength decreases as the paste content increases. This is attributed to the mortar thickness coating the aggregates. 
When the aggregate volume in the concrete is high the path the crack needs to follow is long, as it has to move around a great number of 
aggregates. This makes the energy absorbed high. When the volume of the paste is high and the volume of the aggregates is small, the 
length of the path becomes straighter leading the amount of energy absorbed smaller. 

Other researchers have detected the same effect [39–42] and they suggest that more research is needed in order to clarify the 
reasons for this. For instance, [40] found that, at constant w/c ratio, decreasing the cementitious paste volume, increased the strength 
and quality of concrete and that this enhancement effect was related to the average thickness of mortar films coating the aggregate. The 
same effect was detected by [41] that measured an increase of strength as the volume of the paste in the mix decreases. 

De Larrard and Belloc [43], funding the same trend, attributed it to the maximum paste thickness which is defined as the mean 
distance between adjacent coarse aggregates. 

When cement is replaced by SCM, the strength decreases. The reduction in the system with limestone filler (75C25F) was 
approximately 20% for all paste contents. This agrees with the results of other authors [39,44–46] that detected at all ages a reduction 
in the compressive strength with increasing the limestone filler due to the dilution effect that could not be compensated by the filler 
effect. However, when metakaolin was added to the mixture, the reduction was lower (approximately 15%) owing to the pozzolanic 
reaction and to the synergic effect of the combination of limestone filler and metakaolin. Drissi et al. [39] found that metakaolin in 
combination with limestone filler could bridge the dilution effect of LS at later ages. 

Fig. 16 shows that the relationship between compressive strength and UPV at 28 days is different depending on the blended cement 
used. Upon comparing 100 C and 60C25F10M it is evident that they present (at any aggregate content) almost the same UPV; however, 
concretes with only cement 100 C provide the highest compressive strength. The use of limestone filler replacing cement contributes to 
reduction of the volume of voids in the cement paste, hence improves the compactness of the matrix; however, the compressive 
strength at 28 days when using limestone filler does not exhibit growth to the same extent as in the system with only cement. The 

Fig. 16. Compressive strength vs UPV (28 days).  

Fig. 17. ER over time.  
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differences in this relationship between 75C25F and 60C25F10M are minimal, providing slightly higher UPV and, accordingly, slightly 
higher compressive strength than the mix with metakaolin. In addition, the influence of the aggregate content is similar in all systems. 
As the aggregate content increased both compressive strength and UPV increased as well. 

4.2. Electrical resistivity 

The ER, as shown in Fig. 17, followed the same trend as the UPV; that is, the results show a high rate of gain at early ages (owing to 
the hydration process) that slows down at later stages. Again, the highest values at early ages are shown by 100 C concretes, with the 
mix with 60C25F10M showing the best results at later ages. Further, this parameter also increases with increase in the aggregate 
content. 

However, the differences among the concretes are more notable than in UPV because this parameter is more influenced by the pore 
structure and its connectivity than the UPV or compressive strength. The refinement of the dense structure and the densification of the 
composite matrix produced by the pozzolanic reaction of metakaolin at later ages results in concretes with this material presenting a 
different long-term behavior. Thus, the beneficial effect of introducing metakaolin in cement systems is clear. Moreover, for the same 
UPV, systems with metakaolin provide ER values that are almost twice the resistivity measured in the 100 C or 75C25F system. This is 
particularly significant for 60C25F10M with 350 l of paste. 

Fig. 18 shows that at 28 days, the use of limestone filler reduces both compressive strength and ER; however, on incorporation of 
metakaolin, although the compressive strength is also reduced, the ER considerably increases Further, concrete durability can be 
improved using this material that fills voids wherein primarily the compactness of the matrix producing a pore structure refinement 
after pozzolanic activity is improved. Upon comparing 100 C and 75F25F, it can be concluded that the system with limestone filler 
presents lower compressive strength and slightly lower ER. 

The influence of the aggregate content was similar in all systems and followed the same trend as that of the UPV. As the aggregate 
content increased, ER increased as well. 

These results indicate that compressive strength is closely related to UPV, but ER is much more sensitive to the compactness of the 

Fig. 18. Compressive strength vs ER (28 days).  

Fig. 19. ER vs UPV at different ages.  
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matrix obtained by the pozzolanic reaction of the metakaolin. 
Fig. 19 shows the relationship between the UPV and ER at different ages. The effect of the hydration process can be observed in this 

figure. The system with 100 C and 75C25F presents a comparable relationship between UPV and ER, and the slope of the curve that 
relates these two parameters is similar. As the UPC increases, the ER rises to a similar extent in both systems. However, the system 
60C25F10M exhibits a clearly different trend; as the UPV increased, the rate of gain in the ER was considerably high. 

ER has been extensively used to estimate concrete durability, because it is related to the transport properties of concrete. According 
to the literature [47], corrosion risk can be classified into three levels (low, moderate, and high) that are related to the ER values 
(Table 5). 

At short ages, all mixes presented a high corrosion risk, with values under 10 kΩ cm. These values agree with the results of the 
literature, where, at short ages, the ER is always low [48]. However, from day 7 onwards, mixes with ternary cement obtained values of 
moderate risk. In most mixes with only cement, it is necessary to wait up to 20 days to overcome the 10 kΩ-cm and mix with 75C25F, 
and a high quantity of paste (500 L) does not obtain this value. This is consistent with the results of Bagheri et al. [49], where, when 
using fly ash and silica fume in different replacement percentages concretes with 20% and 30% of fly ash and silica fume, respectively, 
exhibited ER values twice the ones of the baseline mix at 28 days. Sadrmomtazi et al. [50] concluded that the incorporation of silica 
fume has beneficial effects in the interfacial transition zone owing to the pozzolanic reactions that dismiss the portlandite content and 
increase the uniformity and density of the matrix and the bond between the matrix and the aggregate. 

5. Material efficiency 

The correct selection of raw materials for the design of new concrete mixes has recently become important for ensuring that they 
achieve certain economic benefits that do not compromise the service capacity of structures. The ISO14067 [51] defines carbon 
footprint as follows: "it is a sum of greenhouse gases emissions and removals in a product system expressed as CO2 equivalent.". 

The material efficiency of the concretes designed in this study was studied following the procedure reported in the literature [52]: 

ME =
w1 ⋅ Dflow

Dflow, ref + w2 ⋅ fcm
fcm, ref + w3 ⋅ Resis

Resis,ref
GWP

GWP,ref ⋅ Cost
Cost,ref

(1)  

where Dflow, fcm, and Resis are the flow diameter, compressive strength, and resistivity at 28 days, respectively, and represent the 
material engineering performance, GWP and Cost are the global warming potential and unit cost, respectively, of a given concrete 
mixture, and Dflow,ref, fcm,ref, Resis,ref, GWPref, and Costref are related to the values of a reference mixture or target values established in 
view of a given practical application. In this study, the reference values established were the averages of the values measured for all 
mixtures analyzed, and wi was established as 0.33. 

This indicator has been designed to show an increment (higher material efficiency) when the material performance is improved and 
when the environmental and economic factors are low. 

The GWP and unit cost, presented in Table 6, were calculated as follows: The GWP of the concrete was estimated by its respective 
CO2 emissions. The unit cost of each concrete mixture was computed based on the individual costs of the raw materials. 

Fig. 20 show that the concrete mixes with the secondary and ternary blends showed higher efficiency factors than their coun-
terparts with only cement, where 60C25F15M yielded the highest efficiency factor. In this system, the engineering performance was 
better because, although the compressive strength and workability were worse than at 100 C, they do mot counteract the effect of the 
great improvement in durability. Further, although the cost factor of the system was worse than the cost of 100 C but, this negative 
factor was highly balanced by better engineering performance and considerably better environmental performance. 

The system 75C25F shows a very good workability factor and a medium durability performance; however, the poor compressive 

Table 5 
Corrosion risk levels (ref).  

ER Corrosion risk 

ρ > 200 kΩ cm Low Corrosion Risk 
200 > ρ > 10 kΩ cm Moderate Corrosion Risk 
ρ < 10 kΩ cm High Corrosion Risk  

Table 6 
GWP and cost for each material.  

Material GWP (kg CO2/kg) Cost (€/kg) 

Cement 0.830 [53]  0.100 
Metakaolin 0.09240 [54]  0.425 
Limestone filler 0.01905 [53]  0.01 
Aggregates 0.00246 [53]  0.01 
Water 0.000318 [55]  0 
Superplasticizer 0.994 [54]  0.98  
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strength results in this system presenting a worse engineering factor. Further, its cost is the lowest, and its environmental behavior is in 
the middle of the three systems. Thus, this system showed better material efficiency than 100 C but worse than 60C25F15M. 

6. Conclusions 

This study analyzed the influence of two SCMs (limestone filler and metakaolin) on the rheological properties and hardened state of 
SCC using four paste volume levels (350–400–450–500 l). Three paste compositions were designed: one with only cement (100 C), one 
replacing cement with 25% limestone filler (75C25F), and the last replacing cement with 25% limestone filler and 15% metakaolin 
(60C25F15M). 

The results lead to state that the use of limestone in binary binders (75C25F) results in a reduction in both the yield stress and plastic 
viscosity as it dismisses the number of flocculated cement particles. However, owing to the high specific surface area, the inclusion of 
metakaolin in ternary binders (60C25F15M) counteracts this effect and increases the rheological parameters. The increase in the solid 
volume fraction (reducing the paste volume) increases the rheological parameters and modifies the slump flow results accordingly. 

In hardened state, the employment of SCM reduces both UPV and strength, with the reduction in 75C25F being higher than that in 
60C25F15M. In addition, the evolution of the UPV in the first 20 days of 60C25F15M was higher than that of the other systems. Both of 
these issues were because of the pozzolanic reaction of metakaolin. In this hardened state, the mechanical performance decreased as 
the paste content increased, which is attributed to the mortar thickness coating the aggregates. 

The best durability performance is shown by concretes with ternary binder, 60C25F15M. The use of limestone filler and partic-
ularly metakaolin, reduces the volume of voids in the cement paste and, in the latter case, contributes to its densification, producing a 
pore structure refinement after pozzolanic activity that will enhance the durability performance. 

Finally, to measure the efficiency of the concrete, a material index was designed that considered the fresh behavior, mechanical 
performance, durability, cost, and environmental impact. SCCs with ternary binders (60C25F15M) provided the highest indices. Thus, 
the use of alternative materials, particularly metakaolin, in the design of SCC has been proven to be a good option to optimize its 
sustainable performance. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgements 

The study is part of two projects entitled: “Robust self-compacting recycled concretes: rheology in fresh state and mechanical 
properties (Ref: BIA2014-58063-R)” and “Sustainable High Performance Self-Compacting Concrete using low clinker cement, and 
integral curing and self-healing agents (HACCURACEM) (BIA2017-85657-R)” funded by MINECO. 

Moreover, this work was also made possible by the financial support of a pre-doctoral grant of MINECO (FPI 2015- ref BES-2015- 
071919) and two grants for international pre-doctoral stays: (a) FPI 2015 and (b) IACOBUS program for “Galicia–North of Portugal 
Euroregion”. 

Fig. 20. ME results.  
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