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Abstract. This paper addresses the effect of mineral admixtures on fresh and hardened
properties of self compacting concrete (SCC). Artificial neural networks (ANN) and simplex
lattice design approach was integrated to predict and evaluate the effect of limestone, marble
powder, natural pozzolan and slag on rheological and mechanical properties of SCC
evaluated by slump flow, L-Box, V-funnel, sieve segregation test and 28 days compressive
strength. The modelling results show an acceptable prediction accuracy of SCC behaviour
containing mineral admixtures as substitution of cement especially related to the flow time
measured with the V-funnel test and mechanical compressive strength at 28 days.
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1. Introduction

Self-compacting concrete (SCC) is an innovative material characterized by its ability to
consolidate without the necessity of mechanical vibration. This advanced concrete should have a
low yield stress and moderate viscosity in order to achieve self-compactness and provide high
flowability without any segregation between coarse aggregate and mortar (Okamura and Ouchi,
2003; Elemam et al., 2020).

It is generally known that workability and segregation resistance can be achieved by reducing
coarse aggregate content, minimizing water to binder ratio while increasing the superplasticizer
concentration. Furthermore, the employment of mineral admixtures was considered as another
key factors to offer a high paste volume, forming a lubricating layer and achieve more
workability (Sahraoui and Bouziani, 2019; Abendeh and Baker, 2021).

A number of studies have been performed to investigate the rheological and mechanical
properties of SCC with different mineral admixtures. Daoud and Mahgoub (2020) show that
limestone powder can be effectively used as partial replacement of cement to enhance the
performance of SCC in fresh and hardened stages. Alyamac et al (2017) confirm the
improvement of fresh properties of SCC with the addition of marble powder and after an
optimum value of substitution, the compressive strength decreases. Ghafoori et al (2016) show
an improvement in SCC fresh properties with incorporation of natural pozzolan while
compressive strength is slightly decreased. Zhao et al (2015) reported that the use of slag as
mineral admixture in the SCC had not obvious effect on flowability and stability, while a
reduction in mechanical properties was observed.

The multilayer perceptron is an artificial neural network technique which can be used to predict
SCC properties on the basis of input data extracted from literature. This type of network showed
an excellent capability to predict fresh and hardened properties of SCC with high accuracy(Ozgiir
Deneme, 2020; Nguyen et al.,, 2020).
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Based on Scheffe's simplex lattice design technique, many researches were carried out the
development of mathematical models in order to predict and provide a better description in the
field of concrete materials (Ubachukwu and Okafor, 2020; Okere and Sule, 2019; Arimanwa et
al, 2019). This kind of space-filling design is a symmetrical arrangement of points within the
experimental region in a suitable polynomial equation representing the response surface in
triangular contour plot (Oba and Amadi, 2020).

2. Methodology

The objective of this part is to illustrate the effect of mineral admixtures (limestone, marble
powder, pozzolan and slag) as substitution of cement. Based on the design of experiments
technique, a simplex-lattice mixture design with three factors and five levels was used to
evaluate the effect of the above selected mineral admixtures on fresh and hardened properties of
SCC models developed in the Part I (Sahraoui and Bouziani, 2020). The simplex-lattice modelling
approaches can describe the influence of mineral admixtures as well as all their possible
combinations with cement in binary and ternary systems. The number of experiments is
expressed by the flowing relation:

(m+gq—-1)!
T mi(q- D! (1)
Where, m and q are the number of levels and factors respectively. According the Equation (1),
the number of combinations to be treated is 21 (with m=5 and q=3). As illustrated in Figure 1, A;
and A; present two out of four mineral admixtures (Lim, MP, Pz and Slag) selected in this
modelling. While cement remains unchanged in all triangular grid. It should be noted that the
developed model is appropriate to predict SCC properties with fixed proportions summarized in
Table 1.

The developed model concerning the effect of mineral admixtures is expressed by a second-
order polynomial as follows:

Y =by XxCm+ by X Lim+ b3 X MP + b,y X Slag + bs X Pz + bg X (Cm - Lim) + b, X
(Cm-MP) + bg X (Cm - Slag) + by X (Cm - Pz) + byy X (Lim - MP) + byq X

(2)
(Lim - Slag) + by, X (Lim - Pz) + by3 X (MP - Slag) + byy X (MP - Pz) + by X

(Slag- Pz)

Where Y is the output result of ANN-based model developed in the first part (Sahraoui and
Bouziani, 2020).
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Table 1: Concrete mixture proportioning
Sand Gravel 3/8 | Gravel 8/15 Cement Lim - MP - Pz - Slag W/b Sp (%)
(kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
860 420 420 225-450 0-225 0.4 1

VPR YOS VORI VRN AJA
Az 50 45 40 35 30 25 20 (15) 10 5 0 As

Fig. 1. Illustration of the simplex-lattice design with three factors

3. Results and discussion

Mineral admixtures combinations and their output results of ANN models are given in Table 2
and the estimated modelling parameters of all responses are summarized in Table 3.

V-funnel derived models have the stronger R-square and the lower root mean square error
(R2=0.99 and RMSE in the range of 0.2-0.25) which indicate the good prediction performance of
V-funnel models in this ANN modelling compared to the other test results.

L-box derived model developed with MP and Slag has the highest RMSE value compared to the
other models which mean that L-box derived model has a low accuracy in predicting SCC passing
ability in this case study. It is also noted that slump flow model developed with Lim and Slag
exhibit a low R? and high RMSE compared to that with MP and Pz.

The p-value lower than 0.05 (p<0.0001) indicates that developed models are accurate and
performed satisfactorily to predict SCC properties. It is worth bearing in mind that ternary
graphs selected in this work are chosen according to high and low values of obtained models in
order to better insights the effect of mineral admixtures.
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Table 2: Mineral admixtures combinations and output results of ANN models

° MA ) o : - o
E combinations Slump (cm) L-Box (%) V-Funnel (s) Pi (%) Rc28 (MPa)
E C A A Az:Lim Az: MP Az:Lim Az: MP Az: Pz Az:Lim Az: MP Az: MP Az: Lim Az: Lim
m 2 3 As: Slag As: Pz As: Pz As:Slag | As:Slag As: MP As: Pz As:Lim As: MP As: Pz
1 0 0 1 65,54 | 48,80 | 95,69 | 74,23 | 18,31 5,20 691 10,00 | 44,30 | 43,30
2 0 | 02|08 6261 | 51,46 | 9653 | 45,66 | 17,91 4,28 7,77 11,17 | 4593 | 35,16
3 0 | 04|06 7618 | 57,05 | 97,34 | 2899 | 16,99 | 4,98 8,26 12,32 | 50,65 | 24,52
4 0 | 06|04 ] 7631 | 6393 | 8501 | 2510 | 15,61 7,58 4,77 12,76 | 50,62 | 22,55
5 0 |08(02] 7082 | 67,02 | 7946 | 29,52 | 13,90 | 11,50 515 8,20 49,31 | 38,11
6 0 1 0 65,72 | 64,88 | 66,87 | 52,52 | 12,06 | 16,02 8,24 8,24 53,41 | 53,41
7 02| 0 |08 | 6402 | 5543 | 93,08 | 86,14 | 15,56 5,06 7,48 11,02 | 47,06 | 44,99
8 020206 | 6898 | 6242 | 9481 | 58,14 | 14,79 | 4,66 8,52 12,25 | 51,13 | 40,82
9 02|04 |04 | 8490 | 6793 | 97,24 | 43,20 | 13,69 5,96 7,87 13,01 | 60,02 | 31,22
10 [ 02|06 |02 | 8188 | 69,85 | 8258 | 4563 | 12,37 | 9,01 5,47 10,08 | 57,12 | 34,49
11 [ 02|08 | O 72,63 | 68,22 | 81,32 | 73,62 | 10,95 | 13,15 8,34 8,34 54,28 | 54,28
12 | 04| 0 | 0,6 | 6451 | 6690 | 8894 | 94,08 | 12,69 5,12 8,26 12,12 | 51,67 | 46,21
13 | 04|02 |04 | 7953 | 70,21 | 92,66 | 52,34 | 11,64 | 513 9,06 13,03 | 58,09 | 44,81
14 | 04| 04 | 0,2 | 88,49 | 71,21 | 96,85 | 49,55 | 10,53 6,86 7,77 13,02 | 68,63 | 44,25
15 | 04|06 | O 83,48 | 72,06 | 81,59 | 80,86 | 9,45 10,17 | 8,50 8,50 58,75 | 58,75
16 | 06| 0 | 04 | 6816 | 71,30 | 83,60 | 80,59 | 9,95 5,35 8,99 12,98 | 56,29 | 49,50
17 [ 06]02 02| 8681 | 71,83 | 93,15 | 53,00 | 8,78 561 10,38 | 13,48 | 66,13 | 51,80
18 [ 06|04 | O 87,08 | 75,71 | 85,58 | 83,57 7,82 7,59 9,61 9,61 73,38 | 73,38
19 [ 08| 0 |02 | 7435 | 72,13 | 79,86 | 70,65 7,64 5,67 10,75 | 13,52 | 67,52 | 59,62
20 10802 0 86,46 | 78,21 | 94,80 | 84,33 6,52 6,04 12,94 | 12,94 | 79,98 | 79,98
21 1 0 0 78,79 | 78,79 | 83,45 | 83,45 6,01 6,01 13,78 | 13,78 | 79,96 | 79,96
Table 3: Model parameters estimates of modelling output results
Slump (cm) L-box (%) V-funnel (s) Pi (%) Rc28 (MPa)
A.Z: Az: MP A_z: A2:MP | A2: Pz | A2:Lim [A2:MP |Az: MP A_z: Az: Lim
Lim Lim Lim
As: . . As: As: . . As: . .
Slag A3:Pz | A3: Pz Slag Slag A3:MP | A3: Pz Lim A3:MP | As3:Pz
R2 0.85 0.96 0.83 0.87 0.99 0.99 0.80 0.83 0.93 0.95
RMSE 3.93 1.83 3.89 8.68 0.20 0.25 1.15 0.93 3.34 431
Coeff P<0.0001
b1 7881 | 77,68 | 83,06 | 78,78 571 5,80 13,87 | 13,88 | 80,69 81,38
bz 63,02 - 65,13 - - - - 7,09 48,81 51,23
bs - 65,59 - 58,12 - 16,82 6,85 9,58 43,27 -
b4 60,07 - - 83,72 | 12,21 - - - - -
bs - 46,96 | 96,12 - 18,53 5,01 7,90 - - 48,20
bs 68,57 - 60,41 - - - - -1,97 | 1575 -7,05
b7 - 9,73 - 33,70 - -9,88 -3,57 507 [-27,71 -
bs -3,07 - - -10,79 | -1,63 - - - - -
b - 22,89 | 912 - -3,53 -0,71 -8,12 - - -71,64
bio - - - - - - - 15,85 | 22,60 -
b1 58,73 - - - - - - - - -
b1z - - 48,86 - - - - - - -103,17
b1z - - - -200,87 - - - - - -
bis - 20,03 - - - -19,03 -3,69 - - -
bis - - - - 3,75 - - - - -
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Fig. 2. Ternary plot of slump flow (cm) as function of ~ Fig. 3. Ternary plot of slump flow (cm) as function of
Cm, Lim and Slag proportions. Cm, MP and Pz proportions.

Ternary contour plots presented in Figure 2 illustrate the effects of cement, limestone and slag
proportions on predicting slump flow. From this figure, it can be seen that slump flow increased
with the increase of limestone proportions (corresponding to the rate of 15 to 25% of Lim) and
then decreased. This is due to the fact that limestone filler scattered between cement particles,
the maximum packing density is achieved and hence larger amount of excess water for more
lubrication (Kounakoff et al., 2017; Hanzic and Ho, 2017; Ren et al., 2020). Once the space
between cement grains is filled, limestone filler began to occupy the place of cement particles
which leads to an increase in specific surface area and hence more effective water for
lubrication. Therefore, the mixture becomes sticky, denser and hence less self-comparable
(Benabed et al., 2012; Daoud and Mahgoub, 2020).

Figure 2 indicates that the increase in slag results in a reduction of slump flow. Results in
literature revealed that the addition of slag powder has reasonably enhanced the flowability
(Pyo and Kim, 2017; Liu et al,, 2018; Gopinathan and Anand, 2018). In this case study, the
decrease in flowability may be attributed to the fact that the mixtures models were designed at
fixed water and superplasticizer dosage. Slag has a reactive character and requires more water
and superplasticizer than almost other inert additions such as limestone filler, moreover, some
superplasticizer molecules can be absorbed to the surface of very fine particles slag and leads to
a higher request to superplasticizer (Brahim, 2018; Salehi and Mazloom, 2019) . It should be
noted that only three studies were intended to study the effect of slag powder behaviour in this
study (representing 7 of all 167 mixtures collected from literature) and this could make the
model lacks to evaluate the effect of slag compared to the other mineral admixtures. This is also
confirmed by high RMSE (3.93) and low R2 (0.85) compared to L-box model parameters
developed with MP and Pz, as shown in Table 3.

The effect of Cm, MP and Pz on slump flow is plotted in Figure 3. It was observed the same
impact of marble powder as limestone on flowability but the optimum substitution is not clearly
shown. This might be explained by the increases in paste volume and cohesiveness of SCC
mixture caused by the lower density of marble powder. The increase in flowability with the
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increase in MP is due also to its pore-filling effect (Boukhelkhal et al., 2016; Praveenkumar et al.,
2017).

It can be also seen that the increase of Pz proportion leads to a decrease in slump flow diameter
and mixtures made with high content of Pz exhibit the lowest flowability, this phenomenon is
attributed to the higher water demand of Pz particles in order to achieve a suitable workability
(Menadi and Kenai, 2018). This is in agreement with the findings of other researchers (Belaidi et
al,, 2012; Omrane et al.,, 2017; Ahmad et al., 2019).
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Fig.4. Ternary plot of L-Box ratio (%) as function of Fig. 5. Ternary plot of L-Box ratio (%) as function of
Cm, Lim and Pz proportions. Cm, MP and Slag proportions.

\ \ \
10 5 0 Slag

Ternary contour graph illustrated in Figure 4 presents the effects of Lim and Pz proportions on
the L-Box ratio. It is evident that L-Box ratio increases to a maximum value with 10-15% of Lim.
The replacement of cement by limestone filler will broaden the particle size distribution and
filling up the interstitial void that increases wet packing density of mixture and therefore the
maximum passing ability increases (Lai et al.,, 2019). It can be also seen from figure 4 that while
the Pz content increases, the L-Box ratio increases. This may be explained by the fact that all
modelling concrete mixtures were designed at fixed SP dosage, resulting in Pz contained
mixtures to have better viscosity and consequently the passing ability increased (Ghafoori et al.,
2016).

The Variations in L-Box ratios, with respect to Cm, MP and Slag variations are given in Figure 5.
The acceptable values of passing ability according to EFNARC guideline was with 10% of MP in
binary systems Cm-MP and more 35% of slag in Cm-Slag binary systems, beyond these
combinations, L-box ratios are less than 80% which is out the range prescribed (EFNARC, 2002).

MP particles provide better filling effect to increase packing density, resulting in a slower
horizontal flow in the L-box and therefore a low passing ability (Alyousef et al., 2019). Beyond
this optimum, L-Box ratio decreases with the increase in MP contents in binary and ternary
systems. The large amount of MP result in a high paste volume, while exhibiting a decrease in the
viscosity of SCC mixture (Alyousef et al., 2018). It is remarkable from Figure 5 that the amount of
slag proportion does not appear to have a significant effect on predicting L-Box ratio in binary
system Cm-Slag, which is confirmed by the highest RMSE value (8.68) as mentioned in Table 3.
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Fig. 6. Ternary plot of V-funnel time (s) as function of  Fig. 7. Ternary plot of V-funnel time (s) as function of
Cm, Pz and Slag proportions. Cm, Lim and MP proportions.

The effect of Pz and Slag proportions on the flow time of V-funnel is illustrated in Figure 6, all V-
funnel measurements are in the recommended range (EFNARC, 2002). As seen in this figure, the
flow time increases with increasing Pz and Slag content. Adjoudj et al (2014) show an increase
the viscosity when using high levels of natural pozzolan and blast furnace slag. These results are
further confirmed by other researchers (Salhi et al., 2020; Yahiaoui et al,, 2017; Belaidi et al,,
2012; Boukendakdji et al., 2009).

Figure 7 presents the variation of V-funnel time as a function of limestone and marble powder
content. From the obtained results, it can be seen that Limestone leads to an increase in flow
time of V-funnel while the effect of MP is inconspicuous in this case. This can be explained by the
effect of limestone on the enhancement of viscosity, as a result of its contribution in modifying
the grading of the solid particles in mixture suspension and modified the water quantity
available for the hydration process (Ede et al., 2019; Youness et al., 2020). Similar results were
also reported by other researchers (Benabed et al.,, 2012; Babikir and Ahmed, 2020; Daoud and
Mahgoub, 2020).

Ternary contour plots showing in Figures 8 and 9 illustrate the variations of static stability with
respect to MP, Pz and Lim proportions. Results show that Pi values decreased with the increase
of MP, Pz and Lim in binary and ternary combinations. Tennich et al (2015) and Hameed et al
(2016) show that the segregation resistance was increased with the increase in MP contents and
the viscosity becomes satisfactory. Limestone filler provides large specific surface area
accessible to unit volume of water due to its small particle size, which helps to reduce
segregation and bleeding (Li et al., 2018). Menadi and Kenai (2018) found that SCC mixtures
containing Pz with weight substitution level of 10 or 15% satisfy the fresh-state behaviour
requirements related to high segregation resistance.
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Fig. 8. Ternary plot of sieve stability Pi (%) as Fig. 9. Ternary plot of sieve stability Pi (%) as
function of Cm, MP and Pz proportions. function of Cm, MP and Lim proportions.

Siz
50 50
20 AY \ \ \

\ AY \ \ \ \ \ \
Lim 50 45 40 35 30 0 MP Lim 50 45 40 35 30 25 20 15 10 5 0 Pz

Fig. 10. Ternary plot of Rc28 (MPa) as function of Cm,  Fig. 11. Ternary plot of Rc28 (MPa) as function of Cm,
Lim and MP proportions. Lim and Pz proportions.

In Figures 10 and 11, compressive strength at 28 days of SCC made with all possible binary and
ternary combinations of Cm, Lim, MP and Pz were plotted. It is clear that the increase in Lim, MP
and Pz contents decrease the compressive strength at 28 days. A partial replacement of cement
by limestone filler causes a decrease in clinker content, and therefore the decrease of 28-day
compressive strength (Akbar, 2014; Ayat et al., 2018). The slower evolution of strength at 28
days shown in Figure 11 also caused by the slow pozzolanic reaction of PZ compared to C3S
hydration of ordinary Portland cement (Senhadji et al., 2012; Belaidi et al., 2012).

4. Conclusion

In this paper, ANNs were developed to predict the effect of mineral admixtures on fresh and
hardened properties of SCC considering Algerian experience. Following conclusions based on
experimental results can be listed as below:
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o A high flowability was observed for SCC mixtures containing 15-25% of limestone filler
as partial substitution of cement.

e L-Boxratio increases to a maximum value with 10-15% of Lim and high Pz contents.

e An acceptable passing ability remains within the limits prescribed by EFNARC can be
obtained with 10% of MP and up to 35% of slag in Cm-MP and Cm-Slag binary systems
respectively.

e The time of flow measured with V-Funnel test increased with increasing Pz and Slag
contents.

e Static segregation decreased with the increase of Lim, MP and Pz and all studied
modelling mixtures proves the standard condition prescribed by AFGC
recommendations (Pi index lower than 15%).

e A reduction in mechanical compressive strength with increasing Lim, MP and Pz
contents for all possible binary and ternary combinations.
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