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Abstract: In order to achieve a sustainable mix design, this paper evaluates self-consolidating
green concrete (SCGC) properties by experimental tests and then examines the design parameters
with an artificial intelligence technique. In this regard, cement was partially replaced in different
contents with granulated blast furnace slag (GBFS) powder, volcanic powder, fly ash, and micro-silica.
Moreover, fresh and hardened properties tests were performed on the specimens. Finally, an adaptive
neuro-fuzzy inference system (ANFIS) was developed to identify the influencing parameters on
the compressive strength of the specimens. For this purpose, seven ANFIS models evaluated the
input parameters separately, and in terms of optimization, twenty-one models were assigned to
different combinations of inputs. Experimental results were reported and discussed completely,
where furnace slag represented the most effect on the hardened properties in binary mixes, and
volcanic powder played an effective role in slump retention among other cement replacements.
However, the combination of micro-silica and volcanic powder as a ternary mix design successfully
achieved the most improvement compared to other mix designs. Furthermore, ANFIS results showed
that binder content has the highest governing parameters in terms of the strength of SCGC. Finally,
when compared with other additive powders, the combination of micro-silica with volcanic powder
provided the most strength, which has also been verified and reported by the test results.

Keywords: adaptive neuro-fuzzy inference system; prediction; self-consolidating green concrete;
environmentally friendly; partially replacement; compressive strength

1. Introduction

Since global warming has become an emerging global issue, many researchers have
proposed alternative approaches to control the emission of greenhouse gases. Cement is a
widely used construction material which emits greenhouse gases during its manufacture [1].
Self-consolidating concrete (SCC) uses a prominent amount of cement. Reducing SCC’s
carbon footprint and dependence on cement use is of great environmental benefit. SCC in
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its fresh state offers significant advantages in its rheological properties. It can be placed
in formwork without applying vibration due to its high deformability. However, some
challenges posed by the use of SCC include high cement consumption, segregation, and a
sudden reduction in its viscosity. These challenges have encouraged researchers to seek
suitable alternatives for cement used in SCC [2,3]. Natural and synthetic replacements are
produced either simultaneously as powder and aggregate, or individually either as powder
or aggregate [4-0].

Different types of cement and aggregate alternatives have been proposed, with a large
range of characteristics [7]. A study on waste glass’s effect on mechanical properties, such
as compressive strengths, indicated that using waste glass gradually reduces the strength
of concrete while increasing the content of waste glass [8]. In addition, in order to increase
the workability and strength factor of SCC, the best replacement dosage for crushed waste
glass is 20% coarse aggregate [9]. In the case of marble powder, compressive strength tends
to decrease after the marble powder content exceeds 5% [10]. Additionally, marble dust
increased the water demand of the concrete; however, the effect of marble aggregates on
the mechanical properties of concrete is hard to quantify [11]. It is confirmed that basalt
powder enhanced concrete strength, ductility, and energy absorption, especially at elevated
temperatures, with an optimum of 2% as replacement content [12]. However, basalt powder
is vulnerable to harsh environments such as chloride attacks and direct flame [13]. Further-
more, wood wastes such as woodchips, wood fiber, and sawdust are potential materials
that could be used to establish a sustainable recycling system. For example, porous concrete
with clay—cement-wood aggregates was reported to exhibit a reduced capillary water
absorption ability [14]. The mechanical properties, with the addition of coconut fiber in
concrete, have also been studied. Coconut fibers have the highest toughness among natural
fibers. It was reported that with coconut fiber having a 50 mm length and 2% content, the
compression strength and split tension strength were improved by 20% and 10%, respec-
tively [15]. Additionally, in high contents of coconut fiber, the modulus of elasticity would
increase up to 16% [16]. In regards to the possibility of using ceramic waste in concrete and
mortar, studies have pointed out that by partially substituting sand and through waste fine
aggregate, there is a great effect on the workability of fresh mortar due to the significant
water absorption during the preparation of ceramic waste materials. In addition to per
reported documents, concrete incorporating up to 50% fine ceramic aggregates as natural
aggregates resulted in higher compressive strength and durability performance. Moreover,
the use of up to 40% ceramic waste as coarse aggregates in high-performance concrete
revealed a significant reduction in autogenous shrinkage [17,18]. Rubber was used for the
partial replacement of fine aggregate up to 7.5% as replacement content which led to a
decline in the concrete’s desired strength; accordingly, the compressive strength decreased
as the rubber incorporation range increased. Rubberized concrete also gained strength from
magnesium oxychloride cement, providing favorable bonding properties to rubber and
essentially improving the rubber—concrete performance [19,20]. Rubber tree seeds were
also used as concrete aggregate replacement in concrete mix, where a 4% replacement of
aggregates led to a dramatically improved concrete performance [21]. Although using
waste plastic fibers (WPFs) has a negative effect on compressive strength, using WPFs as
replacement aggregates improved the flexural strength and increased the ductility of the
specimen(s). The more elongated the PET fibers, the more flexural capacity was gained.
Employing the PET fibers and WPAs decreased the split tensile strength of concrete, and
even with the increment in fiber content, this tensile strength loss increased [22,23]. Using
PET fibers actively restricted crack propagation through the load-deflection experimental
test, where the WPF played a reinforcing role and enclosed the connection between interior
parts [24]. Steel fibers (SF) have also been used to develop some of the mechanical proper-
ties of different types of concrete. Another type of SF extracted from waste tires is wire SF,
and when concrete is reinforced with wire SF, the flexural strength increased proportionally
with the addition of high wire fiber [25]. Commonly, the crack propagation dramatically
decreases and strength properties increase in the presence of SE. However, with the incorpo-
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ration of 10% micro-silica and 1% SF content, compressive and flexural strength improved
by 19% and 61%, respectively [26]. It was found that the 1.5% SF, with the addition of 15%
fly ash content, showed improvement in compressive and flexural strength by less than
10% and 35%, respectively [27]. Accordingly, using waste steel lathe and waste lathe scrap
fiber dramatically enhanced the cohesion of the paste and strengthened the bond behavior,
which restricted the crack [28].

Many factors affect the quality of SCC properties. The use of supplementary cemen-
titious materials (SCM) in SCC mixes is one such factor. Identifying the most prominent
factor affecting SCC properties when SCMs are employed could lead to finding more
optimized SCC mix designs. Several studies have been carried out to date on the use of
SCMs in SCC to establish relationships that can achieve the desired set of requirements.
According to ASTM C618, a pozzolan is defined as a siliceous or aluminosiliceous materials,
which in the presence of water and calcium hydroxide acts as a binder [5,29,30]. Pumice
is an igneous rock that is suitable for use as a natural pozzolan [31]. When processed,
pumicite (VP) improves not only early- and long-term concrete strength [32] but also shows
excellent resistance against sulphate attacks [33]. Ground granulated blast furnace slag
(GGBFS) is a similar material to cement but with far less environmental impact when used
as an SCM [7]. In terms of its cementitious and pozzolanic benefits, GGBFS lowers the
heat of hydration, increases the strength, enhances the impermeability, and improves the
resistance to sulphate attacks [5]. Micro-silica (MS) has been utilized in different types of
concrete as an admixture, and it has enhanced the durability and reduced the concrete
thermal cracking and has been shown to generally improve the engineering properties of
concrete [4]. However, MS as a partial replacement of cement does lead to adverse effects
on the early age strength of concrete [34]. MS has also been used as cement replacement in
binary and ternary mix designs in SCC production [5], where the MS showed a dramatic
increase in compressive strength, especially at older ages [23]. Fly ash (FA) is an alumi-
nosiliceous material produced from the exhaust gas of coal-fired thermal power plants [22].
The use of FA increases the workability, aids binder hydration, and lowers the heat of hy-
dration [35]. Many properties of concrete are improved by the use of SCMs. Furthermore,
the addition of MS significantly improved the mechanical and durability properties of
concretes. On the other hand, high cost, limited availability, dispersion difficulties, and the
high-water demand of MS are shortcomings of using this powder in dosages any higher
than 5% [8,36,37]. In this study, FA was employed as an authoritative reference to better
understand the performance of VP, GGBEFS, and MS as SCMs in SCC. ASTM C618 classifies
FA according to its chemical composition, particle fineness, and strength activity index. For
this study, FA has been selected as an appropriate reference along with Portland cement, to
make the comparison more reliable.

Numerical assessment of concrete characteristics has been performed through a variety
of methods including classical mathematical algorithms and intelligent-based algorithms.
The Wiener approach was used to evaluate the concrete reliability index, although this
method was challenged by non-linear relations [38]. Intelligent-based algorithms can be
used to deal with non-linear problems and are commonly useful for concrete stochastic
problems [1]. An adaptive neuro-fuzzy inference system (ANFIS) is a neural network that
proceeds with the analysis of data using a fuzzy logic algorithm. It can be used to learn and
adapt to the data automatically [39]. ANFIS has been used in many applications including
the real-time identification and estimation of multivariate systems [40]. ANFIS, in contrast
to most analytical procedures, does not rely on system parameters to be known [41]. Its
more straightforward approach allows it to be used in multivariate systems where input
data is limited. The partial replacement of cement in SCC with SCMs leads to a change in
the concrete properties; for example, a change in the compressive strength can result as a
function of time [41,42]. Quantifying the degree of this change is a challenge. Therefore,
using artificial intelligence (Al) to quantify the amount of change is a useful tool [43].
ANFIS will be utilised in this study to evaluate the influence of different factors affecting
the outcome of SCC properties.
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This paper aims to develop a sustainable self-consolidating green concrete (SCGC)
utilising VP, GGBFS, MS, and FA at replacement levels for Portland cement ranging from 10
to 50% to formulate binary mixtures. MS and VP have been further added to these binders
in order to formulate ternary mixtures. The slump flow, compressive strength, water
absorption, and electrical resistance of SCC mixes have been evaluated. The outcome of a
compressive strength test in SCGC mixes has been assessed with the generation of 28 ANFIS
models, including 7 models examining individual material input factors and 21 models
examining coupled material input factors. The ranking of material input factors such as
VP, GGBFS, MS, FA, and Portland cement contents, and property input factors such as
compressive strength, electrical resistivity, and water absorption, have also been assessed.

2. Materials and Methods
2.1. Raw Materials

The chemical and physical properties of the raw materials used in this study are listed
in Tables 1 and 2. As mentioned in Section 1, VP, FA, GGBFS, and MS have been used as
the source of SCMs in this study for the partial replacement of Portland cement and the
formulation of the various binary and ternary mixtures.

Table 1. Physical properties of raw materials.

Ingredients Density  Fineness T
Properties (kg/m?) (m?/kg) ype
Cement 3160 290 Portland (II)
Coarse aggregate 2500 - ASTM C33
Fine aggregate 2700 3.6 ASTM C33
High-range water reducing admixture (HWRA) 1070 - Polycarboxylate Ether

Table 2. Raw material components and oxide composition.

Material
SiO, Al,O3 Fe, 03 CaO MgO SO;3 G* S **
Components (%)
Fly ash 62.79 45.89 0.93 2.59 1.40 0.49 2200 0.26
GBFS 33.09 13.78 3.13 40.70 8.70 0.60 2850 0.445
Micro-silica 86.19 1.43 0.19 3.07 1.32 0.34 2350 30
Volcanic powder 44.14 16.70 1.73 11.08 1.95 0.39 2830 0.32
Cement 22.41 4.69 3.69 63.26 3.63 1.74 3160 0.42

*: specific weight (kg/m?3), **: specific surface area (m?-g~1).

Meanwhile, in order to satisfy the EFNARC recommendations for aggregate grading,
both sand and gravel were provided from two different gradings [44]. Based on the
aggregate sizes, blue curves show the coarse aggregate size and grey curves show the finest
aggregate sizes. Figure 1 shows the grading curve of the coarse and fine aggregates used
in this study where the grading test based on the sieving procedure has been operated
at different times for deriving the grading status. The gray line illustrates the high-range
curve and the blue line illustrates the low-range curve [45]. Meanwhile, orange curves are
pointing to the main grading quality that has been utilized in the experimental tests, while
mixing the two blue and grey curves with the same participation has been derived.
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Figure 1. Grading diagrams based on passing percentage for (a) fine aggregates, (b) coarse aggregates.
2.2. Mix Proportions

Cement has been replaced by FA, VP, and GBFS at 10, 20, 30, 40, and 50% in binary
models. Moreover, for the ternary mixtures, the VP was replaced at 25, 40, and 45% along
with MS with 5 and 10% as replacement percentage values. Furthermore, the mix designs
had a constant water to binder ratio of 0.38. The cementitious material content in all
designs was 500 kg/m?, and the specific weight of the mixtures was 2350 kg/m?. The
dry materials were mixed first, then water and HWRA were added during the following
stages. The mixing process was followed according to the AS 1012.2 provisions. The slump
flow test was performed immediately after the mixing, according to EFNARC, until 50 min
after the initial mix. As per EN12390-2 and EN12390-3, the specimens were molded into

15 x 15 x 15 cm standard cube samples and three specimens from each sample were tested
at the selected ages.
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Specimens

Each series of mix designs includes 12 standard cube specimens measuring 15 x 15 x
15 cm? (Figure 2) which are molded in 24h under laboratory conditions after the mixing
process and immersed in lime-saturated water tanks for further curing at an average
temperature of 23 +/— 2 °C. Mix proportions of the binary and ternary mixtures have been

listed in Tables 3 and 4, respectively.

Figure 2. Cube test specimens.

Table 3. SCC proportions for binary binder mixtures.

Specimen Ag(ggl}(;%;l )t € Binder (kg/m?)

Proportion Fine Coarse Cement Volcanic Pumice Micro-Silica GGBFS Fly Ash
GBFS10 1072 595 450 - - 50 -
GBFS20 1069 594 400 - - 100 -
GBFS30 1066 592 350 - - 150 -
GBFS540 1063 590 300 - - 200 -
GBFS50 1069 580 250 - - 250 -

VP10 1072 595 450 50 - - -
VP20 1069 594 400 100 - - -
VP30 1066 592 350 150 - - -
VP40 1063 590 300 200 - - -
VP50 1060 589 250 250 - - -
FA10 1063 590 450 - - - 50
FA20 1052 584 400 - - - 100
FA30 1040 578 350 - - - 150
FA40 1029 571 300 - - - 200
FA50 1017 565 250 - - - 250
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Table 4. SCC proportions for ternary binder mixtures.

Specimen A(iggl}:f; )t ¢ Binder (kg/m®)
Proportion Fine Coarse Cement Volcanic Pumice Micro-Silica
VP5-MS5 1064 576 450 25 25
VP10-MS10 1047 585 400 50 50
VP25-MS5 1039 580 350 125 25
VP30-MS10 1066 592 300 150 50
VP40-MS10 1051 584 250 250 50
VP45-MS5 1057 587 250 225 25

2.3. ANFIS Methodology
2.3.1. Statistical Data

A total of 109 compressive strength test results were carried out in this investigation,
and the results of these tests were used in the ANFIS models. Table 5 shows the inputs and
the outputs of the models.

Table 5. Input and output parameters.

Inputs and Output Parameters Description
Input 1 Volcanic powder (kg/m?)
Input 2 Micro-silica (kg/ m?)
Input 3 Fly ash (kg/m?)

Input 4 Furnace slag (kg/m?3)
Input 5 Electrical resistivity (ohm-meter)
Input 6 Water absorption (%)
Input 7 Cement (kg/m3)

Output Compressive strength (MPa)

2.3.2. ANFIS Architecture

The ANFIS has been developed from a fuzzy method inside the neural-network system
that has been performed in different types of prediction and evaluation applications in
engineering studies. The initial results in data sets are mainly unpredictable due to the
irregular patterns or non-linearity of relations for predication networks, hence directly
performing the algorithms on these data (called crisp data) may not be feasible. Therefore,
in the fuzzy method, crisp data turns into the fuzzy inference engine with a fuzzifier step
and the fuzzification process begins within the system, and finally, the predicted results
come out in crisp state with DE fuzzifier process. Figure 3 indicates the fuzzification process
of the fuzzy technique.

As shown in Figure 4, the ANFIS network consists of 5 layers in which the central core
of the network is a fuzzy inference system, and layer 1 receives the inputs and converts them
into the fuzzy value by membership functions. In this study, the bell-shaped membership
function was used since this function has the highest capacity for the regression of the
nonlinear data [46].
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Figure 4. ANFIS layers.

The bell-shaped membership function is defined as follows:

u(x) = bell(x;a;,b;,¢;) = !

where {a;, b;, ¢;, d;} are the parameters set and x is the input.

)

The second layer multiplies the fuzzy signals from the first layer and provides the
firing strength of a rule. The third layer is the rule layer, where all signals from the second
layer are normalized. The fourth layer provides the inference of rules, and all signals are
converted into crisp values. The final layer summarizes all signals and provides a crisp

output value.

A hybrid learning algorithm was employed in the process of variable identification.
The functional signals process up to the fourth layer, whereby the hybrid learning algorithm
runs throughout the layers. Least squares estimation was applied to obtain the resulting
variables. In contrast, for the backward path, the error rate courses backward and through

the gradient decline order, and the premise variables are synchronized.
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2.3.3. Parameter Identification

For the parameter identification, the ANFIS network is initially trained for each input,
and then the combination of inputs is considered [47]. The influence of each input on the
output can be evaluated by the value of Root Means Square Error (RMSE), which is one of
the most authenticated criteria for identifying accuracy [48]. RMSE is the forecasting pa-
rameter representing the performance of the developed network [49]. The above parameter
is defined by the following equation [50]:

1=2(p. — 0,)*
RMSE = \/E"‘l(zq) #)

where P; and O, are the predicted and observed variables, and z is the total number of
considered data.

In this study, RMSE was used to identify the effective parameters of the ANFIS models
due to the high number of developed models (i.e., 7 models with separate inputs and
21 models with coupled inputs). To evaluate the accuracy of the parameter identification
process, 70% of the data were randomly selected for the training phase, and the other 30%
were randomly devoted to the testing phase. It is also important to note that the Fuzzy
inference system in the MATLAB 2019 environment was applied in the ANFIS training and
testing phases.

Interventional studies involving animals or humans and other studies that require
ethical approval must list the authority that provided approval and the corresponding
ethical approval code.

3. Results and Discussions
3.1. Fresh Concrete Properties
Slump Flow

The concrete was designed to give a slump flow of 650 &+ 25 mm according to the
EFNARC committee recommendation, which was obtainable by using varying dosages of
HWRA [38,51]. The slump flow was examined (according to ASTM C1611 [5]) to determine
the workability of fresh SCC at different intervals, including at 10, 20, 30, 40, and 50 min.
When the initial slump flow of the SCC was deemed satisfactory, the mixture was placed
into five slump cones, and the slump flow test was conducted at intervals of 10 min [5,23,43].
Therefore, 10 min after the initial slump flow test, 1 slump cone was lifted after another
10 min, up to 50 min. The slump flow value was recorded for 5 cones for each mixture.
Furthermore, the tests were repeated more than 4 times for different percentages to increase
the accuracy and confirmation of observations, and the same result was observed. The
mixture should be stirred for 20 s before each test.

This test measures the concrete propagation after the funnel removal and obtained
results indicate the degree of filling ability and self-consolidating concrete stability. The
measured slump flow of the specimens with VP in the ranges of 3 to 50 min is shown in
Figure 3, and other slump values are tabulated in Table 6.

As per Figure 5, not all of the samples were able to reach the required level in a 3-min
slump, excepting the VP 10% sample. However, according to the 10 min results, all of the
mixtures managed to obtain the suitable slump value, which could be related to the effect
of HWRA by mixing in a rotary drum. Moreover, it is obvious that using VP has played
a retention role for slump value, while from the 10 to 50 min intervals, all of the samples
containing VP indicated higher slump value in comparison to the control specimens. In
addition, the more the VP content was represented, the more slump retention was observed
through the durations of 10 to 50 min. The increasing trend of slump flow, which leads
to the creation of a bell-curve, should be related to the physical properties of VP particles.
It seems that in the first few minutes, VP particles can absorb mixed water, and after a
while, the absorbed water is returned to the mixture. Therefore, this leads to an increased
water to cement ratio and fluidity during the middle minutes. Subsequently, the cement
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paste enters its normal phase and again reduces the slump flow. As seen in Hossain and
Lachemi [52], increasing the quantity of volcanic pozzolan powder by up to 40% resulted
in an increased slump and more entrapped air that leads to better workability and less
compressive strength.

Table 6. Slump flow of SCC mixtures.

Slump Value (cm)

Specimen
3 min 10min 20min 30min 40 min 50 min
Ctrl-FA 52 64 62 60 54 50
FA10 66 64 63 61 59 56.5
FA20 46 63 62 60 58.5 55
FA30 55 66 61 59 57 55
FA40 52 65 60 57 54 53
FA50 55 63 60 57 54 51.5
Ctrl-GBFS 42 65 59 55 53 50
GBFS10 67 66 63 59 56 53
GBFS20 68 66 62 57 55 53
GBFS30 58 65 62 59 57 54
GBFS40 66 64 63 59 54 52
GBFS50 58 65 63 62 59 57
Ctrl-VP 52 65 63 61 60 54
VP10 66 66 65 63 61 59
VP20 46 64 66 65 62 60
VP30 55 65 66 66 62 60
VP40 52 65 66 67 63 60
VP50 55 65 66 68 65 61
Ctrl-ternary 53 65 58 57 54 53
VP5-MS5 55 65 63 59 54 49
VP10-MS10 52 65 60 55 50 43
VP25-MS5 59 65 59 56 56 53
VP30-MS10 60 65 66 62 60 56
VP40-MS10 44 65 61 57 55 49
VP45-MS5 53 65 64 61 54 52

In addition, Table 6 represents other slump values, where the GBFS specimens indicate
the most slump values, and the best slump retention is for 50% replacement. Thoughtfully,
the GBFS has provided a lower-paste viscosity, and its glass crystalline particles are less
water-soluble than VP, which leads to lower water absorption. Thus, in earlier times,
the mixtures have a high slump value, and this value increases with increasing GBFS
replacement. Additionally, as per Bheel et al. [53], any decrease in workability is caused
by porous GGBFS and FA particles, which absorb more water as their percentages in
the concrete mixture grow. Furthermore, Bheel et al. [54] verified that increasing the
substitution of Portland cement with VP resulted in greater workability of fresh concrete.



Sustainability 2023, 15, 4752

11 of 27

70 4

63
5 60 A
=
g
£ 35+
wl
£
= 50 -
7

43 A

——ctrl -E—=VPIM% ——VP20 VP —EVP40e —8—VP50%%
4{. T T T T T T T T T T T T T T T T T 1
o 3 & & 12 13 18 21 24 27 30 33 36 39 42 43 48 31 54
Time {min)
Figure 5. Slump spread diagrams for SCGCs contain VP.

Based on Figures 6 and 7, unlike GBFS and VP samples, FA shows the opposite result,
while the increasing FA amount leads to increasing slump loss. This behaviour could be
related to the fine particles of FA compared to the size of cement, VP, and GBFS particles,
which provide more surface and lead to higher friction between particles, whereas, per
Table 2, MS has the smoothest particles compared to the other powders, and the GBFS
stands in second place. Moreover, regarding the ternary results, using VP and MS increased
the slump up to 30 and 10%, respectively. MS has the smallest particle size among all
the powders and a surface area of 30 m2.g~!. Therefore, it is expected that, by increasing
the micro-silica incorporation, a further slump flow reduction will occur, as shown in
Table 6. However, the results at 30 min show that the presence of VP provides a suitable
capability for slump retention. Moreover, in the VP30-MS10 mixture, the slump retention
was significantly enhanced compared to other SCC mixtures.

80
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Figure 6. Slump value chart for binary samples.
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3.2. Mechanical Properties
Compressive Strength
According to the ASTM C39 [55] recommendations, the compressive strength results

were collected at 7, 28, and 90 days and tabulated in Table 7. Figure 8 shows a sample of
crushed specimens in the compressive test.

Figure 8. Experimental set-up.

Generally, the quantity of SiO, and Al,O3 are two determining chemical factors among
cementitious materials which could directly affect the compressive strength. As per Table 2,
FA has the most quantity of AlO3 among other powders and MS contains the most
5i0;. It is predictable that these powders have a significant improvement in compressive
strength [56]. The results of FA in Figure 9 indicate that as the percentage of replacement
increases, the compressive strength decreases. As shown in Figure 10, at 28 days, 30% of
strength loss was induced by the replacement of FA between 0 and 50%. However, the
reduction value is constant up to 30%, and then a sharp drop occurs. The main reason
for this behavior is that the FA reacts with Ca(OH); in concrete paste and forms adherent
components. The Ca(OH); is the byproduct of the reaction between C3S and H,O. As long
as the amount of Ca(OH); is dependent on the cement value, increasing the replacement
of fly ash will increase the mechanical properties of concrete and decrease the Ca(OH);.
Results show that Ca(OH), was sufficiently present in the concrete paste for up to 30% of
the replacement. Meanwhile, 10% additional FA caused Ca(OH); to dissipate and thus
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resulted in a sudden reduction in compressive strength. It is expected that a higher strength
will be observed in the binary mixtures by the pozzolanic reaction over time. From a
chemical point of view, FA combines with the Ca(OH), produced by the hydration of
cement to form additional C-S-H gel and aluminates, resulting in the improvement of the
microstructure of hardened cement [35]. The compressive strength of binary mixtures in
older ages (90 days) approaches its control specimen, which is clearly shown in Figure 11.

Table 7. Compressive strength of SCC mixtures.

Specimen Compressive Strength (MPa)
Value 7 days 28 days 90 days

Ctrl-FA 31.7 46.7 55.3
FA10% 29.3 46.6 53.1
FA20% 26.2 45.3 51.5
FA30% 25.2 43.0 50.0
FA40% 23.1 36.0 48.4
FA50% 15.5 32.8 39.0
Ctrl-GBFS 36.1 44.7 489
GBFS10% 35.2 452 47.3
GBFS20% 34.7 45.8 49.0
GBFS30% 34.5 46.2 50.5
GBFS40% 31.1 38.4 43.1
GBFS50% 25.1 374 444
Ctrl-vP 31.7 38.3 49.3
VP10% 31.0 37.2 49.0
VP20% 29.0 36.0 48.8
VP30% 23.8 35.0 45.8
VP40% 21.6 31.7 39.0
VP50% 16.4 27.8 38.7
Ctrl-ternary 41.3 46.6 48.0
VP5-MS5 30.2 40.2 46.2
VP10-MS10 37.3 43.8 49.1
VP25-MS5 39.7 43.0 54.0
VP30-MS10 40.1 52.4 59.2
VP40-MS10 35.2 54.0 58.3

VP45-MS5 32.1 40.8 514
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Figure 9. Relative compressive strength (percent of Ctrl) of the samples at 7 days.
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Figure 10. Relative compressive strength (percent of Ctrl) of the samples at 28 days.

As discussed above, the compressive strength of binary mixtures is represented in
Figures 9-11. VP reduces the compressive strength with increasing replacement percentage,
which is similar to the FA results. At the age of 90 days, no difference was observed
between 0, 10, and 20% replacements. The same trend is also true for earlier age testing.
Even a 30% replacement does not make a significant difference. Finally, the strength loss
during the 50% replacement is about 22%, which is relatively less than the measured value
for fly ash (30%). According to the results, VP operates more efficiently in developing
concrete’s compressive strength than FA. Using pozzolans (except silica fume) will for
the most part delay the hardening time of concrete unless they exhibit high adhesion
properties in ways similar to cement. According to Cervantes and Roesler [57], using
GGBFS ingredients as a cement substitute in concrete boosted the compressive and flexural
strengths at 28 days. Karri et al. [58] evaluated concrete of different grades containing
30% to 50% GGBFS as a PC substitute, where the introduction of GGBFS as a cementitious
ingredient in the mixture enhanced the split tensile, compressive, and flexural strengths of
the cured concrete at 28 days. According to Raman and Krishnan [59], using 40-50% GGBFS
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as a cementitious material offered the highest compressive strength of the combination.
Hossain’s and Erhan et al.’s [60,61] investigations, showed that VP used up to 50% of the
cement at different amounts, while VP reduced the compressive strength of the concretes
by up to 75% depending on the degree of VP substitution.
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Figure 11. Relative compressive strength (percent of Ctrl) of the samples at 90 days.

The delay in hardening can occur due to the pozzolanic activity not happening earlier
than cement hydration reactions. Based on Figures 4-6, the GBFS contribution to the binary
mixes confirms the fact that GBFS is more closer to cement in its performance and thus
has a higher compressive strength gain than VP and FA. The column chart in Figure 6 also
shows that replacement percentages of 10, 20, and 30% are approximately equal to the
control specimen and the value of compressive strength for the 50% mixture was reduced
by 9%, which is much lower than the obtained results for VP and FA powders by 22% and
30%, respectively.

The results of the 90-day compressive strength tests were converted to relative per-
centages to compare all 3 groups, as illustrated in Figure 11. All control specimens were
considered 100%, and other designs were assigned a proportional ratio to their control
specimen. In this comparison, GBFS has the most significant effect on compressive strength
development. The mentioned benefit should be due to the larger surface area of GBFS
particles, which provide more space for OH- and alkaline ions to penetrate the pores of the
paste [62]. Another reason for the strength development in binaries of GBES is the high
amount of SiO, and CaO as its constituents, and as long as these two components are re-
sponsible for the mechanical properties of the concrete paste, greater compressive strength
is observed when compared to VP and FA [5]. The high percentage of replacements result-
ing from binaries indicates that additional time is required to increase compressive strength,
especially at earlier ages. Therefore, in this study, the ternary of VP with micro-silica was
investigated in six different ratios, in which micro-silica will act as an enhancer for the
compressive strength and durability of concrete. The mixture designs ratio and results of
the 3-, 28-, and 90-day compressive strength tests are shown in Table 7 and Figure 12.
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Figure 12. Compressive strength of ternary samples in 7, 28, and 90 days.

Several studies indicate that the growth of compressive strength can be acceler-
ated by 2.5-10% replacement of micro-silica [4,5,31]. Moreover, as per the findings of
Chang et al. [63], when the replacement of GGBFS grew from 0% to 20%, GGBFS generated
a pozzolanic response that raised the compactness of the sample’s interior body over that
of the control group. The resistivity was greater when 20% GGBFS was introduced late in

the time, followed by the 10% GGBFS group.

At early ages, the highest and lowest strengths are found in the control and C50-MS5-
VP45 mixtures, respectively. At 28 days, C50-MS5-VP45, C70-MS5-VP25, and C90-MS5-VP5
are close to the control strength; however, C50-MS10-VP40 strength is much higher than
the control strength. Finally, at 90 days, the control mixture had the lowest strength, and
the C50-MS10-VP40 mixture represented the most strength. The more lime content in MS
improved the ability of cohesion among other powders. [22]. Furthermore, strengthening
the weak layer between paste and aggregates can be attributed to the filling role of MS

granules and the effect of MS [49].

In contrast, according to the results, a high replacement of VP reduces compressive
strength under 90 days of age. Thus, the result of the ternary combination in the early
ages indicates that the micro-silica will not be able to overcome the VP reducing effect, and
the strength of all specimens is less than the control specimen strength. Over time, and
with the availability of more lime, micro-silica works more efficiently, and reinforcing the
interfacial transition zone (ITZ) layer increases the compressive strength of all specimens
to be higher than control ones [7]. This resistance development is quite desirable to the
authors and completely satisfies the purpose of this study. Small amounts of micro-silica
could be combined with high percentages of VP, and as the results confirm, the compressive

strength is at an acceptable level.

3.3. Water Absorption

The water absorption values for VP, GGBFS, and FA mixtures between 10% to 50%
addition levels during 30 min, 1 h, and 24 h are shown in Figures 13-15, respectively. It
seems that mixtures with lower VP (10%) increased their water absorption, and by adding
VP up to 50% the water absorption slightly decreased. It appears that the addition of the
VP content increases the impermeability of the concrete. The water absorption results
for VP and GGBFS mixtures as partial cement replacement in SCCG concrete with 50%
content are lower. These results are shown in Figures 13 and 14. The final results showed
diminished water absorption compared to the control mixture, which varied between 6%,

and 5.2%, respectively.
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Figure 13. Water absorption of VP mixtures.
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The result of FA mixtures can be seen in Figure 15. The range of water absorp-
tion values slightly increase in all SCC mixtures with increasing FA content up to 50%,
which measured 7.8% in comparison with the control mixture that measured 7.2% at 24 h.
Figure 16 shows the comparative column chart of 24 h water absorption for VP, GBFS,
and FA mixtures. The results indicate that the mixtures containing 10% VP achieved the
highest water absorption and the lowest water absorption belongs to 50% of GGBEFS. In
the meantime, the FA mixtures have the most water absorption changes compared to the
control mixture.

VP uFA = GBFS

Water Absorbtion (%)

ctrl 10% 20% 30% 40% 50%

Figure 16. Comparative column chart of 24 h water absorption of different SCMs and addition levels.

The water absorption results of the ternary samples are presented in Figure 17, which
show a significant improvement in the presence of MS content. The incorporation of VP and
MS as a part of cement substitution in SCG concrete also reduced water absorption. Based
on previous findings, the water absorption percentage in SCC with GGBFS is enhanced from
0% to 50% in the durability attributes [64]. The most remarkable lowering was observed
in C50-MS10-VP40, which revealed an almost 4.9% reduction in the water absorption
compared to the control mixture. Since the water absorption test generally demonstrates
the volume of the voids in cement-based materials, it can be deduced that increasing the
content of VP and GBFS up to 50% leads to a diminution of the volume of the voids in this
ternary combination. Consequently, the water absorption will decrease. The measured
water absorption reduction could also affect the influence of pozzolanic reactions through
which Ca(OH)j; is used up and generates more C-S-H, resulting in a more densified and
compressed microstructure [65]. It is an effective way to improve the durability properties
of concrete.

3.4. Electerical Resistance

The four-point Wenner probe method has been performed on the samples to measure
the electrical resistivity of the specimens based on the ASTM C1760 (Figure 18). The
electrical resistance results of binary and ternary mixtures to evaluate the durability of
SCGC are shown in Figures 19 and 20. Increasing addition levels of SCMs in all binary
and ternary mixtures leads to rising electrical resistance. However, the increased amount
for all three SCMs is not the same. Based on the binary mixtures, GGBFS and VP had the
highest and lowest effect on increasing electrical resistance, respectively. The Ca(OH),
consumption by pozzolan leads to the paste matrix grid being denser. Therefore, the
addition of pozzolans mainly increases electrical resistance. Moreover, the mixing of VP and
MS shows the highest increase in electrical resistance. In addition to the reasons mentioned
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earlier in Section 3.1, reducing the pore volume and increasing the cohesion between the
cement-aggregate paste is one of the key factors contributing to this increase [66,67]. In
this regard, the electrical resistivity of the concrete matrix is viewed as one of the most
critical parameters controlling the diffusion rate of chloride ions to initiate and propagate
steel reinforcement corrosion [68]. Utilizing VP and micro-silica in SCGC concrete as
replacement materials for PC in binary and ternary mixtures is recommended as a clear
choice to improve the durability of SCGC concrete.

= (24 hour) = (1 hour)
® (30 min)

Water Absorbtion (%)
S —_ [\ w EEN ()] @)
d

Figure 17. Water absorption of ternary SCC mixtures.

( E ) _Applied current

+ Measured potential

Figure 18. Electrical resistivity test set-up.
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Figure 20. Electrical resistivity of ternary mixtures.

3.5. ANFIS Analysis Results

The training and testing RMSE for each input are shown separately in Table 8. As
can be seen, input 5 (electrical resistivity) has the smallest training RMSE. In other words,
the most substantial influence on the output is induced by input 5. On the contrary, the
highest training RMSE is obtained by input 2 (micro-silica), which has a minor effect on
the output, although this value could be related to the fact that it was not used separately
in any specimen and was only used with VP. In order to achieve a better understanding
of the most influential parameters on the output (compressive strength) and identify the
relative parameters, models with the combination of two inputs have also been studied.
Hence, it is more reasonable to compare the ANFIS models in Table 8 with the inputs in
Table 5. As can be seen, the combination of micro-silica with VP (model 8) has the most
influence on the output due to having the highest reduction in the RMSE value. In addition,
by comparing the training RMSE value of the ANFIS model 1 to 7 in Table 8 and ANFIS
model 8 to 17 in Table 9, it can be concluded that the combination of micro-silica with VP
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has the most substantial influence among the added powders (i.e., micro-silica, GBFS, FA,
and VP) on the compressive strength of SCGC. In addition, the RMSE values for training
and testing phases are shown in Figure 21, which indicates that they are close to each
other. Therefore, the network has been trained appropriately, and there is not any sign of
overfitting. Table 9 shows the other 21 ANFIS models in which the effect of combined input
parameters was seen on the output value. As indicated in this figure, the ANFIS model
11 whose input parameters were VP replacements and electrical resistivity, has the most
considerable influence on the output.

Table 8. Training and testing RMSEs of the separate input parameters.

Name Composition RMSE

Train Test
Model 1 Input 1 6.9291 5.8419
Model 2 Input 2 6.9913 5.8988
Model 3 Input 3 5.4751 6.959
Model 4 Input 4 6.5671 7.0164
Model 5 Input 5 4.8102 5.1792
Model 6 Input 6 5.682 7.2819
Model 7 Input 7 5.4928 6.4055

Table 9. Training and testing RMSEs of the coupled input parameters.
Name Composition RMSE

Train Test
Model 8 Input 1 & Input 2 5.4212 4.0932
Model 9 Input 1 & Input 3 5.9475 4.5269
Model 10 Input 1 & Input 4 6.2803 5.7961
Model 11 Input 1 & Input 5 21721 3.4315
Model 12 Input 1 & Input 6 41214 5.9134
Model 13 Input 1 & Input 7 4.1452 3.8691
Model 14 Input 2 & Input 3 5.4312 4.8613
Model 15 Input 2 & Input 4 5.7102 5.2212
Model 16 Input 2 & Input 5 4.0510 3.3129
Model 17 Input 2 & Input 6 8.9812 4.2554
Model 18 Input 2 & Input 7 49213 6.99102
Model 19 Input 3 & Input 4 5.5310 5.8312
Model 20 Input 3 & Input 5 4.0127 5.5146
Model 21 Input 3 & Input 6 4.6613 5.6517
Model 22 Input 3 & Input 7 4.1632 5.2813
Model 23 Input 4 & Input 5 4.6312 5.2813
Model 24 Input 4 & Input 6 6.6747 5.6147
Model 25 Input 4 & Input 7 5.4831 7.0815
Model 26 Input 5 & Input 6 3.4519 4.1035
Model 27 Input 5 & Input 7 3.4518 4.1014

Model 28 Input 6 & Input 7 3.8315 4.3315
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Figure 21. Train and test RSMEs for separate inputs.

Accordingly, Figure 22 represents the regression chart for the developed ANFIS predic-
tion, corresponding to model 5. Figure 22 also shows the r-squared number (i.e., coefficient
of determination) which is equal to 0.955. In this case, numbers closer to one mean that
predicted and measured values are very close together.
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Predicted compressive strength (Mpa)

Figure 22. Model 5 train phase regression for compressive strength prediction.

Figure 23 shows the radar design chart of RMSE values for the train and test phase
prediction of models 8 to 28, where model 11 represents the lower RMSE value. Similar
to Figure 21, Figure 24 demonstrates the regression chart of the training phase for model
11, where the r-squared number is 0.974, which shows a significant accuracy of prediction.
In addition, Figure 25 is an analogous chart of error between models 5 and 11, where the
chart verifies the slight error for both predictions and the smooth behavior along the entire
prediction process.
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Figure 24. Model 11 train phase regression for compressive strength prediction.
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Figure 25. Error stacked line charts for model 5 and model 11 predictions.
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4. Conclusions

Many advantages of self-consolidating concrete, such as high formability, excellent
resistance to segregation, and consolidation without vibration, have increased its popularity
for use in concrete structures. Environmental hazards and potential fluidity problems are
the major issues that limit the cement consumption of concrete productions. Consequently,
finding a new sustainable mix design that incorporates eco-friendly cement replacements
has become a fashionable subject, encouraging researchers to investigate natural additives
in SCGC. In this study, the analytical and experimental investigations on the mechanical
properties of self-consolidating concrete were performed. Moreover, using binary designs
compared to ternary ones has the advantage that its preparation process is less arduous,
since it requires less precision. Since eco-efficiency is a priority for the concrete industry, the
percentages of various alternatives were presented in the form of powders, fresh concrete
testing, mechanical properties, and durability, and their optimum percentage and economic
evaluation were be examined. As a novel approach, ANFIS was applied to evaluate the
impact of different parameters on the compressive strength of concrete. Seven ANFIS
models were assigned to investigate the effect of various parameters. In addition, 21 other
ANFIS models were considered to examine the impact of combined parameters on the
compressive strength of the SCGC in which cement has been partially replaced with pumice,
slag, silica fume, and fly ash. The results of this paper can be summarized as follows:

e  The volcanic powder has a significant impact on maintaining SCGC slump optimal
performance. However, the superplasticizer demand of VP is greater than the other
two powders.

e  The compressive strength of binary designs in the replacement range of 0-30% indi-
cates that GBFS and VP have similar results to the control specimen, which favour
compressive strength compared to fly ash.

o  The electrical resistance results of the specimens showed that all three pozzolans had
a better performance than the control ones. However, this effect in GBFS and VP were
the highest and the lowest values, respectively.

e  Results of the first seven ANFIS models in which parameters were investigated sep-
arately showed that electrical resistivity has the most significant influence on the
compressive strength of SCGC, as the lowest value of RMSE was obtained for the
input corresponding to cement replacements.

e  Among the powders used in this study, ANFIS models revealed that the combination
of VP with micro-silica has the highest effect on the resistance of concrete compared
with other powders.

e  Results of the second 21 ANFIS models illustrated that the combined use of cement
with VP had exerted a far-reaching effect on the compressive strength of the SCGC
specimens by resulting in the smallest RMSE among the other coupled parameters.
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