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ABSTRACT

In this experimental study, the impact of Portland cement replacement by ground granulated blast furnace slag
(GGBFS) and micronized rubber powder (MRP) on the compressive, flexural, tensile strengths, and rapid chloride
migration test (RCMT) of concrete were assessed. In this study, samples with different binder content and water
to binder ratios, including the MRP with the substitution levels of 0%, 2.5% and 5%, and the GGBEFS with the
substitution ratios of 0%, 20% and 40% by weight of Portland cement were made. According to the results, in
the samples containing slag and rubber powder in the early ages, on average, a 12.2% decrease in the mechanical
characteristics of concrete was observed, nonetheless with raising the age of the samples, the impact of slag on
reducing the porosity of concrete lowered the negative impact of rubber powder. Regarding durability character-
istics, the RCMT results of the samples were enhanced by using rubber powder because of its insulation impact.
Moreover, adding slag into the MRP-included mixtures results in a 23% reduction in the migration rate of the
chloride ion averagely. At last, four mathematical statements were derived for the mechanical and durability
of concrete containing the MRP and GGBFES utilizing the genetic programming method.
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1 Introduction

Nowadays, sustainable development is highly valued in construction projects. One of the most
significant factors contributing to this criterion is the use of substitutes for Portland cement. Cement
production requires a high amount of energy and contributes significantly to higher environmental
pollution and the emission of greenhouse gases. A reduction in cement consumption is recommended as a
solution to protect the environment. Incorporating ground granulated blast furnace slag (GGBFS) and
micronized rubber powder (MRP) as waste materials in concrete mixtures not only eliminate the negative
repercussions of the burial of such hazardous industrial wastes but also, there will be lower greenhouse
gases produced as a result of lower cement production [1].

Ground granulated blast furnace slag is one of the by-products of the steel plant that does not react if
water is added to it. Unlike pozzolans, which react with and consume calcium hydroxide from cement
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hydration, they use calcium hydroxide only as a catalyst and have a cement-like reaction in the presence of
water. GGBFS is often delivered in crystalline shape and is used as coarse aggregate in road construction.
The other utilization of slag is within the generation of slag wool for isolating purposes within the
building industry and as components of lightweight concrete [2].

Slag possesses hydraulic characteristics, and its hydration procedure is the same as cement [3,4]. The
literature in this field suggested that GGFBS containing concrete has a better performance than ordinary
concrete [5]. Slag-containing concrete is less penetrable toward the water than a naturally hardened
concrete mix [6]. Considering the negative impact of slag on compressive strength and resistance to
chloride ion migration and carbonization, cement must not be replaced in high proportions [7,8]. Some
research has been conducted on the replacement of Portland cement by ground granulated blast furnace
slag (GGBEFES), up to 70% of the cement replacement [9-11]. Khatib et al. [12] substituted up to 70% of
Portland cement by GGBFS. The optimal output was derived in the replacement of 60%. After 28 and
91 days of curing, the mechanical properties were enhanced. However, by raising the replacement
percentage to 80%, test results were dwindled 25.4%, on average. San-Jos¢ et al. studied the efficiency of
the hardened GGBFS containing concrete mixes and suggested that these samples yield a concrete with a
35% increase in compressive strength and a 24% decrease in permeability compared with normal
concrete [13]. Yao et al. [14] also reported that replacing cement with higher than 50% of steel slag in the
concrete results in concrete with a high alkaline level. In another research [15] evaluate consumption of
slag as an aggregate replacement. According to the results, incorporating 50% of steel slag increased the
mechanical properties of pervious concrete compared to reference control.

Regarding the effect of GGBFS on the durability of concrete, Teng et al. [16] assessed the effect of
incorporating slag in concrete samples on compressive and flexural strength, RCMT, and electrical
resistivity. In general, the experiment results demonstrated that slag-included concrete has higher
characteristics such as higher early mechanical properties, lower permeation, and enhanced durability at
three days. In another study, Wang et al. [17] evaluated the impact of GGBFS on the mechanical
properties and rapid chloride migration test. In this series of studies, W/C and 28 days compressive
strength were determined the same for all mixtures. According to the data, raising the percentage of the
slag substitution leads to dwindling the early-age strength and increasing the permeability. The adverse
impact of GGBFS on the durability characteristics is higher at lower W/C ratios.

Nowadays, the automobile industry development has increased tire consumption. This growth has
produced huge stockpiles of the used tire. Scrap tires are composed of compounds that are not
inseparable in natural conditions, and lots of environmental damages were incurred by these waste
materials. One of the methods to optimize scrap tires is to use them in the construction industry.
According to national statistics of Iran, nearly 26 million tires will be produced in 2020 [18], and it was
estimated that about 13 million time-worn tires would be collected in Iran annually. That is why
numerous research attempts have been focused in recent years on the optimal and functional use of tire
waste in the construction industry [19].

Many studies have been done on waste tire crumbs. Researchers have found that mixing crumb rubber as
a replacement to natural aggregate in concrete increases the ductility and durability of concrete specimens
[20-22]. Scientists expressed various outputs by substituting different proportions of crumb tires in
concrete mixtures and declared that the optimum incorporation of crumb rubber is 10% [23]. The
compressive strength was reduced significantly by using the waste rubber crumb with a replacement
percentage of 25% [24]. The weakness of the interfacial transition area in the middle of the rubber and
cement paste can be the reason for reducing compressive strength [25].

About utilizing micronized rubber powder, Al-Tayeb et al. [26] assessed the impact of the cement
replacement by MRP on the concrete compressive strength. Concrete samples were made, including
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2.5%, 5%, and 10% waste rubber as a substitution for cement. The compressive strength declined by 19%,
32%, and 53% by replacing 2.5%, 5%, and 10% Portland cement by MRP. Liu et al. [27] assessed the
influence of these particles on the mechanical characteristics of concrete samples. The result of the
experiments revealed a reduction of 15% in the compressive and flexural strength of the concrete. It was
expressed that this decrement is related to the softness of rubber powder in concrete structures. The
impact of MRP on mechanical characteristics of the lightweight samples was the aim of research done by
Mebhrani et al. [28]. The finding of this examination revealed that MRP increased the mechanical strength
in the sample included 5% of this waste materials. Gupta et al. [29] investigated utilizing tire fibers and
MRP in concrete mixtures. The output of this experimental evaluation depicted that the mechanical
properties of concrete decreased, although the flexural strength of concrete was raised. On the other hand,
by synergic usage of the fibers and rubber, the permeability of the concrete specimens was enhanced.

The durability of the MRP-included concrete samples was evaluated in a few studies. Guneyisi et al. [30]
declared an increment in RCMT results by increasing waste tire replacement percentage for pozzolan-
included samples. By Raising the MRP substitution percentage from 0 to 25, the permeation of the
chloride ion increased 27%—-59% in comparison to the reference sample. Concerning the impact of MRP
on the RCMT output of the samples, Na et al. [31] expressed lower results in rubber-included mixtures.
In this examination, it was deduced that the migration rate of mixtures was less than reference samples
because of the blockage properties of MRP that can hinder connection among the pores of the cement paste.

There are few papers about the synergic influence of waste tires and slag. Long et al. [32] evaluated the
consumption of recycled tire waste in steel slag-containing concrete. They declared that higher replacement
of tire waste for cement would decrease the durability and mechanical characteristics of the concrete,
including slag. The compressive strength of steel slag concrete will generally decrease due to adding to
the tire content. Besides, it has been shown that cement substitution by steel slag and rubber powder will
bring about positive environmental and economic impacts.

According to the preceding literature, simultaneous incorporating of rubber powder and slag and
evaluating the mechanical and durability characteristics were chosen as one of the main aims of this
research. In addition, deriving mathematical formulas for estimating properties of the waste-materials-
included concrete based on primary data of reference samples is one of the novelties of this study.

2 Experimental Plan

2.1 Materials

The chemical composition and characteristics of the cementitious materials are demonstrated in Table 1.
The binders incorporated are Portland cement and GGBFS. CEM 1-32.5 R cement in agreement with the
specifications of ASTM C 150 [33] was utilized in this analysis. Micronized rubber powder (MRP) was
generated by incineration of worn-out tires under 850 centigrade for 72 h. The size range of this powder
is the size range of 0.0635 mm and 0.65 mm, seen in Fig. 1, with a density of 1.191 g/em’. Also, the
chemical substances of the MRP are shown in Table 2.

Table 1: Physical and chemical characteristics of cement and GGBFS

Chemical substances Cement GGBFS
SiO, 20.7 36.3
Al,O3 4.9 13.8

Fe, 03 3.5 0.3
CaO 62.9 38.4
MgO 1.2 6.1

(Continued)
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Table 1 (continued).

Chemical substances Cement GGBFS
SO, 33 2.3
Na,O 0.3 0.4
K,O 0.6 0.3
Ignition Loss 2.3 1.4
Physical characteristics

Specific surface area (cm?/g) 3154 4950
Specific density 3.08 291
Apparent density (g/cm?) 1.23 1.12

Figure 1: The MRP utilized this examination

Table 2: Chemical components of MRP

Components

Value (%)

Hydrocarbon of rubber
Acetone extract
Sulfur

Content of Ash
Black carbon
SiO,

TiO,

ZnO

CaO

Fe,O05 + AlL,O4
Content of fiber
Content of water

47.5
13.4
0.8
4.9
28.7
0.6
0.2
1.8
0.5
0.3
0.5
0.89
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This experiment used gravel with a density of 2.55, a 19 mm of maximum size aggregate, an absorption
of water of 1.9 percent, and fine river aggregate with a specific gravity of 2.45 and water absorption of
3.2 percent from Shahriyar mine in Iran. The gravel and sand all meet ASTM C33 [34] specifications and
are consistent with the C19 curve originating from the national concrete mix methods of Iran. Fig. 2
shows the size range of cement, GGBFS, MRP, gravel, and sand.
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Figure 2: The size range of cement, slag, MRP, gravel, and sand

The Poly-carboxylate superplasticizer used as chemical admixture with a density of 1.12 g/em’
according to the ASTM C494 Type F requirements [35].

2.2 Mixture Proportion

The impact of GGBFS and Slag on the properties of concrete samples was investigated using an
experimental design. Concrete mixtures were prepared with binder (cement, MRP, and slag) content of
325, 375, and 425 kg/m® and W/B of 0.35, 0.40, and 0.45. The MRP substitution percentage were 0%,
2.5%, and 5% of binder content on preceding research [26]. GGBFS substitution percentages were 20%
and 40% of binder content. A total of 81 concrete mixtures were prepared with 18 samples for MRP-
included type, 18 samples for slag-added type, and 36 concrete samples containing both materials
simultaneously. Aside from that, nine mixtures were prepared as control samples. For each mixture
proportion, three samples were made.

Slump value was kept in the range of 80 and 100 mm by using a Poly-carboxylate superplasticizer in the
concrete mixtures. Flow chart of experimental and mix design is presented in Fig. 3. The mixture proportions
of the designed concrete samples are listed in Table 3.
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Figure 3: Flow chart of experimental and mix design

2.3 Sample Preparation and Testing

The mixer’s inner surface was wetted to prevent absorbing concrete water. Fine and coarse aggregate
was then blended for 1 min before applying 25% of the water and three-quarters of the HRWRA and
blending for 2 min. The remaining mixing water, binder (cement, MRP, and slag) were then applied to
the samples and blended for three minutes. At the final mixing phase, the superplasticizer was applied to
the sample. Following the concrete mixing phase, tests on workability were done. The specimens were
stored one day at 24 + 2°C, and cured in water.

ASTM C39 [36] was applied to assess the compressive strengths of the samples. For this experiment,
concrete was poured into 200 x 100 mm cylindrical molds. The non-uniform surface of cylindrical
specimens was leveled based on ASTM C1231 [37] for the compressive strength test. 150 x 300 mm
cylindrical concrete specimens were made based on ASTM C496 [38] for the tensile strength test. The
flexural strength of concrete samples was examined using 450 % 100 X 100 mm prism specimens conforming
to ASTM C293 [39]. The rapid chloride migration test (RCMT), based on AASHTO TP64-03 [40], was also
done to investigate the resistance of the concrete sample against chloride-ion penetration. The cylindrical
specimens with the size of 200 x 100 mm were applied in this examination. In order to assess the
samples, microstructure, scanning electron microscopy (SEM) was utilized at the 28 days of curing by
Philips XL30 apparatus. In this test, some fragments of each concrete sample were obtained by breaking
tested concrete. Some of the pieces were covered with a gold ultra-thin layer to avoid electrical charges
accumulation on the surfaces. It was observed that for each measurement, three concrete specimens were
tested, and the output was described in this investigation based on the average of results.

2.4 Methodology

Three formulas were proposed to derive a value for estimating the mechanical strength of the waste
material-included mixtures according to the data achieved from ordinary concrete as a mechanical factor
(MF). Thus, genetic programming (GP) software was used for finding the best-fitted relationship based on
outputs.
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Table 3: Mix properties of concrete specimens
Mixture’s Cement Slag MRP Water Fine Coarse HRWRA Mixture’s Cement Slag MRP Water Fine Coarse HRWRA
ID aggregate aggregate D aggregate aggregate
(kg/m®) (kg/m?)

REF-1 325 0 0 114 905 1082 3.48 SLAG- 291 759 150 1105 758 1.74
MRP17

SLAG-1 260 65 0 114 905 1082 3.16 SLAG- 216 150 9 150 1105 758 1.56
MRP18

SLAG-2 195 130 0 114 905 1082 2.83 SLAG- 281 75 19 150 1105 758 1.88
MRP19

MRP-1 317 0 8 114 905 1082 3.54 SLAG- 206 150 19 150 1105 758 1.41
MRP20

MRP-2 309 0 16 114 905 1082 3.11 REF-6 375 0 0 169 905 904 1.12

SLAG- 252 65 8 114 905 1082 3.04 SLAG-11 300 75 0 169 905 904 0.99

MRP1

SLAG- 187 130 8 114 905 1082 2.66 SLAG-12 225 150 0 169 905 904 0.76

MRP2

SLAG- 252 65 16 114 905 1082 3.07 MRP-11 366 0 9 169 905 904 1.08

MRP3

SLAG- 187 130 16 114 905 1082 2.57 MRP-12 356 0 19 169 905 904 1.05

MRP4

REF-2 325 0 0 130 1005 945 2.26 SLAG- 291 75 9 169 905 904 0.98
MRP21

SLAG-3 260 65 0 130 1005 945 1.91 SLAG- 216 150 9 169 905 904 0.81
MRP22

SLAG-4 195 130 0 130 1005 945 1.54 SLAG- 281 75 19 169 905 904 0.98
MRP23

MRP-3 317 0 8 130 1005 945 2.15 SLAG- 206 150 19 169 905 904 0.77
MRP24

MRP-4 309 0 16 130 1005 945 1.98 REF-7 425 0 0 149 1105 721 2.87

SLAG- 252 65 8 130 1005 945 1.84 SLAG-13 340 8 0 149 1105 721 2.43

MRP5

SLAG- 187 130 8 130 1005 945 1.53 SLAG-14 255 170 0 149 1105 721 2.08

MRP6

SLAG- 252 65 16 130 1005 945 1.85 MRP-13 414 0 11 149 1105 721 2.65

MRP7

SLAG- 187 130 16 130 1005 945 1.49 MRP-14 404 0 21 149 1105 721 2.51

MRP8

REF-3 325 0 0 146 1105 808 1.43 SLAG- 329 85 11 149 1105 721 2.41
MRP25

SLAG-5 260 65 0 146 1105 808 1.31 SLAG- 244 170 11 149 1105 721 1.81
MRP26

SLAG-6 195 130 0 146 1105 808 1.11 SLAG- 234 85 21 149 1105 721 2.33
MRP27

MRP-5 317 0 8 146 1105 808 1.41 SLAG- 234 170 21 149 1105 721 1.89
MRP28

MRP-6 309 0 16 146 1105 808 1.29 REF-8 425 0 0 170 905 860 1.91

SLAG- 252 65 8 146 1105 808 1.25 SLAG-15 340 8 0 170 905 860 1.6

MRP9

SLAG- 187 130 8 146 1105 808 1.03 SLAG-16 255 170 0 170 905 860 1.38

MRP10

SLAG- 252 65 16 146 1105 808 1.26 MRP-15 414 0 11 170 905 860 1.71

MRPI11

SLAG- 187 130 16 146 1105 808 1.02 MRP-16 404 0 21 170 905 860 1.6

MRP12

(Continued)
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Table 3 (continued).

Mixture’s Cement Slag MRP Water Fine Coarse HRWRA Mixture’s Cement Slag MRP Water Fine Coarse HRWRA
ID aggregate aggregate ID aggregate aggregate
(kg/m®) (kg/m®)

REF-4 375 0 0 131 1005 901 3.18 SLAG- 329 8 11 170 905 860 1.54
MRP29

SLAG-7 300 750 131 1005 901 2.99 SLAG- 244 170 11 170 905 860 1.11
MRP30

SLAG-8 225 150 0 131 1005 901 2.12 SLAG- 319 85 21 170 905 860 1.54
MRP31

MRP-7 366 0 9 131 1005 901 3.09 SLAG- 234 170 21 170 905 860 1.25
MRP32

MRP-8 356 0 19 131 1005 901 2.93 REF-9 425 0 0 191 1005 711 0.68

SLAG- 291 75 9 131 1005 901 2.78 SLAG-17 340 8 0 191 1005 711 0.59

MRP13

SLAG- 216 150 9 131 1005 901 2.24 SLAG-18 255 170 0 191 1005 711 0.44

MRP14

SLAG- 281 75 19 131 1005 901 2.87 MRP-17 414 0 11 191 1005 711 0.62

MRP15

SLAG- 206 150 19 131 1005 901 2.34 MRP-18 404 0 21 191 1005 711 0.59

MRP16

REF-5 375 0 0 150 1105 758 1.99 SLAG- 329 8 11 191 1005 711 0.62
MRP33

SLAG-9 300 750 150 1105 758 1.73 SLAG- 244 170 11 191 1005 711 0.47
MRP34

SLAG-10 225 150 0 150 1105 758 1.64 SLAG- 319 85 21 191 1005 711 0.57
MRP35

MRP-9 366 0 9 150 1105 758 2.11 SLAG- 234 170 21 191 1005 711 0.42
MRP36

MRP-10 356 0 19 150 1105 758 1.89

Furthermore, the factor of durability (DF) was measured by dividing the migration rate of waste-
materials samples to the RCMT results of the reference samples to estimate the durability of concrete,
including MRP and slag. The rubber powder percentage, slag replacement level, W/B ratio, binder
content, and curing age of the concrete were used as the vital specification regarding the data achieved
from the experimental examination.

The variables of genetic programming were fixed in order to obtain precise and straightforward
formulas. The program of experimentation yielded 243 distinct records, of which approximately 70%
(164 outputs) were chosen at random for formula development the (training stage), and the remainder
(79 outputs) were used to validate the acquired equation (testing phase).

The MAPE (average absolute percentage error), R (Pearson correlation coefficient), and RMSE (root
mean squared error) of the numerical evaluations implemented to guesstimate the efficiency of the
acquired formulas, listed in the following:

N

1
RMSE = | & > igprea = View)’ N

i=1
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1 N yipred — Vi
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In which N, y; ,eq, and y; ., denote the number of records, the estimated and examined data of the ith
output, in the order given. y.,,, and y,,.s denote the mean of the examined and estimated data sequentially.

3 Result and Discussion

3.1 Mechanical Properties
3.1.1 Slag—Included Concrete Samples

The mechanical characteristics of concrete samples, including GGBFS with substitution ratios of 20%
and 40% for different curing ages, are demonstrated in Table 4. Regarding the results of the samples,
compressive strength (CS), it can be obtained at the age of 7 days in samples containing 325 kg/m® of
cement and with a W/B of 0.35, the use of slag at a rate of 40% by weight of Portland cement results in
a reduction of CS of concrete by 10.5% compared to reference concrete, averagely.

Table 4: Mechanical characteristics of slag-included samples

Samples, ID Cement W/B GGBFS 7 days 28 days 91 days
(kg/m?) (%) cs* TS* FS* ¢S TS FS CS TS FS

(MPa) (MPa) (MPa)
REF-1 0 31.73 290 4.40 44.63 4.17 530 49.16 4.85 5.70
SLAG-1 0.35 20 2941 2.68 4.10 46.71 439 561 5327 532 6.28
SLAG-2 40 28.53 2.58 395 4846 455 576 5691 5.74 6.90
REF-2 0 30.68 2.84 425 4289 4.10 5.09 46.72 4.75 5.4l
SLAG-3 325 04 20 28.76 2.64 396 4532 436 541 5147 530 6.08
SLAG-4 40 28.12 2.58 3.86 47.37 4.57 5.67 55.68 5.80 6.66
REF-3 0 29.29 2.77 4.05 41.14 4.02 4.88 4532 470 525
SLAG-5 0.45 20 27.62 2.60 3.76 43.73 430 5.19 51.30 5.35 5.97
SLAG-6 40 27.06 2.55 3.68 4591 4.55 546 5520 5.80 6.60
REF-4 0 3243 293 449 4532 420 537 4951 486 5.74
SLAG-7 035 20 3062 275 421 4754 444 568 54.15 537 6.39
SLAG-8 40 30.02 2.69 4.14 4944 464 594 57.88 584 697
REF-5 0 31.03 2.86 430 4324 4.11 5.13 47.07 4.77 545
SLAG-9 375 04 20 29.69 2.72 4.09 4599 440 549 5243 537 6.20
SLAG-10 40 29.24 2.68 4.04 4830 4.64 5.79 57.57 590 6.87
REF-6 0 29.29 2.77 4.06 41.14 4.02 4.88 4498 4.68 5.21
SLAG-11 0.45 20 28.14 2.65 3.88 44.04 433 526 50.74 528 6.05
SLAG-12 40 27.75 2.61 3.83 46.65 4.59 5.58 55.82 5.86 6.71

(Continued)
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Table 4 (continued).

Samples, ID Cement W/B GGBFS 7 days 28 days 91 days
(kg/m?) (%) cCS* TS* FS* ¢S TS FS CS TS FS

(MPa) (MPa) (MPa)
REF-7 0 33.82 299 4.68 47.07 427 558 5126 494 594
SLAG-13 035 20 32.08 2.82 442 4985 455 594 56.68 552 6.65
SLAG-14 40 31.08 2.75 433 5234 478 625 6149 6.02 7.44
REF-8 0 2998 2.81 4.15 41.84 4.05 496 45.67 472 529
SLAG-15 425 04 20 28.79 2.69 4.02 44.84 437 535 51.55 539 6.10
SLAG-16 40 28.39 2.65 391 4749 4.64 5.65 56.75 598 6.84
REF-9 0 28.94 2.76 4.01 4045 399 4.80 4393 4.64 5.09
SLAG-17 0.45 20 27.89 2.71 3.85 43.68 4.34 522 5021 5.37 597
SLAG-18 40 2746 2.56 3.80 4639 4.67 556 5577 6.02 6.75

Note: *C S = Compressive strength, T S = Tensile strength, F S = Flexural strength.

The negative effect of slag at an early age decreases by growing W/B so that this reduction for samples
with a W/B of 0.45 is on average 8.6% for compressive strength. The main reason for the negative effect of
slag at an early age can be considered the lack of production of hydration products such as Portlandite. In the
presence of Portlandite, hydration of slag and water occurs, and this procedure of hydration with cement
hydration products differs from that of other pozzolans. The Portlandite produced during the cement
hydration affects the hydration of GGBFS. There are not any hydration products in the mixture of slag
and water when Ca(OH), is not enough for the hydration procedure at seven days of curing.

As the age of the samples increases, the slag influence on the mechanical properties is positively
evaluated so that the compressive strength of samples including 20% slag at 28 and 91 days is on
average 11.3 and 17.7% higher than the 7-day samples. By doubling the replacement percentage, this
betterment increases to an average of 18.9 and 28.3.

Concerning the impact of water to cement ratio, by examining the results, it can be derived that the
improvement rate of samples with 20% replacement of slag compared to the reference specimens at
28 days for the samples including 325 kg/m® of cement and W/B ratios of 0.35, 0.4 and 0.45 is 4.7,
5.7 and 6.3 percent, respectively. By increasing slag replacement up to 40%, compressive strength
enhancement is 8.6, 10.4, and 11.6% compared with control samples. According to the outputs, it can be
acquired that by lowering the ratio of water to cement, the effectiveness of slag on compressive strength
dwindles. By decreasing the water to binder ratio, the substances produced during hydration become a
more homogeneous shape and include a lower amount of Portlandite. This occurrence results in a lower
hydration reaction of GGBFS and water in lime and reduces the enhancement level.

On the effect of cement content, this can be seen that increasing the cement amount results in an increase
in the positive effect of slag in the long run so that increasing the amount of cement from 325 kg/m’ of
concrete to 375 and 425 kg/m® leads to an improvement of 3.4% and 7.9% in the samples containing
40% of GGBFS, in the order given.

The flexural and tensile strength results show that the effect of slag on enhancing this characteristic in the
long term compared to compressive strength results at 28 and 91 days is 3.8% and 5.1% for all samples,
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respectively. This rise is possibly attributed to the more substantial ITZ (interfacial transition zone) in the
cement paste containing slag and aggregate due to the morphology of the slag particles.

3.1.2 MRP-Included Concrete Mixtures
Table 5 demonstrates the outputs of mechanical characteristics experiments. Moreover, the actual photos
of the specimen and the images when loading are presented in Fig. 4.

Table 5: Mechanical characteristics MRP-included samples

W/B  MRP Binder = 325 kg/m® Binder = 375 kg/m® Binder = 425 kg/m®

ratios (%) 7 days 28 days 91 days 7 days 28 days 91 days 7 days 28 days 91 days

0 31.73 44.63  49.16 3243 4532 49.51 33.82 47.07 5126
035 2.5 3027 41.77 45.67 31.10  42.74  46.38 32.50 4452 48.18
5 28.06 3739  40.01 29.08  38.74 41.26 30.50  40.57 43.13
0 30.68 4289  46.72 31.03 4324  47.07 2998 4184  45.67
Compressive strength 0.4 2.5 29.08 39.84 4294 29.56  40.45  43.60 28.63  39.27 4247
5 26.79 3582 3753 2744  36.73  38.60 26.68 3584  37.85
0 29.29 41.14 4532 29.29  41.14 4498 2894 4045 43.93
045 25 27.69 38.07 4147 27.83 3835  41.50 27.60 3790  40.77
5 25.67 34.08  36.32 2599  34.68  36.82 2590 3453  36.49

0 290 417 4.85 2.93 4.20 4.86 2.99 4.27 4.94

035 25 273 388 4.50 2.78 3.94 4.55 2.84 4.02 4.64

5 246  3.40 3.91 2.53 3.51 4.01 2.60 3.60 4.12

0 2.84 410 4.75 2.86 4.11 4.77 2.81 4.05 4.72

Tensile strength 04 25 266 378 4.38 2.69 3.82 4.43 2.65 3.78 4.40
5 240  3.30 3.80 2.45 3.38 3.90 243 3.37 3.90

0 277  4.02 4.70 2.77 4.02 4.68 2.76 3.99 4.64

045 25 258 3.69 432 2.60 3.72 4.33 2.60 3.72 4.32

5 232 324 3.75 2.36 3.31 3.81 2.38 333 3.84

0 440  5.30 5.70 4.49 5.37 5.74 4.68 5.58 5.94

035 25 416 492 5.28 4.27 5.03 5.36 4.47 5.25 5.57

5 3.78 437 4.65 3.92 4.53 4.79 4.12 4.75 5.01

0 425 5.09 5.41 430 5.13 5.45 4.15 4.96 5.29

Flexural strength 04 25 400 4.69 4.97 4.07 4.77 5.04 393 4.63 4.91
5 3.62 4.08 4.35 3.72 4.20 4.47 3.61 4.10 4.39

0 4.05 4.88 5.25 4.06 4.88 5.21 4.01 4.80 5.09

045 25 379 448 4.80 3.83 4.52 4.80 3.80 4.47 4.72

5 3.44 401 4.28 3.50 4.09 4.33 3.50 4.07 4.29

Regarding the compressive strength of samples, including rubber powder, the compressive strength
declines by increasing the replacement percentage of MRP. By replacing 2.5% of cement with WRP, the
compressive strength of the samples reduced, averagely for all W/B ratios and cement contents, 4.7%,
6.4%, and 7.3% at the curing ages of 7, 28, and 91 days, in comparison to the control specimens, in the
order given. By elevating the replacement percentage to 5%, the compressive strength of samples reduced
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11.2%, 15.3%, and 17.9% at various age of curing, averagely, compared to the samples without adding waste
materials. It can be interpreted that the compressive strength declined more intensely by increasing the MRP
ratios in the concrete samples.

Figure 4: Rubber-powder-included mixture (a) under loading, and (b) after loading (broken sample)

About the impact of cement content, for the cement of 325 and 425 kg/m> of concrete, the reduction
percentage of compressive strength compared with the reference sample by replacing cement with 2.5%
of MRP is 6.7% and 5.7% for the content of 325 and 425 kg/m’, in the order given. Concerning the
MRP of 5%, the amount of reduction was changed to 16.1% and 13.8% for 325 and 425 kg/m’ of
cement. Therefore, MRP’s negative influence on the strength decreases by raising the volume of the
cement in the concrete mixtures.

About the W/B ratio, the mean reduction of strength outputs with a WRP of 2.5% is 5.5% and 6.6%,
respectively, with the W/B ratios of 0.35 and 0.45. The average decrement for concrete samples’
compressive strength with a W/B ratio of 0.35 and 0.45 in comparison to the control specimen is
equivalent to 14.2% and 15.2% for the mixtures containing MRP of 5%. While any essential
discrepancies were not found among the compressive strength of specimens with different water to the
binder, the unfavorable influence of rubber powder on the compressive strength is slightly higher for
higher water to binder ratios.

For tensile properties, the finding is in line with the compressive strength outputs. Increased substitution
of MRP decreases the TS relative to reference specimens. In the order given, the decrement of tensile strength
for the samples containing 2.5% and 5% of MRP is 7% and 17.6% at 28 days of curing.

Besides, elevating the W/B from 0.35 to 0.45 does not significantly impact the tensile strength.
However, the TS negative effect for the mixtures, including 2.5% and 5% of MRP, increases 1.1% and
2.7% by raising Portland cement content between 325 kg/m® to 425 kg/m’.
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On the effect of adding 2.5% and 5% of MRP on FS of the specimens, the average outputs demonstrate
that strength reduction in these samples is 6.6% and 15.9%, respectively. Increasing the amount of cement
from 325 kg/m” to 425 kg/m’ leads to a decrement of 2.4% in flexural strength of the samples containing 5%
of rubber powder replaced the Portland cement.

The removal of high-strength content by mixing cement with MRP is one of the fundamental causes of
mechanical properties of concrete deterioration. Furthermore, the weakness of the ITZ between the rubber
powder’s surface and cement paste structure can be another reason for declining mechanical
characteristics. This finding is in line with Bisht et al. [41] research. Moreover, agglomeration of the
powder, which hinders the appropriate dispersion in concrete, can be deduced as another reason for the
mechanical properties degradation of MRP-added mixtures.

3.1.3 Synergic Impact of Rubber Powder and GGBFS

The characteristics of concrete samples including MRP (2.5% and 5%) and slag (20% and 40%) were
examined at 7, 28, and 91 days as depicted in Table 6. Generally, GGBFS, except for early ages, moderates
the negative effects of rubber powder by increasing the hydration products and improving the quality of these
substances.

Table 6: Mechanical characteristics of MRP+GGBFS-added samples

Mixtures ID Cement W/B GGBFS MRP 7 days 28 days 91 days
(kg/m’) (%0) (%)

CS TS FS CS TS FS CS TS FS

(MPa) (MPa) (MPa)

REF-1 0 0 31.73 290 440 4463 417 530 49.16 485 570
SLAG-MRP1 20 2.5 2694 243 375 4370 4.08 520 4990 499 589
SLAG-MRP2 0.35 40 5 2630 225 357 4380 4.04 517 5076 5.09 6.21
SLAG-MRP3 20 5 27.80 244 385 4231 391 505 4739 469 5.6l
SLAG-MRP4 40 2.5 26.81 235 358 4628 427 539 5393 545 6.57

REF-2 0 0 30.68 2.84 425 4289 410 509 4672 475 541
SLAG-MRPS5 20 2.5 2646 238 359 4215 403 515 4788 496 5.68
SLAG-MRP6 325 0.4 40 5 25.84 232 348 43,03 4.05 500 49.70 516 598
SLAG-MRP7 20 5 26.81 242 363 4156 386 472 4571 468 541
SLAG-MRP8 40 2.5 2629 234 346 4449 427 530 5251 551 632

REF-3 0 0 2929 277 405 41.14 402 488 4532 470 525
SLAG-MRP9 20 2.5 2551 234 339 4057 396 478 4787 502 557
SLAG-MRP10 0.45 40 5 25.06 228 332 4158 406 495 4945 517 6.01
SLAG-MRP11 20 5 2627 237 346 3960 381 471 46.00 473 538
SLAG-MRP12 40 2.5 25.01 231 335 4305 428 508 51.71 556 6.26

(Continued)



2168

JRM, 2022, vol.10, no.8

Table 6 (continued).

Mixtures ID Cement W/B GGBFS MRP 7 days 28 days 91 days
(kg/m’) %) %)

CS TS FS CS TS FS CS TS FS

(MPa) (MPa) (MPa)
REF-4 0 0 3243 293 449 4532 420 537 4951 486 574
SLAG-MRP13 20 2.5 2896 253 390 4489 425 533 5132 509 6.07
SLAG-MRP14 0.35 40 5 28.04 244 379 4521 414 540 5233 525 634
SLAG-MRP15 20 5 2894 254 391 4353 404 517 4877 480 583
SLAG-MRP16 40 2.5 28.18 249 380 47.05 441 563 5538 561 6.69
REF-5 0 0 31.03 286 430 4324 411 513 47.07 477 545
SLAG-MRP17 20 25 27.66 249 377 43.18 411 512 4934 508 5091
SLAG-MRP18 375 0.4 40 5 27.13 244 3.62 4429 416 521 51.64 529 6.27
SLAG-MRP19 20 5 2785 251 379 4215 394 490 47.04 479 557
SLAG-MRP20 40 2.5 2738 247 374 4601 438 549 5494 565 6.58
REF-6 0 0 2929 277 406 41.14 402 488 4498 468 521
SLAG-MRP21 20 25 26.16 242 359 4127 404 490 4771 499 573
SLAG-MRP22 0.45 40 5 2591 237 350 4267 414 511 5057 528  6.17
SLAG-MRP23 20 5 2653 244 355 4023 390 481 4559 472 550
SLAG-MRP24 40 25 2594 237 354 4419 433 532 5322 562 644
REF-7 0 0 3382 299 468 4707 427 558 5126 494 594
SLAG-MRP25 20 25 30.16  2.61 411 4735 426 566 54.08 527 634
SLAG-MRP26 0.35 40 5 29.14 251 398 48.13 433 571 5597 546 6.82
SLAG-MRP27 20 5 3042 261 408 4582 412 543 5131 496 6.04
SLAG-MRP28 40 25 2928 256 405 50.12 456 595 5927 582 721
REF-8 0 0 2998 2.81 415 41.84 405 496 4567 472 529
SLAG-MRP29 20 2.5 2693 248 373 4236 411 503 4889 514 582
SLAG-MRP30 425 0.4 40 5 2645 242 358 4378 419 508 5159 542  6.25
SLAG-MRP31 20 5 27.10 249 373 4126 394 481 4647 484 551
SLAG-MRP32 40 2.5 26.83 248 3.64 4529 441 537 5421 577 6.64
REF-9 0 0 2894 276 401 4045 399 480 4393 464 5.09
SLAG-MRP33 20 25 2608 251 356 4126 4.08 491 47.67 513 570
SLAG-MRP34 0.45 40 5 25.61 234 350 4272 425 513 5095 547  6.27
SLAG-MRP35 20 5 2651 250 359 41.02 393 480 4542 483 546
SLAG-MRP36 40 2.5 25779 236 358 4424 445 528 53.65 582 648
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At the 7 days curing, the CS of the concrete samples with GGBFS+MRP replacement of 20% + 2.5%,
40% + 5%, 20% + 5%, and 40% + 2.5% reduced 15.1%, 17.1%, 12.4%, and 15.5% compared to control
samples which are without waste materials. As samples curing increased to 28 days, the CS increased by
17.2%, 19%, 17.6%, and 11.8% in comparison to the seventh days of curing for the samples containing
20% + 2.5%, 40% + 5%, 20% + 5%, and 40% + 2.5%, respectively. In the 91 days of curing, the
negative impact was removed due to the appropriate performance of the GGBFS at that age. In samples
containing 5% of MRP, 325 kg/m® of Portland cement, and water to binder of 0.45, replacing cement by
40% of slag results in 17.8% higher compressive strength than the slag-free sample.

Related patterns can be found in the FS and TS of concrete. The negative effect of waste material has
dwindled as the W/B ratio increased, and this impact is amplified as the amount of MRP and GGBFS rose.
The impact of cement content on the characteristics of concrete is minimal. In other words, the variations in
reduction in properties between samples of 325 kg/m> and 425 kg/m’ binder contents are lower than 1%.

To assess the synergic impact of samples containing slag and rubber powder on the microstructure of the
samples and its repercussion on mechanical characteristics, Scanning Electron Microscope (SEM) pictures
were incorporated.

Fig. 5 depicted the morphological characteristics of the paste microstructures in three different types of
samples, to better compare the waste materials effect. The Fig. 5a depicts the Ref-9 sample (with water to
cement ratio = 0.45, cement content = 425 kg/m’). The Fig. 5b represents the MRP-18 sample (with
water to cement ratio = 0.45, cement content = 425 kg/m’>, MRP = 5%). The Fig. 5c demonstrates the
simultaneous impact of MRP and slag in SLAG-MRP-34 sample (with water to cement ratio = 0.45,
cement content = 425 kg/m’, MRP = 5%, and GGBFS = 50%).

As derived from Fig. 5b, porosity in the concrete that can be linked to the MRP substitution. Thus, in
MRP-added concrete mixtures, unfavorable capillary pores in the paste are elevated. The fundamental
explanation for the rise in porosity and permeation of concrete paste is the substitution of MRP with
cement, leading to a higher W/B and previous research [42], higher porosity in paste microstructure.
Furthermore, due to the hydrophobic properties of rubber powder, on the surface, it repulses water and
collects air. As a result, it leads to the increasing porosity of the concrete paste. As seen in Fig. 5b, the
surface morphology of the control samples (without adding waste materials) is denser than the rubber
powder-included mixtures due to the advantages of higher hydration level and minor W/B due to the
higher mass of cement. Due to the presence of Portlandite and calcium-silicate-hydrate (CSH) products of
the same shape, the chemical structure of the samples does not change.

To evaluate the impact of slag on negative properties of rubber powder, the SEM image taken from the
SLAG-MRP-34 sample (Fig. 5c¢) was investigated and compared with Fig. 5a. Based on the outputs, at
28 days of curing, the hydration compounds produced by the slag were able to adequately fill the pores
created in the samples, including rubber powder. Also, compared with the reference sample, the SLAG-
MRP-34 sample has a more compacted structure. By comparing the compressive strength results of these
samples, this was derived that in the sample containing slag and rubber powder, the compressive strength
has increased by 5.6% in comparison to the control specimens, while in the MRP-18 sample, the MRP
reduced the CS by 14.6%. The reason for the improvement due to the slag replacement can be considered
the hydration of slag beside Ca(OH),.

3.2 Durability Properties

3.2.1 Slag Added Concrete Samples

Fig. 6 presents the RMCT results of samples containing 20% and 40% slag for different W/B ratios and
different amounts of cement at various curing times. According to the data, specimens including GGBFS at
28-day of curing increased the average durability of concrete for 20% and 40% replacements by 9.2% and
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12.4%, respectively. At 91 days, durability properties enhancement has increased compared to the reference
sample and elevated to 14.5% and 26.3% for replacement percentages of 20% and 40%.

ISEM HV. 30.00 kv WD: 6.5188 mm VEGA\ TESCANISEM HY. 30.00 kY WD: 6.4885 mm
ISEM MAG: 5.00 kx Det: SE EM MAG: 5.00 kx Det: SE
iewfield: 28.89 pm  PC: 13 Performance in nanospace u ew field: 26.89 ym  PC: 13 Performance in nanospace n
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iew field: 2883 ym  PC: 13
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Figure 5: SEM images of the concrete paste for (a) Reference concrete, (b) MRP-added sample, and (c)
Slag-MRP-added sample

Regarding the W/C ratio effect, on 28 days on average, the betterment of 40%-slag incorporation for
W/C of 0.35 was 9.9%. However, this improvement for W/C of 0.45 was 14.7. These outputs indicate the
more significant impact of GGBFS on concrete’s durability in upper W/B. On the effect of slag in short-
term ages, the outputs of mixtures at seven days show a negative effect, which on average in the
replacement ratio of 40%, the durability of concrete is 7.9% lower than the reference sample.
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Figure 6: The rapid chloride migration test results of the slag-included samples (a) W/B = 0.35, (b)
W/B = 0.40, and (c) W/B = 0.45

3.2.2 MRP-Included Samples

Table 7 shows the RCMT concrete’s outcomes, including MRP with different cement contents. Since
micro-sized MRP is an applied electrical insulating material, which can block the relation of the pores in
the concrete system, raising the rubber powder level decreases the RCMT results in concrete. These data
are in line with observations of Na et al. [31]. The insulation that occurred by incorporating rubber

powder balances its negative effect on increasing the porosity of samples.

Table 7: The rapid chloride migration test results of the MRP-included samples

W/B  MRP Binder = 325 kg/m’ Binder = 375 kg/m’ Binder = 425 kg/m’
ratios (%) 7 days 28 days 91 days 7 days 28 days 91 days 7 days 28 days 91 days
0 13.21 11.13  9.22 13.02 1097 9.02 12.08 9.88 8.12
035 25 1232 10.74 946 12.10 10.40  8.80 11.82 10.00  8.10
5 12.12 1041  9.09 11.80 1030  8.70 11.62  9.80 7.60
0 1344 1129 941 13.89 12.04 9.37 13.54 11.58  9.62
04 25 1244 10.83 9.14 12.39 11.00  9.04 12.16 11.07  8.75
5 12.34 1073  9.52 12.19 10.70  8.64 11.96 1087  9.25
0 14.04 1222  9.63 1432 13.04 10.21 13.92 12.12  9.92
045 25 12.80 11.12  9.36 1243 11.50  9.32 12.51 10.83  8.98
5 12.60 11.02  9.16 12.13  10.70  9.02 1241 10.63  8.88
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In comparison to the control mixtures with the 0.45 of water to binder ratio and cement of 325 kg/m>, the
migration rates of chloride with the rubber powder replacement of 2.5 percent and 5% rise 8.8% and 9.7%,
sequentially, at the concrete curing age of 28 days. When the W/B ratio was reduced to 0.35, and cement was
increased to 425 kg/m?, the specimens migrating included 2.5% and 5% rubber powder reduced to 0 percent
and 2.0 percent, respectively. It shows that binder material and the W/B ratio were influential on the
migration rate.

For specimens included rubber powder of 0%, 2.5%, and 5%, raising the concrete age of curing of 7 to
91 decreases the overall migrating pace by 30.8 percent, 27.2 percent, and 26.8 percent, in the order given.

3.2.3 Synergic Impact of the Rubber Powder and Slag

Concrete samples were made with four combinations of the various percentage of rubber powder and
slag to explore the simultaneous impact of the consumed waste particles on durability, and Table 8 shows
the results.

Table 8: The RCMT results of slag and rubber powder-included mixtures

W/B  GGBFS MRP Binder = 325 kg/m’ Binder = 375 kg/m’ Binder = 425 kg/m’
ratios (%) (%) 7 days 28 days 91 days 7 days 28 days 91 days 7 days 28 days 91 days
0 0 1321 11.13  9.22 13.02 1097 9.02 12.08 9.88 8.12
20 2.5 1391 1038  8.38 13.45 10.08  7.89 12.64 9.24 7.11
0.35 40 5 14.19 9.73 7.29 13.55 9.53 6.75 12.79 8.56 5.82
20 5 13.77 10.12  8.16 13.30 9.97 7.76 12.54 9.14 6.85
40 2.5 1433 9.90 7.34 13.70  9.66 6.96 12.96 8.66 6.07
0 0 1344 1129 941 13.89 12.04 937 13.54 11.58  9.62
20 25 1398 1035  8.12 13.88 10.60  7.90 13.28 1035  7.85
04 40 5 14.27 9.71 7.10 13.99 9.84 6.56 13.59 9.58 6.73
20 5 13.93 10.30  8.28 13.78 1045 17.70 13.11 1025  8.10
40 2.5 1432 981 6.94 14.09 9.99 6.76 13.69 9.68 6.48
0 0 14.04 1222  9.63 14.32  13.04 10.21 1392 12.12 9.92
20 2.5 1453 11.02  8.04 1430 11.28 832 13.74 1029 7.79
045 40 5 14.78 10.07 6.90 1428 9.96 6.78 14.18 9.20 6.22
20 5 1443 10.78  7.94 14.15 10.87  8.17 13.47 10.19 7.74
40 25 1488 1023  7.09 1443 1037  6.93 14.32  9.30 6.27

In general, replacing cement with rubber powder and slag at the ages of 28 and 91 days has led to the
improved pore structure of concrete and more excellent resistance to chloride ion penetration. At 28-day, this
amount for samples with GGBFS+MRP replacement of 40% + 5% is 17.5% lower than reference samples,
on average. This output for the samples with half of this replacement percentage is 10.7%.

At 91 days, this result for concrete specimens with GGBFS+MRP replacement of 40% + 5% is 25.5%
lower than reference samples, on average. The samples with GGBFS+MRP replacement of 20% + 2.5% is
19.6% which has a higher impact on reducing migration rate than the specimens with GGBFS+MRP
replacement of 40% + 5%, at 28 days of curing.

Regarding the comparison of waste materials’ effect, the general outputs at long ages show a more
significant effect of slag in reducing the migration rate of chloride ion compared to rubber powder. At the
28 days of curing, by comparing the migration rate of the samples with GGBFS+MRP replacement of
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20% + 5% and 40% + 2.5%, it can be derived that the impact of the first type of samples on reducing RCMT
results is 3.8% higher than the second type which has 5% of rubber powder and 20% of slag.

3.3 Estimation of the Waste Material-Included Mixtures Properties

The MF., MF,; MF; as the mechanical factor for mechanical properties, and DF, as the factor of
durability for RCMT of concrete including rubber powder and slag were determined using the equations
below:

eV

siag — — 1 1

MFCZ@:I'“_M % (4 3217_ 2™ W @
fe slag x (Age —2.17)  (2.45 — slag) 5.65 4+ (MRP « E)
fir 0.8 1

MFt =228 = - log(6.3 + 0.106sl. 5
s (MRPE— 251 Slag + Age—278  Age—2.68 0g(6-3 +0.106slag) ®)
Jr R 1 1 1

MEf ="2E = + 6

f f Age - 1 168 — VAge x slag * 2.96 — 1 ©
(slag —0.23)> 130.2 1.55 4+ (MRP?)

MR 021 W 0.49 1 w

DFr =" —log|—=—— 4+ = + -+ 1.55 )
MR, log(4ge) B 3.27 +slag = 2slag — Age+2.19 B

wherein f. g, fir, and f; g A are the CS, TS and FS of the samples, including waste materials, sequentially.
Besides, fc, f;, and f; were named as the CS, TS and FS of the mixtures without replacing materials
(reference concrete), respectively. Moreover, RCMy; and RCM, were correspondingly used as the results
of RCMT of the samples, including waste materials and control concrete.

Table 9 displays the predictive measurements of the obtained equations for calculating the MF., MF; and
MF; for both the training and testing stages. For both the training and testing stages, the MAPEs of the
equations are lower than 3%. Furthermore, the experimental and expected strength data are highly correlated.

Table 9: Numerical evaluations of MFc, MF,, MFg, and DF, formulas

Relationships Stages RMSE MAPE (%) R
ME, Training stage 4.01 2.76 0.91
Testing stage 4.75 2.54 0.91
MF, Training stage 4.07 2.15 0.93
Testing stage 4.43 2.18 0.93
MF, Training stage 3.88 1.78 0.94
Testing stage 4.36 2.12 0.94
DF Training stage 4.70 2.90 0.90
' Testing stage 4.50 2.74 0.89

The experimental and expected values for estimating the mechanical properties and durability are shown
in Fig. 7. This illustration shows a slight variation between the expected and experimental values, suggesting
that the proposed equations are correct.
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Figure 7: Predicted and experimented with values for the strength and durability estimation factor of (a) CS,
(b) TS, (c) FS, and (d) durability of mixtures

4 Conclusions

Conclusions were deduced as follows:

Regarding the compressive strength of samples, including rubber powder, the CS declines by rising
the replacement percentage of MRP.
Except for early ages, slag results in the negative impact of MRP reduction.

By decreasing the ratio of water to cement, the effectiveness of slag on compressive strength
dwindles.

Generally, GGBFS, except for early ages, moderates the negative effects of rubber powder by
increasing the hydration products and improving the quality of these substances.

In general, replacing cement with rubber powder and slag at the ages of 28 and 91 days has led to the
improved pore structure of concrete and more excellent durability.

Regarding the comparison of waste materials’ effect, the general outputs at long curing time of
28 days and 91 days show a more significant effect of slag in reducing the migration rate of
chloride ion compared to rubber powder.
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e Four formulas were proposed to derive a value to estimate the various properties of the waste-
material-included mixtures.
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