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Abstract: Rubber aggregates produced from waste rubber materials and environmentally friendly
basalt fibers are excellent concrete modification materials, which significantly improve the working
performance and mechanical properties of concrete. This paper studied the influences of water-binder
ratio, basalt fiber content and rubber content on the properties of rubber-basalt fiber modified concrete
(RBFC). Based on the response surface method (RSM), optimization schemes of three preparation
parameters were designed. The results showed that all preparation parameters have significant
impacts on the slump. The rubber content has a closer relationship with the compressive strength
and the quadratic term of the basalt fiber content has a significant impact on the flexural strength.
According to the analysis, the optimal mix ratio which possesses reliable accuracy compared with
experimental results includes a water-binder ratio of 0.39, a basalt fiber content of 4.56 kg/m3 and a
rubber content of 10%,

Keywords: waste rubber materials; basalt fiber; modified concrete; response surface method

1. Introduction

With the continuous improvement of social productivity, the material resources in social life
are becoming more and more abundant, but various difficult-to-degradable materials continue to
emerge, especially the large number of waste rubber materials, which have become a worldwide
treatment problem that pollutes the environment and easily triggers secondary disasters [1,2]. In China,
the number of waste rubber tires produced in 2012 exceeded 10 million tons, and the annual growth
rate is increasing. The output of waste rubber tires was expected to exceed 20 million tons in 2020,
equivalent to nearly 4 million tons of rubber resources [3]. Only about 15% of such a large number of
waste rubber tires can be effectively degraded and retreaded. Therefore, the recycling of waste rubber
materials is an emerging problem. With the in-depth research on waste rubber materials, researchers
discovered that waste rubber materials can be converted into rubber particles by physical grinding
and then added to concrete. The incorporation of rubber improves the performance of concrete and
at the same time reduces the environmental pollution of rubber. Rubber particles can fill part of the
pores of concrete and improve the connection between cement and aggregate. The incorporation
of rubber particles can play a role in mitigating energy consumption, thereby improving the crack
resistance of the material [4]. Moreover, based on the same principle, the incorporation of rubber
also improves the impact resistance of concrete [5,6]. Incorporating rubber particles into concrete can
introduce a large number of bubbles, thereby improving the frost resistance of concrete [7-9]. At the
same time, due to the increase of internal voids, rubber concrete also has good heat insulation and
sound insulation characteristics [10]. However, while a large number of scholars’ studies have shown
that the incorporation of rubber particles improves the toughness of concrete, it is negatively related to
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the mechanical properties of concrete [11,12]. Therefore, in order to expand the scope of application of
rubber concrete, it is necessary to further modify rubber concrete.

Basalt fiber is an environmentally friendly material made from basalt. Incorporating basalt fiber into
concrete can form a stable spatial network structure and comprehensively improve various properties
of concrete. In recent years, basalt fiber has been deeply studied because of its environmentally
friendly manufacturing process and excellent mechanical properties [13-15]. Algin et al. [16] evaluated
the influence of fiber length and fiber content on concrete mechanical properties and permeability.
The test results showed that the incorporation of fibers is negatively related to the fluidity of concrete,
but it can improve the mechanical properties of concrete. Wu et al. [17] firstly used cement paste to
wrap basalt fiber, and then mixed it into concrete. The results showed that the incorporation of an
appropriate amount of basalt fiber is positively correlated with the mechanical properties of concrete.
Katkhuda et al. [18] studied the relationship between the basalt fiber content and the properties of
modified concrete. The test results showed that adding an appropriate amount of basalt fiber has a
positive effect on the flexural strength of concrete. Jalasutram et al. [19] studied the failure mode of
basalt fiber concrete during compression and found that the failure mode changed from brittleness
to toughness during compression. Peng et al. [20] modified concrete with different dosages of basalt
fibers 0of 0,1, 2,3,4 and 5 kg/m3. The research results showed that the content of basalt fiber affects the
compressive strength, splitting tensile strength and flexural strength of concrete to varying degrees.

The response surface method (RSM) is a method that can more effectively analyze and optimize an
experimental response and it is being more and more widely used in concrete mix design [21]. RSM is
superior to traditional experimental design methods in many aspects. Compared with traditional
methods, RSM can reduce the number of tests required, thereby minimizing test costs, and it can
determine the optimal input variables based on the test results [22-25]. The response surface method can
establish a scientific mathematical model and provide information on the impact of individual factors
and the interaction of factors on the test results within the set test numerical boundary. This method
can better evaluate the nonlinear relationship between test variables and response values. At the same
time, the three-dimensional response surface between the preparation parameters and the response
index can be drawn in this article, so that the relationship between each factor and the response value
can be understood more clearly. Algin et al. [16] used RSM for multi-objective optimization analysis.
Based on strength and permeability, the optimal volume and length of basalt fiber were obtained.
Liu et al. [26,27] studied the influence of four variables on the working performance and mechanical
properties of basalt fiber reactive powder concrete using response surface methodology. In addition
to the above literature, other scholars have used the RSM method to evaluate the effects of different
influencing factors on concrete performance [28-31].

In this study, in order to recycle waste rubber materials and give full play to the excellent
properties of basalt fiber, an experimental RBFC mixture scheme was designed based on the RSM.
Fine aggregates were replaced by an equal volume of rubber aggregates and basalt fibers were mixed
with concrete for modification. The relationships between three preparation parameters (water-binder
ratio (WBR), basalt fiber content (BFC), rubber content (RC)) and the working performance and
mechanical properties of RBFC were analyzed. The mechanical properties and working performance
of concrete were taken as response values to study the optimal mix ratio of RBFC. The optimization
scheme of RBFC mix ratio was determined and verified by test results.
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2. Materials and Methods

2.1. Materials

In this article, P.II 42.5 Portland cement produced by Jilin Yatai Cement Co., Ltd. (Changchun,
China) was used. The chemical composition of cement is shown in Table 1. The fine aggregate is
selected from natural river sand with a particle size range of 0.1-4.75 mm, and its fineness modulus
is 2.8. The coarse aggregate was made of natural aggregate with continuous gradation of 5-25 mm.
The proportions of coarse aggregates with particle sizes of 16-26.5 mm, 9.5-16 mm and 4.75-9.5 mm are
40, 40% and 20%, respectively. The rubber aggregate was made of 20 mesh rubber fine powder produced
by Dujiangyan Huayi Rubber Co., Ltd. (Deyang, China), which was obtained by a series of processes of
mechanical crushing, screening, cleaning, and dust removal from waste tires. The technical indicators
of rubber aggregate are shown in Table 2. Based on previous literature research [32], when the length
of basalt fiber is 16-24 mm, the fiber length has little effect on the mechanical properties of concrete.
The 18 mm basalt fiber produced by Shanghai Chengi Chemical Technology Co., Ltd. (Shanghai,
China) was used. Its physical properties are shown in Table 3. The HRWR-Q8011 polycarboxylic
superplasticizer produced by Qinfen Building Materials Ltd. (Weinan, China) was used with a water
reduction rate of 25% and a mixing amount of 2%. Tap water was selected as the test water.

Table 1. Portland cement chemical composition table.

Chemical Composition (%)

Material -
5102 A1203 Fe203 CaO MgO 503
Cement 22.6 5.6 4.3 62.7 1.7 25
Table 2. Technical Index of Rubber Aggregate.
Technical Particle Moisture Ash Acetone Fiber Metal
Index Size Extract Content Content
Unit Mesh % % % % %
Index 20 1.0 1.0 15 0.5 0.08
Value
Table 3. Basalt fiber technical indicators.
Technical Length Diameter Linear Tensile Elongation Elastic
Index & Density Strength at Break Modulus
Unit mm pm Tex MPa %o GPa
Index 18 23 2398 2320 2.1 42
Value

2.2. Specimen Preparation

Concrete specimens were prepared to optimize the mix design of RBFC. Based on previous
research [33,34], the preparation steps of RBFC are as follows: (1) Put the fine aggregate and basalt
fiber into the blender and mix for 2 min. (2) Put the coarse aggregate into the mixer and mix for 1 min.
(3) Put the rubber and cement in the mixer and mix for 1 min. (4) Pour 1/2 of the mixed solution
of superplasticizer and water and stir for 1 min. (5) Pour the remaining solution and stir for 2 min.
The 100 mm x 100 mm X 100 mm and 100 mm x 100 mm X 400 mm specimens were cast. All specimens
were demolded after 24 h, and then kept in the standard health environment for 28 days with a relative
humidity of 95% and a temperature of 20 + 2 °C. The mix proportions of RBFC are shown in Table 4.
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Table 4. The mix proportion of RBFC.

Water Cement  Fine Aggregate Coarse Aggregate Basalt Fiber Crumb Rubber  Superplasticizer

z
e

(kg/m®)  (kg/m®) (kg/m3) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
1 185 420.45 561.06 1190.71 2 25.41 8.41
2 185 42045 535.66 1190.71 5 50.81 8.41
3 185 474.36 520.97 1158.53 2 49.65 9.49
4 185 377.55 547.35 1216.32 2 51.74 7.55
5 185 42045 561.06 1190.71 8 25.41 8.41
6 185 42045 535.66 1190.71 5 50.81 8.41
7 185 474.36 545.79 1158.53 5 24.82 9.49
8 185 42045 535.66 1190.71 5 50.81 8.41
9 185 474.36 496.15 1158.53 5 74.47 9.49
10 185 42045 535.66 1190.71 5 50.81 8.41
11 185 474.36 520.97 1158.53 8 49.65 9.49
12 185 42045 510.25 1190.71 8 76.22 8.41
13 185 420.45 510.25 1190.71 2 76.22 8.41
14 185 377.55 547.35 1216.32 8 51.74 7.55
15 185 42045 535.66 1190.71 5 50.81 8.41
16 185 377.55 573.21 1216.32 5 25.87 7.55
17 185 377.55 521.48 1216.32 5 77.61 7.55

2.3. Experimental Methods

2.3.1. Slump

The slump test should be carried out immediately after the concrete mixture is mixed. According to
the requirements in GB/T 50080-2016 [35], it must be completed within 150 s. The concrete mixture
samples were evenly loaded into the slump bucket in three layers. For each layer of concrete mixture,
the tamping rod was used to insert evenly in a spiral shape from the edge to the center 25 times.
After tamping, the height of each layer of concrete mixture sample was about one third of the
barrel height.

2.3.2. Compressive Strength

The compressive strength test is carried out in accordance with the regulations in GB/T 50081-2002 [36].
Three test pieces of 100 mm x 100 mm X 100 mm were made in each set of mix ratio. The loading speed
was 0.5 MPa/s until the specimen was broken. In this study, the average value of three experiments was
taken as the final compressive strength.

2.3.3. Flexural Strength

The flexural strength test is carried out with the four-point bending loading method specified in
GB/T 50081-2002 [36]. Three test pieces of 100 mm X 100 mm x 400 mm were made in each set of mix
ratio. The loading speed was 0.05 MPa/s until the specimen was broken. The flexural strength is the
average of three measurements.

2.4. Response Surface Method

Applying statistical principles, RSM can not only qualitatively analyze the relationship between
input variable and output variable, but also quantitatively analyze the relationship between them [37].
The best test conditions and procedures can be determined by selecting a suitable fitting model based
on the experimental data. The Box Behnken design (BBD) is a RSM design method which can evaluate
the nonlinear relationship between indicators and factors. BBD can reduce the number of trials and is
a cost-effective method [38]. The number of experiments can be calculated by (2k (k — 1) + n), where k
is the number of independent variable factors and n is the number of center points.

In this study, the BBD design was performed using the Design-Expert 8® software (Stat-Ease,
Inc., Minneapolis, MN, USA). The experimental design required 17 experimental runs. The center
point was designed to be 5. The independent variables were WBR, BFC and RC. Among them, the
rubber content was the percentage of replacing fine aggregate. The slump (SP), flexural strength (FS)
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and compressive strength (CS) of the mixture were used as response variables. Based on the previous
research [32-34,39], the levels of the three preparation parameters were determined. When using BBD
to design the test group, the preparation parameters were required to be three levels. In addition to the
two levels of maximum and minimum, the median is taken as another level, so that the best prediction
results can be achieved through different design combinations of three factors and three levels. Table 5
shows the levels of the three preparation parameters.

Table 5. Experimental design for BBD.

Levels: Actual (Coded)

Factors Units
Low (-1) Medium (0) High (+1)
X1 WBR - 0.39 0.44 0.49
Xy BFC kg/m? 2 5 8
X3 RC % 10 20 30

According to the test data, the surface model can be fitted well, and the fitting formula is as follows:

k k k
R=Bo+ ) BiXi+ ) BiXP+ ) ByXiXj+e M
1 1

i<j

where R is the response, X; and X; are the coded independent variables, f is the mean value of
response constant coefficient, f; is the linear effect of independent variable X; , f;; is the secondary
effects of X;, fi j is the linear interaction between X; and X, and ¢ is the random error [40,41].

3. Results and Discussion

3.1. Test Results Based on BBD

The BBD method was used to study the effects of WBR, BFC and RC on working performance and
mechanical properties of RBFC. By using BBD, a 17-group trial design was established. Table 6 shows
the 17 groups of test programs and the results of each group of experimental programs. Preparation
parameters including WBR, BFC and RC were used as input variables, and SP, FS and CS were response
or output variables.

Table 6. Experimental design for BBD.

Preparation Parameters Responses
No. WBR BFC RC SP cs FS
X1 X, (kg/m3) X3 (%) Y1 (mm) Y, (MPa) Y3 (MPa)
1 0.44 2 10 70 31.73 3.6
2 0.44 5 20 51 3243 3.7
3 0.39 2 20 63 28.61 3.3
4 0.49 2 20 74 25.11 3.0
5 0.44 8 10 61 33.85 3.5
6 0.44 5 20 53 3291 3.7
7 0.39 5 10 58 39.91 41
8 0.44 5 20 50 32.19 3.8
9 0.39 5 30 39 30.88 3.4
10 0.44 5 20 49 32.65 3.7
11 0.39 8 20 39 35.12 32
12 0.44 8 30 36 25.63 3.5
13 0.44 2 30 54 22.31 29
14 0.49 8 20 63 32.23 34
15 0.44 5 20 55 31.83 3.8
16 0.49 5 10 78 33.33 3.6
17 0.49 5 30 60 25.53 32
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3.2. Analysis and Discussion

3.2.1. ANOVA

According to the test results in Table 6, the best regression model was proposed, and variance
analysis was performed. The optimal model was chosen according to R-squared, Adjusted R-squared
(Adj. R-squared), Adeq. precision, Fisher’s test value (F-value) and the probability “Prob > F-value”
(p-value) [21]. Analysis of variance (ANOVA) can be used to evaluate the relationship between
design and response variables, and to evaluate whether the model is significant. Design-Expert 8.0
software showed that the secondary models are all significant for the response variables SP, FS and CS.
The analysis results of the model and variance are showed in Tables 7 and 8, respectively.

Table 7. Model analysis of variance results.

Responses Standard Deviation R-Squared  Adj. R-Squared  Adeq. Precision F-Value  p-Value Significant

Ry SP 232 0.9832 0.9617 23.737 45.62 <0.0001 Yes
Ry Cs 1.32 0.9563 0.9000 17.159 17.01 0.0006 Yes
R3 FS 0.10 0.9461 0.9180 17.397 20.90 0.0003 Yes

Table 8. Response variable analysis of variance results.

Responses Factors S?::;r(;i ];feg::iz;f Sl\c/l[flz?e F-Value p-Value Significant
SP WBR 171.30 1 171.30 31.80 0.0008 Yes
BFC 516.10 1 516.10 95.82 <0.0001 Yes
RC 654.44 1 654.44 121.51 <0.0001 Yes
WBR X
BEC 42.25 1 42.25 7.84 0.0265 Yes
WBR x RC 0.25 1 0.25 0.046 0.8356 No
BFC x RC 20.25 1 20.25 3.75 0.0937 No
(WBR)? 142.86 1 142.86 26.52 0.0013 Yes
(BFC)? 22.76 1 22.76 422 0.0789 No
(RC)? 7.39 1 7.39 1.37 0.2797 No
Cs WBR 38.84 1 38.84 20.92 0.0026 Yes
BFC 37.05 1 37.05 19.96 0.0029 Yes
RC 131.31 1 131.31 70.73 <0.0001 Yes
WER x 0.09 1 0.09 0.050 0.8293 No
BFC . . . .
WBR x RC 0.37 1 0.37 0.20 0.6654 No
BFC x RC 0.36 1 0.36 0.19 0.6730 No
(WBR)? 3.79 1 3.79 2.04 0.1960 No
(BEC)? 40.03 1 40.03 21.56 0.0024 Yes
(RC)? 3.70 1 3.70 1.99 0.2004 No
FS WBR 0.0098 1 0.0098 1.32 0.2877 No
BFC 0.071 1 0.071 9.58 0.0174 Yes
RC 0.41 1 0.41 55.90 0.0001 Yes
WBR x
BEC 0.02 1 0.02 3.02 0.1253 No
WBR x RC 0.02 1 0.02 3.02 0.1253 No
BFC x
CRC 0.12 1 0.12 16.49 0.0048 Yes
(WBR)? 0.073 1 0.073 9.95 0.0161 Yes
(BFC)? 0.46 1 0.46 62.66 <0.0001 Yes
(RC)? 0.004 1 0.004 0.59 0.4644 No

3.2.2. Slump Analysis (SP)

The results of SP (R;) analysis of variance are shown in the first row of Table 7. R-squared and
Adj. R-squared are both close to 1, which means that the fitted model is significant. In addition, Adeq.
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Precision represents the signal-to-noise ratio. When it is greater than 4, it indicates that the model is
desirable. It can be seen from Table 7 that the Adeq. Precision of SP is 23.737, indicating that the model
is desirable. According to the ANOVA results in Table 8, X1, X5, X3, X1 X and (X1)? are the significant
factors of the SP quadratic model.

After excluding insignificant factors, the least squares method is used to fit the SP second-order
polynomial equation:

SP = 50.91 4 7.65X; — 8.73X5 — 9.75X3 + 4.23X1 X, + 10.19(X; )? @)

The diagnostic results of the statistical model in Figure 1 showed that the data points
are approximately a linear set, indicating that the model has high significance. Figure 2 is a
three-dimensional response surface diagram of SP, revealing the relationship between WBR, BFC, RC
and SP, and the interaction between WBR, BFC, and RC.
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Figure 1. Normal plot of residuals for SP.

As shown in Figure 2, the SP of RBFC increased significantly with the increase of WBR. Because
with the increase of WBR, the free water in the mixture increased, which would inevitably lead to the
increase of SP [34]. On the other hand, with the increase of RC and BFC, SP significantly decreased.
This can be explained by the fact that rubber aggregate is an elastic material. After partially replacing
the sand, it would be squeezed and deformed in contact with the aggregate and would not slide
easily, which reduced the fluidity of concrete. In addition, after the rubber part replaced the sand,
the amount of cement mortar was relatively reduced, resulting in a decrease in the mortar wrapped
on the surface of coarse aggregate, which increased the friction between aggregates and reduced the
fluidity of mixture. Basalt fiber was uniformly dispersed in the concrete to form a fiber-cement-based
three-dimensional network lattice. When the aggregate slid, it must overcome the fiber-cement-based
resistance, which reduced the fluidity of concrete. And the more fibers are incorporated, the stronger
the hindrance of this network structure, and the more the fluidity decreases. From the comparative
analysis in Figure 2 and the results of variance analysis in Table 7, it can be seen that BFC and RC had
the most significant effects on the fluidity of RBFC.
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Figure 2. 3D response surface plot between SP and factors: (a) Factors: BFC and WBR at RC = 20%;
(b) Factors: RC and WBR at BFC =5 kg/m3; (c) Factors: RC and BFC at WBR = 0.44.

3.2.3. CS Analysis

The results of CS (Ry) analysis of variance are shown in the second row of Table 7. R-squared
and Adj. R-squared are both close to 1, and Adeq. Precision is greater than 4, which indicates that the
fitted model is significant. According to the variance results in Table 8, Xj, X5, X3, and (X5)? are the
significant factors of the CS quadratic model. After excluding insignificant factors, the least squares
method is used to fit the CS second-order polynomial equation:

CS = 33.09 — 2.98X; + 2.38X, — 4.31X3 — 3.08(X, )

®)

The diagnostic data points of the statistical model in Figure 3 are approximately linear sets,
indicating that the model has high significance.
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Figure 3. Normal plot of residuals for CS.
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Figure 4 is a three-dimensional response surface diagram of CS, revealing the relationship between
WBR, BFC, RC and CS, and the interaction between WBR, BFC, and RC.

40
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£ 32
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O
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spFc . 400309 —0.42
* 2,00 1 0.39 Xi: WBR
(a)

Compressive Strength

(b)

Compressive Strength
w
o

e 15.00 » .
X3 RC 10.00 " 2.00°90 Xo:BFC

(c)

Figure 4. 3D response surface plot between CS and factors: (a) Factors: BFC and WBR at RC = 20%;
(b) Factors: RC and WBR at BFC =5 kg/m3 ; (¢) Factors: RC and BFC at WBR = 0.44.

As shown in Figure 4, the CS of concrete showed a significant decreasing trend with the increase
of WBR and RC. When the WBR increased, the water content in the concrete would increase. When the
water required for concrete mixing is saturated, the excess water is released from the concrete and
adsorbed on the surface of the concrete structure. When the strength of concrete increases, the excess
water will be absorbed by the concrete itself or evaporate to the air. Bubbles of water droplets inside
the original concrete or adsorbed on the surface of the formwork will naturally form, which would
increase the internal porosity of concrete and reduce the CS of RBFC. In addition, the CS of RBFC
showed a trend of first increasing and then decreasing with the increase of BFC. When the basalt fiber
content was low, the basalt fiber could be evenly distributed in concrete to form a network structure,
which can effectively prevent the extension of cracks when the concrete is compressed. However,
when the amount of basalt fiber was large, the fiber was not easy to disperse during the mixing process,
and agglomeration was prone to occur, which increased the defects in concrete and adversely affected
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the compressive strength of concrete. From the comparative analysis in Figure 4 and the results of
variance analysis in Table 7, it can be seen that RC had the most significant effects on the CS of RBFC.

3.2.4. Flexural Strength Analysis (FS)

The results of FS (R3) analysis of variance are shown in the third row of Table 7. R-squared and
Adj. R-squared are both close to 1, and Adeq. Precision is greater than 4, which indicates that the fitted
model is significant. According to the variance results in Table 8, X,, X3, X2 x 3, (X1)? and (X,)? are the
significant factors of the FS quadratic model. According to the least square method, the regression
coefficients of each factor were determined, and a reasonable second-order FS polynomial equation
was established according to actual factors:

FS = 3.75 — 0.058X; + 0.12X, — 0.22X3 + 0.18X, X3 — 0.23(X1)% = 0.33(X3)? @)

The diagnostic data points of the statistical model in Figure 5 are approximately linear sets,
indicating that the model has high significance.
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Figure 5. Normal plot of residuals for FS.

Figure 6 is a three-dimensional response surface diagram of FS, revealing the relationship between
WBR, BFC, RC and FS, and the interaction between WBR, BFC, and RC. As shown in Figure 6,
when WBR and RC increased, the change trend of FS of RBFC was similar to that of CS. This is
because the influence mechanism of WBR and RS on FS is similar to that on CS. On the other hand,
with the increase of BFC, the FS also showed an obvious trend of first increasing and then decreasing.
When the BFC was small, the basalt fiber had to be pulled out of concrete matrix during concrete crack
propagation stage and the fiber was even broken. This process required a lot of energy absorption,
which slowed down the crack propagation process, thereby increasing the flexural strength of concrete.
However, when the BFC was large, basalt fibers tended to agglomerate in concrete, which increased
the internal defects of concrete and adversely affected the flexural strength of concrete. From the
comparative analysis in Figure 6 and the results of variance analysis in Table 7, it can be seen that BFC
has the most significant effects on the FS of RBFC.
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Figure 6. 3D response surface plot between FS and factors: (a) Factors: BFC and WBR at RC = 20%;
(b) Factors: RC and WBR at BFC =5 kg/m3; (c) Factors: RC and BFC at WBR = 0.44.

3.3. Optimization and Verification

As mentioned above, WBR, BFC and RC have different effects on working performance and
mechanical properties of concrete. Based on the response surface model, multi-objective optimization
design is carried out to determine the best combination of WBR, BFC and RC. Based on the previous
research [26,27], the fluidity of concrete had a significant impact on its construction and workability,
and higher fluidity could play a good role in promoting the construction of physical projects. However,
when designing the concrete mix ratio, the mechanical properties of concrete should be considered
comprehensively on the basis of ensuring good fluidity. Therefore, the target values of the response
values in this study were all taken to the maximum value. Then, based on RSM, the optimal combination
of WBR, BFC and RC was obtained through Design-Expert 8.0 software. The best combination of WBR,
BFC and RC and the model verification results are shown in Table 9.
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Table 9. Optimal preparation parameters and prediction vs. experimental.

BFC RC SP CS FS
Responses WER (kg/m?) (%) (mm) (MPa) (MPa)
Prediction 0.39 4.56 10 64 39.96 3.8
1 0.39 4.56 10 67 38.27 39
Experimental 2 0.39 4.56 10 68 39.98 3.8
3 0.39 4.56 10 65 38.11 3.8
Mean 0.39 4.56 10 66.67 38.78 3.83
Relative Error (%) — — — 4.17 -2.95 0.79

As shown in Table 9, the optimal design combination was selected as follows: WBR was 0.39,
BFC was 4.56 kg/m3, and RC was 10%. Three specimens of 100 mm x 100 mm X 100 mm and three
specimens of 100 mm x 100 mm X 400 mm were fabricated and tested for CS and FS, respectively.
Three SP tests were performed immediately after concrete mixture was mixed. The results are shown
in Table 9. The relative error is less than 5%, indicating that the accuracy of the prediction results meets
the requirements. This shows that RSM can be used to design and optimize the preparation parameters
of RBFC.

4. Conclusions

This study optimized the mix ratio of RBFC based on the RSM. The influence of the preparation
parameters on the working performance and mechanical properties of concrete was discussed and
analyzed. The following conclusions can be drawn:

e Based on RSM, an optimum RBFC design is proposed: water-binder ratio is 0.39, basalt fiber
content is 4.56 kg/m?, and rubber content is 10%. Compared with the test results, it possesses
favorable and reliable accuracy.

e  The incorporation of rubber aggregate has a significant impact on the compressive strength of
concrete. The rubber aggregate partly replaces the fine aggregate, and the effective compressive
strength of the rubber aggregate is much lower than that of fine aggregate, which leads to a
decrease in the strength of concrete.

e  The content of basalt fiber has a significant effect on the slump and flexural strength of concrete.
When the fiber content is small, it can slow down the growth of concrete cracks. Excessive fibers
will cause the fibers to form agglomerates, which is disadvantageous in the bending strength.

e Rubber aggregate and basalt fiber have been proved to help modify concrete. Waste rubber
materials can be recycled to reduce environmental pollution. On the other hand, it can also
improve the performance of concrete. In the long run, RBFC will produce good economic benefits.
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