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Abstract: Basalt fibers are widely used in the modification of concrete materials due to its excellent
mechanical properties and corrosion resistance. In this study, the basalt fibers were used to modify
reactive powder concrete (RPC). The effect of four mix proportion parameters on the working and
mechanical properties of basalt fiber reactive powder concrete (BFRPC) was evaluated by the response
surface methodology (RSM). The fluidity, flexural and compressive strength were tested and evaluated.
A statistically experimental model indicated that D (the silica fume to cement ratio) was the key of
interactions between factors, affecting other factors and controlling properties of BERPC. The increase
in basalt fiber content had a remarkable effect on increasing the flexural and compressive strength
when D = 0.2. The addition of basalt fiber obviously improved the mechanical properties of RPC.
While when D = 0.4, the decrease of fiber content and the increase of quartz sand content could
increase the compressive strength.

Keywords: reactive powder concrete; basalt fiber; workability; mechanical properties; Box-Behnken design

1. Introduction

Reactive powder concrete (RPC) is a class of high performance concrete characterized by high
strength, long durability and good stability, which was developed in the 1990s [1]. It is characterized
by eliminating coarse aggregate to improve matrix homogeneity and optimizing mixture particle
gradation to enhance matrix compactness. Silicon-containing materials such as silica fume and fly
ash are usually added into RPC as active components. SiO, in these materials reacts with Ca(OH),
and calcium silicate hydrate (C-S-H) produced by cement hydration to generate a cementitious
substance [2], which can improve the microstructure of matrix [3]. The compressive strength of RPC
can reach 200-800 MPa, which has superior mechanical properties compared with traditional concrete
materials. However, as the strength increases, the brittleness of RPC also grows. To alleviate this, fibers
are usually added to reinforce the toughness [4].

Due to the characteristics of great tensile strength and high extension coefficient elongation of
fiber, it can effectively increase the ductility and the flexural strength of concrete [5]. Previous studies
have found that organic fibers, inorganic fibers and metal fibers are all used as reinforcing materials
in RPC, among which steel fiber is the most commonly used [6,7]. It has shown that the addition of
steel fiber with a volume content of 0%—2% can effectively improve the ductility and compressive
strength of RPC [8]. Meanwhile, Yin-Wen Chan et al. [9] found that the content of silica fume had
an influence on the bonding effect of steel fiber in RPC matrix. The bond performance of steel fiber
could be maximized when the silica fume content accounts for 30% of cement. Sukhoon Pyo et al. [10]
reported that the Ultra-high performance concrete (UHPC) had a compact microstructure, which could
prevent the steel fiber from being corroded by chloride ions. However, there are some problems in
steel fiber reinforced concrete, such as increasing dead weight, fiber balling at high dosage, fluidity
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decrease and high cost. With these concerns in mind, researchers began to replace steel fibers with
natural fibers, which have good performance, a low price and are lightweight.

Basalt fiber is a kind of environment-friendly material made of natural basalt ore [11]. In recent
years, basalt fiber has been widely used in the reinforcement of concrete materials due to its excellent
performance of mechanical characteristics, corrosion resistance, high temperature resistance and
electrical insulation [12,13]. It has been confirmed that the enhancing effect of 12 kg/m? basalt fiber on
the strength of concrete is similar to that of 40 kg/m3 steel fiber under the action of bending and impact
load [14]. For the 28-day compressive strength of ordinary concrete, the optimal content of 12 mm
long basalt fiber is 4 kg/m? and the optimal content of 36 mm long is 8 kg/m? [15]. Since basalt fiber
performs well in the strength enhancement of ordinary concrete, researchers then apply it to UHPC.
Tehmina Ayub et al. [16] reported that when silica fume and kaolin were used instead of 10% cement
in UHPC, the highest compressive strength of 84.08 MPa could be obtained at a volume content of
2% basalt fiber. Dehong Wang et al. [17] investigated that the compressive and flexural strength of
UHPC could be increased by 14% and 22.8% respectively under the synergetic effect of basalt fiber and
polypropylene fiber. However, there are seldom research on adding basalt fiber into RPC as reinforcing
material, and most studies take fiber content as a single factor variable. The systematic analysis of the
interaction between RPC mix parameters and basalt fiber has not been carried out. Realizing this issue,
the goal of this work is to characterize the influence of multiple mix factors and basalt fiber interaction
on RPC properties, and provide reference for the mix design methods of basalt fiber reactive powder
concrete (BFRPC). In this study, the relationship between four process variables (sand binder ratio,
water binder ratio, basalt fiber volume and silica fume to cement ratio) along with workability and
mechanical properties of BERPC were modeled using the response surface method (RSM) [18]. Based
on the established models, the influence degree and rule of process variables on material fluidity,
flexural strength and compressive strength were determined.

2. Experimental

2.1. Materials and Mixture Proportions

The Portland cement P.II 42.5 produced by Yatai Cement Ltd. (Jilin, China) was used. SF92 silica
fume with a mass fraction of 93.3% and specific surface area of 18,100 m?/kg was sourced from Si’ao
Technology Ltd. (Changchun, China). The chemical compositions of the Portland cement and silica
fume are shown in Table 1. The basalt fiber used was 22 mm length and 23 um diameter produced
by Haining Anjie Composite Material Ltd. (Haining, China) with a tensile strength of 2836 MPa and
elastic modulus of 62 GPa as shown in Table 2.

Table 1. Chemical compositions of Portland cement and silica fume.

Chemical Compositions (%)

Material
aenAS S0,  ALO; CaD  MgO  Fe,03  SOs
Cement 22.6 5.6 62.7 1.7 4.3 2.5
Silica fume 93.3 0.73 0.85 1.21 0.49 1.02
Table 2. Properties of basalt fibers.
Fiber Length  Diameter Llne?r Tensile Elastic Breaking Elongation
Tvoe (mm) (um) Density Strength Modulus Strength )
P (tex) (MPa) (GPa) (N/tex)
Basalt fiber 22 23 2392 2836 62 0.69 3

Quartz sand with three particle sizes was used in this study: 20—40, 40-80 and 80-120 mesh,
produced by Zhenxing Quartz Sand factory in Luoyang. A screening test on three kinds of quartz
sand was carried out first to divide into two particle levels: Medium sand, which includes particle
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sizes above 0.3 mm and fine sand, which includes particle sizes below 0.3 mm. The mix proportion
of medium and fine sand was 1.6:1. The ultrafine quartz powder with a particle size of 400 mesh
was added as a micro filler aggregate in this study with its ratio to cement was 0.32. The chemical
compositions of the quartz sand is shown in Table 3. The HRWR-Q8011 polycarboxylic superplasticizer
with a water reducing rate of 25% was sourced from Qinfen Building Materials Ltd., the mix content of
which was 5%. The proportions of mixtures are shown in Table 4.

Table 3. Chemical compositions of quartz sand.

Mineral Compositions SiO; Fe Al,O3 K,O Na,O H,O0
Content (%) 99.68 0.0062 0.0122 0.0011 0.002 0.02

Table 4. The mix proportions of basalt fiber reactive powder concrete (BFRPC).

. Cement Silica Quartz Sand (kg) Quartz B?salt Water Water
Mix Fume Powder  Fiber Reducer
(kg) ke 0.15-03  0.3-0.6 ) ey k8 ()
8 (mm) (mm) & 24 8

B-1 826.72 248.02 372.02 595.24 264.55
B-2 761.27 228.38 418.70 669.91 243.61
B-3 812.74 243.82 365.73 585.18 260.08
B-4 749.40 224.82 412.17 659.47 239.81
B-5 844.59 168.92 389.81 623.70 270.27
B-6 844.59 168.92 389.81 623.70 270.27
B-7 735.29 294.12 395.93 633.48 235.29
B-8 735.29 294.12 395.93 633.48 235.29
B-9 880.28 176.06 365.66 585.05 281.69
B-10 811.69 162.34 412.09 659.34 259.74
B-11 766.87 306.75 371.64 594.62 245.40
B-12 706.21 282.49 418.30 669.27 225.99
B-13 792.64 237.79 396.32 634.12 253.65
B-14 779.79 233.94 389.89 623.83 249.53
B-15 792.64 237.79 396.32 634.12 253.65
B-16 779.79 233.94 389.89 623.83 249.53
B-17 819.67 245.90 368.85 590.16 262.30
B-18 755.29 226.59 415.41 664.65 241.69
B-19 819.67 245.90 368.85 590.16 262.30
B-20 755.29 226.59 415.41 664.65 241.69
B-21 851.50 170.30 393.00 628.80 272.48
B-22 837.80 167.56 386.68 618.68 268.10
B-23 741.40 296.56 399.22 638.74 237.25
B-24 729.29 291.72 392.69 628.31 233.37
B-25 786.16 235.85 393.08 628.93 251.57
B-26 786.16 235.85 393.08 628.93 251.57
B-27 786.16 235.85 393.08 628.93 251.57
B-28 786.16 235.85 393.08 628.93 251.57
B-29 786.16 235.85 393.08 628.93 251.57

154.76 53.74
142.51 49.48
185.96 52.83
171.46 48.71
162.16 50.68
162.16 50.68
164.71 51.47
164.71 51.47
169.01 52.82
155.84 48.70
171.78 53.68
158.19 49.44
148.38 51.52
178.42 50.69
148.38 51.52
178.42 50.69
170.49 53.28
157.10 49.09
170.49 53.28
157.10 49.09
147.14 51.09
176.94 50.27
149.47 51.90
179.70 51.05
163.52 51.10
163.52 51.10
163.52 51.10
163.52 51.10
163.52 51.10
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2.2. Fabrication of BERPC

All the mixture were produced using a planetary cement mortar mixer with a capacity of 5 L (JJ-5).
The properties of BERPC have suffered from the dispersal uniformity of basalt fiber, so the performance
of the specimen can be effectively improved if the fiber can be evenly dispersed. Firstly, the quartz
sand was added to a mix with basalt fiber for 2 min, the friction between sand particles could disperse
the fiber evenly [19]. Then cement, silica fume and quartz powder were added and mixed for 3 min to
ensure all dry materials were evenly mixed. The full amount of the superplasticizer was dissolved
into water, half of the superplasticizer solution was added to the mixture firstly and mixed for 2 min.
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Afterwards the remaining solution was added and continued stirring for 3 min. The step-by-step
addition could more effectively play the role of the superplasticizer [20,21].

For each mix proportion, three specimens with a size of 40 mm X 40 mm x 160 mm were cast. Due
to the good fluidity of the mixture, it could be casted by layers tamping without using the vibration
table. Therefore, all specimens were cast in two layers. After filling half of the mold with the mixture,
tamped it clockwise 10-20 times to make the mixture evenly cover the mold, and then filled the other
half of the mold in the same way. After being cast, all the concrete specimens were wrapped with
plastic cloth to avoid moisture loss and placed in a moist room for 24 + 2 h, then demolded. Afterwards,
all the specimens were stored in the 90 °C steam curing device for 48 h heat curing [22-24].

2.3. Experimental Method

Fluidity—the fluidity test was performed immediately after the mixture was stirred completely,
and it had to be done within 6 min. The jumping table method was used to measure the fluidity of the
mixture according to the cement mortar test standard (JTG E30-2005) [25]. The mixture was divided
into two layers and loaded into the mold successively. Each layer was tamped clockwise 10-15 times
and then received 25 times for table vibration. After vibration, the spreading dimensions of the mixture
in three directions were measured with a ruler, and the average value was taken as the fluidity value.

Flexural strength—the flexural strength was determined by the center loading method described
in the standard GB/T 17671-1999 [26]. Three specimens of 40 mm X 40 mm X 160 mm were made for
each group for testing. The specimen was put, molding side up, into the testing machine with a loading
speed set at 50 N/s and constantly loaded until it broke off. The mean value of three measurements
was determined as the flexural strength.

Compressive strength—the compressive strength was determined in accordance with the standard
GB/T 17671-1999 [26]. The fracture blocks obtained after the flexural test (six for each group) were
used for the compression test. Before putting the specimen into the fixture, removed debris from the
surface of it. Two sides of the specimen were used as compression surfaces, and the loading speed was
set at 2.5 kN/s. The arithmetic average of the six test results was accepted as the compressive strength.

2.4. Box-Behnken Design (BBD)

The Box-Behnken method (BBD) is a response surface design, which can evaluate the non-linear
relation between indexes and factors. It does not need to carry out repeated tests. With the same
number of experimental factors, it is more economical and efficient because it requires less times
of experiment [27]. The number of experiments (N) required by BBD method is determined by
Equation (1).

N =2k(k-1)+Cp (1)

where k is the number of factors and C, is the number of center points.

Through the BBD method, a quantitative mathematical relationship (linear equation of quadratic
polynomial) can be obtained to accurately reflect the relationship between process variables and
response variables, Equation (2).

k k
y=po+ Z Bixi + Z Bii; + Z Z Bijxixj + ¢ 2
1 1

i<j

where y is the response variable, x;, x j are the process variables, where i, j represent code values
corresponding to different factors, k is the number of process variables, 8y is the intercept, f; is the
linear coefficient of i-th factor, B;; is quadratic coefficient of i-th factor, B;; is interaction coefficient of i-th
and j-th factors and ¢ is a random error [28].

In this paper, Box-Behnken design was established by using Design-expert 8® software. Four
factors were taken as process variables: Sand binder ratio (A), water binder ratio (B), basalt fiber content
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(C) and silica fume to cement ratio (D). The fluidity (R1), flexural strength (R2) and compressive strength
(R3) of the mixture were set as response variables. The response surface model with 29 experimental
points composed of 24 factorial and five center points was established. The model concept diagram is
shown in Figure 1.

@ C:Fiber=6
@ C:Fiber=4,8
@ Center points

D: Silica
<
(98]

1.0 B:W
A: Sand 0.18 e

Figure 1. The model concept diagram of the Box-Behnken design (BBD).

Table 5 shows the levels of experimental factors, and the corresponding code values. The low
and high levels of each factor were respectively encoded as —1 and +1 while the central points were
encoded as 0. The mix proportions and corresponding response results of the 29 experimental groups
in this paper are shown in Table 6, in which B25-B29 is the five central experimental groups used to
evaluate the stability of the model.

Table 5. Levels of experimental factors, given in actual and code values.

Symbol Factors Actual Values Code Values
A Quartz sand/binder ratio 0.9 1 1.1 -1 0 1
B Water/binder ratio 0.18 0.2 022 -1 0 1
, By weight (kg/m®) 4 6 8
C Basaltfiber g lume (%) 015 0225 03 L 0 1
D Silica fume/cement ratio 0.2 0.3 0.4 -1 0 1

Table 6. Experimental factors and response results of the BBD matrix design.

Misx Code Level of Variables Response Values
Number A B C D R1: Fluidity R2: Flexural R3: Compressive
(cm) Strength (MPa) Strength (MPa)

B-1 -1 -1 0 0 22.0 19.5 109.6
B-2 1 -1 0 0 17.0 18.9 112.8
B-3 -1 1 0 0 26.8 15.7 93.0
B-4 1 1 0 0 23.1 16.6 94.6
B-5 0 0 -1 -1 24.0 17.8 98.4
B-6 0 0 1 -1 21.6 21.7 108.4
B-7 0 0 -1 1 222 18.1 114.8
B-8 0 0 1 1 19.8 18.1 96.2
B-9 -1 0 0 -1 251 20.1 110.4
B-10 1 0 0 -1 20.9 18.6 92.9
B-11 -1 0 0 1 20.8 17.2 104.8
B-12 1 0 0 1 21.7 16.4 111.5
B-13 0 -1 -1 0 18.0 204 107.3
B-14 0 1 -1 0 245 16.2 97.2
B-15 0 -1 1 0 20.4 20.2 120.1
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Table 6. Cont.

Misx Code Level of Variables Response Values
Number A B C D R1: Fluidity R2: Flexural R3: Compressive
(cm) Strength (MPa) Strength (MPa)

B-16 0 1 1 0 24.8 17.0 96.0
B-17 -1 0 -1 0 22.6 18.8 110.9
B-18 1 0 -1 0 21.2 17.6 109.2
B-19 -1 0 1 0 21.7 19.0 102.8
B-20 1 0 1 0 22.6 18.0 105.4
B-21 0 -1 0 -1 19.6 19.9 109.4
B-22 0 1 0 -1 27.5 17.6 98.5
B-23 0 -1 0 1 19.2 19.0 117.6
B-24 0 1 0 1 21.7 16.5 88.2
B-25 0 0 0 0 23.0 17.3 109.9
B-26 0 0 0 0 22.5 17.0 100.5
B-27 0 0 0 0 224 17.7 103.7
B-28 0 0 0 0 21.5 18.3 107.8
B-29 0 0 0 0 22.5 18.0 105.7

3. Results and Discussion

3.1. Establishment and Verification of Response Surface Model

The response surface model was established by using a multiple regression analysis method in the
Design Expert 8® software. The accuracy of the regression model and the significance of influencing
factors were tested by an analysis of variance (ANOVA). Statistical parameters were used to verify
the accuracy of the model, the specific parameters are shown in Table 7. For data with non-normal
distribution of response variables, the Box-Cox transformation method was adopted to determine the
optimal transformation mode for dependent variables, as shown in Table 7 [29].

R? is the coefficient of determination whose value can judge the degree of model fitting. The closer
that R? value approaches 1, the better the model fitting degree will be. The R values of the three response
models in this study are all above 0.85, indicating a good correlation between model predictions and
measurement data. The F value represents the ratio of mean square and residual mean square, which
can test whether the variance is due to the model or noise [30]. As shown in Table 7, F values of the
three models were 26.3, 19.32 and 14.83, respectively, indicating that all three models were significant.

The p value is the probability value that is associated with the F value, which is used to test
whether the result of F value is statistically significant. Small probabilities (p < 0.05) indicate that there
is a significant model effect, large values (p > 0.1) suggest no significant effect [31]. It can be seen from
Table 3 that the p values of models were all less than 0.05, which proved that the model had statistical
significance. In the process of modeling, non-significant variables were judged and removed from the
model according to the p value. In these models, A, B, D, AD and BD were significant model terms of
fluidity (R1); A, B, C, D, CD, C? and D? were significant model terms of the flexural strength (R2); A, B,
C, D, AD, BC, BD and CD were significant model terms of the compressive strength (R3).

In addition, lack of fit can further measure how well the model fits the data. Strong lack of fit
(p < 0.05) indicates that the model does not fit the data well. It is desirable to have non-significant lack
of fit (p > 0.1). As shown in Table 7, the p values of lack of fit in the three models were all greater than 0.1
and implied the lack of fit was not significant relative to the pure error. In other words, the established
models could well reflect the relationship between experimental variables and response values.
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The final equations were developed in terms of actual factors for the fluidity (R1, cm), flexural
strength (R2, MPa) and compressive strength (R3, MPa) as follows:

R1=6.75-48.67-A + 336.67-B — 3.58-D + 127.5-A-D + 675-B-D 3)
Ln (R2) = 4.14 — 0.166-A — 4.3-B — 1.007-C — 0.61-D — 6.6:C-D + 7.21-C2 + 2.728-D? @)
(R3)? = 774.04 — 38373.37-A + 173679-B + 161764-C + 23425.17-D + 125313-A-D — )
5
520259-B-C — 505066-B-D — 198720-C-D
Table 7. Parameter estimation and ANOVA of response surface model.
Property R1: Fluidity R2: Flexural Strength R3: Compressive Strength
Transformation None Ln (R2) (R3)?
R? 0.85 0.87 0.86
Estimated F p Estimated F p Estimated F p
Coefficient Value Value Coefficient Value Value Coefficient Value Value
Intercept 6.75 - - 4.14 - - 774.04 - -
A —48.67 13.38  0.0013 —0.166 303 0.0962  —38373.37 0.13 0.72
B 336.67 88.79  <0.0001 -4.3 80.98  <0.0001 173,679 77.82  <0.0001
C NS NS NS -1.007 482  0.0394 161,764 0.44 0.51
D -3.58 15.15  0.0007 —-0.61 238  <0.0001 23425.17 1.59 0.22
AD 127.5 6.68  0.0166 NS NS NS 125,313 11.13  0.0033
BC NS NS NS NS NS NS 520,259 437  0.0495
BD 675 749  0.0117 NS NS NS -505,066 723 0.0141
CD NS NS NS —6.6 9.03  0.0067  —198,720 15.95  0.0007
c? NS NS NS 721 10.6  0.0038 NS NS NS
D? NS NS NS 2.728 468  0.0423 NS NS NS
Model - 2630  <0.0001 - 19.32  <0.0001 - 14.83  <0.0001
Lack of fit - 3.76  0.1040 - 128  0.4465 - 096  0.5831

Where factor A is the sand/binder ratio, B is the water/binder ratio, C is the fiber volume and D is the silica
fume/cement ratio. NS means non-significant effect.

In order to further verify the accuracy of the models, the statistical parameters of data were
analyzed, and the predicted-to-measured values were compared. The ANOVA results of the models
are shown in Table 8. The square root of the residual mean square (std. dev.), which is often referred to
as RMSE that means the root mean square of point error between the predicted values and measured
values. The coefficient of variation is the error expressed as a percentage of the mean. It is determined
by Equation (4). The repeatability of the models is good when the coefficient of variation is less than
10%. It can be seen from Table 8 that the coefficient of variance (COV) of three response models were
all less than 10%, indicating that the models were reliable and highly repeatable [32].

COV =100 * (std. dev.)/(mean) 6)

Table 8. Statistical analysis of the experimental results.

Statistical Parameters Fluidity (cm) Flexural Strength (MPa) Compressive Strength (MPa)
Std. Dev. 0.99 0.03 738.06
Mean 22.09 2.90 11031.73
Coefficient of Variation (COV, %) 3.98 0.92 5.56
Adeq Precision 19.76 17.48 14.48
Eoso.c1 1.19 0.64 3.49

Where Eogso,cy is the estimate error of the 95% confidence interval.
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The adeq precision is a measure of the range in the predicted response relative to its associated
error, in other words the signal to noise ratio. Its desired value is four or more. As shown in Table 8,
ratio of all models is greater than four, indicating an adequate signal. The models can be used to
navigate the design space.

The predicted and measured values of fluidity, flexural strength and compressive strength for
29 experimental groups are shown in Figure 2. The green dots represent five central points. The error
lines are drawn according to the estimated error value of the 95% confidence interval listed in Table 8.
Points above the identity line (line of equality between predicted and measured values) indicated
that the predicted value was larger than the measured value, while the points below the identity line
indicated that the predicted value was less than measured value. As the distribution of data points
was mostly within the 95% confidence interval band, it can be seen that the statistical model was of
good accuracy.

Fluidity (cm) Flexural strength (MPa)
30 - 22 G
28 Ly 21} o
e e 7
',‘/ ol % ./XXI/ ra
261 /'/x’//'x 20+ /‘, e //
% D B N
o %50 % g 197 ok
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8 n| gt 0 B 18t g e
> - A~ LS00
20 wi TR L el 171 X ,)f(’ o
x_" //,>'<” X/'X,’ /'/
- L 7, 7
18 ',/’/// 16+~ - ,»:/
16 i L L 1 L L 15 s L 1 I L L
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Mcasurcd Measured
(a) (b)
125 Compressive strength (MPa)
120+ Faciadl
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Figure 2. Predicted and measured values of experimental properties. (a) Fluidity; (b) flexural strength
and (c) compressive strength.

3.2. Influence of Parameters on the Performance of BFRPC

3.2.1. Fluidity

The fluidity prediction model obtained by BBD method is reported in Table 7 and is given by
Equation (1). According to the p values of various factors obtained from ANOVA, it could be seen that
the influence degree of factors on fluidity was: B> D > A > BD > AD.

The effect of water/binder ratio (B) and sand/binder ratio (A) on fluidity (R1) of the mixture under
the condition of different silica fume content, is shown in Figure 3. It was found that B had the most
effect on the fluidity according to the results of ANOVA. It always showed a positive proportional
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linear relationship between the wyb ratio and fluidity as can be seen from the contour line in Figure 3.
Obviously, the more water added into the mixture, the more free water there was, so the fluidity of
mixture increased.

Meanwhile, there were interactions of BD and AD. By controlling D as a variable, three contour
plots of AB could be obtained as Figure 3 shows. It was observed that the influence of A and B on
fluidity was linear, but the linear trend gradually changed with the variation of silica fume content
(D). As shown in Figure 3a, when the silica fume content (D) was less than 0.38, a decrease of the
sand/binder ratio (A) led to an increase of fluidity values. As the critical point, when silica fume content
(D) approached 0.38, the fluidity of the mixture would no longer be affected by the sand volume
(A; Figure 3b). When the silica fume content was greater than 0.38, the fluidity of the mixture improved
with the increase of the sand volume (A) as illustrated in Figure 3c. Meanwhile, with the increase
of D, the fluidity of the mixture presented an overall downward trend. The fluidity of mixture will
affect the construction workability of concrete, but its mechanical properties should be considered
comprehensively to carry out the mix design.

Fluidity (cm) . Fluidity (cm)
/ 4 ’ | I
B

Llg ¥ ; K I N )
/ - § H H 5 .
1.05 1.05 1.05
' 24
1 /@ i i 1 1 \
0.95 / ¢ ® 0.95
0.9 /
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3.2.2. Flexural Strength

The predicted model on the flexural strength designed according to the BBD method is presented
in Table 7 and given by Equation (2). According to the p values of various factors obtained from
ANOVA, it could be seen that the influence degree of factors on the flexural strength was: B =D > C? >
CD > C > D? > A. It was obvious that B and D were the most significant model terms, while A was the
weakest term, and there was interaction between C and D.

The effect of sand/binder ratio (A) and water/binder ratio (B) on flexural strength (R2) of the
mixture is shown in Figure 4. The contour plots of AB showed that both A and B had a linear relationship
with the flexural strength, regardless of the value of C, D. The flexural strength of specimens decreased
with the increase of both A and B, but the w/b ratio (B) was the most significant factor, while the effect
of sand volume (A) on the flexural strength is weak. When the content of quartz sand increased, the
structural space of aggregate in the mixture became larger, which led to the poor compactness of
aggregate and cementitious materials, forming a weak area at the interface and leading to a decline in
the flexural strength of the specimen. It could be seen that when both A and B achieved a minimum
value (i.e., A = 0.9, B = 0.18), the maximum flexural strength could be obtained.

The interaction of CD is shown in Figure 5a, which indicates that the relationship between flexural
strength and basalt fiber content (C) shows different changing tendency under different silica fume
content (D). When D = 0.2, as shown in the black curve, with the increase of fiber content (C), the flexural
strength of specimens also increased. When D = 0.4, as shown in the red curve, the relationship
between flexural strength and fiber content (C) presents a negative quadratic curve. The maximum
flexural strength was obtained at the two endpoints of the curve (i.e., when C = 0.15, D = 0.4 and
C =0.3, D =0.2). However, it can be seen that the flexural strength at D = 0.4 was lower than that at
D = 0.2, indicating that 0.2 was the optimal value of silica fume to cement ratio. Meanwhile, according
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to the trend of the curves, it could be judged that the strengthening effect of basalt fiber on RPC flexural
strength was determined by the composition of cementitious materials. Based on the above conclusions,
under the condition of A = 0.9 and B = 0.18, the contour diagram of CD and R2 is shown in Figure 5b.
It can be found that the maximum flexural strength can be obtained when C = 0.3 and D = 0.2.
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Figure 4. Contour plots of the s/b ratio (A) and w/b ratio (B) on flexural strength. (a) C = 0.225, D = 0.4
and (b) C=0.3,D =0.2.
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Figure 5. Influence of basalt fiber content (C) and silica fume/cement ratio (D) on flexural strength.
(a) Interaction of C and D and (b) contour plot of CD on flexural strength.

3.2.3. Compressive Strength

The variance analysis results of the compressive strength model based on the BBD design are
shown in Table 7, and the model equation is given by Equation (3). According to the p value of
parameters listed in Table 7, it can be seen that the influence degree of different factors on compressive
strength is: B > CD > AD > BD > BC. Among them, the most significant factor is the w/b ratio (B),
followed by CD and AD. As can be seen from the contour line in Figure 6 the w/b ratio is always
inversely proportional to the compressive strength. In other words, the compressive strength decreases
with the increase of the w/b ratio. Since the silica fume to cement ratio (D) has an interactive relationship
with both A, B and C, it can be seen that silica fume, as a component of cementing material, has a great
influence on the compressive strength of the specimen.

As significant model terms, the influence of CD and AD on the compressive strength of the
specimen is shown in Figure 7. It can be seen from Figure 7ab, the influence of the sand/binder
ratio (A) and basalt fiber content (C) on the compressive strength presented different trends in the
case of a change in silica fume/cement ratio (D). When D = 0.2, the compressive strength increased
with the increase of fiber content and decreased with the increase of the quartz sand content. When
D = 0.4, the compressive strength decreased with the increase of fiber content and increased with the



Appl. Sci. 2019, 9, 2031 11 0f 14

increase of quartz sand content. Figure 7c,d shows that D = 0.3 is a critical value. Under this condition,
the changes of A and C have only a small impact on the compressive strength. Silica fume and cement
were components of cementitious materials, the ratio between them had an impact on the bonding
performance of cementitious materials, aggregate and fiber, leading to the change of concrete density
and thereby affecting the compressive strength of specimens. According to the comprehensive analysis
of the above figures, the optimal compressive strength can be obtained when A =09, D=020rA=1.1,
D=04.
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Figure 6. Contour plots of the w/b ratio (B) and basalt fiber content (C) on compressive strength.
(a)A=09,D=02(®b)A=1,D=03and (c)A=11,D=04.
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Figure 7. Influence of CD and AD on compressive strength. (a) Interaction of Cand D, D = 0.2, D = 0.4;
(b) interaction of A and D, D = 0.2, D = 0.4; (c) interaction of C and D, D = 0.3 and (d) interaction of A
and D, D =0.3.
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Refer to the above analysis, the contour diagram of compressive strength under the influence
of BC is shown in Figure 7. Under the optimal conditions of A = 0.9 and D = 0.2, it can be seen from
Figure 7a that the maximum compressive strength can be obtained when the fiber content C = 0.3,
indicating that the addition of fiber plays a positive role in promoting the compressive strength of
the specimen. When the silica fume to cement ratio reaches the critical value of 0.3 (Figure 7b),
the water/binder ratio becomes the only effect of compressive strength, which shows an inverse
proportional relationship. In the case of another optimal value (A = 1.1, D = 0.4, Figure 7c), the increase
of fiber content causes a certain degree of loss in compressive strength, but it is not significant and
remains at a high strength level.

4. Conclusions

The effects of four process parameters (sand/binder ratio (A), water/binder ratio (B), basalt fiber
content (C), silica fume to cement ratio(D)) on the fluidity, compressive strength and flexural strength
of BFRPC were investigated by the BBD experimental design method, the following conclusions
can be drawn:

(1) Three calculation models of fluidity, flexural strength and compressive strength were established
through the Box-Behnken method. An analysis of variance (ANOVA) was performed to prove that the
three models had enough precision to provide certain reference for the design of basalt fiber reactive
powder concrete.

(2) The three models established by an ANOVA showed that water/binder ratio (B) and silica
fume to cement ratio (D) had significant influences on all the three reaction variables. Among them,
the water/binder ratio (B) was the most important model item on the performance of BFRPC. The fluidity
of the mixture was positively correlated with the water/binder ratio, but the flexural and compressive
strength decreased with the increase of the water/binder ratio. In addition, the flexural strength of
specimens was significantly affected by the basalt fiber content (C). For compressive strength, the four
process variables in this study all caused the varying degree to it.

(3) The analysis of the influence of parameters on response variables revealed that the silica fume
to cement ratio (D) was a remarkable factor for BFRPC, which had interaction with other factors. It was
established that the enhancement of basalt fiber on RPC was affected by the silica fume to cement
ratio. For the flexural test, when D = 0.2, the addition of basalt fiber could significantly improve the
flexural strength; when D = 0.4, the increase of basalt fiber content was not conducive to the flexural
strength. For the compression test, the silica fume to cement ratio (D) interacted with both quartz sand
content (A) and basalt fiber content (C). The optimal compressive strength could be obtained at A = 0.9,
B=0.18,C=0.15D=020rA=1.1,B=0.18,C=03,D = 0.4.
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