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Study on mechanical properties
and microstructure of
steel-polypropylene fiber coal
gangue concrete

Jiuyang Li, Li Chen*, Jingwei Luo, Yuepeng Zhu, Xinmei Fan and
Guangchao Hu

School of Civil Engineering, Changchun Institute of Technology, Changchun, China

Incorporating coal gangue into the concrete matrix can realize the utilization
of solid waste and reduce the use of natural aggregate. To improve the
mechanical properties of coal gangue concrete, this paper designs four-
level and four-factor orthogonal tests with coal gangue ceramide
substitution rate, coal gangue ceramide sand substitution rate, steel fiber
content, and polypropylene fiber content as independent variables. Through
multidimensional data analysis of the test results, The main and secondary
factors of compressive strength of hybrid fiber coal gangue concrete from
strong to weak are the replacement rate of coal gangue ceramic sand, the
replacement rate of coal gangue ceramic grain, the content of steel fiber and
the content of polypropylene fiber. The optimal content is 30% coal gangue
ceramic particle, 25~30% coal gangue ceramic sand, 0.75~1% steel fiber, and
0.2% polypropylene fiber. The grey prediction model GM (1, 5) is obtained,
which can predict the concrete strength well within the range selected in this
paper. The influence of fiber and coal gangue on the microstructure was
studied by scanning electron microscopy, and the influence law of
interfacial transition zone on the strength of concrete was explored, which
provided a theoretical basis for the study of solid waste utilization of coal
gangue.

KEYWORDS

steel fiber, polypropylene fiber, coal gangue, compressive strength, micro properties,
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1 Introduction

Coal gangue is an associated organism produced in the coal mining process, and its
large accumulation will harm the natural environment (Huang et al,, 2018; Li et al.,
2023a; Zhang et al., 2023a). The application of coal gangue in concrete as a building
material is in line with the concept of green environmental protection. Therefore, many
scholars have carried out studies on coal gangue concrete, proving that coal gangue can
be added to concrete instead of natural aggregate, and the strength of concrete decreases
with the increase of coal gangue content (Huang, 2015; Yan, 2017a). Zhou M (ZHOU
et al., 2011; Zhou et al., 2013; Zhou et al., 2019; Li et al., 2022a) conducted a detailed
study on the physical and chemical properties and mechanical properties of raw
aggregate from coal gangue, prepared C30 concrete with coal gangue, and studied its
failure mode and microscopic morphology. Yu L (Yu et al., 2022) studied the macro and
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Coal gangue ceramide
D

Steel fiber

FIGURE 1

Coal gangue ceramic sand

Polypropylene fiber

Raw materials. (A) Coal gangue ceramide (B) Coal gangue ceramic sand (C) Steel fiber (D) Polypropylene fiber.

micro properties of coal gangue concrete and mortar and
concluded that the performance was optimal when the coal
gangue content was 25%.

To make better use of coal gangue in concrete, it is
necessary to add some materials into concrete to improve its
performance. Fiber is widely construction,
transportation, water conservancy, and other engineering

used in

fields due to its advantages of toughening and good crack
resistance (Liu et al., 2022; Qiu et al., 2022). At present, the
research of scholars has shifted from single-fiber concrete to
hybrid-fiber Hybrid fiber
functional complementarity of different kinds of fibers in
concrete, resulting in a hybrid effect of 1 + 1 > 2 (Guan

concrete. concrete produces

et al,, 2023). However, steel-polypropylene hybrid fiber is
one of the most studied types at present (Afroughsabet and
Ozbakkaloglu, 2015; Xu et al., 2016; Zhang et al., 2022a).
Relevant studies have shown (Li et al., 2022b; Zhang et al,,
2022b; Feng et al.,, 2022) that steel fiber with high elastic
modulus can improve the ultimate strength of concrete,
while polypropylene fiber with low elastic modulus and high
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TABLE 1 Composition of coal gangue.

Composition SiO, Al,O5 Fe,O5 Other

Content (%) 56.49 30.43 7.82 5.26

ductility can improve the toughness and post-crack strain
capacity of concrete.

Based on this, this paper adopts a four-level orthogonal test
method with four factors (substitution rate of coal gangue
ceramide for coarse aggregate, substitution rate of coal
gangue ceramide for fine aggregate, steel fiber content, and
polypropylene fiber content) to study the compressive strength
and splitting tensile strength of concrete cube. Using range
analysis, variance analysis, and grey correlation theory, the
paper also adopts the orthogonal test method. The influence of
different factors on the compressive strength and splitting
tensile strength of concrete was analyzed, and then the
strength prediction model of GM (1, 5) steel-polypropylene
fiber coal gangue concrete was established. In addition, the
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TABLE 2 Material parameter.

10.3389/fmats.2023.1281372

Coal gangue Apparent density Bulk density 24 h water absorption
2791 kg/m? 1287 kg/m? 6.35%
Steel fiber Length Length-diameter ratio Tensile strength
25 mm 50 1,000~1,800 MPa
Polypropylene fiber Length Density Tensile strength
50 mm 0.91 g/cm’® 720 MPa

TABLE 3 Concrete mix design.

Water Cement Sand

Composition

Content (kg/m?) 220 366.67 725.33 1087.99

failure mechanism of steel-polypropylene fiber coal gangue
concrete (SF-PF CGrc) was analyzed from the microscopic
level. To provide a theoretical basis for the strength
prediction of coal gangue concrete and its application in
engineering.

2 Overview of the experiment

2.1 Materials

Cement is Dinglu brand ordinary Portland cement. Coarse
aggregate is ordinary gravel with a particle size range of
5~16 mm. Fine aggregate is natural river sand with a fineness
modulus of 2.61 and a particle size range of 0.075~4.750 mm.
The coal gangue is the secondary processed ceramide and sand
provided by Chaoyang Hualong Co., LTD., as shown in Figures 1A,
B, and its composition is shown in Table 1. End-hook steel fiber and
polypropylene fiber are used, as shown in Figures 1C, D, and the
performance parameters of the above materials are shown in
Table 2. The water is ordinary tap water.

2.2 Design of mix proportion

According to “Ordinary concrete mix Design Regulations”
(JGJ 55-2011) (China Academy of Building Research, 2011) and
“Steel Fiber Concrete” (JG/T 472-2015) (Institute of Standard
Quotas and Ministry of Housing and Urban-Rural
Development, 2015), the C30 concrete mix of this test is
calculated as shown in Table 3. Since this test involves the
influence of multiple variables on mechanical property, the
orthogonal test scheme of L16 (44) is designed in this paper
to determine four factors, namely, the mass replacement rate of
coal gangue ceramics (CGL, factor A), the mass replacement
rate of coal gangue ceramics sand (CGS, factor B), the content of
steel fiber (SF, factor C), and the content of polypropylene fiber
(PF, factor D). Each factor corresponds to 4 levels. The test
factors and levels are shown in Table 4. Ordinary concrete (PC)
is set as the control group.

Frontiers in Materials

TABLE 4 Experimental factors and levels.

Factor

B (%)

2 30 30 0.50 0.2
3 35 35 0.75 0.3
4 40 40 1.00 0.4

2.3 Specimen preparation and test method

Each test group was equipped with 6 cube test blocks of
100mm x 100mm x 100mm, 3 were used for cube compressive
strength test and 3 were used for splitting tensile strength test. A
total of 102 specimens were made. The test was carried out after
28 days of maintenance in the standard curing chamber. This test
was conducted according to the Chinese specification GB/T
50081-2019 (Afroughsabet and Ozbakkaloglu, 2015). The
loading equipment is an electro-hydraulic servo-hydraulic
testing machine with a loading speed of 0.5 MPa/s and a
maximum load accuracy of 0.01 Mpa. The cube compressive
test is shown in Figure 2A and the axial compressive test is
shown in Figure 2B.

Both cube compressive strength and axial compressive
strength were obtained by dividing the maximum load value
obtained from the test by the cross-sectional area of the
specimen, multiplying it by a discount factor of 0.95, and
analyzing the test results according to the test data processing
method.

3 Analysis of orthogonal test results of
steel-polypropylene fiber coal gangue
concrete

The SE-PF CGrc specimen was tested, and the test results were
shown in Table 5. The tensile and compression ratio (splitting tensile
strength/cube compressive strength) is stable between 1/17 and 1/12,
which is consistent with the tensile and compression ratio between
1/17 and 1/8 stipulated in the Principles of Concrete Structure
Design (Liang et al., 2007), indicating that the test results are reliable,
among which the cube compressive strength of group A1B2C2D2 is
the highest, which is 24.62% higher than that of PC. The splitting
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Compressive strength

FIGURE 2
Test process diagram.

TABLE 5 SF-PF CGrc test results.

Splitting tensile strength

Group  Experiment number Cube compressive strength/MPa  Splitting tensile strength/MPa  Tensile and compression ratio
1 A1BICIDI 33.90 237 1/14.30
2 A1B2C2D2 37.20 2.65 1/14.04
3 A1B3C3D3 35.66 2.49 1/14.32
4 A1B4C4D4 34.50 236 1/14.62
5 A2B1C2D3 3530 2.80 1/12.61
6 A2B2C1D4 36.28 248 1/14.63
7 A2B3C4D1 35.64 2.59 1/13.76
8 A2B4C3D2 3497 234 1/14.94
9 A3B1C3D4 36.03 2.52 1/14.30
10 A3B2C4D3 35.84 246 1/14.81
11 A3B3C1D2 34.80 242 1/14.38
12 A3B4C2D1 32.63 1.95 1/14.30
13 A4B1C4D2 33.24 2.58 1/16.73
14 A4B2C3D1 35.98 2.46 1/14.63
15 A4B3C2D4 32.40 1.96 1/16.53
16 A4B4C1D3 32.50 1.96 1/14.58
17 PC 29.85 1.78 1/16.77

tensile strength of the A2B1C2D3 group was the highest, which was
57.3% higher than that of the PC group.

To explore the influence degree of different factors of
coal gangue on the compressive strength and splitting
tensile strength of concrete, range analysis, variance
analysis, and grey correlation analysis were carried out on
the test results to find out the significant influence degree of
each factor, and GM (1,5) grey model was established to predict

the strength.
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3.1 Range analysis and variance analysis

Range analysis is simple and intuitive. The calculation amount is
small, but the error cannot be estimated. The method introduced in
reference (Li et al., 2023b) was used to analyze the experimental
results. For range analysis, the greater the R, the greater the influence
of the factor on the test results. According to the range analysis
results in Table 6, the degree of influence of each factor on the
concrete is as follows: B > A > C > D, that is, the replacement rate of
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TABLE 6 Range analysis results.

Cube compressive strength/MPa

10.3389/fmats.2023.1281372

Splitting tensile strength/MPa

Factor A Factor B Factor C Factor D Factor A Factor B Factor C Factor D
Y, 35.31 34.62 3437 34.54 247 2.57 231 2.34
Y, 35.55 36.33 34.38 35.05 255 2,51 2.34 2.50
Ys 34.83 34.62 35.66 34.82 234 2.37 2.45 243
Y, 33.53 33.65 34.80 34.80 2.24 2.15 2.50 233
R 2.02 2.67 1.29 0.51 031 0.42 0.19 0.17
Ranking of influencing factors B>A>C>D

Note: Y; is the average intensity of each factor at the level of i.

TABLE 7 Variance analysis results.

Dependent variable Factor Deviation sum of squares = Degree of freedom Mean F  Critical value = Significance
square
Cube compressive strength A 12.18 3 4.06 5.08  Fpo5(3,3)=9.28 *)
Foi0 (3,3) =5.36
B 2256 3 7.52 9.40 o
C 439 3 1.46 1.83 —
D 0.53 3 0.18 0.22 —
Splitting tensile strength A 0.31 3 0.10 5.17 *
B 0.41 3 0.14 6.88 *)
C 0.10 3 0.03 1.63 —
D 0.07 3 0.02 123 —

Note:1)When F > F 4(3,3) was an important significant factor, denoted **; 2) When Fy 1 (3,3) < F < Fy5(3,3), it is the general significant factor, denoted *; 3) When F < Fy ;4(3.3) but close to
each other, it is a more significant factor, denoted as (*); 4) When F < F;;0(3,3) and the difference is large, it is not significant factor.

coal gangue ceramide sand > the replacement rate of coal gangue
ceramide particle > steel fiber content > polypropylene fiber content.

To make up for the deficiency of range analysis, SPSS was used to
further process the test results, and the results of variance analysis
were obtained, as shown in Table 7. The significance level was
selected, and Fy o5 (3, 3) = 9.28 and F ; (3, 3) = 5.36 were obtained
from the F distribution table. For the cube compressive strength,
factor B was an important significant factor, while for the splitting
tensile strength, factor B was a general significant factor.
Considering the significance and F value of all factors, The order
of influence degree of each factor on the experimental results is B >
A > C > D, that is, the replacement rate of coal gangue ceramic
sand > replacement rate of coal gangue ceramic particle > steel fiber
content > polypropylene fiber content, which is also the same as the
range analysis results, indicating that the analysis results are reliable.

To more intuitively reflect the influence of different factor levels
on the experimental results, the intensity values in Table 4 were
selected to draw the effect curve shown in Figure 3.

The maximum Y; value corresponding to each factor is the
optimal combination. According to Figure 3 and Table 4, for the
compressive strength of cubes, the optimal combination is
A2B2C3D2, that is, the replacement rate of coal gangue ceramics
is 30%, the replacement rate of coal gangue ceramic sand is 30%, the
content of steel fiber is 0.75%, and the content of polypropylene fiber
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is 0.2%. For the splitting tensile strength, the optimal combination is
A2B1C4D3, that is, the content of coal gangue ceramics is 30%, the
replacement rate of coal gangue ceramic sand is 25%, the
replacement rate of steel fiber is 1%, and the content of
polypropylene fiber is 0.2%.

For factor A, the intensity increases first and then decreases. For
factor B, the cube compressive strength increases first and then
decreases, while the splitting tensile strength decreases. A
comprehensive analysis of the relevant reasons can be seen:

Large holes in the coal gangue can improve its water absorption
rate, resulting in a high degree of hydration around the coal gangue
aggregate, forming an internal curing effect (Li et al, 2021). In
addition, when the coal gangue is broken, coal gangue powder is
adhered to the surface, which can promote the hydration reaction
(Aslani et al., 2019a) and improve the strength of concrete. The
promotion effect is recorded as P1 (Positive). The components of
coal gangue contain a large amount of SiO, and Al,O3, which can be
mixed with the hydration product Ca(OH), of cement to produce a
volcanic ash effect (Li et al., 2013; Duan, 2014; Li, 2014; Sun et al.,
2021a), and the resulting network calcium silicate gel fills the gap
between the aggregate itself and the aggregate, making the coal
gangue aggregate more dense (Zhu et al., 2022). This promotion
effect is recorded as P2. As the elastic modulus of coal gangue is
lower than that of natural aggregate, the performance of coal gangue
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FIGURE 3

Range analysis effect curve.

FIGURE 4
Failure section of the specimen.

is poor. It can also be seen from the fracture surface in Figure 4
that the coal gangue itself is damaged. The research of Yan Bing
(Yan, 2017a) and Chen Benpei (Chen, 1994) shows that when
coal gangue concrete is damaged, coal gangue itself is damaged,
which proves that the performance of coal gangue is inferior to
that of natural aggregate. This weakening effect is denoted as H
(Harmful). When P1 + P2 > H, that is, when the promoting effect
is greater than the weakening effect, the strength of coal gangue
concrete increases. When H > P1 + P2, that is, the weakening
effect is greater than the promoting effect, the strength of coal
gangue concrete decreases.

For factor C, the cube compressive strength increases first
and then decreases, while the splitting tensile strength
increases. For factor D, the intensity showed a trend of first
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increasing and then decreasing, mainly for the following
reasons:

The low-content steel-polypropylene fiber overlapped with each
other in the concrete, resulting in a “hoop effect”. When the concrete
was damaged, more energy was consumed to pull out the fiber across
the crack, thus restraining the rapid expansion of the crack. The
macro performance was that the concrete strength was increased.
When the content of steel-polypropylene fiber is increased, the fiber
has an “agglomeration effect”, which reduces the compactness of
concrete. At this time, the weakening effect of the agglomeration
effect is greater than the strengthening effect of the hoop effect,
which shows that the strength of concrete decreases.

3.2 Grey correlation analysis

Grey correlation analysis is a quantitative description and
comparison method for the development and change of a system.
Its basic idea is to determine whether the reference data column is
closely related by determining the similarity degree between the
reference data column and several comparison data columns (Wu
et al., 2022). The method introduced in the literature (Chen et al.,
2023) was used to analyze the experimental results.

The cube compressive strength/splitting tensile strength was
defined as the behavior sequence X, and factors A, B, C, and D were
defined as factor sequences X;, X,, X3, and X,, respectively. The
original data series obtained were shown in Table 8.

After initializing the original data, the correlation coefficient
matrix as shown in Table 9 is obtained. In general, the greater the
correlation coefficient, the greater the correlation degree; otherwise,
the smaller the correlation degree. After the correlation coefficient is
calculated according to the method described in the literature (Chen
et al,, 2023), the grey correlation degrees of different factors are
obtained, as shown in Table 10.

As can be seen from Table 10, the correlation order is as follows:
replacement rate of coal gangue ceramide > replacement rate of coal
gangue ceramide > steel fiber content > polypropylene fiber content.
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TABLE 8 SF-PF CGrc raw data series.

Cube compressive strength Splitting tensile strength
Xo Xo
33.9000 23712 0.2500 0.2500 0.0025 0.0010
37.2000 2.6500 0.2500 0.3000 0.0050 0.0020
35.6554 24913 0.2500 0.3500 0.0075 0.0030
345014 2.3600 0.2500 0.4000 0.0100 0.0040
353000 2.8280 0.3000 0.2500 0.0050 0.0030
36.2800 2.4800 0.3000 0.3000 0.0025 0.0040
35.6400 25921 0.3000 03500 0.0100 0.0010
34.9700 2.3438 0.3000 0.4000 0.0075 0.0020
36.0300 2.5200 0.3500 0.2500 0.0075 0.0040
35.8400 2.4640 0.3500 0.3000 0.0100 0.0030
34.8000 2.4201 0.3500 0.3500 0.0025 0.0030
32.6300 1.9521 0.3500 0.4000 0.0050 0.0010
332362 2.5800 0.4000 0.2500 0.0100 0.0020
35.9810 2.4600 0.4000 0.3000 0.0075 0.0010
32.4000 19592 0.4000 0.3500 0.0050 0.0040
32.5000 1.9583 0.4000 0.4000 0.0025 0.0030
TABLE 9 Correlation coefficient matrix of SF-PF CGrc. The degree of influence of different factors on the test results can be

obtained by analyzing the degree of correlation. The degree of

Cube compressive strength Splitting tensile strength

influence from strong to weak is the replacement rate of coal
Y1) Y20k Y3(k) Y4k YI()  Y2(k) Y3(k) Y4(k) gangue ceramic sand, the replacement rate of coal gangue
ceramic particles, the content of steel fiber, and the content of
polypropylene fiber. This is also consistent with the analysis results

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 | 1.0000

0.9399 0.9368 = 0.6277 = 0.6277 | 0.9307 = 0.9509 0.6427 = 0.6427 in Section 3.1, indicating that the test results are reliable.
According to the test results, the optimal mix ratio of hybrid

09671 | 08138 04386 04386 09691 & 0.8195 = 04487 | 0.4487 )
fiber coal gangue concrete is 30% replacement rate of coal gangue

09885 | 07233 | 03379 | 03379 | 09973 | 07242 | 03456 = 0.3456 ceramide, 25%-30% replacement rate of coal gangue ceramide sand,

09056 | 09736 | 06136 | 04373 | 09884 | 08974 | 0659 | 04659 0.75%-1% steel fiber content and 0.1% polypropylene fiber content.

0.9214 0.9214 | 09559 = 0.3419 | 09117 = 09117 = 09716 | 0.3494

09110 | 08136 03405 09674 09367 0878 o03sa  oswr 9.5 Establishment and detection of grey
model GM (1, 5)

0.9004 0.7281 | 0.4361 = 0.6112 | 08818 = 0.7214 = 0.4408 @ 0.6104

0.8187 | 09604 = 04400 03413 = 0.8249 09616 @ 04503 = 0.3507 The grey model is to generate a new regular array of some irregular
data through mathematical operation, establishes a differential
equation, and calculates the coefficient by the least square method.
The multi-variable GM (1, N) model is the extension of n-element
07768 | 07048 = 05947 = 09760 = 0.7332 | 0.6712 = 0.5740 | 0.8995 variables under the GM (1, 1) model, which reflects the influence of n-1
variables on the first derivative of a variable (Sun et al,, 2022a; Zhang
et al, 2022¢; Zhang et al,, 2023b).

0.8162 09142 | 0.3409 = 0.4393 | 08142 09073 = 0.3488 = 0.4471

0.8030 0.8030 | 0.9829 = 0.4354 = 0.8072 | 0.8072 = 0.9869 | 0.4450

0.7107 0.9873 | 0.3351 = 0.5989 | 0.7562 | 0.9471 = 0.3527 | 0.6351

0.7386 09165 | 0.4398 = 09612 | 0.7384 = 09073 = 0.4471 @ 0.9766

07026 | 07741 | 05931 = 03333 | 0.6724 07347 05749 | 0.3333 3.3.1 The establishment of grey model GM (1, 5)
When building a GM model, it is necessary to build the original

0.7036 0.7036 | 09736 = 0.4272 | 0.6724  0.6724 = 09017 = 0.4220

sequence first, and the original sequence that meets the modeling

Frontiers in Materials 07 frontiersin.org
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TABLE 10 Grey correlation degree of SF-PF CGrc.

10.3389/fmats.2023.1281372

Performance Coal gangue ceramide Coal gangue ceramic sand Steel fiber Polypropylene fiber
content (y;) content (y>) content (ys) content (ya)
Cube compressive 0.850 0.855 0.591 0.580
strength
Splitting tensile strength 0.842 0.852 0.594 0.582

TABLE 11 GM(1, 5) Original sequence X(n) of cube compressive strength.

Feature sequence Correlation behavior sequence

TABLE 12 GM (1, 5)Original sequence X(n) of splitting tensile strength.

Feature sequence Correlation behavior sequence

Xo X X2 X3 X4 Xo X X2 X3 X4
1.76171 1.61441 1.61441 160949  1.60946 0.43170 040547 040547 | 034720  0.34682
1.80815 1.61441 1.61540 1.60954  1.60948 0.48728 040547 041645 = 034782 0.34707
1.78695 1.61441 1.61639 1.60959 1.60950 0.45640 0.40547 0.42721 0.34845 0.34732
1.77050 1.61441 1.61737 1.60964  1.60952 0.42933 040547 043773 034907  0.34757
1.78194 161540 1.61441 1.60954  1.60950 051978 041645 | 040547 | 034782 0.34732
1.79563 1.61540 1.61540 1.60949  1.60952 0.45413 041645 041645 = 034720  0.34757
1.78673 1.61540 1.61639 1.60964 1.60946 0.47623 0.41645 0.42721 0.34907 0.34682
1.77725 161540  1.61737 1.60959  1.60948 0.42589 041645 043773 034845  0.34707
1.79218 161639 1.61441 160959  1.60952 0.46213 042721 | 040547 | 0.34845  0.34757
1.78953 161639 1.61540 1.60964  1.60950 0.45089 042721 041645 | 034907  0.34732
1.77481 161639 1.61639 1.60949  1.60950 0.44190 042721 042721 034720 0.34732
1.74262 161639 1.61737 1.60954  1.60946 0.33445 042721 043773 | 034782 0.34682
1.75182 1.61737 1.61441 1.60964  1.60948 0.47389 043773 040547 034907  0.34707
1.79150 161737 1.61540 160959  1.60946 0.45008 043773 041645 | 034845  0.34682
1.73908 1.61737 1.61639 1.60954  1.60952 033627 043773 042721 034782 034757
1.74062 1.61737 1.61737 1.60949 1.60950 0.33604 0.43773 0.43773 0.34720 0.34732
needs to meet the principle of smoothness or quasi-smoothness. The
. s - —-+ax; = bixy + byxs + byxy + byxs (4)
sufficient and necessary conditions for determining whether the dt

original sequence is smooth are Ve > 0, 3k, p(k) < € when k > ko,
where ¢ is a constant, K, is the number of experimental groups, p(k)
is the smooth ratio.

After testing, it is necessary to change the digital-power function
complex operator of formula (1) on the original sequence.
Meanwhile, to ensure the tidiness of the transformed results, the
original sequence needs to be transformed by formula (2) first for the
cube compressive strength, and by formula (3) for the splitting
tensile strength. The original sequence X(n) after transformation is
shown in Tables 11, 12.

x(k)d = Inx (k)*® (1)
x(k)d = x (k) + 25 2)
x(k)d = x (k) +2 (3)

GM (1, 5) models of compressive strength and splitting tensile
strength of SE-PF CGrc were established as follows:
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Where, x;,X;,X3,X4,X5 are respectively cube compressive
strength/splitting tensile strength, replacement rate of coal
gangue ceramide, replacement rate of coal gangue ceramic
sand, steel fiber content and polypropylene fiber content, a is
the system development coefficient, by, b,,bs, by is the driving
coefficient

The original sequence after transformation is accumulated
and generated according to formula (5), and then the
system development (D) and driving term
coefficient () are calculated according to formulas (6)~(8),
and the calculated values are brought into formula (4) to

coefficient

obtain the parameter values, and the parameter results are
shown in Table 13.

k
x (k) = Y % (1) (5)
=1
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TABLE 13 GM (1, 5) model parameters.

10.3389/fmats.2023.1281372

Parameters a b, b, bs b,
Cube compressive strength 1.8766 —24.0665 —23.9767 121.7039 —-71.4018
Splitting tensile strength 1.1933 —-3.6466 -5.6907 27.9568 -15.1711

The resulting cube compressive strength estimation model is as

follows:
r 1 -
S o+xP@] @ - xPE
1
SXP@+xPe)] xPe) - XPe)
D= (6)
1
=) [x("(15) + X" (16)] X{V(16) - X{(16)
e
X7 (3
b | X7 -
X" (16)
a=la b b, b)) = (D'D)'DY (8)
dx
pn + 1.8766x; = —24.0665x, — 23.9767x5 + 121.7039x,
—71.4018x;5 9)

The resulting splitting tensile strength estimation model is as
follows:

dx
7 +1.1933x; = —3.6466x, — 5.6907x; + 27.9568x4 — 15.1711x;5

(10)

Formula (10) is transformed into a cube compressive strength
prediction model. The standard formula is:

X(t+1) = [1.76171 + 12.824x;, + 12.777x5 — 64.853x, + 38.048x;]e 476

~12.824x%, — 12.777x; + 64.853%, — 38.048x; (11)

Formula (11) is transformed into a splitting tensile strength
prediction model. The standard formula is:

X(t+ 1) = [0.4317 + 3.056X, + 4.769x5 — 23.428x, + 12.714x5]e 19

~3.056x, — 4.769%; + 23.428x, — 12.714xs (12)

3.3.2 Grey prediction model GM (1,5) results

The strength prediction model of SF-PF CGrc was used to predict
and evaluate 16 groups of test data, and the results were tested by
residual test to determine the accuracy of the model. The comparison
of test values and model predicted values of cube compressive strength
and splitting tensile strength is shown in Table 14.

To more intuitively observe the error between the test value and the
predicted value, the test value and the predicted value were drawn as a
comparison curve as shown in Figure 5. Due to the certain discreteness
of the cube specimens during the test, there were large errors in some
groups. It shows that the prediction effect of the model is good. In the
horizontal range selected in this paper, the cubic compressive strength
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and splitting tensile strength of SF-PF CGrc can be predicted, which
provides theoretical support for the strength prediction of SF-PF CGrec.

4 Microstructure analysis of steel-
polypropylene fiber coal gangue
concrete

The interfacial transition zone (ITZ) will be formed when coal
gangue and fiber are mixed into the concrete matrix. The different
failure modes of materials and the evolution process of ITZ have an
important influence on the strength of concrete.

In this paper, 4 samples were selected from the fracture surface
of the specimen to observe the ITZ, and coal gangue ceramic
particles, ceramic sand, and polypropylene fiber were selected to
observe the original appearance of the material. After gold
spraying by a plasma sputtering instrument, they were placed
under an S-3400 electron microscope to observe their microscopic
morphology, as shown in Figure 6.

4.1 Micromorphology and destruction mode
of fiber and coal gangue

4.1.1 Microstructure and destruction mode of fiber

Figure 7A is the microscopic morphology of polypropylene fiber
500 times magnification, the fiber surface is smoother, and the
cement slurry wraps less (Wang et al., 2023), so the bonding strength
at the interface connection is low when the specimen is under load,
polypropylene fiber is easy to be pulled out, Figure 7B is the trace left
by the polypropylene fiber being pulled out.

Combining the results of range analysis and variance analysis,
the polypropylene fiber can improve the tensile strength of concrete,
for the compressive strength of concrete, the role of polypropylene
fiber is small. Therefore, when the content of polypropylene fiber is
too high, it will also reduce the compactness of concrete, resulting in
a decrease in concrete strength.

Figure 7C is the micromorphology of steel fiber, its surface is
rougher, cement slurry can be well-wrapped steel fiber, and the
surface distribution of hydration product particles of steel fiber also
confirms the above situation, as shown in Figure 7D good wrapping
increases the bonding effect between steel fiber and concrete matrix
when subjected to an external load, it takes more energy to pull or
pull out the steel fiber, macroscopically manifested as steel fiber can
significantly improve the strength of concrete.

4.1.2 Micromorphology and destruction mode of
coal gangue

The overall structure of coal gangue is looser than that of natural
stone (Di et al,, 2016), and there are a large number of micro-pores in
the coal gangue ceramics and sand. Figure 8A is 250 times larger than
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TABLE 14 Comparison of experimental values and model predicted values.

Cube compressive strength

10.3389/fmats.2023.1281372

Splitting tensile strength

Specimen Experimental Predicted Residual Relative Experimental Predicted Residual Relative
number value (MPa) value (MPa) error error (%) value (MPa) value (MPa) error error (%)
(MPa) (MPa)
A1BICID1 33.90 33.90 0.00 0.00 2.37 2.37 0.08 7.70
A1B2C2D2 37.20 34.36 2.84 8.28 2.65 2.46 -0.05 4.90
A1B3C3D3 35.66 38.89 -3.24 8.32 2.49 2.62 -0.02 235
A1B4C4D4 34.50 38.71 -4.20 10.86 2.36 2.42 -0.06 6.28
A2B1C2D3 35.30 37.86 -2.56 6.75 2.83 3.02 -0.03 2.68
A2B2C1D4 36.28 35.73 0.55 1.54 2.48 2.55 0.03 2.70
A2B3C4D1 35.64 34.80 0.84 2.42 2.59 2.52 0.07 6.95
A2B4C3D2 34.97 3431 0.66 1.93 2.34 2.19 -0.08 8.40
A3B1C3D4 36.03 33.87 2.16 6.37 2.52 275 -0.04 3.94
A3B2C4D3 35.84 34.51 133 3.86 2.46 2.57 0.14 14.13
A3B3C1D2 34.80 33.80 1.00 2.94 2.42 2.12 -0.06 6.04
A3B4C2D1 32.63 33.27 -0.64 1.94 1.95 2.08 -0.04 3.98
A4B1C4D2 33.24 35.40 217 6.12 2.58 2.69 0.04 4.01
A4B2C3D1 35.98 3435 1.63 4.75 2.46 2.37 -0.04 3.68
A4B3C2D4 32.40 33.79 -1.39 4.12% 1.96 2.03 0.09 8.92%
A4B4C1D3 32.50 29.67 2.83 9.55% 1.96 1.80 2.83 9.55%
Mean relative 4.98% 5.42%
error
A B
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S-3400 electron microscope Test sample

FIGURE 6
Test instrument and sample.

$-3400 x85 SE ‘ 500t $-3400 x14 SE

ik

Hydration p
e

Microstructure of steel fiber Failure form of steel fiber

FIGURE 7
Micromorphology and destruction forms of fibers. (A) Microstructure of polypropylene fiber. (B) Damage form of polypropylene fiber. (C)
Microstructure of steel fiber. (D) Failure form of steel fiber.

the fracture surface of coal gangue, and it can be seen that the fracture ~ surface. Since the stiffness of the sand is lower than that of natural
surface is distributed with holes of different sizes. In addition,  fine aggregate, when the concrete is subjected to load, cracks
cement hydration products and sand particles of different sizesand ~ appear in the concrete, and coal gangue sand also breaks.
shapes are attached to the fracture surface. It can also be observed ~ Therefore, the strength of SF-PF CGrc decreases with high coal
in Figure 8B that coal gangue sand is attached to the aggregate  gangue content.
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Micromorphology of coal gangue

FIGURE 8

[4

Damage form of coal gangue

Microstructure of coal gangue and its failure form. (A) Micromorphology of coal gangue (B) Damage form of coal gangue.

4.2 Formation mechanism and
microstructure of interfacial transition zone

The formation of an interfacial transition zone (ITZ) is not only
due to the accumulation of particles along the aggregate surface and
the result of hydration reaction but is also affected by many factors
such as stirring and curing, so it can be observed by SEM. The ITZ
formation mechanism and micro-morphology of SF-PF CGrc were
investigated to provide a theoretical basis for the study of the
mechanical properties of SF-PF CGre.

4.2.1 Formation mechanism of interfacial transition
zZone

The structure at ITZ inside concrete is relatively loose and prone to
micro-cracks, which seriously affects the performance of concrete.
Currently, the generally accepted ITZ formation mechanism mainly
includes wall effect, micro bleeding or localized bleeding, ion
transportation, precipitation and nucleation, one-side growth,
flocculation of binder, and syneresis. These mechanisms reveal the
formation process of ITZ from different levels and provide a theoretical

basis for explaining the changes in different stages of ITZ formation.

4.2.1.1 Wall effect

Using electron microscopy, Berger et al. (1970) observed that cement
was randomly distributed in the matrix, and aggregate, as an impenetrable
physical constraint, prevented the dispersion of cement particles (Aslani
et al,, 2019b; Luo et al, 2021). The intervention of aggregate made small
particles near the aggregate surface dominate, while large particles occupied
the main position in the area far away from the aggregate surface (Wang
etal, 2021). as Shown in Figure 9. Fang and Zhang (2020) showed that the
particle size of cement particles located in ITZ was 0.5~11.5 um, while the
particle size of cement particles in the matrix part was 2.5~62.5 pm.
Therefore, there are a large number of loose porous structures around the
aggregate (Ma and Li, 2014), and the porosity of ITZ at 3 um from the
aggregate surface reaches 25%, while the porosity of cement slurry is 8%
(Branch et al, 2018). Finally, the porosity of ITZ increases, and the
deterioration rate of concrete accelerates (He et al., 2020).
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4.2.1.2 Microbleeding or localized bleeding

The main reason for the micro-zone bleeding effect is the density
difference between cementing material, coarse aggregate, and water.
During the vibration process, the cementing material moves
downward, and the aggregate obstructs the upward migration of
water, causing water to accumulate in the area near the lower surface
of the aggregate and form a water film (Shi et al, 2016) as in
Figure 10 The micro-zone bleeding effect plays a major role in the
ITZ formation of concrete with a high water-cement ratio, and with
the increase of the water-cement ratio, the micro-zone bleeding
effect of concrete becomes more obvious (Liu et al., 2019).

4.2.1.3 lon transportation, precipitation and nucleation

In the hydration process of the gelling material, the solubility of
each component and the migration rate of ions vary greatly and
change with the hydration process. The silicon-containing
components in the particles of the gelling material are rapidly
deposited on the surface of the particles of the gelling material to
form hydration products (Stroeven and Stroeven, 2001), and most of
the Ca®*, SO,>, OH", and AI’" enter the solution. Aggregate near the
surface of the aggregate and combine, depositing and nucleating in
the form of AFt (ettringite) and CH (calcium hydroxide) (Xuan
et al., 2009).

4.2.1.4 One-side growth

In the slurry, C-S-H (hydrated calcium silicate) produced by the
hydration reaction of the cementing material can grow from all
directions to any area, but in the area near the aggregate, the
hydration product can only grow to one side of the cement slurry,
resulting in unilateral growth effect (Gartner et al., 2000). The unilateral
growth effect weakens the cohesiveness between aggregate and slurry
and reduces the mechanical properties of ITZ (Ghourchian et al.,, 2018a).

4.2.1.5 Flocculation of binder

Under the action of van der Waals force and static electricity, the
particles in the dispersion grow in the form of clusters, causing the
flocculation effect (Thomas and Jennings, 2006). The surface
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ITZ Bulk mortar

Aggregate

FIGURE 9

Diagram of wall effect (Wang et al., 2021).

——— Aggregate

Cement paste

Micro-bleeding

FIGURE 10
Diagram of microbleeding or localized bleeding (Shi et al., 2016).

charges of the cement particles cancel each other, reducing the
previous repulsion of the particles (Ghourchian et al., 2018a). At the
same time, the high specific surface area and hydration activity of
cement lead to the flocculation effect, which reduces the cement
packing density around the aggregate and forms loose porous ITZ.

4.2.1.6 Syneresis

In the process of cementitious materials, colloidal particles
overlap into clumps with each other, and there is a solvent
wrapped inside the group, and the glue will inevitably shrink to
reduce its potential energy, so the encapsulated solvent will be
eliminated from the inside of the glue. The overall manifestation
is that the solvent is discharged, but the volume of the entire system
remains unchanged (Wilhelm and Kind, 2015). In addition, because
the aggregate does not shrink, the slurry and the aggregate cannot
shrink and deform at the same time, which leads to tensile stress
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Aggregate(wall)

P Cement grain(large)
P Cement grain(small)

« Water molecule or air

inside the concrete, and it is easy to form microcracks between the
aggregate and the cement slurry (Szelag and Fic, 2016).

4.2.2 Microstructure of interfacial transition zone
4.2.2.1 Microstructure of the transition zone between fiber
and cement slurry

The SEM image of the transition zone between steel fiber and
cement slurry in Figure 11A shows the distribution of materials.
Because the steel fibers distributed randomly are overlapping with
each other in concrete, the hoop effect is formed, which reduces the
sinking of aggregate and enhances the performance of ITZ. These
hydration products can be bonded with steel fibers, and when the
steel fibers are subjected to load, more energy is consumed, that is, a
certain strengthening and toughening effect is achieved.

Due to the smooth surface of polypropylene fiber, the shrinkage
of the cement base in the curing process will lead to the separation of
pulp on the fiber surface, which will affect the hydration reaction
degree of the cement base near the surface. At the same time, due to
the hydrophobicity of polypropylene fiber, there is no excess water
accumulation on the surface of the fiber, resulting in the hydration of
cement near the interface transition zone to form low-density C-S-H
(Sun et al.,, 2021b; Sun et al., 2022b), as shown in Figure 11B.

4.2.2.2 Microstructure of transition zone between coal
gangue and cement slurry

As can be seen from Figure 12, the surface of coal gangue
consists of many different types of hydration products, and many
cracks and pores after fiber drawing can be observed on the surface
of the matrix. With the increase of curing time, the hydration of
substances in the matrix becomes more thorough, the hydration
products increase significantly, and AFt and CH generated by
hydration expand with the deepening of hydration degree, filling
the micro holes and cracks in the matrix, making the material bond
again, and enhancing the strength of concrete. In addition, due to
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Steel fiber - cement paste

FIGURE 11

Polypropylene fiber - cement paste

Fiber—water slurry interface transition zone microstructure. (A) Steel fiber—cement paste. (B) Polypropylene fiber—cement paste.

FIGURE 12
Coal—water slurry interface transition zone microstructure.

the irregular surface of coal gangue and the adhesion of active coal
gangue powder, the coating area with cement slurry is increased, the
hydration reaction is further strengthened, and the mechanical
properties of SF-PF CGrc are improved to a certain extent.

5 Conclusion

Through the orthogonal test of SF-PF CGreg, the influence of coal
gangue and fiber on the mechanical properties of concrete was
studied, and combined with the microscopic analysis, the research
conclusions were as follows:

(1) The strength of hybrid fiber concrete specimens is significantly
greater than that of ordinary concrete specimens, and the cube
compressive strength is increased by 24.62% and the splitting
tensile strength is increased by 57.3% compared with PC.
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(2) Range analysis and variance analysis were carried out on the
specimens, and it was concluded that the significant degree of
influence of each factor on the cubic compressive strength and
splitting tensile strength of concrete was ranked from strong to weak
as follows: Coal gangue sand content > coal gangue clay content >
steel fiber content > polypropylene fiber content, and the optimal
content is coal gangue clay replacement rate of 30%, coal gangue clay
replacement rate of 30%, steel fiber content of 0.75%, polypropylene
fiber content of 0.2%. The results of the grey correlation analysis are
also consistent with them, and the strength of the steel fiber coal
gangue concrete prepared can reach C30.

The grey prediction model for the compressive strength and
splitting tensile strength of hybrid fiber coal gangue concrete
was established. The relative error of the test value and the
predicted value was tested. The average relative error of the test
value and the predicted value of the model was 4.98%/5.42%,
indicating that the prediction accuracy of the model was high.
The poor stiffness of coal gangue leads to a decline in strength.
After the addition of steel fiber and polypropylene fiber, the
formed three-dimensional skeleton can improve the stability of
the interfacial transition zone, and the formed C-S-H and AFt
fill microholes and cracks to bond the materials together,
enhance the compactness of the matrix and improve the
strength of concrete.
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