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Abstract

The flexural behavior of steel fiber-reinforced coal gangue aggregate concrete (SFCGC) and
steel fiber-reinforced ordinary concrete (SFOC) beams were investigated in this study. 11 specimens
were tested using four-point bending tests to investigate the effect of coal gangue replacement rate
(CGRR) (0%, 50%, 100%), steel fiber volume content (SFVC) (0%, 0.5%, 1%, 1.5%), rebar ratio
(0.6%, 1.17%, 1.94%), and beam height (200mm, 300mm) on the beam flexural performance. The
failure modes, flexural capacities, flexural stiffness, ductility, and energy dissipation coefficient of
the specimens were analyzed. In addition, the stress-strain curve of SFCGC was obtained by axial
compressive tests in this study. A equations for the stress-strain relationship of SFCGC beams were
obtained by data fitting. a finite element model (FEM) of SFCGC beams was established in
ABAQUS. A self-programmed Python script was used to create the steel fiber model in FEM of an
SFCGC beam, in which steel fibers were distributed randomly and discretely to investigate the
strengthening effect of steel fibers on SFCGC beams. Finally, a comparative analysis shows good
agreement in the load-deflection curves and transverse strain obtained from simulations using the
established FE model and tests.

Keywords: Coal gangue; Steel fiber; Flexural performance; Load-deflection curve; Finite element;
ABAQUS

1. Introduction

Coal gangue is main solid waste from the coal industry, accounting for almost a quarter of coal
by production [1]. Thus far, China has accumulated more than seven billion tons of coal gangue.
Due to the high yield and low utilization of coal gangue, the accumulation of coal gangue not only
occupies a large amount of land but also seriously damages the environment and ecology [2,3]. The
most common use of coal gangue is as an aggregate in construction projects [4]. The use of waste
coal gangue for concrete production can effectively address the problem of coal gangue
accumulation over a large amount of land and improve economic benefits [5-7]. It has been reported
that under the same conditions, frame structures made of coal gangue have better seismic
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performance than concrete frame structures built using natural crushed stone while saving 6.6% of
the construction cost [8]. In recent years, the material properties of coal gangue as well as the
working performance, mechanical failure mechanisms [9-11], and frost resistance of coal gangue
concrete using coal gangue as an aggregate replacement have been studied. Qiu et al. [12]
established a freeze-thaw damage evolution model for coal gangue. Ma et al. [13] found that coal
gangue as a coarse aggregate in alkali-activated gangue-slag concrete has high compressive strength
and good durability and that the coal gangue content should be in the range of 30-50% when used
in a freeze-thaw environment. Incorporating steel fiber or slag powder into coal gangue can optimize
its mesostructure and reduce the air voids of concrete, which is conducive to the frost resistance of
concrete [14]. However, coal gangue as a lightweight aggregate is characterized by high water
absorption and low strength; thus, the mechanical properties and durability of coal gangue concrete
are worse than those of ordinary concrete under the same conditions [15,16]. Although the
mechanical properties of coal gangue concrete are inferior to those of natural aggregate concrete
[17,18], coal gangue concrete can be used in practical applications [8].

Since Mangat and Hannat [19] applied the theory of composite mechanics to steel fiber
reinforced concrete in the 1970s, the theoretical research and engineering applications of steel fiber
reinforced concrete have developed rapidly [20]. Fibers can significantly improve the tensile
strength, deformation capacity, crack resistance, and durability of ordinary concrete [21-25].
Relevant studies have shown that the incorporation of steel fibers into coal gangue concrete can
optimize its mesostructure and reduce the air voids of concrete [14].

In addition, finite element (FE) analysis is also an effective method to study the structural
performance of new material beam members. Gotame et al. [26] performed a nonlinear finite
element analysis to evaluate the buckling behavior of corrosion-damaged reinforced concrete beams
reinforced with externally bonded fibre reinforced polymer. Aghani et al. [27] performed a nonlinear
finite element analysis using ABAQUS software to estimate the long-term response of the reinforced
concrete beam. Xu et al. [28] proposed the preparation of highly porous ceramics using coal gangue,
coal slime, and coconut palm fibers as raw materials and built an FE model of porous ceramics using
ABAQUS to simulate the stress distribution and compressive strength of porous ceramics. Zhang et
al. [29] presented an FE model for circular concrete-filled steel tube (CFST) short columns prepared
with coal gangue based on ABAQUS, and comparison of the numerical results with experimental
data showed that the coal gangue replacement rate and the confinement effect are the main factors
affecting the compressive behavior of CFSTs. Previous numerical studies also revealed that the FE
software ABAQUS can simulate the mechanical behavior and ultimate loads of various members
with very high accuracy. However, there are few studies on FE models of steel fiber reinforced coal
gangue concrete beams. To fill the research gap, this study investigated the influence of various
parameters on the flexural performance of SFCGC beams with reference to the above case studies
and by means of a FEM established in ABAQUS.

The flexural properties of concrete beams prepared from coal gangue aggregate were
investigated in this study. Four-point bending tests were conducted on 11 beams with different
values of the coal gangue replacement rate, steel fiber volume content, rebar ratio, and beam height.
The measured failure modes, load-deflection curves, flexural stiffness, ductility, and energy
dissipation coefficient of the specimens were analyzed. The principal structure curves and
calculation equations of the steel fiber-reinforced coal gangue coarse concrete (SFCGC) beams were
obtained by fitting the measurement data, and a nonlinear elastic-plastic finite element model (FEM)
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of SFCGC was established and validated based on the test results. The validated FEM was used to
conduct a parametric study to investigate the effects of the CGRR, SFVC, and rebar ratio on the
flexural load carrying capacity of SFCGC beams.

2. Experimental Tests

2.1. Mix design and basic mechanical properties of the materials

Natural gravel and coal gangue with particle diameters of 5-12 mm were used to prepare SFOC
and SFCGC beams. Table 1 shows the chemical composition of coal gangue determined by an X-
ray fluorescence (XRF) test. The basic material performance indices are listed in Table 2. The
properties of the fibers are shown in Table 3. Corrugated steel fibers were used in this study.

Table 4 shows the mix proportion used to fabricate the specimens following JGJ55-2011 [30]
and CECS38:2004 [31]. Standard test cubes with dimensions of 150x150x150 mm® and
100x100x300 mm>were maintained under the same conditions for 28 days, and then used to perform
axial compression and splitting tensile tests according to GB/T 50081-2019 [32]. Tensile strength
tests were conducted on longitudinal rebar samples. The measured mechanical properties of SFOC
and SFCGC are shown in Table 5, and those of rebar are shown in Table 6. The rebar used in this
study originated from the construction site. It is understood that this batch of steel bars have been
cold-drawn by people on the construction site, so that their strength has been improved, resulting in
higher test results than theoretical results.

Table 1

Chemical composition of coal gangue.
SiOz A1203 F6203 FeO BaO MgO KzO Nazo TiOz PzOs MnO
48.14  48.14 4.59 703 740 653 216 370 231 0.51 0.2

Table 2
Performance indices of shale ceramsite.

Materials Bulk density(kg/m®) Water absorption(%) Crash index (%)
Natural stone 1500 1.57 6.5
Coal gangue 1205 5.63 10.4
Table 3
Physical properties of steel fibers.
Steel ) . Equivalent Aspect . ;
fiber Length(mm) Width(mm) Thickness(mm) diameter(nm)  ratio Density(g/cm”)
CSF 38 1 0.35-0.5 0.76 50 7.8
Table 4

Mixture compositions (Unit:kg/m?).

No. R% Vst%o CG gravel cement sand Pl W/C

SFOC-1 0 1 0 1155.5 503.7 622.22 5.04 0.40



HSFCGC-1 50 1 577.7 577.8 503.7 622.22 504 040

SFCGC-0 100 0 1155.5 0 503.7 622.22 504 040
SFCGC-0.5 100 0.5 1155.5 0 503.7 622.22 504 040
SFCGC-1 100 1 1155.5 0 503.7 622.22 5.04 040
SFCGC-1.5 100 1.5 1155.5 0 503.7 622.22 504 040

106 Note: In the specimen names, SFOC indicates that R is 0%, that is, ordinary concrete; HSFCGC and
107  SFCGC indicate that R is 50% and 100% respectively; and the number indicates the vs;; R = CGRR,;
108  vs= SFVC, CG = the coal gangue coarse aggregate; Pl = the plasticizer; W/C = the water-cement
109  ratio.

110  Table 5

111  Measured mechanical properties of the concrete.

No. Axial compressive Splitting tensile Elastic
strength (MPa) strength (MPa) modulus (GPa)

SFOC-1 47.11 3.53 34.05
HSFCGCC-1 46.62 3.51 33.96
SFCGC-0 35.87 2.44 30.00
SFCGC-0.5 42.31 2.88 33.11
SFCGC-1 46.56 348 33.76
SFCGC-1.5 46.83 3.61 33.14

112 Table 6

113  Basic parameters of the rebar.

Rebar type Diameter(mm) Yield strength(MPa)  Ultimate strength(MPa)  Elastic modulus(GPa)

HRB400 10 513 611 205
HRB400 14 453 568 205
HRB400 18 431 543 213

114  2.2.Specimen parameters

115 The specific parameters of the test beams are shown in Table 7. 11 beams were designed,
116  including 9 SFCGC beams and 2 SFOC beams with a 25-mm-thick protective layer, where the test
117  beam rebar details is shown in Table 8.

118  Table 7

119  Design of test beams.

No. R%  vg% p% b/mm  hA/mm  hy/mm  L/mm = Lo/mm

SFOC-2-1 0 1 1.17 150 200 175 2000 1800
SFCGC-1-1 100 1 0.6 150 200 175 2000 1800
SFCGC-2-1 100 1 1.17 150 200 175 2000 1800
SFCGC-3-1 100 1 1.94 150 200 175 2000 1800
HSFCGC-2-1 50 1 1.17 150 200 175 2000 1800
SFCGC-2-0 100 0 1.17 150 200 175 2000 1800
SFCGC-2-0.5 100 0.5 1.17 150 200 175 2000 1800

SFCGC-2-1.5 100 1.5 1.17 150 200 175 2000 1800
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SFOC-4-1 0 1 1.12 150 300 275 2000 1800
HSFCGC-4-1 50 1 1.12 150 300 275 2000 1800
SFCGC-4-1 100 1 1.12 150 300 275 2000 1800

Note: p = rebar ratio; b = beam section width; # = beam section height; 4 = the effective height; L
= beam length; Lo = beam effective length. In the specimen names, the first symbol “I, 2, 3, 4”7
indicates 0.6%, 1.17%, 1.94%, 1.12%, respectively; and the second symbol indicates vsr.

Table 8

Rebar details for all test beams.

Longitudinal rebar

Specimen Stirrups
Tensil rebar Compressed rebar

SFOC-2-1 2H14 2H8 H8@75
SFCGC-1-1 2H10 2H8 H8@75
SFCGC-2-1 2H14 2H8 H8@75
SFCGC-3-1 2H18 2H8 H8@75
HSFCGC-2-1 2H14 2H8 H8@75
SFCGC-2-0 2H14 2H8 H8@75
SFCGC-2-0.5 2H14 2H8 H8@75
SFCGC-2-1.5 2H14 2H8 H8@75
SFOC-4-1 3H14 2H8 H8@75
HSFCGC-4-1 3H14 2H8 H8@75
SFCGC-4-1 3H14 2H8 H8@75

Note: “H8”, “H10”, “H14”, “H18” denote ribbed rebar (the rebar type HRB400) with nominal
diameters of 8, 10, 14 and 18 mm, respectively. “@75 denotes the spacing between the stirrups
along the test beam is 75mm.

2.3. Loading Scheme

The specimens were loaded using a 500-kN hydraulic servo pressure testing machine (Fig. 1)
in a two-point symmetric manner. A 5-kN preload was first applied to the specimens, after which
the load was zeroed and a new load was applied at a speed of 2 kN per minute to obtain a cumulative
load of 5 kN per stage, where each stage being has held for 5 minutes. After the rebar yielded, the
loading rate was adjusted to 1 kN per minute with a load increment of 2 kN per stage. The load was
continuously applied until specimen failure. The transverse strain of the concrete was measured
using both conventional adhesive strain gauges, and digital image correlation (DIC), on the two
sides of each beam. DIC is a precise, non-contact, and non-interferometric optical method used for
measuring the displacement/deformation of a structural element/material subjected to external
loading. DIC is based on the principles of continuum mechanics (rigid body mechanics) [33]. The

test system is shown in Fig. 2.
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141 Fig. 1. Schematic diagram of loading device of the specimen.
142
143 Fig. 2. DIC test preparation.

144 3. Test results and analysis

145  3.1. Experimental phenomenon

146 Fig. 3 shows the failure mode of SFOC-2-1 and SFCGC-2-1. The failure mode and crack
147 pattern of the SFCGC beam were similar to those of the SFOC beam, i.e., flexural failure in both
148 cases, as shown in Fig. 3. For the SFCGC beam, at a load of 0.3 F%, there were clear signs of vertical
149  cracks around the mid-span. After the formation of bending cracks around the mid-span, new
150  vertical cracks started to propagate near the neutral layer as the load increased. During the formation
151  of these new cracks, the cracks had already formed around the mid-span continued to propagate
152 over the entire height of the SFCGC beam and the SFOC beam, approaching the compression zone.
153  In addition, the already-formed cracks began to expand just below the loading point. The concrete
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on the top surface was damaged upon failure.

e

| SFCGC-2-1 [ER58

(b)
Fig. 3. Loaded state of specimens: (a) SFOC-2-1; (b) SFCGC-2-1.

3.2. Plane-section assumption

The plane-section assumption is fundamental for performing calculations based on flexural
theory based on flexural theory. Fig. 4 shows the distribution of the concrete strain along the section
height for different CGRRs. The concrete strain is approximately linear in the section height at all
loading levels, which is consistent with the plane-section assumption. The height of the cross-
sectional neutral axis is slightly lower for SFCGC beam than SFOC beam under the same loading

level.
i ——0.1F, ——0.1F,
——0.2F, ——0.2F, '\\
: ——0.4F, E ——0.4F, E
= ——0.6F = ——0.6F, =
£ AN\ ——08F, ——08F, @
= E= =
= ¥, = =}
2 sof \ 2 -2
8 3 8
7] e wl 7]

-800 -600 -400 -200 0 200 400 600 800 -800 -600 -400-200 0 200 400 600 800 1000 -800 -600 -400 -200 O 200 400 600 800 1000

Concrete strain(10°) Concrete strain(10™) Concrete strain(10)
(a) (b) (©)
Fig. 4. Distribution of the concrete strain along the section height under different CGRRs: (a)
SFOC-2-1; (b) HSFCGC-2-1 and (¢) SFCGC-2-1.

3.3. Load-deflection curve

Fig. 5 shows the load-deflection curves of the 11 specimens. In the initial stage of loading, the
specimen is in the elastic stage, and hence, the deflection basically increases linearly with the load.
After concrete cracking, the first turning point appears in the load-deflection curve, leading to a
decrease in the flexural stiffness and an increase in the cracks and deflection of the specimen. As
the tensile rebars yielded, the second turning point appears in the load-deflection curve. Accordingly,
the flexural stiffness of the specimen decreases sharply and its deflection increases rapidly. When
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the load reaches the peak, the concrete in the compression zone is crushed, and the specimen lost its

179  bearing capacity.
180 Table 9 shows the test results of the specimens. As the beam depth increases from 200 mm to
181 300 mm, the bearing capacity and flexural stiffness of both SFCGC and SFOC beam increase. With
182  increasing CGRR, there is a relatively small reduction in the cracking load of the specimens of 8.8%
183  on average, and relatively large reductions in the yield and ultimate loads of 12.1% and 13.3% on
184  average, respectively. With increasing SFVC, the development of cracks in the SFCGC beam is
185  suppressed, thus substantially increasing the cracking load of the SFCGC beam. The increase in the
186  cracking load of the specimen reaches 58.6% at 1% SFVC, and then slows beyond 1% SFVC.
200 — 80 120
~ 160 f/ > o — I;Jz
£ 10 / g z
2wl e, | 3 oo | B
Sl = Caen| 1] e B, =
o HSFCGC4-1 ——— SFCGC-2-1 20 —— SFCGC-2-1
SFCGC-4-1 —— SFCGC-2-1.5 — SFCGC-3-1
% 5 10 15 20 25 30 35 20 % S 10 T % 05 10 15 20 25 30
187 Deflection(mm) Deflection(mm) Deflection(mm)
188 (a) (b) (©)
189 Fig. 5. Load-deflection curve of specimens under different effects: (a) CGRR; (b) SFVC and
190 (c) Rebar ratio.
191  Table 9
192  Test result of specimens.
Beam
. Fo/kN  wo/mm  Fy/kN  oymm FJKN  o/mm Fo/Fy Ko(kN/mm)  pue p
specimens
SFOC-2-1 25.50 1.97 76.00  7.65 84.23 18.11  0.30 11.30 237 1.53
SFCGC-1-1 1520  2.67 4247 1247 46.67 1691 0.32 5.19 1.35 1.29
SFCGC-2-1  21.57 2.87 66.27 1124 7190 1852  0.30 7.14 1.65 1.39
SFCGC-3-1  27.80  2.82 90.47 10.14 108.53 18.18  0.27 9.34 1.79 1.31
HSFCGC-2-1 24.93 2.71 67.33 8.48 74.07 17.82  0.33 8.86 2.10 147
SFCGC-2-0  13.60  2.17 65.00 13.01 68.00 1820 0.20 5.60 1.40 1.30
SFCGC-2-0.5 1834  2.76 66.07 12.72  69.77 1850 0.26 5.87 145 1.32
SFCGC-2-1.5 23.17 2.96 67.07 1085 72.81 1842 032 7.43 1.70 1.40
SFOC-4-1 64.50 2.10 17443 755 19475 20.70 0.33 28.63 274 1.57
HSFCGC-4-1 64.10 256 168.13 871 180.70 20.20 0.35 23.54 232 1.55
SFCGC-4-1  63.20 3.12  160.04 10.56 177.33 19.85 0.35 20.44 1.88 1.45
193 Note: F.r = the cracking load; w¢ = the cracking deflection; Fy = the yield load; wy = the yield
194 deflection; F\, = the ultimate load; w, = the ultimate deflection; Ky = the initial stiffness; x, = the
195  ductility; and § = the energy dissipation coefficient.
196  3.4. Load-rebar strain curve
197 The load-rebar strain curves of the specimens are shown in Fig. 6. The load-rebar strain curve
198 of each beam specimen is similar to its load-deflection curve. The rapid increase in the average post-
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cracking rebar strain is found to depend on tensile rebar ratio. The average rebar strain increases
rapidly with the increase in rebar ratio. In addition, the rebar strain decreases as the SFVC increases,
because the steel fibers bore a portion of the tension after the beam cracked, thereby reducing the
rebar stress at the same load level, and decreasing the rebar strain. With the increase in CGRR, the

rebar strain increases slightly under the same load level.
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(a) (b) (©)
Fig. 6. Load-rebar strain curve under different effects: (a) CGRR; (b) SFVC and (c) Rebar
ratio.

4. Analysis of influencing factors

4.1. Flexural capacity

The specimen bearing capacity decreases considerably with increasing CGRR (Fig. 7(a)), This
is due to the fact that the elastic modulus of SFOC is greater than SFCGC (Table 5). With increasing
SFVC, the specimen bearing capacity increases but is not much (Fig. 7(b)), which is due to the
slightly increase compressive strength of the specimen by mixing steel fiber (Table 5). And the

specimen bearing capacity rise dramatically with increasing rebar ratio (Fig. 7(c)).
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Fig. 7. Effects of the investigated variables on bearing capacity: (a) CGRR; (b) SFVC and (c)
Rebar ratio.

4.2. Stiffness degradation

The secant stiffness at the point corresponding to 0.4F, in the ascending section of the load-

deflection curve is consistently taken as the initial stiffness in this study, and the results are shown
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in Table 9. Fig. 8 shows how the CGRR, SFVC, and rebar ratio affect the initial stiffness (denoted
by Kpo) of the specimen for SFOC-2-1, SFCGC-2-0, and SFCGC-1-1. The initial stiffness of the
specimen gradually decreases with increasing CGRR and gradually increases with the SFVC and
rebar ratio.

Fig. 9 shows how the CGRR, SFVC, and rebar ratio affect the degradation of the specimen
stiftness, where Ko represents the flexural stiffness at a specimen loading of 0.05 F,. Fig. 9(a) and
Table 8 indicate that the stiffness begins to degrade when the load reached approximately 10 kN. As
the load increases from 0.05F, to 0.67F,, the instantancous stiffness K of SFOC-2-1, HSFCGC-2-
1, and SFCGC-2-1 degrade by 35.5%, 36.3%, and 38%, respectively. These results show that the
higher the CGRR is, the faster the stiffness degradation and crack development of the SFCGC beam
are, because the lower elastic modulus of the coal gangue aggregate compared to that of natural
crushed stone, rapidly reduces the cross-sectional stiffness of the member. Fig. 9(b) shows that the
incorporated steel fibers delays the stiffness degradation of the member to a certain extent, and when
the load increases to approximately 23 kN (0.3 F\), the steel fibers no longer play a pronounced role
in delaying the stiffness degradation of the member, which is because the member at this moment
had entered a crack development stage and the role of steel fibers in limiting the cracking of the
member is weakened. Fig. 9(c) shows that increasing the rebar ratio slows down the rate of stiffness
degradation of the SFCGC beams given the same cross-section.

12t [ SFOC-2-1(CGRR=0%) 10 P sFeac2as 10 | 3 SFCGC- -1 (Rebar rario=0.6%
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= Il SFCGC-2-1(CGRR=100%) | £ B SFCGC-2-1(S | Il 57CGC-3-1(Rebar ratio=1.94%)
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g g £
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0

0 50 100 0.0 0.5 1.0 1.5 0.6 1.17 1.94
Coal gangue replacement rate(%) Steel fiber volume content(%) Rebar ratio(%)
(a) (b) (c)

Fig. 8. Effects of the investigated variables on the initial stiffness: (a) CGRR; (b) SFVC and (¢)
Rebar ratio.
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Fig. 9. Rigidity degenerations of specimens under different effects: (a) CGRR; (b) SFVC and (c)

4.3. Ductility analysis

Rebar ratio.

The deflection ductility coefficient was used as a measure of the ductility of the specimen in
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this study and was calculated as follows:
w
p, = (1)
@,

where o, is the peak mid-span deflection, wy is the mid-span deflection corresponding to yield point,
and the value is determined by the energy equivalence method (Fig. 10).

The ductility of each specimen was calculated with Equation (1), and the results are outlined
in Table 9. Fig. 11 shows the effects of the CGRR, SFVC, and rebar ratio on the specimen ductility.
The specimen ductility decreases by 11.4% and 30.4% at CGRRs of 50% and 100%, respectively.
This result implies that the specimen ductility decreased increasingly rapidly with increasing CGRR.
The specimen ductility trends upward with the SFVC, with an average increase of 13.2%. The
specimen ductility increases significantly with the rebar ratio.

F
|

Fig. 10. Schematic diagram for calculating ductility coefficient.
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Fig. 11. Effects of the investigated variables on the specimen ductility: (a) CGRR; (b) SFVC and
(c) Rebar ratio.

4.4. Energy dissipation coefficient analysis

The capacity of a member to dissipate energy determines the level of protection provided to a
building in an earthquake. In this study, the magnitude of the energy dissipation of the specimen
was denoted by f:

B= Socas )

SOAB

where Socas is the area enclosed by the load-deflection curve and the coordinate axis at the peak
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load, which is the actual energy dissipation, Soag is the area of the triangle enclosed by the origin,
the ultimate load point and the coordinate axis (Fig. 12).

The energy dissipation coefficient of each specimen was calculated according to Equation (2),
and the results are given in Table 9. Fig. 13(a) shows that the energy dissipation of the specimens
decreases slightly (by 10%) with increasing CGRR. As the coal gangue aggregate contained more
cracks and pores than natural gravel, compression, and closure of cracks during loading, increase
the energy absorption of the specimen and lower the energy dissipation. Fig. 13(b) shows that the
energy dissipation coefficient of SFCGC beams increases slightly with increasing SFVC. As shown
in Fig. 13(c), as the rebar ratio increases, the energy dissipation coefficient does not change
appreciably and first increased and then decreased overall. Therefore, the use of a high rebar ratio
both improves the bearing capacity and reduces the energy dissipation of SFCGC beams.
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0 B &)

Fig. 12. Calculation of the energy dissipation coefficient.
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Fig. 13. Effects on the investigated variables on the energy dissipation coefficient of the
specimens: (a) CGRR; (b) SFVC and (c) Rebar ratio.

4.5. Calculation of the cracking load

The cracking load (Fcr) can be calculated is as follows [37]:
2M
FCT = =
L

M, = ftb(h—xcr)(u+%j+2aEftﬁg(h—%j )

)

2
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where M. is the cracking moment of the specimen; L is the pure bending region of the beam
(=600mm in this study); f; is the tensile strength of concrete; 4 is the beam height; and x is the
effective depth of the concrete compression zone when concrete cracks occur; and ag is the ratio of
elastic modulus of rebar to that of concrete.
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Fig. 14. Comparison between theoretical value and experimental value on the cracking load of the

&

specimens on different CGRR
Fig. 14 exhibits the comparision between the theoretical value and experimental value on the
cracking load of the beam specimens with an SFVC of 1% and a rebar ratio of 1.17% and different
CGRR. It can be seen that the error between the two is small, and the calculation accuracy of the
formula is good. It is proved that Equation (3) and Equation (4) can well predict the cracking load
and moment of SFCGC beam.

4.6. Calculation of the ultimate load

The ultimate load () can be calculated is as follows [37]:

2M
F="u 6
u L (6)
M, = f,A (ho—gj )
f
X= A )

where M, is the ultimate moment of the specimen; a; is a coefficient related to concrete strength
(i.e. 1.0 for concrete grades < C50, and 0.94 for concrete grades > C80); f: is the axial compressive



313
314

315
316
317
318
319
320
321
322

323

324

325
326
327
328
329
330

strength of concrete cube; and x is the concrete compression zone depth, assuming the equivalent

rectangular block.
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Fig. 15. Comparison between theoretical value and experimental value on the cracking load of the
specimens on different CGRR
Fig. 15 exhibits the comparision between the theoretical value and experimental value on the
ultimate load of the beam specimens with an SFVC of 1% and a rebar ratio of 1.17% and different
CGRR. It can be seen that the error between the two is small, and the calculation accuracy of the
formula is good. It is proved that Equation (6) and Equation (7) can well predict the ultimate load
and moment of SFCGC beam.

6. Finite element simulation

6.1. FEM model and meshing

The core SFCGC was modeled using eight-node 3D solid elements with reduced integration
(C3D8R) [34]. The rebar and steel fiber were constructed using T3D2 elements. T3D2 is a 2-node
linear displacement element, where each node has three translational degrees of freedom. The
specifications of the overall model are shown in Fig. 16. Based on a convergence analysis, the mesh
size of all beams was chosen as 20mm, where the mesh distribution of the model is shown in Fig.
17.
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Fig. 17. FEM meshing.

6.2. Model parameters

6.2.1. Constitutive model of concrete

The stress-strain curves under tension and compression are defined differently within the
concrete damaged plasticity (CDP) model. The stress-strain curve of concrete under uniaxial
compression obtained by uniaxial compression tests on prisms is shown in Fig. 18, and its overall
shape is found similar to that of ordinary concrete. Therefore, the full stress-strain curve of ordinary
concrete described by Equation (9) [35] was used to fit the constitutive equation of SFCGC.

ax+(3—2a)x2+(a—2)x3,0£xsl
y= X

—2,X>1 (9)
b(x-1)"+x

where a is the parameter for fitting the rising section of the stress-strain curve, reflecting the change
of concrete deformation modulus; b is the parameter for fitting the declining section of the stress-
strain curve, reflecting the size of the area of the declining section curve; x is the ratio of strain to
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peak strain (i.e. x=¢/¢p); and y is the ratio of stress to peak stress (i.e. y=o/0yp).

The parameters a and b were obtained by curve fitting, as shown in Table 10. Both a and b
decrease as CGRR increases, indicating that the higher the CGRR is, the lower the elastic modulus
and plastic deformation capacity are, which is consistent with the data presented in Table 5. As the
SFVC increases, a increases and b decreases because in the ascending section of the curve, the
cracks are in the stable development stage, and the steel fibers across the cracks play a role in
blocking cracks and slowing crack propagation. Thus, a higher SFVC results in a stronger crack-
blocking effect, a fuller curve, and a larger a. In the descending section of the curve, the cracks are
in the instability and propagation stage. The pull-out force on the steel fibers between the cracks
slows the disintegration of the cement paste, flattening the descending section of the curve. Thus,
increasing the SFVC increases the number of fibers between cracks, resulting in a flatter curve and
a smaller b. Based on the trend of parameters a and b, a fitted regression analysis of a and b was
performed using a linear equation to obtain the fitting curve shown in Fig. 19, and Equations (10)-
(13) show the fitting parameters a and b for the obtained constitutive equation of the SFCGC under
uniaxial compression as a function of the CGRR and SFVC.

Since it is necessary to investigate the concrete cracking and characterize the crack
development after concrete cracking, the constitutive equation of SFCGC under tension is
determined using the energy criterion (i.e., stress-fracture energy) for concrete failure [36].

The CDP model requires five additional parameters: the flow potential eccentricity; a viscosity
parameter that is a measure of the viscoplastic regularization (u); the ratio of the second stress
invariant for the tensile meridian to that for the compressive meridian, such that the maximum
principal stress is negative (K.); the ratio of the initial equibiaxial compressive yield stress to the
initial uniaxial compressive yield stress (owo/oco) and the dilation angle in degrees (). The
corresponding parameter values were set as 0.1, 0.0005, 0.6667, 1.16, and 30° for SFCGC material
[29].

a=-0.001371R +0.6373 (10)
b =-0.05212R +11.82 (11)
a=0.08912v,, +0.4051 (12)
b=-5.825v, +12.72 (13)
40 40
—— SFOC-1 —— SFCGC-0
3T —— HSFCGC-1 3r ——— SFCGC-0.5
G30F —— SFCGC-1 30 —— SFCGC-1
£ 2} 2 5] . —— SFCGC-1.5
;z:zo A %20 A
[77] v
15t = 3 15¢
@ 10} @ 10}
5F 5t

0 : : - 0 - - .
0.000 0.002 0.004 0.006 0.008 0.000 0.002 0.004 0.006 0.008
Strain Strain
(a) (b)
Fig. 18. Effect of compressive stress-strain curves of the SFCGC: (a) CGRR and (b) SFVC.
Table 10

Fitting parameters of the uniaxial compressive constitutive equation of concrete.
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parameters SFOC-1 HSFCGC-1 SFCGC-1 SFCGC-0 SFCGC-0.5 SFCGC-1.5

a 0.63 0.59 0.49 0.39 0.46 0.54
b 11.36 10.14 6.481 12.6 10.37 4.30
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Fig. 19. Fitted curves to relate the parameters a and » with the CGRR and SFVC: (a) Fitted curve
of the relationship between the parameter a and the CGRR; (b) Fitted curve of the relationship
between the parameter b and the CGRR; (¢) Fitted curve of the relationship between the parameter
a and the SFVC and (d) Fitted curve of the relationship between the parameter b and the SFVC.

6.2.2. Constitutive model of rebar

The damage inflicted on the reinforced concrete elements results in the deformation of the
rebar and steel fiber mainly remaining in the yield plateau range. Neglecting yield hardening, two
fold ideal elastic-plastic model (Fig. 20) according to GB 50010-2010 [37] was used to describe the
steel fibers and rebar, where the stress-strain relationship is shown in Equation (14):

_{Esgs,gﬁgy
o, =

f,e>eg

(14)

where op = rebar stress, &= rebar strain, ¢, = the yield strain of rebar, f; = the yield strength of the
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398 Fig. 20. Stress-strain relationship for rebars.

399  6.2.3. Steel fiber model

400 The computer code for the randomly distributed steel fiber model was written in Python and
401  imported into ABAQUS. An independent steel fiber model was formed by setting the length of steel
402  fibers, the size of a specific region, and the number of steel fibers in that region. According to the
403  dimensions of the specimen in this study, a beam was divided into 10 equal parts, with the length,
404  width, and height of each region being 200 mm, 150 mm, and 200 mm, respectively. Fig. 21 is a
405  flow chart showing the modeling procedure for the steel fiber, which was finally embedded in the
406 FEM of the SFCGC beam, as shown in Fig. 16. After the modeling was completed, the
407  corresponding material properties were assigned to the steel fibers.

G G
- G -

copy

Random distribution of
steel fibers

The steel fiber model

408
409 Fig. 21. Flow chart for the modeling procedure for the steel fibers.
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6.3. Interaction

Embedded constraints were applied between the rebar cage and the SFCGC beam as well as
between the steel fibers and the SFCGC beam. The SFCGC beam was the main region, and the rebar
cage and steel fibers were separate built-in regions. Binding constraints were set between the
supports and the beam. The four steel block supports were coupled to RP1, RP2, RP3, and RP4,
respectively, so that the degrees of freedom (DOFs) of the supports were controlled by these four

constraint points.

6.4. Boundary conditions and load application

The boundary conditions of the FEM of the SFCGC beam prepared with coal gangue aggregate
were chosen to be consistent with the test conditions. Simply supported boundary conditions were
applied to the supports. The centers of the two beam supports were set as RP3 and RP4, respectively
(Fig. 16), and the two supports were set as rigid bodies. The DOFs of RP3 were U1=U2=0, and the
DOFs of RP4 were U1=U2=U3=0. External loads were applied to the two steel blocks at the top of
the beam by displacement.

6.5. Model validation

6.5.1. The validation of the load-deflection curves

To ensure the reliability of the developed numerical model, the simulation results obtained
using the FEM were compared with the experimentally obtained values in Fig. 22 and Table 11. The
difference between the simulated and experimental load-deflection curves over the entire loading
process is approximately 10%: this good agreement shows that the flexural performance of SFCGC
beams can be effectively simulated using the developed modeling method.



431
432

433
434

70

80 120
sof (a) 60 wr (€) oo} (d)
™ 50 60
E(v() E 2 s0 2 80
= 50 22 40 = =2
=1 =1 Z 40 I 60
N 20 o E
1 30 -l 20 ) s} 0 — 40
20 ——SFOC-2-1-EXP o ——SFCGC-1-1-EXP —— SFCGC-2-1-EXP 2 ——SFCGC-3-1-EXP
10 —— SFOC-2-1-FEM —— SFCGC-1-1-FEM 10 —— SFCGC-2-1-FEM ~——SFCGC-3-1-FEM
0% 5 10 15 20 % 5 10 15 20 % 5 10 15 20 OU 5 10 15 20
Deflection(mm) Deflection(mm) Deflection(mm) Deflection(mm)
80 80 80 80
70 (e) 70 70 (g) 70 (h)
60 60 60 ]
ziﬂ gsn gsu an
5 40 = 40 =40 540
2 2 g 2
530 530 Sao S0
20 . 20 20 20
—— HSFCGC-2-1-EXP —— SFCGC-2-0-EXP —— SFCGC-2-0.5-EXP —— SFCGC-2-1.5-EXP
10 —— HSFCGC-2-1-FEM | 1° ——SFCGC-20-FEM | 10 ——SFCGC-2-05-FEM| 10 —— SFCGC-2-1.5-FEM
(J(J 5 10 15 20 00 5 10 15 20 uU 5 10 15 20 UO 5 10 15 20
Deflection(mm) Deflection(mm) Deflection(mm) Deflection(mm)
200 200 200
i j k
wf D wof O wf ®
él?li Z 120 él:n
] 3 E
< 80 < 80 < 80
2 — ]
40 —— SFOC-4-1-EXP 40 —— HSFCGC-4-1-EXP 40 —— SFCGC-4-1-EXP
—— SFOC-4-1-FEM —— HSFCGC-4-1-FEM — SFCGC-4-1-FEM
0 0 0
0 5 10 15 20 25 5 10 15 20 25 0 10 15 20 25
Deflection(mm) Deflection(mm}) Deflection(mm)

Fig. 22. The comparison of the load-deflection curves calculated by the FEM with the

experimental results.



435 Table 11
436 Simulated and tested results of load and deflection.

Fo(kN) Wer(Mm) Fy(kN) wy(mm) Fu(kN) wy(mm)

Specimens Fexp/ Oexp/ Fexp/ Wexp/ Fexp/ Wexp/
Fexp Fsimu Wexp Wsimu Fexp Fsimu Wexp Wsimu Fexp Fsimu Wexp @simu
Fsimu Wsimu Fsimu Wsimu Fsimu @simu

SFOC-2-1 2550 26.00 098 197 179 110 7581 7527 101 7.65 815 094 8423 8221 1.02 18.11 1847 0.98
SFCGC-1-1 1520 1471 1.03 267 232 1.15 4247 43.17 098 1275 1259 1.01 46.67 4789 097 1691 1732 0098
SFCGC-2-1 2157 2212 098 287 268 1.07 6627 6821 097 11.24 11.63 097 7190 71.63 1.00 1852 1821 1.02
SFCGC-3-1 27.80 2683 1.04 282 257 1.10 9047 9284 097 10.14 1061 096 108.53 10649 1.02 18.19 1854 0.98
HSFCGC-2-1 2493 2464 101 271 236 115 6733 6843 098 848 875 097 7407 7324 101 17.82 1843 0.97
SFCGC-2-0 13.60 1295 1.05 217 1.72 126 6500 66.18 098 13.01 12.77 1.02 68.00 6887 099 1820 1822 1.00
SFCGC-2-0.5 1834 18.63 098 276 2.64 105 66.07 6652 099 1272 1259 1.01 69.77 71.88 097 1850 1871 0.99
SFCGC-2-1.5 23.17 2224 1.04 296 267 1.11 67.07 6888 097 1085 11.06 098 72.81 7226 1.01 1842 1822 1.0l

SFOC-4-1 64.50 61.63 1.05 210 2.09 1.00 17443 16846 1.04 7.5 7.66 099 19475 190.03 1.02 2270 22.00 1.03
HSFCGC-4-1 64.10 62.89 1.02 256 228 1.12 168.13 165.06 1.02 &.71 850 1.02 180.70 177.42 1.02 2020 21.86 0.92
SFCGC-4-1 63.20 6049 1.04 3.12 259 120 160.04 163.28 098 1056 987 1.07 17330 17444 1.02 1985 20.57 0.96

437 Note: Fexp = the test result of the load; Fiimy = the simulated result of the load; wex, = the test result of the deflection; wsimy = the simulated result of the deflection.
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6.5.2. The validation of the transverse strain

The FEM developed in this study can also be used to take into account differences between the
tensile and compressive properties of materials and simulate irreversible degradation of the stiffness
due to damage. Two damage coefficients, DAMAGEC and DAMAGET, were defined according to
GB 50010-2010 [37] to reflect the development of cracks. Fig. 23(a) presents a contour plot of the
transverse strain of SFCGC beam processed by DIC software, and Fig. 23(b) shows the development
of cracks in the SFCGC beam (CGC-2) and the corresponding FEM. The crack development is
effectively simulated using the FEM. The crack strain development locations of the two are similar,

with the maximum crack strain occurring near the loading point.

(a)

7063.0

[5100.5

3138.0

DAMAGET l
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+8.869e-01
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+3.225e-01
+2.419e-01
+1.612e-01
+8.062e-02

+0.000e+00

1175.6

-786.9

Fig. 23. Comparison between experimental and simulated results.

6.6. Parametric study

The validated FEM was used to carry out a parametric study to quantify the effect of different

parameters on the flexural performance of SFCGC beams.

6.6.1. Coal gangue replacement rate

The simulation load-deflection curve of elements with different CGRRs is shown in Fig. 24.
The results present in Fig. 22 and Table 11 shows that compared with the results for SFOC beams,
the cracking load, yield load, and ultimate load of SFCGC beams decrease by 14.9%, 9.4%, and
12.9%, respectively, for 100% CGRR and by 5.2%, 9.1%, and 11%, respectively, for 50% CGRR;
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however, the CGRR does not have a significant effect on the ultimate displacement.
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Fig. 24. Simulation results obtained for different CGRRs.

6.6.2. Steel fiber volume content

The flexural performances of SFCGC beams with different SFVCs (0, 0.5%, 1%, 1.5%, and
2%) were compared. The load-deflection curves are shown in Fig. 25. Compared with the results
obtained for beams without steel fibers, increasing the SFVC has a significant influence on the
cracking load but a minimal impact on the yield load, ultimate load, and ultimate displacement of
the member. In particular, the ultimate displacement and ultimate load do not change significantly
as the SFVC increases from 1% to 2%. Therefore, an excessively large SFVC does not significantly
improve the force performance of the member while increasing the self-weight of the member due
to the incorporation of an excessively large number of fibers. An SFVC of 1% is reasonable

considering the advantages offered by lightweight coal gangue concrete.
80
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Fig. 25. Simulation results obtained for different SFVCs.

6.6.3. Rebar ratio

The simulated load-deflection curves obtained for rebar ratios of 0.5%, 1.0%, 1.5%, and 2.0%
are shown in Fig. 26. With increasing rebar ratio, the ultimate load of SFCGC beam increases
significantly but the increase of deflection is less. For SFCGC beams with lower load-carrying
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capacity than SFOC beams, the load-carrying capacity of SFCGC beams can be improved by

increasing the rebar ratio.
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Fig. 26. Simulation results obtained for different rebar ratios.

7. Conclusion

In this study, four-point bending test was conducted on 9 SFCGC beams and 2 SFOC beams.
The test parameters were the CGRR, SFVC, rebar ratio, and beam height. The structural properties
of the beams, including the flexural stiffness, load-carrying capacity, deformation capacity, cracking
behavior, ductility, and energy dissipation, were investigated. The SFCGC beams had comparable
structural properties to those of the SFOC beams. The experimental results were compared with
those obtained from the FE simulations. The main results of this study are summarized as below.
1) The incorporation of coal gangue aggregates reduces various mechanical properties of the
concrete, but the strength of SFCGC beams can be made similar to that of SFOC beams by
increasing the rebar ratio and adjusting the mix proportions. Based on the data of axial compression
tests on prisms, an equation is proposed to predict the compressive stress-strain constitutive
relationship of concrete considering the influence of the CGRR and SFVC.
2) Comparing with SFOC beams, SFCGC beams exhibit low flexural performance, but their strains
along the section height still meet the plane section assumption, and their cracking load, yield load,
and ultimate load decrease by 8.8%, 12.1%, and 13.3%, respectively, on average.
3) The incorporation of steel fibers effectively delays the development of cracks in SFCGC beams.
When the SFVC reaches 1%, the cracking load of SFCGC beams increases by 58.6%, whereas the
yield load and ultimate load are minimally affected. When the SFVC exceeds 1%, the cracking load
of the specimen increases at a slower rate. For optimal utilization of steel fibers, the optimal SFVC
of SFCGC beams should not be greater than 1%.
4) The bearing capacity, stiffness, ductility, and energy dissipation capacity of the SFCGC beams
decrease with increasing CGRR and increase with the SFVC, and the CGRR and SFVC have a
relatively large influence on the stiffness and ductility. As the rebar ratio increases, the energy
dissipation capacity of SFCGC beams first increases and then decreases, and the bearing capacity,
stiffness, and ductility of the specimens are enhanced significantly. And the flexural load capacity
of SFCGC beam is significantly increased with the increase of beam height.
5) An equation for predicting the constitutive relationship of SFCGC is presented by fitting the test
results. The comparative analysis of the test and FE results show that the established FEM can
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predict the SFCGC beam flexural performance both reliably and accurately, where there is less than
10% error between the predicted and test results. The influences of the parameters of the CGRR,
SFVC, and rebar ratio were analyzed in terms of their effects on the bearing capacity. It is found
that the bearing capacity of SFCGC beams is slightly lower than that of SFOC beams; however, the
crack resistance and bearing capacity of SFCGC beams can be enhanced by incorporating steel
fibers and increasing the rebar ratio.
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