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Abstract: Coal gangue is the rock discharged from coal mining. Using coal gangue as coarse aggregate
is one of the solutions for the sustainable development of construction engineering. Five one-half
scaled coal gangue concrete (CGC) frame columns with different coal gangue coarse aggregate
replacement ratios were designed, and the effect of coal gangue coarse aggregate on seismic behavior
of columns under cyclic loading was studied. The test results show that the failure of coal gangue
coarse aggregate under cyclic loading is the main reason for the reduction in hysteretic performance of
CGC specimens. Compared with natural aggregate concrete (NAC) specimen, the hysteretic behavior,
deformation performance, and energy consumption of CGC columns were reduced. However, the
seismic performance of CGC specimens with higher replacement ratio was better than that of CGC
specimens with a lower replacement ratio. Compared with NAC specimen, the ductility and total
energy dissipation of CGC specimen with r = 100% were only reduced by 8.2% and 12.8%. In addition,
the test results also found that the higher the replacement ratio, the greater the shear deformation of
the specimen. It is recommended to appropriately increase the stirrup ratio of CGC specimens in
seismic design.
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1. Introduction

Coal gangue is the solid waste discharged in the process of coal mining, and its
emission accounts for about 10-20% of the coal production in that year [1]. As of 2012,
the cumulative stock of coal gangue in China are more than 5 billion tons [2], which is the
largest solid waste discharged [3,4]. At present, coal gangue is mainly treated by stacking,
which not only occupies a lot of land, but also pollutes the surrounding soil and water in
the long-term stacking process [5-7]. Therefore, how to effectively use coal gangue is an
urgent matter to be solved [8].

With the development of construction engineering in recent years, the demand for
natural aggregates has increased day by day [9], which is in sharp contrast to the massive
stockpiling of coal gangue. The mining of natural aggregates will not only consume a lot
of energy, but at the same time, high-quality natural aggregates in some areas have been
exhausted [10], and the sustainable development of the construction engineering is facing
severe challenges.

Coal gangue is essentially a kind of rock, which is similar to natural aggregate in terms
of physical and chemical composition [11,12]. Using coal gangue as coarse aggregate partly
or completely replacing natural aggregate to produce coal gangue concrete (CGC) will effec-
tively reduce the mining amount of natural gravel [13-15]. Additionally, the application of
CGC can also relieve the supply pressure of natural aggregate [16-18], which is one of the
effective solutions to realize the sustainable development of the construction engineering.

To promote the utilization of coal gangue in construction engineering, many scholars
have conducted research on CGC. Zhang et al. [19] and Li et al. [20] studied spontaneous
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combustion coal gangue concrete and found that coal gangue has adverse effects on the
working and mechanical properties of CGC. Wang et al. [21] and Liu et al. [22] analyzed the
elastic modulus of CGC through experiments and found that the higher the replacement
ratio of CGC, the lower the elastic modulus. Based on the experimental data, the calculation
models of elastic modulus of CGC were proposed. Zhou et al. [23] analyzed the influence of
the types of gangues on the mechanical behavior of CGC and established the stress—strain
relationship model of CGC. Guan et al. [24] and Qiu et al. [25] analyzed the mechanical
properties of CGC in a freeze-thaw environment and found that the antifreeze performance
of CGC is worse than that of natural aggregate concrete (NAC). Bai et al. [26] and Wang
et al. [27] conducted experimental studies on the shear and flexural properties of CGC
beams and found that coal gangue has little effect on the flexural and shear capacity of
CGC beams, but the deformation of CGC beams was significantly greater than that of
NAC beams.

Obviously, the existing literature mostly stays on the basic properties of CGC materials,
while the research on the mechanical properties of CGC components, especially the seismic
performance of CGC components, is relatively less. For CGC structures, seismic perfor-
mance is also an inevitable problem. Therefore, five specimens are designed in this paper,
and the seismic performance of CGC columns is analyzed. The effects of coal gangue on
the failure process, hysteretic behavior, deformation performance, and energy consumption
of CGC columns are studied. In addition, the deformation properties of CGC columns are
also discussed. The research in this paper can provide a reference for the seismic design of
CGC structures.

2. Materials and Methods
2.1. Materials

Coarse aggregate was divided into coal gangue coarse aggregate (CGCA, Figure 1) and
natural coarse aggregate (NCA), with gradation of 5-31.5 mm. The mechanical properties
of aggregates are shown in Table 1. The fine aggregate is medium sand with a bulk density
of kg:m~3 and an apparent density of 2780 kg-m 3. The cement is P-O 42.5.

Figure 1. Coal gangue coarse aggregate (CGCA).

Table 1. Properties of aggregates.

Type CGCA' NCA 2
Crush index (%) 21.8 10.7
Bulk density (kg-m~3) 1160 1590
Apparent density (kg-m~3) 2321 2656
Water absorption (%) 54 0.8
Water content (%) 0.6 0.5

1 CGCA: coal gangue coarse aggregate; 2 NCA: natural coarse aggregate.
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To compensate for the high absorption of mixing water by CGCA, additional water
was added based on the difference between absorption rate and water content of CGCA [28].
Finally, the calculated mix proportions of each group of concrete are shown in Table 2. By
adjusting the amount of water reducer, the slump of each group of concrete was controlled
at about 80 mm. Three cubes with a side length of 150 mm were reserved in each group
during concrete pouring to test the cube compressive strength (fcy).

Table 2. Mix proportion of concretes.

1 Unit Weight (kg-m—3) feou?
ID o,
(%) Cement FA?2 NCA CGCA Mixing Water Additional Water Water Reducer (MPa)
KZA-1 0 318.2 873.8 1068.0 0.0 140.0 0.0 2.54 50.5
KZA-2 30 353.7 855.6 732.0 313.7 145.0 14.2 3.18 42.8
KZA-3 50 3947 834.9 510.2 510.2 150.0 23.0 3.16 36.7
KZA-4 70 4429 811.0 297.4 693.8 155.0 31.3 4.43 359
KZA-5 100 500.0 783.0 0.0 957.0 160.0 43.1 5.00 324

1 r: replacement ratio of coal gangue; 2 FA: fine aggregate; 3 f,: cube compressive strength.

The longitudinal reinforcement in the column uses a grade 400 hot-rolled ribbed steel
bar (HRB 400), and the stirrup uses a grade 300 hot rolled plain steel bar (HPB 300). The
mechanical properties of the two kinds of steel bars are presented in Table 3.

Table 3. Material properties of steel bar.

Diameter 4 _
Type (mm) fy ! (MPa) fu? (MPa) Es % (MPa) ey 4 (1079)
HRB 400 20 439 635 2.00 x 10° 2195
HPB 300 8 367 431 2.10 x 10° 1748

! fy: yield strength; 2 f,: ultimate strength; 3 E,: elasticity modulus; * ey: yield strain.

2.2. Specimen Details

To analyze the effect of CGCA on the seismic behavior of columns, five one-half scaled
columns were designed based on the different replacement ratios (r = 0%, 30%, 50%, 70%,
and 100%). The detailed parameters of each specimen are shown in Table 4.

Table 4. Specimen parameters.

Specimen r1 (%) n? A3 pc (%) psv > (%)  Hp® (mm)
KZA-1 0
KZA-2 30
KZA-3 50 0.30 3.17 1.40 0.34 950
KZA-4 70
KZA-5 100

1 72 replacement ratio of coal gangue; % n: ratio of axial compression stress to strength; 3 A: shear span ratio; 4

pc: column reinforcement ratio; ® psy: volume reinforcement ratio of the stirrups; 6 Hy: effective height from the
loading point to the bottom of the column.

The geometric dimensions and reinforcement of each specimen are the same, as shown
in Figure 2. In addition, to avoid local damage to the top of the column during the loading
process, the stirrups within 300 mm of the top of the column were densified.
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Figure 2. Specimen details (unit: mm). Note: section A-A, section B-B and section C-C in the figure
are the reinforcement details of the corresponding positions of the specimen respectively.

2.3. Test Setup and Measurements

The specimen is fixed on the ground beam by bolts; the loading device is shown
in Figure 3. The axial load is applied by the 200 t vertical jack, and its value remains
unchanged during the whole loading process, while the horizontal cyclic load is applied
by the 100 t MTS electro-hydraulic servo actuator and the load is recorded automatically.
The vertical jack is connected with the reaction girder through the directional support. Due
to the small friction coefficient of the roller, it can ensure that the jack moves horizontally
with the specimen without relative displacement [29]. When loading, the axial load is first
applied, and then the horizontal cyclic load is applied [30].

Steel frame

Reaction girder

Rolling guide

100 t MTS actuator S
200 t Vertical jack

Reaction Reaction beam
wall

(a) Schematic diagram of test devices (b) Test photograph

Figure 3. Test apparatus.

The load-deformation double control method is used for horizontal cyclic load [31],
and the loading steps are shown in Figure 4. Before the specimen has yielded, the force-
controlled mode is adopted, the increment is 10 kN, and each load is pushed and pulled
once. After the specimens yields, the displacement-controlled method is used for loading,
and the yield displacement (Ay) is used as the increment, and each displacement is repeated
for three cycles [32]. When the load drops to 85% of the peak load, it indicates that the
specimen has been damaged [33].
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Figure 4. Cyclic lateral loading procedure.

The layout of the linear variable differential transducers (LVDTs) on the surface of
the specimen is shown in Figure 5a. The displacement at the loading point of the column
top is measured by LVDT-1, and LVDT-2 is used to record the horizontal displacement
of the base to correct the column top displacement. LVDT-3/4 are two orthogonally
arranged transducers used to measure the shear deformation in the plastic hinge area of the
specimen [34]. The strains of the longitudinal bars and stirrups were measured by strain
gauges (SG) glued to the surface of reinforcement, and the layout is shown in Figure 5b—d.

a LVDT-1
—_ — | —
Pull / Push | .
SG5
SG3/4 gl [T A
- - SG5-8 o SG8
S 3 = SG1/2 =] , i G6
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N / 1 l N l—f—ir be—— 300
t 500 1200, 500 450 300 450 450 | 300 450
1200 1200 1200
(a) LVDTs (b) SGs at longitudinal bars (c) SGs at stirrups (d) SGs at stirrups
(lateral view) (top view)

Figure 5. Layout of measuring points (unit: mm).

3. Results
3.1. General Observations and Failure Modes

The failure process of CGC specimens with different replacement ratios is similar to
that of the NAC specimen, and they all go through four stages: cracking, yield, ultimate, and
failure. The typical specimen KZA-5 was used as an example to illustrate the failure process.

When the load P = 80 kN, a horizontal crack with a length of about 50 mm was first
observed at a distance of 150 mm from the base of the column. After continuing to load
for a period of time, the test loading was changed from force-controlled to displacement-
controlled. When the displacement A = 6.0 mm, at a distance of 300 mm from the base
of the column, the original horizontal crack expanded to form an oblique crack about
80 mm, the direction of which was roughly at a 45-degree angle to the horizontal. When
the displacement A = 12.0 mm, a vertical crack with a length of about 100 mm appeared at
a distance of 400 mm from the base of the column. When the displacement A = 14.8 mm,
the bearing capacity of the specimen reached the peak load. Continuing to load, the
concrete cover at the column foot peeled off. When the displacement A = 32.1 mm, the
bearing capacity decreased to 85% of the maximum load, indicating that the specimen was
damaged, and the loading stopped. The failure modes of specimens are shown in Figure 6.



Buildings 2022, 12, 1170

60of 13

(b) KZA-2 (c) KZA-3 (d) KZA-4 (e) KZA-5
Figure 6. Failure modes of specimens.

It can be seen from Figure 6 that many oblique cracks appear directly on the surface
of the NAC column after cyclic load, while the oblique cracks on the surface of CGC
specimens are mainly formed by the expansion of horizontal cracks. The main reason for
this phenomenon is that compared with NAC, the elastic modulus of CGC is small, so the
bending deformation of the CGC specimen is greater than that of the NAC specimen at
the initial stage of loading, resulting in more horizontal bending cracks on the surface of
the CGC specimen, and then further expand into oblique cracks during the cyclic action
of load.

According to whether the reinforcement yields after the column is damaged, there
are three failure modes of the column under cyclic loading, including bending, shear, and
bending—shear [35]. The reinforcement strains of typical specimens KZA-1 and KZA-5 are
plotted in Figure 7. According to the measured yield strain of reinforcement in Table 3, the
longitudinal reinforcement and stirrup in the NAC and CGC columns yielded before the
specimen was damaged, and then the concrete was crushed. Therefore, the failure mode
of CGC specimens with different replacement ratios is consistent with that of the NAC
specimen, which belongs to bending—shear failure.

4000 —— KZA-1 3000
3000 2500
2000
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£ 1000 w
= = 15004
55 0 -~
—~1000] <& 1000
2000 _ NN 500+
~3000- - 0
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(a) Strain of longitudinal reinforcement (b) Strain of stirrup

Figure 7. Strain of reinforcement.

3.2. Hysteretic Curves

The hysteretic curves of specimens are shown in Figure 8. Affected by the coal gangue
coarse aggregate, compared with the NAC specimen, the bearing capacity of the CGC
specimens decreased by 1.7%, 4.6%, 24.7%, and 26.9% with the increase in the coal gangue
replacement ratio. Moreover, compared with the NAC specimen, the biggest difference in
the hysteresis curve of the CGC specimen is that the unloading curve is flatter, resulting in a
significant reduction in the area enclosed by the hysteresis curve, the residual deformation
after complete unloading is small, and the recovery deformation lag phenomenon is
not significant.
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Figure 8. Hysteretic curves of specimens.

Observation of the crack interface for the specimen during loading showed that the
different crack interface characteristics of the CGC specimen and NAC specimen are the
main reasons for the difference in hysteresis performance. Figure 9 is the typical crack
interface of the CGC specimen. Due to the low strength of CGCA, it cannot prevent
the cracks from propagating, resulting in the crack directly passing through the CGCA.
Therefore, the crack interface of the CGC specimen is relatively linear, the mechanical bite
force between cracks is poor, and the crack can be closed quickly after unloading, resulting
in poor energy consumption and small residual deformation of the specimen.

5

1

: s .
vz, £ TR Fine aggregate Cement gel
Ak \ :{s‘ ‘f o aggregda 5
=8 r )
== S = A==
el e
— et~} ‘! - 4 |
shoors )
N ¥l 4&* *
b ' K
.';%: )
Ml I S
ll_' - .

= Coal gangue "
&8 Crack

coarse aggregate
Figure 9. Crack interface of CGC specimen.

However, it is worth noting that due to the large deformation of CGCA, the higher the
replacement ratio of the CGC specimen, the more the cyclic times of the hysteretic curve,
and the larger the total area under the hysteretic cycle. Therefore, it can be found from

Figure 8 that the energy dissipation of the CGC specimen with a higher replacement ratio
is better.
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3.3. Skeleton Curves

The skeleton curve of each specimen is obtained by connecting the trajectories of the
maximum load reached by each cyclic loading [36], as shown in Figure 10.
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Figure 10. Skeleton curves of specimens.

Obviously, in the ascending section of the skeleton curve, the stiffness of CGC speci-
mens is less than that of NAC specimens due to the influence of CGCA. In the descending
section of the skeleton curve, the curves of specimens KZA-1, KZA-4, and KZA-5 are
relatively soft, while the curves of specimens KZA-2 and KZA-3 are relatively steep. Ob-
viously, the ductility of CGC specimens with a high replacement ratio is close to that
of the NAC specimen, and is significantly higher than that of CGC specimens with low
replacement ratio.

3.4. Displacement Ductility

The seismic performance of a structure depends not only on the bearing capacity of the
component, but also on its deformation performance to a large extent. The ductility coeffi-
cient (i) is an important index to evaluate the deformation performance of specimens [37],
and the calculation formula is shown in Equation (1).

u= Au/Ay (1)

where Ay is the displacement when the load is reduced to 85% of the peak load; Ay is
the yield displacement of the specimen, which is calculated by the energy equivalent
method [38].

According to the ductility coefficient of specimens in Table 5, a number of findings
can be reported. (a) Compared with KZA-1, the yield displacements of KZA-2, KZA-3,
KZA-4, and KZA-5 are increased by 5.2%, 14.9%, 19.4%, and 30.0%, while the ductility
coefficients are reduced by 28.6%, 24.4%, 12.6%, and 8.2%, indicating that the deformation
characteristics of CGC specimens have a large deformation ability before yield but a poor
deformation ability after yield. (b) Compared with KZA-2, the ultimate displacements of
KZA-3, KZA-4, and KZA-5 are increased by 15.8%, 38.8%, and 59.1%, and the ductility
coefficients are increased by 5.9%, 22.3%, and 28.5%, indicating that the deformation
capacity of CGC specimens is positively correlated with the coal gangue replacement ratio.
Combined with the hysteretic curve of specimens (see Figure 8), it can be found that due
to the large deformation of CGCA, the hysteretic performance of CGC specimens with
high replacement ratio is improved, so the deformation performance is increased. (c) The
ductility coefficient of CGC specimens is between 3.05-3.92, which is lower than that of
the NAC specimen (i = 4.27), but it meets the requirement that the ductility coefficient of
reinforced concrete seismic structure is not less than 3.0, indicating that the CGC specimen
has good ductility performance under cyclic load.



Buildings 2022, 12, 1170 90f 13
Table 5. The ductility coefficients of specimens.

Specimen Py (kN) Ay (mm) AylAy Pm (KN) Am (mm) Am/Ay Py (kN) Ay (mm) i
KZA-1 186.16 6.30 23.4% 216.83 12.52 46.6% 184.31 26.89 4.27
KZA-2 174.75 6.63 32.8% 210.50 11.86 58.7% 178.80 20.19 3.05
KZA-3 159.71 7.24 31.0% 197.38 13.92 59.5% 167.78 23.39 3.23
KZA-4 133.03 7.52 26.8% 155.76 15.69 56.0% 132.40 28.03 3.73
KZA-5 129.97 8.19 25.5% 151.19 14.79 46.0% 128.51 32.13 3.92

Note: the values in the table are the average values of the push and pull directions; Py, Pm, and Py respectively
represent the yield load, maximum load, and ultimate load of the specimen; Ay, Ay, and Ay are the displacements
corresponding to Py, P, and Py, respectively; u is the ductility coefficient.

3.5. Energy Dissipation Capacity

The area under the hysteretic curve reflects the energy dissipated by the specimen
under the cyclic loading [39]. The relationship between the energy dissipation of each
specimen and the displacement is shown in Figure 11.

—m— KZA-1
—— KZA-2
—— KZA-3
6000+ KZA-4
—e— KZA-5

8000+

4000

Ba 2000

Energy dissipation (kN-mm)

0 10 20 30 40
Displacement,A (mm)

Figure 11. Energy dissipation of specimens.

Due to the damage of CGCA at the crack interface of CGC specimen (see Figure 9), the
energy consumption of CGC specimen is less than that of NAC specimen whether it is the
energy consumption of single cyclic loading or the total energy consumption. Compared
with KZA-1, the energy dissipation of the CGC specimens with different replacement ratios
decreased by 50.3%, 37.7%, 31.2%, and 12.8%.

However, it is worth noting that the deformation capacity of CGC specimen is im-
proved due to the large deformation of coal gangue coarse aggregate (see Table 5). Therefore,
compared with KZA-2, the total energy dissipation of KZA-3, KZA-4, and KZA-5 increased
by 25.2%, 38.2%, and 75.4%, respectively.

3.6. Shear Deformation

Through the two transducers (LVDT-3,4) arranged in Figure 5, the deformation at
the plastic hinge area of the specimen under cyclic load can be measured. The shear
deformation (y) calculation diagram is shown in Figure 12, and the calculation formulas

are shown in Equations (2) and (3)
in @ 0s 0 \/ h 2 +b 2
3t + cos )X = vy X

h¢ b hcb.

Y=7+72=( 2

< |0a+¢ og+ ¢
X:|A+ A|;‘|B+ B| 3)
where h. and b, represent the measured height and width of the plastic hinge region, as

shown in Figure 12; X is the average deformation along the diagonal direction; 55 + ¢’
and Jp + ' are measured by LVDT-3 and LVDT-4.
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Figure 12. Shear deformation calculation diagram (unit: mm).

The shear deformation at the plastic hinge area of each specimen is shown in Figure 13,
and its value is the average value in the push and pull directions. In terms of the overall
trend, the development of the shear deformation of the specimen can be divided into two
stages: the load rising stage and the load falling stage.
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0.004),

0 5 10 15 20 25 30 35 40
Displacement, A (mm)

Figure 13. Shear deformation at the plastic hinge region.

In the load rising stage, the overall deformation of the specimen is small, and the
oblique cracks on the surface of the specimen have not significantly expanded, so the shear
deformation of each specimen is very small. The shear deformation curves of the CGC
specimens and NAC specimens roughly coincide, and the coal gangue coarse aggregate
has little effect on the shear deformation of the specimen.

In the load falling stage, due to the continuous expansion of oblique cracks on the
surface of the specimen, the shear deformation of each specimen increases rapidly with
the increase in displacement until the specimen is damaged. Compared with NAC speci-
mens, CGC specimens have greater shear deformation because there is a large amount of
damage of coal gangue coarse aggregate at the crack interface, resulting in the reduction in
mechanical bite force at the crack interface. When the specimens are damaged, the shear
deformation of KZA-2, KZA-3, KZA-4, and KZA-5 increased by 10.9%, 13.7%, 24.2%, and
31.2%, respectively, compared with KZA-1.

The destruction of coal gangue coarse aggregate leads to the increase in the shear
deformation of the CGC specimen, and the increase in the shear deformation of CGC speci-
men will further reduce the energy dissipation capacity of the crack interface. Therefore,
it is suggested that increasing the stirrup ratio in CGC specimens can not only effectively
restrict the deformation of CGC and enhance the friction at the crack interface, but also
improve the hysteretic performance and energy dissipation capacity of CGC specimens,
which is an effective way to improve the seismic performance of CGC specimens. Moreover,
the existing research [40] shows that the use of the steel section will effectively improve
the seismic performance of concrete structures. Therefore, in addition to appropriately
increasing the reinforcement ratio of coal gangue concrete, it can also be considered to
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arrange the steel section in the coal gangue concrete to improve the seismic performance of
the coal gangue concrete structure.

It should be noted that this paper mainly studies the mechanical behavior of coal
gangue concrete frame joints under repeated load, and whether the addition of coal gangue
coarse aggregate will affect the corrosion resistance of reinforcement [41]; the durability of
concrete remains to be further studied.

4. Conclusions

Using solid waste coal gangue as coarse aggregate can significantly reduce the mining
of natural aggregates and help realize the sustainable development of construction engi-
neering. Through the cyclic loading test of five concrete frame columns with different coal
gangue replacement ratios, the following conclusions can be drawn.

The coal gangue coarse aggregate cannot block the propagation of cracks, resulting in
the decrease in friction at the crack interface. Therefore, CGC specimens have two typical
characteristics under cyclic loads: most of the deformation can be recovered quickly after
each unloading, and the residual deformation of the specimen is small; the deformation of
the specimen is large before yield, while the deformation capacity is poor after yield.

Both CGC and NAC specimens show a bending—shear type of failure, but affected
by the coal gangue coarse aggregate, the ductility coefficients and total energy consump-
tion of CGC specimens are reduced by 8.2-28.6% and 12.8-50.3%, respectively compared
with KZA-1.

Affected by the large deformation of coal gangue coarse aggregate, the CGC specimens
with higher replacement ratio have better seismic performance. Compared with KZA-2,
the ductility coefficients of KZA-3, KZA-4, and KZA-5 increased by 15.8%, 38.8%, 59.1%,
and the total energy consumption increased by 25.2%, 38.2%, and 75.4%, respectively.

Compared with KZA-1, the shear deformation at the plastic hinge area of CGC speci-
mens increased by 10.9-31.2%. Larger shear deformation directly increases the width of
the diagonal crack, which is also one of the reasons for the decrease in energy dissipation
capacity of the CGC specimens. In the design, it is suggested to appropriately increase the
stirrup ratio of the CGC specimen to improve its seismic performance.

In general, although the seismic performance of CGC specimens is reduced by the
influence of coal gangue coarse aggregate compared with NAC specimens, the displace-
ment ductility coefficient of CGC specimens with different replacement ratios is between
3.05-3.92, indicating that CGC specimens can be applied to structures in areas with seismic
fortification requirements.
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