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Experiment on seismic performance of coal gangue concrete beam-column joints
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Abstract; To study the seismic performance of coal gangue concrete beam column joints, six full-scale specimens
were prepared and subjected to low-cycle repeated loading tests. The analysis focused on various seismic indicators,
including failure modes, hysteresis curves, skeleton curves, stiffness degradation, energy dissipation capacity. The
effects of coal gangue aggregate replacement rates (0, 30% , 50% and 100% ) and beam longitudinal
reinforcement ratios (0.67% , 1.34% , and 2.09% ) on the seismic performance were studied. The results showed
that the failure modes of joints are bending failure at the beam end and shear failure at the node area. The failure
primarily manifests as extensive cracking in the joint area and significant spalling of concrete at the beam ends, with
coal gangue concrete beam-column joints exhibiting more severe damage compared to ordinary concrete. Specimens
with low coal gangue replacement rates displayed full hysteretic curves, slow stiffness degradation, good ductility,
and good seismic performance. As the replacement rate of coal gangue increases, the specimens exhibits a
pronounced pinching effect in the hysteretic curves, along with accelerated stiffness degradation and reduced
ductility and energy dissipation. Increasing the longitudinal reinforcement ratio of the beam can improve the damage
to the concrete at the end of the beam and enhance its bearing capacity. However, excessively high reinforcement
ratio may induce shear failure of the nodes, reducing their energy dissipation capacity and ductility.

Keywords: coal gangue concrete; quasi-static test; beam-column cross joint; seismic performance; skeleton curve

PERT A7 A BURBE L T TR AL 2 RS RRHEEE S Y HBUESRE AT LUAE) €30 IREE LYK
*ﬁ%ﬂﬁﬂ%ﬂﬂi@ruy&ilﬁkﬁw CEALAEY Y THER GEAECE P SRRSO A
ANV A VRN IREE AR AT TRFSE 4K WROT i i M A R A S R e g
P TR AR E R RO RIS A BT R B XHRBE L T DUSEEUE SR R E’Jm o FKBR LSRN 0
PERERYSENE , & R W] i B U URR A Tl 25 A RERT  RERT A TR - TR i ik E’Jﬁﬁ—%%%ﬁﬁ LRERHL ]

AR EEL B e RE S R RO IR EE LR et Sl R H,”E’Jbﬁﬂmr&ﬁﬂﬂ‘ﬁﬂ A IX

WA 2024 -07-23; A EH: 2024-09-19; MEE X BH: 2024 -11-12
P& B &l : hiips://link. cnki. net/urlid/23. 1235. T. 20241112. 1024. 002
E£mH: EXRARPES (52278467)

EEE N M TP (1981—) , 55, B, WA=

BIEEE. X 1, zhaowp@ cumtb. edu. cn



4510 14

BT, 4 R R SR H R M R g L31 -

AAEPERE . CAT LA ERMERT A o Bl i B A 175
REETHEQUE TR (7 TP 7 BEHLIX , BLEE A
SR EE - 2 oI SN b R FH AR T
A7 AR B SEAIE R 4 [ SRR A i
2 I, N TR T AN AR RIS AT R
BERT AT Z R AN T, B B 22 1 R ROBORE AL
SO TERAE B AR 2 S BURBE L DU K50 JE
REATR , B IR RERT 47 R A BUEE IR B IR A
WA BB e, TR BE L 1 FLBR R B O, i K PR i
TE—E R B B T IR BE £ p s B AL 1 e A
PUOARIERE' ' PR HERERT A 75 2 S 2 g v 1
VEA A, 5 BRI A7 R B 19 5 A 07 P i
FESHOMT . IREEL AT SRS RER A
ENZ FLAE RO R B R bR L YR L TR
bR A [ 7 AR AR SO BURERT 7 AR
IR R R ]y EE SR HET 6 2
JURRRFATIRBE £ 71 B o 0 J 1 52
TR ST A B IRRHIE KRB ML RE T, Ik
T 1] 2k i AR 2 | R AL FFERE RE 1 X1y

(LR REHEATIEAG
1 R’ B

1.1 X3t

IR P. O 42. 5 3 fk FR R 7K T AF A fiss vk
L, R4 BERSRCH 2. 58 BUTRIRD 5 ~20 mm 1Sk
PBCAT AN B RE, AT A R R 75 B IR
WL, A N (440 R - Sio,
(57.26% ) Al O, (23.46% ) .Fe,0,(4.82% ) .K,0
(6. 41% ) . CaO (2. 17%) . TiO, (0. 59% ) . Na,0
(1.18% ) . MnO (0. 11%) , SO, (0. 21%) . P,0,
(0.53% ) MgO(0.72% ) . HEbT A1 RN HERZ R
55-226 51232 HH-40 140 TR R [ B R N
MERHE R 1, > 2.0 FISMBGHHEE L, > 2.0, AT HE SR
Tk EH AR = T 2R A HBHL, WUk SRR R
e PRI AR, R SR A A7 AT A A A KL B ek s
PIEPEREFE bR LR 1 TREE A BT LR 2, 4K
i F1 M BEFR BR UL 3, AT I F7 - W AR 2 an & 1
B .

®1 HEBRYEMEREER

Tab. 1 Physical properties of coarse aggregate
2551 WRBEE/ (kgom ™) FMHEE/ (kgom ™) WK =R/ % B IR 438 % R A/ %
T 1280 2105 5.6 4 19.7
KIREA 1 590 2770 0.5 3 8.8
F2 RBELIESEIT
Tab.2 Concrete mix design
Sk o V% K/ wF/ HF/ JAT £/ K S/
(kgm™)  (kg'm™) (kg'm?) (kg'm) (kg'm) Bl MPa
H IR %E + (PCC) 0.45 200 445 512 1193 0 0.5 47.03
A IREE £ (CGC) 30% 0.38 180 474 509 831 356 0.7 44,93
AT AR EE + (CGC) -50% 0.30 160 520 501 584.5 584.5 0.8 37.40
ST IR % £ (CGC) -100% 0.25 130 520 510 0 1190 1.2 20.90
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Tab.3 Mechanical properties of steel bars
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Fig. 14  Cumulative energy dissipation curves
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Tab.6 Measured energy dissipation capacity of specimens

kN +mm

5 S 1R FERE B, SRR E,
PCC-0-0.67 42 274.85 41 450.33
CGC-30-0.67 42 481.50 42 782.16
CGC-30-1.34 60 387.09 64 254.50
CGC-30-2.09 42 642.66 47 639.85
CGC-50-2.09 36 945.19 41 220.72

CGC-100-0. 67 31 683.77 37 281.61

SR BLE AR BCRAR I IE

€y

SAF CEA

- 2m( Sou + Socu)

(3)

S o S PIFREL Y TR, S 0 + S gy M IRAR
AR AE ELER (AC) FEAR TR A% 6 1 Ay T A, 7R 36 AL

Kl 15,
0.25 ¢
o S *o >
0.20 - o . .
!:"vvv":::: -
015 ¢a p==ti"ia
\\l '/J * K ¥
v ‘/& '\%/' . >0 0
1SR A\ 4 . . g *
* * *
0.10 / e —&— PCC-0-0.67
- v CGC-30-0.67
®— CGC-30-1.34
0.05r * - CGC-30-2.09
* CGC-50-2.09
® CGC-100-0.67
0 10 20 30 40 50 60 70 80 90 100
D/mm

(a) F R B R %

from hysteretic curves

SERREI R ECANIEL 16 F7R, SERURG RS &
SAE A AR AR B, BB 1y A3 R, S50
it BELJE ZR 80 /NI BE RS I, (5 25 10 B oy 0N 28 2 )
A 28T Pl T (0] Y R 4 R A4 3 | S R i
(DS G ST A N A S A = A VAR Y TR I
{ELfr 22 AT, S8 3l KL JE 28 A A 44 I ol i
(B 80 S5 AR B R B0 TP A8, it — 2B Xt 1
CGC-30-0. 67, CGC-30-1. 34, CGC-30-2. 09 A] LI FH
H S 2 A R A R e AR B g O, (H
[ SUDNESSS S €V b SN EE O N O N
PCC-0-0.67 ,CGC-30-0. 67 Fl CGC-100-0. 67 7] LI
B AR A BRI RT R S R AR
by, ZREERIIE WA R 5 m TR R AR, SRRk i
FBE W IR e A 22 B R REBE 1 RS BT b
HERF, 1009 MR U A ERAE R ECN R .,

0.25 -
0.20 | e aa
* . [ * K )
0.15] ¢'s *°2 ol
R R e I
ug *:;/g‘...' e
/e Lol
| / . L SR S S G 2
0.10 o /, S e e e e pCC0-067
7\ v CGC-30-0.67
05 \ ®  CGC-30-134
. v + CGC-30-2.09
* - CGC-50-2.09
L CGCe100-0.67
0 10 20 30 40 50 60 70 80 90 100
D/mm

(b) 7= 45X LB R B

B 16 EHFHEERRE

Fig. 16  Equivalent viscous damping coefficient

2.6 PHFHMIET

G 10 R A5 7 72 5 SR 1 TR 2 B A ) 3 3 A
UTIRBE T AT 3L, iR AR R Ge b i ] b [R] 25
FHTRI B Z1 32 sty 4] IR A 20 28§ 04 52 77 B Sk I 24 £ 2K,
P17 A fn 28k A% v A iy A8 i 4k, R A R

N ST E =T U DA R N e v IR IR S N i
T s — i 52 BLAPIRES , Bl (57 8% o 28 1) 1
T, SEYNAT T L AR IR, 52 s O R4y T 07 3 2% 7 Dk
I RS 22 (1 RN 22 1 SZ PR, Je T R TR
RIS AR R AR



4510 14

BT, 4 R R SR H R M R g £39-

B RSRIZA e el E| N BT B P U R (K VAN
JEE 14057 09 7 A8 bR AR B2 X L PCC0-0. 67,
CGC-30-0. 67 Fil CGC-100-0. 67 |- HBAN 7 2 4 L
AE R AR AT LA Y, CGC-100-0. 67 4N ff I 7% 725 fk &R
AN IR FE S T R ™ H R A A B R R TR
R 2 SEORY T SR EE - Z B 0 745
RBLAR 2%

BT I e A A TR R S R B SR AL LA B
A AR 1] | B 1) N 2 4 22 A, B 45 15 T3 7 1) s 25 7%
TR X 15 3 e (98 I SRR AT |1 e P i O A 22
WAEZHTL /N, T B RS TERER R akiB AL , 52 4
ST R S AR AR L f L, IR R A BN B
5, R AR Fr B AR S T, R W Al I
PEHE T BRARBINAL

40007 4015 40007, 400 40001, 438
—a 45 —=—4=5 —=—4=10
3000F .. 4=10 _ 3000 F-v--4=10 3 000F-v-4=15 _
o t1628 % . - 4=12.93 e-a2615 00
2000f FEARER 20000 R 20008 ‘- U
2 14 4 2
S 1000f ST T 2 1000 XA = 1000 P v
= ¥ ,«;/',l 82‘ X & - ,.“ i\ “. ) ./:v:.l .\Y\\g
ok NEL DTS £ o2 X-.x Obo yoa¥r Yostd ok S E oo™ T
[ESS82 5 T1 v I L8 S T
-1 000¢ ~. | — -1 000 ™ 1 11_1[_ -1 000} . - 1{_@5[
P R TR P O AR P R AR
-2 000 P e s sl ) -2 000 Mt i s ) -2 000 . h . . )
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
WAL E /mm W5 B /mm W55 A B /mm
(a) PCC-0-0.67 fit [l in# 4% b- #3405 2. A8 (b) CGC-30-0.67 5 [l Iin #4482 38 () CGC-30-1.3447 [ Nk Z2 - AR A5 AR
40007« 4436 40007 s gq 40007 o
420 = 4=15 —=—4=15 |
3 000f-v--4=40 &=¢, 3000 -v-4=25 e=¢, % 3000F-v-4=25 e=g
--e-- 4=60.84 e 00 2y o --0--4=49.55 2% e0e® § e A3405 o ”
kY4 ’m!»,f.o e ,v,vr‘ . e RYLN
2 000 ,‘;;39 ™ M 2 000 P v vy 2 000F i o e
& k4 2 TN p o v 2 i o e
= 1000 I "2 1000} A W S, S 1000t ‘ P AR
> o . = I . = A el
O "‘"'x"'x""';i“&;xx X gQ XX OF l%!‘f:}-l--w*,; il'f!; 00000 X x Or ek 8 g T B0 X X X
N IT L IT PR IT
- S -1 | - L ! i ; L If i
1000 . : \ ‘ /%/k il { 1000 o , 4 Ljf 1 000 ‘. ;\A\\\ , //f,,L L1
RAE R TR R A R AR RATE Hh WRR
-2 000 - a 1= hat T -2 000 L L L L ) -2 000 M e )
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
WAL E /mm W HL E /mm WL B /mm
(d) CGC-30-2.09 7 i) Jin 42 b 4N i N2 AR (€) CGC-50-2.09 7 [y ik 2 b 4 i AR () CGC-100-0.67 7 [ fin 5 42 _b 340 15 v A
B 17 RNUEHWAHREE
Fig. 17  Steel strain of longitudinal reinforcement of beam
3 # B FERERFAR T 22% ;38 2134 ALY BC A 3 7T A3
“a

D) TEARSEEE A E T, 38 AR A 5 X4
PR TEE A AR A I B SRR SR M /N, T U
TFA R R 22 FL AR 3 55 AR | AT A TR A
T A R A S VR - ) B R R 5 5 YK
RN TC A7 23 T LA ok 32 ity 4 4 22 T 2% 1) 0 A B
2, IHIAE R R | AT A TR - HRVE TS

2) RBECLA R T, 100% BEAT A7 B R A 3 5 428
e300 TREE 1 SR BRART 8. 01% , i Be Al e 4%
PR ,50% JEEAT A BUR 4L 30% AT 4 B R & 25
FIREAR T 28.8% , HAIRIEERT A B M5 55, =i
F R EARPEC A R A R 4 = T 165. 9% , A
Pic 753 256 v P S A2 A IR AR 28 K 3 2 49 K A
AT LA R Y A AR

3) IREAR AT A IR 4 A S X RERE fE
TIHIFEMAE/IN ,100% B FRIET A7 TR BE - 2411y a5

T RIRIFERERE ) , (L BC AT 0 o S B AT R Y
TR R OIMIR 37 5 A FERERE 1 S MR

4 ) B F e e 3 JeE AR ) R A DX o A
LR b Rt = N SN A 1131 1 13 S SN D E A S
HHBRAE Y R DX AT, B IR I BT s B Al 2 28 1
A 7 2 A 2 S YRR B ) v 7™ o, o BB QR
BF A IR E = ANIE T 19 R SRR A

2% Xk

[1]ZHU Mengyu, QIU Jisheng, CHEN Jixi. Effect and mechanism of

Construction
and Building Materials, 2022, 328, 126601. DOI.10. 1016/j. conbuildmat.
2022. 126601

[2]ZHANG Ni, ZHAO Zhongwei, ZHENG Chenyang. Compression

coal gangue concrete modification by basalt fiber[ J].

behavior of GFRP-coal gangue concrete-steel tubular columns[ J].
International Journal of Pressure Vessels and Piping, 2022, 197.
104650. DOI:10.1016/]j. ijpvp. 2022. 104650



- 40 - S NS D A N - ¢

557 %

[3]CHEN Peiyuan, ZHANG Liheng, WANG Yonghui, et al.
Environmentally friendly utilization of coal gangue as aggregates for
shotcrete used in the construction of coal mine tunnel [ J]. Case
Studies in Construction Materials, 2021, 15. e00751. DOI. 10.
1016/j. esem. 2021. e00751

[4]MA Honggiang, ZHU Hongguang, WU Chao, et al. Study on
compressive strength and durability of alkali-activated coal gangue-
slag concrete and its mechanism [ J]. Powder Technology, 2020,
368 . 112. DOI.10.1016/]. powtec. 2020. 04. 054

[5]YU Linli, XIA Junwu, XIA Ze, et al. Study on the mechanical
behavior and micro-mechanism of concrete with coal gangue fine and
coarse aggregate [ J]. Construction and Building Materials, 2022,
338: 127626. DOI;10.1016/j. conbuildmat. 2022. 127626

L6 T, BRI, skIEMG, 4. AT A TR e il 0 2 R 3
REI[T]. MRZRIE R 224, 2024, 56(10) ; 24
ZHAO Weiping, CHEN Mingliang, ZHANG Guowei, et al. Axial
compression bearing capacity of coal gangue concrete filled steel tubes
[J]. Journal of Harbin Institute of Technology, 2024, 56(10) ; 24.
DOI: 10.11918,202307026

[7]ZHU Yuanyuan, ZHU Yingcan, WANG Aiguo, et al. Valorization of
calcined coal gangue as coarse aggregate in concrete[ J]. Cement and
Concrete Composites, 2021, 121, 104057. DOI. 10. 1016/]. cemconcomp.
2021. 104057

[8]GAO Shan, ZHAO Guohao, GUO Lanhui, et al. Utilization of coal
gangue as coarse aggregates in structural concrete [J]. Construction
and Building Materials, 2021, 268 121212. DOI10. 1016/]. conbuildmat.
2020. 121212

[9]LI Gaonian, WANG Baomin, ZHOU Mei. Study on flexural
properties of reinforced spontaneous combustion gangue concrete
beams[ J]. Periodica Polytechnica Civil Engineering, 2018, 62(1) ;
206. DOI:10.3311/PPci. 10647

[10]5kBBcEr, PR, X8, AR S S A a0 R A s iR

Bk FAHEZR AR fPUR R IR IR AT ], TR TR
BE2FdR, 1987(4) : 20
ZHANG Dianhui, LUO Qihua, LIU Deqing. Experimental study on
the seismic performance of column joints in reinforced coal stone
concrete frame under low cycle cyclic loading [ J]. Journal of
Shenyang Institute of Architecture and Engineering, 1987 (4) : 20
[11]BAI Guoliang, GU Yu, LIU Hangin. Experimental study on seismic
behavior of gangue concrete frame middle joints with different
gangue aggregate replacement rates [ J ]. Journal of Physics:
Conference Series, 2021, 1904 (1) 012003. DOI. 10. 1088/1742 —
6596/1904/1/012003

[12]R T, B, 2255, 2. HRBAOOE AIAFIREE 3Rk 475

HEPIRMERELT]. MRJRIE DR 24224, 2022, 54(10) : 20
ZHAO Weiping, CHENG Qianqian, LI Xuehan, et al. Shearing
performance of concrete exterior beam-column joints with HRB40OE
reinforcement[ J]. Journal of Harbin Institute of Technology, 2022,
54(10): 20. DOI:10.11918/202111052

CI3]IRG . A FBRIERT 1 i 76 5 2 HE 20 205 4t 4 2 4% o 9 2 T

[J]. @5 SHIBES, 1997(1) . 22

ZHOU Xinggao. The application of fully self igniting coal and alkali
in high-rise frame structure residential buildings [ J]. Building
Blocks and Block Building, 1997(1) ; 22

[14]WANG Qinghe, LI Zhe, ZHANG Yuzhuo, et al. Influence of
coarse coal gangue aggregates on elastic modulus and drying
shrinkage behaviour of concrete [ J ]. Journal of Building
Engineering, 2020, 32. 101748. DOI: 10. 1016/j. jobe. 2020.
101748

[15]ZHOU Mei, DOU Yanwei, ZHANG Yuzhuo, et al. Effects of the
variety and content of coal gangue coarse aggregate on the
mechanical properties of concrete [ J]. Construction and Building
Materials, 2019, 220; 386. DOI;10. 1016/j. conbuildmat. 2019.
05.176

[16]LIU Hanging, BAI Guoliang, YAN Fang, et al. Effects of coal
gangue coarse aggregate on seismic behavior of columns under cyclic
loading [ J ]. Buildings, 2022, 12. 1170. DOI. 10. 3390/
buildings12081170

[17 ]FENG Jian, WANG Shuo, MELONI M, et al. Seismic behavior of
RC beam column joints with 600 MPa high strength steel bars[ J].
Applied Sciences, 2020, 10 ( 13 ). 4684. DOI; 10. 3390/
appl0134684

[18 ]ZHANG Xiaowei, RONG Xian, SHI Xiaona, et al. Experimental
evaluation on the seismic performance of high-strength reinforcement
beam-column joints with different parameters [ J ]. Structures,
2023, 51 1591. DOI.10. 1016/j. istruc. 2023. 03. 100

(191 TV, 250, Jetts, 5. B IR BE 1 J0AE 0 50 Il 1 g
BEAA[T]. WA IRIE Tl K224 4, 2024, 56(2) : 37
ZHAO Weiping, LI Xuehan, LONG Bin, et al. Numerical
simulation of the hysteretic performance of exterior reinforced
concrete beam-column joints [ J]. Journal of Harbin Institute of
Technology, 2024, 56(2) . 37. DOI. 10.11918/202211015

(20 h AR A BT BE. RFHIR B ME: JCI/T 1012015
[s]. dbmt: PREES T R, 1997: 10
Chinese Academy of Building Research. Specification for seismic
test of buildings: JGJ/T 101—2015 [ S ]. Beijing: China
Architecture & Building Press, 1997 10

[21 ] LI Dawang, REN Wei, XING Feng. Influence of non-uniform
corrosion of steel bars on the seismic behavior of reinforced concrete
columns[ J]. Construction and Building Materials, 2018, 167 ; 20.
DOI; 10.1016/]. conbuildmat. 2018.01. 149

[22]ZHAO Weiping, ZHU Binrong. Basic parameters test and 3D
modeling of bond between high-strength concrete and ribbed steel
bar after elevated temperatures [ J |. Structural Concrete, 2017,
18(5): 653. DOI:10. 1002/suco. 201600005

[23]ZHAO Weiping, ZHU Binrong. Theoretical model for the bond-slip
relationship between ribbed steel bars and confined concrete| J .
Structural Concrete, 2018, 19 (2): 548. DOI. 10. 1002/suco.
201700008

(mE x B)



