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Research on secant inclination angle of punching failure surface of
reinforced concrete interior slab-column connections
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Abstract; To investigate the punching failure of slab-column connections in cases where the longitudinal tensile
reinforcement of the slab yields, a novel experimental approach is proposed. This experimental setup facilitates the
application of bending moments at the free end of the slab and vertical loads around the perimeter of the slab.
Following this experimental design, three slab-column connection punching tests were conducted, each with varying
punching span ratios and relative compression zone heights. The findings from the tests reveal that, when the
specimens reached peak loads, the longitudinal tensile reinforcement in the slab had yielded near the column edge.
Additionally, an increase in the ratio of longitudinal tensile reinforcement from 1.04% to 1.25% corresponded to a
decrease in the secant inclination angle of the punching failure surface from 46.3° to 39.4°. Building upon the data
from this study and compiled punching tests, a calculation formula was developed to determine the secant
inclination angle of the punching failure surface, considering the punching span ratio, concrete compressive
strength, longitudinal tensile reinforcement ratio, and slab effective depth. Furthermore, a calculation formula for
the punching capacity of the slab was established, taking into consideration the punching span ratio, relative height
of the compression zone, and secant inclination angle of the punching failure surface.

Keywords : interior slab-column connections; punching failure surface; secant inclination angle; punching span

ratio; compression zone height; punching capacity
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Tab.1 Main parameters of specimens

W HAKem K mm R LI e RS %
YRR/ MPa

PMS-1 2 200 500 305 45.10 ®20@ 100 1.04

PMS-2 2 200 500 304 45.56 ®20/22@ 100 1.14

PMS-3 2 200 500 303 45.23 ®22@ 100 1.25
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Tab.2 Mechanical performance of longitudinal tensile reinforcement of slab

W HA2/mm JiE A58/ MPa PUPI5E [/ MPa FAPERTE/ GPa
HRB500 20 568.2 759.6 200
HRB500 22 559.2 742.0 200
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Fig.1 Geometric dimensions and reinforcement of specimens

1.2 MBFRSHERE PRI T5 S TN L b s o 3 A A0 FUAG e TR
oK CSTIoE T oy e W e SR %) 27 NG O 3 (VAR (1 w8 3 B By | K = i S 2
INHAEREAL JE A, $2 i T —FloRr A 5R O 58 B

AR AES
() REHHT T
T 1 —SOIIHE s 2—J 6  3—ARAE AT s 4 — "R Tl A R 55— 8 il o 48k ;6 — 1R i) T IO 5 7— "¢ il 77 4R 7 L 58 5 8— 3K T
T ;9— T BT 710,

B2 RENHEATR

Fig.2 Loading scheme of specimens
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Fig.3 Schematic diagram of supporting device for the test
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Fig.4 Layout of strain and displacement measurement points
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Fig.5 Strain measurement results of longitudinal tensile reinforcement of slab
1800 1500r 24001
} 1500} _ 1200] 3 2000}
= 1200} = =< 1600
=/ =/ 900f =)
900t & 1 12001
T £ 600} T
2 600F 2 % 8001
300t 300f, 400 F
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
7% /mm 7% /mm fi#%/mm
(a) R FFPMS-1 (b) R MHPMS-2 (¢) RHPMS-3
6 WMKREMBSHNNEER
Fig. 6 Measurement results of displacement points on the bottom surface of slab
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Tab.3  Cracking load and peak load
Bk V../kN M,_/(kN+m) V. /kN M,/(kN-m)
PMS-1 589 242 1879 477
PMS-2 323 143 1447 652
PMS-3 472 221 2279 530

TE LV, T2 A 2 [ A 3 (75 1 et ) , M, R TSR AR ARAE I AR T 258 (% i) | v, W LA I A 8 i o 20 (% i) L M, g MR

AT IR PR BRS04 TR 25 4 (55 11 et )
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Tab.4 Secant inclination angle of punching failure surface on each side of three specimens
Sl ALY A i IR T2 A3/ (°)
m e FR [ ZRAL ArE PR R4l
PMS-1 36.7 39.6 58.2 42.5 56.8 56.3 40.1 42.0
PMS-2 34.8 33.7 27.1 47.2 46.8 52.4 33.2 35.7
PMS-3 34.3 44.6 38.8 39.4 40.2 39.9 39.9 38.5
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Tab.5 Punching database of interior slab-column connections

A GRS KOEHS  L/mm B ¢S D/mm  f,/MPa p/ % A ho/mm  f./MPa  V./kN  g/(°)
Beutel %5201 Pl 2750 Ji 400 572 0.81 6.83 190 28.9 615 30.0
PG-1 3 000 i 260 573 1.50 8.86 210 34.5 1023 22.4

PG-2b 3 000 PR x S 260 552 0.25 8.86 210 50.6 440 32.0

PG-3 6 000 Ik 520 520 0.33 8.16 456 40.5 2153 34.8

Cuandaling 4521 PG4 3 000 Ik 260 541 0.25 8.86 210 40.3 408 33.2
PG-6 1 500 JitE 130 526 1.50 9.69 96 43.4 238 24.6

PG-7 1 500 i 130 550 0.75 9.30 100 43.4 241 24.2

PG-10 3 000 JHE 260 577 0.33 8.86 210 35.6 540 22.8

PG-11 3 000 5 260 570 0.75 8.86 210 39.4 763 28.2

SCl 2 550 B4 300 514 0.71 10.02 150 41.7 490 26.0

sc2 2 550 B 300 514 0.93 10.02 150 44.3 599 34.1

e sc3 2 550 B 41 300 514 1.71 10.02 150 42.9 665 28.8
SC4 2 550 5k 300 514 0.71 10. 02 150 56.0 574 26.5

SCs 2 550 [k 300 514 0.93 10.02 150 59.1 649 26.0

SC6 2 550 [ 300 514 1.71 10.02 150 64.9 761 25.2

DF11 1 200 JHE 200 528 0.86 1.64 395 26.8 2813 56.0

Siburg %27 DF12 1 400 J5 200 566 0.85 2.00 395 26.5 2 208 48.0
DF13 1 800 ke 200 558 0.84 2.72 395 26.4 1839 43.0

€5-30-1 1 950 HH 250 604 0.86 7.52 150 34.8 678 33.0

€5-30-2 1950 FE 250 604 0.86 7.52 150 33.9 692 21.5

S €7-30-1 2 550 ik 250 604 1.28 10. 35 150 32.3 443 30.2
C7-30-2 2 550 HHE 250 604 1.28 10.35 150 29.7 570 28.9

C7-50-1 2 550 FhE 250 604 1.28 10.35 150 53.0 693 36.7

C7-50-2 2550 JrHE 250 604 1.28 10.35 150 48.6 771 27.6

S C7-70-1 2 550 e 250 454 0.86 10.35 150 70.1 641 33.2
€7-30-3 2 550 ik 250 454 1.73 10.35 150 35.6 690 29.3

PMS-1 2 200 HH 500 568 1.04 4.53 305 45.1 1879 44.3

A3 PMS-2 2 200 Ty 500 568 1.14 7.22 304 45.6 1447 35.7
PMS-3 2 200 JitE 500 559 1.25 4.36 303 45.2 2279 39.3
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Fig. 10  Fitting surface of secant inclination angle of punching failure surface
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Tab. 6

Comparison of secant inclination angle experimental

results and prediction results using different formulas

MBS e ht HMBAR Bompa 2458 A CHEUAR
fHz It
A 1.00 0.98 1.21 1.06
BERE 0.21 0.21 0.22 0.19
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Fig. 11  Calculation model for punching of slab-column connections
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Tab.7 Comparison between experimental and predicted results

gy L

4f,(c + hycot B)ho(

of punching capacity based on different formulas
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4 % ®

1) FET s )y 22, 58 T 3 AP AR
X 52 R DX e B AN ) A A A 5 S o D0k e, 5 SR 3R
W . B P56 58 RE 8 1 DR AR 7 sS04 2 2 vp
MR M SZ PR 1 A e IR 53 A 9 52 o
VI i (8 AN & sz R A A A Y BT
FR 5 B SZ A S35 TC A5 250 A 52 Wi A A 5 i o DD B AR T
WL R E RN R RS2 LA 1. 04%
HEINF 1. 25% , U0 ms UK T 200 A1 DA 44 3°FEAIR
F]39.3°,

2) BT A SR e B A B A S A 4
T R L TREE B OB SREE AR R
e A7 22 TRIURR A 2080 1 8552 Ml g A AT 1 A5 D B A T 51
A AAR, HEABAEY R mIA  # 2 i
TR AT L, A SCEIUA R SIS 25T

3) A7 R X IR A AR 37 1 90 A5 B+ AE

XL S 32 th UK #0019 STlK, 045 45 1 T 5 &
PO T RIZ AT A | vl L MRS B B A A
IR 32 11X 155 JBE R M) B B 49 5 A2 IR 880 3
AR, S HEAIMERIARE Y K52 iR
AL AR SO A S IR A R 5

5% ik

[1]GASPARINI D A. Contributions of C. A. P. turner to development
of reinforced concrete flat slabs 1905—1909 [ J ]. Journal of
Structural Engineering, 2002, 128 (10). 524. DOI. 10. 1061/
(ASCE)0733 —9445(2002)128:10(1243)

[2]FURST A, MARTI P. Robertmaillart’s design approach for flat slabs
[J]. Journal of Structural Engineering, 1997, 123 (8). 1102.
DOI: 10.1061/ (asce)0733 —9445(1997)123:8(1102)

(3] T e, BEMPRE. HEARTIN J7 HAE 25 K a0 B 45 st (1]
PUIEESTRRA IS, 1980(2) : 15
DING Zelong, HUANG Zhongkang. Strutural design of an
experimental dwelling house with prefabricated prestressing concrete
skeleton[ J]. Sichuan Building Science, 1980(2) : 15

[4]PARK T W. Inspection of collapse cause of sampoong department
store[ J]. Forensic Science International , 2012, 217(1/2/3) : 119.
DOI: 10.1016/j. forsciint. 2011. 10. 039

[5]BYFIELD M, MUDALIGE W, MORISON C, et al. A review of
progressive collapse research and regulations[ J]. Proceedings of the
Institution of Civil Engineers-Structures and Buildings, 2014, 167
(SB8) : 447. DOI:10. 1680/stbu. 12. 00023

[6]=hmedk, XIS, EFzE, 55 A IREE A U BRI YK
USBFST K ) AR B A [T, WA R IR A LR B R,
1993, 26(6): 74
GUO Xiaolin, LIU Guangyi, CAO Shengyuan, et al. An
experimental study on the punch-shear damage mechanism of R. C
slabs and punch-shear bearing capacity calculation[ J]. Journal of
Haerbin Architecture and Civil Engineering Institute, 1993, 26(6) : 74

(71555, FRURY o B B0 TR e AR v BT Bl Bk el R J ). T2
B35, 1996(1) : 1
YAN Zongda. Solution of the axisymmetrical punching problem of
concrete slab by the twin shear strength theory [ J]. Engineering
Mechanics, 1996(1): 1

(8RR, AR s b 52 7 PR g MR B Sk i e [ D], K
. WIRAF, 2018
DENG Qing. Study on punching shear behavior and capacity of
reinforced concrete slab-column connections[ D]. Changsha; Hunan
University, 2018

(91 Enize, REF, TR, JChum M RC AR 52 w7k
BOHRT]. W/REET L RF2240, 2022, 54(4) : 18
XIA Chengliang, SHI Qingxuan, WANG Zhen. Calculation of
punching shear capacity of RC slab-column connections without shear
reinforcement[ J]. Journal of Harbin Institute of Technology, 2022,
54(4). 18. DOI. 10.11918/202106064

(10T ARNAEE, FBAEAME, BRAEZE. LT A e st IR BE 1= v YT AR 1 150 OF

FE[I]. HFLHEMR, 2003, 24(5) : 72
LIN Xujian, ZHENG Zuoqiao, QIAN Zaici. Research on steel fiber
high-strength concrete slab subjected to punching shear[ J]. Journal

of Building Structures, 2003, 24(5) . 72. DOI; 10.3321/j. issn:



55

IRICAE, A o B IREE H AR p T i s DR 0 b A 5 - 99 -

1000 - 6869.2003.05.010
[11]BOMPA D V, TRAIAN O. Punching shear strength of RC flat slabs
at interior connections to columns [ J ].
Research, 2016, 68 24. DOI. 10. 1680/MACR. 14. 00402
[12]THEODORAKOPULOS D, SWAMY R N. Ultimate punching shear

Magazine of Concrete

strength analysis of slab-column connections [ J ]. Cement and
Concrete Composites, 2002, 24(6) : 509. DOI: 10. 1016/S0958 —9465
(01)00067 -1

[13] KUERES D, HEGGER J. Two-parameter kinematic theory for
punching shear in reinforced concrete slabs without shear
reinforcement[ J]. Engineering Structures, 2018, 175(15) ; 201.
DOI: 10.1016/j. engstruct. 2018. 08. 023

[14]TRUONG G T, CHOI K K. Punching strength of concrete footings
based on the compression zone failure mechanism[ J]. Structures
Buildings, 2020, 173(7) : 523. DOI. 10. 1680/jstbu. 17. 00135

[15]BROMS C E. Tangential strain theory for punching failure of flat
slabs[ J]. ACI Structural Journal, 2016, 113(1): 95. DOI; 10.
14359/51687942

(16 TA83CE, FENI, F3e. BAET FORETHE I Rt 1].
MR Tl K2E24], 2022, 54(10) : 1
ZHENG Wenzhong, WANG Gang, WANG Ying. Research progress
in bearing capacity calculation methods of slab-column connections
[J]. Journal of Harbin Institute of Technology, 2022, 54(10) : 1.
DOI. 10.11918/202112116

[17] ACI Committee. Building code requirements for structural concrete ;
ACI 318-19[S]. Farmington Hill; American Concrete Institute, 2019

(18] P E A TR A ). TREEH25H3 T E . GB 50010—2010
[S]. dtat: PEESF T E AL, 2010
China Construction Engineering Corporation. Code for design of
concrete structures: GB 50010—2010 [ S ]. Beijing: China
Architecture & Building Press, 2010

[19 ] Structural use of concrete: BS8110[ S]. London: British Standards
Institution, 1997

[20 ] Eurocode 2 EN 1992-1-1. Design of concrete structures-Part 1-1 ;
general rules and rules for buildings[ S]. Brussel: Belgium, 2004

[21JGUANDALINI S, BURDET O L, MUTTONI A. Punching tests of

slabs with low reinforcemen tratios [ J]. ACI Structural Journal,
2009, 106(1) . 87. DOI. 10.14359/51701089

[22]EINPAUL J, BUJNAK J, RUIZ M F, et al. Study on influence of
column size and slab slenderness on punching strength [ J]. ACI
Structural Journal, 2016, 113 (1). 135. DOI. 10. 14359/
51687945

[23 JMUTTONIA A. Punching shear strength of reinforced concrete slabs
without transverse reinforcement[ J]. ACI Structural Journal , 2008 ,
105(4) : 440. DOI. 10. 14359/19858

[24 ] RANDL N. Tragverhalten einbetonierter scherbolzen [ J]. Beton-
Stahlbetonbau, 2005, 100 (6 ): 467. DOI; 10. 1002/best.
200590117

[25] YANG Yuguang. Shear behaviour of reinforced concrete members
without shear reinforcement; a new look at an old problem [ D].
Delft: Technische Universiteit Delft, 2014. DOI. 10. 4233/uuid
ac776cf0 —4412 —4079 - 968f —9each67e8846

[26 |BEUTEL R, HEGGER J. The effect of anchorage on the
effectiveness of the shear reinforcement in the punching zone[ J].
Cement and Concrete Composites, 2002, 24 (6) : 539. DOI. 10.
1016/50958 —9465(01)00070 -1

[27]SIBURG C, HEGGER J. Experimental investigations on the
punching behaviour of reinforced concrete footings with structural
dimensions[ J ]. Structural Concrete, 2014, 15(3): 331. DOI.
10. 1002/suco. 201300083

(28 iz, WATTREE LA S HToh Ui se [ D], Kb #im
K, 2013
PENG Jian. Experimental study on punching shear failure of
reinforced concrete slabs-column connections [ D ]. Changsha;
Hunan University, 2013. DOI. 10.7666/d. Y2355595

(29 JHE0. AWATTRBE L ARAETT S oh DI IR P58 [ D], Kb )
MR, 2015
HONG Feng. Experimental study on punching shear failure of
reinforced concrete slabs-column connection [ D ]. Changsha;

Hunan University, 2015

(mE x H)



