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Abstract.Although various studies and hundreds of laboratory experiments related to the
punching shear strength of reinforced concrete (RC) slabs have been published and conducted
respectively, code provisions have been developed based on a rather limited subset of the
available test results and those studies ignored the details of test slabs and experiments. A
database of 678 specimens has been categorized and structured depending on the test set-up
type through the present study. In this study, eight equations for the punching shear strength
prescribed in specifications were evaluated based on the database. A simplified strength
equation is also proposed from the database.
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1 Introduction

In the late 1940’s, flat plates were initially developed in the U.S. Since then, hundreds of laboratory
experiments have been conducted to investigate the punching shear behavior of two-way reinforced
concrete (RC) slabs at interior supports. In general, most researches distinguished the controlling
factors of punching shear strength based on regression analysis of experimental data and elastic theory,
and formulated all the controlling factors empirically to calculate the punching shear strength.

Unfortunately, because of arbitrariness by researchers and code developers in selecting reference
data together with ignored the details of test slabs and experiments, code provisions have been
developed based on a rather limited subset of the available test results and also based on the not
detailed categorized tests. Until now, almost all structural design codes judge punching shear failure
by the nominal stress in the critical section. However, there are divergences in aspects of location of
the critical section, shape of the critical section, calculation method of the nominal stress, value of the
ultimate stress and othercontrolling factors[1,2], shown as Figure 1 and Table 1.

Ospina et al.[1]reported the basis of the punching databank containing 512 test results of slabs
without shear reinforcement subjected to concentric punching at interior column locations. However,
Ospina missed Chinese and Japanese paper written in Chinese and Japanese, respectively.

The purposes of the present study are to create database for the punching shear strength of RC slabs,
to evaluate the equations proposed in specifications, and to propose a rational strength equation. The
member strength factors based on the evaluated equation and failure probability are also determined in
this study.
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Table 1.Specifications of different Codes for punching shear strengtha.

Critical Effective Concrete
i) code size effect 5. ar Factors ()
Dresign code section (1) height (d) strenh’ Size effect{5.) Other factors (7]
1.0-{ 800 12000; =filieifeay; i=filaiue)
G (201007 Fig liakb)  (died)2 f {d-H00Y mflees); m=fidiu)
0.9=5<10 y=min(y gzl
- I e 23 1 ih=fle ek, ip=fildie)
ACL(2011) Fig. laWb)  (dv=d )2 £ sminig s 033)
CEB-FIP (200001 Fig lae)  (dhsd )2 fi? - = Eufdlre)
BS {19074k Fig. ldie) (=, W2 ft? (A 2100 r=flp ks =003
: ) . 13004 1000+d); m=fleneny, me=fildiu)
CAN (2010)9 Fig. liaMh) 1+, W2 Al
¢ ) & 1aN0) derd) f d=300 =minggae0.38)
EM (20047 Fig, 1(gdh)  (el=ad, 12 fid? 1-H2000)' 2, 5220 n=filp 0,02
DM (2008)7 Fig. WdWfy  (dv=d, )2 fi? 1-H200/d)' 2, 820 R=filp =002
ISCE200  Fig lakbh)  (ded,)2 12 (10006 Smr s TN mfienead)

MELS, g=mEn:
Note:
* Units in Table 1 are MPa and mm;
* When f=25MPa, £, =25; and f/, =40MPa;

Punching shear
strength { ¥}

075 e

i
F"nud

0.7954 /251 apud ™2

Sof el

02180 e

028, £ nud

Inclination of

critical section ()

634

634

634
337

634

26.6

337

634

“ e and o, are the effective height in two orthogonal directions; £, £, f, . are the axial tension strength, cvlinder compressive strength, elgenvalue of compressive

strength, cubic (1 30mm= | $0mme | $0mm) compressive strengih of concrete, respectively;
4 ¢y and ¢ are the long side and short side of rectangular column, respectively, when oy/cx
(4+1. 200l 05025
01940, Loy

500 166+0. 332 evfea): s 0166008 3aaer; fo /[ 15443 2 VoV E: oz (10080173, 40 DL190.38 /o lea);
o L LT S(etea ] where o is 41 for interior columns, 30 for edge columns, 20 for comer columns; @ is the reinforcement rai

v denotes the

position where the radial bending moment is zero with respect to the support axis; o, 15 the maximum size of the aggregate; E, is the elastic modulus of steel.

R 15d,  15d
BIcIoN
@ (0) © @ © ® @

Figure 1. Position and perimeter of the critical section.

2 Database and evaluation of design specifications

2.1. Database and categorization
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Figure 2. Test specimen descriptors.

Table 2.Classification of test specimen.

G Slab Supported or loadedPattern - Column Number of . Surplus
roup - Filter out :
shape specimen specimen
CcC Circular - Circular 136 22 114
CS Circular - Square 67 10 57
R(RCS) Rectangular - (Rectangular,Circular, Square) 4+5+7 0 16
SC Square - Circular 30 2 28
(SC)R (Square, Circular) - Rectangular 21+2 0 23
SS Square - Square 324 6 318
0 Opposite - 35 0 35
U Slab Uniformly Loaded- 47 0 47
Total 678 40 638
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The specifications of eight different codes for punching shear strength are given in Table 1. The
author[1] collected 166 test results of slabs without shear reinforcement subjected to concentric
punching at interior column locations which conducted in China and Japan. Together with Ospina, the
database of 678 specimens has been created. Shown as in Table 2, the 678 specimens were
categorized in 8 main types according to the test set-up and the specimen geometry. Figure 2 shows
the plan view of typical test specimens indicating the different variables and notation used to describe
their geometric properties in plan and support conditions. It should be note that the tests which
missing key data will be removed.

Table 3.Comparison among calculation results by different Codes.
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Nove:
AVG, ST, COV are the Stanistical Index (average value, standard deviation and coefficient of
variation, respectively) for the ratio of test punching result to calculation result by the specifications.

2.2 Evaluation of design specifications

Table 3 provides the statistical index (AVG, ST,COV) of Vieg/Vcoges: From the different Codes results
in each group, due to limited test data, the strength equations and computational accuracyvary widely.
The strength equations provided in specifications are mostly based on specific test data which
contained a small scale in specimen geometry and material parameter. From the results of each
specifications among 8 groups, it is obvious that the test set-up and the specimen geometry can
influence the computational accuracy significantly. That is to say, the arbitrariness of researchers and
code developers in selecting reference data can lead topoorer applicability of the specifications.
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3 Proposed rational equation for punching shear strength

To study the punching behaviors of slab-column connection, based on the experimental phenomena, a
relatively comprehensive bending-shearing critical crack model (BSCCM) which can be used to
calculate the punching load and deformation simultaneously was established by the author[12].

The BSCCM[12]indicated that the factors that affect punching behavior include: reinforcement
ratio (p), concrete strength (f), yield strength of steel (f,), punching span ratio (1) and perimeter
thickness ratio of critical section (by/d). Reinforcement ratio and yield strength of steel are negatively
correlated with punching deformation and positively correlated with punching capacity. In contrast,
concrete strength, punching span ratio and perimeter thickness ratio of critical section are positively
correlated with punching deformation and negatively correlated with punching capacity. Therefore,
this paper constructs the comprehensive parameter K, here (as shown in Eq.1) which represents the
comprehensive influence of above factors on punching capacity and punching deformation.

K, = Pl (1)

oAb, /d

By numerous theory calculation and parameter analysis, the simple formulas were deduced to
calculate the punching load and deformation:

wAd = 6.613+ 46.469 . g Ko/0.00603 2

100 v, =15.498 + 62.780- ¢ 14/15%%5 @
V

s 4)

Where w is the punching rotation; 4 is the punching span ratio; d is the effective thickens of the
section;y-4-d represents the deflection deformation when punching occurs on the component. V is the
punching load; f;*?is the concrete item, referring to the standards of different countries to select 1/2
time of concrete strength for consideration; by is the perimeter of the critical section (calculating
according to the fillet section which is 0.5d far from the column edge); d is the effective thickness of
the slab; V/( f.*?-by-d) represents the regular nominal punching capacity.

The paper selects two group of tests, CC and SS, to make the detailed discussion. There are two
reasons for extracting those two test data: first of all, the component shape and the loading mode are
the most regular and the closest to the theoretical method built previously; secondly, most researchers
have chosen those two ways for test, being 136 and 324, respectively, accounting for 67.85% of the
total test components collected, so the analysis results of those two groups of components are the most
representative.

Table 4.Calculation results of punching shear strength.

CCGroup SSGroup
Calculate method AVG Cov AVG oV
Eq. (1)~(4) 1.00 0.188 1.075 0.173
GB50010-2010 1.491 0.341 1.285 0.330
ACI318-11 1.676 0.332 1.455 0.329
CEB/FIP MC2010 1.911 0.379 1.718 0.501
BS 8110-97 1.244 0.244 1.115 0.316
CAN/CSA A23.3-04 (R2010) 1.456 0.331 1.265 0.328
EN 1992-1-4: 2004 1.240 0.264 1.289 0.321
DIN 1045-1: 2008 1.280 0.256 1.309 0.316
JSCE2002 1.119 0.269 1.117 0.315
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4 Conclusion

The calculation results are shown inTable 4. The statistical results in the table are the ratios of the test
values to the calculated values of punching strength. It can be seen that the calculated method
suggested in the paper (Equation 1~4) has the best results. The calculation results of the rest 8 design
codes have great deviations, in which JSCE code has the best calculation results. The method
suggested in the paper considers the influence of size effect, concrete strength, reinforcement ratio and
perimeter thickness ratio of critical section on punching strength and further considers the influence of
punching span ratio.
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