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Abstract 

Flat slabs are a common floor system for commercial and residential buildings. Past earthquake damage has shown that slab-

column (SC) frames are not a suitable main lateral-force-resisting system in regions of high seismic risk because of their 

relative flexibility and potential for brittle punching shear failures. However, SC frame systems are common lateral systems 

in regions of low-to-moderate seismic risk, as well as gravity systems in regions of high seismic risk where moment frames 

or shear walls are provided as the main lateral-force-resisting system. In such cases, SC connections must still maintain 

sufficient strength and ductility to resist gravity loads under the presence of inelastic deformations. In the last several decades, 

the two-way shear response of SC connections has been evaluated by a significant number of experiments. These experiments 

provide physical tests to examine and calibrate design methods. However, details for these tests can be difficult to obtain and 

differences in defining key response parameters can lead to inconsistencies in some of the summarized test results. In addition, 

design recommendations have in some cases been developed based upon a limited subset of the available laboratory test data 

that did not include more recent tests. To avoid these limitations, this paper documents a database of SC connection tests that 

uses consistent criteria for selecting key response parameters. The collected test results include interior reinforced concrete 

SC connections with and without shear reinforcement under combined lateral and gravity shear demands. The relationship 

between the limiting drift and gravity shear ratio is examined for the data. The laboratory test data are investigated with respect 

to the load simulation technique, failure mode, shear reinforcement, and slab span-to-thickness ratio. The laboratory test data 

relating limiting drift to gravity shear demand data is compared to the current ACI 318-14 relationship for evaluating the 

design lateral deformation demands for SC connections in Seismic Design Categories D, E, and F. Because of the importance 

of the gravity shear demand on the SC connection, influence of flexural reinforcement ratio, and slab thickness; this paper 

also summarizes provisions for determining the nominal two-way shear strength provided by the concrete in three building 

codes: ACI 318-14, JSCE 15, and Eurocode 2 (2004). The differences in the estimated two-way shear strength provided by 

ACI 318-14 versus the Japanese and European codes are reviewed for select specimens, and the impact of these differences 

on the computed gravity shear ratio is evaluated. 
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1. Introduction 

Flat slabs are a common floor system for commercial and residential buildings. Past earthquake damage has shown 

that slab-column (SC) frames are not a suitable main lateral-force-resisting system (LFRS) in regions of high 

seismic risk because of their relative flexibility and potential for brittle punching shear failures. However, SC 

frame systems are common LFRSs in regions of low-to-moderate seismic risk, as well as gravity systems in regions 

of high seismic risk where moment frames or shear walls are provided as the main LFRS. In such cases, the 

reinforced concrete (RC) SC connections must still maintain sufficient strength and ductility to resist gravity loads 

under the presence of inelastic deformations.  

Slab-column connections experience very complex behavior when subjected to lateral displacements or 

unbalanced gravity loads. The portion of the slab around the column must transfer a combination of shear, flexure, 

and torsion. Flexural and diagonal cracking of the slab are coupled with significant in-plane compressive forces 

induced by the restraint of the surrounding unyielding portions of the slab. The first punching shear design 

specification in the US was introduced by the Joint Committee on Concrete and Reinforced Concrete in 1912 [1]; 

a maximum value for punching shear stress was given. In 1963, the ACI 318 Building Code first required the 

investigation of punching shear stress due to unbalanced moment caused by gravity, wind, or earthquake demands 

[2]. The “eccentric shear stress model” used in the ACI Building Code is based on the work by DiStasio and Van 

Buren [3] and reviewed by ACI-ASCE Committee 326 [4]. 

Experiments have been conducted over the past forty years to evaluate the performance of SC connections 

under the combined effects of gravity and lateral loading. These tests have indicated a relationship between the 

limiting lateral drift ratio (DR) and the gravity shear ratio (VR) that can be used for deformation compatibility 

checks. VR is defined as the ratio Vug / (Vc) where the term Vc is the nominal shear strength provided by the 

concrete, and  = 0.75 for design [5]. The factored gravity shear force, Vug, is determined using the load 

combinations of 1.2D + 1.0L (or 0.5L) + 0.2S as specified in ACI 318-14 [5], where D, L, and S are the dead, live, 

and snow loads, respectively. It is not possible for VR to be equal to or greater than unity for connections without 

shear reinforcement, as the factored gravity shear Vu for 1.2D + 1.6L (> Vug) is always less than Vc.  

ACI 318-05 [6] incorporated a simplified relationship between DR and VR that is used to evaluate the design 

lateral deformation demand for SC connections not designated as part of the seismic-force-resisting system in 

structures assigned to Seismic Design Categories (SDCs) D, E, and F; where DR = larger of [(0.035 – 0.05VR) 

and 0.005]. Further, ACI 318 requires shear reinforcement to be provided for SC connections if the design story 

drift exceeds DR. In such cases, the shear stress capacity (vs) provided by shear reinforcement must satisfy vs ≥ 

3.5√fc', where fc' is the concrete compressive strength (psi units). Also, the shear reinforcement must extend at 

least 4h away from, and perpendicular to, the face of the support, drop panel, or column capital; where h is the 

slab thickness. These criteria are still in place in ACI 318-14. 

Experiments in the literature provided physical tests to examine and calibrate design methods. However, 

details for these tests can be difficult to obtain and differences in defining key response parameters can lead to 

inconsistencies in some of the summarized test results. In addition, design recommendations have in some cases 

been developed based upon a limited subset of the available laboratory test data. To avoid these limitations, this 

paper provides a review of the database of interior RC SC connection tests using a consistent criteria for selecting 

key response parameters. The collected test results include interior RC connections with and without shear 

reinforcement under combined lateral and gravity shear demands. This paper also compares design provisions for 

determining Vc for three building codes to determine the impact on the computed VR for the SC specimens.  

2.  Review of Available Research 

2.1  Typical SC specimen test setup 

Most experiments evaluating SC connections under gravity load with lateral displacement have tested individual 

SC connections or portions of a structure containing SC connections. It is critical to choose a test setup that is able 

to realistically model the effect of loads and deformations on the connection. Fig. 1 depicts three typical methods 
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of load application for individual RC SC connections. These specimens include a column section extended on both 

sides of the slab and terminated at the assumed points of contraflexure for lateral load. The slab is typically square 

in plan and extended to the inflection points, which is equivalent to the midspan location of the prototype structure, 

in the lateral loading direction. Three methods of gravity load application have been used for these specimens [1]:  

 application of a concentrated axial load through the column (i.e., column jacking) (Fig. 1b),  

 application of distributed point loads to the slab around the connection (Fig. 1c), or 

 a combination of both methods (Fig. 1a).  

In some cases an initial axial load is applied to the top of the column to induce a typical axial load while VR is 

maintained through the application of distributed loading to the slab. In such cases, the gravity load application to 

the SC connection is noted below as being consistent with Fig. 1c. 

Methods to induce unbalanced moments at the SC connection include: 

 application of lateral displacements at the top of the column with the base fully fixed or restrained against 

translation and with slab edges roller supported (Fig. 1a),  

 application of lateral displacements at both column ends with slab edges simply supported (Fig. 1b), or  

 application of an upward and downward displacement couple at opposite edges of the slab with both ends 

of the column restrained (Fig. 1c).  

 

Fig. 1 – Typical load simulation for individual interior SC connection specimens 

There are potential concerns with inducing gravity load using column jacking, as shown in Fig. 1b. For this 

case, the initial gravity shear in the connection region is equal to the applied column load as intended. Upon the 

application of a lateral load, the slab shear force on one side of the column will increase, while decreasing on the 

other side of the column by the same amount. As testing continues and yielding occurs on one side of the SC 

connection, the gravity load will tend to shift from the SC connection to one of the slab supports. So, while the 

assumed VR is present without lateral load, it may be much less than assumed during lateral load testing. This 

leads to challenges with maintaining the intended VR at the connection. 

2.2 Key parameters and modes of failure 

The laboratory test data was reviewed using a consistent methodology, and key parameters were determined for 

each test. The actual gravity shear ratio VR is determined as Vg/ϕVc, where Vg is the reported direct shear force 

transferred at the critical shear perimeter, Vc is calculated in accordance with ACI 318-14 Sect. 22.6.5.2 using the 

reported measured material properties and geometry, and ϕ=1.0. The failure mode for each specimen is categorized 

as punching shear (P), flexure (F), or a combination of flexure and punching shear (FP) where a punching shear 

failure occurred at a higher drift level following yielding of the slab reinforcement. 

The drift ratio (DR) is defined as the ratio of column lateral displacement to the column height, or the ratio 

of slab displacement to slab length. For the application of unbalanced moments shown in Fig. 1c, the slab 

deflections on either side of the column were not equal for most tests. DR was therefore determined by Eq. (1).   
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DR = [∆/(l/2) + ∆'/(l/2)] / 2 (1) 

Fig. 2 depicts the measured lateral load versus drift ratio relationships for four specimens under reversed 

uniaxial cyclic lateral loads. The selected specimens exhibit a wide range of behaviors for the database of RC SC 

connection tests. “DR at peak load” corresponds to the lateral drift at the maximum (peak) applied lateral load; 

“DR limit” corresponds to the lateral drift ratio at which failure occurs (P, FP, or F) or when the lateral load drops 

to 80% of its peak value. If the test was terminated prior to any of these events, the mode is noted as no failure 

(NF). The DR at peak load and the DR limit are not necessarily identical, as Fig. 2 indicates. 

(a) Flexure-punching failure (FP) [7] 

DR at peak load: +3.00% / -3.00% 

DR limit: 8.00%  

(b) Punching failure (P) [8] 

DR at peak load: +3.50% / -3.00% 

DR limit: 3.25% 

 

(c) Flexure failure (F), adapted from [9] 

DR at peak load: +3.85% / -3.85% 

DR limit: 4.85% (80% of peak load) 

(d) Flexure failure (F) [8] 

DR at peak load: +5.00% / -5.00% 

DR limit: 8.00% 

Fig. 2 – Examples of DR at peak load and DR limit (1 kN = 0.2248 kips)  

 

Fig. 2 illustrates some specific examples for interpreting DR limit, as follows. 

 When a P or FP failure occurred only in the positive or negative lateral load direction, the value of the DR 

limit corresponds to that failure point (see Fig. 2a).  

 When a P or FP failure occurred in both the positive and negative lateral load directions, the DR limit is 

taken as the average of the drift ratios corresponding to both failure points (see Fig. 2b). 

 For specimens that failed by flexure (F) or did not fail (NF), the DR limit is the greater drift value for both 

lateral load directions. DR limit is either the drift corresponding to 80% of the peak lateral load or the drift 

at which testing was terminated. Fig. 2c shows that the ultimate lateral load is below 80% of the peak 

lateral load in both directions; therefore, the DR limit is the point corresponding to the 80% of peak lateral 

load in the direction having the greater drift value.  

ND1C 1C

4HSPS2.5
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 Fig. 2d shows an example of a flexure failure, as well; however, the ultimate lateral load is greater than 

80% of the peak lateral load in both directions. The DR limit of this specimen is taken as the larger drift 

ratio corresponding to the end of test. 

For specimens subjected to bidirectional lateral loads, the DR limit is reported as resultant drift ratios. In 

each principal vector direction, the DR limit is determined as noted above for unidirectional lateral load. To 

compare with tests under unidirectional lateral loads, the resultant DR limit is found as shown in Eq. (2), 

DR =√DRx
2+DRy

2 (2) 

where DRx and DRy are the DR limit values corresponding to the two principal lateral loading directions. 

2.3 Summary of laboratory test specimens 

The reviewed database includes the available laboratory test data for RC SC connections under combined gravity 

and lateral loads. Included are 83 interior RC SC connections without shear reinforcement (Table 1) and 66 interior 

RC SC connections with shear reinforcement (Table 2).  

Table 1 – Test data for interior slab-column connection specimens with no shear reinforcement 

Source ID VR DR, % Mode Source ID VR DR, % Mode 

Hanson and 

Hanson 

(1968) [10] 

B7 0.04 3.80 P 

Robertson 

(1990) [17] 

1 0.17 3.00 NF 

C8 0.05 5.80 P 2C 0.18 5.00 F 

Hawkins et 

al. (1974) 

[11] 

S1 0.34 1.84 P 3SE 0.15 4.00 FP 

S2 0.45 1.07 P 5SO 0.17 3.25 P 

S3 0.43 1.23 P 6LL 0.52 0.85 P 

S4 0.41 2.05 P 7L 0.37 1.45 P 

Ghali et al. 

(1976) [12] 

SM 0.5 0.31 6.50 FP 8I 0.18 4.50 F 

SM 1.0 0.33 2.70 P 
Cao (1993) 

[18] 

CD1 0.85 1.04 P 

SM 1.5 0.30 2.00 P CD5 0.64 1.26 P 

Islam and 

Park (1976) 

[13] 

1 0.25 4.44 P CD8 0.51 1.48 P 

2 0.23 5.00 P 

Du (1993) 

[19] 

DNY_1* 0.20 4.50 F 

3C 0.24 5.19 P DNY_2* 0.30 2.00 P 

Symonds et 

al. (1976) 

[14] 

S-6 0.87 0.83 P DNY_3* 0.24 4.50 F 

S-7 0.80 0.47 P DNY_4* 0.28 4.70 FP 

S-8 0.62 0.64 F 

Farhey et al. 

(1993) [20] 

1 0.00 5.60 FP 

Morrison and 

Sozen (1981) 

[15] 

S1 0.03 4.83 F 2 0.00 5.10 FP 

S2 0.03 2.84 F 3 0.26 3.80 FP 

S3 0.04 4.29 F 4 0.30 2.50 FP 

S4 0.09 4.29 FP 
Luo et al. 

(1994) [21] 
II* 0.08 5.00 F 

S5 0.17 4.65 FP 
Ali and 

Alexander 

(2002) [22] 

SP-A 0.31 4.50 FP 

Zee and 

Moehle 

(1984) [16] 

interior 0.29 3.50 FP SP-B 0.31 3.50 P 
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Table 1 – Test data for interior RC slab-column connection specimens with no shear reinforcement (cont.) 

Source ID VR DR, % Mode Source ID VR DR, % Mode 

Hwang 

(1989) [23] 

b2bi 0.24 4.47 P 

Emam et al. 

(1997) [28] 

 

HHHC05 0.25 5.20 F 

c2bi 0.26 4.85 P HHHC10 0.25 5.20 FP 

b3bi 0.25 5.00 P NHHC05 0.35 3.80 FP 

c3bi 0.26 5.32 P NHHC10 0.36 3.80 P 

Pan and 

Moehle 

(1988) [24] 

AP1 0.37 1.54 FP 
Robertson et al. 

(2002) [8] 
1C 0.15 3.25 P 

AP2bi 0.36 1.83 FP Brown (2003) 

[29] 

SJB-6 0.45 2.30 P 

AP3 0.18 4.76 FP SJB-7 0.51 1.70 P 

AP4bi 0.18 3.56 FP 

Tian et al. 

(2008) [30] 

L0.5*  0.23 2.00 P 

Tan and 

Teng (2005) 

[25] 

YL-L1 0.17 7.10 F LG0.5*  0.23 1.25 NF 

YL-H2bi 0.28 2.39 P LG1.0*  0.23 1.25 NF 

YL-L2bi 0.17 2.81 P Park et al. 

(2012) [31] 

RC-A 0.45 1.50 FP 

Robertson 

and Johnson 

(2006) [26] 

ND1C*  0.22  8.00 FP RC-B 0.41 1.60 FP 

ND4LL*  0.27  3.50 FP 
Song et al. 

(2012) [32] 
RC1 0.43 1.80 P 

ND5XL*  0.44  2.00 P 
Kang et al. 

(2013) [33] 
RC 0.40 2.60 FP 

ND6HR*  0.27  4.00 P 

Fick et al. 

(2014) [34] 

Floor 1 0.21 2.39 NF 

ND7LR*  0.24  5.00 FP Floor 2 0.21 3.31 P 

ND8BU*  0.24  5.00 FP Floor 3 0.21 3.08 NF 

Choi et al. 

(2007) [27] 

S1 0.30 3.00 P 

Rha et al.  

(2014) [35] 

LM-S2-C5 0.40 5.38 FP 

S2 0.50 3.00 P LM-S3-C5 0.40 0.74 FP 

S3 0.30 3.00 P LC-S2-C5 0.40 1.50 P 

Kang and 

Wallace 

(2008) [9] 

C0 0.30 1.85 P - - - - - 

*Bottom slab reinforcement is discontinuous at interior connection; bi Biaxial lateral loading. 

F = flexural failure, P = punching shear failure, FP = flexural and punching shear failure, NF = no failure 

Table 2 – Test data for interior RC slab-column connection specimens with shear reinforcement 

Source ID VR DR, % Mode 
Shear 

Reinf. 
Source ID VR DR, % Mode 

Shear 

Reinf. 

Hawkins 

et al. 

(1975) 

[36] 

SS1 0.40 3.89 F 
Closed 

stirrup 

Islam and 

Park 

(1976) 

[13] 

4S 0.23 5.37 P 
Bent 

up 

SS2 0.38 4.44 P 
Closed 

stirrup 
5S+ 0.23 4.63 F 

Shear 

head 

SS3 0.39 5.76 F 
Closed 

stirrup 
6CS+ 0.24 4.44 F 

Closed 

stirrup 

SS4 0.38 5.63 F 
Closed 

stirrup 
7CS+ 0.24 4.07 F 

Closed 

stirrup 

SS5 0.34 5.00 FP 
Closed 

stirrup 
8CS+ 0.27 5.56 F 

Closed 

stirrup 
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Table 2 – Test data for interior RC slab-column connection specimens with shear reinforcement (cont.) 

 Source ID VR DR, %  Mode 
Shear 

Reinf. 
Source ID VR DR, % Mode 

Shear 

Reinf. 

Symonds et 

al. (1976) 

[14] 

SS-6 0.82 1.59 FP 
Closed 

stirrup 
Broms 

(2007) 

[39] 

 

17c 0.65 3.00 FP 
Ductility 

reinf. 

SS-7 0.81 2.25 FP 
Closed 

stirrup 
17d 0.65 3.00 FP 

Ductility 

reinf. 

Robertson 

(1990) [17] 
4S 0.16 7.00 F 

Closed 

stirrup 
18c 0.67 3.00 FP SSR 

Cao (1993) 

[18] 

CD3 0.90 3.41 FP SSR 18d 0.67 3.00 FP SSR 

CD4 0.61 4.81 F SSR Kang 

and 

Wallace 

(2008) 

[9] 

PS2.5 0.32 4.85 F 
Shear 

bands 

CD6 0.68 4.89 F SSR PS3.5 0.34 3.45 FP 
Shear 

bands 

CD7 0.50 5.19 F SSR HS2.5 0.31 5.20 P SSR 

Dechka 

(2001) [37] 

S1 0.46 4.40 P SSR 

Park  

et al. 

(2012) 

[31] 

LR-A1 0.44 7.00 F Lattice  

S2 0.47 6.40 FP SSR LR-A2 0.44 4.90 F Lattice  

Robertson 

et al. 

(2002) [8] 

2CS 0.14 8.00 F 
Closed 

stirrup 
SR-A 0.45 4.00 F SSR 

3SL 0.09 8.00 F 
Single 

stirrup 
SB-A 0.45 5.10 F 

Shear 

bands 

4HS 0.13 8.00 F SSR ST-A 0.45 3.00 F Stirrup 

Brown 

(2003) [29] 

SJB-1 0.48 4.50 FP SSR LR-B1 0.41 4.70 F Lattice  

SJB-2 0.46 4.90 FP SSR LR-B2 0.41 3.60 F Lattice  

SJB-3 0.48 4.90 FP SSR SR-B 0.41 5.10 F SSR 

SJB-4 0.43 6.40 FP SSR SB-B 0.41 6.50 F 
Shear 

bands 

SJB-5 0.47 7.60 FP SSR ST-B 0.41 3.20 F Stirrup 

SJB-8 0.46 5.70 FP SSR Song et 

al. 

(2012) 

[32] 

SR1 0.43 3.90 F Stirrup 

SJB-9 0.49 7.10 FP SSR SR2 0.43 5.40 F SSR 

Tan and 

Teng 

(2005) [25] 

YL-

H2Vbi 
0.28 5.60 FP SSR SR3 0.43 6.00 F 

Shear 

bands 

YL-

H1V 
0.28 8.14 F SSR 

Kang  

et al. 

(2013) 

[33] 

LR-A 0.40 5.10 F Lattice 

Gayed and 

Ghali 

(2006) [38] 

ISP-0 0.84 3.76 FP SSR LR-B 0.40 3.20 FP Lattice 

Cheng 

(2009) [1] 

 

SU1 0.42 5.00 F SFR LR-C 0.40 4.80 F Lattice 

SU2 0.33 5.00 F SFR LR-D 0.40 5.10 F Lattice 

SB1bi 0.40 3.25 P SFR LR-E 0.40 3.60 FP Lattice 

SB2bi 0.41 2.95 P SFR 
Matzke 

et. al. 

(2015) 

[40] 

B1bi 0.45 2.62 FP SSR 

SB3bi 0.43 1.46 P SSR B2bi 0.45 2.62 FP SSR 

- - - - - - B3bi 0.47 2.95 FP SSR 

- - - - - - B4bi 0.41 3.25 FP SSR 

*Bottom slab reinforcement is discontinuous at interior connection; bi Biaxial lateral loading, + DR was based on the 

slab displacement at peak lateral load as the author reported. 

F = flexural failure, P = punching shear failure, FP = flexural and punching shear failure, NF = no failure 
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The majority of test specimens are individual interior RC SC specimens, as depicted in Fig. 1. In addition, a 

limited number of tests have been conducted with multi-connection specimens, multi-panel specimens, and multi-

story frame specimens. The multi-connection specimen is a two-bay-one-story frame that contains two exterior 

and one interior connections, tested by Robertson [17], Du [19], and Dechka [37]. The multi-panel specimen 

includes two types: a nine-panel, one-story frame specimen tested by Hwang [23] and a four-panel, one-story 

frame specimen tested by Rha et al. [35]. A full-scale three-story flat-plate structure was tested by Fick et al. [34].  

Table 3 summarizes the reviewed database in terms of the method of lateral load (or unbalanced moment) and 

gravity load application. The designations “a,” “b,” and “c” refer to the setups shown in Fig. 1a, 1b, and 1c, 

respectively. Among the three basic loading setups, the test configuration and lateral load simulation in Fig. 1a is 

the most popular. Test specimens subject to induced unbalanced moments using the approach shown in Fig. 1a 

have an applied gravity load using one of the three methods described earlier. Differences in tests also include 

monotonic versus cyclic lateral loading, unidirectional versus bidirectional loading, and some specimens include 

the effects of continuity with a multiple panel or frame setup. All tests are unidirectional unless noted otherwise. 

Table 3 – Load simulation of interior RC SC connections 

Lateral 

Load 

Gravity 

Load 

Lateral 

Load Type 
Sources Notes 

a 

a Cyclic  [24, 25] [24, 25] included biaxial tests  

[24] included both type a and b gravity 

load  
b Cyclic  

[9, 15, 24, 30, 31, 32, 33, 

39] 

c 

Cyclic 
[1, 8, 16, 17, 19, 21, 22, 

23, 26, 34, 35, 37, 40] 

[1, 40] included biaxial tests 

[17, 19, 37] are multi-connection tests 

[23] was a biaxial multi-panel test 

[34] was a three-story frame test 

[35] was a multi-panel test with 2 

monotonic and 1 cyclic specimens 
Monotonic [35] 

b b 
Cyclic [12, 18, 20, 27, 28, 29, 38] [12] included 3 monotonic specimens 

[29] included 1 monotonic specimen Monotonic [12, 29] 

c c 
Cyclic [11, 13, 14, 36] [10] included 2 monotonic specimens 

[13] included 4 monotonic specimens Monotonic [10, 13] 

2.4 Relationship between limiting drift and gravity shear ratio 

The relationship between the DR limit and VR for interior RC SC connections with and without shear 

reinforcement is shown in Fig. 3. As shown in Fig. 3a, most test specimens without shear reinforcement failed by 

punching. All FP failure points had a VR below 0.5, and most F and NF points had a VR less than 0.3. Fig. 3b 

shows the DR limit versus VR for specimens with different types of shear reinforcement. Typical shear 

reinforcement includes shear stud reinforcement (SSR), closed stirrups, bent-up bars, and shearheads. More 

recently, several new types of shear reinforcement including “ductility reinforcement,” shearbands, steel fiber 

reinforcement (SFR), and lattice reinforcement were tested, as noted in Table 2. Fig. 3b shows that no tests have 

been conducted for shear reinforced RC SC connections with VR ranging from 0.5-0.6 and 0.7-0.8. Many tests 

have been conducted with SSR, particularly in the range of VR = 0.4-0.5; however, the DR limit is highly variable.  

Fig. 4a and Fig. 4b show the influence of the different load simulation techniques on DR limit as a function 

of VR. The labels a, b, and c correspond to the test configuration and lateral load simulation of Fig. 1a, 1b, and 1c; 

respectively. To eliminate effects from other factors, the data included in these graphs are limited to: (1) individual 

interior RC SC connections under uniaxial lateral loading, (2) specimens with continuous bottom slab 

reinforcement, and (3) specimens with column sections extended above and below the slab and ended at the 

assumed points of contraflexure. Although there is significant scatter in the data, a best-fit line is included for each 

set of data to provide a simple estimate of the overall trends. Fig. 4a for RC SC connections with no shear 

reinforcement indicates that type b gravity and lateral load simulation corresponds to a slightly higher drift capacity 
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than for tests using type a or c load simulation. Fig. 4b for RC SC connections with shear reinforcement shows a 

stronger trend for higher DR limits for a given VR under type b load simulation. A number of factors may contribute 

to the observed increase in the DR limit (i.e., type and amount of shear reinforcement, flexural reinforcement ratio, 

slab effective depth, and span-to-depth ratio); however, it is interesting to note the overall increase in the DR limit 

considering the challenges in maintaining the intended VR with this test setup. 

 The tendency for the DR limit for SC connections to decrease as VR increases limits the application of flat-

plate structures in high seismic regions, as well as for buildings with high gravity loads. One approach to enhance 

the shear resistance and drift capacity of SC connections is to add shear reinforcement. Fig. 5 compares the lateral 

response of RC SC connections with and without shear reinforcement. It is noted that the presence of shear 

reinforcement typically enhances the lateral displacement ductility of SC connections for varying levels of VR. 

The chart shows the drift limit relationship provided in ACI 318-14 for SC connections not designated as part of 

the seismic-force-resisting system in structures assigned to SDCs D, E, and F, as discussed earlier. 

  

(a) Connections without shear reinforcement 

  

(b) Connections with shear reinforcement 

Fig. 3 – Reviewed data for RC interior connections 

 

(a) Connections without shear reinforcement 

  

(b) Connections with shear reinforcement 

Fig. 4 – Load simulation for individual connections 

 The span-to-thickness ratio of slabs was reviewed with respect to the type of load simulation. Fig. 6 shows 

the span-to-thickness ratio (l1/h) for specimens, where l1 is the slab dimension in the direction of loading and h is 

the slab thickness. The reviewed data in Fig. 6 met the same criteria used for developing the plots in Fig. 4. The 
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labels a, b, and c correspond to the test configuration and lateral load simulation of Fig. 1a, 1b, and 1c; respectively. 

Fig. 6 shows that the slab span-to-thickness ratio (l1/h) for specimens with type b load simulation tends to be lower 

than for the other two types. The lower l1/h is more typical of cases with a higher VR as the slab inflection point is 

likely to be closer to the connection [41]. Lower l1/h values makes SC connections less flexible, which means the 

expected drift capacity for type b load simulation is lower than for type a and c. However, Fig. 4a and Fig. 4b 

show the opposite trend. While other parameters may contribute, the issues with maintaining VR with the use of 

column jacking, as in type b load simulation, could be a factor. 

  

Fig. 5 – Reviewed data for RC interior connections 

 

Fig. 6 – l1/h versus load simulation type 

3. Building Code Provisions 

The provisions for determining nominal shear strength provided by concrete Vc for interior SC connections without 

shear reinforcement are summarized in Table 4 for three building codes and the ACI 352.1R-11 recommendations.   

Table 4 – Provisions for Vc 
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ACI 352.1R-11 [42] 

(US units) 
 

dbf o
'
c4  ― ― 

JSCE 15 [43] 

(SI units) 

 

borpdc dbf  /20.0 '
 

511000

2501

1
1

4 .d/

d/u.

d

r









 

51

1003

.p

p








 

Eurocode 2 [44] 

(SI units) 

 

dkbf ock

c

3 100
18.0




 02
200

1 .
d

k   
020

1003

.


 

Note: fc' is specified compressive strength of concrete, MPa (psi for US units); fck is characteristic concrete cylinder compressive 

strength, MPa; fck = fc'-1.6 MPa [45]; γb and γc are member factor and partial factor for concrete and are taken as 1.0; bo is perimeter of 

critical section, mm (in. for US units); d is average effective depth, mm (in. for US units); c is column dimension, mm (in. for US 

units); u is perimeter of column, mm; ρ is average reinforcement ratio in two principal directions. 

 The expressions provided in Table 4 consider only square columns and normal-weight concrete. The 

difference between each provision is the perimeter of critical section for shear bo (column 2), the size effect 

(column 4), and the effect of slab flexural reinforcement (column 5). JSCE 15 and Eurocode 2 include the slab 
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flexural reinforcement ratio as a parameter in estimating Vc, whereas ACI 318-14 does not. Fig. 7a shows the 

normalized estimated two-way shear strength, Vc-code/Vc-ACI 318-14, as a function of ρc2+3h for interior SC connections 

without shear reinforcement; where ρc2+3h is the slab flexural reinforcement ratio within a width of c2+3h, and c2 

is the column dimension transverse to the loading direction. As expected, the normalized estimated two-way shear 

strength increases as the flexural reinforcement ratio increases for both the JSCE 15 and Eurocode 2. The ACI 

318-14 estimates of Vc are lower for slabs with a ρc2+3h   greater than 0.8% and 1.3% for the JSCE 15 and Eurocode 

2, respectively. As such, ACI 318-14 provides larger estimates of Vc for lightly reinforced slabs. The JSCE 15 Vc 

estimates are higher than those for the Eurocode 2 for all reinforcement ratios. Fig. 7b depicts the relationship of 

DR limit versus VR computed for each of the three codes. Although their estimation of two-way shear strength 

varies, all three codes show a similar trend. 

           

(a) Estimated two-way shear                                                    (b) DR limit versus VR 

Fig. 7 –Reviewed data of interior SC connections without shear reinforcement due to different codes 

4.  Conclusions 

Based on the detailed review of available tests for RC SC interior connections with and without shear 

reinforcement under combined lateral and gravity shear loading, the following conclusions are made. 

1) Most RC SC specimens without shear reinforcement failed by punching. All FP failure points had a VR below 

0.5, and most F and NF points had a VR less than 0.3. The updated laboratory test data set confirms that the 

DR limit tends to decrease as VR increases, which is the basis for the ACI 318-14 limiting drift relationship. 

However, there is significant variation in the DR limit for a given VR. 

2) In general, the presence of shear reinforcement improves the lateral displacement ductility of RC SC 

connections for varying levels of VR. However, the DR limit is highly variable among these tests. No tests are 

available for RC SC connections with shear reinforcement with VR ranging from 0.5-0.6 and 0.7-0.8. 

3) Tests of SC connections using type b load simulation include specimens with lower l1/h ratios than for type a 

and c load simulation, however the higher drift capacity was observed for type b loading. Although a number 

of factors may contribute to the observed increase in drift capacity, it is noted that type b load simulation may 

lead to overestimating the limiting drift of RC SC connections.  

4) Compared to Eurocode 2 and JSCE 15, which consider the effect of flexural reinforcement ratio on two-way 

shear strength (Vc), ACI 318-14 gives larger estimates of Vc for lightly reinforced interior SC connections. 

However, the flexural reinforcement ratio did not have a significant influence on the relationship of DR limit 

versus VR for the reviewed laboratory test data.  
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