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ABSTRACT 
 
This paper focuses on the fundamental behavior of steel-plate composite (SC) wall-to-slab connections in 
safety related nuclear facilities. The slab may be either reinforced concrete (RC) slabs or half SC (HSC) 
slabs. However, the HSC slab is the focus of this paper. The primary forces that need to be transferred 
through the connection are flexural moment, out-of-plane shear, and in-plane shear in the slab. The force 
transfer mechanisms and connections may be designed to: (i) transfer the forces associated with the 
design load combinations, or (ii) transfer the full strengths of the slab in flexure, out-of-plane shear, and 
in-plane shear, or (iii) combination of (i) and (ii), where the full strength of the slab in flexure, and out-of-
plane shear may be transferred, but the in-plane shear may be limited to the diaphragm force calculated 
using load combinations.  
 
The paper presents typical designs and details for SC wall-to-HSC slab connections. These designs are 
used to develop prototype specimens, and test them under cyclic loading to confirm behavior and 
performance. The parameters include the reinforcement ratio (ρ), shear reinforcement ratio (ρt), and 
welding between the slab bottom steel plate and the support. Two large-scale tests were conducted on SC 
wall-to-HSC slab connections. The experimental results including displacement and strain responses, 
governing failure mode, and concrete crack pattern are presented. 
 
INTRODUCTION 
 
Steel-plate composite (SC) walls are increasingly being used for safety-related facilities in the third 
generation of nuclear power plants as they are suitable for modular construction and enhance the potential 
for construction efficiency. SC walls often intersect each other, and serve as serve as supports for critical 
components and equipment (such as the reactor, steam generators, pressurizer, fuel pool, and so on) to be 
installed.  
 
Slabs are also provided and connected to SC walls. The slabs are either reinforced concrete (RC) or half 
steel-plate composite (HSC). The behavior of connection regions of RC slabs and RC walls (or columns) 
has been investigated and the detailing recommendations are established in design codes. For example, 
development length (Ld) of rebars, top and bottom reinforcement layout, and requirements for hooked 
rebars are specified in ACI 349 (2013). However, the same practices cannot be extended without 
assessment to SC wall-to-HSC slab connections because research on the behavior and design of SC wall-
to-HSC slab connections is limited. 
 
The structural behavior of SC walls has been investigated experimental and analytically for last 20 years 
in Japan, S. Korea, and the US. The investigation has focused on the in-plane shear behavior and out-of-
plane shear behavior. The structural behavior of SC wall-to-wall and SC wall-to-basemat connections was 
investigated experimentally by the authors. Specification for design of SC walls was published by 
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American Institute of Steel Construction (AISC) as an appendix (Appendix N9) to AISC nuclear 
specification, AISC N690s1.  
 
A design guide for SC structure is being by AISC to facilitate the use of Appendix N9. In Section 11.7 of 
the design guide, connection design philosophies and procedure of designing connections are discussed in 
detail for SC wall-to-slab connections (Bhardwaj and Varma, 2017). One of preferred connection design 
philosophies is full-strength connection, where the connection is designed and detailed to be stronger than 
the weaker of the two connected parts (SC wall and slab). This design philosophy ensures ductile 
behavior with yielding and inelasticity occurring away from the connection in one of the connected SC 
walls (or RC slabs). This ductile design approach is consistent with the concrete anchorage design 
provisions given in Chapter 21 of of ACI 349-13. Another design philosophy is over-strength connection, 
where the connection is weaker than the connected parts, but its strength is designed to be significantly 
greater than calculated design demands. 
 
This study focused on the fundamental behavior and design of SC wall-to-HSC slab connections. Figure 1 
illustrates typical SC wall-to-HSC slab connections. As illustrated, rebars are embedded in HSC slabs and 
they are extended to SC walls using mechanical couplers (not welded to steel plates). The extended rebars 
in SC walls are usually hooked. The hooked bars conform to ACI 349-13 for hook geometry. The decking 
support is welded to the wall portion. The slab portion is placed on the support and this would facilitate 
construction. The support also provides some additional shear resistance. 
 
The faceplate of HSC slabs is either simply supported or welded to the supports. The force transfer 
mechanism can be significantly different depending upon the connection condition at the support. When 
the faceplate is simply supported, HSC slabs can be treated as conventional RC slabs. The top rebars in 
the slab transfers the tensile force to SC wall for negative bending moments and the bottom rebars in the 
slab transfers the tensile force to SC wall for positive bending moments. However, when the steel 
faceplate of the slab is welded to the supports, the tensile force generated by the positive bending moment 
is resisted mainly by the bottom steel plate of the slab while the tensile force generated by negative 
bending moment is still carried by the top rebars. The tension resistance contributed by the bottom rebars, 
therefore, is limited.  
 
In this study, the fundamental behavior and design of SC wall-to-HSC slab connections is investigated 
experimentally and analytically. The authors designed three SC wall-to-HSC slab specimens to evaluate 
their behavior and strength. The experimental results from two of the three specimens are presented in 
this paper.  
 

 
 

Figure 1. Typical SC wall-to-HSC slab connection in CIS 
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EXPERIMENTAL PROGRAM 
 
Table 1 presents the details of the three specimens. As presented in the table, the test parameters include 
(i) steel reinforcement ratio (ρ), (ii) shear reinforcement ratio (ρt), and (iii) welding of the steel faceplate 
to the decking support. The specimen name consists of the steel reinforcement ratio (ρ) in % - the shear 
reinforcement ratio (ρw) in % - the length of embedded dowel bars in HSC slab in db. The typical 
specimen configuration is illustrated in Figure 2. The SC wall portion of the specimens is 40 in. wide with 
the wall thickness (T) of 30 in. Four L4x3x1/2 sections are welded on the interior surface of the steel 
faceplate as longitudinal stiffeners. The faceplates are connected using C6x13 sections, which are placed 
at every 40 in. 
 
The slab portions of the test specimens were designed based on a typical span length (L= 15 ft.). The 
faceplate of the slab portion was stiffened using a WT section so that fresh concrete can be cast without 
shoring the slab. The slab portion of the specimens are 30 in wide and 18 in deep (HSC-1.7-0.4-SS) or 
24.5 in deep (HSC-1.3-0.0-SS and HSC-1.3-0.3-W) consisting of #11 longitudinal rebars, stud anchors, 
#6 headed rebars, #4 transverse rebars, and WT8x25 section. The steel plate thickness of the slabs is 0.5 
in. and ¾ in. diameter stud anchors are welded on the plate at every 10 in. for the composite action 
between the steel plate and the concrete infill. #6 headed rebars are also welded on the plate at every 8 in. 
for shear reinforcement.  
 
Two rows (top and bottom) of #11 rebars (Gr. 60) are embedded in the slab portion for the specimens. 
The center to center distance of two top #11 bars is 10 in. and the bottom #11 rebars are relocated to have 
clear distance of 0.5 in. from stud anchors and the WT section. The embedded length of the rebars are 
47db for all the specimens. For Specimen HSC-1.3-0.3-W, the bottom steel plate of the slab is welded to 
the decking support as illustrated in Figure 2. This is a common practice in design to facilitate the 
construction. However, with the plate welded to the decking support, the primary tension force resistance 
is contributed by the axial tension strength of the plate and its welding to the support. The contribution of 
the bottom rebars can be limited. The specimen will be tested near future and the experimental results 
from the specimen will be reported later. 
 
Test Setup and Loading Protocol 
 
The test specimens were subjected to cyclic vertical loading as illustrated in Figure 3 (a). Each specimen 
was connected to the test frame and the free end of the specimens were connected to a 250-kip capacity 
hydraulic actuator and a cyclic vertical load (P) was applied. The applied loading increased cyclically as 
shown in Figure 3 (b). In the figure, Pn is the vertical load corresponding to the flexural strength of the 
slab calculated using equation 1 and the measured concrete compressive strength (f’c) on the day of test. 
The specimens were subjected to the cyclic loading under both force control and displacement control. As 
shown in the figure, the elastic cycles were conducted under load control at lateral load levels of 0.25, 0.5, 
and 0.75Pn. In the figure, ∆y is the vertical displacement at Pn. Additional displacement cycles with 
different amplitudes (1.00∆y, 2.00∆y, 3.00∆y, and 4.00∆y) were applied until failure. 
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Table 1: Test matrix 
 

Specimen ρ ρt Ld 
HSC slab  

bottom plate 

HSC-1.7-0.4-SS 1.7 % 0.4 % 47db Simply supported 

HSC-1.3-0.0-SS 1.3 % 0.0 % 47db Simply Supported 

HSC-1.3-0.3-W 1.3 % 0.3 % 47db Welded 

 
(a) (b) 

 

 

 
Figure 2. Schematic view of test specimen: (a) elevation view and (b) cross-sectional view of HSC slab 

 
(a) 
 

(b) 
 

 

 
Figure 3. (a) Schematic view of test specimen and (b) loading protocol 

 
Material Properties 
 
Table 2 presents measured material properties of the test specimen. The measured steel yield strength (Fy) 
was 59.1 ksi and 62.8 ksi and the measured steel tensile strength (Fu) was 79.6 ksi and 70.7 ksi for the 
steel faceplate. The measured steel yield strength (Fy) was 73.5 ksi and 69.1 ksi and the measured steel 
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tensile strength (Fu) was 110.6 ksi and 106.1 ksi for the steel rebars. The measured concrete compressive 
strength (f’ c) was 5,850 and 5,008 psi. 
 

Table 2: Material properties of test specimen 
 

Specimen 
Concrete Faceplate #11 rebar 

f’ c, psi Fy, ksi Fu, ksi Fy, ksi Fu, ksi 

HSC-1.7-0.4-SS 5,850 59.1 79.6 73.5 110.6 

HSC-1.3-0.0-SS 5,008 62.8 70.7 69.1 106.1 

 
Instrumentation 
 
Strain gauges (SGs) and string potentiometers were used to measure the longitudinal steel strains and 
displacements of the specimen as shown in Figure 4. In the figure, three SPs are installed at every 22 in. 
from the loading point to measure the vertical displacement of the specimens. The measured 
displacements were used to develop the applied force-displacement (P-∆) responses. 15 electrical-
resistance strain gauges (SGs) were installed on the steel rebars and faceplates to measure the uniaxial 
steel strains. The measured strain values were used to develop the applied force-strain (P-ε) responses.  
 

 
 

Figure 4. Sensor layout 
 
TEST RESULTS 
 
HSC-1.7-0.4-SS 
 
During the first 0.5Py cycle (upward), the bottom #11 rebars of the specimen were detached from the 
couplers due to imperfect installation. The test could not be completed as planned. Therefore, only 
downward cycles were applied. The experimentally measured applied force-displacement (P-∆) response 
in vertical direction for Specimen HSC-1.7-0.4-SS is shown in Figure 5 (a). The displacement was 
measured from the loading point. The figure includes the axial force corresponding to the nominal 
flexural strength of HSC slab. The nominal flexural strengths were calculated using Equation 1. In the 
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equation, As,r is steel rebar area, Fy,r is rebar yield strength, and hs,r is the distance from the center of the 
Whitney stress block to the top rebar. 

, , ,n s r y r s rM A F h=   (1) 

 
The first concrete crack occurred in the HSC slab at approximately of 40 kips (downward), and it 
propagated as the loading increased. The stiffness started degrading after the steel rebars started yielding 
at about 78 kips. Concrete cracks in the HSC slab continued to be propagated. At the applied force of 110 
kips, the load carrying capacity of the test specimen started decreasing rapidly due to concrete crack in the 
slab. 
 
Figure 5 (b) shows selected applied force - strain (P - εs) response for the top #11 rebars (SG8) for 
Specimen HSC-1.7-0.4-SS. As shown, the strains on the steel rebar increased proportionally as the 
applied force increased. The steel rebars started yielding at approximately 78 kips. The maximum 
measured steel strain was about 22,000 micro-strain, which is the limit strain of the sensor. The steel 
faceplate strains remained in elastic range. All the steel tie plates in the connected SC walls exhibited 
linear behavior during the test. 
 

(a) (b) 

 
 

Figure 5. Experimentally measured responses: (a) applied force – displacement and (b) 
applied force – steel strain 

 
HSC-1.3-0.0-SS 
 
The experimentally measured applied force-displacement (P-∆) response in vertical direction for 
Specimen HSC-1.3-0.0-SS is shown in Figure 6 (a). The displacement was measured using the string 
potentiometers (SP1) installed as shown in Figure 4. The figure also shows the axial force corresponding 
to the flexural strength of the slab portion. The flexural strength was calculated using Equations 1 and 2 
and the measured material properties presented in Table 2. As shown in the figure, the specimen exhibited 
linear behavior during the first three cycles (0.25Pn). The stiffness started degrading after the first 
concrete crack occurred in the HSC slab during the first cycle of 0.5Pn (43 kips, downward).  
 
The stiffness continued to decrease as additional concrete cracks occurred in the slab. During the first 
1.00∆y cycle (82.4 kips, downward), a major concrete occurred. More than 50% of the load carrying 
capacity (downward) was lost resulting in the decision to apply only upward cycles. The steel rebars 
remained in elastic region up to 1.00∆y (upward). However, during the first 1.50∆y cycle, the top #11 
rebars started yielding after exceeding the axial force corresponding to the flexural strength of the slab. 
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After completing 2.00∆y cycles, concrete cracks were observed in the SC wall portion. The test was 
stopped since (i) the specimen already developed the yield strength of the #11 rebars and (ii) the actuator 
was almost out of stroke.  
 
Figure 6 (b) shows selected applied force - strain (P - εs) response for the top #11 rebars (SG8) for 
Specimen HSC-1.3-0.0-SS. As shown, the steel rebars started yielding at approximately 94 kips. The 
maximum measured rebar strain was about 15,500 microstrain. Figure 7 (a) shows selected applied force-
plate strain response(SG14) of the slab. As shown, the steel faceplate remained in elastic range during the 
test. The maximum plate strain upon the downward loading was about 420 microstrain (compression) 
while the maximum plate strain upon the upward loading was about 130 microstrain (tension). This 
difference may be attributed to the fact that the steel faceplate is restrained by the SC wall portion during 
downward loading while it is unrestrained during upward loading. 
 

(a) (b) 

 
 

Figure 6. Experimentally measured responses: (a) Applied force – displacement and (b) 
Applied force – steel strain 

 
(a) (b) 

 
 

Figure 7. (a) Applied force-steel plate strain response and (b) photograph of test specimen after testing 
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CONCLUSION 
 
Two large scale tests were conducted to investigate the fundamental behavior of SC wall-to-HSC slab 
connections. The experimentally measured applied force-displacement and applied force-strain responses 
were developed and compared with the flexural strength of the HSC slab of the test specimen.  
 
The experimental indicate that (i) SC wall-to-HSC slab connections without welding between the slab 
bottom steel plate and the decking support behave similar to conventional RC wall-to-slab connections 
and (ii) the out of plane shear strength of SC wall-to-HSC slab connection specimens is governed by the 
slab shear strength.  
 
Additional research is ongoing to investigate the effects of other design parameters including shear 
reinforcement ratio (ρt) and welding of the slab bottom steel plate to the decking support. The force 
transfer mechanism of SC wall-to-HSC slab connections with welding between the bottom slab steel plate 
and the decking support maybe different from connections without the welding. Additional experimental 
results will be presented in a future forum and publication. 
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