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ABSTRACT 

This paper focuses on the axial behavior of non-contact lap splice connections between steel-plate 
composite (SC) walls and reinforced concrete (RC) structures in safety related nuclear facilities. The non-
contact lap splice connection type is preferred than mechanical splice connection type since it is efficient 
in the construction perspective. The main component of the non-contact lap splice SC wall-RC structure 
connections is the rebars embedded in RC structures and extended in SC walls. The efficiency of the non-
contact lap splice connections depends on developing the concrete compression struts. This paper presents 
the results of experimental investigations conducted by authors to evaluate the influence of the rebar 
embedment length and the rebar location relative to the steel faceplate.  

INTRODUCTION 

There has been increasing interest in the use of steel-plate composite (SC) walls for safety-related nuclear 
facilities and commercial building construction. There has been significant research over the past two 
decades conducted in the U.S. and other countries on SC walls focusing on structural characteristics of SC 
walls subjected to axial compression, out-of-plane shear, and in-plane shear. These SC walls are often used 
in lieu of conventional reinforced concrete (RC) structures. For example, SC walls are anchored to RC 
foundation as illustrated in Figure 1(a). In addition, SC walls can be connected to half SC floor slabs to 
provide physical space for equipment and lateral stiffness as illustrated in Figure 1(b).  

Connecting SC walls and RC structures can be challenging due to complex or involved force transfer 
mechanisms. Non-contact lap splice connection can be considered for such connections because of its 
construction easiness and efficiency. However, studies focused on the connection between SC walls and 
RC structures is somewhat limited.  

When non-contact lap splice is used for SC wall-to-RC structure connections, rebars embedded in RC 
structures are extended to SC walls. The rebars in SC walls can be straight or hooked. The externally 
induced axial tension is transferred from the steel faceplates of the SC wall to the lap-spliced rebars of the 
RC portion with the help of concrete compression struts that are anchored by the shear studs and tie bars 
welded to the steel faceplates.  
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Figure 1. Typical SC-RC non-contact lap splice connections 

The axial tension behavior of SC wall-to-RC structure non-contact lap splice connection is discussed in this 
paper based on the results from the experimental investigation conducted by the authors. The governing 
failure mode is identified and the evaluation of the effects of various design parameters associated with the 
non-contact lap splice connection is also presented as well as design recommendations developed based on 
the findings from this study. 

EXPERIMENTAL PROGRAM 

An experimental investigation was conducted to investigate the fundamental behavior and design of non-
contact lap splice connections of SC wall structure to RC structures. The focus was on the effects of (i) the 
rebar location with respect to the steel faceplate and (ii) the embedment length of rebars on the pullout 
behavior of SC wall connections with non-contact lap splice. To achieve the objectives, six non-contact lap 
splice connection tests were conducted. Figure 2 shows a schematic view of non-contact lap splice 
connection test specimens. As shown, all the specimens consist of (i) two faceplates (Gr 50, 12.7 mm thick), 
(ii) two rows of (top and bottom) rebars (Gr. 60 #9 or #11), (iii) stud anchors (A107, 19 mm diameter), and
concrete. The steel faceplates of the specimens were widened and extended to be connected to the test setup.
In addition, two rows of rebars were also extended to be connected to the test setup. Only the steel rebars
of the RC structures were included in the specimens.

Figure 2. Schematic view of non-contact lap splice connection test specimens 
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Table 1 presents details of the test specimens. The table includes the width (w) and thickness (tp) of the steel 
faceplates, the overall depth of the composite section (T), the rebar size, and the length of rebar embedment 
(Lemb) into the SC portion. In Table 1, α represents the distance from the rebar to the steel faceplate divided 
by the rebar diameter. As presented in the table, specimen name consists of connection configuration-Lemb-
slenderness ratio (s/tp)-rebar location factor (α). For example, Specimen 1-1702-20-2.8 has rebar 
configuration 1, Lemb equal to 1702 mm (67 in.), s/tp equal to 20, and α equal to 2.8. 

The expected failure mode of each test specimen is also included in Table 1. As presented, two specimens 
(1-1702-20-2.8 and 2-1372-20-3.5) with Lemb equal to ls per ACI 318-08, appropriate interfacial shear 
strength (s/tp of 20), and rebars placed inside of stud anchors are expected to fail with rupturing of rebars. 
All other specimens are expected to have have lap splice failure. This failure mode is also brittle. However, 
it is caused by extensive concrete cracking within the connection region. 

Table 1. Test matrix of non-contact lap splice connection test series 

Specimen w, mm T, mm tp, mm Config- 
uration 

Rebar 
Size 

No. of 
rebars 

Lemb, 
mm s/tp α Expected 

Failure Mode 

1-1702-20-2.8 508 901.7 12.7 1 #11 2 1702 20 2.8 Rebar Rupture 

1-1702-20-5.7 508 901.7 12.7 1 #11 2 1702 20 5.7 Lap Splice 
Failure 

1-1295-20-2.8 508 901.7 12.7 1 #11 2 1295 20 2.8 Lap Splice 
Failure 

2-1372-20-3.5 762 901.7 12.7 2 #9 4 1372 20 3.5 Rebar Rupture 

2-1372-20-7.1 762 901.7 12.7 2 #9 4 1372 20 7.1 Lap Splice 
Failure 

2-1041-20-3.5 762 901.7 12.7 2 #9 4 1041 20 3.5 Lap Splice 
Failure 

Figure 3 illustrates cross sectional view of non-contact lap splice connection configurations considered in 
this study. As illustrated in the figure, two rebars (top and bottom) are placed in between two rows of stud 
anchors for Configuration 1 while four rebars (top and bottom) are placed in between three rows of stud 
anchors for Configuration 2. In both Table 1 and Figure 3, α is the rebar location factor and it is the distance 
from the rebar to the steel faceplate divided by the rebar diameter (db). 

Figure 3. Cross sectional view of non-contact lap splice connection configurations: (a) Configuration 1 
and (b) Configuration 2 
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Test Setup 

The test specimens were subjected to monotonic axial tension loading using the test setup illustrated 
in Figure 4. As illustrated in the figure, the steel faceplates of the specimen were widened and extended to 
be connected to Loading beam 1 using threaded rods. The steel rebars were also extended and bolted to 
Loading beam 2. Two 4450 kN (1000-kip) capacity hydraulic rams were used to push the two loading 
beams apart, and thus subject the specimen to axial tension. The loading was applied gradually with load 
increments in each step being less than 22 kN (5 kips). The displacement was monitored after each load 
increment, and the loading was increased after the displacements stabilized. 

Figure 4. Schematic view of test setup with specimen 

Material Properties 

The material properties of each of the steel components were measured by conducting tension coupon tests 
in accordance with the test method for tension testing of metallic materials (ASTM) E8. They are 
summarized in Table 2. It includes the measured average yield (Fy) and ultimate (Fu) stresses of the steel 
faceplates, steel rebars, and stud anchors. The table also presents the compressive strength of the concrete, 
which are samples taken from the batches of concrete used in the test specimens. These tests were conducted 
on the day of the test per American Society of Testing and Materials (ASTM) C39 standard for compressive 
strength of cylindrical concrete specimens. The results reported in the table are the average of three tests 
for each specimen. 
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Table 2. Measured material properties for steels and concrete of test specimens 

Specimen 
(Conf.-Lemb-s/tp-α) 

Steel 
Concrete 

Rebar Plate Stud anchor 

Fy, MPa Fu, MPa Fy, MPa Fu, MPa Fy, MPa Fu, MPa f’c, MPa 

1-1702-20-2.8 476.4 731.5 384.7 499.2 355.1 488.8 38.9 

1-1702-20-5.7 476.4 731.5 384.7 499.2 355.1 488.8 37.0 

1-1295-20-2.8 476.4 731.5 384.7 499.2 355.1 488.8 39.3 

2-1372-20-3.5 484.0 741.2 384.7 499.2 355.1 488.8 37.7 

2-1372-20-7.1 484.0 741.2 384.7 499.2 355.1 488.8 37.7 

2-1041-20-3.5 484.0 741.2 384.7 499.2 355.1 488.8 39.5 

EXPERIMENTAL RESULTS 

Effects of Embedment Length 

Figure 5 compares the applied force-axial displacement and the applied force-averaged rebar strain 
responses of Specimens 1-1702-20-2.8, 1-1295-20-2.8 and Specimens 2-1372-20-3.5, 2-1041-20-3.5. As 
shown, the four specimens showed linear response until the steel rebars started yielding. For Specimens 1-
1702-20-2.8 and Specimens 2-1372-20-3.5 (Lemb = Ls), the responses were governed by ductile yielding of 
the steel rebars. The maximum applied force was 1290.8 kN (290.2 kips) for Specimen 1-1702-20-2.8 and 
1668 kN (375 kips) for Specimen 2-1372-20-3.5, which were greater than 125% of the yield strength of the 
steel rebars calculated using the measured yield stress and gross section area. The steel rebars of Specimens 
1-1702-20-2.8 and Specimens 2-1372-20-3.5 (Lemb = Ls) exhibited good ductility exceeding 21,000
microstrain which was the maximum strain limit of the strain gages. Figure 6(a) and 6(c) show photographs
of Specimens 1-1702-20-2.8 and 2-1372-20-3.5 after testing. As shown, the concrete cracks were
concentrated around the steel rebars only. The rest of the specimen remained intact even after testing
indicating that the applied tension force was transferred successfully from the steel faceplates to the rebars,
and the steel rebars were developed fully by this lap-splice connection.

For Specimens 1-1295-20-2.8 and Specimens 2-1041-20-3.5 (Lemb = Ld), the responses were also governed 
by ductile yielding of the steel rebars until the rebar yield strength was reached, beyond which extensive 
cracks progressed to the rear of the specimens which brought the failure of the specimen. The maximum 
applied force was 1125.4 kN (253 kips) for Specimen 1-1295-20-2.8 and 1385.2 kN (311.4 kips) for 
Specimen 2-1041-20-3.5, which was less than 125% of the yield strength of the steel rebars but greater than 
the yield strength of the steel rebars calculated using the measured yield stress and gross section area. The 
steel rebars of Specimens 1-1295-20-2.8 and Specimens 2-1041-20-3.5 (Lemb = Ld) also exhibited good 
ductility reaching 18,500 microstrain for Specimen 1-1295-20-2.8 and 15,500 microstrain for Specimen 2-
1041-20-3.5. Figure 6(b) and 6(d) show photographs of Specimens 1-1295-20-2.8 and 2-1041-20-3.5 after 
testing. As shown, the concrete cracks were concentrated around the steel rebars. As the applied load 
exceeded the yield strength of the steel rebars, the cracks began to form and extend on the concrete sides 
along the length of the rebars, ultimately causing the specimen to split into two which in turn lead to the 
failure of the lap-splice connection.  
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Figure 5. Effects of the rebar embedment length: (a) the applied force-axial displacement responses (b) 
the applied force-average rebar strain responses 

(a) (b) 

(c) (d) 

Figure 6. Photographs of test specimens after testing: (a) Specimen 1-1702-20-2.8, (b) Specimen 1-1295-
20-2.8, (c) Specimen 2-1372-20-3.5, and (d) Specimen 2-1041-20-3.5



25th Conference on Structural Mechanics in Reactor Technology 
Charlotte, NC, USA, August 4-9, 2019 

Division V
Effects of Rebar Location 

Figure 7(a) shows the applied force-axial displacement responses of Specimens 1-1702-20-5.7 and 2-1372-
20-7.1. The responses are compared in the figures with those from the two specimens (1-1702-20-2.8 and
2-1372-20-3.5) with the rebars located inside of stud anchor length. For Specimen 1-1702-20-5.7 exhibited
the similar stiffness to that of Specimen 1-1702-20-2.8 before yielding of the rebars. However, the reduction
of stiffness after the yielding was more significant than that of Specimen 1-1702-20-2.8. The maximum
applied force was equal to 1134.3 kN (255 kips). When the axial displacement reached 20.3 mm (0.8 in.),
significant concrete cracks began to develop and propagate on the sides of the specimen along the steel
rebars, ultimately causing failure of the lap-splice connection. For Specimen 2-1372-20-7.1, the stiffness
before and after yielding of the rebars was similar to that of Specimen 2-1372-20-3.5. However, when the
applied force reached 1378.9 kN (310 kips), the specimen failed suddenly due to extensive concrete cracks
along the sides of the specimen resulting in the lap-splice connection failure. The maximum applied forces
of Specimens 1-1702-20-5.7 and 2-1372-20-7.1 were greater than the yield strength of the steel rebars, but
was less than 125% of the yield strength of the steel rebars.

Figure 7(b) shows the applied force-averaged rebar strain responses of Specimens 1-1702-20-5.7 and 2-
1372-20-7.1. As shown, Specimen 1-1702-20-5.7 exhibited good ductility reaching 21,000 microstrain 
while the rebar strain of Specimen 2-5.4-20-7.1 reached only 14,000 microstrain. Figure 8 shows 
photographs of Specimens 1-1702-20-5.7 and 2-1372-20-7.1 after testing. It is clearly shown that concrete 
cracks were initiated from the steel rebars and propagated along the rebar height induced by the lap-splice 
connection failure.  

Figure 7. Effects of the rebar location: (a) the applied force-axial displacement responses (b) the applied 
force-average rebar strain responses 
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(a) (b) 

Figure 8. Photographs of test specimens after testing: (a) Specimen 1-1702-20-5.7, (b) Specimen 2-1372-
20-7.1

CONCLUSION 

6 large scale tests were conducted to investigate the effects of design parameters on the force transfer of 
SC-RC non-contact lap splice connections. The parameters included (i) rebar location with respect to the 
steel faceplate and (ii) embedment length of rebars (Lemb). All the test specimens were able to transfer the 
yield strength of the steel rebars. Only two specimens (Specimens 1-1702-20-2.8 and 2-1372-20-3.5) with 
Lemb equal to ls per ACI 318-08, s/tp of 20 (appropriate interfacial shear strength), rebars placed inside of 
stud anchors were able to transfer 125% of the yield strength of the steel rebars. Their governing failure 
mode was not confirmed experimentally. However, it would be the rebar rupture based on observations 
during the test. Two specimens with rebars placed outside of stud anchors (Specimens 1-1702-20-5.7 and 
2-1372-20-7.1) and two specimens with Lemb equal to ld per ACI 318-08 (Specimens 1-1295-20-2.8 and 2-
1041-20-3.5) underwent lap splice failure after developing the yield strength of the rebars.
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