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ABSTRACT

Single steel-plate composite (SSC) structures represent an efficient and flexible solution for nuclear power
plants (NPPs) requiring impact load resistance. This study experimentally investigates the impact resistance
performance of SSC walls, particularly the influence of tie bars on local impact behaviour. Four scaled
specimens with varying tie bar reinforcement ratios and local connection configurations were tested. Initial
projectile masses and velocities, steel plate deformation area dimensions, specimen failure modes, as well
as accelerations and displacements of the specimens were measured and recorded. The test results
demonstrate that the presence of tie bars reduces the deformation capacity of the backside steel plate,
consequently lowering the structure's energy absorption capacity prior to perforation. Compared to tie bars
directly connected to steel plates, end-anchored tie bars impose weaker constraints on steel plate
deformation, thereby resulting in better impact resistance for SSC walls.

INTRODUCTION

The single steel-plate composite (SSC) structure is a novel option for nuclear power plants (NPPs). As
demonstrated in Figure 1, SSC walls comprise concrete, steel plate, main reinforcement, shear connectors,
and tie bars. SSC walls are particularly suitable for the containment structures of NPPs, the essential
structures to protect reactors from aircraft impact or other projectiles, as the steel-concrete composite
provides superior bearing capacity and impact resistance, and the steel plate can effectively shield debris
caused by concrete scabbing (Sadiq et al., 2014; Wang et al., 2022; Zhao et al., 2019). The steel plate can
also be used as formworks during construction, leading to faster erection, greater flexibility, and lower
construction cost. While double steel-plate concrete composite (DSC) walls boast similar advantages
(Varma et al., 2014; Mo et al., 2021), the double steel plate configuration poses challenges to the concrete
casting process and complicates the assessment of final concrete quality. In contrast, the concrete of SSC
walls can be visually checked and guarantee better quality of construction.

Under static loads, tie bars in SSC walls serve as shear reinforcement. Several configurations of tie
bars are available to meet the designated shear bearing capacity, including welded connections, J-hook
connections, end-anchored connections, etc. Among these, the welded connection is a direct connection
configuration, whereas the J-hook connection and end-anchored connection can be classified as indirect
connection configurations. Under static loads, indirect connections could achieve similar or equal shear
bearing capacities as direct connections while achieving construction convenience, thus are recommended
to be utilized in SSC structures (Wang et al., 2022). Under impact, tie bars are subjected to tensile forces,
thereby potentially influencing the impact resistance of SSC walls. However, the effects of tie bars on the
impact behaviour of SSC walls are still inadequately investigated and remain unclear. Several studies have
been carried out on the impact behaviour of DSC and SSC walls (Hashimoto et al., 2005; Mizuno et al.,
2005; Abdel-Kader and Fouda, 2014; Lee et al., 2020; Kim et al., 2021), but most of the studies pay little
or no attention to tie bars.
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Figure 1. Composition of SSC walls.

Addressing this issue, the behaviour and resistance of SSC walls with different tie bar
configurations were investigated via four impact tests in this study. Initial masses and velocities of the
projectiles, failure modes, dimensions of the deformation zone, displacements and accelerations of the
specimens were recorded. The influence of tie bar reinforcement ratio and connection configuration was
investigated through comparison of experimental results, providing preliminary insight into the effects of
tie bars on the impact behaviour of SSC walls.

EXPERIMENTAL PROGRAM
Specimen Design

Four SSC wall specimens were tested with identical design parameters except for tie bars. The specimens
were designed as scaled-down models of actual structures. Due to manufacturing constraints, some
specifications, most prominently the diameter and spacing of rebars and tie bars, could not strictly achieve
scaled-down dimensions. All specimens had a global dimension of 2000 x 2000 x 100 mm (length x width
x thickness). The steel plate, with a thickness of 2 mm, was located on the non-impact side, and the concrete
had a thickness of 98 mm. The main reinforcement on the impact side had a diameter of 6 mm and spacing
of 70 mm, so the reinforcement ratio was 0.4% each way. The global configurations of specimens are shown
in Figure 2.

Two different tie bar diameters of 6 mm and 8 mm were used, along with a specimen with no tie
bars, to achieve tie bar reinforcement ratio (p;) between 0~1.03%. Two different local configurations were
used to connect tie bars with the steel plate, namely threaded connection and end-anchored connection
(demonstrated in Figure 3). Since achieving welded connections between tie bars (6 or 8 mm in diameter)
and the 2 mm thick steel plate while ensuring weld quality proved challenging, threaded connections were
implemented instead to achieve direct connection between tie bars and steel plate. Detailed parameters
regarding tie bars are listed in Table 1.
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Figure 2. Global configurations of SSC wall specimens.
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Figure 3. Local tie bar connection configurations of SSC wall specimens.
Table 1: Specimen design.
Specimen Tie bar diameter | Tie bar spacing Tie bar reinforcement Local connection
(mm) (mm) ratio (py) configuration
BASE No tie bar inside 0 N/A
EA-6 6 70 0.58% End-anchored
EA-8 8 70 1.03% End-anchored
TC-6 6 70 0.58% Threaded




28" International Conference on Structural Mechanics in Reactor Technology
Toronto, Canada, August 10-15, 2025
Division V

Materials
All specimens employed same concrete, Q355 steel plates (GB/T 1591), and HRB400 main reinforcement
bars (GB/T 1499.2). Tie bars with end-anchored connection were made of HRB400 steel reinforcement,

whereas those with threaded connection were made of grade 4.8 threaded rods. Mechanical properties of
steel plates, HRB400 rebars, and concrete were experimentally evaluated, as summarized in Table 2.

Table 2: Material properties.

Concrete Specimen No 1 | Specimen No 2 | Specimen No 3 Average
Compressive strength (MPa) 24.6 24.2 304 26.4
Steel plate Yield strength (MPa) Ultimate strength (MPa)
Q355 364.4 475.7
Rebar Proportional limit (MPa) Ultimate strength (MPa)
HRB400 736.1 930.1
Test Setup

All specimens were subjected to rigid projectile impacts, with the projectiles striking the centre of the front
face. The projectile had a diameter of 200 mm, a weight of approximately 50 kg, and its cross-sectional
profile is shown in Figure 4. The specimens were fixed to a support frame and loaded using a gas gun. The
overview of the test setup is illustrated in Figure 5.
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Figure 4. Design of the projectile (dimensions in mm).
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Figure 5. Overview of the test setup.
The velocity of the projectile impacting the specimen was measured by a laser velocimeter. Two

accelerometers and two displacement meters were installed on the rear surface of the steel plate, as
illustrated in Figure 6.
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Figure 6. Measurement locations.
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EXPERIMENTAL RESULTS AND DISCUSSION

The initial masses and velocities of the projectiles, and the dimensions of the deformation areas of the steel
plates are presented in Table 3. The failure modes of the specimens are also described in Table 3 and
illustrated in Figure 7. The peak acceleration and displacement at each measurement point are listed in
Table 4. The term “steel plate deformation area” in Table 3 refers to the region exhibiting significant plastic
deformation and bulging in the steel plate, which approximates a circular shape. The two numbers within
each cell represent the spans of the deformation area along horizontal and vertical directions.

The impact of the projectile forms a concrete frustum, the rear face of which roughly equals the
deformation area of the steel plate. Comparing the deformation and failure modes of BASE, EA-6, and EA-
8, it is evident that with increased tie bar reinforcement ratio, both the deformation area and bulge height
(deflection) of the steel plate decrease. This demonstrates that an increase in the tie bar reinforcement ratio
constrains the deformation of the steel plate, causing a transition of the failure mode from bulging to
splitting/perforation.

By comparing the failure patterns of EA-6 and TC-6, it becomes evident that the local connection
configuration of tie bars significantly influences the impact resistance of SSC walls. The threaded
connection of tie bars imposes stronger constraints on steel plate, leading to highly localized deformation
of the steel plate and eventual perforation. Additionally, since the steel plate is weakened by bolt holes,
crack propagation paths developed through the tie bar - steel plate connections were observed. In practical
engineering applications, welded joints between tie bars and steel plates may similarly create local defects
that could induce analogous failure mechanisms. In contrast, end-anchored tie bars detached from the steel
plate under impact. This separation facilitated larger deformation area in the steel plate, resulting in better
impact resistance of the SSC wall.

Table 3: Failure and deformation results.

Specimen | Projectile mass | Impact velocity | Failure mode Steel plate Steel plate
(kg) (m/s) deformation area | deflection (cm)
(cm)
BASE 50.0 48.62 Bulging 65 x 65 10.0
EA-6 50.2 48.57 Bulging 56 x 58 8.2
EA-8 50.1 48.69 Splitting 36 x 37 8.0
TC-6 50.4 48.30 Perforation 38 x 40 N/A

Table 4: Acceleration and displacement measurements.

Specimen | Peak acceleration at | Peak acceleration at | Peak displacement Peak displacement
Al (x10° m/s?) A2 (x10° m/s?) at D2 (mm) at D3 (mm)
BASE 9.2 23.5 13.8 23
EA-6 4.6 56.4 12.0 7.0
EA-8 3.5 21.6 19.0 7.7
TC-6 9.3 18.4 15.1 4.0
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Figure 7. Failure modes of specimens.

The acceleration and displacement sensors were installed away from the immediate impact zone.
Measured data showed no consistent correlations between recorded accelerations/displacements and the
failure or deformation patterns across specimens. This observation confirms that the impact damage
primarily manifests as local structural effects.

Experimental findings demonstrate that the inclusion of tie bars in SSC walls increases the stiffness
of the walls and localizes the damage. However, as tie bars limit the development of the concrete frustum
and constrain the deformation of the steel plate, the amount of energy that can be absorbed by the structure
is reduced, making the SSC walls more prone to perforation. In practical engineering applications where
SSC structures must withstand shear forces, tie bars remain essential as shear reinforcement. Compared to
threaded connection, the end-anchored connection between tie bars and steel plates demonstrates superior
impact resistance, as it imposes fewer constraints on the deformation of the steel plate and does not weaken
the steel plate, leading to better ductility of the SSC wall.

CONCLUSIONS
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In this study, the effects of tie bars on the local impact behaviour of SSC walls were evaluated
experimentally. Findings and conclusions are as follows.

(1) Increasing the tie bar reinforcement ratio simultaneously restricts the development of the
concrete frustum and reduces the deformation capacity of the backside steel plate, thereby lowering the
energy absorbing capacity of the structure before perforation.

(2) Tie bars with end-anchored connections exhibit weaker constraints on the deformation of the
steel plate, and their fabrication process avoids weakening the steel plate. Therefore, compared to tie bars
with threaded connections, those with end-anchored connections result in superior structural ductility and
impact resistance for SSC walls.

Due to factors such as the limited sample size and high variability of concrete material properties,
further experiments and simulations are required to clarify the influence of tie bars on the impact resistance
of SSC walls.
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