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ABSTRACT
This paper illustrates the analysis and design approaches for multiple hazards including seismic
and accident thermal scenarios using an idealized containment internal structure (CIS) in a typical
pressurized water reactor. The CIS consists of the steam generator and pressurizer compartments,
and reactor cavity walls, which are all assumed to be constructed using steel-plate composite (SC)
walls. Preliminary results indicate that the thermal gradient due to heating causes concrete cracking
and reduces the lateral stiffness of the structure. The lateral load capacity of the structure is also
reduced slightly at elevated temperatures, and this reduction increases with higher temperature
values. The peak load is reached at larger drift ratios due to the added flexibility. 3D linear elastic
finite element models were also developed for the idealized CIS structure, where these simple
models were calibrated to model the effective stiffness values specified by the current codes. The
results from these linear models are compared with those from the nonlinear models to assess the
differences in the estimated force and moment demands. Preliminary results indicate that the
lateral stiffness and force demands calculated by the elastic model are representative and accurate
up to temperature change of 100 C°, after which the values are inappropriate. Further
improvements of the effective stiffness values specified by current codes may be needed.
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reduced slightly at elevated temperatures, and this reduction increases with higher temperature
values. The peak load is reached at larger drift ratios due to the added flexibility. 3D linear elastic
finite element models were also developed for the idealized CIS structure, where these simple
models were calibrated to model the effective stiffness values specified by the current codes. The
results from these linear models are compared with those from the nonlinear models to assess the
differences in the estimated force and moment demands. Preliminary results indicate that the lateral
stiffness and force demands calculated by the elastic model are representative and accurate up to
temperature change of 100 C°, after which the values are inappropriate. Further improvements of
the effective stiffness values specified by current codes may be needed.

Introduction
Safety-related nuclear structures must be designed for multiple hazards including seismic and
accident thermal scenarios. The importance of this design for multiple hazards was highlighted by
the Fukushima incident of 2011. The current nuclear design codes, for example, ACI 349 or AISC
N690s1, identify the multiple hazard extreme loading combination that safety-related nuclear
facilities must be evaluated and designed for. However, there is little guidance or specification for
assessing and designing structures for such multiple hazards. This paper addresses this gap by: (a)
providing a nonlinear analysis approach for assessing the performance of nuclear structures
subjected to combined multiple hazards, and (b) calibrating a linear analysis approach that can be
used during design to assess the force (and moment) demands on the structural components.
Detailed 3D nonlinear finite element models were developed and analyzed using ABAQUS to
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evaluate the lateral load response of the idealized CIS structure which is assumed to be constructed
using steel-plate concrete (SC) walls. Steel plate-concrete (SC) modular structures are widely used
in the internal safety shell of pressurized water reactor (PWR) structures. The paper compares the
initial stiffness, secant stiffness and estimated strength by analyzing an idealized large steel-plate
concrete (SC) modular structure. This idealized structure modeled a generic containment internal
structure including the steam generator and pressurizer compartments, and reactor cavity walls.
The walls of the structure were 1200 mm thick. The steel faceplates were 14 mm thick with yield
strength equal to 345 MPa. The faceplates were anchored to the concrete infill using studs spaced
at 150 mm. Shear reinforcement was provided with round deformed bars spaced at 450 mm.
Modeling Approach
Three different finite element models were developed to analyze the structure under different
loading conditions due to limitations of each modeling approach. The lateral load behavior of the
idealized SC modular structure was evaluated by performing pushover analysis using the 3D shellsolid connector and tied models. This modeling approach was demonstrated for estimating the
lateral load behavior and response of structure tests; 1/10th scale CIS and primary containment
structure [1]. However, preliminary studies using shell-solid modeling indicated shortcomings in
capturing the response of combined thermal-mechanical load cases. Therefore, the lateral load
performance of accident thermal loading cases was accomplished using composite (layered) shell
elements (LCS). Lastly, linear analysis methods for estimating the lateral stiffness for operating
and accident thermal loading cases was developed using conventional shell elements (LEFE).
The element and material libraries available in ABAQUS were used to model the steel faceplates,
concrete infill, stud anchors, tie bars and the contact interaction. Concrete infill in the 3D shellsolid models were C3D8R solid elements. The concrete material model was the brittle concrete
cracking (CEF) model with element removal feature. The steel faceplates were modeled using S4R
shell elements. The shear studs and tie bars were modeled using a combination of beam and
connector elements. Beam elements were used to model the shank regions, and connector elements
were used to model the interfacial behavior between the steel faceplate and concrete infill.
Pushover Analyses of Idealized SC Modular Structure
Three models, namely, the 3D shell-solid connector, the 3D shell-solid tied and the 3D LCS models
were used to perform the pushover analyses. The 3D shell-solid models were almost identical with
the exception that tie model had no tie bars and interfacial slip. The third model was built using
LCS elements with plies to model the steel faceplates and the concrete infill. The pushover analysis
was conducted by subjecting the structure to uniform lateral acceleration. The boundary conditions
were applied at the base of the SC structure in all three translational directions. Figure 1a compares
the base shear vs. top slab displacement responses, and shows that the shell-solid analysis results
(NIFE) were almost identical. The LCS model predicts similar response to those from the 3D shellsolid models up to the peak load. The lateral load capacity of the CIS was governed by the in-plane
shear strength and failure of the SC walls parallel to the loading direction for all the models. The
slight difference in the stiffness responses between the 3D shell-solid and LCS models is due to
the shell approximation and not modeling the inner plates at the wall corners for the LCS model.
The strength differences between the shell-solid and LCS models are due to the concrete element
failure/removal that only the 3D shell-solid models are capable of capturing.

Figure 1.

– Load–Displacement Responses of 3D Shell-solid and LCS Analyses Results
Accident Thermal Analysis of Idealized SC Modular Structure

Thermal loading was applied to the steel surfaces of SC walls. The study included three
temperature amplitudes of T=100°C, T=150°C and T=232°C applied for 3 hours, with the initial
temperature equal to T0=20°C. The loading protocol in the analytical models included three steps:
(i) a mechanical load was applied to initiate cracking in concrete, (ii) the nodal temperatures for
the particular surface temperature condition were applied and (iii) the mechanical load was
increased to the final force capacity as the temperatures were maintained. Figure 1b compares the
base shear vs. top slab displacement response results of the LCS models for different temperature
amplitude cases. The load-displacement response in the initial loading stage was identical for each
analysis case prior to the heating stage. The thermal loading caused additional cracking in the
concrete layers that resulted in displacement drifts in the lateral load response, which was larger
for higher surface temperature amplitudes. The plots indicate reductions in the lateral stiffness
after the heating stage due to cracking in concrete infill and yielding in the steel faceplates, and
the reduction in mechanical properties at elevated temperature. The early occurrence of yielding
resulted in non-linear responses in the responses of the heated cases. The tangent stiffnesses of the
lateral response in the 100 MN to 200 MN base shear force range are compared in Table 1. The
stiffness reduces to 89-39% for ΔT of 80-212°C. Despite the stiffness reduction, the heated models
reached similar peak strengths. and remained at 90% for the heated models.
Liner Elastic Shell Models: Operating & Acc. Thermal Lateral Load Response
LEFE models were developed using conventional (homogenous) shell elements. Equivalent
section properties and wall thicknesses were calculated using the methodology in AISC N690s1
App N9 [2], which account for reduction in flexural stiffness due to thermal cracking. The
equivalent section property calculations accounted for mechanical properties of steel and concrete
at elevated temperatures. The LEFE stiffnesses at ambient and elevated temperatures were
compared with the stiffness obtained from the companion LCS results for the same thermal
condition in Table 1, e.g. the ratio is given for LEFE 100ºC/LCS 100ºC (25.8 MN/mm / 23.1
MN/mm). The LEFE model overestimated the post-heating stiffness of the LCS nonlinear model
by 12, 86 and 111% for temperature differences 100, 150 and 232ºC, respectively. The
overestimation is due to the LEFE model not accounting for the reduced shear stiffness at elevated
temperatures due to crack opening from thermal strains. It is noted that at 232ºC, the concrete shear
stiffness contribution reduces almost to zero, corresponding to the LEFE case of steel only (GsAs).

Table 1.

Comparisons of Results from Analysis at Ambient and Elevated Temperature
Ratio (/Ambient)
Lateral Tangent
Lateral
Model
Stiffness
Strength
Stiffness (MN/mm) Strength (MN)
LCS Ambient
26.0 cr. (61.3 uncr.)
558
100%
100%
LCS 100°C
23.1
500
89%
90%
LCS 150°C
13.2
496
51%
89%
LCS 232°C
10.2
508
39 %
91%
Ratio (/LCS)
LEFE – Op. Th. – uncr.
61.2
100%
LEFE – Op. Th. - cracked
26.3
101%
LEFE 100°C
25.8
112%
LEFE 150°C
24.6
186%
LEFE 232°C
21.5
211 %
LEFE 232°C - Steel Only
10
98 %
Conclusions

This paper presented a numerical study conducted to evaluate the lateral load performance of an
idealized steel-plate concrete (SC) containment internal structure at operating and accident thermal
conditions. Three different finite element models were developed to analyze the idealized structure
subjected to different load conditions. The lateral load-deformation responses, concrete cracking,
steel yielding and failure behavior predicted by the 3D shell-solid connector and 3D shell-solid
tied models compared similarly. This analysis indicated that if there were adequate interfacial
shear resisting elements to prevent partial composite action in the structure, then the 3D shell-solid
tie model could be used to predict the response of the idealized structure. The LCS model provided
reasonable estimates of the initial-post-cracked stiffness and ultimate strength of the idealized
structure despite the modeling limitations. The LCS models were used to investigate the effects of
three different elevated temperatures on the lateral-load behavior of the idealized SC structure.
The results indicated that the temperature gradient due to heating caused thermal, which reduced
the lateral stiffness. The stiffness reduction depended on the magnitude of temperature change.
The lateral strength of the structure was reduced by about 10% for the elevated temperature cases,
but was reached at larger drift ratios. Finally, LEFE shell models were developed to evaluate the
lateral stiffness of the idealized structure. The LEFE shell models using cracked stiffness
properties given in AISC N690-s12 estimated the structure stiffness up to T=100°C reasonably.
As the temperature increases from 100-232°C, the lateral stiffness reduces from that of the cracked
composite value (GAcr) to the steel only value (GsAs).
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