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ABSTRACT 

 
Reinforced concrete walls and slabs in safety-related nuclear facilities are required to be designed for 
abnormal load combinations. This paper evaluates the design force demands on safety-related nuclear 
structures due to accident thermal loads. Thermal loading conditions and effects of thermal loads and 
restraints on structural behavior are discussed. Idealized possible structure geometries for nuclear facilities 
are analyzed and the modeling and analysis parameters are briefly discussed. Selected structures are subject 
to LEFE and NIFE analysis for idealized accident thermal loads. The demands from LEFE and NIFE 
analysis are compared to predict the effectiveness of simple LEFE analysis. The demand to capacity ratio 
(DCR) for individual demands are also calculated. Additionally, the paper delves into the effectiveness of 
concrete clear cover in reducing the magnitude of stresses due to thermal loads. 
 
The paper presents guidelines and recommendations to perform finite element analysis for safety-related 
nuclear facilities. Simplistic LEFE analysis is compared with a NIFE analysis to determine the conservatism 
of the LEFE analysis. Individual DCRs are calculated to highlight the design procedure for concrete walls 
and slabs. However, the interaction of demands is not considered in the paper. It needs to be addressed 
while designing the structures for various load combinations. 
 
It is observed that the LEFE analysis can be used to conservatively predict the demands. LEFE analysis is 
recommended to be performed for temperature at the centroid of rebar closest to the edge of the wall.  
 
INTRODUCTION 
 
Safety-related nuclear facilities are labyrinthine in nature consisting of numerous walls and slabs that are 
made of reinforced concrete. For example, the entire containment internal structure (CIS) of a nuclear power 
plant consists of numerous interconnected concrete walls and slabs. These safety-related structures may be 
subjected to abnormal loads (accident thermal and pressure loads, Pa, Ta, Ra, Yr, Yj, and Ym) generated by a 
postulated high-energy pipe break accident.  
 
ACI 349 (ACI, 2006) specifies that structures and structural members shall have design strengths at least 
equal to the required strengths calculated for the factored load combinations stipulated in Section 9.2 of the 
code. These load combinations include factored combinations of normal, severe or extreme environmental, 
and abnormal loads. For example, Equation 1 below includes combination of normal loads (dead D, live L, 
flood F, hydraulic H, and operating thermal To and Ro) and extreme environmental loads (seismic Ess). 
Equation 2 includes combination of normal loads (D, F, L, and H), extreme environmental loads (Ess) and 
abnormal loads (Pa, Ta, Ra, Yr, Yj, and Ym). Most loading combinations include either operating thermal (To), 
or accident thermal conditions (Ta). 
 

U = D + F + 0.8L + Ccr + H + To + Ro + Ess   (Eq. 9-6 of ACI 349)   (1) 
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U = D + F + 0.8L + H + (Ta + Ra + Pa) + (Yr + Yj + Ym) + Ess   (Eq. 9-9 of ACI 349)   (2) 
 
The demands due to individual loads can be determined using linear elastic finite element (LEFE) analysis. 
The individual demands can then be superimposed to determine the demand for a particular load 
combination. An elaborate non-linear inelastic finite element (NIFE) analysis can also be performed to 
determine the individual demands.  
 
This paper focuses on determination of demands due to accident thermal conditions. Thermal loading 
conditions and effects of thermal loads and restraints on structural behavior are discussed. Different 
idealized structure geometries for nuclear facilities are analyzed and the modeling and analysis parameters 
are briefly discussed. LEFE and NIFE analysis is performed for selected structures subjected to idealized 
accident thermal loads. The demands from LEFE and NIFE analysis are compared to establish the 
conservatism of simple LEFE analysis. LEFE analysis is performed for temperatures at three different 
locations on the rebar layers to ascertain the location that yields results similar to NIFE analysis. The 
demand to capacity ratios (DCRs) for individual force and moment demands are also calculated. 
Additionally, the paper delves into the effectiveness of concrete clear cover in reducing the magnitude of 
stresses due to thermal loads. 
 
The paper presents guidelines and recommendations to perform finite element analysis for safety-related 
nuclear facilities. Simplified LEFE analysis is compared with a NIFE analysis to determine the 
conservatism of the LEFE analysis. Individual DCRs are calculated to highlight the design procedure for 
concrete walls and slabs. However, the interaction of demands is not considered in the paper. It needs to be 
addressed while designing the structures for various load combinations. 
 
THERMAL LOADS 
 
Operating thermal loads are produced as consequences of normal operation of the facility. They also include 
the thermal loads associated with changes in ambient and weather conditions for exposed surfaces of walls. 
Operating thermal loads develop over long duration of time (several days of operation), and consequently 
produce steady state temperatures with linear variation through the thickness of the concrete elements. The 
surface temperatures of the concrete elements are the same as the ambient air temperature within the 
respective compartment. No concrete cracking is associated with these steady state temperatures and linear 
variations through the thickness of the concrete element. Restraints to thermal deformations produce 
significant stresses and forces, which can be estimated by LEFE analysis of the structure and included as 
the calculated required strengths for operating thermal conditions.  
 
Accident thermal loads are typically associated with postulated high-energy pipe break scenarios. Thermal-
hydraulic analyses are conducted to simulate the effects of these high-energy pipe break events. The results 
include the temperature histories (T-t plots) for exposed surfaces of the concrete elements. These 
temperature histories (surface T-t plots) define the accident thermal loads (Ta) for structural analysis and 
design. Typical accident temperature-time histories for each major compartment in the CIS are identified 
using envelopes of T-t histories from publicly available design control documents by Sener et al. (2015). 
 
For example, Figure 1 shows idealized but representative temperature histories (T-t curves) for the surfaces 
(exterior and interior) of a concrete compartment open at the top and subjected to high-energy pipe break 
event. As shown, both surfaces of the concrete walls have slightly different temperature histories, and the 
interior surface temperature leads the exterior surface temperature for a few hours. As shown in Figure 1, 
the surface temperature increases to 280-300oF from the operating temperature (100-120oF) over the first 
few (10-20) minutes of the event. The temperature reduces to 190-210oF over the next day (24 hours), and 
then reduces slowly to 180oF over the next ten days (240 hours). The specific details of the T-t curves will 
vary depending on the details of the compartment and the accident event.   
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Figure 1. Temperature histories for Concrete 

Compartment Surfaces 

 
Figure 2. Temperature contours through the 

section at different time steps 
 
The temperature histories (T-t curves) for various points through the thickness of the concrete wall, and the 
temperature profiles through the thickness of the concrete wall at different times are calculated by 
performing heat transfer analysis through the concrete cross-section without accounting for steel 
reinforcement. The heat transfer analysis can be performed using the finite difference method or the finite 
element method, while modeling the concrete thickness and the steel reinforcement and steel liner plates 
explicitly for more accuracy. Alternately, the heat transfer analysis can be performed using the one-
dimensional heat conduction equation while modeling the concrete thickness alone without any steel. In 
this case, the steel temperatures are assumed equal to the concrete temperatures at the corresponding 
locations.  
 
Figure 2 shows sample temperature profiles that were calculated through the thickness of 48 in. thick 
concrete wall subjected to the surface temperature histories (T-t curves) shown in Figure 1. The temperature 
histories (T-t curves) for points through the thickness can be calculated by performing heat transfer analysis 
using the one-dimensional heat conduction equation and concrete thermal and material properties. The 
thermal gradient through the wall thickness is significantly nonlinear for several hours (almost up to one 
day) after the event. The temperatures become relatively uniform through the thickness after several (three 
to four) days. The specific details of the thermal gradients and their evolution over time will depend on the 
details of the concrete wall and the surface temperature histories (T-t curves) generated by the accident 
event.  
 
STRUCTURAL BEHAVIOR 
 
Operating thermal loads produce linear thermal gradients through the thickness of the structural element. 
These temperature changes induce thermal deformations due to expansion (or contraction) of the concrete 
and steel materials in the structural member. If these thermal deformations are restrained by end conditions 
or connected members, restraining forces are induced in the structural elements. If these restraining forces 
are membrane tension, concrete will crack, relieve these forces and undergo the associated thermal 
deformation. If the restraining forces are membrane compression, they will be resisted by the concrete and 
steel together. If these restraining forces are membrane shear, out-of-plane shear, or out-of-plane flexure, 
there will be some concrete cracking, but the restraining forces will not be relieved. The restraining forces 
will depend on stiffness of the member subjected to thermal loads and the relative stiffness of the restraining 
member or structure, both of which are included in the structural analysis model used to estimate the 
required strengths associated with operating thermal loads.  
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The structural behavior of concrete members subjected to accident thermal loading can be complicated and 
varying over duration of the event. As discussed, during the first few hours (up to one day) of the accident, 
structural members are subjected to significantly nonlinear thermal gradients over the thickness. These 
nonlinear thermal gradients induce significant concrete cracking due to internal or self-restraint. This is 
illustrated in Figure 3, which shows the qualitative behavior of a reinforced concrete section subjected to 
nonlinear thermal gradient (∆T). Thermal strains (εth) are calculated directly as the thermal expansion 
coefficient (α) multiplied by ∆T. As a result, thermal strains have the same nonlinearity as the thermal 
gradient. Since plane sections remain plane, total strains (εtot) vary linearly over the thickness, which 
produces internal or self-restraint. Mechanical strains (εmech) are equal to the total strains (εtot) minus the 
thermal strains (εth). As shown in Figure 3, significant portion of the member thickness is subjected tensile 
mechanical strains, which causes cracking of the concrete. The total strains (εtot), which depend on the 
centroidal strain (εcen) and curvature (φ), can be calculated by establishing force equilibrium over the cross-
section. Thus, during the first few hours (up to one day) of the accident event, there is significant cracking 
through the thickness of the concrete member due to self-restraint.  
 

 
Figure 3. Concrete cracking due to nonlinear thermal gradient from accident event 

 
After the first few hours (up to one day) of the accident, the thermal gradients become relatively uniform 
through the thickness as shown in Figure 2. The concrete cracks, produced during the first few hours due 
to self-restraint, close due to the uniformity of the temperatures through the thickness. The uniform 
temperatures are lower than the maximum values reached earlier. However, the concrete will never regain 
its uncracked stiffness for mechanical loads. In the rare situation of the thermal expansion being fully 
restrained, there will be no concrete cracking, even for the case with nonlinear thermal gradients. The 
membrane axial compression associated with full restraint will be equal to the integration of the thermal 
stresses (E εth) over the member area.  
 
STRUCTURE GEOMETRY AND MODEL PARAMETERS 
 
The structures in safety-related nuclear facilities have different geometries. In order to cover a range of 
geometries, three idealized geometric shapes are considered for this analysis. These are i) rectangular in 
plan (Rectangle), ii) circular in plan, e.g. reactor water storage pit (Circle) and iii) polygonal in plan, e.g. 
steam generator (Polygon) tank. For the purpose of analysis only the tank walls have been modeled with 
fixed boundary condition at bottom and free boundary condition at top. The details of the structures are 
presented in Figure 4. The structures are subject to accident thermal load presented in Figure 1. The 
thickness of the walls has been kept constant at 48 in. for all the geometries. Two layers of #11 bars @ 12 
in. are placed on each face in vertical and horizontal directions for all the geometries. Additional analysis 
were performed with one layer of reinforcement spaced at 6 in. However, the thermal demands were found 
similar to the demands for sections with two layers of reinforcement. For brevity, the cases with single layer 
are not presented in this paper. Two legged #5 tie hoops @ 12 in. are used as shear reinforcement.  In order 
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to understand the effect of concrete cover on accident thermal demands, four concrete clear covers, cc, (0.75 
in., 1.5 in., 2 in., 3 in.) are considered. 
 

 
 

a) Rectangle b) Circle 

  
c) Plan view of Polygon geometry d) Polygon 

 
Figure 4. Geometries considered for analysis 

 
ANALYSIS TYPES AND MODEL PARAMETERS 
 
NIFE Analysis 
 
Sequentially coupled thermal-stress NIFE analysis of the three geometries is performed using commercially 
available software ABAQUS (Dassault, 2013). In this method the heat transfer analysis of the structure is 
performed and the results of the analyses are used as input for the explicit dynamic stress analysis of the 
structures. For the heat-transfer analysis, the time-temperature data for inner and outer walls is applied as 
loading (boundary) conditions. The nodal temperatures at regular time intervals are calculated and output 
using the thermal properties of materials. The nodal temperatures from the heat transfer analysis are 
specified as the input (loading) for the structural analysis. Layered composite shell (LCS) elements are used 
for the analyses. The LCS elements can account for: (i) full composite action between the steel 
reinforcement and concrete infill, (ii) concrete cracking, (iii) steel reinforcement yielding. Nine concrete 
layers have been used to model the cross-section thickness. The reinforcement is embedded in the layers 
corresponding to the location of the bars. Shear reinforcement is not modelled in the analysis. The element 
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type used for heat transfer analysis is the 4-node quadrilateral heat transfer shell element (DS4). For 
structural analysis 4-node reduced integration, hourglass control, finite membrane strain shell elements 
have been used (S4R). 
 
Since the thermal-stress analysis is sequentially coupled, separate heat transfer and structural analysis 
models for each structure have been built. The thermal properties have been taken from Hong & Varma 
(2009). For stress models, the thermal expansion coefficients for both steel and concrete have been taken 
from Eurocode 4 (EN 1994-1-2, 2005). The steel modulus of elasticity has also been taken from Eurocode 
4. However concrete modulus of elasticity has been obtained using provisions of Section 8.5 of ACI 349 
(ACI, 2006). The concrete material model uses a plasticity based approach with concrete damaged plasticity 
(CDP) model in ABAQUS. The concrete models are defined with the following parameters: elastic 
modulus, Poisson’s ratio, uniaxial stress-strain behavior in compression, uniaxial stress-strain behavior in 
tension, and mass density. The uniaxial compression stress-strain behavior of concrete was defined using 
the modified Popovic’s empirical stress-strain model recommended by Collins et al. (1993). The uniaxial 
tension strength and the post-peak behavior are defined using the equations for plain concrete provided in 
CEB-FIP Model Code (CEB, 1990). The concrete compressive strength is taken equal to 4-ksi. 
Reinforcement has been modelled as elastic perfectly plastic with a yield stress of 60-ksi. 
 
Two mesh sizes are used in the models. The mesh size is based on the section thickness, ‘tsc’. The bottom 
2tsc high region of the structures uses mesh size of tsc/4 x tsc/2. The top region uses tsc x tsc/2. The stress 
variation is greater near the restraint (bottom). A finer mesh at bottom ensures that these variations are 
better captured. Figure 5 illustrates the mesh used for Rectangle tank analyses. Similar mesh size is used 
for Circle and Polygon. 
 
LEFE Analysis 
 
The LEFE analysis does not account explicitly for the effects of: (i) concrete cracking, (ii) nonlinear thermal 
gradients and temperature profiles through the cross-section. It consists of using a linear elastic model that 
implicitly accounts for the effects of concrete cracking by using reduced stiffness values. For LEFE 
analysis, the elastic modulus (Em) and poisson’s ratio (vm) of the material, and the thickness (tm) of the 
element are edited to model the cracked flexural, axial, and shear stiffness of the concrete member. The 
flexural, axial, and shear stiffness of concrete members are based on the effective stiffness values for 
cracked members in Table 6-5 of ASCE 41-13 (ASCE, 2013). The model equivalent cracked elastic 
modulus value (Em) obtained is 4617 ksi and the model thickness (tm) is 35.1 in. The model Poisson’s ratio 
is that for concrete (νm=0.17). The analysis is single step with the initial temperature set at the operating 
temperature (100°F) and the final temperature being the maximum temperature rise in chosen section 
location. The analysis is performed by considering the temperatures at three possible locations (C, T and 
G) as shown in Figure 6, where cc is the clear concrete cover, tc is the thickness of the wall. Location C is 
the edge of the clear cover, T is the centroid of rebar closest to the edge and G is the centroid of the rebar 
group. 
 
Homogeneous elastic shell elements are used for the analysis. The element type used is S4R (4-node doubly 
curved thin or thick shell, reduced integration, hourglass control, finite membrane strains). Layered 
composite shells are not required because a constant temperature is applied to an equivalent elastic material 
model. The mesh size used for NIFE models has also been used for the LEFE models. This is to ensure ease 
of comparison of results from LEFE and NIFE models. The mesh size for LEFE models is also based on 
the actual section thicknesses 
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DEMAND CAPACITY RATIO (DCR) CALCULATION 
 
The available strength of the walls for individual demand types can be determined using the provisions of 
ACI 349. The membrane axial compression strength per unit width (12 in), Pn, is given by Equation 3 below 
(Equation 10-2 of ACI 349). The in-plane shear strength per unit width (12 in), Vni, is given by Equation 4 
(ACI 349 Section 21.7.4.4). The out-of-plane shear strength per unit width (12 in), Vno, is given by Equation 
5, where Vc is the concrete contribution and Vs is the contribution of shear reinforcement. Concrete 
contribution, Vc is given by Equation 6 (ACI 349 Section 11.3.1.1). Steel contribution, Vs, is given by 
Equation 7 (ACI 349 Section 11.5.7.2). The out-of-plane moment capacity is determined considering the 
unit width of the wall as a beam with compression reinforcement. In these equations, f’c is the concrete 
compressive strength, fy is the steel yield strength, Ag is the gross cross-section area, Ac is the cross-section 
area of concrete, Ast is the cross-section area of the steel reinforcement, Av is the cross-section area of shear 
reinforcement, fyt is the shear reinforcement yield strength, s is the spacing of shear reinforcement and d is 
the distance of extreme compression fiber from the centroid of tension reinforcement (conservatively taken 
as 44 in. for all analysis). 
 

 
 

Figure 5. Finite Element Mesh for Rectangle Figure 6. Wall Section showing locations where 
temperature is considered for LEFE analysis 
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Table 1 presents the peak temperatures at the three locations shown in Figure 6 (C, T and G) for the accident 
thermal loading. The temperatures are obtained from the thermal analysis performed as a part of NIFE 
analysis. These can also be obtained by performing a 1-D heat conduction analysis using finite difference 
method. Since the thickness and accident thermal load is the same for the three geometries, the through 
thickness temperature profile is the same for all. It is observed that the peak temperature at the rebar location 
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reduces as the clear cover increases. Additionally, the temperature drops significantly as the location of 
measurement (C, T and G) moves away from the surface. 
 

Table 1. Peak Temperature at C, T and G locations 

 
 
LEFE analysis is performed considering temperatures at the three locations from Table 1. The required 
strengths for individual demand types are obtained from LEFE analysis for all the cases. NIFE analysis is 
performed using the idealized time-temperature curves given in Figure 1 for all three geometries with four 
different concrete clear cover thicknesses. The maximum force and moment demands from NIFE analysis 
are observed near the base of the structures at 200 hours of heating. The required strengths are compared 
with available strengths discussed above and DCR values are determined. Figure 7 presents the DCR values 
for Rectangle for LEFE and NIFE analysis for different values of clear cover, cc. The LEFE DCRs are 
determined for different concrete clear cover cases considering temperatures at C, T and F locations. The 
LEFE DCR values are color coded based on how they compare with the value for NIFE analysis. The LEFE 
DCRs that are greater than the NIFE DCRs are colored blue. Otherwise, the LEFE DCRs are colored red. 
Similarly, Figures 8 and 9 present the DCR values for Circle and Polygon respectively. 
 

a) cc =0.75 in. 
 

b) cc =1.5 in. 

c) cc =2 in. 
 

d) cc =3 in. 
 

Figure 7. Comparison of DCR for Rectangle 
 

a) cc =0.75 in. 
 

b) cc =1.5 in. 

c) cc =2 in. 
 

d) cc =3 in. 
 

Figure 8. Comparison of DCR for Circle 

0.75 1.50 2.00 3.00
at C 267 243 231 211
at T 244 226 216 200
at G 202 192 188 187

 Temperature 
(°F)

Concrete Clear Cover (in.)
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a) cc =0.75 in. 
 

b) cc =1.5 in. 

c) cc =2 in. 
 

d) cc =3 in. 
 

Figure 9. Comparison of DCR for Polygon 
 
OBSERVATIONS 
 
The observations from Figures 7, 8 and 9 are presented below. 
 
i) The LEFE DCRs for hoop moment are consistently lower than the NIFE DCRs. This means that the 

LEFE model is unconservative with respect to hoop moment demands (values are colored red). The 
reason for lower hoop moment demands in LEFE analyses seems to be the underestimation of flexural 
stiffness used in hoop direction. The stiffness has been calibrated to cracked-transformed stiffness 
based on ASCE 41-13 recommendations. However, the compression due to the restraint near the base 
of the structures will cause the concrete to remain uncracked and thus increase the flexural stiffness 
and in turn the hoop moment demands. 

 
ii) The LEFE analysis is conservative for all demand types (except hoop moment demands) for 

temperatures at locations C (edge of clear cover) and T (centroid of the rebar closest to the edge) 
(with the exception of one value for Rectangle). However, considering temperature at C will lead to 
higher demands and will be over-conservative. Therefore it is recommended that for LEFE analysis, 
temperature at the centroid of the rebar closest to the edge (T) should be considered.  

 
iii) It is observed that the clear cover thickness does not affect the temperature distribution in the NIFE 

models. This is because the specific heat of steel is low as compared to concrete (though rebars were 
not included in thermal analysis, their inclusion will not change the results considerably). However, 
the LEFE temperature inputs are affected by the concrete clear cover. This is because the LEFE 
analysis is based on the rebar temperatures and greater covers reduce the rebar temperature.  

 
iv) The concrete clear cover thickness does not have a significant influence on the NIFE DCRs. This is 

because the demands are maximized at 200 hours of heating, where the temperature distribution 
through the section is nearly uniform regardless of the concrete clear cover. 

 
v) The LEFE DCRs are comparable with NIFE DCR’s for concrete cover values of 2 in. and 3 in. These 

cover values are typical for reinforced concrete structures in safety-related nuclear facilities.  
 
vi) The polygonal geometry indicates larger force and moment demands compared to the Rectangle and 

Circle geometries considered in the analysis. Since the Circle is an axisymmetric structure, the in-
plane shear demands do not exist and have not been presented.  
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CONCLUSIONS 
 
It is possible to conduct an elaborate nonlinear analysis of accident thermal conditions considering transient 
behavior and concrete cracking. However, such analyses require specialized expertise in modeling concrete 
cracking and conducting nonlinear analysis susceptible to convergence issues. Linear elastic analysis can 
be employed to obtain conservatively similar required strength values. LEFE analysis is recommended to 
be performed for temperature at the centroid of rebar closest to the edge of the wall. 
 
FUTURE WORK 
 
Steel-plate composite (SC) walls are increasingly being used in construction of safety-related nuclear 
facilities. The effectiveness of using a simplified LEFE analysis to obtain accident thermal demands for SC 
walls is currently being studied by the authors. 
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