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INTRODUCTION 

 

Severe accidents based on postulated line break events which might cause water flooding into the reactor 

cavity, the steam generator compartment and vertical and horizontal access tunnels as shown in Figure 1 

below have to be considered for the design of nuclear power plant containments. 

This compact summarizes the results of a relating project to investigate the impact on the civil structure. 

The approach during the stated project has been to perform an evaluation of the reinforced mass concrete 

structure including the attached steel liner. The focus is set on the principal effect of thermal accidental 

flooding to the cracking of the concrete on one hand and the elastic or plastic strain (yielding) of the 

reinforcement bars and the steel liner on the other hand. Further the enhancing effect of embedded parts 

(stiffeners welded to liner plate, e.g.) upon concrete cracking, which tend to grow under temperature, is 

evaluated. After careful consideration the consequences on the stressed building structure and its 

remaining capacity to transfer loads during and after flooding are being discussed. 

 

 
 

Figure 1a (left): Geometry of the Concrete Floors, CIS Mass Concrete. 

Figure 1b (right): Section View displaying the Flooding Scenario. 
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SELECTION OF LOCAL MODELS

 
The Local Models (see Figure 2) have been selected to include the spots of maximum thermal impact on 

mass concrete during the accident flooding scenario. Hence the design conditions at the chosen Local 

Models envelop all load bearing parts of the affected mass concrete locations. Local Models are facing 

both thermal and seismic loading, while seismic loading has only minor impact on the mass concrete.  

 

The geometrical size of the single Local Model has to be limited. At the same time it has to include the 

typical structural features. Size-Limitation has to be done with respect to the long required computer-run-

time for thermal models. The Finite Element Models are generated with a sufficient mesh size. The mesh 

size is limited by the requirements of the concrete material and the overall analysis computer run time. 

(For a good concrete material representation a sufficient element size is needed). 

 

    

 

Figure 2a (left): Location of Local Models. 

Figure 2b (right): Concrete/ Rebar / Steel Liner Configuration of Local Model 1. 

 

The Local Models are embedded in the extended volume of the mass concrete body, which avoids the cut-

out blocks to expand freely. To gain a realistic behavior under thermal loading appropriate boundary 

conditions as displayed in Figure 3 are determined.  

 

  

Figure 3: Boundary Conditions for Local Model 1 at Lateral Cut-Faces.
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THERMAL INPUT 

 
The evaluation has been based on thermal load input (i.e. heat flux), derived from a computational fluid 

dynamics (CFD) thermal analysis which analyzed the flooding accident scenario for the whole 

containment. Figure 5, left shows the flooding water temperature history up to 3 days after. The heat flux 

measured with the unit W/m2 was monitored at points of interest (see Figure 5, right) inside the 

containment internal structure, which have been associated with high flooding stream temperatures and 

structurally relevant locations, namely where the mass concrete shell thickness amounts to a minimum 

(see Figure 4). 

 

Figure 4: Location of Local Model in a Section View. 

 
A thermal steady state analysis, as initially foreseen, is found not to be adequate for this kind of 

evaluation, since it does not capture the impact of the high thermal gradient at the decisive time steps. In 

flooding history they are found at the very beginning of the event. Hence advanced FE-Models with non-

linear material properties are developed in order to ensure that any failure phenomena in the concrete, 

reinforcement and steel liner under transient thermal behaviour would be captured.

Figure 5a (left): Flooding Water Temperature. 

Figure 5b (right): Surfaces contacting the Accident Flooding Water for Local Model 2. 
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Thermal transient analyses are performed to get the temperature distribution of the FE-Model in the depth 

of the concrete cross section (see Figure 6). Afterwards the decisive time steps, where the temperature 

gradient amounts to a maximum, are identified by monitoring temperatures of adjacent nodes which refer 

to the surface layers of the concrete. An example for this is shown in Figure 7. The found time steps 

represent the input parameter for the subsequent structural analysis. The time steps are found within the 

first 3 hours of time history. The maximum ∆T at the determined time steps ranges between 20 °F and 

80 °F. 

 

Figure 6: Temperature Distribution after 1 h and after 3 days (Tmax = 116 °C). 

 

 

     
 

Figure 7a (left): Monitored Nodes. 
Figure 7b (right): Temperature Gradient retrieved at Nodes. 
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FE-MODELING OF REINFORCED CONCRETE

 
The Local Models were built by using the FE-Meshing Tool Hypermesh. The ABAQUS CAE was chosen 

for its superior capabilities to simulate non-linear behavior of reinforced concrete structures including the 

nonlinear concrete material behavior. 

 

Reinforcement bars (vertical, radial, and shear reinforcement) and enclosing concrete are modeled using 

6-node and 8-node thermal and solid elements. The Abaqus *embed function is used for the 

implementation of the rebar in the host concrete elements. The concrete response (host element response) 

at the location of the embedment is used to constrain the translational degrees of freedom to the nodes of 

the embedded elements. This modeling technique is considered to be the natural state of the embedded 

elements. Therefore the minimum requirement for the meshing is that the rebar is located inside the 

volume of the concrete. Rebar configuration examples with solid elements are displayed in Figure 8. 

Figure 8: Rebar Configuration of Local Models 2 and 4. 

 

Both implicite and explicite solvers are provided in Abaqus and both are appropriate to perform the non-

linear thermal-structural analysis. Explicite solving is less sensitive to convergence issues (resulting from 

unfavorable element sizes and geometries, e.g.), hence it is running more stable. At the other hand it is very 

time-intense, particularly for structural analyses with small element sizes respectively a large amount of 

elements. More time-saving implicite solving additionally requires the size of the concretes solid elements 

and the size of the rebar elements to stay in the same range in order to avoid disconvergence. By keeping 

the same range the embedded function can couple all surrounding concrete nodes to the attached rebar nodes. 

Without this some adjacent concrete elements would affect nonrealistic deformation, which leads to convergence 

issues.  

 

Optionally for the rebar beam-elements instead of solid elements could be used, which leads to a shorter 

analysis run-time. For the modeling of liner steel plates also shell elements could be used. 
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NON-LINEAR CONCRETE MATERIAL PROPERTIES 

 

Tensile cracking and compressive crushing are included by non-linear properties. The behavior of 

concrete in compression was modeled as isotropic and linear material, responding linear until yield limit 

under uniaxial compression is reached. Exceeding the yield limit, hardening up to the ultimate concrete 

strength (4 ksi, e.g. below) is followed by strain softening (see Figure 9).  

Figure 9: Concrete in Compression, Stress (ksi) vs. Strain (in/in). 

Concrete cracking effects under tension are simulated by using concrete tension stiffening. The tension 

stiffening behavior is modeled by means of a post-failure stress-strain relationship as captured in Figure 

10, where the remaining stress after cracking vs. the direct cracking strain is captured. Tensile strength 

(0.25 ksi, e.g. below) corresponds to the onset of micro-cracking in the brittle concrete compound at a 

very small strain. For the assessment of the concrete cracking in this case the strain of 0.0059 in/in is 

monitored, where a decisive development of micro-cracks has already been taken place. 

Figure 10: Concrete in Tension, Stress (ksi) vs. Post-Cracking-train (in/in). 
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THERMAL STRUCTURAL ANALYSIS OF THE MASS CONCRETE

Concrete crack patterns are derived from the FE-Thermal Structural Analysis. When these cracks have 

formed the load bearing mass concrete walls still have to withstand and transfer various loads (from 

seismic, e.g.) from the upper elevations to the ground. The derived cracks are transferred to the Local 

Model by conservatively detaching solid concrete elements similar to the crack pattern. Afterwards 

stresses from loads are applied to the top edge side of the modified Local Model. As a result the analyzed 

model shows a remaining load capacity which is still sufficient to transfer the imposed loads from the 

upper building elevations to the ground. Stress distribution is shown in Figure 11. By increasing the 

applied compression during further test runs the ultimate state is simulated when the maximum concrete 

capacity reached and convergence at full load is not achieved any more. Figure 12 shows that the v. Mises 

stresses in the rebar for decisive thermal time step at 2 hours are acceptable. 

  

Figure 11: Compressive Stress (z-Direction) in the load bearing mass concrete  

resulting from fully transferred loads from upper building elevations. 
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Figure 12: v. Mises Stresses in the Rebar at the time step of 2 hours  

Maximum Value amounts to 30 ksi (200 MPa). 

 

 

CONCLUSIONS / RECOMMENDATIONS 

 

For the consideration of severe accidental water flooding Local Models of a nuclear power plant 

containment mass concrete have been analyzed using Abaqus CAE. The mass concrete structure 

consisting of concrete, rebar and steel liner is appropriate to withstand the thermal load impact from 

accidental flooding event. The load-bearing capacity of structural concrete remains sufficient despite 

concrete cracking is found. Rebar and steel liner remain integer since material remains in the elastic strain 

range.  

 

The thermal analysis has been completed successfully by skilful and professional engineering 

performance. Applying the Abaqus CAE turned out to be an effective tool to manage the thermal transient 

analysis of civil structures. Used best practices have been captured and lessons learned for improvements 

in future projects have been shared. 


