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ABSTRACT 
 
Squat reinforced concrete shear walls with a ratio of height to length of less than two are important 
structural elements in nearly all safety-related nuclear structures during earthquake shaking because they 
are designed and detailed to provide most of the lateral stiffness and strength in these structures. This 
paper shows a comprehensive overview regarding the modelling of squat shear walls using the FE code 
LS-DYNA and a comparison of the numerically obtained response to results of tests performed within the 
SAFE experimental program at the European Laboratory for Structural Assessment (ELSA, Joint 
Research Centre). The work is conducted within the OEDC-NEA (Nuclear Energy Agency) Benchmark 
Project CASH Phase 1. LS-DYNA’s strength lies in highly nonlinear transient dynamic analysis in the 
high frequency range using explicit time integration. Therefore, the question arises, how the code 
performs in the case of seismic calculations, which are typically dominated by lower frequency content. 
 
The paper evaluates characteristics of available commercial material models for concrete and 
reinforcement steel using single element models. For a simple squat wall pushover curves are then 
calculated to examine the capability of LS-DYNA to model crack propagation and the failure mechanism 
of the analysed shear walls. Cyclic prescribed displacements are imposed to evaluate the software’s 
capability to handle calculations in the implicit and explicit time integration scheme. Finally, dynamic 
time history analyses with base acceleration input records are used to evaluate the seismic response and to 
justify further modelling assumptions. The authors propose some reliable recommendations on the 
modelling of shear walls, which can be useful for practical engineers. 
 
INTRODUCTION 
 
In load-bearing structures of nuclear facilities the resistance against horizontal earthquake actions is in 
general provided by squat RC shear walls. The in-plane response of structural elements with a height to 
width ratio less than two is primarily characterised by a shear dominated load transfer and flexure-shear 
interaction effects, as well as a reduced ductility and energy dissipation capacity in comparison to slender 
RC shear walls. Furthermore, the high stiffness and in-plane load-bearing capacity of squat RC shear 
walls have a substantial influence on the structural seismic response and overall resistance, see e.g. Gulec 
and Whittaker (2009), Paulay and Priestley (1992), Bachmann et al. (1990). When subjected to increasing 
shear loads, the relatively high peak resistance of squat walls is typically followed by a sudden drop in 
strength and stiffness, resulting in a pronounced increase of displacements.  
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The prediction of this behaviour using available methods and codes, which mostly are focused on bending 
response, frequently does not provide satisfactory results. Hence, the development of robust mechanics-
based models, which would allow a reliable estimation of the ultimate resistance and deformation 
capacity of squat RC shear walls, presents a great challenge for the research community and practical 
structural engineers. In the assessment of existing nuclear structures, the main goal is not only the 
estimation of the conservative value of the load-bearing capacity with respect to limit values according to 
existing code regulations, but also the possibility to explore additional safety margins and potential 
residual capacities for the beyond design seismic action. 
 
THE BENCHMARK CASH PROJECT: NUMERICAL MODELLING OF RC SHEAR WALLS 
 
Within the scope of the Benchmark Project CASH: Benchmark on the Beyond Design Seismic CApacity 
of Reinforced Concrete SHear Walls (www.benchmark-cash.org), see also Billmaier et al. (2015, 
2016), the Swiss Federal Nuclear Safety Inspectorate (ENSI) and the engineering company Basler & 
Hofmann AG (B&H) have followed representative numerical modelling approaches to develop a 
nonlinear model for the seismic analysis of squat RC shear walls using the Finite-Element (FE) program 
LS-DYNA, LSTC (2015).  
 
The main objective of the international Benchmark Project CASH is to assess the reliability of computer 
simulations and methods aimed at predicting the seismic capacity of squat (low rise) RC shear walls, see 
NEA/OECD (1996). During the first stage of the project, consisting of Phase 1 and Phase 1B, referred to 
within the scope of this work, a calibration of the numerical model for a single-storey RC shear wall 
based on the comparison to test results obtained within the SAFE experimental program at the European 
Laboratory for Structural Assessment (ELSA, Joint Research Centre), see Labbé et al. (2016) and Fig. 1a, 
was foreseen, as described with more detail in Borgerhoff et al. (2017). 
 
Motivated by a meaningful scattering of results regarding both the performance of material models and 
the overall shear wall response, obtained using commercial FE Programs by different international teams 
participating in the Benchmark Project CASH, the ENSI and B&H have studied more thoroughly the 
reliability and the limitations of the nonlinear models established to describe the response of 
experimentally tested specimens, using three-dimensional solid elements in LS-DYNA, see Fig. 1b. 
Hence, the authors provide in this paper a summary of most appropriate adopted modelling strategies, in 
particular related to the selection of material models, present selected results of performed static and 
dynamic nonlinear analyses and discuss the meaning of obtained results with respect to commonly 
available methods for the estimation of the shear resistance based on code regulations.  
 

 
 

Figure 1. (a) SAFE RC shear wall specimen, (b) Exemplary LS-DYNA model at 20 mm top displacement.  
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DESCRIPTION OF ADOPTED MATERIAL MODELS IN LS-DYNA 
 
LS-DYNA is a state-of-the-art FE Program for high-frequency dynamic analyses, being particularly 
appropriate for problems dominated by strongly nonlinear effects and for analyses performed in the 
explicit solution mode. Given the extensive use and high performance of LS-DYNA in a number of 
related fields, such as dynamic fluid or impact analysis, the ENSI and B&H use the program to solve the 
given earthquake engineering problem, in order to assess available capabilities regarding the application 
of RC material models, in particular for a representation of the cyclic response. 
 
A number of sophisticated material models accounting for different nonlinear effects are implemented in 
LS-DYNA, including several constitutive laws for concrete and steel reinforcement, see LSTC (2015a). 
However, only limited documentation regarding the application of existing models for the solution of 
comparable problems in the field of earthquake engineering appears to be available. Hence, within the 
scope of this work, the authors have selected two of the most appropriate simple-input material models 
from the extensive material library of LS-DYNA, i.e.,*MAT_CSCM_CONCRETE (MAT159) and 
*MAT_WINFRITH_CONCRETE (MAT084/085), which are applicable for cyclic analyses.  
 
In order to assess the performance of the selected models and, specifically, their applicability for the FE 
modelling of the given RC shear wall under cyclic seismic loading, particular attention is devoted to the 
response of representative cubic single volume FE models (1.0 x 1.0 x1.0 m) under uniaxial tension and 
compression load, as well as in pure shear. For the material tests the presence of reinforcement rebars is 
not considered. The load is imposed as a strain time history, as shown in Fig. 2a, consisting of two reverse 
cycles of loading and unloading up to tension failure and reaching plastic response in the compression 
zone. Adopted material properties are summarised in Tab. 1, while the corresponding results are 
presented in Fig. 2b and Fig. 2c, showing the obtained stress-strain diagram for the given loading and 
tensile response in more detail, respectively. 
 

Table 1: Adopted material properties. 
 

Model parameter 
*MAT_CSCM_CONCRETE 

(MAT159) 
*MAT_WINFRITH_CONCRET

E (MAT084/085) 
Uniaxial compression strength, fc  35 MPa 35 MPa 

Uniaxial tension strength, ft Parameters cannot be defined and are 

automatically assigned by the program. 
2 MPa 

Cracking strain, εcr 0.5 ‰ 
Modulus of elasticity, Ec 28000 MPa 

 

 
 

Figure 2. (a) Uniaxial strain loading time history, (b) Stress-strain diagram, (c) Tensile response detail. 
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The material tests under uniaxial tension and compression have shown that both considered concrete 
models provide reliable results for the case of reverse loading and unloading cycles. Nevertheless, the 
possibility to explicitly define the preferred tension limit ft can be seen as a significant advantage of the 
*MAT_WINFRITH_CONCRETE (MAT084/085) model. Furthermore, this model reliably accounts for 
the effect of crack opening and closing, such that beyond the assigned value of strain εcr no further tensile 
stresses can be achieved and compression stresses only regain after closing of the crack. This property is 
particularly important with respect to the simulation of energy dissipation, which occurs due to cyclic 
loading. On the other hand, the *MAT_WINFRITH_CONCRETE (MAT084/085) does not account for 
strength degradation during plastic response in compression.  
 
The major relevant properties of the considered material models, in particular with respect to the 
requirements of the Benchmark Project CASH, are summarised in Tab. 2. Accordingly, for the present 
study, but also for other similar applications in the field of earthquake engineering, the authors consider 
the model *MAT_WINFRITH_CONCRETE (MAT084/085) as most appropriate choice for extensive 
nonlinear seismic analyses. 
 

Table 2: Comparison of concrete material models appropriate for cyclic analyses in LS-DYNA. 
 

Model property 
*MAT_CSCM_CONCRETE 

(MAT159) 
*MAT_WINFRITH_CONCRETE 

(MAT084/085) 
Reduction of the modulus of 

elasticity in compression - - 

Strength degradation 
 in compression   - 

Reduction of the modulus of 
elasticity in tension - - 

Strength degradation 
 in tension     

Cyclic response     

Possibility to define  
tension limit -   

Simulation of cracking -   

Evaluation of crack propagation -   

 
For the selected material model *MAT_WINFRITH_CONCRETE (MAT084/085) a material test for the 
case of pure shear loading has been accomplished, imposing three complete cycles of reverse shear strain, 
as shown in Fig. 3a. The resulting stress-strain diagram is presented in Fig. 3b. Once the failure surface is 
reached, the FE element fails almost completely (even though not represented in Fig. 3b), indicating that 
in the analysis of structures with a dominating shear response the material model may appropriately 
account for brittle shear collapse mechanisms. 
 
In combination with concrete volume elements, for the modelling of steel reinforcement the 
*MAT_003_PLASTIC_KINEMATIC (MAT003) material model, demonstrating a linear elastic response 
with kinematic strengthening in the plastic range, can be adopted. Limitations of the plastic strain values, 
which would indicate failure of the FE, can only be defined by means of absolute values and are therefore 
not appropriate for cyclic analyses. For the needs of this study, to represent reinforcements rebars, the 
authors have adopted beam elements defined using the *MAT_003_PLASTIC_KINEMATIC (MAT003) 
material model ensuring perfect bond conditions between steel and concrete elements based on the shared 
node approach. 



24th Conference on Structural Mechanics in Reactor Technology 
BEXCO, Busan, Korea - August 20-25, 2017 

Division IX (include assigned division number from I to X) 

 
 

Figure 3. (a) Shear strain loading time history, (b) Stress-strain diagram. 
 
MODEL CALIBRATION BASED ON CAPACITY CURVES FROM PUSHOVER ANALYSES 
 
In order to investigate the response of the nonlinear numerical model of the analysed RC shear wall 
assembled in LS-DYNA and to study the sensitivity to a number of model parameters, a series of 
pushover analyses have been carried out first. Corresponding capacity curves obtained for three different 
mesh sizes, for cubic volume FE elements with side lengths of 50, 100 and 200 mm, are presented in Fig. 
4. The analyses have been carried out introducing controlled displacement loading at the elastically 
modelled top beam. A stepwise increase of top displacements in the longitudinal direction up to a peak 
value of 20 mm was imposed. A relatively high stiffness, with respect to that of the RC shear wall, has 
been assigned to the top beam and any rotations have been restrained both in the experimental and the 
numerical model, with the aim of simulating pure shear loading. 
 

 
 

Figure 4. Capacity curves of the experimental model and the numerical models for three mesh sizes. 
 
The results show that the model with the smallest mesh (50 mm side length) fails at a significantly lower 
level of displacement than the other two models (100 mm and 200 mm side length). Even though such 
response intuitively may not seem to be expected, explanations reflecting the mechanics-based meaning 
of shear failure for a single volume element, including the importance of numerical effects can be found. 
In particular, for the material model *MAT_WINFRITH_CONCRETE (MAT084/085) the failure 
criterion proposed by Ottosen is implemented in LS-DYNA. Regarding the three-axial compression state 
it accounts for an open failure criterion and the third stress invariant.  
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Fig.5a shows the simplified two-dimensional stress state for three different volume elements from models 
with different mesh sizes, which failed early during the nonlinear static analysis, i.e., at levels of top 
displacements equal to 4.3, 10.0 and 11.0 mm for mesh sizes of 50, 100 und 200 mm, respectively. In the 
simplified Mohr's cycle, considering only the half-cycle with positive shear stresses, the premature failure 
of the volume element selected from the model with the smallest mesh size (50 mm side length) is marked 
by three indicators (black crosses in Fig. 5a), showing that the stress state for the volume element selected 
from the model with the smallest mesh size (50 mm side length) already points to failure (the black cross 
on the red line reaches the boundary of the Mohr's cycle), while the volume elements from the models 
with the other two mesh sizes (100 and 200 mm side length) are still intact (the black crosses on the blue 
and the green line remain within the boundary of the Mohr's cycle). In Fig. 5b the corresponding shear 
strains of the examined volume elements are displayed, indicating that the volume element selected from 
the model with the smallest mesh size (50 mm side length) is already at lower values of top displacement 
exposed to high shear demands, which result in the early failure. 
 

 
 

Figure 5. (a) Failure of selected volume elements in the two-dimensional stress state, 
(b) Corresponding shear strains in function of top displacements. 

 
Hence, with decreasing mesh size the volume elements are due to the properties, boundary and loading 
conditions of the wall exposed to higher shear demands, even at relatively low values of top displacement. 
The loading conditions induce a mixed state consisting of hydrostatic and deviatory stress components, 
resulting in sudden failure. As discussed, such response can in part be generated by the mesh geometry, 
inducing higher strains, while further explanations may be sought for example in the missing possibility 
to apply regularisation techniques, which are not available in LS-DYNA for the adopted material model. 
 
For the further interpretation of the results of the static nonlinear analyses the following five significant 
displacement states have been identified on the capacity curve obtained for the model with intermediate 
mesh size (100 mm side length), as marked with 1 – 5 in Fig. 4: 
 

 State 1: Concrete cracking at 0.3 mm top displacement, see Fig. 6 
The RC shear wall performs linearly up to the formation of first cracks in the concrete material. 
Observed cracks are parallel to the principal compression strut. 

 State 2: Formation of a compression zone at 5.0 mm top displacement 
Practically all concrete volume elements are cracked. Simultaneously, a pronounced diagonal 
compression zone is formed. 

 State 3: Failure of single element at 7.0 mm top displacement 
Single concrete volume element fails due to extensive shear demands. 

 State 4: Failure of the entire upper section at 9.9 mm top displacement 
The entire upper row of concrete volume elements sustains extensive shear strains. The observed 
response can be interpreted as shear failure at the upper section of the wall. 



24th Conference on Structural Mechanics in Reactor Technology 
BEXCO, Busan, Korea - August 20-25, 2017 

Division IX (include assigned division number from I to X) 

 State 5: Overall failure at 10.2 mm top displacement, see Fig. 7 
After all, also the bottom row of volume elements sustains extensive shear strains, pointing to a 
subsequent shear sliding failure at the bottom section of the wall. 
 

 
 

Figure 6. State 1: Concrete cracking at 0.3 mm top displacement;  
(a) Concrete – cracks and first principle tensile stresses, (b) Reinforcement– tensile stresses. 
 

 
 

Figure 7. State 5: Overall failure at 10.2 mm top displacement; 
(a) Numerical – top and bottom section shear failure, (b) Experimental – shear sliding failure. 

 
The interpretation of the obtained results reveals that the numerical model used to performed nonlinear 
analyses with LS-DYNA captures reasonably well the failure mechanism (to be described as shear sliding 
failure at the bottom of the wall) that occurred during the experimental test. However the displacement 
capacity of the wall is not estimated properly with smallest mesh size. 
 
NONLINEAR DYNAMIC TIME-HISTORY ANALYSES 
 
Within the scope of the Benchmark Project CASH, nonlinear dynamic time-history analyses have been 
carried out for the numerical model of the RC shear wall with intermediate mesh size (100 mm side 
length), applying the given ground acceleration records representing the earthquake action. The 
horizontally activated mass is assumed to be equal to 11.0 t, which results in the first eigenfrequency of 
ca. 4 Hz for the undamaged structure in the longitudinal direction. 
 
The tests within the SAFE experimental program have been carried out adopting a pseudo-dynamic 
loading scheme, imposing a ground acceleration record of 18 s duration scaled at four different intensity 
levels in sequence. The resulting force-displacement response curve, obtained plotting the recorded 
displacement at the top of the wall against the total base shear force, is displayed in Fig. 8 and compared 
to the numerical results from the nonlinear time-history analysis carried out with LS-DYNA.  
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Figure 8. (a) Eigenfrequency drop in function of time, 
(b) Comparison of experimental and numerical force-displacement response. 

 
The numerical stability and the reliability of the calculations performed with LS-DYNA are substantially 
higher when the explicit solver is used, rather than the implicit solver. Furthermore, it has been noted that 
at high displacement levels the results are sensitive to the adopted material parameters, in particular the 
concrete tensile limit and the yield strength of the steel reinforcement. The maximum shear forces are 
strongly influenced by the assumed concrete compression strength. 
 
COMPARISON OF DIFFERENT METHODS TO ESTIMATE THE SHEAR CAPACITY 
 
In order to assess the validity of existing approaches for the simplified evaluation of the shear capacity of 
RC walls, different proposals from literature, codes and guidelines, i.e., ACI 318-14 (2014), SIA 
262:2013 (2013), EPRI (1994), ASCE/SEI 43-05 (2005), Wood (1990) and DIN EN 1992/NA:2013-04 
(2003), have been examined in the case of the analysed specimen. The results were then compared to the 
capacity curves evaluated within the Benchmark Project CASH, both experimentally and numerically. In 
the latter case the FE model with intermediate mesh size (100 mm side length), see Fig. 9, was used. It 
has to be mentioned, that for this comparison in all considered cases the same strength values for concrete 
and reinforcement steel were applied without the introduction of any design safety factors. 
 
According to the obtained results, the approaches followed in ASCE/SEI 43-05 (2005) and Wood (1990) 
apparently lead to quite low values of shear capacity just beyond the elastic range, while the approaches 
according to ACI 318-14 (2014) and EPRI (1994) yield higher values, which, however, still remain 
considerably below the experimentally and numerically evaluated shear capacity. Regarding the 
regulations in SIA 262:2013 (2013) and DIN EN 1992/NA:2013-04 (2003), which are based on a strut- 
and-tie model and actually describe the shear behaviour of slender walls and girders, the resulting shear 
capacity strongly depends on the inclination angle of the compression strut, denoted as α. 
 
The results shown in Fig. 9 confirm that the numerical analyses performed with LS-DYNA allow a 
reliable prediction of the shear capacity of the considered squat wall. Clearly, all examined simplified 
approaches strongly underestimate the capacity of the analysed specimen, which is actually intended, but 
probably not to this extent. A reason could be that the considered wall has a very low height to length 
ratio, being equal to 0.4, so that a relevant part of the shear force can be transferred by a compression strut 
directly into the foundation.  
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Figure 9. Comparison of different models for the evaluation of the shear capacity. 
 
CONCLUSIONS 
 
Using the FE program LS-DYNA nonlinear seismic analyses for the evaluation of the seismic capacity of 
squat RC shear walls can be accomplished in a reliable manner. Thus, based on the analyses performed 
within the scope of this study, the appropriateness of the explicit solver of the program could be 
confirmed for the case of earthquake engineering problems in the nuclear industry, which to some extent 
may lie apart from the field of most common applications of LS-DYNA, such as unidirectional 
calculations in the high-frequency range and/or calculations in the car industry. It has to be mentioned 
that the nonlinear numerical FE algorithms require from the user a deep knowledge in order to perform 
reliable calculations and even the solution of rather simple practical examples may become fairly 
demanding. Nevertheless, numerous model parameters and additional output quantities are available to 
the user, allowing a systematic survey of the analyses and a profound verification of obtained results. 
 
Numerical analyses are commonly carried out relying on available mechanics-based material constitutive 
laws. When creating the model, the user has to assess carefully the expected material behaviour with 
respect to mechanical properties, which can be defined as input parameters. Therefore, the selection of the 
most appropriate material models is of uttermost importance for the achievement of a robust numerical 
model and reliable results. For the model created within the scope of this study, in order to carry out the 
discussed seismic analyses, the major steps towards the selection of the adopted concrete material model, 
i.e., the *MAT_WINFRITH_CONCRETE (MAT084/085), based on a series of local tests on single 
volume elements has been presented. 
 
The evaluation of capacity curves, based on performing a series of pushover analyses, has shown to 
present a valuable and efficient approach in the assessment of the model sensitivity with respect to 
different parameters. For the analysed problem the adopted mesh size has shown to have a substantial 
influence on the outcome of the performed calculations. Nevertheless, following verifications of 
convergence when performing pushover analyses to calibrate the numerical model, the most appropriate 
mesh size could efficiently be selected. It could also be noted that the achieved maximum displacement 
demand has a higher sensitivity to adopted model parameters and has to be assessed even more carefully 
than the resulting shear capacity. One important open issue remains the choice of appropriate mesh size, 
when there are no reference experimental results available, as it is usually the case in the practical nuclear 
engineering. 
 
Using the calibrated numerical model, the experimentally obtained failure mode, characterised by a 
pronounced shear sliding response at the bottom of the wall, could be captured. Subsequently the 
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nonlinear cyclic response of the structure was captured reasonably well by the nonlinear time history 
analyses regarding base shear and pinched hysteretic behaviour. On the contrary the displacement showed 
to be the most demanding value to estimate and rather sensitive to the adopted material and model 
parameters. 
 
The duration of performed calculations can be considered acceptable for practical applications, when the 
explicit solver is used. In the implicit mode, the overall performance of the numerical model in LS-
DYNA is not always comprehensible with respect to the defined mechanical model parameters. 
Generally, it is recommended to critically assess any new operation performed with LS-DYNA, since 
dependencies between certain functions and in relation with selected material models may exist. 
 
A comparison of values of shear capacity obtained within the Benchmark Project CASH with values 
calculated according to various simplified methods from literature, codes and guidelines confirmed that 
for the examined shear wall with a very low height to length ratio commonly applied approaches lead to 
conservative predictions of shear capacity.  
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