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ABSTRACT 

 
In pressurized piping systems, low cycle fatigue (LCF) and strain accumulation (ratcheting) can take 
place due to cyclic loading during a seismic event. The seismic induced failure mechanism in those 
systems in the design codes is mainly assumed as a plastic collapse. In reality, however, the low cycle 
fatigue along with incremental plastic deformations called ratcheting can lead to the failure of the piping 
system. The aim of this paper is to assess the ability of numerical models to predict the fatigue ratcheting 
failure in piping systems and components due to cyclic loading and to discuss the challenges involved. As 

part of an international benchmark project, organized by the Nuclear Energy Agency (NEA) along with 
its subgroup "Working Group on Integrity and Ageing of Components and Structures", displacement-
controlled cyclic tests on a steel elbow and the dynamic tests on pipeline systems were simulated by 
three-dimensional nonlinear finite element models by the implicit method in ANSYS and LS-DYNA. The 
comparison of the results obtained from numerical analyses and the experimental measurements show 
that local ratcheting strains are significantly influenced by the specimen geometry, the constitutive 
material model and its parameters, while the global model behaviour and the strain amplitudes show a 
higher robustness against geometrical influences. Moreover, for the component lifetime assessment, the 

major damage mechanism seems to be fatigue, which is primarily influenced by the strain amplitudes. 
 
INTRODUCTION 

 
Comprehensive evaluation of nuclear piping systems under large amplitude seismic loads is required in 
order to develop rational seismic design procedures. This comprehensive assessment requires accurate 
prediction of inelastic response of piping systems until failure, to ensure adequate margins for unexpected 

beyond design basis events. In pressurized piping systems, strain accumulation can take place due to 
cyclic loading during a seismic event. The fatigue along with these incremental plastic deformations 
called ratcheting may lead to the failure of the piping systems. 

Two possible failure mechanisms exist in the fatigue ratcheting regime. In the case of high mean 
stresses controlled by a primary load, a collapse caused by excessive strain is possible. Because of the 
code limitations of the primary membrane stresses to Sm (2/3 of the elastic limit or 1/3 of ultimate stress) 
under normal operation conditions, the failure will occur usually by fatigue. The fatigue behaviour can be 

accompanied by ratcheting because (positive) ratcheting strains result in increasing true stresses caused 
by ballooning and wall-thinning.  

The major gap in existing design codes is that fatigue has to be considered only for normal and 
upset but not for emergency or faulted operation conditions. Moreover, an alternative criterion to prevent 
failure by excessive ratcheting strains for Level C and D loading conditions of ASME III, Subsection NB 
would be useful. Current rules for ratcheting, based on the Bree diagram [Bree 1967] and shake-down 
theorem, deal only with thermal ratcheting under normal and upset operation conditions.  

Based on static cyclic and dynamic experiments on pressurized piping systems and elements, 

such as those used in nuclear power plants, the Nuclear Energy Agency (NEA) along with its subgroup 
"Working Group on Integrity and Ageing of Components and Structures" organized the international 
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benchmark project Metallic Component Margins under High Seismic Loads (MECOS). The 
displacement-controlled cyclic tests on steel elbows and the dynamic tests on pipeline systems have been 
carried out at Bhabha Atomic Research Centre (BARC) in Mumbai and the Central Power Research 
Institute (CPRI) in Bangalore (India). The main objective of the benchmark project is to evaluate the 

capability of the numerical methods to simulate the failure mechanism in piping systems due to fatigue 
and the accumulation of plastic strains (fatigue ratcheting).  

This paper outlines the contribution of the Swiss Federal Nuclear Safety Inspectorate ENSI and 
its consultant Basler & Hofmann AG in the MECOS Benchmark Project part 1 (MECOS#1). The 
experimental tests of the elbow and the piping system were simulated using three-dimensional nonlinear 
finite element models and the implicit method in ANSYS and LS-DYNA, respectively. 

 
DISPLACEMENT-CONTROLLED CYCLIC TESTS AT BARC 

 

Fatigue ratcheting tests were performed on 6” stainless steel (SS304LN) elbows by the BARC (India) and 
the CSIR (India) [Goyal et al. 2010]. Four elbows have been filled with water and pressurized with up to 
390 bar; pure quasi-static cyclic bending was applied on the elbows by subjecting them to different levels 

of load-line displacements. A typical elbow specimen can be seen in Figure 1 (left). For the piping 

system part, a three-dimensional piping system was tested under internal pressure and increasing seismic 

load using a shake table. The test was continued until a water jet trough a crack appeared at an elbow. The 
piping system can be seen in Figure 3 (left). 
 

    
 

Figure 1. Typical elbow specimen (left) and the grid marking (right) [Goyal et al. 2010] 
 

NUMERICAL MODEL DESCRIPTION  

 

Numerical Model in ANSYS 

 

The ANSYS models use fully integrated solid elements (20-nodes hexaeder, Solid186) with symmetry 
boundary conditions in two directions, one rigid body element for applying the external load, 
displacement in axial direction (UZ) and elastic-plastic analysis with a nonlinear kinematic hardening 
model. The internal pressure is applied on the inner surface. A negative pressure was applied on the upper 

end of the pipe to emulate a closed piping. The reaction forces in x-direction were checked and are 
numerically zero. 

To identify the significant influence factors such as geometry (wall thickness distribution and 
ovalisation), material parameters and mesh size, different model variants were investigated. The coarse 
meshed model includes 1’536 solid elements (2 elements through wall thickness) with 8’903 nodes and 
26’712 degrees of freedom (DOF). The model with the refined mesh consists of 4’128 solid elements, 
21’395 nodes and 64’188 DOF. Table 1 shows the analysed model variants. 
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Figure 2. ANSYS models of the elbow 

 
Table 1: Investigated model variants in the ANSYS model 

 
No. Id  Cross section Wall thickness Constitutive model Mesh size 

1 cc circular constant Chaboche Set 1 coarse 

2 cv circular variable Chaboche Set 1 coarse 

3 oc oval constant Chaboche Set 1 coarse 

4 ov1 oval variable Chaboche Set 1 coarse 

5 ov2 oval variable Chaboche Set 2 coarse 

6 ov2-f oval variable Chaboche Set 2 fine 

7 ov-bk oval variable Bilinear Kinematic coarse 

8 ov-mk oval variable Multilinear Kinematic coarse 
 

Bended elbows show an ovalisation and a non-constant wall thickness. The ovalisation is 
implemented by an elliptic shape. The initial aspect ratio of the models with an oval cross-section is 1.105 

(outer surface). This value was estimated iteratively by the calibration of the stiffness from force-
displacement relationship during the linear-elastic range, because the initial ovalisation was not measured. 
A measured wall-thickness profil for model 2 and 4 to 8 was given and change continuously from 18.31 
mm (intrados) to 11.08 mm (extrados) and was implemented by a shift between inner and outer ellipse. 
The results from model no. 4 were provided for the benchmark. Models 5 and 6 are improvements which 
were done later. 

 

Numerical Model in LS-DYNA 

 

The piping system is modelled using fully integrated shell elements with element formulation 16 in LS-
DYNA. This shell formulation is based on Reissner-Mindlin kinematic assumption with 2x2 integration 
in the shell plane. This type of shell formulation is recommended for implicit simulations. A total number 
of 6’682 elements are used in the FE model shown in Figure 5. The base of the piping system (3 anchors) 
is fixed against translation and left free for rotation degrees of freedom. With the geometrical setting of 

the anchors, this boundary condition prevents any rotational movement for the whole structure. 
The water mass is modelled through a distributed mass (increased density) overall in the piping 

system. The internal pressure is modelled using the “Load Segment Set” feature in LS-DYNA. The shake 
table accelerations are applied using the Load_Body feature in LS-DYNA. Using this feature, body force 
loads due to a prescribed base acceleration or angular velocity can be defined using global axes 
directions. Considering that the shake table time history accelerations were amplified from one run to the 
next one, the STRESS_INITIALIZATION feature is used to allow all parts to be initialized from a 
previous calculation using data from the d3dump file. No ovalisation and thickness variation of the 

elbows is applied in the FE model of the piping system. The timing required for each run is approximately 
about 48 to 72 hours depending on the length of the input table acceleration. 
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Figure 3. Piping system on shake table (left) and the FE Model in LS-DYNA (right) 

 

Material constitutive models in ANSYS 

 

For cyclic loading, it is necessary to use constitutive models with kinematic hardening or mixed 

kinematic/isotropic hardening in order to model the Bauschinger effect. ANSYS provides a bilinear 
kinematic hardening rule (kinematic by Prager [1955]), a multi-linear kinematic hardening model by 
Besseling [1959] and the nonlinear kinematic hardening rule by Chaboche et al. [1979]. The model from 
Chaboche is a further development of the Armstrong-Frederick-Model [Armstrong and Frederick 1966] 
by a decomposition of the back-stress tensor in multiple parts. 

 

 
(1) 

 

The Armstrong-Frederick model can be reproduced by choosing M = 1. All these models are used 
with the von Mises-yield-function and an associated flow rule. The back-stress tensor α represents the 
centre of the yield surface. Considering that the models with bilinear or multi-linear kinematic hardening 
do not reproduce ratcheting, primarily Chaboches model was used here. The Armstrong-Frederick 

hardening rule allows to control the ratcheting by choosing the parameter . By setting  = 0, the model 

shows a bilinear behaviour and ratcheting rates of zero, but with higher values of , the model tends to 
over-estimate ratcheting. The ratcheting rates are constant for a given combination of stress amplitude and 
mean stress. The Chaboche hardening rule shows a more realistic behaviour with decreasing ratcheting 
rates at constant load level, but it tends to over-estimate ratcheting too. In this study, the Chaboche model 
with three decomposed back-stress terms and without the isotropic hardening option is used. Table 4 

shows the two sets of parameters which have been used in the ANSYS model. The only difference is 3. 
The elasticity constants used are given in references ([Goyal et. al 2013], [Vishnuvardhan et. al. 2013], 
[Sivaprasad et. al. 2011]) to with the modulus of elasticity E = 195 GPa and the Poisson-Ratio ν = 0.3. 
For the bilinear kinematic hardening model a yield stress of 220 MPa and an elastic-plastic tangent 
modulus of 19’770 MPa is used. 

 

Table 2: The Chaboche model variables in ANSYS model 

    [MPa]    [MPa]       [MPa]       [MPa]    

CHB 1 115 35’000 300 20’000 25 2’000 1.5 

CHB 2 115 35’000 300 20’000 25 2’000 0.07 

 
To calibrate the material model, experimental ratcheting tests on simple specimen are necessary. 

Appropriate data for SS 304LN were found in [Sivaprasad et. al., 2011]. Comparing the ratcheting 

behaviour of the parameter set CHB 1, one can see in Figure 4, dashed lines on right hand side, that the 
ratcheting is over-estimated for all load levels. The parameter set CHB 2 (dotted lines) show a more 
acceptable agreement with the experimental data (continuous lines) for the lower load levels.  

Concentrated masses 
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Figure 4. Stress-strain-relationship (left) and ratcheting behaviour (right) 

 
For the higher load levels, the ratcheting shows to be under-estimated; however, this seems to be 

caused by the interaction with the cyclic hardening/softening, especially during the first load cycle. The 
first loading following the static stress-strain-curve, shows a more flat characteristic and results in an 
initial ratcheting strain of around 17 %. This complex cyclic hardening/softening behaviour cannot be 
predicted by the Chaboche model. The feature implemented in ANSYS to combine kinematic hardening 

with isotropic hardening allows a shift of the yield stress only, which does not seem to be useful. 
A model developed by one of the authors of this paper [Döring 2003], should be able to predict 

this behaviour more accurately. This model, however, has not yet been used because of the time 
consuming parameter identification. Another disadvantage of the above mentioned models is that they are 
not provided by the available commercial software; therefore, they have to be applied as a user-defined 
material subroutine. 
 

Material constitutive model in LS-DYNA 

 

The material model used in the FE analyses for the piping system in the LS-DYNA model is the Plastic 
Nonlinear Kinematic called MAT_165 in LS-DYNA. This relatively simple model, based on a material 
model by Lemaitre and Chaboche [1990], is suited to model nonlinear kinematic hardening plasticity. The 
model accounts for the Bauschinger effect, linear cyclic hardening, and ratcheting. By neglecting the 
isotropic hardening it is compatible with the models in [Chaboche et al. 1979] (one backstress) and 
[Armstrong and Frederick 1966]. The constitutive model is available for shell and solid elements. Based 
on a comparison with the stabilized stress-strain curve for SS 304LN, the isotropic plastic hardening 

modulus H, the kinematic hardening modulus C, and kinematic hardening parameter Gamma, are set to 
the values shown in Table 3. 

 
Table 3: The material variables used in the FE model 

 

H [MPa], 
Isotropic plastic hardening 

C [MPa], 
Kinematic hardening 

Gamma, 
Kinematic hardening 

   [MPa] 

0 12’000 1.0 220 

 

 

NUMERICAL ANALYSIS RESULTS 

 

Elbow Model in ANSYS 

 

Figure 5 shows the radial displacements during the first load cycle at minimum and maximum axial loads. 
This ISO-line plot, like all following plots, presents the results of model no. 6 (see Table 1). The picture 
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shows a significant cyclic change of the aspect ratio (ovalisation) caused by the applied bending load. The 
graph displaying the cyclic behaviour in the diagram on the right hand side shows a range of around 13 % 
over one cycle. The mean aspect ratio also changes because of the ratcheting strains. Starting with a 
circular cross section, the average aspect ratio increases while a higher initial ovalisation leads to a 

decreasing aspect ratio. After 50 load cycles, the mean aspect ratios are between 1.02 and 1.05 with 
Chaboche's model. Calculations with bi- or multi-linear hardening do not show ratcheting, so the 
ovalisation stays constant. The most significant influencing factors is the material model. A small effect 
by the wall thickness distribution and no influence from the mesh size can be seen in this case. 

 

        
 

Figure 5: Radial displacement during first load cycle (left) and history of ovalisation (aspect ratio, right) 

 
Figure 6 shows the influence of the cyclic loading on the so called ballooning defined in this paper by the 

change in the circumference (
  

 
). From FE model in ANSYS, this value was determined using the 

displacements and a numerical integration procedure of all nodes at the path. A good approximation is the 
arithmetic mean of the diameters from intrados to extrados and from crown to crown, shown in Eq. 2. The 
experimental data provide only the diameter from intrados to extrados, so the ovalisation and the 
ballooning are not distinguishable.  

  
  

 
     

        

       

 
        

       

   
(2) 

 

 
Figure 6: Ballooning (%) in the elbow model  

after 1 (orange), 5 (light brown), and 50 (blue) load cycles 
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The ballooning shows low dependency from the geometry. Effects of mesh size are also 
negligible. This value is primarily influenced only by the ratcheting behaviour of the constitutive model. 
Bigger differences among model variants in Table 1 are detected through analysing the local strains. The 
scatter of the results covers a range of around factor two for the ratcheting strains. The bi- and multilinear 

kinematic hardening models do not show ratcheting. The strain amplitudes of all models are much closer 
to each other than the absolute strains and are in acceptable agreement with the experimental results. 

The most interesting positions are the crown and the intrados position with the highest strain 
amplitudes and extrados position which also show significant ratcheting strain in hoop direction (Figure 
7). The calculated hoop and axial strains at the crown (Figure 8) have good agreements with the 
experimental results. Ratcheting strains at the extrados position (Figure 9) were calculated with positive 
values by all model variants, while the experimental results do not show ratcheting.  

 

     

Figure 7: Total hoop strain (left) and total axial strain (right) after 50 load cycles 

      
Figure 8: Hoop strain (left) and axial strain (right) at crown position (G07) 

       
Figure 9: Hoop strain (left) and axial strain (right) at extrados position (G13) 
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The scatter is relatively high and the experimental results show no ratcheting. A significant 
discrepancy was detected for the axial strains at the intrados position. While the experimental results 
show a positive axial ratcheting strain of around 2 % after 50 cycles, all calculations with the Chaboche 
model predict negative values between -2 and -3 %. Similar observations were made by some of the other 

participants too. It may be assumed that this behaviour is related to the asymmetric axial reaction forces; 
however, the exact reason for this discrepancy between numerical and experimental results is not really 
understood. The strain values near the crown are very sensitive regarding the exact angular position; as a 
result, a big difference exists in the strain values between positions (Figure 1) G06 and G08. 

The ratcheting strains correlate well with the wall thinning, shown in Figure 10. The driving force 
for ratcheting is the cyclic plasticity in combination with mean stresses, here the primary stresses caused 
by the internal pressure. The absolute maximum of the equivalent plastic strain amplitude is on the 
outside of intrados (G1) and local maxima with similar amplitudes are at the crown (G7) inside, further 

local maxima at intrados (G1) inside and near crown (G8) outside. The strain and stress amplitudes or 

ranges are considered as the most important results for the structural integrity assessment. 
 

 
 

Figure 10: Wall-thinning after 50 load cycles 
 

At the extrados position, a high influence from the geometry is visible. A significant influence 

factor on the strain amplitudes, however, is the stress-strain curve used for the material model. The 
calculation with the bilinear kinematic hardening (not shown) model results in slightly higher plastic 
strain amplitudes but no ratcheting. By the fact of displacement controlled testing for these specimen the 
dependencies from material model on the strain response are limited. In case of force controlled testing 
there could be a significant stronger effect.  
 

Piping System Model in LS-DYNA 

 

The results of the modal analysis are shown in Table 4. As seen from the results, the natural frequencies 
and the Eigen modes of the first three modes are in good agreement with the values reported from the sine 
sweep test. 

Figures 11 and 12 show the axial strains at extrados section D-D for tests with table peak 
acceleration of 1 g, performed with 3 passes, and tests with table peak acceleration of 1.25 g also with 3 
passes. An accumulation in the axial strain is seen from one run to the other by the comparison of the 
amplitude of the strain in the two figures. 
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Table 4: Modal frequencies and cumulative mass fractions of the piping system 
 

Mode LS-DYNA 
Frequency (Hz.) 

Test frequency 
(Hz.) 

Cumulative mass 
fraction X (%) 

Cumulative mass 
fraction Y (%) 

Cumulative mass 
fraction Z (%) 

1 3.8 3.5 1.1 0.0 73.7 

2 5.9 5.5 1.1 78.8 73.7 

3 12.4 15 1.1 79.5 73.7 

4 18.8 - 86.2 79.5 74.1 

5 28.4 - 86.2 82.8 74.1 

 

 

 

 

 

 
Figure 11: Axial strain time history at extrados D section for test S04 (above) and test S05 (bellow) 

 
At the higher table accelerations, the numerical model of the pipe system in LS-DYNA tends to 
overestimate the strain accumulation in critical areas. This strain accumulation generally starts earlier in 
the numerical calculations than in the experimental case. For the highest accelerations with significant 
levels of plasticity, numerical instabilities were observed. 
 
CONCLUSIONS 

 
Some results, like local ratcheting strains are significantly influenced by the specimen geometry 
(ovalisation, wall thickness). The global model behaviour (axial reaction forces, ballooning) and the strain 
amplitudes show a higher robustness against geometrical influences. Ballooning should be distinguished 
from ovalisation. To this end, ballooning is defined here as the change of circumference. With this 
definition, ballooning can be approximately calculated using the mean of the two diameters intrados-

extrados and crown-crown.  
To calibrate the constitutive model for ratcheting, experimental data from simple specimen are 

necessary. Data from more complex specimen are inappropriate, because results are mixed with other 
influencing factors such as geometry effects. For the component lifetime assessment, the major influence 
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factor seems to be fatigue, which is primarily influenced, more than ratcheting, by the strain amplitudes. 
An accurate description of ratcheting is, more or less, a good-to-have feature. 

The ratcheting behaviour of the Chaboche model is in an acceptable agreement with the test 
results. Applying more enhanced models can be useful for special cases. However, the crucial factor is the 

cyclic stress-strain curve. The scatter of the calculated lifetimes is covered by the ASME design fatigue 
curve. The gap in existing design codes is the fact, that fatigue is not a topic for level C and level D 
loading conditions. Rules for fatigue and ratcheting evaluation should be included in the code for seismic 
induced emergency and faulted operation conditions. 
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