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Abstract 

Investigating the fatigue behavior of concrete structures from wind turbine towers is associated with major chal-
lenges due to the high number of occurring load cycles and large cross-sectional dimensions. Thus, only few studies 
have been carried out on concrete structures subjected to cyclic bending loads. Numerical simulations, in contrast, 
enable fast investigations of many parameter variations. There are many material models available for different appli-
cations, yet they quickly become very complex and require time-consuming calibration of input parameters in struc-
tural tests. A model for simulating macroscopic damage processes in fatigue-loaded compressed concrete cross sec-
tions, which can be calibrated using standard cylinder tests, does not yet exist. The present work aims to close this 
gap and implements an additive strain model to simulate the strain and damage development of concrete subjected 
to fatigue bending loads. Therefore, experimental investigations were designed and carried out. Static and cyclic tests 
on concrete cylinders yielded the input parameters for the material model. A strain model was implemented in ANSYS 
Mechanical. The numerical implementation was validated using fatigue tests on large prestressed beams in a reso-
nance-based testing facility. The beam specimens mostly failed due to fatigue in the compression zone. The numeri-
cal model confirmed the effects observed in the beam tests and was able to simulate the most damaged regions very 
well. Moreover, stress redistribution to less loaded regions as a result of relief of the damaged regions was detected. 
This confirmed the positive effect of stress redistributions on the fatigue life of the structures.
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1 Introduction
One way to reduce global  CO2 emissions is to use more 
renewable energy sources. Wind energy in particular 
plays an important role in this regard. To increase the 
energy yield from wind energy, more and higher turbines 
are constantly being built (Klein & Marx, 2021). In the 
onshore sector, these are mostly hybrid towers, of which 

two-thirds consist of stacked and prestressed concrete 
ring segments with dry joints and one-third of a steel 
tower (Bögl et al., 2013). As the hub heights increase, the 
structures become increasingly slender and the material 
utilization steadily grows (Fürll et  al., 2024). As a result 
of the cyclical effects from the wind, fatigue verification 
is becoming increasingly important in design. Extensive 
experimental investigations on large-scale specimens are 
required for more detailed research into the structural 
behavior of concrete subjected to fatigue loading (Sch-
ramm et al., 2024). These exhibit high numbers of cycles 
to failure due to changes in stiffness and stress redistri-
butions (Monteiro et al., 2024) and can, therefore, take a 
very long time (Becks et al., 2023; Birkner & Marx, 2021). 
As a consequence, only a few research results exist in 
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this field to date. In addition, the current design regula-
tions still have very high safety margins, which lead to 
very conservative designs (Baktheer et al., 2024; Birkner 
& Marx, 2022). One way to reduce this high necessary 
effort is by simulation with numerical models. Material 
models of classic plasticity or damage theory are often 
used for the simulation of concrete under static load-
ing (Birkner et al., 2023; Makhlouf et al., 2024; Wu et al., 
2022). However, in the case of fatigue loading, there are 
usually stresses that lie below the material strength and 
still lead to cracking and damage processes in the mate-
rial (Becks et  al., 2022). The models must, therefore, be 
extended to be able to account for these processes (Mai 
et al., 2012).

In recent decades, a large number of such constitu-
tive models have been developed to describe the mate-
rial behavior of concrete at the macro- and mesolevel. 
According to Baktheer and Chudoba (2019), these can 
usually be divided into two groups. The models of one 
group follow the approach of describing the fatigue 
behavior as a function of load cycles, e.g., (Grünberg 
et al., 2014; Pfanner, 2003). Models that are based on con-
tinuum damage mechanics and formulate fatigue dam-
age as a function of strain can be assigned to the second 
group, e.g., (Abhijith & Atul Narayan, 2023; Alliche, 2004; 
Desmorat et  al., 2007; Kindrachuk et  al., 2015). Micro-
plane models (Baktheer et  al., 2021; Betz et  al., 2023; 
Kirane & Bažant, 2015) or models using the phase field 
method (Baktheer et al., 2024c; Krüger et al., 2024) have 
also been developed to simulate the fatigue behavior of 
concrete. Newer models also use machine-based learn-
ing methods like the Gradient boosting regression tree 
(GBRT) to predict the fatigue behavior based on results 
from literature (Liang et al., 2023).

Only a few studies have investigated the simula-
tion of concrete beams so far. The microplane model 
developed in Kirane and Bažant (2015) was applied to 
notched beams failing due to tension cracks and can be 
used to predict the crack growth. To simulate the fatigue 
behaviour of presetressed reinforced beams, a theoreti-
cal model was developed in Carpinteri et al. (2005). It is 
valid for failure due to cracking in the tensile area, slip 
between reinforcement and concrete, yielding of the rein-
forcement and crushing of concrete in the compression 
zone. However, no information about the possibility to 
simulate stress redistributions is given. This was inves-
tigated in Zanuy et al. (2009). A cycle-dependent model 
which can account for the changes of stiffness distribu-
tion due to fatigue damage is proposed and compared to 
a test series on reinforced concrete beams. It is found that 
the failure type of the beams depends on the sectional 
capacity for redistribution of stresses. Another example 
for the simulation of stress redistributions in prestressed 

concrete beams failing due to compression can be found 
in Baktheer et  al. (2024). The implemented microplane 
fatigue model is able to simulate these processes well and 
additionally allows to assess the dissipated energy during 
the fatigue life because of its thermodynamic nature.

In general, when choosing a material model, a compro-
mise must always be made between accuracy and calcu-
lation effort. There are a large number of models in the 
literature that are suitable for the numerical simulation 
of concrete. However, they each pursue different objec-
tives and are better at simulating certain effects than oth-
ers. In addition, they usually require complex calibration 
on component tests. A model for simulating the macro-
scopic damage processes in concrete cross sections under 
compressive fatigue loading, like in structural elements 
of wind turbines, which can be calibrated using conven-
tional cylinder tests, does not yet exist and will be pre-
sented in this work. For this purpose, the mechanically 
based strain model from von der Haar and Marx (2018) 
is extended and implemented into the finite element soft-
ware ANSYS Mechanical.

2  Summary of the Additive Strain Model
The most important elements of the model are summa-
rized here; for more detailed information, please refer to 
the original source in von der Haar and Marx (2018). In 
the model, concrete strains due to fatigue loading consist 
of four separate components—an elastic strain compo-
nent εel, a load cycle-dependent plastic strain component 
εd, a time-dependent viscous strain component εcr and 
a temperature strain component εt. Shrinkage deforma-
tions are neglected in the model due to comparatively 
short durations of fatigue tests compared to the service 
life of structures. The total strain εfat, which is measured 
on specimens during fatigue loading, can be described by 
Eq.  (1). The first three strain components are compres-
sions and the strain values are, therefore, defined to be 
negative. The strains resulting from specimen heating are 
defined to be positive, because they lead to an expansion 
of the specimens, and, therefore, reduce the strain meas-
ured in fatigue tests. The strain components are assumed 
to be independent of each other, making this an additive 
strain model:

The elastic strain component is described by Hooke’s 
law according to Eq.  (2) and corresponds to reversible 
deformations between the maximum stress level σmax 
and the relieved state. The curved shape of the loading 
and unloading branches is neglected for this model. The 
secant modulus Ec(N) decreases with increasing number 
of load cycles depending on the stress and represents the 
degradation of the material stiffness:

(1)|εfat| = |εel| + |εd| + |εcr| − |εt|
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Irreversible deformations that occur as a result of 
material disruption are taken into account via the plas-
tic strain component. The magnitude of this strain can-
not be measured directly in experiments, but must be 
calculated subtracting the other strain components 
from the measured total strain εfat according to Eq. (1). 
In von der Haar and Marx (2018), this was evaluated 
as part of the investigations. A linear relationship was 
found between the calculated plastic strain component 
and the logarithmized number of cycles to failure of the 
specimens.

The deformations from concrete heating as a result of 
fatigue loading are taken into account via the thermal 
strain component. During each load cycle, part of the 
energy induced is converted into thermal energy. This 
corresponds to the hysteresis area between an unload-
ing and reloading path in the stress–strain diagram. 
The specimen heating, therefore, depends on the stress 
amplitude, loading frequency, thermal conductivity and 
convection and heat transfer conditions on the speci-
men surface. The thermal strains εt are calculated using 
Eq. (3) with the coefficient of thermal expansion of con-
crete αT and the mean temperature change ΔT:

However, heating of concrete as a result of fatigue 
loading mainly occurs in experiments, e.g., (Bode & 
Marx, 2019; Deutscher et al., 2020), as these are carried 
out at loading frequencies that are significantly higher 
than fatigue loads actually occurring on components 
to reduce the time required. This strain component 
must, therefore, be taken into account when evaluating 
fatigue tests.

All visco-elastic strains resulting from time-depend-
ent creep behavior of concrete are taken into account in 
the viscous strain component. Visco-plastic deforma-
tions from permanent loading are taken into account 
by the plastic strain component. To determine the 
viscous strain component, it is assumed that for each 
fatigue stress level there is a static equivalent stress that 
causes the same creep strains. This equivalent stress 
is referred to as creep-relevant stress level. With this 
parameter, the viscous strain in concrete subjected to 
fatigue loading can be determined. The calculation of 
the creep-relevant stress level was developed in von der 
Haar and Marx (2018). It was shown that the creep-rel-
evant stress level and the mean stress level of the cyclic 
loading are identical if the maximum stress level of the 
cyclic loading is below the linearity limit of concrete 
creep. Otherwise, the magnitude of the creep-relevant 

(2)εel = εmax =
σmax

Ec(N )

(3)εt = αT ·�T

stress level is between the medium stress level and the 
maximum stress level. These observations were also 
confirmed in recent studies (Kern et al., 2024).

3  Experimental Investigations on Prestressed 
Concrete Beams

Experimental fatigue tests were carried out on eight 
large-scale prestressed concrete beams. Two differ-
ent types of concrete and two load levels were investi-
gated as a basis for validating the numerical model. The 
beams were tested in a resonance-based testing facility. 
Table  1 gives an overview of the concrete compositions 
and Table 4 shows the targeted load levels for each beam 
specimen. Two tests were planned for each combination 
of concrete strength and load level.

In addition, 43 fatigue tests on cylindrical specimens 
with a diameter D = 100  mm and height H = 300  mm 
were carried out in a servo-hydraulic testing machine in 
a force-controlled regime up to failure. During the tests, 
the machine force, the machine path and the specimen 
deformations in the longitudinal direction were continu-
ously recorded by four laser distance sensors, which were 
arranged around the specimen circumference every 90 
degrees. These tests were evaluated with respect to the 
specimen stiffness over the relative fatigue life which 
is used as input for the numerical implementation, as 
described in Sect. 4.1. A detailed evaluation can be found 
in Birkner et al. (2024).

The static system of the beam tests was a four-point 
bending setup. The beam specimens had an inverted 
T-shaped cross section, were supported on steel rolls 
at both ends and constructively restrained against lon-
gitudinal and transversal movements. Two steel trav-
erses were placed in the middle of the beam with 1.4 m 
distance to each other and were used to apply the static 
loads via vertical threaded rods. These were prestressed 
by springs anchored in a cellar below the test setup. The 
vertical spring prestressing was used to adjust the stress 
level in the beams. Extra weights on the traverses were 
added to adjust the natural frequency of the system. Lon-
gitudinal prestressing using unbonded threaded rods 
prevented tensile stresses at the bottom of the concrete 
beams. Therefore, the tendons were located eccentrically 
below the centre of mass of the beams. In combination 

Table 1 Concrete compositions used in the test series

Description C40 C80

Cement CEM II/A-LL 42.5 N CEM I 52.5 R

Aggregate 2/8 Crushed Limestone Quartz gravel

Aggregate 8/16 Crushed Limestone Crushed Limestone

w/c ratio 0.50 0.47
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with the dead weight of the specimens, these loads repre-
sented the static loads during the test.

The dynamic loads were generated by four imbalance 
motors. These were mounted pairwise on the two trav-
erses and were operated near the first natural bending 
frequency of the beams and caused them to resonate. 
The dynamic magnification of the load allowed the gen-
eration of the required large stress at the specimen edges 
with comparatively low imbalance forces. The dynamic 
forces were held constant during the tests by a regulation 
software. With this setup high excitation frequencies of 
up to 25 Hz could be realised and allowed to reach much 
higher numbers of load cycles in the same test duration 
with much less energy consumption compared to a con-
ventional hydraulic testing facility. The principle of the 
resonance-based testing facility is described thoroughly 
in Schneider et al. (2018). A more detailed description of 
the specimens and the test setup can be found in Birk-
ner et  al. (2024). In the beam tests a minimum stress 
level of Smin = σmin/fcm = 0.05 and maximum stress levels 
Smax = σmax/fcm = 0.75 and 0.65 at the top of the beams in 
midspan were targeted, as shown in Fig. 1.

The support forces were measured with force sensors 
and used as control parameter for the dynamic load. Cali-
brated strain gages in full bridge circuit measured the 
forces in the vertical threaded rods and ring force sensors 
the forces in the longitudinal threaded rods. In mid span, 
strain gages were applied to measure concrete strains and 
thermocouples for the surface temperature, see Fig.  2. 
Changes in the strains over the test duration allowed to 
draw conclusions about the deformation of the speci-
mens and about any occurring damage. Due to the high 
frequent loading the specimens heated up which led to 
additional thermal strains. The temperatures were meas-
ured along the web height to quantify them. Fig. 3 shows 

the significant temperature changes for all sensors over 
the relative fatigue life of beam C40–4 exemplarily.

4  Numerical Implementation of the Additive Strain 
Model

4.1  Elastic Strain Component
In the numerical model the elastic strains are calculated 
directly from the external loads at the maximum and mini-
mum stress levels using Hooke’s law. They only depend on 
the modulus of elasticity of the individual elements. The lat-
ter, however, is only identical for all elements at the begin-
ning of loading. The successive stiffness degradation during 
fatigue loading is represented by an elementwise decrease 
in the modulus of elasticity. In the numerical model, differ-
ent combinations of maximum and minimum stress levels 
occur at different elements under a certain external load. 
It would require an unrealistically large experimental and 

Fig. 1 Schematic illustration of the loads and stresses 
at the maximum (dark green, solid lines) and the minimum stress 
level (light green, dashed lines): longitudinal prestressing (red), 
vertical spring prestressing (blue) and cyclic imbalance load (green)
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time effort to determine stiffness functions for all possible 
stress levels. Therefore, only mean stiffness curves from 
fatigue tests on concrete cylinders with the same stress 
levels as the beams were considered. The later evaluation 
confirmed that this approach is suitable and can describe 
the stiffness degradation in the numerical model with phe-
nomenological accuracy.

As the cylinders of the two investigated concretes 
showed different stiffness curves and residual stiffnesses, 
an approximation function was determined for each con-
crete. This function D(ν) maps three phases DI(ν) to 
DIII(ν) in analogy to the characteristic material behavior of 
concrete under fatigue loading. The first and last phases are 
each described using an exponential approach, the second 
phase using a linear function. The damage has a value of 0 
at the beginning and increases with successive test duration 
up to a maximum value of 1. The functions are described 
by Eqs. (4)–(12), Table 2 contains the associated parame-
ters which were obtained by a best-fit analysis to match the 
experimental data, as shown in Fig. 4:

(4)DI(ν) = a1 · ν
b1

(5)DII(ν) = DI/II + D
II
· (ν − νI/II)

(6)DIII(ν) = 1− a3 · (1− ν)b3

(7)D
II
=

DII/III − DI/II

νII/III − νI/II

(8)�DIII = 1− DII/III

(9)a1 =
DI/II

νI/II
b1

(10)b1 =
D
II
· νI/II

DI/II

Fig. 4 compares the resulting damage functions with the 
mean damage curves from the experiments and clearly 
shows the good agreement between them. These func-
tions can be used in the numerical model to calculate the 
damage of an element as a function of the relative fatigue 
life. To maintain numerical stability, a residual stiffness is 
applied when an element reaches complete failure, which 
corresponds to the stiffness in the last complete load cycle 
in the fatigue test. This is achieved by converting the dam-
age D(ν) into a modified damage D∗(ν) using Eq. (13). The 
parameter Ec,f,mean is the mean value of all residual stiff-
ness values Ec,f,i and Ec,0,mean the mean value of the initial 
stiffness values of the tested cylinders of the same con-
crete strength. The relative stiffness function η(ν) is then 
obtained using Eq. (14). It can be used to calculate the rela-
tive stiffness for each element at each point of fatigue life ν . 
The element stiffness is then adjusted in the model by mul-
tiplying it with the initial value of the modulus of elasticity. 
Fig. 5 shows the resulting relative stiffness functions.

(11)a3 =
�DIII

(

1− νII/III
)b3

(12)b3 =
D
II
·
(

1− νII/III
)

�DIII

(13)D∗(ν) =

(

1−
Ec,f,mean

Ec,0,mean

)

· D(ν)

Table 2 Parameters for the phase transitions of the 
approximation functions for damage

Parameter C40 C80

ν I/II 0.25 0.25

ν II/III 0.75 0.75

D
I/II 0.42 0.26

D
II/III 0.59 0.45
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Fig. 4 Approximation function compared to the mean damage 
curves of the experiments
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The relative fatigue life ν indicates the proportion of 
the maximum endurable load cycles that has already 
been accumulated for each element. It starts at 0 at 
the beginning of the calculation and is increased incre-
mentally by the value �ν with each load collective 
until complete damage of the element is reached and ν 
becomes 1. The increment size depends on the number 
of load cycles �Ni , which is applied in the current load 
collective i , and the maximum and minimum stress of 
the element. The principal stresses σI , σII and σIII are 
used to account for arbitrary load conditions. With 
these, the number of cycles to failure Nk

f,i according to 
fib Model Code 2010 (fib, 2013) is calculated separately 
for each principal axis k and then the matrix �ν

PS
i  of 

the relative fatigue life increment in the principal stress 
space (PS) is formulated according to the following 
equation:

Since different stress distributions occur in the vari-
ous load collectives, the principal directions of the 
collectives also differ from each other and the relative 
fatigue life increments cannot be cumulated. The global 
xyz-coordinate system is selected as a common basis 
for this purpose. Then, a base transformation from the 
principal stress system to the global coordinate system 
is carried out according to Eq.  (16). This is achieved 
using the transformation matrix T

PS→xyz
i  accord-

ing to Eq.  (17), which contains the eigenvectors ek ,j of 
the principal directions in the global coordinate sys-
tem j . The matrix �ν

PS
i  is transformed into the global 

(14)η(ν) = 1− D∗(ν)

(15)

�ν
PS
i =





�νI 0 0
0 �νII 0
0 0 �νIII



 =











�Ni

N I
f,i

0 0

0 �Ni

N II
f,i

0

0 0 �Ni

N III
f,i











coordinate system using the base transformation, 
resulting in the matrix �ν

xyz
i  . It contains the relative 

fatigue life increments in the global coordinate system, 
see Eq. (18):

To calculate the isotropic stiffness degradation of the 
elements, the matrix is converted into a scalar parameter 
�νres,i according to Eq. (19). This is interpreted as the size 
of the fatigue life increment. This resulting increment is 
then added to the value of the relative fatigue life of the 
previous iteration step νi−1 and results in the current rel-
ative fatigue life νi of the element according to Eq.  (20). 
With this value, the stiffness can be determined using the 
previously presented relative stiffness function η(ν):

With this modification into a scalar parameter, the stiff-
ness development can only be considered isotropically. 
Since fatigue loads usually have a predominant direction 
in reality, this simplification is considered appropriate.

4.2  Viscous Strain Component
The viscous strains are determined using the creep coef-
ficient ϕ(ti, t0) according to fib Model Code 2010 (fib, 
2013). In contrast to the creep function of the Model 
Code, the creep-relevant stress σcr,eq is used instead of 
the actual stress. It is determined for each element based 
on the current maximum and minimum stress of the cur-
rent load spectrum according to von der Haar and Marx 
(2018):

The viscous strain of the element is then calculated 
using the creep-relevant stress according to Eq. (21).

This equation describes the creep strain εcr that an 
element exhibits after a period of time ti − t0 when sub-
jected to an applied constant stress over the entire load-
ing period. Due to material degradation, however, there 

(16)�ν
xyz
i = T

PS→xyz
i �ν

PS
i T

PS→xyz
i

T

(17)T
PS→xyz
i =





eI,x eII,x eIII,x
eI,y eII,y eIII,y
eI,z eII,z eIII,z





(18)�ν
xyz
i =





�νxx �νxy �νxz
�νxy �νyy �νyz
�νxz �νyz �νzz





(19)
�νres,i =

√

�νxx2 +�νyy2 +�νzz2 + 2 ·�νxy2 + 2 ·�νxz2 + 2 ·�νyz2 ≤ 1

(20)νi = νi−1 +�νres,i

(21)εcr(ti, t0) =
σcr,eq

Ei
· ϕ(ti, t0)
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will be stiffness changes in the cross section and thus 
varying stress states over the loading period. To take this 
effect into account, the creep strain increment �ε

PS
cr,i in 

the principal stress space is calculated element by ele-
ment for each load spectrum according to Eq. (22). This 
represents the difference between the creep strains 
ε
PS
cr (ti) and εPScr (ti−1) that the element would have expe-

rienced under the creep-relevant stress applied in the 
current load collective up to the current time ti and the 
time before the current load collective ti−1 . The degraded 
modulus of elasticity Ei of the respective element is also 
taken into account. The calculated creep strains in the 
principal direction are transformed into the global xyz-
coordinate system using Eq. (23) in the same way as the 
basic transformation described in Sect.  4.1. The creep 
strain increments �ε

xyz
cr,i are then cumulated to the total 

viscous strain component εxyzcr  of the element according 
to Eq. (24) and assigned to the element:

4.3  Plastic Strain Component
The plastic strain component includes all irreversible 
concrete strains caused by fatigue loading. It can, there-
fore, be simplified as an incremental increase in strain 
per load cycle. This strain component can only be cal-
culated from the measured total strain by determining 
the other strain components. The evaluation in von der 
Haar and Marx (2018) resulted in a linear correlation 
between the calculated plastic strain component and the 
logarithmic number of cycles to failure of each specimen, 
which was refined to Eq. (25) in Birkner and Marx (2019). 
Accordingly, when the number of cycles to failure Nf  is 
reached, the concrete specimens exhibit a plastic strain 
εd(Nf ) . It increased continuously with each load cycle 
during fatigue loading until this value was reached. How-
ever, this is only valid under the assumption of constant 
maximum and minimum stress:

In beam tests, however, different stresses occur at the 
same location due to the expected degradation pro-
cesses over the load duration, meaning that this rela-
tionship cannot be applied directly. For simplification, a 
linear increase in the plastic strains over the load cycles 

(22)�ε
PS
cr,i = ε

PS
cr (ti)− ε

PS
cr (ti−1)

(23)�ε
xyz
cr,i = T

PS→xyz
i �ε

PS
cr,iT

PS→xyz
i

T

(24)ε
xyz
cr =

m
∑

i=1
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is assumed. With each load spectrum i in the iterative 
calculation process, a percentage �ε

PS
d,i of this total strain 

is accumulated. The magnitude depends on the relative 
fatigue life increment �ν

PS
i  from Sect.  4.1 according to 

Eq. (26). If the fatigue life increment is very small, which 
means that only few load cycles are part of the respec-
tive load spectrum, the plastic strains only increase by a 
small amount. In contrast, if the fatigue life increment 
has a value of 1.0, the plastic strain increases by the maxi-
mum possible value εd(Nf) . This means that all bearable 
load cycles are applied in the current load spectrum. The 
plastic strain increments are then transformed into the 
global coordinate system using the basic transformation 
in Eq. (27). The increments are accumulated over the load 
spectra to the plastic strain εxyzd  of the element according 
to Eq. (28):

4.4  Temperature Strain Component
Based on the model in Bode and Marx (2021), concrete 
heating is assumed to be a result of the damage due to 
fatigue loading. For the calculation of the temperature 
strain component, a load cycle number-dependent heat-
ing is assumed for simplification. This was derived from 
results of fatigue tests on concrete cylinders (on aver-
age D/H = 103  mm/280  mm, fc ≈  70  N/mm2) from von 
der Haar and Marx (2018). In this test series, load fre-
quencies of 1 Hz and 10 Hz and maximum stress levels 
Smax = 0.80, Smax = 0.70 and Smax = 0.60 were investigated. 
The minimum stress level was Smin = 0.05 for all tests. 
Table 3 shows the resulting average heating rates, which 
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Table 3 Mean heating rates of the specimens in Kelvin/cycle, 
taken from the test series in von der Haar and Marx (2018)

Smax 1 Hz 10 Hz

0.80 0.001325 0.001488

0.70 0.000085 0.000682

0.60 0.000017 0.000201
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correspond to the heating divided by the respective num-
ber of cycles to failure.

In the experiments, the specimens tested at a load-
ing frequency of 1  Hz at the maximum stress levels 
Smax = 0.70 and Smax = 0.60 did not heat up any further 
after a certain point. In the model, the heating rate is set 
to zero after this point for these boundary conditions. For 
the other experiments, in which the specimens heated 
up almost linearly until failure, the linear progression is 
further extrapolated for simplification. To prevent unre-
alistic temperatures with large numbers of load cycles, 
a limit of 80 °C is defined, which is based on experience 
from the literature, e.g., (Deutscher et al., 2020; Elsmeier 
& Lohaus, 2014; Otto et al., 2017).

In the numerical model, the temperature development 
is taken into account by increasing the element tempera-
ture. For this purpose, the heating rates from Table  3 
are interpolated element by element with respect to the 
largest principal stress and the loading frequency and 
multiplied with the number of applied load cycles. The 
resulting heating is applied to all nodes of the element. 
The temperature strains are then determined according 
to Eq. (3). Temperature changes due to heat dissipation to 
the environment are neglected in the simulation, so that 
the strains are calculated directly from the applied tem-
perature. This type of implementation greatly simplifies 
the heating behavior, as the ratio of cross-sectional area 
to surface area of the cylinders is significantly different 
from that of the beams. However, the focus of this work 
is not on the exact modeling of concrete heating and this 
simplification is, therefore, considered to be sufficiently 
accurate.

4.5  Solution Process in the Model
The numerical implementation of the extended additive 
strain model is done in an iterative calculation sequence. 
The load cycles are grouped into load spectra for simplifi-
cation. Each load spectrum represents one iteration run. 
Within an iteration, the model is computed quasi-stati-
cally once with the loads of the minimum and once with 
those of the maximum stress level. The results are used in 
a subsequent evaluation algorithm that calculates the ele-
ment damage and the individual strain components.

In the first load spectrum only a single load cycle is con-
sidered. This has proven to be useful, as local stress peaks 
can occur in the area of the load application, especially in 
the undamaged system. With only one load cycle, these 
cause only minor damage in the model, which ensures a 
reduction of stress peaks in all subsequent load spectra.

The evaluation algorithm uses the saved stresses of all 
elements from the calculation of the minimum and maxi-
mum stress level in a loop over all elements. In the loop, 
the maximum tolerable load cycles are first calculated 

based on the principal stresses. With them, the rela-
tive fatigue life increments in the principal directions 
are determined. After a transformation into the global 
coordinate system, they are used to calculate the relative 
fatigue life as a scalar value. With this, the new modulus 
of elasticity for each element is determined using the rel-
ative stiffness function.

A creep calculation determines the viscous strain com-
ponent and the element temperature is calculated for the 
temperature strain component. The accumulated plastic 
strain component is determined using the relative fatigue 
life increment. The strain values are assigned to the ele-
ments via the INISTATE command and saved. This con-
cludes the evaluation algorithm and a check is carried 
out whether a failure criterion has already been met. This 
can be, for example, the occurrence of excessive deforma-
tions. In this case, the calculation is finished. Otherwise, 
the element stiffnesses are adjusted, the new tempera-
ture boundary conditions are applied and the simulation 

Fig. 6 Flowchart of the solution process
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is continued with the next load spectrum. Fig. 6 shows a 
visualization of the solution process.

5  Numerical Model
SOLID226 solid elements with degrees of freedom for 
nodal displacements and temperatures were used to 
mesh the beam geometry in ANSYS Mechanical. The 
steel anchor plates at both ends of the beam were also 
meshed with this element type. The threaded rods for 
the horizontal prestressing force were realized with 
BEAM188-elements. Vertical degree of freedom con-
straints on nodes represented the two supports of the 
beam. In the experiments, longitudinal displacement 
of the beam was possible due to the roller bearings. A 
completely unrestricted freedom of movement is not 
reasonable in numerical models for stability reasons, so 
COMBIN14 spring elements were attached to the beam 
in this direction. Their spring stiffness was chosen to be 
very low, so that it had no influence on the results.

The vertical spring prestressing and the imbalance load 
were applied as quasi-static nodal forces to load applica-
tion plates rigidly connected to the concrete elements. To 
apply the longitudinal prestressing, the beam elements of 

the rods were assigned prestressing sections and the force 
was applied. The beam elements themselves were rigidly 
coupled to the anchor plates at both ends of the beam. 
The magnitude of the applied forces was calculated from 
the boundary conditions measured in the experiments. 
For this purpose, the forces were averaged over the test 
duration and applied as constant values in the numerical 
model. In the experiments, the values showed only small 
deviations from the target value of mostly less than 4%, 
so this is considered to be sufficiently accurate.

Fig.  7 shows the numerical model with the bound-
ary conditions and Table  4 the applied forces and load 
cycles. The italic-highlighted beams did not show com-
plete failure at the end of the tests. Beam C80–3 was 
the test beam for which no failure was targeted. It was, 
therefore, subjected to a higher minimum stress level and 
the test was ended after the correct functionality of the 
test facility had been ensured. Beam C40–1 only exhib-
ited a few cracks in the most heavily stressed region and 
could have endured further load cycles, but the concrete 
was severely damaged below one load application point, 
which meant that constant imbalance excitation could 
no longer be maintained. Beam C40–2a showed no vis-
ible damage after almost 63.9 million load cycles, so the 
test was stopped at this point and continued at the higher 
load level under the name C40–2b.

6  Evaluation of the Experimental and Numerical 
Investigations

6.1  Failure Modes of the Beam Specimens
The beam specimens showed different damage states 
at the end of the tests. The end was defined when the 
imbalance force could not be further held constant. 

Fig. 7 Numerical model of the beam specimen, taken from Birkner 
and Marx (2021)

Table 4 Load levels, frequencies, applied forces and number of load cycles of the beam specimens, averaged over the test duration

a Test specimen
b Specimen with damage due to prior loading
c Damaged during installation

Beam specimen Smax/Smin Loading 
frequency 
in Hz

Longitudinal 
prestressing in 
kN

Spring prestressing per 
traverse beam in kN

Double force 
amplitude in kN

Number of 
load cycles

Targeted Realized

C80-1 0.75/0.05 0.746/0.043 17.48 2317 117.8 518.9 97,325

C80-5 0.763/0.063 16.98 2359 112.5 477.3 73,497

C80-2 0.65/0.05 0.633/0.072 16.89 2330 105.0 398.4 1,551,912

C80-3a 0.642/0.166 17.20 2176 100.3 305.2 2,321,824

C80-4 0.654/0.091 16.93 2296 93.4 368.8 2,918,037

C40-1 0.75/0.05 0.730/0.093 15.31 1418 46.7 205.8 3,664,615

C40-2bb 0.745/0.084 14.61 1394 49.6 231.0 53,951

C40-4 0.736/0.088 15.49 1671 50.5 230.1 1,325,000

C40-2a 0.65/0.05 0.629/0.081 14.94 1552 42.6 197.5 63,883,813

C40-3c – – – – – –
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This was due to different reasons. In some cases, the 
beam specimens were completely destroyed, whereas 
others only showed small cracks. Fig.  8 gives three 
examples of different failure modes. In case of beam 
C80–4 there were larger cracks below one load applica-
tion which did not allow further loading to be applied. 
In the other two examples, cracks in longitudinal direc-
tion formed in the upper compressive zone due to the 
fatigue loading. With further load cycles this led to 
concrete spalling at the upper edge of the cross sec-
tion. In the case of beam C40–2b the test could not be 

stopped immediately and the rest of the cross section 
failed a few load cycles later.

6.2  Strain Development
The beam tests were simulated with the described 
boundary conditions and the results were compared with 
the measured data from the tests. For this, the numeri-
cal models were loaded with the same number of cycles 
which the specimens in the respective test had endured. 
Fig.  9a, b shows the strain curves of the beams at the 
maximum stress level at the top of the beam over the 

Fig. 8 Specimens after the tests: C80–1 (left), C80–4 (middle) and C40–2b (right), taken from Birkner and Marx (2022)
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Fig. 9 Total strain at the top of the beams in the tests and numerical simulations
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relative fatigue life N/Nf . For all beams, the greatest 
increase in strain occurred during the first 10% of the 
fatigue life. In this phase, cracking initiated by the fatigue 
loading had the greatest influence on the strains. After 
this phase, the crack initiation process was mostly com-
pleted and the beams entered a phase in which the con-
crete strains increased continuously. Most of the beams 
failed abruptly at the end, as evidenced by the lack of sig-
nificant strain increase shortly before failure. The charac-
teristic three-phase material behavior of concrete under 
fatigue loading observed in tests on cylindrical concrete 
specimens could not be determined in the beam tests.

The strain values of beam C40–2b at the start of the 
test were significantly higher than for the other beams 
because of the pre-existing damage caused by the loading 
at the lower stress level. As expected, they were as large 
as the final value of the previous test (beam C40–2a). 
There must have been many small invisible cracks around 
the strain gage at the top of the beam. As a result, the 
concrete in this area was slightly relieved and the strain 
even decreased with further load cycles.

Fig.  9c, d shows the strain curves of the beams from 
the simulations for comparison. At the beginning, the 
calculated strain values corresponded very well with 
the values measured in the tests. This confirms that the 
model reproduces the beam behavior in the undamaged 
state very well. As the number of load cycles increased, 
the strains in the numerical calculations for some beams 
increased significantly more than in the tests. This is par-
ticularly the case for the beams at the higher maximum 

stress level (black lines). In each case, the later maxi-
mum value of the strains was already reached after 10 
or 20% of the relative fatigue life. The reason for this is 
that the respective element at the top of the beam was 
already completely damaged at this point and, therefore, 
could not sustain any further increase in strain. Further 
down in the cross section, however, the damage con-
tinued to progress. In the other simulations, the upper-
most element did not reach the full degree of damage by 
the end of the calculation, so that the strains continued 
to increase with each load spectrum. At the end of the 
test, the strain values of the tests and simulations were 
between 2.5 and 3.5‰. It can, therefore, be concluded 
that the numerical model calculates the strains in a gen-
erally acceptable manner.

Figs.  10, 11, 12 show examples of the distributions of 
the elastic, plastic and viscous strain in beam C80–4 at 
the end of the simulation. The region at the upper edge 
of the cross section between the load application points 
shows the largest strains. Locally increased strain val-
ues can also be seen besides the load application points. 
These result from stress peaks caused by the concen-
trated load application. All three strain components 
decrease in magnitude from the middle of the beam 
downwards into the cross section.

6.3  Stiffness Development
Local stiffness changes can be observed element by ele-
ment in the numerical model by means of the modulus 
of elasticity. This is shown in Fig. 13a, b in relation to the 

Fig. 10 Distribution of the elastic strain in normal direction in beam C80–4 at the end of the simulation

Fig. 11 Distribution of the plastic strain in normal direction in beam C80–4 at the end of the simulation
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respective initial value of the calculations over the relative 
fatigue life. The uppermost element in midspan is con-
sidered in all cases. Particularly the C80-beams, which 
were loaded at the higher maximum stress level, showed 
a significant early stiffness reduction, which already led 
to complete damage of the element during the first 20% 
of the fatigue life. In this case, the modulus of elastic-
ity was set to the defined residual stiffness and was not 
changed from that point on. The other curves also show 
a stiffness drop at the beginning, but less significantly. 
Subsequently, the stiffness of these beams decreased con-
tinuously until the end of the calculation.

In the simulation of the C40-beams, complete damage 
occurred in all beams except C40–2b. This was the pre-
damaged specimen, which had not failed after its planned 
loading at the lower maximum stress level. This pre-dam-
age was not realized in the numerical model. This is why 
the simulated beam endured more load cycles than the 
specimen from the experiment.

Fig.  13c, d shows the curves of the relative modu-
lus of elasticity from the experiments for comparison. 
These were calculated using the secant modulus between 
the maximum and minimum stress state of the meas-
ured strain and force values under the assumption of a 

Fig. 12 Distribution of the viscous strain in normal direction in beam C80–4 at the end of the simulation
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Fig. 13 Courses of the modulus of elasticity of the beams over the relative fatigue life in the tests and numerical simulations



Page 13 of 16Birkner and Marx  Int J Concr Struct Mater           (2025) 19:21  

uniform stiffness distribution. The stiffness curves from 
the experiments scattered significantly more than in the 
numerical calculations. This is due to the spread of the 
concrete properties, whereas in the numerical model the 
averaged curve for the stiffness degradation was used for 
each concrete type. However, the final values of the rela-
tive modulus of elasticity agree well in general.

The beams showed the greatest stiffness reduction 
at the upper edge of the cross section. Further down in 
the cross section, it was significantly smaller both in the 
tests and in the numerical calculations. The fatigue dam-
age was concentrated in the most heavily stressed region, 
which is well reproduced in the numerical calculation. 
This is also shown in Fig.  14, in which the distribution 
of the modulus of elasticity of beam C80–1 at the end 
of the calculation is compared to the damaged specimen 
after the test. The spalled concrete compression zone in 
the test corresponds very well to the most heavily dam-
aged region in the numerical model. A detailed evalua-
tion of the stiffness development of the beam specimens 
is described in Birkner et al. (2024).

6.4  Stress Redistribution
In contrast to the experiments, the actual stress in the 
cross section can be analyzed directly at any time in the 

numerical model. Fig. 15 shows the stress curves related 
to the respective initial values over the cross-sectional 
height at the end of the simulations for all models. For 
most of the beams, the stress at the upper edge of the 
cross section decreased over the loading period and 
increased in the interior of the cross section. For the 
models C80–1, C80–5 and C40–2b, however, the stresses 
at the upper edge of the cross section were higher at 
the end of the simulation than at the beginning. Fur-
ther down in the cross section, in contrast, the stresses 
decreased. Only in model C40–2b they became greater 
again at the bottom edge. In the beam models C80–1 and 
C80–5, the stress at the top first decreased up to around 
20% of the relative fatigue life and then increased again. 
This was the point at which the respective element was 
completely damaged.

In the other C80 models, only partial damage occurred 
at the upper edge of the cross section during the entire 
test duration. However, as there were only very small 
changes in stiffness (< 0.2%) in the bottom half of the 
cross section, it is assumed that the neutral fiber of the 
C80–1 and C80–5 models shifted successively more 
downwards as a result of damage than in the other mod-
els. The resulting change in the eccentricity of the lon-
gitudinal prestressing led to different strain and stress 
distributions. This secondary effect also caused stress 
redistributions in the cross section. It counteracted the 
stress reduction due to material degradation and resulted 
in an increase of stress at the top of the beam in midspan 
after the initial reduction up to about 20% of the fatigue 
life.

The model of beam C40–2b behaved differently at 
first glance. It is the only one of the C40 models that 
was not completely damaged at the upper edge at the 
end of the calculation. Nevertheless, comparable effects 
to the C80–1 and C80–5 models can also be found here. Fig. 14 Stiffness distribution of beam C80–1 at the end 

of the simulation compared to the damaged specimen from the test
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The stiffness reduction further down in the cross sec-
tion is comparatively low for this model too. Further-
more, the elastic strain at the upper edge of the cross 
section also increased continuously in model C40–2b, 
while the strains in the interior of the cross section 
actually decreased. This also indicates a shift of the 
neutral fiber compared to the other C40 models. The 
fact that no complete damage of an element occurred 
in this model is because the pre-damage caused by the 
previous loading at the lower maximum stress level was 
not taken into account in the numerical model and the 
calculation was stopped after the same number of load 
cycles as in the test. It can be concluded from this that 
this is not yet the state of failure and that the stress dis-
tribution would, therefore, still change if the calcula-
tion was continued.

7  Conclusion and Outlook
In this article, the additive strain model from von der 
Haar and Marx (2018) was extended and numerically 
implemented to simulate the strain and damage devel-
opment of concrete subjected to fatigue loading. The 
concrete strains consist of four components: an elastic, 
a plastic, a viscous and a temperature strain component. 
The model can be used to investigate the influences of 
stress redistributions, like the ones that occur in wind 
turbine towers as a result of cyclic bending loads from 
the wind. The implementation was validated using large-
scale fatigue tests on prestressed concrete beams. The 
following findings can be drawn from the investigations:

• The numerical simulations confirmed the effects 
observed in the beam tests. In particular, the most 
heavily damaged areas could be determined very well 
with the model.

• The strain development was generally well estimated 
with the numerical model for the region at the upper 
edge of the cross section in midspan. Here, the strain 
values of the tests and simulations were between 
2.5 and 3.5‰. In particular, the plastic and viscous 
strains in this region were in good agreement with 
the test data.

• Stiffness reductions of up to 30% were found to occur 
at the top of the cross section in mid span of the 
beams.

• The model and the experimental validation proved 
the occurrence of stress redistribution in fatigue-
loaded concrete components. At the upper edge of 
the cross section, there were stress reductions of up 
to 10% and at mid height stress increases of up to 
40%. This confirmed the positive effect on the fatigue 
life of the components.

Since verifications against concrete fatigue in current 
design practice are predominantly based on the S–N-
curves for centrically loaded concrete cylinders, these 
underestimate the actual tolerable number of load cycles 
of structures that are subjected to cyclic bending loads 
during their service life. This means that there is still 
potential to increase the cross-sectional efficiency. The 
model implemented in this work is, for example, suitable 
for carrying out parameter studies with varying load lev-
els or degrees of prestress. This can already provide valu-
able insights for the pre-dimensioning of fatigue-loaded 
components and for the identification of critical regions 
in the geometry. For more detailed conclusions, addi-
tional tests have to be carried out to expand the numeri-
cal model to a wider range of parameters. At this state, 
the model can be applied to plain concrete only. To use 
the model to investigate the fatigue behavior of rein-
forced concrete beams, further investigations have to be 
carried out.
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