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Summary:. This paper analyzed the propagation of fatigue-induced damage within con-
crete structures using a microplane fatigue model for concrete, recently created by the authors.
Drawing from a recent experimental study that monitored fatigue propagation in prestressed
concrete beams, the research provides a comprehensive understanding of the stress redistribu-
tion process utilizing the developed model. 3D fatigue simulations of prestressed concrete beams
are presented. The numerical studies show that the developed microplane fatigue model is a
powerful computational tool for the in-depth analysis of the phenomenon of structural stress
redistribution due to compressive fatigue. Furthermore, the model enables the analysis of the
the correspondence between the fatigue behavior on the material and structural scales in a wide
range of loading configurations.

1 INTRODUCTION

In high-performance reinforced concrete (RC) structures, compressive fatigue in concrete is
crucial due to high material utilization, particularly in prestressed, slender structures like wind
turbine towers [I,[2, [3]. Over recent decades, significant progress has been made in understanding
the fatigue characteristics of concrete. Systematic studies have investigated factors such as
loading frequency, temperature e.g. [4], moisture content e.g. [5], loading sequence e.g. [6, [7].
These studies commonly use cylindrical specimens to present key findings in S-N curves, crucial
for evaluating fatigue lifetime in current design codes [8], 9].

The transition from material-level fatigue characterization to predicting fatigue behavior in
RC structures remains a challenge. To bridge this gap, recent studies have systematically inves-
tigated compressive fatigue process zones in concrete structures e.g. [10], including monitoring
fatigue degradation in prestressed beams using digital image correlation (DIC) [II]. Despite
advances in monitoring, a unified theoretical framework linking material and structural fatigue
characteristics is lacking. Accurate prediction of fatigue life requires a deeper theoretical under-
standing and the development of advanced numerical models. Identifying dissipative mechanisms
governing fatigue degradation under cyclic loading is essential.

Recent numerical models describing fatigue damage propagation in concrete fall into two
groups [I2]: those linking fatigue to load cycles and those based on damage mechanics and
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plasticity theories using specific strain measurements. Analytical and empirical models have
approximated fatigue behavior of concrete over the lifetime e.g. [I3], with fatigue creep curves
derived from experimental data. Phenomenological approaches using load cycles as damage
variables have also been proposed e.g. [14], alongside tensorial models correlating fatigue damage
with strain measure [15] [16] [17].

The development of fatigue crack propagation models in concrete has been significantly ad-
vanced by introducing cumulative strain as a key fatigue-inducing variable [I8]. This model
captures the redistribution of triaxial stress due to microcracks in the fatigue process zone, even
at subcritical pulsating loads. This feature of microplane theory [19], was used to integrate
the fatigue degradation hypothesis [20]. This integration, in the form of a hemispherical state
representation, aims to capture triaxial fatigue-induced stress redistribution in concrete under
subcritical compressive fatigue loading [21], 22]. The MS1 fatigue model has shown promise in
realistically capturing fatigue degradation at the material level [23].

This paper provides new insights into the propagation and failure of compressive fatigue in
concrete by: i) validating the rigorously formulated MS1 model at the structural level, ii) re-
producing fatigue propagation through compression zones that cause redistribution of structural
stresses, and iii) analyzing the correspondence between fatigue life at the material and structural
levels.

2 EXPERIMENTALLY OBSERVED COMPRESSIVE FATIGUE PROPAGATION

To study the structural compressive fatigue behavior of concrete, an externally prestressed
T-beam was tested in four-point bending (see Fig. ) The design aimed to induce maximum
compressive stress at the top, leading to compressive fatigue failure propagating downward. The
beam was subjected to two vertical loads and externally prestressed using an eccentric normal
force (Fig. ) This test setup is designed to mimic the stress configuration that occurs in
critical zones of slender structures subjected to high, non-uniform compressive stresses, such as
in wind turbines. Detailed information on the test setup and concrete properties is available
in [11].

To provide comprehensive data for fatigue model validations at the structural level two pre-
stressed beams, denoted B1 and B2, were tested using a detailed monitoring concept. To capture
the propagation of compression fatigue and degradation mechanisms, two techniques were used
in the constant moment region, as shown in Fig. [lh. These included digital image correlation
(DIC) for recording field data and fiber optic sensors (FOS).

The main results of the tested beam (B1), which exhibit a fatigue failure after 11,933 load
cycles, are summarized in Fig. [Ic. This figure shows the strain development measured using DIC
at different heights throughout the entire fatigue lifetime. These DIC measurements illustrate
damage in the compression zone and show strain development throughout the fatigue life. They
indicate a gradual increase in compressive strains due to fatigue degradation processes. For a
more detailed discussion of experimental results using the monitoring concept and automated
DIC-based data evaluation, please refer to [I1), 24]. The development of the strain profile over
the beam cross-section of B2 measured with FOS during the fatigue life is depicted in Fig. [Id.
These experimental results provide valuable observations of compressive fatigue propagation,
crucial for assessing the ability of the developed model to capture these aspects.
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Figure 1: Experimental results from the externally prestressed bending test [I1]: a) test setup and
measurement techniques used; b) applied forces and the resulting stress profiles across the beam cross-
section; ¢) measured strain field in the central part of beam Bl during the fatigue life using DIC; d)
measured strain profile across the cross-section of beam B2 during the fatigue life

3 MICROPLANE SLIDING FATIGUE MODEL MS1

The authors have recently proposed a hypothesis [20, 25, 26] suggesting that concrete fatigue
is primarily due to the cumulative effect of sliding damage in the inter-aggregate regions of the
material. This is supported by experimental findings presented in [27), 28], which show crack
initiation and progression along the interfaces between cement paste and aggregates during
fatigue loading. Building on this hypothesis, the authors developed the microplane material
model MS1 [22] 23]. MS1 centers on the principle that fatigue damage evolution correlates with
cumulative inelastic shear strain, within a thermodynamic framework [I6]. Originating from
microplane theory, this model uses a homogenization approach based on energy equivalence and
employs a direct tensorial method to express effective elastic stiffness.

Kinematic constraint: The strain components projected onto the microplanes, i.e., the nor-
mal strain ey and the tangential strain vector e, are expressed as follows:

en=N:e, er=T:e¢, (1)
Here, IN is a rank two tensor and T is a rank three tensor obtained as:
N =n®n, T=n Iym—nnemn, (2)

where n represents the normal vector of each microplane, and Iy, is the symmetric part of the
rank four identity tensor.
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Figure 2: Dissipative mechanisms incorporated within MS1 microplane fatigue model and representation
of the microstructure with a system of dissipative microplanes idealized a 3D hemisphere

Microplane constitutive laws: The macroscopic thermodynamic potential is expressed as
the sum of the normal and tangential Helmholtz free energies:

3 - 3 : 3 :
mac — mlCdQ — mlCdQ mlCdQ'
v 277/Qw 277/§sz +27T/QwT )

The thermodynamic potentials are projected onto the normal and tangential direction, intro-
ducing distinguished dissipative mechanisms for each direction (Fig. . The thermodynamically-
based constitutive laws at the microplane level for the normal and tangential directions are
described in detail in [22]. It is noteworthy that the cumulative tangential damage is identi-
fied as the principal factor leading to fatigue damage, resulting in material degradation under
subcritical loading conditions.

Homogenization: The homogenization concept, which relies on the principle of energy equiv-
alence, facilitates the mapping between the apparent strain and stress tensors, as detailed in [29].
This approach yields the macroscopic stress in the form of a tensorial constitutive law as

o=06:C:8":(e—¢P). (4)

To obtain the rank four integrity tensor 3, which represents the 3D damage state, the normal
and tangential microplane damage parameters are integrated according to [29] as follows:

3 mi
Biji = 27T/95N “ngngng ng dS)

3 mic
by %(nZ N1 + 1 bk + ng nidi + nj b — 4ng ng ng ng) dS, (5)
Q
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The integrity parameter of the normal direction is defined as Bf\?ic = /1 —wiic while the

integrity parameter of the tangential direction is defined as B%lic = 4/1— w%ﬁc. The elastic
stiffness tensor, denoted as C%kl, can be expressed as:

Cik = X050kt + 11 (0irdj1 + dudjk), (6)
here, A and p are the Lamé parameters. After integrating the normal and tangential microplane
plastic strain components, namely ™" and e™, the rank two macroscopic plastic tensor €}

can be expressed in 3D as described in [29], following the form:

3 e 3 E7r,;nic
b= o [ iy 40+ o [ Tt + ) as (7)

4 FATIGUE SIMULATION OF THE PRESTRESSED BENDING TEST

The developed and validated microplane fatigue model MS1 has been implemented into the
finite element software ATENA [30} [31]. This section demonstrates the capability of MS1 model
to reproduce fatigue-induced damage propagation at the structural level. The fatigue response
of a prestressed bending test setup described in Sec. [3| has been simulated to evaluate this
capability. The forthcoming subsections delve into the characteristic aspects of the simulated
prestressed bending test under fatigue loading, highlighting the structural behavior and exploring
the progression of the fatigue zone and cross-sectional stress redistribution in detail.

To minimize computational cost in the fatigue simulation, three measures were implemented
for the initial boundary value problem. Only a quarter of the beam was modeled by utilizing
symmetry planes (Fig. ) Load levels were intentionally set higher than those used in the
experiments to induce fatigue failure within a moderate number of cycles, balancing computa-
tional efficiency and aligning with the primary objective of the study to evaluate the ability of
the model to replicate fatigue progression and stress redistribution. The middle region of the
beam span, where damage localization in the compression zone is expected, was modeled as a
nonlinear material using the MS1 fatigue model, while the remaining section was modeled as
elastic. The beam has been discretized using 3D tetrahedral elements, each with a size of 0.03m,
resulting in a total of 4598 elements.

In line with the prestressed bending tests explained in section a prestressing force of
618 kN was applied, resulting in a stress level of SEOt = 0.54 f. at the bottom fiber of the mid-
span section. The calibrated model parameters described in [30] for concrete with a compressive
strength of f. = 48.75 MPa were used. For the fatigue loading, the upper and lower load levels
were set at Fiax = 219.6 kKN and Fi, = 9.8 kN, respectively. These levels correspond to the
maximum and minimum stress levels at the top fiber in the mid-span section during loading and
unloading, quantified as SP%% = 0.966 f. and SP% =0.04 f..

The simulated load-deflection response under fatigue loading is shown in Fig. Bb, representing
the complete loading history. The beam experienced fatigue failure after 405 loading cycles. To
better illustrate the shape of hysteretic loops, several load cycles, including the first cycle, cycle
200, and the last cycle (cycle 405), are presented in Fig. . These cycles show a plausible
form of hysteretic loops. The corresponding fatigue creep curve, which illustrates the increase
in deformation during the fatigue life at the upper load level, is shown in Fig. [Bd. The curve
has a realistic shape as observed in fatigue tests, with a rapid deformation growth in the initial
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Figure 3: Simulation of an externally prestressed bending test: a) 3D sketch of the beam with the
applied forces and compressive behavior of a single material point; b) load-deflection response under
fatigue loading; c¢) load-deflection response of three selected loading cycles; d) corresponding fatigue
creep curve; e) compression-fatigue propagation visualized based on the maximum principal strains for
selected loading cycles

and final phases and an almost linear, moderate deformation growth in the intermediate phase.
In particular, the model accurately captures the shape of the first branch of the fatigue creep
curve, which shows a decreasing rate of inelastic deformation as a structural effect.

To illustrate the localization leading to fatigue failure, contour plots of the maximum prin-
cipal strain are presented for the simulated quarter of the beam at eight stages during fatigue
loading, as shown in Fig. [Bp. The contour plots indicate clearly the development and propa-
gation of compression fatigue, especially in the upper and middle regions of the beam. This
observation agrees well with the experimental results of beam B1, which were recorded with
DIC measurements (see Fig. ) The comparison of the contour plots with the experimental
data shows that the model accurately reflects the qualitative behavior of compressive fatigue in
concrete members.

The development of the strains along the cross-section in the mid-span is shown in Fig. [dh.
The black strain profiles represent the loading conditions immediately after prestressing as well
as the lower and mean values of the first load cycle. The increase in strain during the fatigue
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Figure 4: Strain and stress development in the simulated prestressed bending test: a) strain and stress
profiles across the mid-span cross-section for selected loading cycles b) strain and stress development
during the fatigue life, determined for several points across the mid-span cross-section c) cyclic stress-
strain histories of selected three points along the mid-span cross-section

life can be seen from the red profiles plotted for selected load cycles. These results are in
good qualitative agreement with the observed experimental results of B2 during the fatigue life,
as shown in Fig. [Id. The numerically determined stress profiles are shown in Fig. [dh. The
change in the stress profiles during the fatigue life illustrates a remarkable phenomenon of stress
redistribution at the structural level. Comparing the stress profile at the first and last loading
cycle, this effect becomes evident as the stresses at the top fiber decrease due to fatigue-induced
deterioration, while at the same time they increase over the middle part of the cross-section, as
shown in Fig. [dh.

Fig. [@p illustrates the strain and stress curves for individual points across the height of the
mid-span cross-section. These curves represent the stress and strain profiles over the entire
fatigue life at maximum load. The typical S-shape of the fatigue creep [32] curve can be repro-
duced reasonably well, as shown in Fig. [dp for points 1-7. The stress curves obtained show that
the fatigue degradation occurs predominantly in the upper part of the cross-section, especially
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Figure 5: Material vs. structural fatigue behavior: a) Idealization of a single material point with the
applied load range; b) cyclic stress-strain response; c) corresponding fatigue creep curve; d) 3D beam
with applied load range; e) cyclic load-deflection response; f) experienced stress-strain response at point
1; g) corresponding fatigue creep curve

from point 1 to point 4. In contrast, the stresses at the other points of the cross-section have
either increased or remained relatively unchanged.

The cyclic stress-strain response of selected points along the cross-section is shown in Fig. k.
These curves clearly show that each material point is subject to a non-uniform loading scenario
due to the fatigue of some points and the resulting stress redistribution at the structural level.
Furthermore, the structural stress redistribution process allows a reduction of the applied stress
in the most critical areas, e.g. point 1 and point 2 (Fig. ), which in turn leads to a significant
extension of the fatigue life at these specific points. This observation underlines the importance
of studying the fatigue behavior of concrete not only under constant stress amplitudes, but also
considering variable amplitudes [33],[34], [35]. In this context, it is worth mentioning that variable
amplitudes of fatigue loading are not only the result of stochastic loading scenarios, as usually
assumed, but also occur due to the aforementioned process of structural stress redistribution

5 MATERIAL FATIGUE LIFE VS. STRUCTURAL FATIGUE LIFE

The fatigue modeling framework presented here provides a tool that can be used to improve
the understanding of concrete fatigue at a structural level and shows how fatigue-induced stress
redistribution affects the service life of structures. Currently design codes do not take this effect
into account. Fig.[5|compares the fatigue life predictions with and without stress redistributions.
The current method for fatigue life assessment according to the Eurocodes, which is represented
by a simulation with a single material point (Fig. |h), uses upper and lower load levels based
on elastic stress values in the upper fiber mid-section of the beam (Fig. ) This corresponds
to typical compression fatigue tests on cylindrical concrete specimens.

The cyclic stress-strain behavior of the material point simulation is shown in Fig. reffig b.
The structural response of the prestressed beam is shown in the load-deflection plot (Fig. ),
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and the local stress-strain response at point 1 is shown in Fig. [5f. Corresponding fatigue creep
curves are shown in Fig. bk and Fig. P.

The material point simulation, using the same stress levels as for the upper cross-section
point, predicts failure after 8 load cycles, which is close to the fib Model Code 2010 [§] pre-
diction of 4 cycles. Conversely, as shown in Fig. B, the simulated beam fails after 405 load
cycles. This comparison shows that the fatigue life of a prestressed beam on the structural scale
significantly exceeds the fatigue life on the material scale due to the redistribution of stresses.
This redistribution gradually reduces the fatigue stresses in the critical zones, significantly in-
creasing their fatigue life and that of the entire component. These results are consistent with
experimental evidence showing that prestressed concrete beams have a much longer fatigue life
than estimated in the fib Model Code 2010 as documented in [36].

These observations, along with our numerical analyses, suggest that current fatigue assess-
ment methods, which ignore stress redistribution, may be overly conservative. However, this
conclusion needs further examination across various structural configurations. The MS1 fatigue
model, which considers key fatigue-induced dissipative mechanisms and stress redistribution
effects, can be instrumental in this regard. It offers a robust framework to link fatigue proper-
ties identified in material characterization tests with the fatigue response of typical reinforced
concrete members. Further corresponding studies on the evaluation and analysis of energy
dissipation during fatigue life are presented in [37].

It is crucial to emphasize that the ultimate objective is to predict the fatigue behavior of
reinforced concrete structures. To streamline complexity, this study deliberately focuses on
analyzing the propagation of compressive fatigue in a plain concrete zone. The MSI1 fatigue
model employed here is well-suited for ongoing investigations into the fatigue behavior of re-
inforced concrete members. Additionally, to address bond deterioration under fatigue loading,
researchers can utilize a recently developed bond fatigue model by the authors [26], which also
incorporates interactions between bond fatigue and the splitting effect around the reinforcement.

6 CONCLUSIONS

The presented MS1 microplane fatigue model offers the capability to study the structural
fatigue characteristics of concrete members. This model accurately captures the progression of
compressive fatigue and effectively simulates the stress redistribution phenomenon associated
with structural fatigue, as demonstrated in an externally prestressed bending beam.

The numerical results reveal a significant discrepancy between the fatigue lifetimes at the
structural and material scales. This contrast underscores the critical importance of understand-
ing the correspondence between material and structural fatigue responses across a wider range of
configurations. Characterizing this correspondence is a key objective for future research aimed
at providing realistic predictions of the fatigue life of reinforced concrete structures.
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