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Abstract. Accurate prediction of structural fatigue life under compression is crucial for infrastructure
safety, yet the fatigue behavior of concrete remains insufficiently understood. This study proposes a
dissipation hypothesis linking fatigue-induced degradation to cumulative inter-aggregate shear strain,
leading to a pressure-sensitive interface model embedded in both discrete and microplane formu-
lations. To validate this hypothesis, extensive experimental and numerical studies were conducted,
including cylinder compression test of varying sizes, concrete mixes, and loading frequencies, along-
side prestressed four-point bending tests representing structural compressive fatigue. Results indicate
that direct transfer of fatigue data from cylinder tests to structural components is inadequate. There-
fore, a detailed discrete mesoscale model of the prestressed four-point bending test was developed to
further analyze and interpret structural fatigue damage. The mesoscale model, which uses a lattice-
discrete material idealization, is qualitatively compared with numerical studies performed using FE
and the microplane model MS1. The studies include a comparison of the shape of hysteretic loops,
stress redistribution along the cross-section, and the shape of energy dissipation profiles.

1 INTRODUCTION findings to structural components remains a sig-
Compressive  fatigue research in  high- nificant challenge.

performance reinforced concrete (RC) struc- To experimentally investigate the structural
tures is critical due to the high material uti- compressive fatigue behavior of concrete, a test
lization in modern designs, particularly in pre- setup originally presented in [1]] was used. The
stressed, slender structures such as wind tur- setup involved an externally prestressed bend-
bine towers [2, 3, 4]. Significant progress has ing test on an inverted T-beam subjected to four-
been made in understanding the fatigue proper- point bending. The beam had a span of 1.4m,
ties of concrete, with research addressing vari- a height of 25 c¢m, and chord and web widths
ous influencing factors. These include loading of 25 cm and 7 cm respectively. The beam,
frequency and temperature [5, 6, [7, 18], mois- presented in Fig. [I| was designed to maximize
ture [9, 110, [11], loading sequences [12, 13, compressive stress at the top surface, initiat-
and multiaxial behaviour [14, [15, [16]. Al- ing compressive fatigue failure in the compres-
though S-N curves derived from cylindrical sion zone, which then propagates downwards
specimens [17] serve as the basis for fatigue through the cross-section. Two vertical sin-
assessment in design codes, transferring these gle loads were applied to induce the bending
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Figure 1: Considered test setups and the used measurement techniques for the externally prestressed bending

test presented at [1]]

moment, as shown in Fig. m In addition, the
beam was externally prestressed with an eccen-
tric normal force to prevent tensile cracking at
the bottom.

Advanced monitoring techniques such as dig-
ital image correlation were used to analyze
the propagation of fatigue damage in the com-
pression zone [[I]. For a deeper interpretation
of the experimental results, numerical analyses
were performed using a unified framework that
links material and structural fatigue behavior.
This framework incorporates a thermodynami-
cally based formulation of an interface material
model that describes the fatigue behavior of ce-
mentitious materials at the mesoscale level. The
framework includes: (a) the microplane model
MSI1, developed within the microplane frame-
work and combined with finite element (FE)
analysis [18], and (b) MARS, a lattice discrete
particle model framework [19]].

The aims of this paper are: (I) to validate
the constitutive hypothesis by predicting struc-
tural compressive fatigue in a lattice discrete
model using material model parameters cali-
brated from cylindrical specimens [20], and (II)
to analyze and compare the propagation of com-
pressive fatigue and stress redistribution using
both the microplane model MS1 in combination
with FE and the lattice discrete model, employ-
ing consistent constitutive hypothesis.

2 THERMODYNAMIC FORMULATION
To capture the fatigue behavior of concrete, a
constitutive framework grounded in thermody-
namic principles has been developed, as elabo-

rated in detail in [21]. This framework enables
the derivation of an interface model that can
be applied either within a generic microplane
model or at the inter-aggregate contact level in a
lattice discrete particle model. The approach is
predicated on the assumption that fatigue dam-
age evolution in concrete is predominantly in-
fluenced by the cumulative inelastic shear strain
occurring at inter-aggregate contacts [22) 21]].
This hypothesis has been proven valuable in
describing the fatigue behavior of concrete un-
der compression, tension and multi-axial load-

ing [18, 23] 24} 25| 26, [16].

2.1 Free energy potential, state variables
and thermodynamic forces

The interface-relative displacement between
two connected points is characterized by a
normal (out-of-plane) component, denoted as
uy = Uz, and an (in-plane) sliding vector u =
{uy,uy}T. The kinematic variables governing
the irreversible state of the interface are ex-
pressed as

E = [u}, Oy, U}, O, z, @] . (1)

To distinctly represent the dissipative mecha-
nisms in the normal and tangential directions,
the free energy is formulated as a sum of con-
tributions from opening (N) and sliding (T)

PY(E) = pyN(E) +pyr(E). (2)

The free energy associated with normal inter-
face behavior (opening/closing) is defined as a
function of total displacement uy, plastic dis-
placement upN, and damage ®y as
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(1—H(oy) o) Ex(uy —uR)?, (3)

| =

PWN =

where EN represents the stiffness, and the Heav-
iside function H(.) ensures damage activation
only under tensile stress oy. The free energy
associated with the interface sliding is defined
as a function of total sliding vector uy, plas-
tic sliding vector ul%, tangential damage ®r,
and the displacement variables corresponding
to isotropic and kinematic hardening, z and oL =

[0, aiy ], respectively, as

1
Pyt = 5(1 —op)Er | (up—uy)" - (g — "g)]

+ % 2+ %y(aT QL) (4)
where E; denotes the tangential stiffness, K the
isotropic and 7y the kinematic hardening moduli.
The thermodynamic forces are obtained by dif-
ferentiating the free energy with respect to the
kinematic state variables
IPY(E)

S=T 3 5)
The sign vector operator Y is introduced to ren-
der positive thermodynamic force for positive
state variable. To distinguish the thermody-
namic forces based on the in correspondence
with the definition of the state vector in Eq. (I)),
let us introduce the generalized vector of ther-
modynamic forces as

S:=[o}, Yx. OF, Y1, Z, X] . (6)

The individual components of this vector can be
obtained using Eq. (5) and their expressions can
be found at [21]].

3 MICROPLANE MODEL

In contrast to traditional constitutive models
that define a direct relationship between the
strain and stress tensors, microplane mod-
els establish constitutive relationships between
strain and stress vectors on individual projected
planes, thereby capturing the anisotropic char-
acteristics of concrete more effectively.

Kinematic constraint: The strain tensor is
projected onto each microplane to derive strain
vectors, comprising normal and tangential com-
ponents, through the application of the kine-
matic constraint.

en=N:&g, er=T:e¢g, (7

Here, the scalar ey represents the normal mi-
croplane strain, while € denotes the tangential
microplane strain vector. The second-order nor-
mal tensor N and the third-order tangential ten-
sor T are defined as:

N=n®n, T=n-Iy,—n®n®n, (8)

In this context, n denotes the microplane normal
vector, and I represents the fourth-order identity
tensor.

Constitutive behavior: The constitutive re-
sponse of the proposed microplane model is
governed by the thermodynamically derived
constitutive laws detailed in Sec. |2} which de-
scribe the macroscopic behavior. These laws
are formulated on generic microplanes and in-
corporate dissipative mechanisms for both the
normal and tangential directions.

Homogenization: The macroscopic stress
tensor can be obtained as follows

c=P:C°:B":(e—¢). )

Here, P represents the fourth-order damage in-
verse (or integrity) tensor, C° is the fourth-order
elasticity tensor, and €P denotes the macro-
scopic plastic strain tensor. As demonstrated in
[27], the macroscopic plastic strain tensor can
be determined by integrating the plastic strains
from individual microplanes as

3 .
4 p,mic
€. =— | € nin; dQ
ij 275/9 N 1t]

T, mic

3 €
+ﬁ/g T; (nid,;+n;8,;) dQ. (10)

The fourth-order damage inverse (or integrity)
tensor P is derived by integrating the normal
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Figure 2: a) Cell with connections to neighboring particle centers, b) Contact facet between particles associated

with nodes a and b.

and tangential damage parameters of the mi-
croplanes

3 3 Br
ﬁl.jkl:ﬁ/QBNnin]’nknldQ—f—ﬁ/QZ

(n,- nkﬁjl +n; n18jk +n; 10

+n; n O — 4n; njng l’ll) dQ. (11)
Here, Bﬁ}ic =4/1- wﬁic represents the integrity

parameter in the normal direction, while B¢ =

v/ 11— m?ic corresponds to the integrity param-
eter in the tangential direction.

Following the homogenization of the mi-
croplane state variables, the macroscopic stress-
strain relationship is established. This allows
the constitutive equations to be implemented as
a material subroutine within a finite element
(FE) package, enabling further computations
within a spatial discretization framework, as in

Fig. 2h.

4 LATTICE DISCRETE MODEL

The lattice discrete particle model (LDPM), in-
tegrated with the aforementioned constitutive
model, is utilized for explicit simulations of
concrete’s mesostructure [28]]. This approach
represents the material as a network of particles
possessing both translational and rotational de-
grees of freedom. Larger aggregates are mod-
eled as rigid particles surrounded by a cement
matrix, while smaller aggregates are excluded,
with their effects being incorporated into the
constitutive laws governing the interactions be-

tween the larger particles. The model’s kine-
matics are governed by the rigid-body motion
of the particles, leading to displacement jumps
at their interfaces.

Spatial domain discretization: The internal
structure of the material is defined using De-
launay triangulation, which links the centers of
the rigid particles representing the aggregates to
form the lattice system. A tessellation of the do-
main then creates a network of polyhedral cells,
each containing an aggregate surrounded by the
cement matrix. Interactions between aggregates
take place through the facets of the polyhedral
cells shared by adjacent particles.

Kinematics: The displacement vector u, =
[uf uf  uf] of any point p within a rigid body
can be expressed in terms of the displacements
u, of the governing particle node a and the ro-
tations 0, of rigid body a, as outlined in [29]

(12)

where the vector g is collecting the displace-
ments and rotations

up:ua+eax (p_a) :qu

g =[uf u§ ui 0 03 09, (13)
and
1 00 0 xg—xg‘ x‘z‘—x‘é7
AP=10 1 0 - 0 x—xa
0 0 1 xé’—xg x‘f—xlf 0
(14)

The subscripts 1, 2, and 3 correspond to the
three coordinate directions. In this description
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Figure 3: FElementary studies of: a) the 2D microplane model and b) the lattice discrete model under
cyclic/fatigue compressive loading, illustrating stress redistribution at the microplane level and within a ma-
terial zone: a) left: the macroscopic response of a single material point; b) of a material zone; b) right: the
evolution and distribution of strains, damage, plastic strains, and stresses at each microplane, and b) right for a

material zone.

of rigid body motion, small deformations and
rotations are assumed. Consider two rigid bod-
ies, a and b, sharing a common contact facet,
as shown in Fig. 2b. Assuming arbitrary dis-
placements and rotations for both a and b, the
displacement of point ¢ at the contact facet can
be obtained by substituting the coordinates of
c with those of a and b into Eq.(I4). The dis-
placement difference on either side of the con-
tact facet leads to the following expression for
the displacement jump between rigid bodies a
and b at the centroid of the contact facet, ¢

Auab :Ag(ub(-)b)T —Ag(uaea)T (15)

Stress-displacement relation: The interac-
tion between particles is governed by constitu-
tive relations applied at their contact facets. The
mesoscale elastic behavior is defined by two pa-
rameters: the elastic interface stiffness in the
normal direction, Ey, and in the tangential di-
rection, E1, both with unit of [Pa/m]. The rela-
tionship between stress, ¢, and displacements,
u, in the elastic regime for each facet is ex-
pressed as

oN IN Uun
Oy o = Et uy o - (16)
oL Er| \uL

In nonlinear regime, the contact constitutive be-
havior comes from the relations described in
Sec.l

Balance equation: The solution for the un-
known displacements is obtained by enforcing
the principle of virtual work. This involves
balancing the work done by forces (forces f,,,
fp, and moments m,, my,) acting on the virtual
nodal displacements (du,, du,, and 80a, 60b)
with the work done by forces (s from Eq. [I6]
scaled by the contact area A) acting on the vir-
tual displacement jumps at the facet (dAuab =
L,deab):

(fo ma f, my)( Su, 50, du, 86, )

:AO'TSAuab
(7)

5 NUMERICAL STUDIES
5.1 MATERIAL FATIGUE

First, to verify the proposed constitutive model
under a well-established stress state, Fig. [3]
presents material zone-level simulations using
the microplane and mesoscale discrete models.
These simulations examine their response to
subcritical compressive cyclic loading and their
ability to capture stress redistribution within an
idealized material structure. In Fig. [3p, the mi-
croplane model simulates compressive fatigue
at loading levels Spax = 0.85 and Sy, = 0.20.
Polar plots illustrate the evolution of damage
and stress at each microplane over load cy-
cles, highlighting the model’s ability to realisti-
cally replicate fatigue-induced anisotropic dam-
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Figure 4: Boudary conditions of the mesoscale discrete model with visualized stress and damage fields after
application of 600 kN precompression and 360 kN of vertical loading.

age and stress redistribution. Similarly, Fig.[3p
illustrates a study using the mesoscale discrete
model, where the state variables associated with
the normal direction of each facet are shown
in polar plots, with the first and last cycles
shown in blue and red, respectively. Both mod-
els show similar patterns of normal and tangen-
tial damage distribution along with their cor-
responding stress profiles. These results in-
dicate that the microplane model, despite be-
ing a semi-multiscale approach, effectively ho-
mogenizes stress at the inter-aggregate level, al-
lowing for efficient fatigue simulations. How-
ever, its inability to explicitly represent the spa-
tial mesostructure of concrete limits its ability
to capture key structural phenomena such as
damage localization, crack propagation, and ag-
gregate interlocking, which are inherently ad-
dressed by the mesoscale discrete model.

5.2 STRUCTURAL FATIGUE

The ability to capture the fatigue degradation
of a structure with spatially non-uniform stress
state is exemplified using a four point bending
test. A simulation of the prestressed beam using
a mesoscale discrete idealization is compared
with the results of a similar beam modeled using
the microplane fatigue model MS1 and finite el-
ements (FE). Both beams are identical in length,
width, and height. The geometry and boundary
conditions of the discrete model are shown in

Fig. Bp. The distribution of macroscopic hori-
zontal stresses and tangential damage after the
application of a prestressing of 600 kN and a
bending force of 360 kN is shown in Fig. db.
The weakened cross section in both models dif-
fers by stiffed flange, as shown schematically in
Fig.[6] Detailed geometry and numerical results
for the microplane model MS1 are presented in
[24].

The simulation of the pre-stressed bending test
setup using macroscopic and mesoscale mod-
els highlights the limitations, advantages, in-
conveniences, and scope of applicability of each
model.

5.3 QUALITATIVE COMPARISON

To reduce the computational cost of the fatigue
simulation in the finite element (FE) model,
only a quarter of the beam was modeled us-
ing symmetry axes. The region in the middle
of the beam span, where damage localization
is expected in the compression zone, was mod-
eled with nonlinear material behavior using the
MSI1 fatigue model. The remaining parts of the
beam were modeled as elastic material. The
beam was discretized using 3D tetrahedral el-
ements with a size of 0.03 m, resulting in a to-
tal of 4598 elements. A prestressing force of
618 kN was applied. The upper and lower fa-
tigue load levels for the applied bending actions
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Figure 5: Simulation of an externally prestressed bending test: a) load-deflection response under fatigue load-
ing using MS1 and FE; b) load-deflection response of three selected loading cycles using MS1 and FE; c)
corresponding fatigue creep curve using MS1 and FE; d) contour plots of tangential damage dissipated energy
using MS1 and FE; e) load-deflection response under fatigue loading using mesoscale discrete idealization; f)
load-deflection response of three selected loading cycles using mesoscale discrete idealization; g) correspond-
ing fatigue creep curve using mesoscale discrete idealization; h) contour plots of tangential damage dissipated
energy using mesoscale discrete idealization.

Damage T energy

were Fpax = 219.6 kN and F;, = 9.8 kN, re- of the mesoscale discrete model, outer regions
spectively. More details can be found in [24]. where no significant inelastic phenomena occur
Additionally, to reduce the computational cost were modeled using elastic material and coarser

aggregate size. These regions are shown in
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Fig. 4. The minimum and maximum aggregate
sizes in the elastic region were set to 30 mm and
60 mm, respectively, while in the inelastic re-
gion, they were set to 8§ mm and 16 mm, respec-
tively. A prestressing force of 600 kN was ap-
plied, with cyclic bending loading ranging from
360 kN to 10 kN. The material parameters for
the inelastic region were obtained from [20].

Since the primary objective of this study is
to evaluate the plausibility of both models in
simulating compressive fatigue propagation and
stress redistribution, an accelerated fatigue sim-
ulation was performed. Higher force levels
than those used in the experiments [1]] were ap-
plied to induce fatigue failure while maintain-
ing reasonable computational cost for a cycle-
by-cycle simulation. Despite these adjustments,
the simulations allow the evaluation of key fa-
tigue characteristics and a comparative analysis
of the microplane and mesoscale discrete mod-
els.

The simulated load-deflection response under
fatigue loading using the microplane model is
shown in Figure [Sh, which represents the com-
plete loading history. The beam experienced fa-
tigue failure after 405 cycles. To provide insight
into the shape of the hysteretic loops, specific
load cycles were plotted in Figure[Sb, including
the first load cycle, cycle 200, and the last load
cycle (cycle 405). A realistic evolution in the
shape of the hysteretic loops can be observed, as
the loops in stages I and III are wider than those
in stage II, effectively reproducing the known
fatigue phenomenology of concrete.

The corresponding fatigue creep curve, which
illustrates the deformation increment during the
fatigue life at the upper load level, is shown in
Figure [5c. The curve exhibits the three stages
of fatigue tests, with rapid deformation growth
in the early and late stages and nearly linear,
moderate deformation growth in the intermedi-
ate stage [30, 31], which is a consequence of
the previously commented change of shape of
the hysteretic loops. In particular, the model ac-
curately captures the first branch of the fatigue
creep curve, which is characterized by a de-

creasing rate of inelastic deformation as a struc-
tural effect. This phenomenon was not repro-
ducible in the single material point simulations
presented in [18]].

To visualize the localization leading to fatigue
failure, contour plots of tangential damage dis-
sipation are presented for the simulated one-
quarter of the beam at three stages during fa-
tigue loading, as shown in Fig.[5d. The contour
plots clearly show the development and prop-
agation of compressive fatigue, particularly in
the upper-middle region of the beam. This ob-
servation agrees remarkably well with the ex-
perimental results of beam B2 in [[1]. Compar-
ison of the contour plots with the experimen-
tal data indicates that the model accurately re-
produces the compressive fatigue behavior ob-
served in concrete members.

The numerical results from the mesoscale dis-
crete model are presented below. Figure Sk de-
picts the force-deflection curve, showing that
the beam experienced fatigue failure after 12
cycles. The loading amplitude was deliberately
set high to induce rapid fatigue failure due to
the significant computational cost of the simu-
lation. Despite this constraint, several key fea-
tures of the model’s behavior can be observed.
The shape of the hysteretic loops, as illustrated
in Fig. Sk, appears highly realistic. Addition-
ally, Fig.[5f highlights three specific cycles from
the loading history for closer examination.

In this mesoscale discrete simulation, the vari-
ation in hysteretic loop widths, typically in-
dicative of the three phases of concrete fatigue,
is not observable. Similarly, the creep-fatigue
curve in Fig. [Sg does not exhibit the three dis-
tinct fatigue phases. This limitation is due to
the short fatigue life modeled, effectively skip-
ping the transition from I to II and transition-
ing directly from phase II to III. A simulation
with a lower loading amplitude and therefore
extended fatigue life is necessary to show that
the model captures all three phases. This ca-
pability is plausible, as the microplane model
has successfully reproduced these stages, and
the material models governing individual mi-
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Figure 6: Stress development in the simulated prestressed bending test, on the left results obtained using MS1
and FE and on the right results obtained using the lattice discrete model: a) stress profiles over the mid-span
cross-section for selected loading cycles; b) stress evolution during fatigue life obtained for several points over

the mid-span cross-section

croplanes and facet-level interfaces are based on
the same dissipation hypothesis. Furthermore,
as a mesoscale model, the discrete approach
provides a more detailed and realistic depiction
of material behavior compared to macroscopic
models.

To examine the localization leading to fatigue
failure, Fig. [Sh presents contour plots of tan-
gential damage dissipation at three stages dur-
ing fatigue loading. These plots clearly demon-
strate the localization of fatigue damage in the
top-center region of the weakened section. The
observed localization patterns are more realistic
than the smeared patterns produced by the mi-
croplane model and are qualitatively consistent
with results obtained via digital image corre-

lation (DIC). These findings inspire significant
confidence in the proposed model, particularly
as it represents a direct prediction of the struc-
tural response using material parameters cali-
brated to fit the compressive strength and S-N
curve of a cylinder.

5.4 FATIGUE DAMAGE PROPAGATION

The stress profiles obtained numerically using
finite elements and the MS1 model are shown
on the left side of Fig. [6p. The evolution of
these profiles during fatigue loading highlights
a significant phenomenon: stress redistribution
at the structural level. Comparing the stress pro-
files from the first and last load cycles reveals
this effect clearly. Specifically, stresses at the
top fiber decrease due to fatigue-induced deteri-
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oration, while stresses above the middle portion
of the cross-section increase.

On the right side of Fig. [6p, the stress pro-
files obtained from the mesoscale discrete sim-
ulation are presented. During the first cycle,
stresses in the upper section of the beam are
higher compared to those in cycle twelve, while
the central region shows an opposite trend.
This behavior aligns with results from the mi-
croplane model MS1. However, two key dis-
tinctions are observed. First, the stress profile is
notably irregular, reflecting the inherently dis-
crete nature of the mesoscale model. Second,
stresses at the top fiber of the beam remain con-
stant during cyclic loading. This outcome is at-
tributable to the high loading amplitude, which
caused substantial damage in the top region of
the beam during the first cycle. This is evident
in the contour plot of tangential damage shown
in Fig. A where significant damage values were
reached after the peak of the initial cycle. As
a result, stress was rapidly redistributed to the
lower regions.

Despite these differences, the results from both
models exhibit a comparable general trend
of stress redistribution during fatigue loading.
This is further emphasized in Fig. [6b, which de-
picts the evolution of stresses at various points
across the cross-sectional height.

6 CONCLUSIONS

The MS1 microplane model and the discrete fa-
tigue model are valuable methods for investigat-
ing the structural fatigue behavior of concrete
members. These models effectively capture
the progression of compressive fatigue and ac-
curately simulate the stress redistribution phe-
nomenon observed in an externally prestressed
bending test. The energy dissipation profiles
derived from the thermodynamic formulation
of the models are in close agreement for both
models, as are the stress redistribution profiles.
Furthermore, the hysteretic loops under subcrit-
ical cyclic loading realistically illustrate dam-
age accumulation during unloading, in agree-
ment with experimental observations.
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