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Abstract

Accurate prediction of fatigue in reinforced concrete structures remains a challenging goal that is
receiving increasing attention in research. Understanding concrete fatigue is critical as future
infrastructures will need to be built with less concrete for environmental reasons while requiring longer
service life. We present a physically based modeling approach in which fatigue-induced degradation is
linked to inter-aggregate shear strain. The paper presents a summary of the microplane model MS1,
which includes this fatigue mechanism at the microplane-interface level. To validate fatigue life
predictions of the model, the authors performed standard cylinder compression tests in which the failure
mechanism is due to shear bands occurring in the latter stages of the fatigue life. A non-controllable
and not easily quantifiable combination of shear and compressive stress prevails in the localized
material zone. To better understand and isolate these mechanisms, the authors developed a modified
version of the punch-through shear test, which permits precise simultaneous and independent
application of shear and compressive loading. Experimental and numerical simulations of the PTST
response under different levels of confinement are presented for the monotonic and fatigue behavior of
the tests. Finally, the energy dissipation of the PTST under two different levels of confinement is
quantified for cyclic loading.
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Kurzfassung

Die genaue Vorhersage der Ermiidung von Stahlbetonbauteilen ist nach wie vor ein anspruchsvolles
Ziel, das in der Forschung zunehmend an Aufmerksamkeit gewinnt. Das grundlegende Versténdnis der
reinen Betonermiidung ist hierbei von entscheidender Bedeutung, da kiinftige Infrastrukturbauwerke
der Umwelt zuliebe mit weniger Beton gebaut werden miissen und gleichzeitig eine ldngere Lebens-
dauer erfordern. In unserem Beitrag stellen wir einen physikalisch-basierten Modellierungsansatz vor,
in dem die ermiidungsbedingte Degradation mit der Schubdehnung zwischen den Zuschlagskdrnern
verkniipft ist. Die Ver6ffentlichung enthélt eine Zusammenfassung des Microplane-Models MS1, das
diesen Ermiidungsmechanismus auf der Ebene der Microplane beinhaltet. Zur Validierung der Modell-
vorhersagen zur Ermiidungslebensdauer fiihrten die Autoren zylindrische Standard-Druckversuche
durch, bei denen der Versagensmechanismus auf schubinduzierte Gleitbriiche zuriickzufiihren ist, die
in den letzten Phasen der Ermiidungslebensdauer auftreten. In der lokalisierten Materialzone herrscht
eine nicht steuerbare und nicht leicht quantifizierbare Kombination aus Schub- und Druckspannungen.
Um diese Mechanismen besser zu verstehen und zu isolieren, entwickelten die Autoren eine modifi-
zierte Version des Punch-Through Shear Test (PTST), die eine prizise gleichzeitige und unabhingige
Anwendung von Scher- und Druckbelastungen ermoglicht. Experimentelle und numerische Simulatio-
nen der PTST mit verschiedenen Niveaus der seitlichen Druckbeanspruchung werden fiir das monotone
und das Ermiidungsverhalten der Tests vorgestellt. Schlielich wird die Energiedissipation des PTST
bei zyklischer Belastung unter zwei verschiedenen seitlichen Druckbeanspruchungsniveaus quantifi-
ziert.

Keywords: Ermiidung, Materialmodellierung, experimentelle Charakterisierung, Mode-II Belastung
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1 Introduction

Predicting the fatigue life of concrete structures is a challenging task that is increasingly gaining
attention from researchers. To tackle the upcoming environmental challenges, it is crucial to have a
more profound comprehension of concrete fatigue. These challenges require finding a way to balance
the high carbon footprint of the concrete construction industry with an increasing global demand. As a
result, future infrastructure must use less concrete while prolonging the service life of current and future
structures. A comprehensive description of fatigue phenomena covering both material and structural
levels is required for this transformative shift.

In recent research, a dissipation hypothesis has been introduced by the authors, attributing the primary
fatigue-induced degradation mechanism to the cumulative inter-aggregate shear strain. This hypothesis
results in a new formulation of a pressure-sensitive interface model that is applicable to both discrete
models and tensorial microplane models. Realistic modeling of fatigue behavior in cementitious
interfaces [1], concrete subjected to compressive fatigue loading [2], and fatigue shear behavior of
confined concrete [3, 4] has been accomplished using this hypothesis.

2 Punch-through shear test

The cylindrical punch-through shear test (PTST) was originally introduced by Luong et al. [5] to study
concrete and rock behavior under combined shear and compression loads. Building on this, Backers et
al. [6] adapted the test to assess rock fracture toughness in mode II. Recent research has extended the
application of the PTST to explore concrete fatigue [7], revealing how compressive stress significantly
affects fatigue life during Mode II loading.

One of the main advantages of the PTST lies in its predefined fracture surface, ensuring consistent
stress configuration across all fatigue stages and test series, enhancing reproducibility. In contrast,
conventional cylinder tests used to characterize compressive fatigue behavior of concrete assume a
uniaxial stress state during initial stages. As fatigue progresses to stage III, distinct shear bands form,
influenced by the friction between load plates and cylinder surfaces, varying in number, position and
inclination within test series. In stage 111, the localized shear bands create an a priori unknown combined
compression and shear stress state. This transition from uniaxial to multi-axial stress state, as
numerically evaluated in [4], significantly impacts the remaining fatigue life, contributing to a wide
scatter in the observed fatigue life, typically spanning orders of magnitude [2].

To validate the fatigue hypotheses under different loading conditions, a test setup that allows the
adjustment of the normal and shear loads within a material zone seems appealing. Since there is no
standardized test for studying the confined shear behavior of concrete, the authors have presented a
refined version of the PTST [7, 8].

This enhanced PTST setup permits simultaneous and independent application of shear and compressive
loading, enabling focused study of the impact of the confinement on the fatigue life of concrete under
subcritical fatigue shear loading [8]. The refined setup reduces scatter in measured fatigue life,
achieving consistent failure surfaces for all specimens, as the one shown in Fig. 1. This diminished
scatter allows for investigating the load sequence effect, crucial for accurate estimation of structural
concrete fatigue life.

3 Microplane fatigue model MS1

The experimental results of the PTST from [7, 8] are analyzed using the recently developed material
model MS1 [2, 9—11]. The MS1 model relates the macroscopic fatigue damage to the local cumulative
inelastic shear strain at the microplane level. This allows for the reproduction of the tri-axial stress
redistribution that occurs within the material structure under pulsating subcritical loading. This
hypothesis is consistent with experimental observations by Skarzynski et al. [12], where fatigue-related
crack initiation and propagation under compressive fatigue loading mainly occur along the interfaces
between hardened cement paste and aggregates, as shown in Fig. 2. The model is formulated within the
microplane framework and utilizes the kinematic constraint to project the macroscopic strain tensor
onto the microplanes. To homogenize microplane stresses, secant, and plastic strain tensors, the model
employs the principle of virtual work and energy equivalence.

DOI: 10.18154/RWTH-2023-06653 218


https://doi.org/10.18154/RWTH-2023-06653

Fatigue of concrete studied using a confined punch-through shear test

Characteristic creep fatigue curve and schematic stress
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Figure 1  On the left: a typical creep fatigue curve of concrete with schematic characteristic

fracture surface and stress configuration for cylinders and PTSTs. On the right:
experimental fracture surfaces of three different cylinder tests and a PTST [8] after
fatigue loading.

31 Thermodynamically based formulation and evaluation of energy dissipation
Thermodynamically-based constitutive laws are utilized to capture distinct degradation mechanisms at
the microplane level, representing the inter-aggregate material behavior within a 3D material structure
in a specific direction. The macroscopic Helmholtz free energy is obtained as the integral of the sum of
the microplane normal and tangential thermodynamic potentials.

3 . 3 3
mac _— mic — 1
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The distinction between normal and tangential thermodynamic potentials allows to assign distinguished
dissipative mechanisms for each direction, covering the anisotropic and heterogeneous nature of
concrete in a simple and realistic manner. In the microplane model MS1, the primary cause of fatigue
damage is considered to be the cumulative inter-aggregate relative displacements. In order to reflect
this hypothesis at the microplane level, the fatigue damage evolution in the tangential direction is related
to the cumulative sliding, following [13]. To account for the inter-aggregate interaction in the normal
direction, simple damage is considered for the tensile behavior and hardening plasticity for the
compressive behavior. Fig. 2 provides a schematic overview of these dissipative mechanisms. The
formulation of the Helmholtz free energy functions ¥y and 1 of a microplane is expressed as follows:

1 21 1
PYR' = > (1~ Hlon)wn)En(en — &7) +5 Knzl + 5 vnan’ @

PURIE = 2 (1~ wr)Er(er — £0) - (er — €]) + 5 Kezd + 5 yray @y 0
Where Ey and Et are the normal and tangential elastic stiffness, defined as Ey = E/(1 — 2v), Er =
E(1-4v)/((1 +v)(1 —2v)). Ky,VN.Kt and y1 represent the normal and tangential isotropic and
kinematic strain hardening moduli, respectively. The thermodynamic state variables consist of the
normal and tangential plastic strain sg and €7, the normal and tangential damage wy and wr, the
normal and tangential isotropic hardening variables zy and zy , and the normal and tangential kinematic
hardening variables ay and ar.
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Figure 2 left: experimental observations of microcrack development under compressive fatigue
loading using X-ray micro-CT images obtained by Skarzynski et al. [12]. Center:
schematic interaggregate dissipative mechanisms included in MS1 and illustration of the
microstructure containing a system of dissipative microplanes. Right: schematic
experimental validation procedure presented in [2].

The conjugate thermodynamic forces for the normal and tangential direction are obtained by
differentiating the corresponding thermodynamic potential with respect to the associated state variable.
For a detailed model description, including the definition of the normal and tangential governing
threshold functions and the evolution laws, see [2]. Additionally, Fig. 2 provides a schematic overview
of the material model, illustrating the calibration-validation procedure used at [2].

The evaluation of energy dissipation for an isothermal process, assuming small strains, is described by
the Clausius-Duhem inequality. In the normal direction it is given as DN, = —pyy + onén = 0. To
obtain the overall energy dissipation related to a microplane in the normal direction, 1)y is substituted
by differentiating Eq. 2, by applying the chain rule, as detailed in [14]. Then, by integrating the
dissipation rates over the pseudo-time ¢, this procedure results in the following expression:

t
DN, = f [onéR — Znzn — Xndn + Yyon] = 0. 4
0
Analogously, Clausius-Duhem inequality for the tangential direction is expressed as
DY, = —pyr + oq - &r = 0. After operating as for the normal direction, the total energy dissipation

for the tangential direction can be expressed as:
t
DY, = j [or* &E — Zrzp — Xy - ép + Yrap] = 0. (3)
0

By integrating the energy dissipation for each microplane, the macroscopic energy dissipation can be
obtained as:

3 . 3 3
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4 Numerical results

41 Monotonic behavior

In order to assess how the microplane material model MS1 performs in reproducing PTST behavior
under varying degrees of normal confinement, a study using Mode II displacement control loading is
presented in Fig. 3. The parameters of the model were adjusted to match the monotonic experimental

strength of the material of the first test series presented at [8], where five levels of confinement were
studied: 0, 4, 8, 16, and 32 MPa.

The force-displacement curves, obtained numerically for the five studied cases are shown in the upper
left panel of Fig. 3. In particular, both peak load and stiffness -to a lesser extent- show an increase with
increasing confinement. The corresponding experimental monotonic behavior is shown in the top
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Figure 3 Top left and middle figures correspond to the simulated and experimental [8] monotonic
behavior for the PTST, respectively. The top left panel displays the failure surface for
experimental and simulated results. The bottom row shows the shear stress distribution
0Oy, along the ligament height for 25% (blue), 50% (orange), 75% (green) and 100%
(red) of the peak load for the indicated confinement level. Material parameters: E =

39226, v=0.18, &) = 1e~5, A4 = 7000, o = 40, yy = 80000, Ky = 14000,
¢ =10, yp = 120000, K, = 1200, S; = 0.01, rp =85, ¢y = 7.5, py = 7.5,
my = 0.05.

middle panel of Fig. 3. Numerical and experimental peak loads are in good agreement for each level of
confinement.

The numerical model discretization and corresponding fracture surface in terms of ¢; are illustrated in
the top right of Fig. 3. Shear stress oy, profiles along the PTST ligament are depicted in the bottom
row. 0y, is averaged over the ligament thickness and plotted against the height. This is done in a local
coordinate system outlined in the lower left panel. Shear stresses are evaluated at four points on the
load-displacement curves: -25% in blue, 50% in orange, 75% in green, and 100% in red of the peak
load with confinement levels of 0, 16, and 32 MPa. Relatively uniform shear stress profiles can be
observed at 25% of the peak load. As the load level increases, the shear stress at the upper part of the
ligament exhibits an upward trend, particularly at higher confinements. This phenomenon results from
two radial effects. The first is a greater quasi-uniform confinement influence, and the second is bending
due to the vertical load. These effects combine to compress the upper part of the ligament, where higher
confinement joins increased compressive stress from the bending under higher peak loads.
Consequently, the shear strength of the upper part of the ligament significantly increases because the
material is pressure-sensitive. On the other hand, the lower part of the ligament undergoes a partial
offset; higher confinement is counteracted by superimposed tensile stress from bending under increased
peak load.

While shear stress profiles may lack uniformity, the primary advantage of the test setup is its ability to
control lateral and vertical loading and the fracture surface. The resultant stress profile is numerically
determinable since it depends solely on the applied loads and specimen geometry. This differs from
cylinder tests, where failure surfaces can vary from test to test, resulting in different stress
configurations.
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Figure 4  Top left and middle figures correspond to the simulated and experimental [8] step-wise
increasing cyclic behavior for the PTST, respectively. Top right panel displays the shear
stress distribution oy, along the ligament height for 50 (blue), 60 (orange), 70 (green),
80 (red), 90 (purple) and 95% (brown) for a confinement level of 30 MPa. Bottom left
and middle figures correspond to the cumulative energy dissipation associated with each
dissipative mechanism along the cycles for the case of 15 and 30 MPa confinement
levels, respectively. The lower right figure shows the accumulated energy dissipation for
each confinement level due to damage and plasticity. Material parameters as specified
in the caption of Fig. 3
4.2  Fatigue behavior

The ability of the model to reproduce the response of confined concrete under cyclic subcritical shear
loading was evaluated using a loading scenario with incremental upper load levels. Cyclic loading
consisted of 10 cycles at each load level. The tests started with a maximum shear load of S;,.x = 0.5
and increased gradually by AS;,.x = 0.5. The lower load level remained constant at Sy,,;, = 0.05. This
loading scenario offers the possibility to rapidly and effectively characterize the fatigue behavior of
concrete for various loading amplitudes.

The force-displacement response under this loading scheme for confinement levels of 15 and 30 MPa
is simulated and illustrated in the top-left of Fig. 4. The predictions are based on material parameters
from the previous monotonic study, illustrated in Fig. 3, that are calibrated using the first test series
from [8]. Although a quantitative prediction-measurement comparison is not possible due to the lack
of an analogous cyclic loading scenario on the same batch of specimens, qualitative insights can be
gained. The results for this loading scheme from the second test series in [8] are presented in the top
middle panel, showing higher peak load value, as indicated by the dashed lines.

The current calibration enables the qualitative analysis of stress distribution at the ligament for various
loading amplitudes, as shown in Fig. 4 top right panel. Shear stress profiles are obtained in a similar
manner to Fig. 3, for the 30 MPa confinement level for 50%, 60%, 70%, 80%, 90%, and 95% of the
maximum peak load. The breakdown of energy dissipation is illustrated in the bottom row. The
cumulative energy dissipation related to each dissipative mechanism is presented in the left and middle
figures for confinement levels of 15 and 30 MPa, respectively. The figure on the lower right depicts the
accumulated energy dissipation for each confinement level due to damage and plasticity, without
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distinguishing between normal and tangential directions. Remarkably, the plastic energy dissipation
increases significantly, whereas damage energy dissipation remains relatively stable. Previous
numerical studies by the authors [4, 14] consistently yielded similar results. These studies indicated that
the damage energy dissipation doesn't change as dramatically as the plastic energy dissipation for
simulations of the same test setup under identical boundary conditions.

5 Conclusions

The fatigue behavior of confined concrete under shear fatigue loading was investigated using a newly
developed version of PTST. This innovative setup provides independent control of confinement level
and shear loading. Furthermore, all tested specimens had the same fracture surface, resulting in a
consistent stress configuration in the localized zone over both the fatigue life and the test series. In
contrast, the standard cylinder test induces a uniform uniaxial compressive stress, which is mainly valid
during the early stages of the fatigue life (stages I and II) in the fatigue creep curve. During stage III,
as damage localizes into a shear band, a non-uniform and undefined combination of compressive and
shear stress occurs due to factors like crack position, inclination, and number, which is in turn
influenced by cylinder-plate friction.

The PTST allows for systematic study of concrete fatigue under combined compressive and shear
loading. This paper presents experimental results on confined monotonic and subcritical cyclic shear
behavior. The results have been qualitatively replicated using the MS1 model with finite element
analysis. The microplane-level pressure-sensitive interface formulation used in MS1 reproduces
increased shear strength with higher confinement in a manner that reflects the experimentally observed
peak load rise. Additionally, MS1 captures damage propagation under subcritical pulsating loading,
including an accelerated damage evolution for higher loading amplitudes that qualitatively agrees with
the Wohler (S-N) curves of concrete. The thermodynamic formulation used in MS1 allows the
evaluation of energy dissipation for each dissipative mechanism. These studies have unveiled
significant variations in plastic energy dissipation per loading scenario, while damage dissipation
remains relatively consistent. These insights serve as a foundation for making more realistic fatigue life
predictions in concrete structures.
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