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Abstract: The prediction of the resistance of concrete anchors is essential for ensuring the safety of
sensitive infrastructures. This study proposes the use of an energetically regularized damage model
in tension and compression (RTC), based on an extended version of Mazars' model. In addition to
regularization, modifications have been made to better capture material behavior, particularly in
compression, to simulate the pull-out tests of anchors. Finite element simulations using the Cast3M
software are employed to analyze concrete cracking, considering both the behaviors of concrete and
steel. The simulation results reveal two main failure modes: the formation of a concrete breakout cone
or steel fracture. The first part of the study compares the results of experiments from the literature
with simulations based on embedment length. The second part focuses on a sensitivity study of
various parameters, including embedment length and plate stiffness. It appears that embedment length
is a highly influential factor in the resistance of concrete anchors, and that anchor geometry can also

have a significant impact.

1 INTRODUCTION

The design of anchors in reinforced concrete
structures is a critical issue in sensitive
installations. Current standards, particularly
Eurocode 1992 Part 4 [1], assume that the
anchor plate is infinitely rigid. It is therefore
important to understand the impact of the plate's
rigidity on the strength of a reinforced concrete
structure, to evaluate the potential consequence
of this assumption. Additionally, the influence
of other parameters may also be worth
investigating.

In the literature, different types of anchoring
systems are observed, including cast-in-place
[2] and post-installed anchors [3]. This study
will focus on cast-in-place anchors with headed
rods. This system has been chosen because it is
commonly used in French nuclear power plants.
The two main failure modes for this type of

anchors are bolt failure (steel failure) and
concrete failure in the form of a cone [4 - 5].

A first part of the study focuses on the
representation of pull-out and shear tests of a
base plate. To verify the various aspects of the
simulation, an initial simulation will model a
simple stud test without a base plate. This
simulation serves two purposes: first, to
validate the constitutive relations in a simple
case, and second, to evaluate the group effect of
the studs on a base plate. Indeed, the group
effect can reduce the resistance of a base plate
by 30% in the test configurations [6] .

The group effect in an anchorage refers to
the reduction in the strength or individual
efficiency of anchoring elements (such as studs
or rods) when they are arranged in a group on
the same base plate or in a similar attachment
configuration. This effect results from the
interactions between the stress zones generated
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by each anchor [7].

Subsequently, pull-out and shear tests of a
base plate with four studs will be simulated
under these two loading conditions. The
objective is to obtain reference tests and
validate the steel and concrete models used,
ultimately enabling sensitivity studies on
certain parameters, such as the rigidity of the
base plate and the embedment length (hef).

To assess the impact of certain parameters
on the strength, finite element simulations are
conducted using the Cast3M software. A
validation process is implemented for the steel
and concrete models.

2 SIMULATION SPECIFICATION

The validation process is based on the
experimental results from [8-9]. The objectives
are to closely replicate the tests and verify that
the failure modes and forces are accurately
represented in the simulation. The simulations
are performed using Cast3M software, version
2024 [10].

First, a pullout test for a single anchor bolt is
modelled, considering different embedment
lengths (Figure 1). This test was conducted in a
2m x 2m x 0.6m concrete block with restraints
at the ends (gray arrows).

This will ensure that the failure modes and
maximum resistances correspond to the tests.

1
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Figure 1: Diagram pullout test with single rod

Then, a complete anchoring system subjected
will be modelled with two different loading
conditions: pullout tests and shear tests. For
each loading condition, various embedment
lengths (hef) will be tested (Figure 2).

Material parameters (Table 1) will remain
constant throughout the validation phase.

Table 1: Material properties

Young Elastic ~ Fracture
modulus limit energy
(GPa) (MPa) (N/m)
Conc_rete 43 3 117
tension
Concrete
Compression 43 S0 50000
Steel 210 365

The simulations aims to closely replicate the
experimental tests. To achieve this, the
dimensions of the various elements (base plate,
concrete block, and stud) are similar to those
used in the experiments. The mechanical
constraints of the tests will be represented by
restricting the displacements in the blocked
areas.

Anchor {
plate \ S —_—
(fixture)
A >V| N k 7
Concrete

Anchor rod Concrete

Figure 2: Diagram pullout and shear tests for a complet
anchorage

The concrete mesh is as uniform as possible,
with cubes of approximately 1 cm near the area
of interest (close to the stud) (Figure 3). The
steel meshes (anchor bolts and plate) will
interact with the concrete through a frictionless
sliding contact. The load will be applied
through an imposed displacement on a portion
of the base plate.
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Figure 3: Mesh used for the simulation

2.1 Constitutive relations

The behavior models are described below.
First, the steel behavior is based on the stress-
strain curve available in the article [8], with a
Von Mises criterion (Figure 4). The steel
behavior curve was generated by extracting an
experimental curve and reconstructing it from a
table of values.
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Figure 4: Comparison of simulation and experiment.

To better replicate the behavior of concrete
and minimize the impact of meshing, a Mazars
energy-regularized model for tension and
compression was implemented. This model is
based on a damage formulation (D). An energy-
regularized model accounts for fracture energy,
which corresponds to the area under the stress-
displacement curve. Unlike the original
version, this implementation introduces an

additional parameter Gfc to account for the
softening slope in compression, improving the
accuracy of post-peak behavior predictions.

The tensile behaviour (Figure 5) is governed
by the tensile fracture energy Gs:.
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Figure 5: Constitutive law for concrete in tension

The compressive behavior is based on the
FIB Code 2010, with the addition of a
parameter Gg, representing the fracture energy
in compression. This parameter affects the
softening slope (Figure 6). In the model, the
softening part is represented by a straight line
whose slope varies depending on GFC and the
element size. The other parameters representing
the non-linearity of the behavior are described
in reference [11].
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Figure 6: Constitutive law for concrete in compression
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2.2 Simulations results

The results of the wvarious pullout
simulations with a single stud are presented
below (Figure 7).
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Figure 7: Single rod results

The simulation captures well the failure
mode (concrete cone or steel failure). It is
assumed that the concrete cracking cone is
represented by the damage. which represents
the loss of stiffness of the element.

Moreover, the magnitudes of the maximum
resistances are consistent with expectations.

For an anchorage length between 50 and 90
mm, failure occurs in the form of a cone (Figure
8), and the stud remains in its elastic behavior.
Between 90 and 130 mm, failure still occurs in
the form of a cone, but the stud begins to yield.
Beyond 130 mm, failure is due to the breaking
of the stud.
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Figure 8: Damage distribution for an embedment length
of 80 mm (single stud)

It is observed that the critical embedment
length, representing the transition from
concrete failure to steel failure, is
approximately 100 mm. In this range, the
results are highly sensitive and can vary

Figure 9: Damage distribution for a pullout test
(hes = 80 mm).

significantly with small changes in the
embedment length. Indeed, for a difference of 1
cm in anchorage length, the resistance can
increase by nearly 50 kN.

This initial study highlights the importance
of embedment length on the results, as well as
the accurate representation of failure modes
using the reference numerical methodology.

The second study, focusing on the pullout of
a complete anchoring system, yields the results
shown below (Figure 10).
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Figure 10: Pullout results of the complete
anchoring system.

Similar to the first study, the failure modes
are well represented. The simulation tends to
underestimate the maximum force by
approximately 10% in cases where concrete
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failure occurs. For steel failure, the difference
between the experimental results and the
simulation is less than 1%.

Experimentally, under the test configuration,
the group effect has an impact of around 30%
[6].

On Figure 9, the concrete damage cone is
observed extending to the right. The group
effect is observed: the concrete damage
propagates more horizontally in the direction of
the other stud (not shown), whereas on the free
side, the damage spreads in the form of a cone.
This additional cracking reduces the effective
strength of the surrounding material by causing
stress interference between adjacent studs. This
interaction limits the capacity of each stud to
fully mobilize its resistance, leading to a
collective reduction in the overall anchorage
strength.

This magnitude is also observed in the
simulations, demonstrating that the model
accounts for the various interactions within the
concrete.

Finally, the shear tests confirm the ability of
the steel and concrete models to accurately
represent another loading scenario (Figure 11).
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Figure 11: Shear results of the anchor

The approach has thus been successfully
applied to various tests, accurately capturing
the influence of anchor length and the
emergence of different failure modes (such as
concrete cone failure or steel rupture).
Regardless of the applied loading conditions,
the model consistently predicts the mechanical
strength of the anchor. Furthermore, it

effectively simulates crack propagation in
concrete while accounting for its failure mode.
The simulations are therefore reliable enough to
proceed with a sensitivity study.

3 SENSITIVITY STUDY

The sensitivity study is based on a pullout
simulation of a complete anchoring system. The
parameters of the study allow for two
symmetries, enabling the simulation of only
one-quarter of the experiment. The initial
material and geometric parameters for the
simulation are based on those described in [12].

Using the validated modeling strategy
outlined in the previous section, a preliminary
sensitivity study was conducted on three
parameters: the embedment length, the load
application surface (red zone Figure 12), and
the Young's modulus of the anchor plate.
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Figure 12: Representation of the
loading surface on the base plate

These parameters were selected for two
reasons: their simplicity in terms of simulation
modeling, and their potential to confirm or
refute trends observed during the model
validation.

k k k
F(x;;) = by + ) bix; + b;ix;x; (1)
This sensitivity study relies on the response
surface methodology, assuming a second-
degree polynomial interpolation ( 1 ) to
describe the evolution of anchor strength as a
function of the input parameters.
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The experimental design is constructed
using a matrix with values of 1, 0, and -1. For
each parameter, 1 represents the maximum
value, —1 the minimum value, and 0 the average
value. With three parameters to vary, there are
a total of 12 configurations.

Table 2 : Design matrix

Config x1 x2 x3
1 1 1 0
2 -1 1 0
3 1 -1 0
4 -1 -1 0
5 1 0 1
6 -1 0 1
7 1 0 -1
8 -1 0 -1
9 0 1 1
10 0 1 -1
11 0 -1 1
12 0 -1 -1

This experimental design (Table 2) can be
visualized in a three-dimensional space (Figure
13). The red points represent the different
configurations, with each configuration
positioned equidistant from the center. This
ensures that each simulation holds equal
importance in the analysis.

Figure 13: Experimental design in 3D space

In this initial study, the embedment length
(hef) varies from 8 cm to 15 cm, the load
application area (lx) from 1 cm to 10 cm, and
the Young’s modulus (E) of the plate from 20
GPa to 2000 GPa. These variation ranges were
selected to capture the bending of the plate
while ensuring that the failure mode remains
concrete failure.

Starting with the construction matrix (Table
2) for three variables, the experimental design
consists of 12 simulations (Table 3). The output
variable will be the maximum force, Fmax.

Table 3: Experimental matrix

Config  hef Ix E
1 0,15 0,1 1,01E+12
0,08 0,1 1,01E+12
3 0,15 0,01 1,01E+12
4 0,08 0,01 1,01E+12
5 0,15 0,055 2E+12
6 0,08 0,055 2E+12
7 0,15 0,055 2E+10
8 0,08 0,055 2E+10
9 0,115 0,1 2E+12
10 0,115 0,1 2E+10
11 0,115 0,01 2E+12
12 0,115 0,01 2E+10

From these 12 simulations, an interpolated
surface is obtained using the least squares
method, fitting as closely as possible to the
calculated points. The response surfaces in the
space (her, Ix, Fmax) for three different plate
stiffness values are shown (Figure 14).
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Figure 14: Interpolated surface

A general trend emerges: the greater the
embedment length, the higher the maximum
force. This trend was already observed in the
validation section (2). In the case of a soft plate,
the impact of the loading area is present; for a
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large loading area, the maximum resistance is
higher than for a small loading area. This trend
holds true regardless of the embedment length.
For a stiffer plate, the impact of the loading area
is more limited. The maximum force depends
on the plate’s bending. The more the plate
bends, the weaker the anchorage resistance
becomes. The plate bends if the loading area is
small or if the Young's modulus is low.

This first study confirms the trends observed
in the unitary calculations, as well as the
significant impact of the plate’s rigidity. It
represents the first step toward a more in-depth
analysis that will allow for a more precise
quantification of these effects.

4 CONCLUSION

The first part of this document demonstrates
that the steel and concrete models accurately
reproduce the various pull-out and shear
experiments. It is followed by a parametric
study that confirms the observed trends,
particularly regarding the impact of anchor
length, and demonstrates the ability of the
response surface method to quantify the
influence of key factors.

The future work will focus on continuing
sensitivity analyses. A comparison between the
response surface method and a parametric study
with a more traditional design of experiment
will also be carried out. The inclusion of new
parameters will be considered, such as the
eccentricity and angle of loading, the diameter
of the rod, and the head of the stud. The aim of
these results is to identify the most influential
parameters and quantify their impact on the
mechanical system's strength.
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