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a b s t r a c t

The degradation of the steel–concrete connection is a complex phenomenon depending on both the inter-
face behaviour and the surrounding concrete damage. The purpose of this paper is to study bar/concrete
interface behaviour by performing a numerical analysis at the mesoscopic scale. The interest of this
approach is to provide local information unavailable from experimental investigations. The presented
results concern the 2D modelling of LMT pull-out test (to identify bond and friction) with the assumption
of perfect bond between the mesoscopic mortar and the steel bar. The influences of bar roughness and the
lateral stresses were analysed.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The bond between reinforcing bars and concrete has been
acknowledged as a key factor to the proper performance of rein-
forced concrete structures for well over 100 years. Bond response
may be modelled at three different scales: the dimensions of the
structural element, the reinforcing bar and the lugs on the bar.
Modelling bond behaviour at the structural scale implies the
development of a model that characterises the effect of bond-zone
response on beam, column or connection response.

At the bar scale, the bond zone is represented as a homogenous
continuum. The state of the bond zone may be characterised by
concrete and steel material properties [1,2] that are defined by
standardised tests (pull-out test, beam test, etc.).

Bond response can also be considered at the scale of the lugs on
the reinforcing bar. At this scale, the response is determined by the
material properties of the concrete mortar and aggregate [3,4], the
deformation pattern of the steel reinforcing bar [1,5,6], load trans-
fer between concrete mortar and aggregate [7] and the rate of en-
ergy dissipation through fracture and crushing of the concrete
mortar and aggregate. The numerical concrete (initially proposed
by Wittman [8]) can be a good solution to represent concrete
meso-structure numerically. Mesoscopic models have proven to
be the most practicable and useful approach for studying the influ-
ence of the concrete composition on the macroscopic properties
and also to gain insight into the origin and nature of the nonlinear
behaviour of concrete [9].

To perform the mesoscopic representation of concrete material,
both discrete element methods, such as truss model [10] and lat-
tice model [11,12], and continuum finite element methods
[13,14] have been adopted. In most of the mesoscopic models,
the concrete is subdivided into three phases: the coarse aggregates,
the mortar matrix with fine aggregate and the interfacial transition
zone (ITZ) which affects the initiation and propagation of cracks.
The mechanical behaviour of the concrete belonging to the ITZ is
significantly different from that of the bulk concrete. However, it
is very difficult to obtain the mechanical parameters of ITZ. There-
fore including ITZ in the model introduces some uncertainties.
Moreover, considering ITZ in the model increases the computa-
tional time and computer memory requirement. For these reasons,
in some models the ITZs are not considered in the numerical sim-
ulations [9,13,16,15,14,30] and recently [34]. Different meshing
techniques have been applied for the discretisation of the complex
microstructure. Aligned meshing approaches have the advantage
of explicitly representing the boundaries between particles and
matrix. However, this method is rather tedious in 3D [13] devel-
oped a mesh generation method based on the advancing front ap-
proach in which the ITZ is modelled. Van Mier and Van Vliet [11]
used a projection method of regular mesh onto the random aggre-
gate structure. Zohdi and Wriggers [32] introduced an unaligned
approach in which the number of integration points is increased
in order to better capture the interfacial zone. A refined mesh close
to the geometrical boundaries has been proposed by Lohnert [33].
Nguyen et al. [15] used a diffuse meshing technique which consists
on the projection of the heterogeneous material properties on the
shape functions of a finite element mesh. Each Gauss point takes
the corresponding material properties. Although this method does
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not represent explicitly the ITZ, it allows a good reproduction of
damage localisation around the aggregates.

In a mesoscale model, the most important parameters, such as
the shape, size and distribution of coarse aggregates within the
mortar matrix, significantly influence the mechanical behaviour
of concrete. The simplest aggregate shape is circular [11,15] (2D)
and spherical [9] (3D) [13] developed a procedure to generate ran-
dom aggregate polygons for rounded and angular aggregates based
on the Monte Carlo random sampling principle. Garboczi et al. [17]
developed an algorithm to generate realistic shapes of different
aggregate particles.

On the other hand, various material models for the aggregate
and the mortar have been employed to study the concrete behav-
iour, for example, 2D linear elastic analysis [18], nonlinear ortho-
tropic fracture model [14] and isotropic damage model [9,19].

The mesoscale modelling of the connection between steel and
concrete have been very little studied. A lattice approach has been
used, by [20], to describe the mechanical interaction of a corroding
reinforcement bar, the surrounding concrete and the interface be-
tween steel reinforcement and concrete. The effects of rib on sur-
rounding concrete are taken into account with a cap-plasticity
interface model. The rust expansion is modelled as an Eigenstrain.
This approach is very interesting and capable of representing many
of the important characteristics of corrosion-induced cracking and
its influence on bond. Nevertheless, the post-peak response of the
bond stress–slip curve is not in agreement with experimental re-
sults: the parameter controlling the volume of rust expansion is
dependant of local phenomenon: crushing of the rust and penetra-
tion of rust in concrete.

1.1. Research significance

The present paper aims to analyse the bond force transfer, the
damage evolution, crack pattern and displacement fields on the
surrounding concrete by using a mesoscale modelling.

The bond test used in this study is the LMT pull-out test [21,22].
This geometry does not induce lateral stresses due to confining ac-
tions at the support of the testing machine. It enables local infor-
mation (deformation and displacement fields) to be obtained on
the steel/concrete interface not available with the standardised
tests. Based on the geometry particularity of the LMT test, a plane
stress 2D model has been adopted to limit time computation and
to simplify the modelling. A heterogeneous mesoscale model is
constructed for mortar material. The effect of bar roughness and
lateral pressure are analysed to study the influence of aggregate
distribution on the crack pattern around the reinforcing bar and
the force transfer between steel and concrete.

2. Bond test

Various tests have been proposed to assess bond characteristics
in reinforced concrete structures. Most of the classical bond test
(pull-out test) does not allow a local measure but only global
and make impossible to distinguish bond phenomena at the inter-
face steel/concrete due to the confining actions at the support of
the testing machine introducing a lateral stresses, which artificially
increase the bond strength.

In order to improve the classical bond tests, a modified pullout
test (called the LMT test: Laboratory of Mechanics and Technology,
Cachan, France) has been proposed and designed by Ouglova et al.
[21,22,35]. The aim of this test is to identify bond and friction at
the interface. It consists of a mortar plate with three squared
embedded bars (cross section 2 cm � 2 cm) (steel A56 usually used
in the civil engineering structure). The plate has a thickness of
4 cm. The mortar has the following characteristics: maximum

aggregate size 4 mm, water to cement ratio equal to 0.46. The spec-
imen have been cured during more than 1 week in a plastic vials
then moved to the storage piece.

The geometry of the specimen and the experimental setup have
been designed in order to eliminate the lateral stresses manifesting
in the concentric pullout test (Fig. 1b). This test assesses the eval-
uation of displacement and deformation fields during the test by
using a digital image correlation technique (Fig. 1c).

As a Teflon has been put around the central bar outside the zone
corresponding to the window, the bond length is only 12 cm. The
pullout load was applied at the free end of the central bar of the
specimen (Fig. 1a). The two other bars were loaded in the opposite
direction with respect to two bearings able to roll on a fixed beam,
perpendicular to the loading direction, in order to avoid any lateral
stress and parasite flexural actions. The central bar is in contact
with mortar on only two sides (Fig. 1a coupe A–A).

This test has been created to characterise the behaviour of
steel–concrete interface particularly when the steel is corroded.
To model the behaviour of corroded reinforced concrete structures,
it is necessary to identify the behaviour of corroded steel, the
behaviour of concrete, the properties of rust and finally the behav-
iour of steel–concrete interface. In a classical pull out test, there is a
longitudinal displacement between steel and concrete (slip) due to
applied force. A triaxial state of stress is observed around the bar.
The pull-out capacity is mainly characterised by a mean value of
resistance. In the development of the new LMT test, the main idea
is to eliminate the complex triaxial state of stress and to have a
more simple state of stress due to lateral stresses imposed on
two faces of concrete specimen. The stress state is almost homog-
enous. It prevents from an increase of confining forces during both
classical pull out and tied tests. This new test that eliminates the
lateral confinement also allows to impose very simply a known lat-
eral pressure on the interface. This simplicity allows to determine
very easily the friction angle and cohesion of interface from the
shearing stress-confining stress curves. The interface behaviour
can be then easily modelled.

3. Mechanical behaviour model for concrete components

Macroscopic models generally have many parameters to de-
scribe the complex mechanical behaviour of concrete. The main
part of this complexity is due to geometry, so we choose for paste
or aggregate a mechanical behaviour model as simple as possible,
based on Mazars’s model [23]. The contact between paste and
aggregate is considered as perfect. The model used is Fichant’s
model [24] which controls fracture energy Gf. The plasticity could
be activated if necessary. Damage effects in compression at the
mesoscopic level are decreased with respect to macroscopic behav-
iour. Since, it has been demonstrated that the behaviour in com-
pression of concrete is partially due to the aggregate spatial
distribution. This simple model represents unilateral effects and
provides objective results whatever the mesh size as shown by
[19]. In its original version, the model couples damage and plastic-
ity; here, we present only the isotropic damage part of the model.

The effective stress ~r is obtained from strain e and initial char-
acteristics of materials E and t:

~rij ¼
E

ð1þ tÞ eij þ
Et

ð1þ tÞð1� 2tÞ ekkdij ð1Þ

Then the stresses rij are calculated from the damage variable D:

rij ¼ ð1� DÞh~riþij þ ð1� DÞa1 h~ri�ij ð2Þ

where hXiþ and hXi� design the positive and negative parts of tensor
X defined by [25]. Damage is calculated from equivalent strain ~e de-
fined by [23].
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