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Abstract

Experimental and numerical results are provided in this contribution to study the global and cracking
behaviors of two reinforced concrete beams subjected to four point bending. Experimentally, the use
of image correlation technique enables to obtain precise information concerning the cracking
properties (spacing, cumulated, maximum and mean values of the opening). Numerically, two
simulations are compared taking into account a bond model between steel and concrete or
supposing a perfect relation between the two materials. In both cases, a good agreement is achieved
between numerical and experimental results even if the introduction of the bond effects has a direct
influence during the development of the cracks (better agreement during the “active” cracking
phase).

1. Introduction

Characterizing the cracking properties is of major concern when reinforced concrete structures are
considered. Cracking (spacing and opening) may indeed directly impact different structural functions.
One can cite aesthetic aspects for special engineering structures but also mechanical resistance
(decrease of the mechanical resistance with the apparition of cracks) or durability (transfer
properties directly function of the structural damage (Picandet et al. 2011)). That is why engineering
codes ((Eurocode 2007), for example) propose some limit values for the crack opening depending on
the risk (corrosion, external chemical attacks...).

Cracking in reinforced concrete structures is generally influenced by the stress distribution along the
interface between steel and concrete. The classical example to illustrate this effect is a reinforced tie
(Eurocode 2007). Once the first crack appeared in the weakest point of the structure (minimum of
the tensile strength), the concrete stress in the cracked zone drops to zero while the load is totally
supported by the steel reinforcement. The stresses are then progressively transferred from steel to
concrete (Figure 1) defining a transition zone where no more crack can appear.
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Figure 1. Distribution of stresses in steel and camete in a reinforced concrete tie after the firstcrack (oc
and os are the stresses in concrete and steel respediye

This stress transfer is directly influenced by the steel-concrete interface (Eurocode 2007). From this
example, it seems essential to take into account the steel-concrete bond to correctly investigate the
cracking properties. The steel — concrete bond has been widely studied in literature. Different
numerical models have been proposed including spring elements ((Ngo and Scordelis 1967), among
others), zero thickness joint elements ((Clément 1987), (Daoud 2003), (Lowes et al. 2004) for
example)) or embedded elements ((Dominguez and lbrahimbegovic 2012), (Ibrahimbegovic et al.
2010)) for example. Even if these models tend to correctly represent the interface effects, few
authors investigated quantitatively (i.e. with an experimental comparison) the role of the steel —
concrete bond on the cracking properties. This quantitative evaluation is important, especially when
input data are required to feed the model. For example, for steel-concrete bond models, the bond
stress — bond slip law that characterizes the evolution of the bond stress at the interface as a
function of the bond slip (relative displacement between steel and concrete) is generally required
(Figure 2). Different ways exist in literature to describe this curve. For example, Ngo and Scoderlis
(1967) or Khalfallah and Ouchenane (2007) only focuses on the hardening part and propose
simplified linear or bilinear laws. Their approaches are simple to calibrate but fail in representing the
progressive degradation of the bond. Kwak and Kim (2001) propose to include a constant value of the
bond stress at the end of the curve to represent the final degradation at the interface. Finally, Nilson
(1968), Eligehausen et al. (1983) or Harajli (1994) consider more complex but also more
representative evolutions, generally using an exponential law and including a softening branch. It is
to be noted that in addition to the softening behavior, these propositions also differ in their initial
slope: a secant slope in (Ngo and Scoderlis 1967) to a highly stiffer evolution for (Eligehausen et al.
1983) (Figure 3).
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Figure 2. Classical bond stress - bond slip g curve
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Generally, to evaluate the capacity of the numerical models, comparisons are performed on the
global behavior (force — deflection curves) and some qualitative results are obtained on the cracks
(spacing especially). For example, Ragueneau et al. (2006) or Dominguez and lbrahimbegovic (2012)
propose a steel — concrete bond model which is applied successfully on reinforced concrete ties from
(Clement 1987) and (Daoud 2003). They especially show the good agreement between the
experimental and numerical results on the force — displacement curve but produced only qualitative
results on the cracking properties with a number of cracks depending on the steel-concrete model.
Au and Bai (2007) or Oliveira et al. (2007) get interested in the mechanical behavior of reinforced
concrete beams tested in three or four point bending. The comparison on the force — midspan
deflection curves show in both cases a good agreement. Concerning the crack properties, interesting
information are provided on the crack spacing and opening (evolution of the crack width along the
length of the beam in (Oliveira et al. 2007) especially) but no quantitative comparisons are proposed.

In fact, the few comparisons concerning the crack opening may be explained by the experimental
difficulties to obtain this information. Up to recently, two main techniques were used to characterize
the crack properties. Strain gages can be placed on the concrete (Clement 1987) to obtain local
information. This technique presents two drawbacks: first it provides only local information (limited
to the location of the strain gages) and it supposes to know the crack position (or to initiate the crack
by pre-loading for example (Castel and Francois 2011)). Another technique uses displacement
sensors applied at the crack position once the crack appeared on the concrete ((Mivelaz 1996) for
example). But, in this case, information about the crack initiation is not provided. To circumvent
these drawbacks, more global techniques have been developed, based on image correlation.
Compared to other techniques, image correlation enables to provide local information on the whole
structure and does not need any hypothesis on the crack location. Moreover, it is a fully non-
destructive and non-contact measurement.

In this paper, this technique is applied on an experimental campaign on four point bending beams. It
aims especially at comparing a steel — concrete bond model developed in (Casanova et al. 2012) with
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new experimental results concerning the global (force — deflection curve) and local (crack spacing,
crack maximum opening and distribution in the height of the beam) structural behaviors.

In a first part, the experimental campaign will be presented. In the second part, the hypothesis of the
simulation will be explained before the comparison between experiment and simulation (third part).

2. Experimental campaign

2.1. Geometry and experimental device

Two simply supported beams are tested in this experimental campaign (3m length, 0.15m width and
0.25m height). The loading is applied by a hydraulic jack and distributed to the reinforced concrete
structure using a stiff steel beam, in order to provide a constant moment zone (four point bending).
The loading supports are located at 0.75m from the center of the beam (Figure 2).The beams are
reinforced using conventional civil engineering ribbed bars with a diameter of 12 mm for tension
zones and 8 mm for compressive zones and stirrups. There is no stirrup in the constant moment zone
in order to avoid any perturbation in the crack apparition. Conventional curved anchorages are
considered at each end of the tensile bars (Figure 5).

50 ——————————————————— hydraulic jack

Steel beam

Constant moment
zone

750

1500
2850

3000

Figure 4. Principle of the experimental campaign
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Figure 5: Steel reinforcement and anchorages (dimeions in mm)
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2.2 Material properties

Steel and concrete properties are measured using conventional uniaxial tests. Average values are
given in Table 1 for 12 mm diameter steel reinforcement (direct tension tests). For concrete, uniaxial

compressive and splitting tests are performed. Properties are given in Table 2 (mix design) and Table
3 (mechanical properties).

Young modulus Yield stress
E; (GPa) o, (MPa)

190 550
Table 1. Steel properties

(CEMI gze,?l\el;]t(kg ) Water to cement ratio Maximum aggregate size (mm)
350 0,62 14
Table 2. Mix design for concrete
Young modulus Splitting tensile strengtll1 Compressive strength
Ey (GPa) fe (MPa) fc (MPa)
29,8 3,2 39

Table 3. Mechanical properties for concrete



2.3 Experimental measures

The main objective of this experimental campaign on classical reinforced beams is to provide
guantitative results concerning both global and local behaviors. The cracking properties are
especially investigated. To this aim, different measures are performed during the test.

Displacements of the beams are measured through twenty three sensors located on the rear face
(Figure 6):

- Three sensors, located on the top of the beam enable to evaluate the displacement near the
loading points and at the midspan (sensors /, c and r on Figure 6).

- Twenty sensors located at 3.5 cm from the bottom of the beam are used to evaluate locally
horizontal (h sensors) and vertical (v) displacements.

I T I

l c T

Constant moment zone

hio h, hy

| V10 I ! vy V1

Om 0,75m 2,25m 3m

Figure 6. Position of the displacement sensors ohd beam (rear face)

These measures are interesting because they give information about both global (vertical deformed
shape, force — deflection curves for example) and local behaviors. For example, the measured
relative horizontal displacements can be directly related to the value of the cumulated crack opening.
Nevertheless, as already mentioned in the introduction, the information is limited to the position of
the sensors and to the cumulated values.

To improve the measures, image correlation technique is used in order to follow the evolution of the
crack properties (Figure 7). The system is composed of three cameras (2592 x 1728 pixel images)
positioned to capture three different observation zones in the constant moment zone (Figure 8) (one
pixel is around 25 pm). The beam is prepared by using black and white paint on the front face and
the quality of the obtained texture is checked to ensure a good performance of the correlation
algorithm (Besnard et al. 2006).

From the obtained displacement fields (using Correli® software (Besnard et al. 2006)), the crack
properties are calculated: the crack position corresponds to the “jump” in the displacement while the
opening is taken equal to its value (Figure 9).
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3. Simulation program

The aim of the paper is to evaluate the influence of a steel — concrete bond model on the crack
properties by simulating the local and global behaviors of the tested four point bending beams. That
is why a simulation program was launched after the test using the finite element code Cast3m
(Cast3m 2012). The principle of the simulation is briefly presented in the following parts.

3.1. Mesh, boundary conditions and loading

Due to the symmetry of the beams, only one fourth is modeled (half width and half length). Concrete
is meshed using eight node elements (1.5 cm side) (Figure 10). Steel is represented by 1D truss
elements with the same horizontal density as concrete (Figure 11). Steel elements are positioned at
the exact experimental location. Due to the choice of the concrete mesh density in the cross section,
steel and concrete elements are not coincident. The curved anchorages are not explicitly modeled.
They are replaced by cinematic relations that impose the same displacement for steel and concrete
at each end of the horizontal bars. It is to be noted that the simulation is performed using a three
dimensional model in order to evaluate local effects like cover effects or the behavior around the
steel bars.

For the boundary conditions, a zero normal displacement is applied on each face of symmetry. A
simple support (zero vertical displacement) is supposed at the location of the experimental support.
Finally, the loading is considered by imposing a monotonic vertical displacement at the location of
the loading support (Figure 12).

250

75

Figure 10. Concrete mesh (half-length and half-dep) (dimensions in mm)
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Figure 12. Boundary and loading conditions

3.2. Constitutive laws for steel and concrete

Steel reinforcements follow a usual Von Mises perfect plastic law. The model parameters are chosen
to represent the experimental evolution (Young modulus equal to 190 GPa and elastic limit equal to

550 MPa)
For concrete, a damage model, including irreversible strains, is chosen (Costa et al. 2004). In this law,

damage is represented by two independent variables d “ and d ~ which have respectively an influence
in tension and compression. The stress o is evaluated thanks to the following relation :

a=[1—d*(a'+)]a'+ +[1—d’(a”)}a" (1)

where g and o~ correspond respectively to the positive and the negative parts of the effective
stress o :

a'=C(£—£") (2)



In this relation, C is the tensor of elasticity and & represents the total strain. &£ symbolizes the
irreversible strains governed by the damage evolution in compression.

. {o:é& ,

£° = BEH (d‘)ucﬂza (3)
.0

where Sis a model parameter, E the Young modulus and H the Heaviside function. (.) represents the

positive part of the tensor.

The tensile part of the model is regularized using the Hillerborg concept of fracture energy that
guarantees a constant energy release, independently from the mesh size (Hillerborg et al. 1976).

The model parameters have been chosen to be as representative as possible to the experimental
results. As already mentioned by different authors (Mivelaz 1996 for example), a special care was
needed for the determination of the structural tensile strength. In our case, it was chosen equal to
2.5 MPa to correctly represent the threshold of cracking, experimentally observed on the beams. It is
to be noted that this value is smaller than the splitting tensile strength (3.2 MPa). This difference can
be attributed to the specificity of the splitting test (which generally leads to higher values of the
strength) and also to the structural size effect which classically imposes smaller values. With these
conditions, parameters given in Table 4 are chosen.

In the constant moment zone, a homogeneous loading is applied. To enable a localization of the
damage, heterogeneity is introduced through a scattered distribution of the damage threshold strain
defined as the ratio between the tensile strength and the Young modulus of concrete. The obtained
distribution is illustrated in Figure 13.

Young . . Tensile Conpressive Cracking
Poison ratio
modulus v strength strength energy
E, (GPa) b f. (MPa) f. (MPa) G; (N/m)
29,8 0,2 2,5 39 100

Table 4. Parameters for the concrete constitutivealv
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Figure 13. Scattered distribution of the damage theshold strain
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3.3. Bond conditions

One of the key points of the simulation is the modeling of the bond between steel and concrete. In
this contribution, two simulations are compared.

First, a perfect relation is considered. It is the classical hypothesis used for structural applications. It
means that the same displacement is imposed in each direction for both steel and surrounding
concrete, using kinematic relations between the nodal displacements:

8

usl,x = Z Ni (S.L)uci X
i=1
8

usl,y = ; Ni (Sl)uci Y (4)

8
usl,z = Z Ni (Sl)uci Z
i=1

where Ug(with components Ug,, Uy,, Ugy,) and Uy (with components U u u

axr Usyr Ugz)
correspond to the displacement of the steel node (s;) and of the ith node (c;).of the concrete element
in which s; is included (configuration presented in Figure 14 for the x direction). N(s;) is the ith shape
function evaluated at the initial position of the steel node s;. Even if this model is easy to implement,
it fails, by definition, in taking into account the slip between steel and concrete (same displacement =

no slip).

In the second simulation, the model proposed in (Casanova et al. 2012) is used. Instead of the perfect
relation in the direction of the steel elements, internal nodal forces, function of the slip between
steel and concrete at the position of the steel node, are introduced to represent the bond effects
(Figure 15). These forces are explicit functions of the slip, following the equation:

Ifcsl/sl = 5ﬂds|fb (|S|) ﬁ (5)

—

where F, is the internal bond force applied to the steel node, J is a function of the slip sign, d, is

the bar diameter, |is a function of the size of the steel element, tis the direction of the steel

element and fb (|S|) is a law that relates the bond stress to the bond slip.

In the simulation, the bond model is only applied to the tensile reinforced bar while a perfect relation
is always assumed for the compressive reinforcement and the stirrups. The bond stress T (in MPa) —
bond slip s (in mm) law f, is defined using the methodology proposed in (Torre-Casanova 2012) and
follows the equation:

T=103s for T <2 MPa
T=10%s+1,38 for 2MPa <1 <5MPa
T=15s+4,5 for 5MPa <t <12 MPa

(6)
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Figure 16 illustrates the obtained evolution and a comparison with the one proposed in (Harajli
1994). The curve is only defined in the hardening phase as the values of the simulated slips remain
below 0.5 mm (checked after the simulation). The exponential law proposed by Harajli (1994) is
taken as a reference as it reproduces the experiments performed in (Torre-Casanova et al. 2012). It
just has been simplified to become piecewise linear with a strong attention to the beginning of the
curve (initial slope especially). The maximum values of the bond stress and the associated bond slip
have been computed using the methodology proposed in (Torre-Casanova 2012).

Steel node

® Concrete node

Figure 14. Nodal configuration between steel and swunding concrete elements. Perfect relation
(Casanova et al. 2012)

ucsl = z Ni (S.L)uci

{0l
iy

N;(s)
j=18

Bond forces Equivalent nodal forces

Figure 15. Principle of the bond model. Top: defiition of the nodal bond slip at the steel node. Baim:
definition of the internal bond forces at the concete and steel nodes. In this case, the direction thie steel
element is taken equal to the x direction (Casanowet al. 2012)
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Figure 16. Bond stress — bond slip law. Comparisdoetween the proposed model and the evolution from
(Harajli 1994)

3.4. Characterization of the crack properties

Using a damage model for concrete asks the question of how to characterize the crack discontinuity
from a continuous description of the problem. To answer this question, the principle proposed by
(Matallah et al. 2010) is used. It consists in defining a cracking strain &¢ from the distribution of the

total strain € and of the total stress o following the equation:

& = €— &g )
where

1+v v
€l =~ 0~ Etr(a)] (8)

with E and v respectively the concrete Young modulus and Poisson ratio. “tr” stands for the trace
operator and / is the identity matrix. With this technique, the cracking strain corresponds to the
inelastic part of the total strain.

From the distribution of the cracking strain, the crack opening is calculated by multiplying it by
the length A, of each concrete element in the direction 7 normal to the crack (computed from
the direction of the strain localization bands)

wy = (n'- & n).hy 9)
In our case, as the cracks have a vertical direction in the constant moment zone, 4, will be taken
equal to the length of each concrete element in the horizontal direction. It is to be noted that this

technique is especially applicable for softening laws associated to Hillerborg concept of fracture

energy for which the strain is still localized in one element (for reasonably fine element size).

13



4, Results

In this part, numerical and experimental results are compared in order to evaluate the influence, and
the interest, of the bond model on the global and local structural behaviors of the tested reinforced
concrete beams.

4.1. Global behavior

Figure 17 illustrates the global force — deflection curves (vertical displacement at midspan for the top
of the beam — ¢ sensor in Figure 6) with a comparison between experiment and numerical results. In
both cases, the simulation is able to reproduce the experimental behavior in three stages: a linear
elastic evolution where steel and concrete behave elastically, the cracking stage where damage
develops in concrete while steel remains elastic and the plastic stage with inelastic behaviors for
both steel and concrete. No real difference is observed between perfect relation and bond model on
the global behavior, except perhaps during the beginning of the cracking stage where the structural
stiffness is smaller for the simulation using the bond stress —slip law.

Figure 18 shows the evolution of the vertical displacements in the constant moment zone obtained
from the vertical sensors and a comparison with the simulations. Experimentally, classical results are
obtained. From the simulations, it is possible in both cases to reproduce the evolution of the
displacement in a correct way (maximum relative difference of about 20 %). Once again, no clear
difference can be highlighted between simulations using, or not, the bond model.

As a conclusion, both simulations are able to reproduce quite well the experimental global behavior
and the bond model does not seem to influence it.

vertical displacement (mm)
-20 -15 -10 -5 0

_____ perfect relation
——bond model

—experiment

IVer‘tical displacement
at mid-length

Constant moment zone

Force (kN)

Figure 17. Force — deflection curve. Experimentalrad numerical results
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4.2. Horizontal displacements
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First, experimental comparisons are performed on the horizontal displacements in order to validate

the image correlation technique. Results obtained from the horizontal sensors are compared to the

distribution given by the image correlation for different values of the force (Figure 19). A zero

horizontal displacement is supposed at the midspan to correct the rigid body displacement. A good

agreement is observed between the two techniques which validates the methodology. The

differences can be explained by a non-totally symmetric cracking behavior in the depth of the beam.

= 20 kN (sensors)
e 25KkN (sensors)
+ 36 kN (sensors)

1200
—20 kN (correlation)
---25 kN (correlation)
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Figure 19. Horizontal displacement. Experimental cmparisons between LVDT sensors and image

correlation
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Moreover, as previously mentioned, the image correlation technique is able to provide “continuous”
information on the front face while the sensors provide only localized information (cumulated
displacement along the sensors). Especially, the image correlation technique enables to precisely
locate the jumps in the displacement that characterize the crack opening. In this sense, it represents
a real advantage compared to classical measurement methods. In the following, only results from
image correlation technique will be presented.

A comparison on the horizontal displacement is proposed between the experiment and the
simulations for two values of the force (25 kN for Figure 20 and 36 kN for Figure 21). Experimentally,
two curves are proposed in the figure, one for each tested beam. Concerning the numerical results,
both simulations are able to capture the values of the horizontal displacement. It validates the ability
of the models to be globally representative of the cracking behavior. More precisely, the bond model
seems to better estimate the horizontal displacements at the beginning of the cracking process (25
kN) for which the perfect relation underestimates the horizontal displacement. But, when the crack is
developed (36 kN), the differences between the two simulations tend to decrease.

500
T perfect relation
\,\_"\\ B ——bond model
E 400 \I‘\ LS - —axpedinend o 1)
z i) o T N experiment (beam 2)
!
g 300 ;
2‘ horizontal displacement E
3 along the line 1
£ 200 '
g € >
- !
g !
= .
W : v 1
100 L
[ T
3 “ |
| {
0,75 0,95 1,15 1,35

horizontal position (m)

Figure 20. Evolution of the horizontal displacemenglong the beam. Applied force equal to 25 kN.
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600 R i SR
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- - Ay,
< AT !
= Vv e H
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Horizontal position (m)
Figure 21. Evolution of the horizontal displacementlong the beam. Applied force equal to 36 kN
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This evolution can probably be explained by the competition between two effects: the stress transfer
associated to the bond effect at the beginning of the cracking process and the development of
damage in concrete during loading which tends to limit the effect of the bond model.

4.3. Cracking properties

Image correlation gives access to local results on the front face. It thus enables to produce results
concerning the crack opening and spacing. Table 5 summarizes the results for four characteristic
values of the applied force concerning the number of cracks and the crack opening along the bottom
line of the front face (cumulated, mean and maximum values). Experiment and simulations are
compared. Experimental values correspond to the mean values measured on the two tested beams.
That is why non integer values are obtained for the number of cracks for example.

Concerning the crack spacing, the bond model seems better appropriate to represent the apparition
of the cracks. With the perfect relation, the final number of cracks is correctly represented (13
cracks) but the initiation and the development of the cracks are not so well simulated
(underestimation of the number of cracks for 20 kN). For the opening, this table confirms the
tendency observed on the horizontal displacement curves. The introduction of the bond model
improves the simulation of the cracking behavior in the active cracking phase (20 kN and 25 kN). The
difference tends to decrease with the development of the cracks. Nevertheless, the simulation using
the bond model gives crack openings which are generally higher than those obtained with the
perfect relation.

20 kN 25 kN
PR BM Exp. PR BM Exp.
Number of cracks 6 10 10 12 10 10,5
Mean spacing (cm) 23.5 15 16 12.5 15 15.5
L@ Mean value (pm) 17 21 54 68 107 100
§ = Maximum value (um) 20 30 114 85 113 188
) Cumulated value (um) 100 206 540 813 1069 | 1040
36 kN 42 kN
PR BM Exp. PR BM Exp.
Number of cracks 13 13 12,5 13 13 13,5
Mean spacing (mm) 11.5 11.5 11 11.5 11.5 11
L@ Mean value (um) 173 190 186 213 217 186
§ '5 Maximum value (pm) 210 235 298 264 281 295
c & Cumulated value (um) 2256 | 2278 | 2250 | 2771 | 2824 | 2500

Table 5. Crack properties for 4 values of the forceComparison between experiment (“Exp.”), simulatio
using perfect relation hypothesis (“PR”) and simuldion using the bond model (“BM”). Experimental
values are mean values between the two tested beaBsmulated and mean values of the opening are
obtained at the bottom line of the front face. Fothe simulation, the cumulated values are obtainedyb

multiplying by two the calculated values (symmetry)
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It is to be noted that the experimental initiation of crack seems faster than the simulated one. It is
especially visible for a force of 20 kN for which the maximum and cumulated values are higher than
the simulated ones. This difference at the very beginning of the cracking phase could be explained by
the choice of the constitutive law (as the crack opening is in our approach a direct function of the
strain which depends on the chosen constitutive law) or by the approximate evaluation of the
structural tensile strength (see section 3.2.) (as the value of the tensile strength directly influences
the end of the initial linear elastic phase). This point would need a further study to quantitatively
investigate the influence of both effects on both global (small overestimation of the experimental
curve) and local results. Figure 22 shows the evolution of the cumulated crack opening on the
bottom line of the front face with the force. A good agreement is achieved between experiment and
simulations. As already mentioned, the introduction of the bond model tends to increase the crack
opening and to improve the response. Especially, during the active cracking phase at the beginning of
the loading. It is more or less the same for the maximum value of the crack opening (Figure 23).
Globally, a good agreement is obtained with the simulations.
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One of the main advantages of the correlation technique is to give access to cracking results in every
point of the considered face. It becomes possible to investigate local results. For example, Figure 24
and Figure 25 give the cumulated crack opening in the height of the beam for two values of the force
(25 kN and 36 kN). In the first figure, the influence of the bond model is clearly underlined. Taking
into account the bond effects improves significantly the simulation of the crack opening. When the
cracking is developed, the differences between the two simulations tend to decrease and the results
are more or less the same. It is also interesting to notice that in both cases the position of the
“neutral axis” (zero crack opening) is correctly reproduced.

To conclude the comparison between the simulations, Figure 26 and Figure 27 give the tensile
damage distribution (d* in equation (1)) for a force equal to 36 kN along two lines. The first line
corresponds to the external bottom line at the width of the tensile steel bar while the second one
includes the concrete element surrounding the tensile steel reinforcement.
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= --- experiment (beam 2)
£015
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-%ﬁ | €&—— Cumulative crack —>
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0,00
0 500 1000 1500 2000
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Figure 24. Cumulated crack opening in the height aa force of 25 kN
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Figure 25. Cumulated crack opening in the height aa force of 36 kN
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Damage is equal to zero in the safe parts of the structure and equal to one at the position of the
cracks. If the external behavior is considered (Figure 26), as already mentioned, no real difference is
observed between the two simulations. The failure mode is similar. But if the internal behavior is
observed (i.e. near the steel reinforcement, Figure 27), the perfect relation involves a total
degradation of the surrounding concrete elements (damage almost equal to one along the whole
line) whereas with the bond model, the degradation is more progressive and certainly more
representative of the experimental behavior. This effect is directly influenced by the introduction of a
bond slip with the bond model as illustrated in Figure 28. As expected (Au and Bai 2007), the crack
location (damage equal to one) coincides with a “discontinuity” in the slip distribution which cannot
be captured, by definition, with the perfect relation (same displacements between steel and
concrete). It is to be noted that the maximum values of the slip reached around 45 pm. It validates
the definition of the numerical bond stress — bond slip law only in the hardening phase, as the bond
model is only used in the very beginning of the law.
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Figure 29. Evolution of the axial steel stress alanthe tensile steel bar (F = 25 kN). Comparison beten
the perfect relation hypothesis and the bond model

Figure 29 and Figure 30 give the evolution of the steel stress along the tensile steel bar for two values
of the force (active cracking phase — 25 kN and stabilized phase — 36 kN). In the constant moment
zone, the steel stress is directly influenced by the distribution of the shear stress. During the active

cracking phase (Figure 29), the steel stress obtained with the bond model is higher. This difference
can be explained by two effects:

- The introduction of the bond slip, instead of the perfect relation, which “releases” the
concrete at the position of the crack, especially when the cracks appear

- The decreasing slope at each side of the crack which is influenced by the bond model (stiffer
behavior with the perfect relation)
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After the apparition of the cracks, the differences in the stress distribution (Figure 30) tend to
decrease as the stress distribution is rather influenced by the development of concrete damage than
by the stress transfer due to the bond.

5. Conclusions

In this contribution, experimental and numerical results were presented in order to characterize the
cracking behavior of two reinforced concrete beams loaded in four point bending. The objective was
to provide experimental results concerning the cracks and to numerically evaluate the influence of
taking into account a steel-concrete bond model for the simulation of a four point reinforced
concrete beam.

Experimentally, the use of image correlation technique enabled to obtain local results concerning the
cracking. Maximum, mean and cumulated crack openings were measured especially. The data
obtained from the correlation technique were compared to classical sensors and validated the
chosen method. Compared to more usual approaches, this technique gave access to the distribution
of the displacement field on the whole instrumented face. In this sense, this contribution provides
interesting results for numerical comparisons and benchmarking activities.

Numerically, two approaches were compared, taking into account the bond slip effect between steel
and concrete or considering the classical perfect relation hypothesis. The comparison between the
two simulations leads to the following conclusions:

- Concerning the global behavior, on the force-deflection curve (global behavior), no
significant difference was noticed considering or not the bond model and a good agreement
with experimental results was achieved in both cases.

- Concerning the cracking behavior (studied on the external instrumented face) :

0 the introduction of the bond model enables to improve the description of the “active
cracking phase” (beginning of crack apparition) with, especially, a better agreement
on the crack spacing.
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0 After the apparition of the main cracks, the local behavior is rather governed by the
concrete damage and the bond model does not influence any more the results with
similar crack properties obtained with both simulations

- Concerning the cracking behavior (studied inside the concrete, near the tensile steel bar),
taking into account the steel-concrete bond has a high impact in the neighborhood of the
steel bars. It avoids the well-known localization of the damage along the bar. This point may
be of great interest, especially when local damages inside the structure are needed
(evaluation of the transfer properties for example).

As a conclusion, taking into account numerically the steel — concrete bond for this particular example
(i.e. for this geometry and for this four point bending loading) presents an interest for the description
of the active cracking phase and for the local mechanical degradation. If global or “stabilized” results
are needed, the perfect relation is sufficient to provide acceptable results. It is to be noted that this
conclusion is highly dependent on the shape of the bond stress — bond slip law which has been
calibrated in this present study from experimental results. Moreover, further studies on different
cases (influence of the concrete cover for example) or loadings (three point bending for example)
should be performed in order to generalize these conclusions.

Acknowledgments

The authors would like to thank Prof. F. Hild for his helpful discussions concerning the image
correlation technique.

References

Au FTK, Bai ZZ (2007) two-dimensional nonlinear finite element analysis of monotonically and
nonreversed cyclically loaded RC beams. Engineering Structures 29:2921-2934

Besnard G, Hild F, Roux S (2006) Finite element displacement field analysis from digital images:
application to Portevin-Le Chatelier bands. Experimental Mechanics 46:789-803

Casanova A, Jason L, Davenne L (2012) Bond slip model for the simulation of reinforced concrete
structures. Engineering Structures 39:66-78

Cast3m (2012) http://www-cast3m.cea.fr/

Castel A, Francois R (2011) Modeling of steel and concrete strains between primary cracks for the
prediction of cover-controlled cracking in RC beams. Engineering Structures 33:3668-3675

Clément JL (1987) Interface acier-béton et comportement des structures en béton armé-
Caractérisation- Modélisation. PhD Thesis Université Paris 6

Costa C, Pegon P, Aréde A, Castro J (2004) Implementation of the damage model in tension and
compression with plasticity in Cast3M. JRC Report

Daoud A (2003) Etudes expérimentales de la liaison entre |'acier et le béton autoplagant —
Contribution a la modélisation. PhD Thesis INSA Toulouse

23



Dominguez N, lbrahimbegovic A (2012) A non-linear thermodynamical model for steel-concrete
bonding. Computers and structures 106-107:29-45

Eligehausen R, Popov EP, Bertero VV (1983) Local bond stress — slip relationships of deformed bars
under generalized excitations. Report n° UCB/EERC-83/23 University of California

Eurocode 2 (2007) Calcul des Structures en béton. NF-EN-1992

Ferreira MDC, Venturini WS, Hild F (2011) On the analysis of notched concrete beams: from
measurement with digital image correlation to identification with boundary element method of a
cohesive model. Engineering Fracture Mechanics 78: 71-84

Harajli MH (1994) Development/splice strength of reinforcing bars embedded in plain and fiber
reinforced concrete. ACI Structural Journal 9: 511-520

Hillerborg A, Modeer M, Peterson PE (1976) Analysis of Crack Formation and Crack Growth in
Concrete by means of Fracture Mechanic and Finite Elements. Cement and concrete Research 6:773-
782

Ibrahimbegovic A, Boulkertous A, Davenne L, Brancherie D (2010) Modeling of reinforced-concrete
structures providing crack spacing based on XFEM, ED-FEM and novel operator split solution
procedure. International Journal for Numerical Methods in Engineering 83:452-481

Khalfallah S, Ouchenane M (2007) Numerical solution of bond for pull-out test: the direct problem.
Asian Journal of Civil Engineering 8:491-505

Kwak HG, Kim SP (2001) Bond slip behavior under monotonic uniaxial loads. Engineering Structures
23:238-309

Lowes LN, Moehle JP, Govindjee S (2004) Concrete-Steel Bond Model for Use in Finite Element
Modeling of Reinforced Concrete Structures. ACI Structural Journal 101:501-511

Matallah M, La Borderie C, Maurel O (2009) A practical method to estimate crack opening in concrete
structures. International Journal for numerical and analytical methods in geomechanics 34:1615-
1633

Mivelaz P (1996) Etanchéité des structures en béton armé- Fuites au travers d’un élément fissuré.
PhD thesis Ecole Polytechnique Fédérale de Lausanne

Nilson AH (1968) Nonlinear analysis of reinforced concrete by the finite element method. ACl Journal
65:757-766

Ngo D, Scordelis AC (1967) Finite Element Analysis of Reinforced Concrete Beams. ACI Journal
64,:152-163

Oliveira RS, Ramalho MA, Corréa MRS (2008) A layered finite elements for reinforced concrete beams
with bond-slip effects. Cement and Concrete Composites 30:245-252

Picandet V, Khelidj A, Bastian G (2001) Effect of axial compressive damage on gas permeability of
ordinary and high performance concrete. Cement and Concrete Research 31:1525-1532

24



Ragueneau F, Dominguez N, lbrahimbegovic A (2006) Thermodynamic-based interface model for
cohessive brittle materials : application to bond slip in RC structures. Computer Methods in Applied
Mechanics and Engineering 195:7249-7263

Torre-Casanova A (2012) Prise en compte de la liaison acier-béton pour le calcul de structures
industrielles. Phd Thesis Ecole Normale Supérieure de Cachan

Torre-Casanova A, Jason L, Davenne L, Pinelli X (2013) Confinement effects on the steel-concrete
bond strength and pull-out failure. Engineering Fracture Mechanics 97:92-104

25



