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SUMMARY:

This paper presents a series of three points lestd that was realised during the SMART 2008 cagmpdihe
results presented here are largely derived frold fireeasurements by image correlation. Particutantibn was
given to the evolution of cracking and to the effecf prior damage on the evolution of the dampiatgp. For
each cycle, an equivalent viscous damping and phltdamage indices were determined. Indeed, thysasaf
the local behaviour of a crack (opening, closureppgation, sliding) allows a correlation betweke &nergy
dissipation and the nonlinear behaviour of the neteA numerical campaign was perform using a madr
cyclic model that takes into account these phenanigdris campaign should make it possible to highlihie
influence of the different source of dissipationdamping.
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1. INTRODUCTION

The analyses of the SMART 2008 campaign (Justemlier 2010, Crambuer 2011) (EDF-CEA)
revealed the difficulties to quantify and even mtwanodel the damping phenomena that appears in
reinforced concrete (RC) structures under seisrolicigations. Both experimental and numerical
analyses of damping in structures submitted tarseifoading are needed in order to understand the
mechanisms involved in the energy dissipation phea. It is also a necessity to be able to quantify
these phenomena in order to model them. To do Boriecessary to build a suitable experimental
database.

Many experimental campaigns have been carriedrotiié last decades in order to understand the
causes of damping in RC structures. Most of thesestwhere realised on structural elements and
consisted on hammer shock tests (Capozucca 2099pur point bending test was performed on a
beam in order to achieve different levels of dam@pzmann 2002). Then, for each level, the beam
was taken from the assembly, was suspended and dratest were perform on several points. With
such a test campaign Salzmann highlighted theeantta of the reinforcement ratio on the dissipation
phenomena. Other tests where performed on columigrizontal quasi static displacement load was
applied on the top (Carneiro 2005) or at the midiflé¢he specimen (Tassios 2006). In the tests of
(Brown 2009), a cyclic displacement load was appheith increasing displacement. Generally two or
three cycles were performed at each level in otdetabilise the damage and to be able to calculate
the damping at each level. (Petrini 2009) perforsaidmic tests rather than quasi static tests.

The campaign presented here consisted in perforthieg point bending tests on eight beams. These
beams exhibited four different horizontal reinforant ratios (from 0.5% up to 2%). In quasi static
loading, the loads applied to the beam are genetalitrolled in displacement and consisted in cgycle
of increasing displacement. In this campaign orenbef each configuration was tested with a first
cycle at about 80% of its maximum force, in ordetdst precracked beams. Such a loading case is
interesting because it could represent the behawviba structural component after a main seismic



shock and its behaviour to further lower amplitw#ggsmic excitation. The other beams loading are
totally different. An important damage level is Bsled and then smaller cycles are applied. To catch
the crack pattern evolution during tests imageetation (Hild 2007) were performed on each beam.
To catch the multiple source of dissipation soptased inelastic model were used for the numerical
campaign, in particular for the concrete. This caigp highlights the phenomena that generate the
dissipation, a numerical campaign, with complex eipdave been realised in order to model

correctly the dissipation using complex isotropgeréhge model.

To reach all these objectives the paper is ouliéllows. In section 2, the experimental campasggn
exposed and the experimental setup is emphasizedtténtion is also paid to the equivalent damping
ratio method. Then the experimental results arsgmted and discussed in order to highlight the
mechanism that appears during the tests. In se@jothe numerical campaign is exposed. The
isotropic damage model used to model the concretedescribed with particular attentions to the
mechanisms that are taken into account. Then thigfitrer structural modelling is detailed and itseu

is justified. Finally the numerical results are gared to the experimental ones.

2. EXPERIMENTAL CAMPAIGN
2.1. Experimental setup

Eight rectangular RC beams were tested with diffel@ngitudinal reinforcement steel ratio presented

in Table 1. They were cyclically tested for diffeteloading histories under forced and then

displacement controlled conditions. The beam spec#are 1.65 m length and have a 0.22 m x 0.15
m cross-section area (Crambuer 2012). The reinfioeoe details are presented in Fig.1. The material
considered at the specimen design phase were kreguncrete class C30/37, with reinforced steel

grade of B500B, the average concrete strengthradataan samples are summarised in Table 1.
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Figure 1. RC beam specimen dimensions and reinforcemeniidgta

Fig. 2 (a) shows the setup adopted for the expatmheesting including the vertical MTS actuator
used to apply the load with a capacity of 160kN ahd0mm stroke. The strength is transmitted to the
beam by a jaw connected to the beam. The beamsdasigned to be tested with a simple three-point
bend setup in both directions of loading. The hidgeice used in this campaign, and presented Fig. 2
(b), was developed during (La Borderie 1991) cagmal hey allow making the hypothesis of a hinge
connection. This hypothesis is verified if the babar of the support system remains elastics. is th
setup it means that the maximal hinge device amathould be not greater than 0.2rad.

In order to calculate the equivalent viscous damptirappears that it was more interesting to cantro
the force instead of the displacement. The prolem that you can’t access the post-pic behaviour of
the beam with a force controlled load. Until thexmaum force obtained in a cycle was smaller than
80% of the expected maximum force of the beam|dhd was controlled in force. For the following
cycle the load was controlled in displacement.

Digital image correlation (DIC) was obtained usiagCanon 60D camera. The studied zone of an
image is named the Region Of Interest (ROI) Figghéws a typical dimension of a ROI and the
corresponding resolution. The width of this zon&68® mm. The image resolution is 3456/560 = 6.17



pixels/mm. The system used to apply the alterragtdihg is shown also in Fig. 4. We considered here
the ROI as the entire photographed zone to be zedlpy the DIC technique. This technique of

correlation allows us to characterise in a verycige way displacements and deformations starting
from a reference digital image (Hild 2007). Oneami the Displacement and strain field in the ROI.

Therefore, it is possible to determine the cragisning at each moment a picture is taken. With DIC
one can know the evolution of the cracking stafeth® ROl area during the experiment. The image
correlation is done by CorreliLMT software (Hild @2).

For each series of beams two different loadingsevamplied as presented in Table 1 (Crambuer
2012). The uncracked loading consisted in applyinegressive damage level corresponding to the
first crack, limited damage, average damage, amdoorseveral important damage. For each damage
level the loading consisted in five cycles of loaglas described in Fig. 3(a). The pre-cracked taadi
consisted in applying directly an important damagehe beam. Then progressive damages were
applied to the beam from very low level to veryhigvel as described in Fig. 3(b).

Table 2.1. Specimen specifications and loading charactesistic

Series Beam oh fim Steel ratio (%) Loading case
(MPa)/error(%) | (MPa)/error(%)

1 HA8-L1 32/0.6 2.6/0.1 0.67 Uncracked
HA8-L2 Pre-cracked

2 HA10-L1 34/2.5 2.7/10 1.05 Uncracked
HA10-L2 Pre-cracked

3 HA12-L1 38/12.3 2.7/1.6 1.51 Uncracked
HA12-L2 Pre-cracked

4 HA14-L1 32/5.2 2.7/16 2.05 Uncracked
HA14-L2 Pre-cracked

fem— Mean concrete compressive strength
fin— Mean concrete tensile strength
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Figure 3. Description of loadings: (a) Uncracked and (b)cPaeked




Figure 4. An example of a Region of Interest (ROI) and theesponding resolution
2.2. Equivalent viscous damping ratio

For the case of perfectly symmetric hystereticoasp and corresponding closed loop, the equivalent
viscous dampingd,, can be given by the Eqn 2.1, whelig stands for the dissipated energy within a
given cycle,A4, is the area of the deformation energy stored endfuivalent linear elastic system
having an effective stiffness equalkg s = ;,,/A,.

£y = —2h = _An
€d  4mA, 2mVpAng

(2.1)

In this campaign the loading and the concrete ptigzelead to asymmetric hysteretic response. It is
mainly due to the cracks opening. One also haake into account that the loops are not all closed
due to the evolution of the structure during theleyFor all these reasons the Equation 6 couten't
used in this study.

* However, using the work of (Jacobsen 1960) andrdaaog to (Varum 2003), the equivalent
viscous damping can be evaluated for each haleayicthe force-displacement curves as
described next:First, each half-cycle is determimgtivo successive zero force point.

» For each half cycle the maximum generalised digphentD,, and generalised fordg, are
determined in order to calculate the area of ttierdetion energy

» For each half-cycle, one performs the integrahefforce-displacement curve which is
equivalent to the dissipated enerdy,J and leads to thé,;f 1,0, Value.

» Finally, the equivalent damping ratio is calculaite@ach half-cycle as described in Egn 3.2

_ l Ahalf_loop
Soq = momuLioon (3.2)
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Figure 5. Damping for an hysteretic half cycle (Petrinia 800
2.3. Experimental results

The different reinforcement steel ratios are exgedb reveal different failure mechanisms and to
have a great influence on the beam maximum capatipyoblem appears during the test of the beam
HA14-L1. One of the hinge devices was partiallydied when we applying the loading, so the
behaviour of this beam will not be presented here.

2.3.1. Global behaviour of the eight beams
The overall capacity of the beams is presentedigrt6FIt appears clearly that the capacity of the
beams depends on the steel ratio as it is widetgmed. It is interesting to notice that the logdin



history has a minor effect on the ultimate capadityis confirms the interest of monotonic loadings
determine the material parameters for the predicthodels to be used in numerical analyses. For
every beam one can see that:

« For lower displacements, in the first part of theve, the force increases proportionally to the
displacement and the stiffness gradually reducegalthe appearance of cracks in concrete

e For the most important displacements the forceamesnconstant and the dissipation comes
essentially from the steel.

The difference between the beams of the first sesielue to the collapse of beam HA8-L2 during the
test. Table 2.2 presents the force-displacemepbrese for the beams of the series 2. One can nete t
influence of the loading history on the beam betavi

« For the uncracked beam the stiffness decreasabbr geries of cycle.

e For the precracked beam the stiffness decreas¢ duling the first cycle then it remains
constant until the load reach higher value. Thendtiffness decrease progressively like in the
other beam
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Figure 6. Force-displacement behaviour of the 8 tested beams

Table 2.2. Force displacement curve of the series 2 beams.
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2.3.2. Cracks analyses
Table 2.3 presents the cracking patterns at theobedch test.

e The series 1 and 2 beams exhibit vertical crackss kind of crack is due to bending
solicitation. There is only a few crack it meanstththere is not enough horizontal
reinforcement. The beams behave like concrete heams

* The series 4 beams exhibit of diagonal crackss Kimd of crack is due to bending and shear
solicitation. There is a lot of crack which meahattthe reinforcement takes the stress back
when cracks appear.



» The series 3 beams exhibit vertical and diagoretks. Their behaviour is a mix of the other
series behaviour. It is a classic behaviour of R&nents with an appropriate reinforcement
ratio.

It is also to be noted that all the cracks appéasecto the stirrups position.Table 2.4 presengs th
evolution of the cracking patterns in the ROI dgrthe test for the beam HA10-L2. The two images
on the top represents the first cycle that prel@ddhe structure. One can see in the cycle atkN35
and the second one at +50 that the cracks thaper-for these cycles were all created at the first
+50kN cycle. All the cracks opens more largelytfog £8mm cycle.

Table 3.2. Cracking patterns at the ends of the test
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Table 3.3. Evolution of cracking in the ROI of beam HA10-L2
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2.3.3. Damping evolution

Table 3.4 exhibits the damping evolution of therbgaf series 2. The influence of the loading histor
on damping appears clearly. The precracked beaesemr lower values of damping for every cycle
under the precraked value. With this loading imgatrcracks are create during the first cycle aed th
they just partially reopen and reclose. In the ottgam new or extended crack appear at each new
damage level. This new cracks dissipated more.

Two main behaviours appear clearly, up to 35kN. Piagis quite low, less than 4%. Most of the
dissipation comes from the concrete; a small pamiess from the connections. After 35kN, damping
increases due to the steel hardening. In thistbarlamping values are very close for the two beams



Table 3.4. Evolution of the damping of the series 2 beams
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3.NUMERICAL ANALYSIS
3.1. I sotr opic damage model for concrete under cyclic loading

This constitutive model is expressed within therieavork of isotropic continuum damage mechanics
and plasticity for seismic applications. It is bdsm the following observations (Mazars 1990). In
tension, quasi-brittle materials exhibit localizzdcking although in compression diffuse (or smégare
cracking appears. Therefore, isotropic damagead ustension and plasticity is used in compression
The use of plasticity in compression is frequerthim field of soil mechanics when nonlinearitiesl an
permanent strains must be described. Tension amgression can be split into two distinct parts by
considering the sign of the Cauchy stress. Sinsgéehgtic phenomena are related to localize cragking
this mechanism is considered in tension, allowingalistic description not only of hysteretic loops
but also of permanent strains in tension. The tei# effect is also taken into account using aswle
function which ensures the continuity stress/stralation whatever the loading path. With these
assumptions, one can state that the behaviour repesentative elementary volume is accurately
represented in tension (brittleness, hysteretipdoand permanent strains) and globally described in
compression (nonlinearity and permanent strains).

The proposed isotropic damage model is built withie thermodynamic framework. The best known
lies in expressing this potential as the Helmhfite energy that a strain-based formulation ohas t
Gibbs free enthalpy, that is a stress-based fomonlgLemaitre 1985). Recently, a new class of
constitutive models based on a state coupling twamage and friction has been developed to
describe the behaviour of quasi-brittle materialbjected to cyclic loadings (Ragueneau 2000,
Richard 2010). The potential can be expressed dicgpto Eqn. 4.1:

pY = %{(1 —d)(e —ne™ — eP)E(e —ne™ — €P) + d(e — ne™ — eP)E(e — ne™ — eP) + ya?}
+H(z) + R(p) (4.1)

Where thep is the material density) the Helmotz free energy, E the Young modulus anmsl the
axial straind is the scalar damage variakdé,is the permanent strain,is the closure variable” is
the internal sliding strairy, is the kinematic hardening modulusis the kinematic hardening variable,
z is the isotropic hardening variablg, is the cumulative plastic strain aril and R are two
consolidation functions.

The constitutive laws show interesting propertieshsas the representation of hysteretic loops and
permanent strains. The unilateral effect is takém account through a closure function, ensuriog n
only the continuity of the stress/strain relatiart blso a full stiffness recovery when switchingnfr



tension to compression. The Cauchy stress coutteberibed in Eqn. 4.1:
c=(0—-d)E(c—¢€P)+dE(e —eP) = E(e — €P) (4.2)

The numerical implementation of the above isotrop&nage model in uniaxial stresses case is
applicable for multifibre modelling. A complex laad path is considered to emphasize the numerical
robustness of the proposed constitutive model disas¢he relevancy of the local concrete behaviour
description. The material parameters used to simahas loading path are presented in table 3.§ the
were selected according to the experimental data. [dading is displacement controlled to capture
the post-peak regions. In tension, the model etchibibrittle behaviour as well as hysteretic loops.
Moreover, when switching from tension to compressithe cracks are progressively closed up to
recover the initial stiffness. In compression, panent strains are taken into account as the only
dissipative mechanism is plasticity. A linear babaw is recovered when unloading. The cracks are
also re-opened progressively when a tension s$tass appears after carrying out a compression (Fig
8). The hysteretic stress—strain relationship wffoecing steel is described by the nonlinear maufel
Menegotto and Pinto (Menegotto 1973), as modifigdHilippou 1983) to include the isotropic strain
hardening effects (Fig. 8), the model accountsHerBauschinger effect under cyclic loads.

Table 3.1. Material parameters

Symbol Parameter Identified value
E Young’s modulus 28000 fra
v Poisson’s ratio 0.2
Y, Initial threshold for damage activation 82.823.m
A4 Brittleness coefficient 9.0 1U'.m’
y Kinematic hardening modulus 1 3.0°Ra
a Kinematic hardening modulus 2 8.0%pa’
of Mean closure stress -3.0°1®a
o Compressive strength -10.0°1®a
ag Plastic hardening modulus 1 4.0'9Pa
by Plastic hardening modulus 2 600

Stress

(a) x 10’31 (b) 3 - strain %

Figure 8. Stress-strain Response for concrete (a) and (&pefith the experimental parameters

3.2. Multifibre structural modelling

As will be seen in the following, finite elementmarical simulations were capable to describe quite
well the complex behaviour of this structural elemén this study the displacement of the beam only
occurs in a plan and there is no out of plane dhent. Its behavior is a classic beam behavior.
Since, the computational costs of complete 3D apyres are really important, it was decided to use
an intermediate structural discretisation (betweamplete 3D approach and macro-element method).
A really good method for such elements and loads isse a multifibre approach. It introduces a low

number of degree of freedom insuring global coneecg in a fast way. The classical Timoschenko
beam model is perfectly suited for this kind of igadion. It keeps the refined constitutive equatid



the local level but, due to the beam kinematicss¢hare implemented only in their uniaxial features
The kinematics hypothesis assumes no distortionwanmping of a cross-section. In a multifibre
nonlinear model the flexural and axial behavior emapled. To optimize the simulation cost, only
one half of the beam was model, due to the symmdtehavior. The absence of out of plan
displacement leads us to a mesh with only one elemealepth.

3.3. Numerical results

During the experimental tests, energy dissipatiobdams, is due to cracking of concrete and yigldin
of the reinforcement steel bar. These two phenorhera to be modelled correctly in order to fit the
experimental results. In this study it seems thatdoncrete behaviour is correctly taken into antou
(table 3.2) but for the most important cycles, esponding to the steel yielding the pinching effect
doesn't appear in the model. This could be a apmsece of the fact that the numerical model
assumes perfect bond between steel and concreseeifhs that this phenomenon appears mainly
during unloading when cracks are open on both sidef®re they close at one face. The pinching
effect could also have been underestimated (ovebigtien of loop “fatness”) due to the lack of shear
deformation modelling in the fibre approach.

Table 3.2. Force displacement curve of the series 2 beams.
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4. CONCLUSIONS

A study of an experimental and numerical campaigrR€ beams has been presented. Eight beams
have been tested in a cyclic three point bendifgps&hey all have the same dimensions but differen
longitudinal reinforcement ratio. Two different Kim of loads have been applied in order to study the
influence of the loading history. The measuremetis used a digital image correlation technique
that gives full field information in terms of dig@ement and strain. For each cycle the equivalent
viscous damping has been calculated.

The numerical campaign uses an isotropic damageintioak takes into account damage and isotropic
hardening, internal sliding and kinematic hardenlgsticity and the unilateral effect. To limiteth
computational time, in order to be able in the ffatto perform seismic probabilistic simulation,
multifibre structural modelling was used. Compansdetween experimental and numerical results
were generally satisfactory; for higher damage llev@vever, the numerical model needs some
improvements in order to be able to better predict pinching effect which was observed
experimentally.
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