N

N

Experimental validation of an anisotropic delay damage
model for impact on reinforced concrete structures
M Chambart, Fabrice Gatuingt, R. Desmorat, D Guilbaud

» To cite this version:

M Chambart, Fabrice Gatuingt, R. Desmorat, D Guilbaud. Experimental validation of an anisotropic
delay damage model for impact on reinforced concrete structures. Concrete Under Severe Conditions
- CONSEC’10, 2010, Merida, Mexico. 10.1201/b10552-186 . hal-01625017

HAL Id: hal-01625017
https://hal.science/hal-01625017
Submitted on 27 Oct 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01625017
https://hal.archives-ouvertes.fr

Experimental validation of an anisotropic delay damage ehtal impact on
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(1) LMT-Cachan, ENS Cachan/lUPMC/CNRSPRES Univer Sud Paris, France
(2) DEN/DM2YSEMT, CEA Saclay, 91191 Gif-sur-Yvette cedex, France

Impact problems on reinforced concrete structures arellyst@mputed with models coupling plasticity and
isotropic damage. The induced damage anisotropy obseoveiési-brittle materials such as concrete is often
reproduced considering different variables for tensicmh@mpression (not consistent with the thermodynamic
framework). Introducing viscosity for both damage and {it&y evolutions enables to reproduce the strength
enhancement due to rate effects. Such kinds of models pgréssemain advantage to describe precisely each
phenomenon locally observed (different rate effects intitba and compression, compaction under confined
loadings ...) but require a large number of parameters. dirdpic damage is quite relevant to describe the
micro-cracking pattern and the failure conditions of quaditle materials and structures. In concrete, a state of
micro-cracks orthogonal to the loading direction in tensamd parallel to it in compression is easily described
by a second order damage variable. This anisotropic dedayade model, used in this work, introduces only
few parameters (7 including elasticity parametérandr) compared to the ones mentioned higher. The effi-
ciency and the validation of such an approach is illustratighl its application on impacted reinforced concrete
beams and dynamic Brazilian tests. The test has been pedowith the drop-weight tower ORION of the
CEA Saclay for two kinds of beam geometries in order to exlfiiéxion and shear rupture.

1 INTRODUCTION

The challenge of understanding the behavior of civil engjimg structures under dynamic loading is usually
linked to security issues but also some economic problerdgaices in instrumentation continue to improve
our understanding on these subjects, so one continuesdatbemworld to develop impact tests on reinforced
concrete structures. The civil engineering is one area evtier tests are the most numerous. Indeed, it's only
repeating the experiments and varying the parameters thatamaged to understand the behavior of structures.
But few cases where experiments are conducted on real wtegcivith the stresses actually envisaged, are
available. Moreover these experiments do not always peavidre information than mockup models. Therefore,
we find in the literature a large number of tests on simplecttines such as slabs or beams. The philosophy of
these kind of tests is to demonstrate on simple structuessiib, slabs) a number of local and global phenomena
to allow modeling of more complex cases. Tests developedarDynamics Laboratory (DYN) of the CEA
Saclay during this work include in this perspective. Twoeymf tests on a drop-weight tower were made:
dynamic Brazilian tests and impact tests on beams. The dgrnarazilian tests are relatively uncommon in
the literature ( (Tedesco, Ross, and Kuennen 1993) maderstheynamic Brazilian tests on split Hopkinson
bars), but very interesting. A fast digital camera has besadun addition to more traditional, but precise and
efficient, instrumentations (accelerometer, displaceémerasurement by camera, force sensors). The recorded
images are analyzed by Digital Image Correlation with thitnsre CORRELI developed at the LMT Cachan
(Besnard, Hild, and Roux 2006). The impact tests on beams gesigned to study the transition from a ductile
failure mode (flexural) to a brittle fracture mode (sheareoiThe two factors influencing this study are the
slenderness of the beam and the transverse reinforcentientgs). An anisotropic delay-damage model has
been developed during this work and it is presented in theskdion. Finally this model is used to model the
tests realized on the drop-weight tower.
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Figure 1: Experimental set-up for impact test on reinforcedcrete beams

2 IMPACT TESTS ON A DROP-WEIGHT TOWER

Dynamic experiments on concrete can be classified into tassels, the ones aiming at characterizing the
dynamic behavior of the material itself and the one focusinghe global structural response. In both cases
a long tradition exists, and the technical improvementparpetual. The experiments presented in this paper
are widely based on the background in this domain. They sbimsimpact tests on a drop-weigth tower, first
on plain concrete cylindrical specimens (brazilian orttiply test) then on reinforced concrete beams. These
experiment thus cover the two fields of dynamical tests. Tdwelty is here the use of a high speed digital video
camera associated with images correlation for the anatysisplacements fields.

2.1 Experimental set-up

The drop-weight tower Orion enables to drop a projectileaug heigth of 7.00 m. The projectile is constituted

of a hollow body in aluminum and of a interchangeable headeelswhose total mass worthes 100kg. For
dynamical brazilian tests, we use a flat circular head whosmeter is 22 cm, as the specimen length. For
impact on beams, the head in rectangular (11*28)and slightly spherical. A force sensor is located between
the projectile head and its body to record the impact forae aécelerometer is also placed there in order to
correct the force measured since it also takes into acchanbertial forces due to the projectile mass.

By integration of the signal given by the accelerometertlecity and the displacement of the projectile
are also known. A Zimmer camera is used to give a second neeaktlre projectile displacement. For concrete
beams, special supports have been designed that let the roéaten but prevent any vertical rebound. Force
sensors measure the reaction on the supports. Finally eldigh speed camera films the specimen or the
beam during the impact. The acquisition frequency choses §om 3000 frames per second to 10000, which
requires the use of a powerful external lighting. The cotgaet-up for impacts on beams is presented in figure
1.

Image correlation is efficient only if the recorded imagesspnt a wide enough gray level spectrum. The
specimen used for dynamical brazilian tests are obtainedittyng up a larger specimen so that the structure of
concrete is visible (aggregates, sand, cement and voidghas the images are suitable for images correlation.
On the contrary, for reinforced concrete beams, we recaditieral face of the beam which is uniformly gray,
therefore a random texture was applied onto this surface frithe experiment to make the correlation possible
by creating local gray level fluctuations.

2.2 Caracterization tests, brazilian test in dynamics

Several specimen are tested in order to illustrate the naliepiay the impact velocity and the specimen length.
Two impact velocities are comparédd =2.42m.s! andV;, = 1.47m.s! and two length,= 22 cm andl,=
9.4cm. The results in terms of impact forces measured asepted in figure 2.

We can observe on these curves that the impact velocity hassaho influence on the maximum impact
force measured, while it is directly proportional to thedpeen length. The impact velocity plays a role on the
value of the second load peak which increases with the wgldicis the energy dissipated, which is proportional
to the area under the impact force curve, which is affectedgbycity.

The figure 3 presents the images obtained with the high serdra during a brazilian test. The fragmentation
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Figure 2: Impact force measured for dynamic Brazilian tests
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Figure 3: Cracking evolution during dynamic Brazilian tdsf = 22cm,V,=1.42 m.s ' .

process is the following: first (t=0.166 ms, concrete is dgackain tension leading to a vertical crack starting
from the upper part of the specimen (but not on the upper ddgded in compression). This crack then opens
and propagates toward the bottom. At the same time (t = 1.0thes)egion around edges start to damage, and
we can observe multiple cracks creating several fragm&htsdamage is due to the compression loading state
encountered in these zones. After that point, the specismemmpletely broken, and the cracks only open more
(t=1.833 ms).

Figures 4(a) and 4(b) represent respectively the horizantavertical displacement fields obtained by images
correlation (Besnard, Hild, and Roux 2006). The horizodigphlacement field shows that the time that takes the
main vertical crack to propagate is lower that the time betwevo recorded images (i.e. less than 0.166ms).
For more interesting results, for instance to measure thekorelocity, it would be necessary to increase the
acquisition speed, which cannot be done with the technalisgy for these tests.

2.3 Impact on reinforced concrete beams

Only three tests have been performed on reinforced conoeat®s, with nevertheless the objective of getting to
two different failure modes: a ductile failure by bendinglabrittle failure with shear cone. In that purpose, two
different lengths and two different reinforcements are pared. Figure 6 summarizes the differences between
the different tests. The other parameters of the geomettyr@inforcement can be found in figure 5. We can
notice in figure 5(a) that the longitudinal reinforcements welded at the ends of the beam to prevent any
sliding.

In figure 5(b), we can see that the lower reinforcing bars lrag@meter of 20mm, the upper ones a 8 mm
diameter and the stirrups a 6 mm one. The beams have a setfi66*200 mnf.

The failure facies are presented in figure 7. For the bendiihgré mode, we can clearly see that the cracks
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Figure 4: Displacement field obtained by images correlatith CORRELI in pixels.
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Figure 5: Geometry and reinforcement of the reinforced petedbeams

Beam Length Span Stirrup
P1 1,8m 1,5m Yes
P2 1,3m 1,0m No
P3 1,3m 1,0m Yes

Figure 6: Design differences



(a) Bending failure: Beams P1 and P3 (b) Punching cone failure: Beam P2

Figure 7: Failure facies for the two failure modes obtain@daoreinforced concrete beam under impact
(V6=8.43ml/s)
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Figure 8: Comparison between impact forces measured fobehding failure (Beam P1) and the punching
cone failure (beam P3).

on the bottom face are more inclined as long as we move awaytfre middle of the beam. We can also observe
cracks on the upper face near supports due to the dynamipattasf bending. For the short beam without
stirrups, a concrete plug comes undone right under impabt,aintained by the longitudinal reinforcements.

The figure 8, that shows the impact forces measured for théailvwe modes, exhibits a very small differ-
ence between the two curves. The maximal force measurethsathe same in both case, as the first impact
duration. A significant difference is only observed in thea® load peak.

3 FINITE ELEMENTS ANALYSIS
3.1 Anisotropic delay-damage model for concrete in dynamic

For concrete, the microcracks due to tension are mainlyogadhal to the loading direction, when the mi-
crocracks due to compression are mainly parallel to theihgadirection. The damage state has then to be
represented by a tensorial varialile(either a fourth rank tensor or a second rank tensor) (Leakok Onat
1981; Krajcinovic 1985). The use of a second order damag®tesimore convenient for practical applications
(as well as for the material parameters identification) dglis the choice made here. The damage anisotropy
induced by either tension or compression is then simply rieadley the consideration of damage evolution
laws ensuring a damage rate proportional to the positiviegbdine strain tensor, i.e. a damage governed by the
principal extensions (Mazars, Berthaud, and Ramtani 1D8&gon and Halm 1998).

The basis of the present work is the rate-independant aopotdamage model proposed by (Desmorat,
Gatuingt, and Ragueneau 2007). According to the thermadigsaframework, the single damage variable
is considered and a single set of material parameters @ fealtension and compression.

The full set of proposed constitutive equations includingatropic delay-damage reads :

e elasticity

1
= EV&—%W&I o e—E':¢ (1)

with E the young’s modulus; the Poisson’s ration anfl the Hooke’s tensor.

o cffective stress

6=[1-D) 20?1 D) 4 L[ ) |1 2)
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where(e)? denotes the deviatoric pats), (resp.(e)_) the positive (resp. negative) part of a scalar.

e Mazars damage criterion

f=r@ D, e= e {0y = \Jir(e)}? 3)

using a viscous regularization, so that the condition 0 corresponds to elastic loading or unloading and
the conditionf > 0 corresponds to damage growth. In this last case one wriggs th

1 DOO —trD
f= —Eln<7bm ) (4)

(€) is the positive part of the strain tensor build from the pesieigen strains.
The material parameteis,. andb are the delay-damage parameters andthefunction is set as

k(€)= g(é) = aA {arctan (2) — arctan (%)} (5)
introducingx, as damage threshold,anda as damage parameters;
e induced damage anisotropy governed by the positive extessi
D = \e)? (6)

The damage multipliek is determined from the damage criterion expressioryfor0 (Equation [4]).

The delay-damage law introduced by (Allix and Dell 1997 eisovered from previous equations and ex-
tended to induced anisotropy as:

tr D = Dy [1 —exp (—=b(g(é) — tr D))] (7)

At the final stage of the numerical implementation the etégtiaw needs to be inverted. This can be done
in a closed form as:

c=(1-D)"?6(1-D)"V*— “3‘_%(1 —D) (8)
+ % (1 —=tr D)(tr o) + (tro)_]1 9)

Figure 10a shows the monotonic stress-strain curves facretnin tension. Quasi-static and dynamic re-
sponses (at different strain rates) are plotted.The nahfearameters describing well concrete quasi-static be-
havior are: = 42 GPa,y = 0.2, kg =5 1075, A = 5103, a = 2.93 10~*. The viscous regularization parameters
areb = 1 andD,, = 50000 s~. The rate effect obtain with these parameters are closéwsetexperimentally
observed. Indeed using a modified version of the Hopkinsondst, Klepaczko and Brara (Klepaczko and
Brara 2001) obtained an increase of tensile resistance foff B0100 s ! strain rate. Figure 10b shows different
damage rate evolutions férx D, = 50000 constant.
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3.2 Brazilian dynamic tests

The geometry and loading are those of the experiments geskerction 2.2. The computer code used (EU-
ROPLEXUS) allow to simulate the impact between two solitlseproduces exactly the load by modeling the
specimen and the projectile which we impose a speed equa tonpact velocity. The mesh is composed of 8
Gauss points cubic elements for the concrete specimen @26tents) and 6 Gauss points prismatic elements
(900) for the projectile. For the three samples tested dam@pws the same evolution. It first appears under
the impact and to support. Then propagate two cracks whielyfimeet in the center of the specimen (figure
9). The crack propagation takes place in less than 0.05 ngstimea period less than the acquisition frequency
of the camera as experimentally observed.

3.3 Beam impact tests

This section is devoted to numerical modeling of impactstest reinforced concrete beams. The numerical
simulations correspond to tests on structures presentsddtion 2.3. The mesh of the beam consists of 5
cubic elements in width, 10 in height and 130 in length forghert beam (180 beam for the long one), which
correspond to a total of 6500 elements (9000 for long). Thefarcement bars were modeled by bar type
elements connected to the 3D mesh of the beam (no slindirgu3ad a perfect elastic plastic behavior for the
bar.

Experimental and numerical impact forces were compareldgams P1 and P3. The results are good for the
short beam P3 except for the first peak that is underestintgtéide simulation. The duration of the first peak
and above the second phase of impact, corresponding to éiméngpof the shear cone are fairly well reproduced.
For the long beam P1, the simulation gives less satisfactsylts. The first peak stress is much higher than
the experimental response. Especially the post-peak pantssrebounds that are not observed during the test.
Figure 11(a) and 11(b) compares for beams P1 and P3 disptaterhthe beam and the projectile. For P3,
the beam and the projectile remain in contact until the redaand then the beam begins to vibrate. For the
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Figure 12: Damag® x x map for the short beam P3

long beam (P1), the impact is longer, so that for the samelationo time, it does not appear a vibration phase.
Comparison with experimental results (figure 11(c)) showsad correlation for the beginning of the impact.
However, the duration of impact calculated is shorter thssigating less which leads to a rebound speed more
important than experimental one. Figure 12 shows the eeolaif the damage computed during the impact.

4 CONCLUSIONS

In this work we developed experimental tests on drop-weiglver and an anisotropic damage model for con-
crete. These tests were instrumented to provide a datatwagaiflating the model developed. For the Brazilian
tests, the impact force, acceleration and the displaceai¢né projectile were measured. A high speed camera
was used to film the tests and analyze the degradation prddegver, the acquisition speed of the camera
used (6000 and 30000 images per second) is not fast enoudiséove the cracks propagation. The Digital
Image Correlation, however, allowed to observe the ovedigfilacement of the beam and the specimen before
cracking. The number of test is relatively low (4 Braziliamda4d beams), so that few parameters have been
studied.

The anisotropic model reproduces well (at least for the iBaaztest and impact test on beam) the cracking
shape. Furthermore, numerical simulations have shownthigimodel allowed to carry the calculation to a
stage where the total damage of the structure is very higlcaeherefore characterize the model robust
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