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ABSTRACT. Three simplified modelling strategies are proposed to simulate the non linear
behaviour of reinforced concrete (RC) structures submitted to severe loadings. The
Equivalent Reinforced Concrete model (ERC) is suitable for very squat RC walls and it is
based on the Framework method coupled with damage mechanics and plasticity constitutive
laws. The multifiber Timoshenko beam can be used for slender or squat structures submitted
to severe shear or torsion. Finally, the SSI macro-element coupled with the multifiber beam is
able to reproduce soil structure interaction phenomena on the foundation and the structure.

RESUME. Trois stratégies simplifiées de modélisation du comportement non linéaire de
structures en béton armé soumises a des chargements séveres sont proposées. Le béton armé
équivalent est adéquat pour des voiles trés faiblement élancés. 1l est inspiré de la Framework
method couplée avec des lois de comportement basées sur la mécanique de |’endommagement
et de plasticité. La poutre multifibre Timoshenko est utilisée pour des structures élancées ou a
faible élancement soumises a du cisaillement ou de la torsion. Enfin, le macro-élément ISS
couplé avec la poutre multifibre est capable de reproduire les phénomenes d’interaction
sol/structure au niveau de la fondation et de la structure.

KEYWORDS: SSI, Timoshenko beam, multifiber beam, shear, torsion, macro-element.

MOTS-CLES : ISS, poutre Timoshenko, poutre multifibre, cisaillement, torsion, macro-élément.




1. Introduction

Non-linea dynamic adysis based on detied finite dement modelsrequires
large-scde computationsand delicae solution techniques. The necessty to peform
parametric studies and the stochastic naure of the input accéerations often impose
simplified numericamodellingin orde to reduce computatinal cost. Threerecently
developed simplified modellingstrategies are presented heedter together with some
validation examples:

— The Equivalent Reinforced Concree model (ERC), suitable to reproducethe
global(force/displacement) behaviour of squatreinforced concree walls.

— A multifiber Timoshenko beamelement, cgpable to simulate the nonlinear be-
haviour of reinforced concree (RC) structures submitted to bending,shea andtorson.

— A macao-dement tha, coupledwith multifiber beans is able to reproduce com-
plicate Soil Strudure Interacion phenomena

All the ébowetoolscan beintroducedn every general purpog finite dement code
and could beof grea importancein the everyday life of an engneaing office.

2. Equivalent Reinforced Concrete modd

A model based on first orde bean theory (Bernoulli or Timoshenko) is unable
to reproduceshea deformdions and stresses in structures presenting a very smdl

sendernasratio (Mazas et al., 2002). An aternaive simplified method is the so
cdled Equivalent Reinforced Concrde model (ERC), (Kotronis 2000), (Mazas et
al., 2002), (Kotroniset al., 2003). The modeluses a lattice mesh and it is inspired
on the Framework Method (Hrennikoff, 1941). The basic idea ®nssts on usng the
paternsof the Franework Methodin a non-linearcontext and for anon-homogaous
material with conditutive laws based on damge medanics and plagticity. The man

asumptionsof the propogd strategy are (Figurel):

1) An elementary volumeof reinforced concrde (EV) is separated into a concree
element (C) and a horizontd and a vertical reinforcement bar (S and Sy respec
tively). Concrde and sted are then modellal separately using two different lattices.

2) The sedions of the bars mulating concree ae derived from the Framework
Method. 1D damage medhanics conditutive laws are introduced.

3) A lattice ompo=d by horizntd and vertical bars coupled with auniaxial plas-
ticity modelsimulates ded. The sedion and podtion of the bars coincide with the
adud sedion and postion of thereinforcement. Therefore, thelattice used for sted is
in generd different from thelattice simulating concree. In orde to simplify themesh
the method of distribution can also be used, where the sedions of bas are defined
proportional toa crrespondingsurface aea seeFigure6. More information and dif-
ferent case studies can befoundin (Kotronis 2000),(Mazas et al., 2002),(Kotronis
et al., 2003).



4) Pafect bondis assumed beween concrde and sted.

5) When the stressfield is quite homogeneouyghe numberof elementstha simu-
late concrde or sted doesnot have agred influenceon the results (Kotronis 2000).
Therefore a ‘maaoscopic” modelcan beused instead of the “equivalent lattice”, see

Figurel.

steel S+
concrets _—| \ C + Sy
-]
- -
Elementary Volume Equiv. lattice Concrete Steel
steel concrete
= 6
Cont. medium Equivalent lattice Macroscopic model

Figure 1. TheEquivalent Ranforced Concrete model

For plane stress conditionsand for the @ncrde lattice, the patern presented in
Figure2 and the following equationsof the Framework Methodcan beused.

Ap
Ay » The ratio height/length is
As A, Ao |8 arbitrary.
B » Equations are valid for a
Poisson’s ratio equal to 1/3.
. ka 5 » tis the width of the plate.

Ay A, A, Section of bars

Figure 2. Framework Method- Pattern for planestress
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Ap = g (3—k%) at (2]
3 (1+kY:
A= 1o 3 ot [3]

where k theratio between the lengthand the height « of the pattern and t the width of
theplate.

REMARKS.

1) In orde to deive the previous patern, the aiterion of suitability adopted by
Hrennikoff is the equality in deformability of the framework and the solid maerial
in elagticity. In othe words the patern gives the exad results only for an elastic
homogeneoumaterial.

2) More coomplicae patensof theFramework methodare independentof thePois
sonratio. We choose to work with the simplest onein orde to deaease the necessary
computationatime.

3) A crudal paameter for the success of the non-linearsimulation is the angle
0 tha the diagonalsof the @ncree lattice form with the horizontd bars. This angle
dependsonthereinforcement ratiosin thehorizontd and vertical direcion, theloading
(normd compressve stress at the base of the spedmens and shea stres§ and the
boundaryconditions It is related with the diredion of the aads into the structure
(thebars are suppo®d reproducingthe Ritter-Morsch scheme). Calibrating this angle
by performingan elastic cdculation to ge the orientation of the prindpal axis when
cradking beginsis away to obtan roughly a solution. However, senstivity increases
with low reinforcement ratios and so the quegion is gill open, see (Kotroniset al.,
2003)and Subsdion 5.1.2).

3. Multifiber Timoshenko beam

A 3D multifiber Timoshenko beamelement has been developed in (Kotronis
2000),(Kotroniset al., 2004),(Kotroniset al., 2005a)and (Mazas et al., 2006). The
element is displacement-based and hashigherorde interpdation functions to avoid
any shea locking phenomenécubic and quadréic polynomids are used for thetrans
verse and rotationd displacenentsrespedively (Friedman et al., 1993)).

In the following equationsl and 2 are the two nodesof the bean, z its axis, s
the subgcript defining the “sedion veriables’, u, v, w the displacanentsand ., 6., 6.
therotaionsacmrdingto thez, y, z axis respedively. L is thelength, S the sedion,
Ky, k- the shea corredion fadors, I the momentof inertia, £ the Youngand G the
shea moduli, Figure3.



Thematrix IV contaning the interpolaion functionstakes the following form:

Ny 0 0 0 0 0 N» 0 0 0 0 0
0 N3 0 0 0 Ny 0 N5 0 0 0 Ng
N_| 0 0o Ny 0 -N; 0O 0 0 N 0 -N; 0
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and N} = N;(¢*), ¢ and ¢* stiffnessratio dueto flexion and shea:
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Figure 3. 3D Beam

The “generdised” displacements U, (at the sedion level) are linked with the dis-
placenentsat thenodesU with thefollowing equations

U =NU 7]

QT:{ us(z) vs(z) ws(w) bOa(x) Ogy(z) 0Os:(x) } [8]

Ul={w v wi O Oy 01 us va wo Opr Oy 0.0}

[9]

The sedion "generadlized” stresses and strains are finally cdculated by numerica
integration, acardingto the equationsprovided in (Guedes et al., 1994).

The dowe interpoldionsfunctionsdepend onthe maerials properties and are cd-
culated only onceduringthefirst step. Introdudng internal degrees of freedomin the
formulation of the bean and adequatehigherorde interpolaion functions (indepen-
dent on the maerial properties) one carfind theinterpolaion functions of Equdions
[4] and [5] throughclasdca static condenstion (Caillerie et al., n.d.).

In orde to solve thetorson problemfor a plane sedion compogd of several ma
terials, a warping-conductionanadogy method is used (Proix et al., 2000), (Mazas
et al., 2006). The problem of the cdculation of the warping function ¢(y, z) for a
sedion made up of several elastic materials (shea modulusG;) is trandormed into a
2D conduction proble in a plate made up of several materials (theemd conductvity
A:). The guivalent conduction problen takes the following form (with T'(y, z) the
tempeature function):

AT(y,z) =0 [10]



By applying the mrred boundaryconditions the problem can besolved with any
finite dement code ableo solve thermd conduction probles (Mazaset al., 2006).

4. SSImacro-dement

The maao-dement conceptwas applied for the first time in geomedanics
in (Novaet al., 1991). It condstsin condening all nonlinearities into afinite domain
and works with generalized variables (forces and digplacaments) tha allow simulat-
ing the behaviour of shdlow foundationsin a simplified way. The mago-dement
developed in (Grange,2008),(Grangeet al., 2008a),(Grangeet al., 2008b),(Grange
et al., 2009)is inspired from (Crémer et al., 2001)and (Crémer et al., 2002)and it
reproduceghe behaviour of a 3D shdlow foundation ofcircular, redangularor strip
shgpe submitted to cyclic or dynamicloadings It takes into acount theplasticity
of the soil and the uplift of the foundation. A brief outline of the formulation of the
maao-dement follows:

The asdated generaized variables (displacenent and force vedors) are dimen-
sionless They are ddfined heedter (for any a, o’ defines the @rresponding dimen
sionlessvariable): vertical forceV’, horizontd forces H,,, H; and momentsi;, M,
but also the @rresponding diplacenents vertical settlement v/, horizontd displace
ments u,, u; and rotaions 6, 0,. Torquemoment(M]) is not teken into acount
(Figure4).

h

Figure 4. Generalised variables: (a) forces and (b) displacamentsfor a redangular
foundation

(b)

<
83
<
©

The dagtic part of the onditutive law is defined asF = K, where the dis-

placement u®! andforcevectorsF are dimensonless The dast?: stiffnessmatrix gﬂ
is cdculated usng thered part of the static impedances. It is conddered diagonal,i.e.
thereis not coupling betveen the different direcions of the loading.

The failure criterion for the plasticity medanism is defined for an owverturning
medanism with uplift (Sdenconet al., 1995),(Pedker, 1997).The algptationin 3D is
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doneby addingthetwo termsrelated with the horizontd force axd momentacording
to the othe axis and assumingaxial symmetry Onefinally obtains the following 5D
surface seeFigure5s.

H, ar )’ My Q2 i
F,rp)=—~ - - — e —
fe (B, 7, p,7) (paV’C(w — vyl o ) + pbV7e (v — V/)f p

H; Qs 2 M/ Qg 2
v 8 = ) 1= 11
- (paV’C(v Ve p ) v v T 0

Figure 5. Evolution of theloading surfaces andfailure ariterion

The méefficients a, b define the size of the surfacein the planes (H' — M’). ¢,
d, e and f define the parabolic shape of the surfacein the planes (V' — M’) and
(V' — H'). Theses parameters can befitted to different experimentd results foundin
theliterature 7 = [ag, as, as, ay] is thekinematics hardening veador compo®d of 4
kinematics hardening variables and p theisotropichardening variable. Thevariable v
is chosen to paametrize the secondintersedion pointof the loading surfacewith the
V'’ axis and its evolution dlong the V"’ axis. The e/olutionsof the hardening variables
are obtaned consdering experimentd results and numericasimulations (Crémer et
al., 2001)of foundationsundercyclic loadings

Thefailure criterion is given by Equdion [11] conddering (a1, ag, as, g, p,y) =
(0,0,0,0,1,1). Theflow rule used is asodiated in the (H,, M, H},, M,) hyperplae
and nonasodated in the (H,, V'), (M;, V"), (H,,, V'), (M, V") planes.

Uplift behaviour is also treaed acordingto the dasdca plasticity theory follow-

ing the M — 0 relationship propogd in (Crémer et al., 2001). For furthe deails see
(Grange,2008).



5. Case studies
5.1. Modeling of the SAFE specimens

5.1.1. Description of thetests

Within the SAFE reseach projed, 13 squatreinforced concrete walls have been
tested pseudodynanicdly (PSDtest method) at the Joint Reseach Center of the Eu-
ropean Commisson at ISPRA in Italy (Pegonet al., 1998b)and (Pegonet al., 1998a).
The spedmenswere very squat(slendernas0.46) and therotation of ther upperpart
was restrained duringthetests to ensure ahigh level of shea. The results of the nu-
merical simulation of the T5 and T12 spedmens usng the ERC modelling strategy
follow.

REMARK.— T5 and T12 hal the same geomdric charaderistics, the only differences
were the reinforcement ratio and the norma stressat the base (i.e. T12 hal a mud
moreimportant normd stressand a smaler reinforcement ratio).

5.1.2. Numerical results

Details about the concrie and sted meshes are provided in Figure6. The chosen
angled is cdibrated from the experimentd results (¢ = 41, 6° for T5and § = 30, 1°
for T12). The flangesof the shea walls are described usng muti-layered Bernoulli
bean elementsto acountfor bending. The width of these bean elements equalsthe
adud length of the flange. Four stiff bean elements the rotation of which is not
allowed, simulate the top dlab. Vertical displacement is free and the walls are fixed
at the base. Concrde is smulated usng a uniaxial damage medianics law (La Bor-
derie, 1991),(La Borderie, 2003)and sted with a dasscal uniaxial plasticity law with
hardening.

Comparison othe experimentd with the numericé resultsin Figure7 shows tha
theERCmodellingstrategy is able to reproducethenonlinea behaviour of very squat
RCwalls in termsof globalforces/displacenents

To study theinfluenceof the angled, asenstivity andysis is presented in Figure8.
For normdly reinforced concrde structures (e.g. T5 spedmen), the results of the
simulation do notchangesignificantly with the angle A value between 35° and 45°
corredly reproduceghe global behaviour. However, for lightly reinforced concree
structures with an important normd stress(e.g. T12 spedmen), the orred values of
the angle ae foundsignificantly reduced(between 30° and 33°).

Simulaionsof the SAFE canpagn with the Rotaling Angle Softened TrussModd
(RA-STM, (Hsu, 1996))are presented in Figure9. AstheRA-STM is based onexper-
imentd results where the rotation of thetested spedmenswas free, it underatimates
the strength ofthe T5 and T12 spedmens. The ERC modelseans more alequate at
least for the examples gudied hee, as it can reproducethe behaviour of squatwalls
with or without rotaion. In Figure9 we present a comparison bet@en the RA-STM



andthe ERCmodel,conddering thistime for thelatter thetop slabsfreeto rotae. The
influenceof theboundaryconditionsis apparent.

Stff beams

OO

1.2m

-

T12 model

Aposigga | 0.07TE02 m?

E = H|>= [
m Truzs Slaments
) . 292m .

T3 model T12 model
H,; 17.59%104 m? H,; 141%104 m?
Vi 14.96%10% m? Vi
Vs 997*10% m? Vs 1.41*10

(c) (d)

Figure 6. ERCmodel meshes: concrete (a) and sted mesh (c) for T5, corcrete (b)
andsted mesh (d) for T12 spedmens
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12 2 4 0 4 g 12 =20 18 112 & 4 0 4 & 12 18
Digplacement {mm) Displacement {mm}
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Figure 7. ERCmodel nunerical results: (a) T5 and(b) T12spedmens
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Figure 9. Simulationwith RA-STMandsimulation with ERCasaiming therotation of
thetop dlab free

5.2. Modelling SSI on a RC Viaduct

5.2.1. Description of thetests

A 2% scded viaduct wasrecently tested pseudo-dynamicly in ELSA (JRClspra),
(Pintoet al., 1996). The geomdrical charaderistics of the viaduct are presented in
Figurel0.

11



d0m

)
gl

56m (il P1 semlll B3
84m P2

Figure 10. Viaduct- S3: planview of thetested viaduct inlspra, (scale %)

5.2.2. Numerical results

A modelusing Timoshenko multifiber beans and concentréed masses is chosen
to reproducethe structure (Figure11). Six bean elements are used for the piles P1
and P3and nine elenentsfor the pile P2. Themesh is refined at the base of the piles
where damagetendsto beimportant. 40 concree fibers and 80gted fibers (represent-
ing the reinforcement bars at their adud postion) are usd in ead sedion. Details
of themodelare provided in (Grangeet al., 2010).Concrde is Smulated usng a uni-
axial damage medanics law (La Bordeie, 1991),(La Bordeie, 2003)and sted with
the dasdcal MenegotoPintomodel(Menegotoet al., 1973)Thedesk being from pre-
stressed concrde, its behaviour is assumed linear and it is discretised udng linear
bean elements Theloadingis applied acmordingto thez axis. Calculationsare made
with FEDEASLab, afinite dement MATLAB toolbox (Filippouet al., 2004).

Redangular shdlow foundationsare numericdly introducedat the base of eah
pile in two different ways, via maao-dementsor linear springs The dimensons of
thefoundationsare: L. = 4.2m, L, = 2.1m. Thestiffnessof the springsis such tha
they acawmulatethe same eergy asthenon-linearSSImaao-element. A classC soil
is conddered acmrdingto the Euromde 8 clasdfication. Its charaderistics are given
in Table 1.

Table 1. Viaduct- SSI:Characteristics of the dassC soil

Soil Shear cohesonc Stiffnessand ultimate
modulusGo andfriction damping bearing
velocity Vi angle¢ stressgmax

ClassC V, =150m/s ¢, = 150kPa Kgg = 1112.5M Nm/rad q=1.1MPa

soll Go =45MPa ¢, =0 K..=298.68M N/m

Ky = 244.36 M N/m
Coo = 4.34M Nms/rad
C..=117TMNs/m
Chrn = 1.00MNs/m

12



Figure 11.Viaduct - SS: model usng multifiber beam elements and concentrated
mases
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Figure 12. Miaduct- SS: comparisons of the displacanents moments, shear forces
for a classC soil

Numerical results are presented in Figure12. Threetypes of boundaryconditions
are aonddered: linea springs(EL), maao-dement (ME) and embedded(Fixed). Dis-
placanents are strongly amplified, multiplied by 3 or4, for the cae of the structure
resting on the maco-dement and onthe linear elastic springsrespedively. Differ-
ences are however more pronouncedor the internd forces at the base of the piers
(moments and shea forces). In fad, loads on the structure ae significantly reduced
for the ca&e of the maao-dement, dueto the beaing momentand force cgadty tha
are readed into the soil. Results obtaned with the dastic linear springshave notsuch
limits and can besimilar to the onesfoundfor thefixed piers.
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6. Condusions

Different simplified modelling strategies for a variety of engineering problms
are presented in this pgoe. The propo®d tools are eay to use, not computationa
demanding and providegood results in terms of global variables. Although they
also contan information on locd variables, validation usng experimentd daa or
complex nonlinear modelsis necessary, espedally when important levels of damage
are expectal. In this pgoer, numerich simulations are compared with experimenta
results, part of Nationd butalso Internaiond reseach programs(see dso (Nguyenet
al., 2006), (Kotroniset al., 2005b),(Bisch et al., 2007), (lle et al., 2008), (Desprez
et al., 2009)). Our current work is focused onfinding methodsto pradict locdisation
phenomen#n concrde structures ((Kotronis 2008),(Kotroniset al., 2008)).
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