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A macro-element to simulate dynamic Soil-Structure Interaction

Stéphane Grange *, Panagiotis Kotronis, Jacky Mazars

Laboratoire 3S-R (Sols, Solides, Structures-Risques) INPG/UJF/CNRS, Domaine Universitaire BP 53, 38041 Grenoble cedex 9, France

This paper presents a macro-element to simulate dynamic Soil-Structure Interaction (SSI). This new
numerical tool is suitable for dynamic (seismic) loadings on structures with shallow foundations. It takes
into account the plasticity of the soil, the uplift of the foundation, P-6 effects and the radiation damping.
The foundation is supposed infinitely rigid while its movement is entirely described by a system of global
variables (forces and displacements) defined in its center. The nonlinear behavior of the soil and the uplift
of the foundation are reproduced using the classical theory of plasticity. Uplift and plasticity are combined
using the theory of multi-mechanisms. Failure is described by an interaction diagram of the ultimate
bearing capacity of the foundation under combined loads. The performance of the macro-element is
validated using the experimental results of the structure Camus IV. Furthermore, a parametric study on
the behavior of a seven-story building shows the capability of the macro-element to consider different
types of soils. Based on the results obtained it seems now possible to use this approach to investigate

numerically the behavior of a wider variety of configurations.

1. Introduction

In structural engineering one has often to consider Soil-Stru-
cture Interaction (SSI). For example when designing slender
structures like tall buildings or bridge piers, it is necessary to define
the characteristics of the soil, the structure and the nature of the
connection between them. It is obvious that the behavior will be
different if the structure is embedded in the soil or just connected
with a knee joint.

Simulating SSI involves detailed 3D meshes for the soil and the
structure, a big number of degrees of freedom and thus huge com-
putational costs. This is the reason why simplified modeling strate-
gies have extensively been developed during recent years. Among
them, the “macro-element” approach consists in condensing all
nonlinearities into a finite domain (“close field”) and works with
generalized variables (forces and displacements) at the center of
the foundation. In that way it allows considerably decreasing the
necessary degrees of freedom of the numerical model.

Several macro-elements can be found in the literature [1-13].
The macro-element presented in [14-17] reproduces the behavior
of a 3D shallow foundation of circular, rectangular or strip shape,
submitted to cyclic loadings. It takes into account the plasticity of
the soil and the uplift of the foundation. An extension of this macro-
element for dynamic loadings is introduced hereafter considering
radiation damping, but also P-0 effects (second order effects due to
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the rotation of the foundation). It is implemented into FEDEASLab,
a finite element MATLAB toolbox [18].

The performance of the macro-element is validated using the
experimental results of the Camus IV structure, a reinforced con-
crete fifth-story building tested on the shaking table of CEA
Saclay [19-21]. Furthermore, a parametric study on the behavior of
areinforced concrete seven-story building tested on the new NEES
Large High-Performance Outdoor Shake Table [22], shows the ca-
pability of the macro-element to simulate SSI for different types of
soils.

2. General description of the macro-element

This section describes briefly the three mechanisms taken into
account by the macro-element (elasticity, plasticity of the soil and
uplift of the foundation). For more information the reader is invited
to look in [14-17]. In Sections 3 and 4 the extension of the macro-
element for dynamic loadings (radiation damping) and P-0 effects
is presented in detail.

2.1. Associated generalized variables

As usual is the case for a macro-element, the associated gener-
alized variables (displacement and force vectors) are dimension-
less [14,16]. They are defined hereafter (for any a, a’ defines the
corresponding dimensionless variable): vertical force V’, horizon-
tal forces Hy, H) and moments M,, M,, but also the corresponding
displacements, vertical settlement u}, horizontal displacements u;,
uy, and rotations 6, 6;. Torque moment (M;) is not taken into ac-
count (Fig. 1).
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Fig. 1. Generalized variables: (a) forces and (b) displacements for a rectangular foundation.
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Fig. 2. Loading surfaces and failure criterion in the planes (H, — M,), (M, — V') and in the space (H, — M, — V).

2.2. Decomposition of the three mechanisms: Elasticity plasticity and
uplift

The SSI macro-element takes into account three different mech-
anisms: elasticity, plasticity of the soil and uplift of the foundation.
The total displacement can thus be decomposed as a sum of an elas-
tic, plastic and uplift part:

u=u"+u 4 u” (1)

Uplift is defined as the negative vertical displacement of the
center of the foundation. It is the result of rocking, i.e. the fact
that the foundation rotates according to 6, or 6, (a part of the
foundation loses contact with the soil). In order to compute uplift,
the simple plasticity of the soil is not sufficient and a new nonlinear
mechanism must be introduced in the macro-element. The reason
is that the actual plasticity mechanism of the macro-element can
take into account only settlements (positive values of the vertical
displacement, 1, > 0).

Plasticity and uplift are strongly coupled [3]. Both are formu-
lated according to the classical theory of plasticity and their nu-
merical implementation follows the theory of multi-mechanisms.

2.3. Elastic behavior

The elastic part of the constitutive law is defined as F = K*u®!,
where the displacement u® and force vectors F are dimensionless.
The elastic stiffness matrix K® is calculated using the real part of

the static impedances. It is considered diagonal, i.e. there is no
coupling between the different directions of the loading.

2.4. Plasticity mechanism

The failure criterion for the plasticity mechanism is defined
for an overturning mechanism with uplift [23]. The adaptation

y

in 3D is presented in [15]. Thanks to the use of dimensionless
variables, the problem is solved by adding the two terms related
with the horizontal force and moment according to the other axis
and assuming axial symmetry. In 3D, the loading surfaces follow
the same philosophy and one finally obtains the following 5D
surface [15] (Fig. 2):
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The coefficients a, b define the size of the surface in the planes
(H' = M’). c,d, eand f define the parabolic shape of the surface
in the planes (V' — M) and (V' — H’). Theses parameters can be
fitted using different experimental results on shallow foundations
found in the literature [1,9,10]. T = [o, a2, a3, 4] is the
kinematics hardening vector composed of 4 kinematics hardening
variables and p the isotropic hardening variable. The variable y
is chosen to parametrize the second intersection point of the
loading surface with the V’ axis (the other point is the origin of
the space) and its evolution along the V' axis. The evolutions of the
hardening variables are obtained considering experimental results
and numerical simulations [ 3] of foundations under cyclic loadings.

The failure criterion is given by Eq. (2) considering (o1, o2, o3,
o4, p,¥) =(0,0,0,0,1,1).

The flow rule used is associated in the (Hj, M;, H), M)
hyperplane and nonassociated in the (Hj, V'), (MJ/,, V'), (H; V'),
(M, V') planes. It is presented in details in [14,15].
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Fig. 3. Kinematics of a foundation for the uplift mechanism.
2.5. Uplift mechanism

The mechanism presented hereafter describes in a phenomeno-
logical way uplift using a unique state variable § as the hardening
variable. This variable represents the percentage of the surface of
the uplifted footing [3], see Fig. 3 (for any a, a defines the derivative
with respect to time). We assume that uplift is not influenced by
horizontal forces. In the following, the symbols & and © are used
to differentiate the directions of the loading (M’ > 0 or M’ < 0).

In the model, the uplift mechanism is described according to
the classical plasticity theory. The particularity however is that the
loading surface evolves in loading and in unloading (i.e. unloading
is not linear elastic, as it is usually the case in a classical plasticity
law) with 2 different hardening rules (one in loading and a different
one in unloading).

The mathematical expression of the loading surface for the
direction @ is provided by Eq. (3) (the same relations can be
provided for the mechanism &). Its expression is always positive
to make sure it is activated in loading and in unloading (Fig. 4).

14 /
o= ‘M’ = (e +0,8%)| =0. (3)
ai
With A = 2.5 a dimensionless parameter of the constitutive law.
For a circular foundation we have q; = 6, q; = 2, for arectangular-
strip foundationq; = 4,q, = 1.

The evolution of 8% (the same is valid for ©) is given by Eq. (4).
This variable is a function of the maximum percentage §&_ reached
during the loading path.

BE =85 (1—n) +ns®

max

n is given by Eq. (5)

(4)

n=4-— 36_4‘//. (5)

It is also necessary to introduce the surface defining the elastic
limit zone. The loading surfaces being always positive, a test on
the elastic surface allows knowing in which mechanism (uplift
or elastic) is the model. Its mathematical expression is given in

Eq. (6) (Fig. 4):

Vo
(1-n)——e =0.

From the uplift mechanism, failure occurs when the foundation
is completely detached of the soil, i.e. when §® = g% = 1.

The flow rule for the uplift mechanism is found through
geometric considerations, assuming that the center of rotation
of the foundation stays always at the middle of the non-uplifted
segment [15,17]. The adaptation in 3D of the uplift mechanism
consists in coupling the two directions by considering a projection
of the moments in the principal base [15,17].

2.6. Coupling between the plasticity and uplift mechanism

Coupling of the plasticity and the uplift mechanisms is finally
done following the classical theory of the multi-mechanisms,
Fig. 5, [24]. A representation of the failure criteria for both the
plasticity and the uplift mechanisms are given in Fig. 5.

The coupling between the two plastic mechanisms (i.e. plastic-
ity and uplift) consists in writing the total plastic displacement (or
velocity) as the contribution of the plastic displacement (or veloc-
ity) of each mechanism Eq. (7). For this, two plastic multipliers (A™)
are introduced associated with the mechanisms.
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For nonlinear hardening mechanisms, the resolution of such
a problem is done writing the two loading surfaces (f! and f2)
using a first order Taylor development at the converged current
point. This development gives two linear equations depending on
the increment of the two plastic multipliers § (Ax)! and § (A))2.
The resolution of the two coupled linear equations provides
the increments of the plastic multipliers. The force, the plastic
displacements and the hardening variables for each mechanism are
then calculated (see [24]).

The principal difficulty in treating this problem is to evaluate
the number (0, 1 or 2) of activated mechanisms. A numerical test
on each mechanism is therefore needed at each step.

(7)

3. Considering radiation damping

For dynamic SSI problems, one has to take into account damping
due to radiation dissipation of energy in a semi-infinite medium.
We deal with this problem using the classical visco-plasticity
theory and particularly the description given in [25]. From a
rheological point of view, the solution consists in adding a damper
parallel to the two nonlinear mechanisms represented in Fig. 6.
du"? and du""? are the increments of the nonlinear displacements
coming from plasticity and uplift respectively (the superscript v
symbolizes the viscous component of the mechanism).

In a finite element code, displacements are imposed on the

!
(3] = M’ _ Kq 569 (6) . .
el @ 2%max @ macro-element that has to return the associated forces. Fig. 7
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Fig. 4. Loading surfaces, failure criterion and elastic limits with their signs.
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Fig. 5. Representation of the failure criterion and of the initial elastic limit zone for the uplift mechanism (blue) and the failure criterion for the plasticity mechanism (red)
in the spaces My, Hy, V et My, My, V. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Rheological model of the macro-element considering radiation damping.
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Fig.7. Constantdisplacement increment and associate forces for the 1D rheological
model.

represents this behavior for a 1D problem and for a given instan-
taneous displacement increment du = ug att = 0. Aftert = 0,
the displacement increment stays constant (does not change with
time).

We can distinguish two cases according to the value of the
displacement increment:

e the imposed displacement generates a force smaller than the
plastic limit (the loading point stays into the elastic domain).
The damper is not loaded and all displacements are retrieved
by the elastic spring. The instantaneous response at t = 0 does
not evolve with time.

e the imposed displacement generates a force bigger than the
plastic limit. The instantaneous response at t = 0 is denoted
F = Kug. Then, while the imposed displacement stays constant,
the viscous displacements du"® and du""® increase with time
and so the force in the elastic spring decreases exponentially
(like in a relaxation test). If the time step is very long, the force
tends to the asymptotic response Fy.

For this second case, the differential equation governing the
evolution of the visco-plastic displacement u*?! takes the following
form (with 5, the viscous parameter):

1
= —[F(t) — Fy]. 8
K [F(t) — Fy] (8)

The solution of this equation provides the force as function of
time:

ﬂvPl

F(t) = [Kug — Fy]e ™ + Fy. 9)

Solution of the problem is thus known whatever the time t,
if one knows the viscous parameter 7,, the instantaneous elastic
solution Kup and the permanent solution Fy. This permanent
solution corresponds to the solution of the system without the
damper.

For the 3D problem, [25] suggests a similar expression for the
differential equation:

el—1
" = =— [F(t) — F]. (10)
My
Again, solving the 3D problem consists in evaluating the
instantaneous plastic and uplift displacements and the hardening
variables at the end of the time step using the model without
damper (permanent solution).
The viscous parameter 7, is calculated thanks to the dynamic
impedances given in [26] (only the vertical component of the
impedance - the predominant component - is considered):

Ny = % 1n
For a shallow foundation we have:
Cp = pvsois (12)
T (1—-v)

where p the density of the soil, v its Poisson ratio, Vs, the velocity
of the shear waves in the soil and S the area of the foundation.

All the components of the radiation damping matrix are
calculated using 7, leading to proportional terms between the
damping matrix and the stiffness matrix.

C =K. (13)

The components of the radiation damping matrix are finally
added to the terms of the global damping matrix coming from the
Rayleigh damping on the structural level.

Note: From a conceptual point of view, this rheological model
does not describe correctly radiation damping that is situated in
the far and not in the close field. In other words, the damper should
have been placed in parallel with the linear spring. Nevertheless,
the chosen description helps avoiding numerical problems for
the case of instantaneous displacement increments. It also allows
taking into account easily energy dissipation.

4. Considering P-0 effects

Let’s denote V' the “normal” force (written in the local coordi-
nate system, always perpendicular to the foundation) and V;, the
“vertical” force (in the global coordinate system, i.e generally the
weight of the structure), see Fig. 8.



Fig. 8. Influence of the P-6 effect on the normal force stabilizing the foundation.

Fig.9. P-0 effect, two coordinate system modifications to be considered in the case
of moderate rotations.

e When considering small rotations, V' and V, are almost identi-
cal and constant (provided that the vertical mode is not excited
and the vertical force does not change while the foundation
rotates).

e For moderate rotations, the normal force V' can decrease signif-
icantly compared to the vertical force V, that remains constant
(P-6 effect). This decrease generates a decrease in the values
of moments or forces leading to failure, as one can see from
the forms of the failure criteria (Fig. 5). The foundation is thus
found destabilized. This phenomenon is translated in fluctuat-
ing plateaus in the force-displacement curve.

In order to take into account this phenomenon, one has to
ensure that at every step of the calculation the normal force in the
macro-element equals the projection of the vertical force. The way
to do this is explained hereafter:

The reduced force array written in the fixed global coordinate

system ()? , 17 2) has the following form (with exponent * for the
transpose):

‘Fg = [V5. Hy. My, Hy, My ] . (14)

The reduced force array written in the rotating local coordinate
system of the foundation (X, y, Z) becomes:

‘F = [V'.H,, M), H), M;] . (15)

For a 3D problem, two successive and independent modifica-
tions (rotations) of the coordinate system can be considered. The
first is a fy angle rotation (according to the Y axis), represented
by the linear application M (rot, 8y). The second is a 6, angle rota-
tion (according to the X axis) represented by the linear application
M (rot, 6y).

The assumption of moderate rotations allows considering that
after the 6y rotation, the x axis almost coincides with the X axis
and thus the 6, angle is almost equal to 6y angle (Fig. 9). Thus,
this assumption leads to M (rot, 6,) ~ M (rot, 0x). Of course, a
small error is introduced in calculating the force to the local coor-
dinate system. Nevertheless, this assumption permits to simplify
the problem because the angles 6x and 6y provided by the finite
element code can be directly used. Moreover, this assumption al-
lows obtaining that both operators M (rot, 8y) and M (rot, 6x) are
commutative.

Table 1
Camus IV: Parameters of the lumped masses.

Height (m) Masses (kg) Inertia (kg. m?)
h; =0.1 M; = 4786 J1 = 1600
hy=1.4 M, = 6825 J» = 3203
hy =2.3 M3 = 6825 J3 = 3203
hy =3.2 M, = 6825 Ja = 3203
hs = 4.1 Ms = 6825 Js = 3203
hg =5 Mg = 6388 Js = 3124

For moderate rotations, the relationship linking the vector
written in the global coordinate system with the vector in the local
one is finally provided by:

v’ cosfy sinfy 0O O O
H, —sinfy sinfy 0 0 O
M| = 0 0 1 0 0
y
H)/, 0 0 0 1 0
1\/1; 0 0 0 0 cosby
M (rot,0y)
cosby 0 0 —sinfx 0] [V,
0o 1 0 0 0| |H,
X 0 0 cos by 0 0| | My (16)
sinfy 0 0 cosfxy O Hy
0 0 0 0 1] [M
M (rot,0x)

5. Numerical simulation of the CAMUS IV structure

The simulation of the CAMUS IV experiment [19-21], per-
formed on the seismic table of CEA Saclay, is presented hereafter in
order to evaluate the efficiency of the macro-element to predict the
behavior of a slender structure submitted to dynamic loading. CA-
MUS IV is an experiment in the line of a series carried out within the
framework of the European research projects ICONS-TMR, ECOEST
PREC8, SAFERR. The test specimen represents a fifth-story building
ona 1/3 scale made of 2 reinforced concrete walls and two rectan-
gular foundations (Fig. 10). The structure rests on a sand box. The
dimensions of the foundations and of the sand box are given on
Fig. 10(b). The total mass of the test specimen is about 38 500 kg.

Lumped masses are considered at each floor, taking into
account the mass of the corresponding slab and the upper and
lower part of the wall (Table 1 and Fig. 10(c)). Fig. 10(c) gives also
a representation of the finite element discretization. The walls are
decomposed into five linear elastic Bernoulli beam elements. The
reason for this choice is that during the tests the behavior of the
structure was linear elastic, the nonlinearities being concentrated
in the soil and between the soil and the foundation. A 2% Rayleigh
damping is also added (on the 1st and fourth modes) to take into
account the damping in the structure.

Soil conditions and particularly the thickness of the sandbox
do not match with the domain of validity of the macro-element
(semi-infinite). That is why the stiffness of the soil and the pa-
rameters of the macro-element are fitted from the experimen-
tal results: the initial stiffnesses are evaluated according to the
forces-displacements relationships and the parameters of the fail-
ure criterion according to their plateaus. They are presented in
Table 2.

5.1. Modal analysis

The numerical model, without further calibration, provides
the natural frequencies presented in Table 3. The first mode
(lateral) has a low frequency of 3.5 Hz and it is found equal to
the experimental one. The second mode (compression-extension,
vertical mode) is found stiffer than the experimental one.
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Fig. 10. Camus IV: (a) Photo, (b) foundation scheme and (c) lumped masses.
q 04 Camus 0.52¢ b 04 Camus 0.52g c 015 Camus 0.52g
0.3 03 0.1
02 02 [ 005
E 01 £ 01 l\ s
: : 0 1T N
z 0 z 0 | il M =
£ 2 I “ M 2 005
= o = ol T E
| R
-0.2 -0.2 i
03 = > .. .~ Expérience 03 : - Expérience 013 Expérience
Numérique Numérique Numérique
-0.4 0.4 202
10 -8 6 -4 -2 0 2 4 6 8 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Rotation (rad) X103 Temps (s) Temps (s)
Fig. 11. Camus IV: Moment-rotation, rotation-time and horizontal force-time relationships for the test Nice 0.52 g.
Table 2 motions have been applied independently, as if the sand box did
Camus IV: Parameters of the macro-element. not undergo any prior loading
Plastic model Stiffness
(a,b,c,d,e,f) 1,1,1,1,1) Kg 280 MN m/rad 6. Numerical simulation of a seven-story RC building
Qmax 0.35 MPa K& 70 MN/m
kg 200 MN/m )
Uplift model Radiation damping 6.1. Presentation of the structure
a Con 0.28 MNm srad A full-scale vertical slice of a seven-story reinforced concrete
0@ 1 Ch 0.07 MN s/m 1l i1di . h . . .
G, 0.2 MN s/m (RC) walls building (Fig. 13) has been subjected to increasing
intensity of uniaxial earthquake ground motions on the new
NEES Large High-Performance Outdoor Shake Table (international
Table 3 . . ) benchmark NEES/UCSD performed between October 2005 and
Camus IV: Experimental and numerical natural frequencies. . .
January 2006 [22]). The structure is composed of 2 main per-
Mode Frequency (Hz) : pendicular walls: the web wall and the flange wall linked with
Test Numerical the slabs. It is fixed to the shaking table. The building slice was
1 (lateral) 3.5 3.5 designed using a displacement-based and capacity approach for
2 (vertical) 13 14.8 a site at Los Angeles resulting in design lateral forces that are

5.2. Experimental vs. numerical results

Several input motions have been used during the experiments
with increasing maximum acceleration till 0.52 g. The signal
comes from the synthetic Nice earthquake which corresponds to
the design spectra of the French rules PS92. Accelerations are
applied along the directions of the walls. Comparisons between
experimental and numerical results are given in Figs. 11 and 12.

Forces and displacements are in phase with the experimen-
tal results and the peaks are correctly reproduced. Vertical set-
tlements are found larger than in the experiment. The reason is
that during the experiments, the sand box had been subjected to
three successive tests that led to certain compaction of the sand in
each test (not taken into account by the model). Numerically, the

significantly smaller than those currently specified in building
codes used in the United States.

Only the direction Y of loading is considered (parallel to the
web wall, see Fig. 13). Four input motions at different intensities
have been used coming from the Sylmar Medical Facility free-field
record obtained during the 1994 Northridge Earthquake (EQ1 to
EQ4). At the end of the experimental program significant damage
(crushing of concrete and buckling of steel bars) was concentrated
at the base of the web wall.

The numerical simulations presented hereafter are divided in
two sections:

o InSection 6.2 we demonstrate briefly the capacity of the numer-
ical strategy to reproduce the nonlinear behavior of the struc-
ture considered fixed at the base. Actually, this work constitutes
our answer to the international benchmark NEES/UCSD and the
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Fig. 13. NEES building: (a) North West view of the test specimen and (b) Geometric data of the test specimen, [22].

comparisons with the experimental response are “blind” (no
prior knowledge of the test results). The building is modeled us-
ing Timoshenko multifiber beam elements [27,28]. Constitutive
material laws are based on damage mechanics for concrete [29]
and plasticity for steel [30,31]. The Timoshenko multifiber beam
element and the damage mechanic law have been introduced
into FEDEASLab [18] by the 3S-R group. For more details con-
cerning the mesh, the material parameters and the response of
the numerical model compared with the experimental results
the reader is invited to look in [32].

e InSection 6.3 we introduce the macro-element at the base of the
numerical mesh used previously. In other words, the structure
is now supposed to have arigid shallow rectangular foundation
lying on a soil of given parameters. By changing the parameters
of the macro-element we are able to simulate 5 different soils
and their influence into the nonlinear behavior of the RC build-
ing. Comparisons with the behavior of the fixed base building
are also presented.

6.2. Numerical model of the structure considered fixed to the shaking
table

Fig. 14(a) gives a representation of the finite element discretiza-
tion. The web wall and the flange wall are decomposed into 19 mul-
tifiber Timoshenko beam elements (4 elements for levels 1 and 2,
3 elements for level 3 and 2 elements for levels 5, 6 and 7). The
slotted connections between the web wall and the flange wall are
simulated using linear bar elements. 4 linear Bernoulli beam el-
ements are used to reproduce the shaking table. Lumped masses

a PT column non modeled b
Slotted connection

Mw7 Mf7 Wb wail

Muw6$=—2Mis _Flange wall Web wall

Mus M
West  |Mwit—4Met  Eag
Mz +—¢Mn

X
Mw2 Mn  y

Mwi ¢4 M

10 fibers

T

X

Flange wall

fl <>2 fibers
Shaking table

e Mo Mﬂ)A 2 fibers

{4 fibers

Fig. 14. NEES building (fixed base numerical model): (a) Finite element mesh and
lumped masses and (b) fibers in a given section.

are considered at each floor taking into account the mass of the
corresponding slab and the upper and lower part of the wall.

The multifiber elements composing the web wall are divided
into 20 concrete fibers whereas those of the flange wall are divided
into 8 concrete fibers (Fig. 14(b)). The number and the position of
the fibers representing the longitudinal reinforcement bars are the
same with those in the real section (see details of the sections in
the contest rules [22]).

Constitutive model for concrete under cyclic loading ought to
take into account some observed phenomena such as decrease in
material stiffness due to cracking, stiffness recovery which occurs
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structure for the 4 sequences, comparisons between experimental (dotted lines) and “blind” prediction numerical results (continuous lines).

Table 4
NEES building (SSI numerical model): Characteristics of the soils.
Number Shear velocity Vg Cohesion ¢ Stiffness and damping [26] Ultimate bearing stress qmax
Shear modulus Gy friction angle ¢
Soil 1 Vs =70m/s ¢y, = 35kPa Koo = 295.19 MN m/rad Qmax = 0.20 MPa
(S1 class) Gop =9.31 MPa ¢y =0 K,; = 101.22 MN/m
K, = 82.35 MN/m
Cgo = 7.49 MNm s/rad
C, = 2.57 MNs/m
Chh = 2.09 MN s/m
Soil 2 Vs = 100 m/s ¢, = 70 kPa Kgg = 601.5 MN m/rad Qmax = 0.40 MPa
(D class) Go = 19 MPa ¢y =0 K,, = 206.18 MN/m
Ky, = 167.8 MN/m
Cgo = 10.70 MNm s/rad
C, =3.67 MNs/m
Chp = 2.98 MN s/m
Soil 3 Vs =180 m/s ¢y = 250 kPa Kpp = 1951.4 MN m/rad qmax = 1.43 MPa
(Cclass) Go = 61.5 MPa ¢y =0 K,; = 668.9 MN/m
Kpp = 544.4 MN/m
Cyp = 19.50 MNm s/rad
C, =6.60 MNs/m
Chp = 5.40 MNs/m
Soil 4 Vs =360 m/s ¢ = 115 kPa Kgg = 7805.1 MN m/rad gmax = 4.013 MPa
(B class) Go = 246.2 MPa ¢ =30 K, = 2675.6 MN/m
Ky, = 2177.7 MN/m
Cyp = 38.24 MNm s/rad
C, = 13.20 MNs/m
Chh = 10.67 MN S/Il'l
Sol 5 Vs > 800 m/s Kgg = 18302 MN m/rad (max = infinity
(A class) K, = infinity

Ky = infinity

Cyp = 0 MNm s/rad
C; =0MNs/m

Chp = O MN S/lTl

at crack closure and inelastic strains concomitant to damage. To
simulate this behavior we use a uniaxial damage model with
two scalars variables, one in compression and one in tension [29]
(shear is considered linear). Inelastic strains are taken into account
thanks to an isotropic tensor. A modified version of the classical

Menegoto-Pinto model [30,31] with an isotropic hardening is used
for steel.

The calculated response presented in Fig. 15 is close to the ex-
perimental behavior, particularly the maximum lateral displace-
ments, shear forces, moments and inter-story drift ratios for the
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Fig. 16. NEES building (SSI numerical model): Geometric characteristics of the
foundation.

four sequences. The internal forces presented here are calculated
at the base of the different levels of the building for the 4 sequences
(EQ1, EQ2, EQ3 and EQ4).

6.3. Numerical simulations of the structure considering Soil-Structure
Interaction

In this section the numerical mesh of the structure is the same
as in Section 6.2, with the only difference that the structure is now
supported on the macro-element (the shaking table is not simu-
lated). The structure is supposed to have a rigid shallow rectangu-
lar foundation lying on a soil. The geometric characteristics of the
footing are given in Fig. 16. The center of the foundation is located
below the gravity center of the structure (at 2 m from the edge of
the flange wall).

Various types of soils are considered. Their characteristics are
defined in Table 4. All soils have a density p = 1900 kgm > and a
Poisson coefficient v = 0.4. The classification used in this table is
taken from [33,34]. The criterion for the classification is the shear
wave velocity in the soil (from class A: solid bed rock to class S1:
soil with very low characteristics). The elastic stiffness is calculated
thanks to the dynamic impedances given in [35].

We present hereafter, and this for the last loading sequence
EQ4, the numerical results of the seven-story structure considering
the 5 different types of soils:
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Fig. 17(a) shows the maximum overturning moments, story
shears, lateral displacements, inter-story drift ratios and floor
accelerations for each level. The SSI influence is compared with
the numerical behavior of the original structure fixed to the
shaking table (“initial structure”, see also Section 6.2). The internal
forces presented here (overturning moments and story shears) are
calculated only at the web wall. As expected, numerical results are
similar for the fixed structure and for soil 5 (class A: solid bed rock)
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in terms of forces and displacements. For the other cases, SSI seems
to “isolate” the structure in terms of forces. Looking at Figs. 17(a),
(b) and 18(a) one can observe that overturning moments and story
shears are reduced. This reduction is more significant for soils with
low characteristics.

Conclusions are different concerning the displacements:
Fig. 17(c) shows that for soil 1, the lateral displacements at the top
are lower than for soils 2 and 3. The reason is that not only the first
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but also the second order mode has a predominant role, modifying
thus significantly the global and the local behavior of the structure.

More specifically:

e In Fig. 17 it can be observed that the local behavior of the

structure changes depending on the characteristics of the soil:
for soil 1 numerical predictions provide the location of the
maximum moment near the level 2, not at the base of the
structure.

e Both the first and the second mode influence the behavior

of the structure on soil 1 in terms of the forces. This can be
identified by proceeding to the modal decomposition of the

11

moments according to the Karhunen-Loéve method [36].
Fig. 19(a) and (b) show the static modal shape, the modal par-
ticipation and the time history of the modal moments (projec-
tion of the moments on the modal space) for soil 1. It is obvious
that the first two modes contribute to the moments developed
in the structure. This can also be verified by reconstructing the
moment time history at the base of the structure. The first 2
modes are necessary to reproduce accurately the original mo-
ment time history (Fig. 19(c) and (d)). By contrast, by applying
the Karhunen-Loéve method to the displacements, one can see
that for soil 1 only the first mode is preponderant (Fig. 20). The
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deformed shape of the structure on soil 1 corresponds to the
first mode on Fig. 17(c).

e Only the first mode influences the behavior of the structure on
soils 2 to 5 in terms of displacements and forces (see for exam-
ple Figs. 21 and 22 for the soil 3).

Fig. 17(d) shows that the inter-story drift ratio is quasi-constant
for soils 1 and 2, something typical for a structure that stays elastic
during the entire loading sequence. This is also verified through the
distribution of the damage variable of the concrete constitutive law
within the multifiber Timoshenko beam elements representing the
structure: it is found everywhere equal to 0.

Finally, it can be shown that no damage occurs in the structure
for soil 1. Nonlinearities are concentrated at the interface between
the foundation and the soil (due to the plasticity and the uplift). For
soils 2, 3,4 and 5, results are different, as the first 3 storeys undergo
damage.

It is also found that for softer soils damage is not reduced at
all levels. For the NEES structure and for the case of soil 2, it may
stay high at the second story. The influence of the second mode can
explain this phenomenon. Another reason is the fact that damage
in traction grows more rapidly in sections where compression
forces - due to the weight of the structure - are smaller (the
ultimate moment is lower at the top of the structure than at lower
levels).

7. Conclusions

In this work, we propose a simplified numerical strategy
suitable for simulating dynamic Soil-Structure Interaction (SSI).
After a theoretical presentation of a SSI macro-element permitting
to reproduce the behavior of a rigid foundation considering uplift
of the foundation and plasticity in the soil, we present in detail how
the macro-element deals with P-6 effects and radiation damping
according to the visco-plasticity theory.

Validation is provided through the simulations of the Camus
IV structure and parametric studies on a seven-story reinforced
concrete building. The macro-element is introduced at the bottom
of the numerical models to simulate the influence of SSI. It is shown
that SSI can isolate the structures as global forces and damage
are found significantly reduced. It can also introduce a different
local behavior by changing the position of the plastic hinge and
by increasing the influence of the higher modes. A decrease in the
stiffness of the soil does not induce necessarily an increase in the
lateral displacements.
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