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Abstract: In this paper the behavior of a squat shear wall subjected to monotonic shear loading is
investigated. The study fits into the experimental program driven by CEOS.fr on modeling of the
behavior of the tested mocks-ups (monotonic and cycling loading-under prevented or free
shrinkage). The shear wall has been analyzed with nonlinear finite element analyses carried out
with the finite element code DIANA and numerical results have been compared with the
experimental results presented during the Concrack2 Benchmark Workshop that has been held in
Paris in 2011. The design shear resistance of the shear wall has been also evaluated with analytical
and numerical procedures according to the new Model Code 2010 prescriptions. The analytical
calculations, which have been carried out with a strut and tie model, have been compared with
numerical results from nonlinear finite element analyses.

1 INTRODUCTION

In this paper the behavior of a squat shear
wall subjected to monotonic shear loading is
investigated. The study fits into the
experimental program driven by [1] on
modeling the behavior of the tested mocks-ups
(monotonic and  cycling  loading-under
prevented or free shrinkage). The shear wall
analyzed was tested in laboratory by [1] and
the experimental results have been presented
during the last Concrack2 Benchmark
Workshop [2].

The shear wall has been analyzed by means
of nonlinear finite element (NLFE) analyses
that have been carried out with the finite

element code DIANA [3] and the obtained
numerical results have been compared with the
available experimental results.

It is well known that NLFE analyses allow
for more realist modelling of material and
structural behaviour and, in this manner, can
account for additional bearing capacity of the
structure. Nevertheless, the results obtained
from NLFE analyses strongly depend on the
assumptions made in the model, especially
when crack models are used. It is known that,
especially  for  shear-critical  specimens,
aggregate interlock, tension stiffening, multi-
axial stress states and Poisson’s effects play all
an important role in the structural response.
For this reason, if the sensitive parameters are
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not well calibrated during the modelling phase,
a large scatter can be expected in the results.
For this reason, and in order to properly
calibrate parameters of the adopted crack
model, a parametric study has been carried out
on the wall. The numerical model of the squat
wall has been developed following some
guidance for nonlinear finite element analyses
proposed and further investigated in [4] and
[5].

After calibration of the model, the numerical
analyses have been able to predict well the
general behavior of the squat wall both in
terms  of  shear  resistance-maximum
displacement trend and in terms of failure
mode.

Furthermore the design shear resistance of
the squat wall has been evaluated following
the prescriptions of the new Model Code 2010
[6]. The Model Code 2010 [6] proposes
different calculation methods for the
evaluation of the design shear resistance of
slender and squat elements.

For slender elements (e.g. reinforced and
prestressed concrete beams and slabs) the
design shear resistance can be evaluated
through analytical and numerical calculation
methods that belong to different Levels of
approximation: by increasing the level of
approximation the complexity and the
accuracy of the results obtained increases.
Level of approximation I, Il and Ill refer to
analytical  calculation  methods  (hand
calculations) while the highest level of
approximation, Level of approximation IV,
refers to numerical methods, performed with
NLFE analyses. Within Level IV the results
obtained from NLFE analyses are properly
reduced in order to obtain the same safety
level of analytical calculations. To this aim the
new Model Code 2010 [6] proposes three
alternative methods, denoted as “safety format
methods” that properly reduce the shear
resistance obtained from nonlinear finite
element analyses, in order to obtain the same
safety level obtained from analytical
calculations.

The safety format methods are so denoted:
Partial Factor method (PF), Global Resistance

Factor method (GRF) and Estimation of
Coefficient of Variation of resistance method
(ECOV).

For squat elements the Model Code 2010 [6]
recommends that the design shear resistance is
evaluated with a strut and tie model.

In this paper the design shear resistance of
the squat wall has been evaluated analytically
with a strut and tie model. Furthermore the
prescriptions of Level IV have been also
applied to the wall. The results obtained from
NLFE analyses have therefore been reduced
according to the safety format methods
prescriptions and compared to the analytical
results.

2 EXPERIMENTAL SET-UP

The squat shear wall was clamped at the top
and at the bottom in two highly reinforced
beams and the left and right extremities were
seamed with rebars. The wall was placed in a
rigid metallic frame and subjected to
monotonic loading-unloading through two
jacks placed at the top of the wall, Figure 1.

Figure 1: (a) Experimental set-up, (b) Reinforcement
layout and boundary conditions.
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Figure 2: Reinforcement layout (dimension in m).

Experimental sensors were placed on the two The experimental crack pattern is shown in
faces of the wall in order to measure the crack Figure 3 for some load levels.

width and the strain in the rebars. In Table 1
the mean mechanical properties of concrete
and steel, measured during the experimental
test, are reported.

Table 1: Mean mechanical properties of materials.

F=1200 KN
Concrete Steel

f. [N/mm?] -425 | f,[N/mm’] | 554

f. [N/mm?] 3.3 E [N/mm°] | 189274

E.[N/mm”] | 22060 |f,[N/mm?] | 634

v 0.19 F=2100 KN

In Figure 2 the reinforcement layout of the
wall is plotted. The total length of the wall is
4.7 m, the total height is 2.47m and the main
reinforcement grid, placed in the web panel, is

F=4200 KN
made of $10/100 mm. The web panel is 4.2m
X 1.15m. Further geometrical details are Figure 3: Experimental crack pattern.
available in [2].
According to the experimental test the wall 3 FINITE ELEMENT MODEL

failed in shear due to crushing of concrete
under the loading plate and the reinforcement
remained elastic up to failure. The maximum
load measured in the test was Py exp=4710 KN.

Nonlinear finite element analyses have been
carried out on the wall with the code DIANA
[3] using a 2D model.
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Eight- nodes quadrilateral isoparametric plane
stress elements based on quadratic
interpolation and (3x3) Gauss integration
scheme have been adopted for modeling the
wall and the loading plate. Embedded
reinforcement elements, with the hypothesis of
perfect bond, have been used to model
reinforcement. The two lateral ¢32 bars,
located at the extremities of the wall, outside
the wall web, have been modeled with truss
elements. Six-nodes interface elements have
been inserted between the loading plate and
the concrete wall. Average element
dimensions in the mesh of the wall are 100mm
x 100 mm. Displacements in x direction have
been set all equal for the nodes along the line
of loading.

The analyses have been carried out in load
control wusing a regular Newton-Raphson
convergence criterion based on energy and
force control. The mesh adopted and the
boundary conditions used in the analyses are
shown in Figure 4.
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Figure 4: Mesh and boundary conditions adopted in the
finite element model.

3.1 Constitutive model and crack model

Only the web panel (grayed in Figure 4) has
been modeled with a nonlinear behavior, while
the flanges of the wall have been modeled as
elastic.

For the web panel a parabolic law in
compression and an exponential law in tension
have been adopted. The compressive fracture
energy and the tensile fracture energy values
have been determined respectively according
to [7] and [6], Figure 5(a). For the
reinforcement an elastic-plastic behaviour with
hardening has been used, Figure 5(b).
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Figure 5: Constitutive model of (a) concrete and (b)
steel.

A total strain rotating crack model has been
adopted in the analyses [8]. In the parametric
study, the results obtained with the rotating
crack model have been compared with those
one obtained with a total strain fixed crack
model.

The rotating crack model used [8] is based on
the concept of co-axiality between stress and
strain. The strain referred to ns coordinate

system “%e . is substituted by the equivalent
uni-axial strain “}%is to take into account the
lateral expansion due to the Poisson’s effect,
eq.(1):

1-v v
varr | L+ v)I-2v) (@+v)1-2v) fear, (1)

- 1—v i+1%ns

i+1&ns v
@+v)1-2v) (@1+v)1-2v)

According to the model implemented in
DIANA [3] the Poisson’s coefficient linearly
decreases from its initial value up to zero as
the residual tensile stress becomes zero.
Contrary to the rotating crack model, the
fixed crack model provides that the orthotropic
material coordinate system ns remains fixed
after the appearance of the primary cracking so
that shear stresses develop along the crack
face. The shear stresses depend on the shear
stiffness reduced by a coefficient called “shear
retention factor B”. Eq.(2) gives the stiffness
matrix D that is used in the fixed crack model:

En Vsn En 0
1-vievey 1-ViVan
D — Vns ES ES O (2)
1-vivey 1=Vl
0 0 Gs
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E,.E;represent the elastic moduli in the
cracked phase, v, e vg are the Poisson’s
coefficients, G ,is the reduced shear stiffness,
G, =BG where pis the shear retention factor.
In the model that is used for these analyses, B

decreases linearly from 1 (in the elastic phase)
up to zero as the crack width is nearly equal to
half of the aggregate size.

Besides the Poisson’s effect, also effects of
biaxial stress states on the compressive
strength of concrete are taken into account in
the model. Reduction of the compressive
strength due to lateral cracking follows the
Model B of Vecchio et. al. [9], Figure 6.
According to this model only the compressive
strength and not the peak strain is reduced,
leading to a reduction of the Young’s modulus
already in the elastic phase.
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Figure 6: Multi-axial stress state: reduction of the
compressive strenght due to lateral cracking [9].

A more refined structural assessment can in
general be obtained if some important
parameters of the crack model like aggregate
interlock effect, tension stiffening, multi-axial
stress-state etc. are taken into account in the
material model [10], [11], [12], [13], [14].

4 EVALUATION OF THE DESIGN
SHEAR RESISTANCE ACCORDING TO
MC2010

As mentioned in section 1 the design shear
resistance of the wall has been evaluated
analytically according to a strut and tie model
and numerically applying the prescriptions of
Level IV approximation.

Within Level IV the same safety level
obtained with analytical procedures can be
obtained with three safety format methods: the
Global Resistance Factor method (GRF), the
Partial Factor method (PF) and the Estimation
of Coefficient of Variation of resistance

method (ECOV).

4.1  Analytical procedure: strut and tie
model

Structures can be subdivided into B-regions,
where the assumption of a plane section may
be used and D-regions, typically located at
supports or at places of concentrated loads,
where a non-linear strain distribution exists.
For the analyses the design shear resistance Ryq
has been evaluated according to the strut and
tie model proposed in the Model Code 2010
[6] and according to prescriptions available in
literature. A schematization of the adopted
strut and tie model is reported in Figure 7.

o -C0S0 ©)

Rd = ORd,max A

where 0 is the strut inclination angle, o gy . IS

the maximum stress at the edge of the node,
(4):
'fck

O Rd,max = ——= (4)

C
For compression-tension nodes with anchored
ties provided in one or two directions k. is
determined as:

1/3
K, =0.75 N i Mg :(fs_oj <1 ()
ck

A, is the area of the concrete strut, eq. (6):
w "8 (6)

where t,, is the web thichness and as is the
width of the concrete strut. According to [15]
and adopted in [16] the width of the concrete
strut can be determined as:

A, =t

str

a, ={0.25+0.85 N ,J.lw (7)

w'cC

where |, is the wall lenght.
The corresponding values of all parameters in
play are in Table 2.

Table 2: Mechanical parameters used in the strut and tie
calculation.

0 [°] ke Ye lw [m] | N[KN]

12 0.716 15 4.2 0
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ORd,max

as

Figure 7: (a) Schematizaton of the squat wall according
to the strut and tie model used.

4.2  Numerical
Approximation IV

According to the GRF method, the input
values of the mechanical material properties
are the mean values. The global resistance of
the structure Ry, obtained from NLFE
analyses, is considered as a random variable so
that the effects of various uncertainties are
integrated in a global design resistance
expressed by a global safety coefficient (equal
to 1.27), eq. (8).

R _ R(fm,...):R(fm,...):R(fm,...) @)
Ty avee  12-106 127

procedures: Level of

According to the PF method, the design
mechanical material properties are according
to the fib Model Code prescriptions. Therefore
the shear resistance of the structure Ry from
NLFE analysis is already the design shear
resistance (eq. (9)).

Ry = R(fg... (9)

According to the ECOV method, two
analyses must be carried out with mean and
characteristic values of mechanical material
properties, respectively. This method is based
on the assumption of a lognormal distribution
of the resistance, thus the coefficient of
variation of resistance follows from the two
calculated resistances (eg. (10), (11)).

R, =R(f,,.. R, =R(f,....)
R (10)

m

Rd =
YRYRd

Yr =ep(agBVR)
=exp(O.S%.B-[%In(Rmeas/Rk)D (11)

Starting from the mean values of the
mechanical material properties,obtained from
experimental measurments, characteristic and
design mechanical properties have been
derived as reported in Table 3 (“m” refers to
mean mechanical properties).

Table 3: Characteristic and design mechanical material
properties according to Model Code 2010.

Characteristic Design
ka :fcm _8 de =ka /1.5
ftk :O'thm ftd :ftk /1.5

f

1/3 f
E = 21500 -
10

1/3
E.4 = 21500 %
10

Gfk = 73fc|<0'18 Gfd = 73fcd0.18

fuk :fum /1.1 fud :fuk /1.15
5 RESULTS

As mentioned in the previous sections a
parametric study has been carried out on the
shear wall in order to properly calibrate some
important parameters of the crack model. In
Figure 8 the load-deflection curves obtained
from the parametric study is reported. All the
analyses within the parametric study have been
carried out wusing mean values of the
mechanical materials properties. For sake of
simplicity a monotonic loading has been
applied to the wall. In the adopted crack model
the unloading is modeled as secant unloading
with zero residual strain. The displacement
reported in Figure 8 is the relative horizontal
displacement measured between the top of the
lower beam and the bottom of the upper beam.
The legend reported in Figure 8 has the
following meaning:

= Analysis A:

-fixed crack model;

-variable  Poisson’s  coefficient.  The
Poisson’s coefficient linearly decreases
from 0.19 in the elastic phase up to 0.0 as
the residual tensile stress becomes zero;
-variable shear retention factor;

-maximum reduction of the compressive
strength due to lateral cracking is 40%
(fc rea/fc=0.6);
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-tensile fracture energy G according to
Model Code 2010 (Gt mcz010 =73f29).
Analysis B:
-rotating crack model;
-variable  Poisson’s  coefficient  The
Poisson’s coefficient linearly decreases
from 0.19 in the elastic phase up to 0.0 as
the residual tensile stress becomes zero;
-maximum reduction of the compressive
strength due to lateral cracking is 40%
(fc,red/fc:O . 6) ;
-tensile fracture energy Gf according to
Model Code 2010 (Gt mcz010 =73f29).
Analysis C:
-rotating crack model;
-variable  Poisson’s  coefficient  The
Poisson’s coefficient linearly decreases
from 0.19 in the elastic phase up to 0.0 as
the residual tensile stress becomes zero;
-maximum reduction of the compressive
strength due to lateral cracking is 40%
(fcrea/fc=0.6);
-tensile fracture energy is modified to take
into account the tension stiffening effect.
Since the assumption of perfect bond is
made, tension stiffening is taken into account
by increasing the value of the tensile fracture
energy Gg ,in order to obtain for concrete the
same ultimate strain as the yield strain of the
reinforcement bars. This has been achieved in
Analysis C considering Gt = 1.75G¢ mc2010.
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Figure 8: Parametric study: load-displacement curves.

From Figure 8 it can be noted that the load-
deflection curve that Dbetter fits the

experimental curve both in terms of maximum
load reached and in terms of maximum
displacement. is obtained with Analysis B For
this reason Analysis B has been chosen as
reference analysis for the application of the
safety format methods.

In Figure 9 crack pattern obtained from
Analysis B at different levels of load is plotted
in terms of tensile cracking strain. Figure 10
shows the compressive strains.

In Figure 11 the load-crack width diagram of
crack number 9 predicted in Analysis B is
compared to the experimental diagram.

The crack width has been obtained
multiplying the tensile strain obtained from the
numerical analysis by the crackbandwidth

h=,A

elem *
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Figure 9: Tensile cracking strain of concrete for some
significant load steps of Analysis B.



C.Damoni, B. Belletti and G.Lilliu

| F=4100 KN

T
!
!
E
!
!
[

F=4560 KN

Figure 10: Compressive strain of concrete for some
significant load steps of Analysis B.

Comparing Figure 9, Figure 10 and Figure 11
with Figure 3 it can be noted that the general
behavior of the wall has been well predicted
by numerical simulations also in terms of
failure mode. The wall in fact failed in shear
due to crushing of concrete under the loading
plate and at the bottom right corner while the
reinforcement remained elastic untill failure.

The finite element model used in Analysis B
has been chosen as reference to carry out the
analyses applying the safety format methods
[6]. In Table 4 the design shear resistance
values obtained analytically, with the strut and
tie model and numerically, with the safety
format methods, are compared to the
experimental shear resistance. The shear
resistance obtained from Analysis B, which
has been carried out using mean values of the
mechanical material  properties  without
applying any safety coefficients, is also
reported in Table 4.

Table 4: Design shear resistance values.

Py [KN]
Experimental 4710
Mean values Analysis B (no safety 4560

format)

Analytical (strut and tie) | 2536
Design shear Level IV- GRF 3585
resistance Level IV- PF 2994
Level IV- ECOV 3364

In Figure 12 the design shear resistance
values P, obtained with analytical and
numerical procedures by applying the safety

format methods are reported in histograms as a
percentage of the experimental shear
resistance Py exp. Furthermore the ratio Py/Py exp
is also reported for Analysis B. Grey
histograms refer to the design shear resistance
values obtained analytically and numerically
while the white histogram refers to the shear
resistance obtained from Analysis B. It can be
noted that NLFE analysis carried out with
mean values (Analysis B) provides a good
prediction of the wall shear capacity.
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o
N
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— B —experimental

o
N
o
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Figure 11: Load-crack width curve.
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Figure 12: Design shear resistance values P, obtained
analytically (strut and tie) and numerically (Level 1V),
expressed as a percentage of the experimental shear
resistance P exp.

Figure 12 shows that the results obtained
applying the safety format methods well match
with the philosophy of the Levels of
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approximation: by increasing the Level of
approximation the accuracy of the results
increases and the maximum resistance of the
structure increases. The design shear resistance
values obtained from NLFE analyses (Level
IV) are indeed higher than the design shear
resistance value obtained with analytical
calculation (strut and tie model).

6 CONCLUSIONS

In this paper the behavior of a squat shear
wall subjected to monotonic loading has been
investigated by means of analytical procedures
and nonlinear finite element analyses. The
results obtained have been compared with the
experimental results available. The study fits
into the experimental program driven by
CEOS.fr on modeling the behavior of the
tested mocks-ups. The main results of the
research are listed below.

- The shear wall has been analyzed with a 2D
finite element model, using the commercial
finite element program DIANA

- A parametric study has been carried out on
the shear wall in order to focus on the main
sensitive parameters that influence the
results of nonlinear finite element analyses
Special attention has been given to the
effects on the results of the material
properties adopted in the crack model
(tensile strength and fracture energy). The
numerical model has been calibrated
referring to the available experimental
results.

- After having calibrated the numerical
model, the general behavior of the shear
wall has been well predicted by NLFE
analyses both in terms of load-displacement
diagram and in terms of failure mode.. The
scatter in the shear resistance value is about
3%. The numerical simulation has also
predicted failure of the wall in shear due to
crushing of concrete under the loading plate
and in the bottom right corner without
yielding of reinforcement.

- The design shear resistance of the wall has
been also determined following the Model
Code 2010 prescriptions. The Model Code
2010 proposes  different  calculation

methods for the evaluation of the design
shear resistance of slender and squat
elements. For squat elements the design
shear resistance can be determined
analytically with a strut and tie model.

On the contrary the design shear resistance
for slender elements can be determined
according to four Levels of approximations.
Level of approximation I, Il and Il refer to
analytical procedures while Level 1V refers
to the results obtained from NLFE analyses,
properly reduced in order to obtain the
same safety level of analytical procedures.
To this aim the Model Code 2010 proposes
three different safety format methods (GRF,
PF, ECOV).

- In this paper the design shear resistance of
the wall has been evaluated analytically
with a strut and tie model, since the wall is
a squat shear wall. Furthermore the
prescriptions of Level 1V have been also
applied to the wall. The results obtained
from NLFE analyses have therefore been
reduced according to the safety format
methods prescriptions and compared to the
analytical results.

- The results obtained well match with the
philosophy of the Model Code 2010: by
increasing the Level of approximation the
design shear resistance value increases.

The design shear resistance values obtained
applying the safety format methods (Level
IV) are in fact as higher as 40% than the
design shear resistance obtained with
analytical calculations (strut and tie model).

- The structural assessment carried out with

the Levels of approximation can be of big
utility for intervention plans on existing
structures  (e.g. maintenance, repair,
demolition  etc.) with regard to
sustainability criteria.
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