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Abstract. The paper prosents an efficient numerical model for the inelastic response analysis
of R/C panels under cyclic excitations. A plane stress 2d membrane model has been devel-
oped that accounts for the concrete and reinforcing steel interaction. The reinforcing bars are
modeled as multiple smeared steel layers with an uniaxial stress-strain relation in the bar di-
rection following the Menegotto-Pinto constitutive model with isotropic hardening. The con-
crete material model is based on damage mechanics with an efficient two parameter damage
law. At this stage of the research the bond-slip between concrete and rebars is not taken into
account.

The new model is validated by comparison with several experimental results on reinforced
concrete panels from the literature. The tests are carried out under quasi-static conditions.
The accuracy of the model in reproducing the cyclic behavior of reinforced concrete panels
with different reinforcement ratio and bar inclination is excellent.
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1 INTRODUCTION

Reinforced concrete (R/C) panels are commonly used in the lateral force resisting system
of structures in seismic risk zones for serviceability, ultimate strength and ductility considera-
tions. They are either used alone or are coupled with moment resisting frames to resist the lat-
eral forces.

The assessment of the behavior of R/C panels have been the focus of important analytical
and experimental investigations aiming to evaluate the strength and particularly the shear
transfer across the cracks [1-4].

The necessity of assessing advanced performance levels in high seismic zones has encour-
aged the research towards a deeper understanding on the nonlinear cyclic behavior of the R/C
panels [5-9].

All the while many investigations on nonlinear analysis of R/C panels by finite element
methods have been carried out. The available studies are not reviewed here in details, none-
theless, in the opinion of the authors, they can be subdivided into two categories: some re-
searchers developed very sophisticated models while others searched for simplified ones as it
is clarified below.

The works of the first category focus their attention on addressing the general two-
dimensional problem, by means of R/C nonlinear constitutive models belonging to the differ-
ent frameworks; i.e. elasto/viscoplasticity [10—12], fracture theory [13, 14], continuum dam-
age mechanics [15-17], smeared crack models [18], modified compression field theory [19—
21], softened membrane models [22].

Some of the cited works found their way into modern computer codes, but they often turn
out to be rather complex or excessively expensive from the computational point of view, es-
pecially if applied to large scale structures.

The models in the second category are less general and they are addressing specific prob-
lems as beam-column joint panel [23], macroscopic fiber based model for shear walls [24, 25]
or enhanced beam model [26, 27]. These models are suitable for large scale structures but
they can be applied only for moderate shear demand since they do not address all the physical
issues in the case of significant biaxial membrane stresses. Because of these limitations, the
use of such nonlinear methods for the R/C panel design and assessment do not seem to meet
the challenges of the earthquake engineering practice.

The purpose of the present study is the development of a membrane model for R/C panels
addressing the evaluation of strength and ductility under cyclic loading. The proposed model
belongs to the first model category while being suitable for the analysis of large scale struc-
tures. The membrane under plane stress state conditions is defined by superposition of distinct
concrete and reinforcing steel material models. The model takes into account only the axial
response of the reinforcing bars [28]. The bond slip effects are not taken into account at the
present stage as well as the stiffness and strength of the bars perpendicularly to their align-
ment. The selection of the damage mechanics as framework for the concrete constitutive law
comes from its ability in describing concrete behaviors avoiding excessive complications in
the numerical procedure for the material state determination. In order to study the cyclic be-
havior of concrete panels subjected to shear loading, it is necessary to introduce two damage
parameters, that account for the two different concrete failure modes in tension and in com-
pression [16, 28]. The model of Faria et al. [29], although notably efficient, was developed for
massive concrete structure such as dams in which the influence of the plastic strain in tension
is supposed to be very low. Thus the simplified plastic evolution law, that disregards the plas-
tic strains for tensile stresses, cannot capture the progressive crack opening typical of a cyclic
loading of R/C panels. A more general plastic evolution law, that is more accurate for plane
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stress state problem, is proposed to reproduce the plastic strains for general stress configura-
tions.

For what concerns the reinforcing steel material, the simulation of the Baushinger effect is
important to estimate the dissipated energy in hysteretic cycles precisely. Thus the model of
Menegotto-Pinto with isotropic hardening developed by Filippou et al. [30] is profitably used.

2 CONCRETE DAMAGE MODEL

2.1  The model fundamentals

The proposed concrete constitutive law belongs to the class of energy-based isotropic con-
tinuum damage models. The model presented in this work takes into account both tensile and
compressive concrete failure modes, by means of two damage parameters, and also the micro-
crack opening and closing, by considering the spectral decomposition of the stress tensor.

The damage and plastic unloading processes are assumed to be elastic. Reference is made
to the paper of Ju [31] for the detailed explanation of the elastoplastic damage model frame-
work and the adopted notations.

The split of the total strain tensor into “elastic-damage” and “plastic-damage” parts is as-
sumed:

e=¢g" +¢€ ()
The locally averaged free energy potential is postulated according to the work of Faria et al.
[29]:
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where d*, d~ represent the positive and negative damage parameters respectively and &+,

and &~ are the positive and negative part of the effective stress tensor defined by:
6=C%¢ (3)

where C° is the fourth-order elastic stiffness tensor.

During any physical process the energy dissipation shall be always non-negative in agree-
ment with the first thermodynamic principle. This condition is expressed by the following
Clausius-Duhem inequality that holds for any admissible process:
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With the total strain a free variable, the term within the first square brackets shall be al-
ways zero. Thus the definition of the relation between the Cauchy stress tensor and the effec-
tive stress tensor can be obtained:
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The second and the third terms of the Equation (4) provide the damage and the plastic dis-
sipation inequalities:
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The reader is referred to the work of Faria et al. [29] that contains the demonstration of the
validity of these inequalities.
Starting from the stress-strain relation of Equation (5), the fourth-order damage tensor D
can be defined by the following expression [32]:

D=d*P*+d P~ (8)

with P and P~ standing for the fourth-order projection tensors, positive and negative re-
spectively, that have the following definitions:

P+ = H(_i i® i
Zi 0)P; ®p ©)
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where H is the Heaviside step function, i is the i -th principal stress of the effective stress
tensor ¢ and Pi stands for the associated principal direction.

Then developing the Equation (6), the energy dissipated by the damage process shall be
defined. The thermodynamic force, also called damage energy released rate, is expressed as:

oY

~od (11)
The damage energy release rate characterizes the damage evolution taking into account the

progressive degradation of the mechanical properties of the material.

For the damage criteria, the damage energy release rate functions are defined with the fol-
lowing formulas:

=Y

v+ =VE'g+ ol g+ (12)
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where Ooct and Toct are the octahedral normal and shear stresses respectively (while [1and

J2 are the first invariant of the effective stress tensor and the second invariant of the deviator-
ic effective stress tensor), E? is the concrete Young modulus and K is a material property
that accounts for the increase of compressive strength due to biaxial compression [29].

The energy release rate functions have also been called equivalent effective stresses T
and 7~ since they provide two scalar measures of the effective stress tensor [29].

With respect to the work in [29], the negative equivalent stress is defined slightly different
so as to be homogeneous to the positive equivalent stress. As a result both the equivalent
stresses have the same dimension of a stress component.

The damage threshold in uniaxial tension and uniaxial compression is described by varia-
ble r* and r~, respectively, and they monitor the size of the expanding damage surface.

The numerical applications, carried out by the same authors, showed that the original dam-
age criteria proposed by Faria et al. [29] agrees quite well with the experimental results for
uniaxial, biaxial tension and biaxial compression stress states, whereas it has been demon-
strated that improvements were necessary to better fit the experimental information for biaxial
tension-compression states (see Figure 1).
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A substantial improvement can be obtained by defining a unique damage criterion instead
of two distinct ones in the earlier studies [29, 32].

Taking advantage from the homogeneity of the equivalent stresses, the following unique
expression can adequately account for the interaction between tensile and compressive dam-
age evolutions [36]:
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Figure 1: Initial elastic domain for plane stress states

The new damage criterion, that constitutes the damage surface, is superimposed to Faria’s
proposal in Figure 1.

It can be easily verified that, in the compression field ( Yt = 0), the damage criterion be-
comes the modified Drucker-Pruger criterion and its suitability in representing biaxial stresses
has been demonstrated by several studies [17, 29, 32].

In addition to the damage criterion the evolution of the damage threshold is determined by
the following flow rule:

L 0g(y,r)
Yoy (15)
where vy is the damage consistency parameter. The relative Khun-Tucker conditions give:
g¥,ry<so  y=0 ygl¥,r)=0 (16)
while the consistency condition is
yg(¥,r) =0 (17)

The new damage threshold variables r can be computed with the Newton-Raphson method
assuring the quadratic convergence of the material state determination.



L. Tesser, F.C. Filippou, D. Talledo, R. Scotta, R. Vitaliani

It can be underlined that the elliptical shape of the damage criteria assures independent
evolution of the positive and negative damage threshold for uniaxial tensile and compressive
tests respectively.

In fact the tangent of the damage criteria is orthogonal to the normal vector when one of
the thermodynamic forces is null.

Four parameters are needed to determine the initial damage surface: 70 and 70 are the
initial elastic damage thresholds for uniaxial tension and compression loadings respectively,
K takes into account the additional strength under condition of biaxial compression and v is
the Poisson modulus.

Three common lab tests are necessary to compute the value of those parameters [29]: an
uniaxial tension experiment, an uniaxial and a biaxial compression ones.

Using the Equation (12), the positive damage initial threshold is exactly equal to the con-
crete tensile strength, that is assumed to characterized the end of the elastic domain in the
constitutive stress-strain relationship:

0 =fo = fu (18)

Since the compressive constitutive law ends the linearity before reaching the peak strength,

the uniaxial initial elastic limit fo shall be evaluated from the uniaxial compression test lead-
ing to the corresponding negative damage threshold from the Equation (13):

3
T0_=§(K—\/§)fo_ (19)

From the results of a biaxial compression test, the biaxial compression elastic limit fozp
can be obtained. Thus the parameter K , accounting for the increase of compressive strength
due to biaxial compression, can be computed as

_ (fozp = fo)
K=v2 2foop — fo (20)

The present constitutive model considers that damage criteria describes also the plastic sur-
face so that the development of material damaging is simultaneous to the accumulation of ir-
reversible strains for all the stress states.

Recalling the considerations of the work by Faria et al. [29] the following plastic evolution
law is defined:

& = BEOQCO_l:E

0.0 (21)
having introduced B for the plastic strain coefficient.

It is clear that the plastic strain evolution proposes several simplifications with respect to
the “effective stress space plasticity” [31] used to couple the damage evolution and the plastic
flows in the spirit of obtaining a powerful tool for large time consuming seismic analyses.

In fact the adopted law determines the efficiency of the procedure. The presented choice
leads to have the direction of the plastic strain rate parallel to those of the total strain rate. The
effect is to introduce a simplification in the coupling between damage and plasticity and thus
eliminating the additional iterative cycles inside the material state determination procedure. A
consequent accepted limitation is a low efficacy in predicting the dilatancy of the concrete. In
the cases in which the dilatancy plays an important role, the proposed model can be suitably
applied taking care of choosing a different plastic potential.
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The damage parameter evolution laws can be defined and they shape the concrete constitu-
tive behavior. The analyses presented in this paper have been carried out using the laws pro-
posed by Wu et al. [32].

The elastoplastic damage tangent modulus in the effective stress space can be derived from
the previous expressions

Cer =0 — (CO: 1(6')) ® (CO:3_§>

Sicu1@ -5 22)
in which the following symbol

1(5) = o

@)= re (23)

has the physical meaning of the unit tensor parallel to the effective stress tensor.

2.2 Notes on integration algorithm

The concrete material state determination presents similarities to the classical plasticity re-
turn-mapping algorithm and it is quite straightforward.
The total strain is updated by the given incremental displacement field:

En+1 = & + V2 (L) (24)
And the trial elastic state is computed as
Tt = C% (gns1 — £1) (25)

If the plastic-damage criteria is respected there is evolution neither of the plastic strain, nor
of the damage thresholds, nor of the damage parameters:

p p

Eip1 T & (26)
Tni1 =Ty (27)
dyi =d, (28)
and therefore the trial effective stress can be confirmed
Oni1 = 041 (29)

If the plastic-damage criteria is not respected it is necessary to use a return-mapping algo-
rithm to update effective stress, plastic strain and plastic-damage thresholds such that the fol-
lowing equalities hold:

Ont1 = C% (p41 — €5 ,1) (30)
(Oni1:08) -1
Sp = £p + ﬁE_n—_ CO 10
nHl " On+1:On+1 n+l (31)
- - Y ’ Yo ?
I Yo i ) = <‘r1 1) + rn_ ; —-1=0 32
n+ n+
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The solution of the previous nonlinear equations requires an iterative scheme that can be
solved by the Newton method using the elastoplastic damage tangent modulus of the Equation
(22).

As a consequence the damage parameters can be calculated directly

dpi1 =dn1 (g1, 7o) (33)

When the two alternative branches of the integration have been completed, the Cauchy
stress is obtained from the following equation

Opt1 =1 —dpy1):0p1y (34)

3 VALIDATION EXAMPLE FOR CONCRETE MATERIAL

Two simple numerical examples are reported in order to show the ability of the concrete
damage model in reproducing the typical concrete behavior for 1D cyclic tests under tensile
and compressive solicitations.

3.1 Cyclic uniaxial compressive loading test

In Figure 2 the experimental results, taken from Sinha et al. [33], are plotted against the
numerical results. This experiment was already selected by Faria et al. [29], among others, to
validate their model. The concrete material properties assumed for the model are derived from

those reported by the authors of the experimental study: the compressive peak strength fe =
32 MPa, the Young modulus E = 26 GPa, the compressive uniaxial initial elastic threshold

fo =15 MPa, the plastic strain coefficient B = 0.590. The numerical model is very capable
in reproducing the concrete nonlinear behavior. When the initial elastic limit is passed, the
plastic strain and the damage parameter increase. The hysteresis of the reloading loop cannot
be simulated by the model because of the rate-independent elastic loading/unloading assump-
tion but the progressive degradation of the secant modulus fits the loading/unloading test
curves on average very well.

'40 I T T 1 L T
Experimental

B Numerical |

-30
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o
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Figure 2: Cyclic uniaxial compressive loading test

The values reached by the negative damage parameter at the maximum strain of each cycle
are depicted in Figure 3. In can be noted that its value is about 0.2 when the compressive peak
strength is achieved. After a strength decay of about 25%, the damage parameter approaches
0.6. A damage value equal to 1.0 means that the strength and stiffness of the material are
completely lost. It should be underlined that the damage parameters are positive scalar values
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that cannot decrease since they depend on the maximum recorded damage threshold. This im-
plies that a damage parameter remains constant during an unloading/reloading cycle until the
maximum effective stress is exceeded again.

08 b

1 2 3 4
Cycles [-]

Figure 3: Negative damage index evolution

3.2 Cyclic uniaxial tensile loading test

The comparison between the experimental data (Gopalaratnam and Shah [34]) and the nu-
merical results by means of a simple element patch, 82.6 x 82.6 mm, is illustrated in Figure 4.
Also Lee and Fenves [17] chose this test to showcase their plastic-damage model. The degra-
dation of stiffness is simulated at each unloading/reloading cycle as well as the softening be-
havior.
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Figure 4: Cyclic uniaxial tensile loading test

Attention should be focused on the residual strain after complete unloading. In fact the re-
sidual strain consistently increases even for relatively high strain and very low residual tensile
concrete strength. The numerical model can capture very effectively this effect though the
plasticity extended in the present work also for tensile concrete stresses. The residual strains
in tension are quite important because they affect crack closure state at loading reversals and
they becomes particularly evident for cyclic shear tests of reinforced concrete membranes.

On the contrary, the gap between the experimental curve and the numerical one immediate-
ly after the peak strength does not condition the effectiveness of the model for the purposes of
the present work because of two reasons: the difference of the two curves is relatively insigni-
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ficant in terms of dissipated energy having the concrete material a very low tensile peak
strength compared to the compressive one; the post crack behavior for reinforced concrete
elements subjected to tension is characterized by the steel response and by the narrow tension
stiffening effect.

The evolution of the positive damage parameter is shown in Figure 5. The damage parame-
ter increases drastically at the beginning of the softening branch and then it approaches the
unit asymptotically since the depletion of the fracture energy take place at strains much larger
than the elastic limit.

Damage [-]

Cycles [-]

Figure 5: Positive damage index evolution

4 R/C MEMBRANE MODEL

The general three-dimensional concrete model has been developed in a plane stress state to
represent the behavior of concrete panels.

Several choices are possible in order to reproduce the reinforcements. The simplest model
considers the use of different finite elements for the reinforcing bars joining the concrete pa-
nels at the nodes (discrete approach). The main drawbacks of this choice are the need of in-
troducing a steel element for each reinforcement position and the difficulty of introducing
bars inclined differently respect to the panel mesh.

The proposed model considers the superposition of different material models to create the
membrane model (embedded approach). Thus the reinforcements shall be represented as
smeared since the overall behavior of the membrane shall comply with the panel kinematic.
As a result the equivalence of the total strains of the different material is imposed. From the
physical point of view this is equal to assume a perfect bond between concrete and reinforcing
steel. Each steel layer can reproduce the behavior of a set of bars aligned to a generic direc-
tion respect to the element principal axis. As a simple generalization a steel layer can simulate
the response of a reinforcement net with bars disposed in two orthogonal directions.

An important benefit of the membrane model is the possibility to reproduce all possible
reinforcement configurations by simply adding the appropriate number of layers.

The model could be further extended to take into account the bond slip between the two
materials at the cost of additional computational effort.

If a steel layer represents one set of parallel rebars, it has an uniaxial stress response in the
direction of the bars. On the contrary, a net with bars in two orthogonal directions is simulated
by a biaxial orthotropic stress response.

10



L. Tesser, F.C. Filippou, D. Talledo, R. Scotta, R. Vitaliani

In the first case, the reinforcing layer state determination starts with the projection of the
generic total strain tensor in the direction of the bars. Without losing in generality that direc-
tion is denoted by its cosine directors u.

The total strain along the steel bar is easily obtained as:

eq,:suou (35)

that is used to compute the uniaxial steel material state determination by using the reinforce-
ment constitutive law. In the present work the Menegotto-Pinto law with the isotropic harden-
ing introduced by Filippou et al. [30] has been profitably selected for its ability to evaluate
precisely the hysteretic behavior of the reinforcing steel.

The material state in terms of steel stress and tangent modulus are therefore re-projected in
the original element reference frame:

o, =0,(u®u (36)
C;=C, uQuURURu) (37)

These layer responses are added to those coming from the other concrete and steel layers.
It can be underlined that the membrane model can be applied to any two-dimensional finite
element. The authors have carried out several analyses running different elements i.e. four-
node and nine-node quadrilateral and six-node triangular.

5 QUASI-STATIC EXAMPLES FOR THE R/C MEMBRANE MODEL

5.1 Examples of deep beams

The well known reinforced concrete beams tested by Leonhardt and Walther [35] are se-
lected to validate the proposed model. Table 1 summarizes their geometry and the reinforcing
steel. They are simply supported beams with two concentrated vertical loads symmetric re-
spect to the beam midspan. The beams are characterized by the absence of shear reinforce-

ment and a constant longitudinal reinforcement ratio of # = 2.0%_

BeamID L (mm) a(mm) h(@mm) b(mm) a/d p (%)
T4 1700 670 320 190 2.5 2.0
T5 1950 810 320 190 3.0 2.0
T6 2350 1080 320 190 4.0 2.0
T7 3100 1350 320 190 5.0 2.0
T8 3600 1620 320 190 6.0 2.0
T9 5800 1890 320 190 7.0 2.0
T10 4700 2160 320 190 8.0 2.0

Table 1: geometry and reinforcement of the beams

The shear span-to-depth ratio a/d conditioned the experimental failure mode: flexural
failure took place for high ratios while shear failure occurred for low ratios. In particular the
transition from flexural to shear failure can be distinguished for a/d = 6.

The experimental setup has been numerically simulated. The constitutive laws of the con-
crete and steel have been calibrated using the parameters of Table 2, starting from the material
mechanical properties of the specimens [35].

In Figure 6 the experimental failure loads are compared with the one related to the theoret-
ical flexural strength and with those obtained by the numerical membrane model. The good

11
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agreement between the experimental and the numerical values confirms the accuracy of the
non linear model.

1 ?S I T T 1 T T
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Figure 6: Comparison between experimental and numerical results for the failure load vs. span to depth ratio

Concrete Reinforcing steel

Young modulus 36 GPa  Young modulus 190 GPa
Poisson coefficient 0.15 Yielding strength 360 MPa
1D compr. strength 28.0 MPa Hardening modulus 3 GPa
2D compr. strength 33.6 MPa

1D compr. elastic threshold 18.2 MPa

1D tensile strength 2.0 MPa

Table 2: material model parameters used for the numerical analysis

100

80

. T9

40

Load P [kN]

20

60 80 100 120
Displacement [mm]

Figure 7: Numerical load vs. displacement curves of the beams

Figure 7 shows the load vs. displacement curves obtained by the numerical models. The
corresponding experimental curves were not reported by the test authors.

The curves for the beam T9 and T10 show high plastic deformations, after the longitudinal
bar yielding characteristic of a flexural failure mode, whereas the remaining beams with lower
span-to-depth ratios suffered shear failure as the abrupt termination of their curves demon-
strates.

12
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The specimen T4, with the lowest a/d =2.5, showed a so-called “shear compression fail-
ure” that is the crushing of upper compressed concrete area due to the progressive develop-
ment of the diagonal cracks induced by shear stresses under the point of load application. The
experimental failure occurred at the load of 87.5 kN, while the numerical simulation provides
a corresponding value of 83 kN. This beam characterizes the deepest point for the “shear val-
ley” of the specimen set having a reduction of the failure moment equal to the 53% of the
theoretical flexural value.

5.2 Example of R/C panels

The new model has been validated by comparison with several experimental results on
reinforced concrete panels from the literature.

In particular all the specimens presented by Mansour and Hsu [8] have been considered.
The comparison has been even more significant thanks to the kind availability of Professor
Hsu to produce the experimental measured data upon request.

These R/C panels were submitted to increasing amplitude cyclic load reversals of pure
shear solicitations in their mid-plane by means of the “Universal Panel Tester” at the Univer-
sity of Huston (Texas, USA). The loads had been applied uniformly on the panels edges.

The reinforcement had been placed in different directions respect to the solicitation prin-
cipal axes and with variable ratios for each panels.

Table 3 recalls the main panel properties while the exhaustive specimen description can be
found in the work of the test authors [8]. The symbols assume the following meanings:

fle compressive strength of cylindrical concrete specimen;

a; angle between the vertical specimen direction and the [ reinforcing bar one;
Pi reinforcement ratio in [ direction;

fiy tensile yielding strength of reinforcing bar in I direction;

Pt reinforcement ratio in t direction (at 90° respect to I direction);

fiy tensile yielding strength of reinforcing bar in t direction.

The specimens had been loaded through cyclic load reversals under load control before the
yielding strength and under displacement control for further cycles. During this last part the
shear deformation has been used as controlling parameter and the shear strain values are mul-
tiple of the yield shear strain.

PanelID__ /', a o fu o for

CA2 45.0 45.0° 0.0077 4241 0.0077 4241
CB3 48.0 45.0° 0.0170 425.4 0.0077 424.1
CD3 47.0 68.2° 0.0130 4253 0.0130 4254
CF2 44.0 79.8° 0.0056 424.1 0.0056 424.1
CE3 50.0 90.0° 0.0120 4254 0.0120 4254

Table 3: Mechanical properties of the panel materials

The pure shear solicitation had been applied by imposing normal stresses equal in absolute
value but opposite in sign along the vertical and the horizontal directions of the specimens.

The applied loads and the panel averaged strains had been measured by load cells placed
on each jack and by displacement transducers over a length traversing several cracks.

In order to verify the accuracy of the numerical model and thanks to the availability of the
experimental data, the numerical results are compared to the specimen ones.

13
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In sake of brevity the results of one panel for each series of bar inclination are presented in
terms of shear stress vs. shear strain response (see from Figure 8 to Figure 12).

The specimens identified by CA2, CB3, CD3, CF2, CE3 are considered in decreasing or-
der of angle amplitude between the rebar directions and the principal stress ones.

The letter A stands for an angle between the steel bar orientation and the vertical principal
stresses equal to 45°. The specimen CA2 has equal reinforcement ratios of 0.0077 in both the
net directions. The experiment authors have reported that an “out of stroke” happened at the
end of the test. That inconvenience had inevitably conditioned the data recorded in the last
load cycles both for positive and negative shear stresses (see Figure 8). Thus the strength de-
cay, in the last cycles, was not caused by the panel failure but rather by the insufficient push
of the jacks. It is confirmed by the same authors when they admit that the ductility of the pan-
el CA2 shall be considered higher than that recorded because the collapse of the panel was not
reached due to “equipment limitations”.

Shear Stress [MPa]
(=]

I : £ : _ Experimental‘
: : : : Numerical

6 ; ; : L :

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

Shear Strain [-]

Figure 8: Comparison between experimental and numerical results of the specimen CA2 for shear stress vs. shear
strain response

The behavior of the specimen has been rather correctly simulated in terms of fracture load,
shear strength, ductility of the panel, pinching effect of the hysteretic curve.

Since the bar net is inclined of 45° respect to the principal stress directions, all the rein-
forcements bear the tensile loads in both the principal directions with equal stresses. This
leads to a progressive delay in recovering the stiffness and the strength at load reversals as far
as the plastic strain increases. Even if the numerical model cannot account for the crack inter-
locking and the progressive stiffness recovering of the specimen, nonetheless it can fairly si-
mulate the stiffness recovering in the average.

The tension stiffening effect does not seem to be captured by the numerical model, but also
the experimental data appear to be definitely unstable.

The unloading stiffness of the model is lower than the specimen one after the yielding con-
ditions. This evidence is likely due to the inability of the model to account for bar bond slip
and bar dowel action effects.

The specimen CB3 has reinforcement ratios equal to 0.0077 and 0.0170 in the two rebar
directions aligned again at 45° respect to the principal stress ones. The experiment authors did
not have reported any inconvenience occurred during the test. The numerical model shows
good results referring in particular to the cyclic response envelope that includes (see Figure 9):
the initial stiffness, the yielding load, the peak strength and the compressive concrete failure.
The unloading stiffness seems underestimated especially after the concrete crushing as for the
previous example.

14



L. Tesser, F.C. Filippou, D. Talledo, R. Scotta, R. Vitaliani

Shear Stress [MPa)
=

Experimental
Numerical
6 1 1
-0.03 -0.02 -0.01 0 0.01 0.02 0.03

Shear Strain [-]

Figure 9: Comparison between experimental and numerical results of the specimen CB3 for shear stress vs. shear
strain response
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Figure 10: Comparison between experimental and numerical results of the specimen CD3 for shear stress vs.
shear strain response

The specimen CD3 has the bar inclination angle equal to 68.2° and a reinforcement ratio of
0.0130 in both the net directions. The strength reduction of the specimen in the cycles can be
attributed to the panel failure and the panel ductility had been accurately described. No com-
ment was pointed out by the experimenters on the equipment functioning even though the
strain transducers show a certain instability both in the loading and unloading cycle branches.
The measured strength turned out to be markedly non symmetric for the positive and negative
shear values. Such evidence is not justified by any specimen theoretical asymmetry and it can
be caused by an unknown realization fault in the test geometrical configuration. The response
of the numerical model is necessarily symmetric and it fits very well the envelope for the neg-
ative shear stresses being able to simulate the concrete cracking, the post-cracking loading
stiffness, the yielding strength, the maximum ductility determined by the compressive con-
crete crushing and the pinching effects of the hysteretic curve. The panel progressive cracking

phase does not seem to be fully captured even if the experimental data look quite asymmetric
and partially unstable.

15



L. Tesser, F.C. Filippou, D. Talledo, R. Scotta, R. Vitaliani

Shear Stress [MPa)

Experimental | |
Numerical
1 1
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
Shear Strain [-]

Figure 11: Comparison between experimental and numerical results of the specimen CF2 for shear stress vs.
shear strain response
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Figure 12: Comparison between experimental and numerical results of the specimen CE3 for shear stress vs.
shear strain response

The CF2 panel is the only panel with an angle of 79.8° between the steel net and the prin-
cipal stress axes and the reinforcement ratio is 0.0056 in both the directions. The numerical
model describes accurately the specimen behavior being able to catch the cracking load, the
yielding strength, the ductility and the dissipation capacity (see Figure 11). As it is shown by
the present example, but it can be noted in general, the proposed model provide an estimation
of the dissipated energy that is lightly less than the real one. This fact might be caused by the
hypothesis of disregarding the bond slip phenomenon and by considering only the axial re-
sponse of the reinforcing bars. In compensation the numerical procedure is quite efficient and
it is suitable for application to large scale structures. Furthermore a light underestimation of
the dissipated energy is pro-safety in executing nonlinear seismic analyses.

The example of the last series is the panel CE3 which has the reinforcing bars parallel to
the applied principal stresses and a symmetric reinforcement ratio equal to 0.0120. The test
authors reported that the ductility of the specimen could not have completely exploited since
the maximum lengthening of the jacks was reached. The experimental data show an unex-
plained minor asymmetry concerning the last two reloading negative braches of the global
response as it can be seen from Figure 12. Nonetheless the example show clearly how the
numerical model can reproduce precisely the recorded panel behavior in all its features such
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as, for instance, the yielding strength and the following hardening behavior, the unloading
stiffness and the residual deformation at load reversals and energy dissipation capacity.

In order to further investigate in the response of the numerical model for the last example,
other two responses are herein presented: the vertical strain vs. horizontal strain curve and the
vertical normal stress vs. the corresponding vertical strain one (see. Figure 13 and Figure 14).
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Figure 13: Comparison between experimental and numerical results of the specimen CE3 for vertical strain vs.
horizontal strain response
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Figure 14: Comparison between experimental and numerical results of the specimen CE3 for vertical normal
stress vs. vertical strain response
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It can be noted that the axial strains are evaluated with high accuracy. This shall not be
considered an automatic consequence of imposing the shear strain in the cycles after the panel
yielding. In fact the shear strain compels only the difference between the positive and the
negative axial strains but not their values separately.

The progressive expansion of the panel due to the accumulation of plastic strain is correct-
ly captured by the proposed model. The gap between the two curves visible in the central part
between following tips is explained by the sudden closure of the cracks in the numerical mod-
el, whereas the experiment exhibits a progressive stiffness recovery due to local effects occur-
ring when the opposite irregular surfaces of a crack move close again. This fact is evident also
comparing the vertical stress-strain response depicted in Fig. 14.

It is important to notice that the strain data are computed from dilatation measures over
several crack distances leading to averaged values while the numerical response is punctual
and would properly represent the behavior of a cracked section.

6 CONCLUSIONS

e An efficient two parameter concrete plastic damage model has been developed that is
suitable for the simulation of large scale structural models with RC panels.

e The validation examples have confirmed the ability of the concrete material to simulate
the nonlinear cyclic behavior of concrete under tensile and compressive strains.

o A straightforward formulation of a R/C membrane model has been proposed by superim-
posing different materials, concrete and reinforcing steel, to create a single membrane
model with smeared reinforcement of general orientation.

e The well-known Leonhardt beams are simulated to point out the efficiency of the model
in reproducing the transition from flexural to shear failure mode for deep beams. The
membrane model has been able to correctly predict the “shear valley”.

e A second set of simulation of R/C panel is carried out. The examples show clearly the
ability of the proposed model to reproduce the main features of the experimental panel
behavior such as: the yield strength, the subsequent hardening/softening behavior, the re-
sidual deformation at load reversals and energy dissipation capacity.
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