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ABSTRACT

Reinforced concrete structures are relatively complex to analyze, with nonlinear effects like cracking, crush-
ing, steel yielding, aggregate interlock, dowel effect, concrete-rebar interaction and so on. The concrete dam-
aged plasticity CDP model is a consolidated smeared-crack model which accounts for multiaxial behavior
with good agreement to experimental results. One particular relevant application which benefits greatly from
such feature is the shear wall, as shear stress significantly influences its overall behavior, therefore multiaxial
constitutive models and three-dimensional finite elements usage consist in a fitting modeling approach. Rein-
forced concrete shear walls are structures especially useful for lateral force-resisting systems, as they provide
ductility, stiffness and strength. Albeit CDP is widely applied, its parameters are not consensus in the litera-
ture, which represents a relevant research gap. The present work considers and compares CDP parameters
from relevant literature, in order to calibrate those parameters for the case of reinforced concrete shear walls.
To this purpose, four wall experiments related in the bibliography are modeled using solid finite elements for
concrete and trusses for rebars using commercial package ABAQUS. All walls are flexure-controlled with
aspect ratio greater than 2.0. By varying those parameters and comparing obtained force vs. displacement
curves and interesting values attained, like yield lateral force and displacement, stiffness and maximum lat-
eral force, it is settled a set of parameters with acceptable response focusing in the post-peak response based
on the lower estimated error of displacement capacity. Those parameters agree reasonably with literature,
although it is possible that obtained calibration is restricted to flexure controlled shear walls scope. It is pos-
sible that usage of trusses to represent reinforcement does not consider dowel effect, so a suggestion for fu-
ture studies is to change trusses for elements with transverse stiffness, like beams or solids.
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RESUMO

Estruturas de concreto armado sdo relativamente complexas para analise, com efeitos ndo lineares como trin-
cas, esmagamento, escoamento do aco, intertravamento de agregado, efeito de pino, interagcdo concreto-
armadura e assim por diante. O modelo concrete damaged plasticity CDP para concreto € um modelo conso-
lidado de trincas espalhadas, que considera comportamento multiaxial e cujos resultados condizem bem com
resultados experimentais. Uma aplicacdo especifica bastante relevante que se beneficia bem destas proprie-
dades é o pilar-parede, pois a tensdo de cisalhamento influencia significativamente seu comportamento geral,
portanto o uso de modelos constitutivos multiaxiais e elementos finitos tridimensionais consiste em aborda-
gem satisfatoria. Os pilares-parede em concreto armado sdo estruturas especialmente Uteis para sistemas de
contraventamento, pois fornecem ductilidade, rigidez e resisténcia. Embora o CDP seja amplamente utilizado,
seus parametros ndo sdo consenso na literatura, o que representa uma lacuna cientifica importante. O presente
trabalho considera e compara parametros CDP obtidos de literatura relevante, a fim de calibra-los para o caso
de pilares-parede de concreto armado. Para isso, quatro experimentos de parede relacionados na bibliografia
sdo simulados usando elementos finitos sélidos para concreto e trelicas para a armadura usando o pacote co-
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mercial ABAQUS. Todas as paredes sdo controladas por flexdo com relacdo de aspecto superior a 2,0. Ao
variar os parametros e comparar as curvas forca por deslocamento obtidas e varidveis de interesse, como for-
ca e deslocamento lateral no escoamento, rigidez e forca lateral maxima, é estabelecido um conjunto de pa-
rametros com resposta aceitavel focando no comportamento p6s-pico com base no menor erro estimado. Es-
ses parametros concordam razoavelmente com a literatura, embora é possivel que a calibracdo obtida seja
restrita a pilares-parede controlados por flexo. E possivel que a simulacdo com trelicas ndo considere o efei-
to de pino, portanto uma sugestdo para estudos futuros é substituir os elementos de trelicas por elementos
com rigidez transversal, como vigas ou sélidos.

Palavras-chave: calibracéo, concrete damaged plasticity, relago constitutiva para concreto, pilar-parede.

1. INTRODUCTION

Reinforced concrete modeling has to account for its specific non-linear behavior, such as cracking and crush-
ing. Furthermore, in multiaxial states of stress, material response changes significantly, and it is required an
appropriate formulation to account its response appropriately [1, 2].

One consolidated modeling approach is the Concrete Damaged Plasticity Model. Derived from the
Drucker-Prager criteria, it consists in a multiaxial constitutive model with direct application for structural
reinforced concrete. Although very robust and extensively used for analyses, there is no consensus among
which parameters should be used in each case by comparison of its applications. This consists in an evident
demand for better calibration considering the relatively discrepancy in the parameters suggested in the refer-
ences.

A case in which a multi-axial state of stress is essential is for shear walls. Reinforced concrete shear
walls perform very well as lateral-resisting systems, as they provide displacement capacity, stiffness and lat-
eral strength. Hence, they might assure safety and durability for high-rise or seismic vulnerable buildings [3-
5].

There are relatively direct models for shear wall analysis which are inexpensive in terms of computing
cost and still provide an accurate response while only applying linear elements, e.g. the Wide-Column Model
which proposes usage of beam elements that can be considered linear with secant behavior or nonlinear based
on a fiber section discretization [6]; the Multiple Vertical Line Element Model can consider non-linear and
cyclic material behavior and still accounts for relevant responses, like axial-flexure interaction and neutral-
axis migration by using only trusses and a horizontal spring. [4, 7].

There are also more robust and complex models. The Finite Element Model FEM opens the possibility
for continuum bi-dimensional and three-dimensional elements which account shear displacement and shear-
flexure interaction inherently to the element formulation, making it very convenient in the assessment of
structural walls. Nevertheless, setting up and processing FE models might be very expensive, not only for
processing demands but also to obtain the appropriate material parameters for the model as well as in user’s
time and knowledge to assemble it [4, 8].

However, using a more robust formulation is highly beneficial in some cases, like nuclear engineering,
special structures, research applications or to avoid experimental methods. Therefore, using the FEM is a
good option for reinforced concrete shear wall analysis, allowing for a more accurate response in exchange
for more time spent in the modeling process if compared to simplified modeling approaches [8].

The shear displacement is relevant for shear walls due to the fact that they are short elements and
therefore more susceptible to shear than linear elements like beams and columns, making it important to ac-
count for the shear induced displacement which is negligible in linear elements. Deep beams have also this
property and could be well analyzed with FEM.

The constitutive model Concrete Damaged Plasticity CDP is multiaxial, it being a pre-requisite for us-
age with shell or solid elements, and widely applied to model reinforced and prestressed concrete structures
in general. It is available in the software package ABAQUS, in which the entrance parameters are the materi-
al’s dilation angle, eccentricity, the ratio of biaxial to the uniaxial compressive yield stresses, the ratio of the
second stress invariant on the tensile meridian to that on the compressive meridian and the viscosity parame-
ter. It is also required to assume an uniaxial compressive and tensile behaviors and it is recommended to
model the damage variables. Among correlate literature, there are significant discrepancies between values
found for those quantities.

This paper aims to calibrate the parameters for reinforced concrete shear walls modeling with the
Concrete Damaged Plasticity model based on experimental evidences. Although the calibration is focused on
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reinforced concrete shear walls, it can fit other structural elements with similar properties, like deep beams.
This represents a significant contribution considering the wide use of numerical analyzes to estimate diverse
structural behaviors [2, 3, 5, 6, 7, 9, 10], so appropriate material simulation is a subject of interest of the re-
search community.

2. CONSTITUTIVE MODELS

Described in the papers by LUBLINER et al. [11] and extended by LEE and FENVES [12], the Concrete
Damaged Plasticity CDP constitutive model is mathematically smooth, continuous and smeared-crack model.
It can be used to analyze reinforced concrete behavior considering plasticity, softening and damage, applica-
ble also for cyclic analyses. Its yield function adopts a Drucker-Prager hyperbolic function shown in eq. (1)
with eq. (2), (3) and (4) defining its dimensionless parameters.
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In which,

p : is the hydrostatic pressure; g : is the Mises equivalent stress; S is the stress deviator; 6,4, is the
maximum principal stress; &, and &, are the cohesion stresses for compression and tension; (x) is the Ma-
cauley bracket returns zero if x<0, else it returns x.

(op/o.) is the ratio of the biaxial to the uniaxial compressive strength;
K. defines the failure surface in deviatoric plane, which is normal to the hydrostatic axis.

The CDP considers nonassociated potential plastic flow. The potential plastic flow G is a Drucker-
Prager hyperbolic function defined as equation (5).

G =+/(e 0y tanh)2 + % —p-tanyh )

where: oy is the uniaxial tensile stress;
y is the dilation angle;

€ is the eccentricity of the plastic flow and defines the rate at which the function approach the asymp-
tote.

The yield surface in a deviatoric plane, which is orthogonal to the hydrostatic axis, and also the hy-
perbolic flow potential is illustrated at Figure 1, exhibiting the influence of the K. parameter, as well as the
geometric interpretation of the dilation angle 1y and the eccentricity e.
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Figure 1: Yield surfaces: in the deviatoric plane (left); Hyperbolic in the meridional plane (right) [13].

The yield surface for concrete subject to biaxial stresses is shown in Figure 2. It also illustrates how
the yield function (equation 1) depends on the sign of the maximum principal stress: if there is tension at the
stress tensor, thus the maximum stress is positive and the term with £ is not null. Likewise, the parameter
with y only appears in triaxial compression [12, 14].
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Figure 2: Yield surface for biaxial stresses according in CDP model [13].

The parameters required for the CDP model in ABAQUS are the dilation angle i, eccentricity e, the
ratio of biaxial to the uniaxial compressive yield stresses (op/c), the ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian K. and the viscosity parameter .

The dilation angle 1 is measured in the p-q plane in high stresses, as shown in Figure 1. It is predomi-
nantly assumed as 30° [15, 16, 17], but there is some divergence between values recommended [8].

The eccentricity € is a small positive number defining the rate in which the hyperbolic flux approaches
its asymptote. The default value in the literature is 0.1, almost undisputed [18, 19].

The ratio of biaxial to the uniaxial compressive yield stresses (op/c.) was experimentally determined
as 1.16 by KUPFER, HOLSDORF and RUSCH [1], extensively assumed as such. One particular work [20]
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presents this parameter as a function of concrete compressive strength f*, calibrated from experiments report-
ed in the literature.

The ratio of the second stress invariant on the tensile meridian to that on the compressive meridian K,
must be greater than 0.5 and limited to 1.0, with the standard value being 0.667 [5, 21].

As for the viscosity parameter p, by assuming a sufficiently small value, it may improve obtaining
convergence while preserving accurate results, especially for post-peak softening behavior. It is recommend-
ed as null [13].

Summarizing all the needed parameters for CDP modeling, the yield function is determined by (oy/o)
and K., while the flow potential is defined by 1 and e. Additionally, it can be considered a viscosity parame-
ter too. It was found in correlate literature information about values adopted in CDP, and they are shown in
Table 1.

Table 1: CDP Model parameters according to relevant references to various scenarios.

REFERENCE PO |e (op/o) | Ke M
DASSAULT ABAQUS MANUAL [13] 01 | 116 | 0.667

ALL; KIM; CHO [15] 30

BIRTEL; MARK [16] 30 | 01 | 1.16 | 0.667
DAWOOD; ELGAWADY; HEWES [22] 1 01 | 1.16 | 0.66 0
DONG et al. [23] 30 | 01 | 1.16 | 0.6667 | 0.0001
EARIJ et al. [8] 40

GENIKOMSOU; POLAK [14] 40 | 01 | 1.6 | 0.667 |0.00001
HUSAIN; EISA; HEGAZY [19] 37 | 01 | 1.16 | 0.67 | 0.001
JHA; ROSHAN; BISHNOI [24] 55 | 1.25 | 1.16 | 0.667 | 0.0005
KAUSHIK; DASGUPTA [21] 55 | 01 | 1.16 | 0.667 | 0.01
KMIECIK; KAMINSKI [2] 3 | 01 | 1.16 | 0.667 0
LI; HAQ; BI [17] 30 | 01 | 1.16 | 0.666 | 0.0001
LIU et al. [25] 30 | 01 | 1.16 | 0.667 | 0.005
LOPEZ-ALMANSA; ALFARAH; OLLER [26] 01 | 1.16 0.7 0
NAJAFGHOLIPOUR et al. [27] 35 | 01 | 1.16 | 0.667
PAVLOVIC et al. [18] 3 | 01 | 1.16

PELLETIER; LEGER [28] 13 | 90

REN et al. [29] 38 0 1.75 | 0.667 | 0.0005
SUMER; AKTAS [30] 38 | 01 | 1.16 | 0.667
SURUMI; JAYA; GREESHMA [31] 38 | 01 | 1.16 | 067
VOIDAN; AGHAYARI [3] 38 | 01 | 1.16 | 0.667

WANG et al. [5] 3 | 01 | 1.16 | 0.6667

WEI; RICHARD; FU [32] 3 | 01 | 1.16

Furthermore, a stress-strain uniaxial relation is required for compressive and tensile behavior. Herein
the CHANG and MANDER [33] envelope is applied. Their work recapitulates numerous reports about con-
crete stress-strain behavior. Some important constants are calculated from concrete compressive strength .,
like peak strain, initial elasticity modulus, shape factor and tensile strength.

As for damage, it is calculated by equation (6), and it is considered null up to peak point [18].

d=1-2 6
- f ()
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Where: d is damage in compression or tension; ¢ is stress on softening; f is the strength.

The CHANG and MANDER [33] envelope establish a stress-strain relation under uniaxial compres-
sion or tension and estimates strain at peak, modulus of elasticity, tension strength overall shape all from the
concrete strength cylinder under compression f’c. One of its benefits is that it only requires one experimental
data to define the tension and compression shape. Figure 3 illustrates the expected behavior.
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Figure 3: Compressive and tensile stress-strain uniaxial relation [33].

As for rebars, it is assumed a simple bi-linear stress-strain response considering isotropic hardening,
suitable for simple elements like trusses representing rebars.

3. REFERENCE EXPERIMENTS

For the calibration, it is necessary to compare results from the simulation to those of an experiment. There-
fore, this study considers experimental evidence presented by Ghorbani-Renani et al [34] and DAZIO, BEY-
ER and BACHMANN [35].

GHORBANI-RENANI et al. [34] describe experimental analysis of four walls, of which two are con-
sidered here, walls AIM and A2C. Both have identical geometric and mechanical properties, however wall
Al1M is subjected to monotonic load and A2C, to cyclic load. Herein, those walls are modeled as one, ad-
dressed as A1M/A2C.

DAZIO, BEYER and BACHMANN [35] assess mainly the influence of the confining reinforcement,
presenting the results of six reinforced concrete walls under a cyclic load protocol. In the present work, it is
taken walls WSH2, WSH4 and WSHS5 in consideration. They share quite similar geometry and properties.

The cross-sections for walls ALM/A2C, WSH2, WSH4 and WSHS5 are presented in Figure 4.
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Figure 4: Cross-section of walls a) ALM/A2C; b) WSH2; ¢) WSH4; d) WSH5 [36, 37].

The selected walls’ key characteristic are presented in Table 2, in terms of concrete compressive
strength ¢, reinforcement ratio ps, transversal reinforcement ratio p,, height hy, width I, , depth h and axial
force ratio v.

Table 2: Analyzed wall main properties.

IDENTIFICATION | f'c (MPa) Ps Psw hy (M) lw (M) h (m) v

A1M/A2C 28.3 0.01692 0.006667 2.7 13 0.2 0
WSH2 405 0.00540 0.002513 4.56 2 0.15 5.7%
WSH4 40.9 0.00821 0.002513 4.56 2 0.15 5.7%
WSH5 38.3 0.00390 0.002513 4.56 2 0.15 12.8%

All except one of those investigations apply cyclic loads. Walls A1M and A2C show similar (force vs.
displacement) curves for monotonic and cyclic behavior up to the peak point of cyclic chart, which may be
observed on comparing monotonic and backbone curves.

Extending this assumption to walls WSH2, WSH4 and WSHS5 is reasonable, considering they share
similar geometry and aspect ratio above 2, defining them as flexure-controlled, and the observed behavior
corroborates by displaying good increase in lateral force capacity and ductility. Shear controlled walls instead
exhibit continuous loss of lateral load capacity after plasticity.

About results evaluation, it must be taken variables that are both comparable and important wall re-
sponses. Thus chosen variables are yield force F, yield displacement d,, stiffness as ratio of difference of
force to difference of displacement between points of 20% and 60% of maximum force Kg 5.9 and maximum
force Frax. Yield point criterion must be equal for all curves, so a yield criterion by Park [38] is considered,
applicable to force vs. displacement curves. Quickly reviewing it, it may be applied in three steps; first, a
horizontal line which intercepts the curve at maximum lateral force point F..; then another line passing
through origin and 75% F,., point reaches the horizontal line; from the interception point, a vertical line is
projected to the curve and the point of encounter is considered the yield point with coordinates (dy , Fy ).
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4. METHODOLOGY

The Finite Element Method tool used was the ABAQUS commercial package, which offers the CDP formula-
tion and a suitable element library containing the required tools for the simulations.

The steel rebars are modeled as truss elements (T3D2) embedded in the concrete solid elements
(C3D4). The modeling approach considering trusses embedded on solids is quite common for reinforced
concrete analysis [14, 16, 17, 21, 23]. Figure 5 illustrates applied finite elements.

! 2
4 - node element 2- node element

Figure 5: Solid (left) and truss (right) finite elements applied in the presente analysis [13].

The embedment simulates perfect bond between concrete and reinforcement, this is a reasonable ap-
proach considering no bond-slip occur. As for the chosen rebar element, unlike beams or solid elements,
trusses ignore the transversal behavior that is relevant to consider the dowel effect, an important subject for
short elements.

Using defined finite elements and constitutive models, it is possible to simulate wall ALM/A2C be-
havior using a numerical model. By assembling solids and trusses following the general geometry described
by GHORBANI-RENANI et al. [34], a three-dimensional structure is obtained and shown at Figure 6.

Figure 6: Assembly of solid (left) and solid embedded trusses (right) for simulation of wall A1M/A2C.

Likewise, defining solids and trusses and their geometry, it is shown in Figure 7 visualizations of
models for walls WSH2, WSH4 and WSH5.



T E SILVA, L.M.; CHRISTOFORO, A.L.; CARVALHO, R.C. revista Matéria, v.26, n.1, 2021.
[@/j

Figure 7: From left to right: assembly of solids (first) for walls WSH2, WSH4 and WSHS5; and solid embedded trusses
for wall WSH2 (second), WSH4 (third) and WSH5 (fourth).
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For the concrete, it is considered the CDP model, initially assuming standard parameters 1, €, (oyp/0¢),
K and p as 38° 0.1, 1.16, 0.667 and 1e-3. Uniaxial stress-strain relationship is adopted according to CHANG
and MANDER [33] proposals for compressive and tensile behavior. Damage is calculated in equation 6. Fig-
ure 8 presents obtained stress-strain curves.
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Figure 8: Stress-strain for analyzed walls.

For the mesh, it was applied a remeshing rule based on the element energy available at the used soft-
ware and endorsed by appropriate literature [39]. After each remeshing iteration, its results are compared to
that of the previous analysis and its mesh accepted as suitable if there is no significant discrepancy, which
was considered 2% of the lateral force for the same displacement until softening. From the point when sof-
tening occurs, the results are not considered.

5. RESULTS AND DISCUSSION

Initially, the viscosity parameter is analyzed as it must be small enough for the model to attain con-
vergence. It is tested in compressive behavior an isostatic cube assembly with only uniaxial stresses with
concrete which considered as the constitutive model CDP with present work’s standard parameters. Based in
values for viscosity parameter reported by literature as zero to 0.005, for present test it is considered equals to
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le-5, le-4 and 1e-5. The obtained stress-strain for all integration points is presented at Figure 9.
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Figure 9: Stress-strain relationship curves for uniaxial loaded solids with different viscosity parameters.

As observed, even for a literature recommended value, a relatively discordant stress-strain curve was
obtained. To numerically evaluate the results, observed peak stresses are compared to the analytical value,
then obtaining the error for each model.

Avrbitrarily assuming a tolerable error of 1% in the peak stress and a linear relation between error and
viscosity parameter, it can be estimated that the viscosity parameter which leads to 1% error equals 2.15e-5.
By carrying out the same assessment in tensile behavior, it is obtained as maximum tolerable viscosity pa-
rameter 5.8e-5. Thus, herein is adopted as maximum viscosity parameter 1.0e-5, in order to avoid further
interference from excessive viscosity parameter.

Setting default p as 1.0e-5 for the following simulation, it is still required to evaluate the influence of
parameters 1y, €, (oy/o.) and K.. Simulating wall A1M/A2C to default values and varying only one of them,
the curves for force vs. displacement at the top obtained are exhibited in Figure 10.

By applying similar changes to CDP parameters of wall WSH2, the simulation leads to results as
shown in Figure 11.

480 1 480 %
420 420
360 360
300 300
240 240
180 180
120 120
60 60
0 0
....... Backbone - -====Backbone + «+++--- Backbone - -====-Backbone +
Monotonic Standard Monotonic Standard
coeesey=30 ceeeeey=50 eesoeefh/fc=1.08 eesess fp/fc=1.24
----- €=0.05 =====e=0.2 ---=--Kc=0.5 -----Kc=1.0

Figure 10: Force vs. displacement in walls ALM/A2C which CDP considers altered: 1 and € (left); (on/oc) and K, (right).
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Figure 11: Force vs. displacement in walls WSH2 which CDP considers altered: i and € (left); (oy/cc) and K, (right).

Initial ascending branch is almost independent of changes in CDP parameters in both simulations, as
difference between modeling results are almost unchanged from each other in that part. Then, there is a stage
in which stiffness becomes very small, observed in charts as an almost horizontal line, and then CDPs pa-
rameters influence are evident as curves diverge. Comparing modeling and experimental results, initial as-
cending branches agree very well only until subtle loss of stiffness, which is due to rebar yielding.

As Figure 10 indicates, dilation angle parameter value significantly modifies observed behavior; by
using greater values for dilation angle, it is observed more displacement capacity and strength; on the other
hand, assigning smaller dilation angle leads to lesser ductility and strength.

Regarding the eccentricity parameter, its reduction leads to small decrease in displacement capacity
for wall AIM/A2C while wall WSH2 was quite indifferent to it. Considering that even those aggressive al-
terations did not lead to great changes in response and the literature is almost unanimous, the standard eccen-
tricity is kept as 0.1.

Parameter ratio of biaxial to the uniaxial compressive yield stresses (op/c) is also analyzed. If it is in-
creased, it is observed small increase at displacement capacity shows sensible increase and vice-versa. Like
the eccentricity parameter, as its alteration leads to minor results change and it is almost consensus in ob-
served literature, (cp/c;) is kept as 1.16.

As for variable K, its alteration leads to significant response changes: by decreasing K, observed
ductility and lateral force increase significantly for both walls. It is observed great displacement capacity on
both walls comparing to any simulation curve presented at Figures 10 and 11, except for simulations consid-
ering K, as 0.625 or below for WSH2; while for wall ALM/ALC, neither simulation could properly predict
the experimental displacement capacity.

This suggests both parameters ¥ and K should be calibrated together. So by varying those parameters
on walls WSH4 and WSHS5, obtained relations force vs. displacement at load application height.
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Figure 12: Force vs. displacement in walls WSH4 (left) and WSHS (right) varying from standard v and K.

About the initial branch, once again it is observed great agreement between numerical and experi-
mental responses, pointing good model performance; and once again CDP parameters do not impact initial
behavior observed. As for ductility, both simulations required reduction at K. parameter in order to take into
account the top displacement capacity suggested by experimental evidence. Wall WSH4 and WSH5 only
exhibited satisfying ductility for K. about 0.52 and 0.58.

Another issue is about concrete confining reinforcement influence on simulated wall behavior. This is
of paramount importance as its one of the advantages of three-dimensional modeling, because it is possible to
assembly a construct with every single rebar detailed. Thus concrete confinement might be implicitly taken
into account, as CDP constitutive model considers multiaxial behavior.

This way it is possible to consider material mechanical properties and geometry completely individu-
ally. One and two-dimensional finite elements modeling approaches cannot consider confining reinforcement
directly, as it is orthogonal to the element line or shell section. Even not being inherent of these, concrete
confining effects are very important and there are models for its consideration, like the widely applied Man-
der, PRIESTLEY and PARK [40] model, which propose changes in constitutive model attributed to specific
elements.

To confirm whether confining reinforcement presence in models modify their results, only confining
reinforcement is removed from simulation. Also, analyzed parameters are varied to check their impact at the
model response without confining reinforcement. Results are presented in Figure 13 for walls A1M/A2C and
for wall WSH2. As initial ascending branches do not significantly differ from one another, the origin point is
only presented in the first chart for each wall, i.e. Figure 11 for walls A1M/A2C and WSH2, Figure 12 for
walls WSH4 and WSH5.
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Figure 13: Force vs. displacement in walls ALM/A2C (left) and WSH2 (right) addressing stirrups disregard and CDP
parameters changes.

Curves from Figure 13 confirm that confining reinforcement elements impact its model results, as
walls A1M/A2C shows evident loss of ductility if no boundary stirrups are considered. Furthermore this re-
sults shows that parameter i lose its impact at the force vs. displacement obtained, which occurs at both
analysis shown in Figure 13 and also for wall WSH4, as it has only open-loop stirrups as confining rein-
forcement, which are kept in the model and leads to results shown at Figure 12. However, decreases in pa-
rameter K still increases observed ductility, thus its change is necessary to account for it in wall WSH4 since
it is insensible to any 1 changes.

For wall WSH2, assuming K. around 0.5835 presented a curve with similar displacement capacity as
experimental evidence does, as seen in Figure 11. Testing K. equals to 0.57, and varying i in concrete con-
stitutive models, obtained force vs. displacement curves are presented in Figure 14 for walls AIM/A2C and
WSH?2; and Figure 15 for WSH4 and WSHS5.
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Figure 14: Force vs. displacement in walls ALM/A2C (left) and WSH2 (right) assuming CDP with K =0.57.
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Figure 15: Force vs. displacement in walls WSH4 (left) and WSHS (right) assuming CDP with K =0.57.

Considering K as 0.57, results demonstrates overestimation in displacement capacity which leads to
unsafe predictions, therefore it is also of interest to analyze K. as 0.58, which leads to the results shown in
Figure 16 for walls ALM/A2C and WSH2; and Figure 17 for WSH4 and WSH5.
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Figure 16: Force vs. displacement in walls ALM/A2C (left) and WSH2 (right) assuming CDP with K =0.58.
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Figure 17: Force vs. displacement in walls WSH4 (left) and WSHS (right) assuming CDP with K =0.58.

As graphic examination suggests, assuming K. as 0.58 results to wall WSH5 showing good displace-
ment capacity estimative, while walls ALM/A2C and WSH2 have theirs underestimated and WSH4 ductility
is greatly underestimated due to its lack of confining reinforcement.

Finally, for parameter 1 assessment, instead of graphic examination, it is calculated dependent varia-
bles for acute adjustment. Values are extracted from all curves presented in Figures 16 and 17, except for
wall WSHA4. Variables Fy, d,, Kg .06 and Fna as designated dependent variables; it is used the yield point
definition criterion recommended by Park [38] for reinforced concrete structures. Comparing their results to
that of the mean of the experimental ones, an error can be estimated. Values obtained for all these are pre-
sented in Table 3. Wall WSH4 is excluded from this analysis, as it lacks confining reinforcement, which is
not expected to occur on everyday engineering praxis and changes significantly wall response.
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Table 3: Yield force and displacement, stiffness, maximum lateral force and ultimate displacement extracted from exper-
imental and numerical models with K, equal 0.57.

Fy dy Ko2-06 Fmax d, | Relative error | (dimensionless)
&N) | mm) | imm) | kN) | om) | R |, [ Kozes | Fam
Backbone - 366.0 | 16.05 28.49 420.6 78.00

Backbone + 370.9 | 13.12 32.79 424.7 81.35
Backbone Mean | 368.5 | 1459 | 30.64 422.6 79.68
Model, p = 41° |386.3|11.37 | 34.66 436.9 4193 | 0.048 | 0.220 | 0.131 | 0.034
Model, ¢ = 44° | 392.8 | 11.44 35.00 441.9 4292 | 0.066 | 0.216 | 0.142 | 0.046
Model, ¢ = 47° | 395.0 | 11.25 35.71 444.4 4389 | 0.072 | 0.229 | 0.166 | 0.052
Model, p =49° |398.2|11.19| 35.92 447.2 4591 | 0.081 | 0.233 | 0.172 | 0.058
Model, y =51° |401.7 | 11.18 36.44 451.1 4790 | 0.090 | 0.234 | 0.190 | 0.067
Model, iy =53° |404.0|11.10| 36.83 454.3 55.89 | 0.096 | 0.239 | 0.202 | 0.075
Backbone -* 319.6|19.38 | 19.19 359.0 56.25
Backbone + 2958 | 13.11 33.92 359.0 63.15
Model, iy = 45° | 285.8 | 11.87 38.35 345.5 21.19 | 0.034 | 0.095 | 0.130 | 0.038
WSH2 | Model,p = 47° |288.2 |12.00 | 37.16 347.0 38.70 | 0.025 | 0.085 | 0.095 | 0.034
Model, iy =49° |290.5|12.12 | 36.33 350.1 39.16 | 0.018 | 0.076 | 0.071 | 0.025
Model, iy =51° | 291.7 | 12.10 36.45 351.4 39.65 | 0.014 | 0.077 | 0.075 | 0.021
Model, p =53° |292.6 | 12.15| 36.77 353.3 39.66 | 0.011 | 0.073 | 0.084 | 0.016
Backbone- 358.5 | 8.08 61.95 432.3 62.13
Backbone+ 362.5| 9.14 60.43 439.0 65.75
Backbone Mean | 360.5 | 8.61 61.19 435.6 63.94
Model, ¢y = 41° | 353.1 | 9.53 55.21 424.6 49.17 | 0.020 | 0.107 | 0.098 | 0.025
WSH5 | Model, ¢ = 44° | 353.6 | 9.65 55.45 426.9 50.74 | 0.019 | 0.121 | 0.094 | 0.020
Model, p = 47° | 354.9 | 9.67 55.31 427.9 52.36 | 0.016 | 0.123 | 0.096 | 0.018
Model, ) =49° | 355.4 | 9.71 55.12 429.7 5433 | 0.014 | 0.127 | 0.099 | 0.014
Model, ¢y =51° | 357.1 | 9.78 54.79 431.5 58.02 | 0.009 | 0.136 | 0.105 | 0.009

Model, iy =53° |358.7 | 9.93 53.64 434.2 60.04 | 0.005 | 0.153 | 0.123 | 0.003
* Analysis of wall WSH2 showed adverse results, therefore not considered for comparison.

A1M/
A2C

One way to choose appropriate 1 is summing the errors from each dilation angle value an establishing
one relation considering the error as a dilation angle function. Admitting a polynomial regression leads to
equation (7):

YError = 1.452-107* -2 — 1.349 - 1072 - ) + 0.3964 @)

Calculating the smallest value for calculated error, it returns a dilation angle of 46.4°. Reviewing suc-
cinctly, the calibration brought up the values for v, €, (o/c¢) and K, respectively, 46,4°, 0.1, 1.16 and 0.58.

GENIKOMSOU and POLAK [14] report that the dilation angle should reach between 31° and 42°, as-
suming 40° affirming that the results are almost unchanged for dilation angles from 38° up to 42°. Their paper
assesses shear punching on concrete slabs and shows more sensibility to the dilation angle value when com-
pared to present observations. That paper considers Kc as 0.667, as herein is 0.58, and it was observed that
for smaller values for Kc makes lesser sensible to the dilation angle. Also, GENIKOMSOU and POLAK [14]
apply Kc as 1.0, but do not obtain a brittle curve, while for present models that occur, as seen at Figures 10
and 11.

EARL et al. [8] define dilation angle as 40° for their simulations and shows no great change in the re-
sults when using 30°, 40° or 50°. EARIJ et al. [8] shows better results using beams elements in detriment to
truss elements. Therefore, the present calibration might prove inaccurate while using beam elements as rebars.
Also using beams as rebars might not need an aggressive change in standard parameters like present models
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did.
Although present simulation did not achieve good agreement with experimental behavior by using

standard CDP parameters, numerous works do [5, 16, 17, 21, 22, 23]; most of them varies only the dilation
angle, as shown in Table 1.

6. SUMMARY

The objective of this work was to obtain a calibration for the multiaxial concrete model CDP parameters
based on experimental results from reinforced concrete shear walls. Concrete is simulated using solid ele-
ments C3D4 and steel rebars as T3D2 trusses. The considered parameters are dilation angle vy, eccentricity e,
the ratio of biaxial to the uniaxial compressive yield stresses (op/c.), the ratio of the second stress invariant on
the tensile meridian to that on the compressive meridian K. and the viscosity parameter p.

The viscosity must be small so it does not impact the reliability of the results while setting it to zero
makes numerical convergence more difficult. Simulations show that increasing viscosity values leads to an
unwanted growth in uniaxial stress as well. Admitting a reasonable 1% increase in peak-stress for uniaxial
stress-strain behavior, the viscosity parameters should not be greater than 2.8e-5 in this study.

As for parameters v, €, (oy/c;) and K¢, comparing curves force vs. displacement from numerical mod-
eling and experimental evidences of reinforce concrete shear walls, some important remarks are:

1. The initial ascending branches of experimental and numerical analyses agree very well and ob-
served behavior is insensible to changes in any of these CDP parameters. Therefore, the modeling
approach was able to accurately simulate cracked stiffness;

2. ltisin the plateau of the curves that CDP parameters have great impact in overall behavior. Using
parameters recommended by the literature leads to a response with loss of bearing strength at ear-
lier displacements when compared to experimental data.

3. It was possible to change plateau behavior of numerical analyses by varying CDP parameters.
Still, only parameters ¥ and K, impacted it; the influence of parameters € and (oy/c) Were negli-
gible. By increasing i or decreasing K. obtained force vs. displacement plateau presents more
displacement capacity at the same level of strength.

4. Finally, comparing numerical and experimental evidences, one way to simulate RC shear walls
and similar structures using CDP material model and account for ductility, parameters ¥, €,
(oy/oc), Kc and p are recommended equal to 46,4°, 0.1, 1.16, 0.58 and 1e-5.

With or without adjustments, FEM with CDP proved a powerful nonlinear analysis representing a

good correlation to experimental results, especially for the initial ascending branch.

It is possible that considering the dowel effect would improve observed plateau response, as this work
utilizes trusses for rebar modeling and therefore did not account for it as trusses lack transverse stiffness.
That could be corrected by changing the element type used to model rebars. This would be possible using
linear beam or solid elements, which could be costly for processing demands; still, further research is then
required and is underway.
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