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ABSTRACT

Buildings with Reinforced Concrete (RC) walls are commonly used to resist lateral forces in seismic countries
because they provide high lateral stiffness and strength. In recent earthquakes, shear wall buildings have shown
good behavior in general; however, a small percentage underwent severe damage localized typically in lower
stories. Several numerical models have been developed and proposed to simulate the failure mechanism and
behavior of RC walls. From the existing models, only those denoted as micro-models can accurately simulate the
stress and strain distributions. The aim of this research is double: (i) to validate a nonlinear finite element wall
model and the associated material stress-strain constitutive relationship using the behavior of a real building
during the 2010 Chile earthquake; and (ii) to analyze the uncertainty of the response of the building due to
changes in model parameters. To validate the response of the wall model, four experimental benchmark RC wall
specimens were studied, and model accuracy was evaluated using five parameters: initial stiffness, peak base-
shear, ultimate base-shear, maximum displacement, and dissipated energy. A sensitivity analysis was carried
out to study the influence of material parameters in the wall response and its damage. The case-study is a 18-
story building with 1 basement, which suffered severe damage during the 2010 Chile earthquake, which has
been studied by non-linear response-history analysis. Uncertainty in the building response due to three important
modeling assumptions was considered: Rayleigh’s damping model parameters; effective elastic bending stiffness
of the structural elements; and effect of the vertical ground motion component. Results showed that the proposed
model can predict the seismic response of the building with reasonable accuracy by identifying correctly the
damage location. This case-study enabled us to assess also the effect of damping in non-ductile structures, the
important influence of the slab stiffness in the response, and the effect of the vertical ground motion component
in the sequence of damaged walls.

1. Introduction

Zealand earthquake, in which about 50% of the buildings presented
moderate or severe damage [4]; and the 1999 and 2003 Turkey earth-

Reinforced Concrete (RC) shear walls are commonly used as lateral-
force resistant systems for medium- to high-rise buildings in seismic
countries such as Canada, Chile, Colombia, New Zealand, United States,
and Turkey. It is because they have previously shown a good seismic
performance, for instance, during the 1985 Chile earthquake where less
than 10% of the buildings experienced moderate to severe damage [1];
the 2010 Chile earthquake with less than 2% of the buildings severely
damaged [2]; the moderate earthquakes in Colombia in 1979, 1983,
1985, and 1999, in which the buildings presented only non-structural
damage; the 2010 New Zealand earthquake in which 8% of RC wall
buildings suffered moderate or severe damage [3]; the 2011 New
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quakes with buildings suffering only minor nonstructural damage.
However, a new damage pattern was observed in some buildings
during the 2010 Chile earthquake [5,6]. This damage pattern later
repeated in structures in Christchurch during the 2011 New Zealand
earthquake [4,7]. The failure is characterized by limited ductility with
spalling of the concrete cover, buckling of the vertical reinforcement and
crushing of the poorly confined concrete at the compression zone, which
has been associated with simultaneous bending and compression of
slender walls. Over this period, extensive research has been carried out
to understand the behavior and failure mechanisms of the buildings
during the 2010 Chile earthquake, which has lead to interesting
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findings. Different researchers have studied one of the collapsed build-
ing in detail [2]. For instance, Song et al. [8] discussed the plausible
causes of the collapse of this building; Maffei et al. [9] showed that
concrete crushing triggered the collapse, and bar buckling occurred after
concrete spalling; Deger and Wallace [10] studied concrete crushing in
T-shape walls and initially concluded that the failure mechanism was
undetermined; however, subsequent research determined that collapse
was triggered by concrete crushing [11,12]. Westenenk et al. [13]
studied other 8 buildings among them the case study of this research and
concluded that failure started at the boundaries due to high axial
stresses. Additionally, Ugalde and Lopez-Garcia [14] studied two un-
damaged buildings to understand their lack of damage, concluding that
it was consequence of foundation uplift.

Real data of building performance during these and others seismic
events is still scarce due mainly to the infrequent occurrence of large
earthquakes and the small number of wall instrumented buildings. Ex-
amples of data collected from these events are photographs, technical
reports, and some aftershock instrumentation of damaged buildings
[15,16]. To partially solve this problem, several experimental cam-
paigns have been carried out in the last forty years by different re-
searchers to understand the seismic behavior and failure mechanism of
typical RC building walls. These tests have been performed for walls
with different geometries, such as rectangular walls without openings
[17-20]; walls with regular and staggered openings [21,22]; flanged
walls with T-, C-, and U-shapes [23,24], and flanged walls with regular
and staggered openings [25]. Furthermore, these experimental tests
enabled the calibration of numerical models to predict the inelastic
behavior of RC walls under different load patterns.

Different numerical models have also been developed to simulate the
nonlinear response of RC walls. These models can be classified, ac-
cording to the modeling approach used, in two main groups: macro-
models and micro-models. Macro-models represent walls by a set of
simplified nonlinear elements, which simulate the phenomenological
behavior of concrete, steel bars, and they interaction under cyclic loads.
Examples of these models are the zero-length rotational spring, and
zero-length fiber hinge element [26-28]; fiber-type beam-column ele-
ments, and the fiber-type beam-column elements with flexure-shear
interaction [29-33]. Micro-models (also called continuum models) are
based generally on Finite Element (FE) formulations. For this class of
models, concrete and steel bars are simulated as independent elements
to estimate the stress and strain distribution along the entire element at
the expense of a high computational cost. Examples are the solid brick
element [34,35]; the fiber-shell element; and the layered-shell element
[36]. Several technical reports and codes provide information on how to
model RC walls using both approaches. Such is the case of NIST GCR
17-917-45 [37], which also presents a thorough comparison between
wall modeling methods. Researchers in the past have also compared and
quantified the effect of different modeling assumptions in the perfor-
mance of RC walls (epistemic uncertainty), such as: concentrated and
distributed plasticity elements versus shell element models [38];
different concentrated plasticity elements [28]; and shell versus solid
brick FE types [39].

These numerical RC wall models have been used for the modeling of
individual walls, as well as to predict the behavior of complete RC wall
buildings. For instance, Lu et al. [40] used a multi-layer shell elements to
simulate the collapse process of a building, and later [41] used the same
element model to simulate the behavior of super-tall buildings; Jiine-
mann et al. [42] first analyzed resisting planes of a building using non-
linear shell elements, and later a complete structure using the model
proposed by Vasquez et al. [26]; and Lu and Panagiotou [43] simulated
the behavior of a simple building using a beam-truss model [44].

In Non-linear Response History (NRH) analysis of buildings, the
damping and the effective stiffness of elastic elements are two very
relevant parameters that significantly influence the predicted response.
Both parameters somehow account the mild inelastic behavior (i.e.
concrete cracking and rebar yielding) of structural elements modeled as

Engineering Structures 240 (2021) 112093

elastic. While damping represents the energy dissipation, the effective
stiffness indirectly consider cracking and some eventual element soft-
ening. Codes provide information about approaches of modeling
damping ratios, and element cross-section effective stiffness, expressed
as a percentage of the gross stiffness EI, [45-48]. In addition, several
authors have studied the influence of these parameters in the building
response. Some have computed the damping ratio of structures from
experimental ambient vibration measures using different techniques
[49,50]; or studied the change in dynamic building properties in pre-
and post-earthquake [16]; or analyzed the influence of the damping
model in the response [49,51]. Furthermore, the effects of the vertical
component of ground motion is not considered yet in most codes, but
only in special cases [48,47]. Despite the vast research and progress
about these topics, there is still no consensus on what is correct for
building modeling. Indeed, all these different assumptions are still a
significant source of uncertainty and these parameters are key in pre-
dicting the response, especially in buildings with limited ductility.

Consequently, this research aims to study and validate a Non-linear
Reinforced Concrete Wall (NRCW) finite element model using experi-
mental results of wall tests, and the behavior of a real RC shear wall
building damaged during the 2010 Chile earthquake. An additional aim
is to predict wall damage, and evaluate the variability observed due to
different dynamic parameters, such as the Rayleigh’s damping co-
efficients, effective elastic bending stiffness of slabs and walls, and the
vertical ground motion component. In Section 2, the NRCW model, its
element formulation for concrete and steel, and the constitutive model
for both materials are presented. In Section 3, the model is validated
using the experimental results of four tested RC walls. Section 4 does a
sensitivity analysis of material parameters for the response of four RC
benchmark wall models. Section 5 uses the NRCW model to analyze the
inelastic behavior of an actual RC wall building damaged during the
2010 Chile earthquake using NRH analysis. Section 6 presents a sensi-
tivity analysis of the building response for three dynamic parameters: (i)
Rayleigh damping coefficients; (ii) effective bending stiffness of slabs
and walls; and (iii) vertical component of ground motion. Finally, con-
clusions are presented for this research.

2. NRCW finite element model

This section briefly describes the NRCW finite element model used to
predict the inelastic behavior of RC wall elements, which is used later for
the dynamic response of the RC wall building. The model corresponds to
a sandwich of layered-shell elements of concrete and steel rebar ele-
ments, which stress-strain constitutive models are included in Ansys
[52]. The concrete model is the plastic damage model proposed by Faria
et al. [53], whereas the steel model is the well-known model proposed
by Menegotto-Pinto [54] with a minor modification that enables to
consider different yield strengths in compression and tension.

2.1. Element models

Layered-shell (SHELL181) elements are used to simulate concrete
behavior. Each element is defined by 4 (or 3) nodes with six Degrees-of-
Freedom (DOFs) per node using the Bathe-Dvorkin formulation [55].
The wall cross-section is subdivided into a specific number of layers
through thickness, which accommodates the geometry of the rein-
forcement layers. Three integration points are located (Fig. 1) through
the thickness of each layer, two located at the external surfaces
respectively, and one at the center of each layer as shown in Fig. 1.
Moreover, for each integration point in each layer a plane-stress mate-
rial formulation is considered.

The reinforcement is embedded and defined relative to the base
element (Fig. 1). It can be modeled as discrete (REINF264), in which
each bar has a cross-section area with a uniaxial stress-strain material
behavior, and is individually placed within the base element. As an
alternative, reinforcement can be modeled as smeared elements
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Fig. 1. Finite element types and their assemblage.

(REINF265), where the rebar of the section is distributed in a layer of
equivalent area inside the base element. Each reinforcing layer has a
unique orientation, material, and cross-section area, and is simplified as
a homogeneous uniaxial membrane. In both approaches, rebars develop
an uniaxial straight behavior perfectly bonded with the base element,
thus neglecting rebar buckling, dowel-action and the bond-slip effect. A
sensitivity analysis was performed with wall W2 (see later), which was
modeled using both reinforcement elements (REINF264 and REINF265)
in order to evaluate the two options of rebar modeling. The boundary
conditions and the history of lateral displacements applied at the top of
the wall were similar for both models, and a static analysis was perform
with displacement control. Because the damage location and global
response of the wall model showed negligible differences between both
configurations [56], a smeared reinforcement approach was chosen for
all cases.

2.2. Concrete and steel constitutive models

2.2.1. Concrete

The plastic-damage constitutive model proposed by Faria et al. [53]
was selected to simulate concrete behavior, which is based on the theory
of plasticity and continuum damage mechanics. For this model, Faria
et al. [53] defines the Cauchy stress tensor 6 as

c=(1-0o)e" +(1-w)s, )]

where o* are the tensile/compressive damage variables, respectively;
6" and 6~ are the tensile and compressive components of the effective
stress tensor &, respectively, which are obtained through a spectral
decomposition. According to Ortiz [57], this spectral decomposition can
be written as

N

% =) (6:)*ES =P*: 5,  with (2a)
i=1

PE=> Hi(c)(Ei®E)) and EI=v o0, (2b)
i=1

where 3;, v, and E; are the i-th eigenvalue, eigenvector, and eigen-

projector of the effective stress tensor g; P+ are the positive/negative

fourth-order projection tensors, respectively; (o)*

are the positive/
negative Macauley functions, respectively, (i.e., (x)* = (x=|x|)/2);
H; () denotes the positive/negative Heaviside functions (1 if (¢) > 0,

and 0 if (e) <O for the positive function, and the opposite for the

negative function), respectively; the symbol ® denotes the outer tensor
product; the symbol ” : ” is the inner double tensor product or contrac-
tion; and N denotes the dimension of the second-order tensor (i.e., N=3
for the 3D case and N = 2 for plane-stress). This decomposition satisfies
the relations 6 =" +6~ and P+ + P~ = T, where T is the fourth-
order identity tensor.

In addition, an independent positive and negative damage criterion
needs to be defined, which is expressed by [58]

F(Y*,r%) = Y* —r*<0, 3
where Y* are the tensile/shear thermodynamic forces (or damage en-
ergy release rate), which are defined to drive the forces of the internal
damage variables; and r* are the tensile/compressive damage thresh-
olds. Simo and Ju [59] defined Y* as

Y* = /E, (6%:C°: &%), 4

where E. is the concrete Young’s modulus and ¢ is the fourth-order
linear elastic compliance tensor. Moreover, the damage thresholds r*
are increasing functions that satisfy the following relations [60]

£ = max (rai7 rr[(l)a]x(Yi) ) and (52)
1)

. = o
it =Y,

(5b)
where r¥ represents the initial damage threshold. Assuming uniaxial
behavior, these values can be calculated as rf = o}, where ¢ are the
stresses beyond which nonlinearity becomes visible under uniaxial
tension and compression, respectively.

The effective stress tensor ¢ is defined by

g:=D°:e*=D°: (e —€"), (6)

where D¢ denotes the usual fourth-order isotropic linear-elastic stiffness
tensor; and €, &¢, and &P are the total, elastic, and plastic second-order
strain tensors, respectively, with € = €° + ¢P. Faria et al. [53] defined
a simple expression for the evolution law of the plastic strain tensor as

¢’ := 76, with (7a)
y=E.d <(; ;; 7b)

where 1 = B"H/ (#") +B~H, (@~ )>0 is a material parameter that con-
trols the rate intensity of plastic deformation, and B* € [0,1] are the
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Fig. 2. Sketches of the uniaxial stress-strain laws of the concrete model in: (a)
compression; (b) tension; and (c) cyclic loading.

2]

positive/negative plastic factors, respectively. Note that for the plane-
stress case, the flow rule given by Eq. 7a leads to an out-of-plane plas-
tic strain &5,=0.

The damage variables * are a function of the damage thresholds
[58] (i.e., o* = o*(r*)). However, since experimentally, ¢*(¢*) are
well known for concrete, it is necessary a relation between o= (¢*) and
»*(r*). Recently, Chacén [58] established such transformation as

F [ rt

o*(rt) = lfr—ia (E)’ and (8a)
do*(r*) [ . (r* r= do* (%) 1

el -E o *

Additionally, the model includes a strain-rate component to improve
considerably the numerical convergence in strain-softening regimes.
The Duvaut-Lions visco-plastic model [61] is considered to evaluate the
visco-plastic strains ¢” and the effective viscous stress tensor 6’ as
follows

' 1
e = —C° (6" — &), (9a)
II'U
o’ =D (e —€"P). (9b)

Thus, the nominal viscous stress tensor 6", and the damage thresholds
variables r* are redefined according to the following expressions

¢ :=(l-w")e"" +(1-—w )" ,with (10a)

et =Pr:6",  Pr=)Y Hy(})(Ei ®E}), and  (10b)
i=1

-+ 1 + +

it = —ﬂ—(r —-YF), (100)
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Fig. 3. Sketches of the uniaxial confined and unconfined stress-strain laws of
the concrete model.

where yu, is the numerical viscosity factor (i.e. the relaxation time in
visco-plastic models).

In summary, the input parameters for this model are: (i) the positive
BT and negative B~ plasticity factors; (ii) numerical viscosity u, (0.5 was
used in all analysis); and (iii) the uniaxial tensile/compressive stress-
strain laws. The model used for the uniaxial response in compression
is the one defined by Saatcioglu-Razvi [62] (Fig. 2b). This model uses
three parameters to define the stress-strain curve: the uniaxial peak
compressive strength flc; the concrete Young’s modulus E; and the
compressive fracture energy per unit area G, (the strain at the peak
strength &, is defined as e, = 2f; /Ec). For the uniaxial concrete
response in tension, the exponential model of Oliver et al. [63] is used
(Fig. 2a), where the required parameters are: the uniaxial tensile
strength f;; the concrete Young’s modulus E., identical as in compres-
sion; and the tensile fracture energy per unit area G, (the strain at peak
tensile strength is defined as ¢, = f;/E.). Finally, both uniaxial stress-

+ o+
b:” (e, f,") b,
g
w
s
X
2 E,
=)
(@) Uniaxial strain, €,
ES
b E, —<
(e, »f,)
01,6,
(1) (3]
g (5]

é ]
w
=
= g

<

/6‘

) Axial strain, &,
Loading sequence:
o (2] 0-1-2-3-4-5

Fig. 4. Sketches of the stress-strain laws of the steel model in: (a) tension; and
(b) cyclic loading.
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Table 1
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General characteristics of the experimental RC wall specimens (,,= wall length; h,,= wall height; t,= wall thickness; p,= vertical reinforcement ratio; p,,= horizontal
reinforcement ratio; p,= volumetric reinforcement ratio of the confined boundary elements; and #,,—= axial load ratio).

L, hy, tw hy /Ly Py Ph Pp Mw
Specimen Wall name Authors [em] [em] [em] [-] [%] [%] [%] [%]
w1 M3 Amon [20] 90 200 15 2.22 0.89 0.25 2.15 10.0
w2 WSH4 Dazio et al. [17] 200 456 15 2.28 0.82 0.25 1.54 6.0
w3 RW-A20-P10-S63 Tran [18] 122 244 15 2.00 2.83 0.61 7.11 7.0
w4 RW2 Thomsen et al. [24] 122 366 10 3.00 1.12 0.33 2.93 9.0
Wall W1 Wall W2
30, d6@150 T 608 412 ,100 100, 6@150 g 2248 612
=3 v o v L aaa
= 7 {C e
e Iy e Iy
900 Cover =30 mm 2000 Cover =30 mm
Wall W3 Wall W4
3x50.8 #@101.8 ¢ #3@1524 1043 8#6 3x50.5  #1@50.8 ¢ #2@1905 s 63 Conversion diameter
o | #1=3/16“=4.76 mm
< ) [Sa -
m[ |!| = #@50.8 74 i |!| 3[ R 57 ]l #2=1/4“= 6.35 mm
- : 4 #3=3/8“=9.525 mm
It i 1219.2 Cover =18.9 mm #6= 3/4%= 19.05 mm
1219.2 Cover=27.68 mm _—
Fig. 5. Cross-section of experimental RC wall specimens: (a) W1; (b) W2; (c) W3; and (d) W4.
Table 2
Calibrated parameters for the stress-strain laws of the concrete model.
E. fi 1 Ge G K B* B
Specimen [GPa] [MPa] [MPa] [N/mm] [N/mm] [-] [-1 [-]
w1 26.3 1.375 34.7 1.75f, 2.0 1.00 0.0 0.2
w2 38.5 1.023 41.7 2.00f, 2.0 1.00 0.0 0.2
w3 24.2 1.215 42.6 1.75f, 0.5 1.16 0.0 0.2
w4 21.0 0.001 34.5 1.75f, 2.0 1.13 0.0 0.2
Table 3 converted locally to C!-class functions. These modified functions
Calibrated parameters for the stress-strain laws of the steel model. consider the original stress laws and include three-order polynomials
Diameter E i £, bt b functions in a small region adjacent to each boundary of each branch
Specimen [mm] [GPa] [MPa] [MPa] -1 -1 (0.05¢%). Details of this smoothing process is found elsewhere [58]. It is
wi 6 200 493.0 493.0 0.023 0.023 obse'zrved that the effect of this modlﬁcatl'on is neghglbl‘e for the stress-
Py 200 513.0 513.0 0.023 0.023 strain response of the model, but improves their convergence
12 190 483.0 483.0 0.023 0.023 considerably.
w2 6 210 518.9 518.9 0.018 0.018 Fig. 2c shows an example of cyclic loading of the concrete model,
8 210 583.7 583.7 0.018 0.018 where four important model characteristics are pointed out: (i) anisot-
12 210 576.0 576.0 0.018 0.018 . . . . .
w3 6.4 (42) 200 308.7 3087 0.018 0.018 ropy, which accounts for the different tensile and compressive behavior;
9.5 (#3) 200 308.7 308.7 0.018 0.018 (ii) irreversible plastic/cracking strain; (iii) strain softening, which
191 (46) 200 429.3 429.3 0.018 0.018 means that the modulus of elasticity decreases due to the irreversible
W4 48 (41) 200 390.6 520.8 0.025 0.035 damage process; and (iv) unilateral effect, which means that micro-
6.4 (#2) 200 403.2 537.6 0.025 0.035 cracks close under load reversals from tensile to compression showing
9.5 (43) 200 390.6 520.8 0.025 0.035 partial stiffness recovery, whereas open cracks and stiffness degradation

strain relations consider the fracture energy FE-regularization to reduce
the mesh-dependent results (see shaded area of Fig. 2); and a zero value
of Poisson’s modulus to achieve numerical convergence.

Originally, these uniaxial tensile/compressive stress-strain o= (¢%)
laws are piece-wise C°-class functions, since their derivatives present a
discontinuity at the boundary of each branch (e.g., peak and residual
strength limits). It has been observed that these class of discontinuities
generate numerical convergence problems for the solution of the con-
crete model, especially in strain-softening regimes. Therefore, to alle-
viate this problem, the tensile as the compressive uniaxial laws were

exists from compression to tensile load.

To define the confined concrete for the uniaxial compression stress-
strain relation, two additional parameters are introduced (Fig. 3): the
confined concrete peak strength f..' = KJ;, and the strain at the peak
strength e, = K.e,. The parameters K,,K.>1 are determined using
recommendations of Saatcioglu-Razvi [62], where the value of K; de-
pends on the amount and configuration of transverse reinforcement of
the cross-section and K, is given by K, =1 + 5[K; —1].

Fig. 3 compares the uniaxial response of confined and unconfined
concrete. The confined concrete has a higher maximum strength, and
the peak occurs at a higher deformation (more ductile). However, in the
post-peak response, the decay slope of the confined concrete is steeper
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Fig. 6. Comparison between experimental and simulated load-deformation responses of the benchmark RC walls: (a) W1; (b) W2; (c) W3; and (d) W4.

Table 4
Response parameters of the RC wall FE models considered.
Ky [kN/mm] Vinax [KN] Vy [kN] Umax [mm] Egis [kJ]

Specimen Test FE FE/Test Test FE FE/Test Test FE FE/Test Test FE FE/Test Test FE FE/Test
w1 44.1 45.0 1.020 214.0 224.0 1.045 192.0 210.0 1.094 49.3 52.6 1.067 65.0 58.0 0.892
w2 73.6 72.2 0.981 443.0 441.0 0.995 397.0 428.0 1.078 71.7 69.6 0.971 124.0 112.0 0.903
w3 52.3 60.3 1.152 740.0 743.0 1.004 736.0 711.0 0.966 74.1 75.0 1.013 344.0 396.0 1.151
w4 12.3 12.4 1.004 160.0 158.0 0.988 160.0 158.0 0.988 85.5 85.5 1.000 67.0 59.0 0.880

than the unconfined concrete response, which implies that the confined
concrete is more brittle.

2.2.2. Steel

For steel rebars, the model defined by Menegotto-Pinto [54] was
selected with the modification proposed by Filippou [64] to represent
adequately the Bauschinger’s effect. The asymmetric behavior associ-
ated with rebar buckling (in compression) and tension-stiffening (in
tension) is implicitly included using a different tensile/compressive bi-
linear uniaxial stress law as shown in Fig. 4. Hence, the parameters for
the model are the steel Young’s modulus E;; the tension/compression
yield strength f;, and the tensile/compressive hardening ratio b* (b* =
Epi /Es with E; as the tensile/compressive hardening modulus, respec-
tively). The values proposed to model the Bauschinger’s effect, and the
cyclic degradation are those considered by Elmorsi et al. [65], i.e.
Rp=20, Cr;=18.5, and Cr,=0.0015. The cyclic response of this model is
shown in Fig. 4b.

2.2.3. Numerical implementation

The numerical integration of the material constitutive equations,
necessary for both models, requires an algorithm to evaluate the upda-
ted stress tensor 6,1, the internal state variables a1, and the consis-
tent tangent stiffness tensor ‘;E% at each integration point given a known
strain increment Ae. On one hand, the updated stress algorithm of the
concrete model is composed by the plastic and the damage component.
For the plastic component, and due to the presence of the Heaviside
function in the variable 1 (Eq. 7b), an iterative algorithm is required to
solve the updated effective stress tensor &,.1. This algorithm implies
only four iterations and is faster than other complex implicit plastic
algorithms. Conversely, the damage component is evaluated with an
explicit scheme. A complete development of the numerical imple-
mentation of this model is explained elsewhere ([58]). On the other
hand, the numerical implementation of the steel model is done by a well-
known explicit scheme used to evaluate the updated uniaxial stress
tensor on41.
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Fig. 7. Comparison between the experimental and predicted damage: (a) contour of compressive damage field w~ of the FE model; and (b) experimental damage

(Wall W1 [20], W2 [17], W3 [18] and W4 [24]).

Table 5
Values considered in the material parameters for the sensitivity analysis of RC
wall FE models.

Value
Material parameters Reference min. cen. max.
Concrete
Uniaxial tensile strength, f; [48] [67] 0.025f'5 o.osfc 0,1f:T
[MPa]
Uniaxial compressive Experimental test 31.2@ 37.7®  38.1@
strength, f; [MPa] reports
36.8® 409"  450®
46.6©  48.6©  51.3@
3459 4089 4579
Tensile fracture energy, G; [67] and authors 0.5 1.0 2.0
[N/mm]
Compressive fracture [68] [31] l.Sf'C 1-75f; 2.0f;
energy, G, [N/mm]
Tensile plasticity factor, B* [53] and authors 0.0 0.1 0.2
[-]
Compressive plasticity [53] and authors 0.1 0.2 0.3
factor, B~ [-]
Steel
Tensile/compressive yield Experimental test 461® 483@ 496®@
strength, f; [MPa] reports
5050 519® 533®
4539 4779 501©
3999 434@ 456D
Tensile/compressive Experimental test 1.0 3.0 5.0
hardening ratio, b* [-] reports

(@ ) () @ for walls W1, W2, W3, W4, respectively.
3. Validation of the NRCW model

In this section, the experimental responses of four RC wall bench-
mark test specimens subjected to quasi-static cyclic loads are used to
validate the NRCW model. The RC wall specimens were selected based
on characteristics such as: geometry (slenderness), reinforcement ratio,
boundary elements, and failure mechanism. They resemble typical
Chilean RC walls (structures built previous the 2010 Chile earthquake),
as appreciated by comparing Tables 1 and 6. The cross sections of each
specimen are shown in Fig. 5, while their geometric properties and
nominal Axial Load Ratios (ALR) ,, are shown in Table 1. ALR is defined

as the ratio between the wall axial load N,, and section compression
capacity, i.e., n,, = Ny, /Agf;, with A, as the gross cross-section area of
the wall, A; = hyty,.

The four specimens were tested by different authors and can be
classified into two groups: specimens with negligible amount of
confinement, for which all concrete is considered unconfined (walls W1
and W2); and specimens with confined boundary elements (walls W3
and W4). Five response parameters are measured to evaluate the accu-
racy of the model and to calibrate the different material parameters: (a)
initial lateral stiffness K; (b) peak base-shear force Vp,,; (€) maximum
top lateral displacement uy,,s; (d) base-shear force V,, measured at u,,y;
and (e) dissipated energy under cyclic loading Egs. The calibrated pa-
rameters for the uniaxial unconfined/confined compressive and tensile
concrete laws are presented in Table 2, and the parameters for the
uniaxial tensile/compressive steel laws with different bar diameters are
presented in Table 3. Note that the difference in yield strength in tension
and compression of steel for wall W4 is due to the tension stiffening
effect [29,66].

Boundary conditions and loading patterns used for the analytical
model were identical to the ones informed by the experimental test until
reaching the failure of the wall. Axial load was applied by controlling
force, and a horizontal cyclic displacement history was applied by
controlling displacement, similar as it was done during the experimental
tests. A mesh sensitivity analysis was performed for each wall model
considering four different mesh sizes: 50, 100, 200, and 500 mm. Global
and local responses considered for the different discretizations showed
slight differences (mainly in u,,,), being the model with a mesh size of
200 mm the one selected hereafter for the analyses presented next.

Fig. 6 shows the measured and simulated load-deformation re-
sponses for the four test specimens. It is apparent that for all cases,
numerical results fit well the experimental response. Table 4 summa-
rizes a comparison of the response parameters from the experimental
and numerical models. Models of walls W1 and W2 predict an over-
strength V,, of 9.4% and 7.8%, respectively. This is due to the fact that
the concrete and steel models do not consider degradation for each cycle
under a constant level of displacement. The same trend is present in the
W3 wall model, where the effect is even more pronounced.

Shown in Fig. 7 is the experimental and predicted compressive
damage field o~ at the end of each test. For each wall, the model
correctly predicts the location of damage in the specimens, usually at the
bottom edges of the walls. The gray shaded area in each wall represents



J.A. Gadllardo et al.

Engineering Structures 240 (2021) 112093

bi_

A — L Vi b L v, 1
s | - = ! =
+ | - | - =
- : 3 : t
BY | E B :E B $
o i - o - i
i | - & - e
§ -40 -2Io (I) 2I0 4(I) -40 -2I0 (I) 2I0 4(I) -40 -2Io 0 2Io 4Io
2 b e i - fn =
S N:=n = Wall W1
s ':‘-_?_' . #l = Wall W2
! == I = = Wall W3
B: i — . i = m— Wall W4
=
|
e
0

40 -40 -20

20 40

Normalized response, Rxpew/ Reentral [%0]

Fig. 8. Percentual variability in wall responses produced by changes in material parameter values relative to the case with central values.

the undamaged area, while the colored area represents different levels of
damage. The regions shaded with blue-to-red colors have all lost their
concrete cover, the regions with yellow and orange colors represent
partial crushing of concrete, whereas the red areas represent zones with
completely concrete crushing. For walls W1, W2 and W4, damage is
localized mainly at the bottom edges, where failure occurs at one side
due to concrete crushing and there is agreement with the corresponding

numerical models. However, the observed experimental failure of wall
W3 involved concrete crushing at both bottom edges of the wall section
with spalling of the concrete cover that extended across the complete
section. While in the numerical model, damage agrees in the vertical
location, it does not cross the complete section. Extension of damage
also varies for each wall. The total height of the damage zone in wall W1
is 30 cm, while the width is about 20 cm at the right side and 15 cm at
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Fig. 9. Normalized response versus the most critical material parameters.
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the left. For W2, the damaged zone is 40 cm high, and 45 cm and 27 cm
wide at the right and left bottom edges of the wall respectively. In the
case of wall W3, the height and width of the zone is about 30 cm at both
wall edges. The extension of the damaged zone in wall W4 is around
10 cm in height and wide at the bottom edges of the wall. The damaged
width of the wall [; is larger than the confined length of the edges and
equal to 20% of the wall length 1,, and about 10% the wall height; the
damaged height h,; varies between 10% and 15% of the wall height, i.e.
I3 ~ 0.20l, =~ 0.10h,, and hy =~ (0.10 — 0.15)h,,. Wall W4 is not used in
these estimates since it did not present completely crushed concrete.

4. Sensitivity analysis with the NRCW model

From the results of the numerous simulations runs during model
calibration of material parameters of the RC wall specimens, it became
apparent that in the NRCW model, some material parameters are more
critical than others in reproducing the actual response of the RC walls.
Because the value of each material parameter is not completely deter-
ministic, it has to be calibrated to provide an accurate representation of
the cyclic response of the walls.

To study the effect of each material parameter, models for the four
benchmark tests were run with different values of the material param-
eters. The material parameters for the concrete model were: the uniaxial
tensile strength f; (normalized by the uniaxial compressive strength); the

uniaxial compressive strength f’C ; tensile fracture energy G;; compressive
fracture energy G.; and the tensile/compressive plasticity factors B=.

Wall
Model W1 W2 W3 W4
FOC A o0 O =%

Z FOC model
x LsF FOC, & © ¢ =* o
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Fig. 10. Wall response comparisons as a function of the plastic component
of concrete.
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Furthermore, the material parameters for steel were: the tensile/
compressive yield strength f;; and the tensile/compressive hardening
ratio b*. The nominal Young’s modulus for concrete E, was estimated by

the ACI equation [48] (i.e., E. = 4700\/}: in MPa) for normal weight
concrete, and the steel modulus E; was taken from test results since no
significant variability was observed. The residual strength of concrete
was also considered as a variable; however, for values between 0 and
0.2f/c it did not show any significant variation for the wall response.

Three different values were considered for each parameter and wall,
which were selected according to suggestions of different researchers,
codes, guidelines, and by the authors judgment. Table 5 summarizes the
values considered in the sensitivity analysis for all material parameters.

Fig. 8 summarizes the results of the sensitivity analysis. All numerical
response parameters were normalized with respect to the central value
of the corresponding parameter. Results show that u,,, is the most
sensitive response parameter, while the maximum and ultimate base-
shear (V,.x and V,) are the least sensitive. The uniaxial tensile
strength of concrete f; produces the largest variation in the initial stiff-
ness K, of walls, which reaches a maximum value of 16% in wall W2,
whereas the parameters G.,b™, ﬁ, and f/c produce a negligible effect. The
tensile/compressive hardening ratio of steel b* generates the largest
variation in the peak base-shear V,,,,, showing a peak value of 10% in
wall W3, while the fracture energy in tension G, generates no variation
in this response. The maximum top lateral displacement u,y, is strongly
influenced by f’c, which is reflected by a peak variation of 37% for wall
W1; the value of f; does not influence u,,. In the case of ultimate base-
shear V,,, results show that f’c and b* leads to a variation of up to 10%,
and that Vj, is not sensitive to f;. Finally, the energy dissipated Eg; is
more influenced by b* than by any other parameter with a peak varia-
tion of 15% in wall W3; f, is the parameter with lowest effect.

Fig. 9 shows the variation of each wall response parameter as a
function of the most critical material parameter identified. The values of
the numerical models have been normalized by the experimental
response values. It is observed that the normalized initial stiffness K,
increases almost linearly as f; increases, and also do the normalized peak
base shears Vy.x, and V,, as b* increases. The variation is clearly larger
for walls with confined boundary elements (W3 and W4) due to the
higher vertical steel ratio at the boundaries. For the maximum top
lateral displacement u,,x, the value usually increases with the value of f;
for walls W1-W3, but differences in the rate of increase are quite sig-
nificant. Furthermore, the value of V,, also increases as the parameter b*
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Fig. 11. CM building: (a) photograph; and (b) structural plan of a typical story (all units in meters).
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Fig. 12. Observed damage in RC walls of the CM building after 2010 Chile earthquake (courtesy of Westenenk et al. [13]).

increases, while the energy dissipated Eg; by the walls decreases as the
value of b* increases.

The influence on the wall response of the plastic component of the
concrete model was also studied. Two cases were considered: (i) con-
crete model with plastic strains, i.e. non-zero plastic factors
B* >0 (denoted as FOC model hereafter); and (ii) concrete model
without plastic strain, B*=0 (denoted FOCy hereafter). All other mate-
rial parameters are left constant. Note that the FOC concrete model is the
same that is used in the NRCW model and the values of the B* factors for
each wall are given in Table 2.

Shown in Fig. 10 is the comparison between the normalized results
for both concrete models. In general, dispersion of the results ranges
between —25% and + 50%, which is quite significant. Results tend to be
slightly better for the case of FOC with the exception of K, for which FOC
shows a slight bias to overestimate the value.

5. Case study: Centro Mayor (CM) building

This section presents a case study of a real RC wall building that
suffered severe structural damage during the 2010 Chile earthquake in
the city of Concepcién. The NRCW model just presented was used to
simulate the seismic performance of the building, and the damage
location and distribution.

5.1. Building characteristics and observed damage pattern

The CM building was located in Concepcion, Chile, and was built in
2005 for residential use. It had 18 stories and one basement, and the
plan resembles that of a fish-bone [6], which is typical of these resi-
dential structures in Chile. According to the post earthquake structural
report of the building, it was founded on unsaturated gravel and clay soil
characterized by a shear wave velocity V3o less than 400 m/s (soil type
III according to the Chilean seismic code NCh433 [69]). The building
was designed considering a uniaxial compressive strength of concrete fc
of 25 MPa, and steel rebars with 420 and 630 MPa nominal yield and
ultimate strength, respectively. The building structure consisted of RC
walls of 20 cm of thickness, beams with different heights, and 15 cm
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thick floor slabs. A photograph of the building and a typical story floor
plan (stories 2-16) are presented in Fig. 11.

The observed damage in some walls of the building after the 2010
Chile earthquake is shown in Fig. 12. It is apparent that damage tends to
occur in walls located in the transverse direction at three of the four
building corners. In axes F and M, concrete crushing and buckling of
vertical reinforcement due to bending and compression is evident. In
walls located in axes A and E, the lack of confinement is evident by
looking at the wall crack that propagated throughout the complete
section of the wall. This is indicative of the role that the (high) axial load
played in its failure. Furthermore, a multistory damage pattern was
observed in three of the four corners of the building. In this case, failure
started at a discontinuity and propagated throughout the wall up to the
window opening in the adjacent story. Similar failure mechanisms as
seen for this building were observed in several others buildings [5,6].
Walls B, D, E, and M, from the base of the second-story to fourth-story
(2.95-8.15m in height) presented the most damaged sections. These
walls are referred hereafter as critical walls, whose geometrical prop-
erties and reinforcements are reproduced in Table 6.

After the earthquake, the laboratory of the Scientific and Techno-
logical Research Unit of the School of Engineering at Universidad
Catolica (DICTUC) tested specimens of the different materials of the
building [70]. Concrete specimens and steel rebars of different di-
ameters (from 8 to 25 mm) from walls and slabs of all stories were

Table 6

General characteristics of critical walls of the CM building at second story: h,, is
the clear story height; I, is the horizontal length of the wall; ¢t,, is the thickness of
the wall segment; p, is the vertical reinforcement ratio; p, is the horizontal
reinforcement ratio; and p, is the volumetric reinforcement ratio of the confined
boundary elements

Ly hy ty P /Ly Py Ph Pb
Wall [cm] [cm] [cm] [-] [%] [%] [%]
Wall B 310 360 20 1.16 1.40 0.34 2.53
Wall D 260 360 20 1.38 0.84 0.25 2.44
Wall E 220 360 20 1.67 2.09 0.39 1.71
Wall M 228 360 20 1.58 0.85 0.25 1.42
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Table 7
Measured concrete parameters for the CM building model.
E(ca> fgb) fc G; G£c> K B+ B
Element Story [GPa] [MPa] [MPa] [N/mm] [N/mm] [-] [-] [-]
Walls -1 36.3 - 59.7 - - - - -
1 36.0 5.9 58.8 2.0 117.6 1.25 0.0 0.2
2 33.9 5.2 52.0 2.0 104.0 1.25 0.0 0.2
3 32.7 4.8 48.3 2.0 96.6 1.25 0.0 0.2
4 30.7 4.3 42.7 2.0 85.4 1.25 0.0 0.2
5-18 30.4 - 41.8 - - - - -
Slabs - 34.0 - 52.4 - - - - -

® B, = 4700, /f. in MPa; @ f, = £./10; and © G, = 2.0f.

sampled to determine the as-built material properties. Table 7 and 8
show the uniaxial compressive strength of concrete f’C for all stories, the
yield stress f, and the ultimate strength f, of steel rebars for each
diameter, respectively. In the case of concrete, test results showed large
variability for the lower 5-stories (basement and first four stories) and f;

values decreasing in height. For stories 5 through 18, f’c values vary
around 41.8 MPa. For the case of steel, yield stress decreases as bar
diameter increases, while the ultimate stress is rather constant. Despite
the fact that the steel model is capable of implicitly considering bar
buckling, it was neglected since it only occurs in the region of concrete
crushing; previous research work has shown that concrete crushing
triggers the collapse of the walls [13,9-12]. Moreover, previous research
results that consider bar buckling showed that the effect was not sig-
nificant in the walls [26].

5.2. Non-linear building model

Three different FE models of the structure were developed: (i) a
linear-elastic model using ETABS software [71], which is denoted
hereafter as ET,; (ii) a linear-elastic model using ANSYS software [52]
named AP,; and (iii) a non-linear model using ANSYS named AP.

The linear-elastic ET, and AP, models consider the following as-
sumptions: (1) the 3D models include all structural elements; (2) all
frame and shell elements were defined with a Young’s modulus of
23.413 GPa and a mass density p, of 2.50 ton/m?; (3) a gross inertia EI,
was assumed for all structural elements; (4) in-plane rigid diaphragm
was assumed for slabs; (5) models were fixed to the base at ground level;
(6) seismic mass equal to the self-weight (structural and nonstructural
elements) plus 25% of the life loads, as specified by the Chilean code
[69]; and (7) a compatible mesh between all structural elements was
generated with a maximum element size of 500 mm.

The inelastic AP model considers the following modeling assump-
tions: (1) all structural elements of the superstructure and basement
were included; (2) RC beams and columns were modeled using 2-node
frame elements (BEAM188) with six DOFs per node and the Timo-
shenko formulation [52]; (3) walls and slabs were simulated with 4-
node (or 3-node) layered-shell elements (SHELL181) for concrete, and
the uniaxial smeared-reinforcement elements (REINF265) for steel re-
bars; (4) all beams, slabs, walls at the basement, and all elements of
stories 5-18 were considered to have elastic behavior, while the walls in

Table 8

Measured steel parameters for the CM building model.
Diameter E 55 fu b*
[mm] [GPa] [MPa] [MPa] -
8 200 606 772 0.03
10 200 583 781 0.03
16 200 537 767 0.03
22 200 470 711 0.03
25 200 473 755 0.03

@ yalues based on to ACI-318-19 [48].
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stories 1-4 were modeled using the NRCW model previously presented
in Section 2; (5) in-plane rigid diaphragms are assumed for the slabs; (6)
the structure is fixed to the base at the bottom of the basement level; (7)
seismic mass is included as for the AP, model; (8) for the elastic walls
and slabs, reduction factors of 0.7 and 0.25 were considered for the gross
stiffness (Elg), respectively (as recommended by ACI [48]); and (9) a
compatible mesh was automatically generated with a maximum mesh
size of 500 mm (average mesh size of 400 mm) for all elements.

The material parameters used in the model were those shown in
Tables 7 and 8, which are based on the test specimens and numerical
results of Sections 3 and 4. The value of E. was calculated using the ACI's

expression for normal weight concrete, i.e., E. = 4700 fJC (MPa) [48],

whereas the Young’s modulus of steel E; was assumed as 200 GPa (as
recommended by ACI [48]).

The AP model was defined with a total number of 130474 nodes and
162687 elements, of which 6031 correspond to BEAM188, 130369 to
SHELL181, and 26287 to REINF265 elements. A 3D view of the meshed
model, a slice of the building for the second and third stories, and some
critical walls are shown in Fig. 13 (the other 2 models had the same
number of nodes, shell, and beam elements).

An elastic modal analysis was initially run for the three models to
check their geometry, mass and stiffness distributions and to compare
their dynamic properties. Table 9 shows a comparison of the first nine
periods of vibration of the building obtained with the ETABS and ANSYS
models. Vibration periods are slightly different between models, with
differences that range between 0.48% and 6.2%, which are in agreement
with the epistemic uncertainty results of Chacon et al. [39]. In general,
and for all modes, the periods of the APy models are larger than for the
ET( ones, which can be attributed to differences in their FE formulations
since the masses are essentially the same.

5.3. Non-linear response-history analysis

The non-linear AP model was subjected first to a static analysis with
gravitational loads followed by a NRH analysis. The three components of
the ground motion recorded at the station “Concepcién centro” of the
2010 Chile earthquake were applied to the model. The ground motion
was recorded at the nearest station from the building (670 m distance,
Fig. 14) and in a similar soil type. Shear wave velocity V3o of 223 m/s
has been estimated for the soil (soil type Il according to Chilean seismic
code [69]). Because of computational storage limitations, only the first
75 s of the ground motion record were considered in the analysis, which
cover well the high intensity part of the ground motion.

Fig. 15 shows the three components of the selected record (i.e. E-W,
N-S and Z-directions) and their response spectrum corresponding to a
critical damping ratio of 5%. The figure also shows the 5% damping
design response spectrum of the Chilean code (NCh433 [69]) with a
reduction factor Ry of 1 (elastic) and 11 (for RC walls). For the funda-
mental period region of the building, the peak ground acceleration in the
E-W direction is considerably smaller than in the N-S direction; despite
this and as already described, damage in the building was localized in
the Y-direction (weak direction), which is oriented in the E-W direction
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Table 9
Comparison of vibration periods for the first 9 modes of the CM building models.
Period [s]
Model T Ty T3 Ty Ts Te T, Tg Ty
ET, 0.813 () 0.691 (X) 0.570 (©) 0.205 0.191 0.187 0.186 0.162 0.158
AP, 0.847 (Y) 0.723 (X) 0.573 ©) 0.212 0.197 0.195 0.176 0.169 0.168
AP 0.764 (Y) 0.644 (X) 0.515 (©) 0.314 0.269 0.251 0.218 0.215 0.208

Fig. 14. CM building location.

(Fig. 14). Also notice that both response spectra are considerably higher
than the reduced design spectrum (R, = 11).

The NRH analysis in ANSYS considered the following options: (i) a
transient full dynamic analysis; (ii) Newmark’s time integration method
with numerical damping y, where the second-order integration param-
eters § and y are defined as = (1+u)?/4 and y = 1/2 + y, and a
default value of 4=0.005 for high speed simulations, which leads to
$=0.2525 and y=0.5050; (iii) the Newton-Raphson method to solve the
nonlinear equations associated with the consistent tangent stiffness
tensor of the inelastic material models; (iv) an integration time step of
0.005 s, which is automatically reduced in critical loading cycles due to

12

convergence problems; and (v) a Rayleigh’s damping model [72]
defined by

g = aOM-i-alI_( with (lla)
20,0, 4
ao = XKo@ __4TC, g (11b)
w,+w, T,+T,
2 T,T,
4 = o (1T, 110

T w0, + o, :ﬂ'(Ta +T)

where ap and a; are the mass and stiffness proportional factors,
respectively; and o, = 27/T, and wp = 27/T}, are the circular fre-
quencies associated with the pair set of pre-selected target periods {Tg,
Ty} to impose damping ratio ¢,. In this analysis, a target critical damping
ratio {,=3% was chosen for the periods {0.2T7,1.5T; } [49].

For the sake of simplicity, three response parameters were moni-
tored: (i) the maximum lateral story drift 5, which is defined as 6 =
max.[Ay(t)/h], where A, (t) is the relative inter-story displacement in the
direction of analysis measured at the center of mass of each floor and h is
the inter-story height; (ii) the ALR in time #(t) (response-history) and its
maximum value 7, = max,[5(t)] for the critical walls (B, D, E, and M)
measured at 2.95 m height (i.e., in the critical section where the building
suffered larger damage); and (iii) the evolution of the compressive
damage field o~ (t) for critical walls between the base of the second and
the fourth-stories (from 2.95 to 8.15 m).

Fig. 16a shows the maximum interstory drift ,,,x and the response
history of ALR 5(t) for the critical walls. It is observed that the largest
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Fig. 15. Ground motion record considered in the NRH analysis of CM building: (a) acceleration records; and (b) response spectrum of the ground motion and

comparison with the design spectrum of NCh433 code [69] for the same soil.
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Fig. 16. Non-linear response parameters of CM building model:

drift of the structure occurs in the Y-direction, reaching a peak of about
4.16%o, while 3.42%ois obtained in the X-direction. For the second story,
strong localized damage occurs causing a slight inclination of the
building, which induces rigid body rotations in the upper stories.
Coincident with earlier findings [42], the ALR increases significantly as
result of the dynamic behavior of the building (see Fig. 16b). For
instance, ALR in wall E is 7.5% due to gravitational loads; whereas
during the earthquake, this parameter reaches up to at 67.9% caused by
significant load transfer primarily through the slabs and the interaction
with other walls. Slabs were checked and they remain elastic in such
condition [56].

The compressive damage field @~ in the critical walls of the building
is summarized in Fig. 17. Comparing Figs. 17 and 12, it is apparent that
the numerical model reproduces correctly the damage observed in the
structure after the earthquake. The model localizes the damage in the
same walls and captures successfully the multistory damage observed in
the building corners, which starts in the vertical irregularities and
propagates up to the corner of the window in the contiguous story.

Fig. 18 shows the ALR history 75(t) of wall O and its damage field in
compression o~ at different instants of the response. In the first 14 s of
the earthquake record, before ALR reaches its peak value, damage is
negligible (w,,,, ~ 0). Then, at the instant of peak value for ALR (16.7 s),

13

(a) maximum story drift, 5max; and (b) response history of ALR 7(t) for the critical walls.

damage in the wall increases sharply and becomes evident
(Wmax = 0.54), keeping a constant damage level until the end of the
response. This proves that the failure of these RC walls is brittle.

6. Sensitivity analysis of building response

This section studies the sensitivity of the inelastic response of the
building as a result of three different modeling assumptions: the pa-
rameters in the Rayleigh’s damping model; the effective bending stiff-
ness of the linear-elastic elements; and the incorporation (or not) of the
vertical component of ground motion.

6.1. Effect of Rayleigh’s damping model

To analyze the effect of damping in the building, two parameters in
the Rayleigh’s damping model were varied: target critical damping ratio
¢,, using 3% and 4%; and the set of pre-selected periods {T,, T}, using
.71={0.2T1,1.5T1 } and .7 ={T1,Ts}. Therefore, combining both cases,
four models were considered M1, M2, M3, and M4, which are listed in
Table 10.

Fig. 19 shows the critical damping ratio ¢ as a function of the fre-
quency f = 1/T using the two sets of pre-selected periods (.71 and .7 2)
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Fig. 18. History of the ALR 7(t) in wall O at the critical section and their compressive damage field ™ at different times.

for this building. It also includes the first nine fundamental periods of
vibration of the building model. It is observed that the pair .7; un-
derestimates the ¢, value for the first and second modes of vibration,
while the third is close to the target value ¢,. Conversely, .7, provides a
critical damping ratio for the second mode closer to {,. For the higher
modes of vibration, both models estimate values of ¢ larger that ¢,. The
pair .77, provides in this case values higher than the pair .77,.

Fig. 20a shows the maximum lateral story drift 5y, using different
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values in the parameters of the Rayleigh’s damping model. Inter-story
drifts in the X-direction tend to be more sensitive to this variation
than in the Y-direction. Moreover, the inter-story drift values using the
set .71 (M1 and M2 models) are higher than those of the set .7, (M3 and
M4 models) in both directions, showing the effect of the smaller values
of critical damping ratio ¢ for the first and second modes of vibration
(Fig. 19). Moreover, an increase in the target critical damping ratio ¢,
(M2 and M4 models) leads to a decrease in the drift values, which is
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Table 10
Cases for the sensitivity NRH analysis of CM building model.

Gross stiffness
reduction factor

Rayleigh’s damping parameters

Model £,[%)] Ta, Ty Walls Slabs
M1 3.0 0.2T1,1.5T 1.0 1.0
M2 4.0 0.2T1,1.5T, 1.0 1.0
M3 3.0 T1,T3 1.0 1.0
M4 4.0 T,,Ts 1.0 1.0
M5 3.0 0.27T1,1.5T 0.7 1.0
M6 3.0 0.2T1,1.5T 0.7 0.25
10
—_ _ © Mode number
S 7, ={0.27,,1.57; }
o 8 [
g
S 6F
on
g
&
=t
e [ N n A o=
Ei
E o target critical
&) damping ratio, ¢,
0 1 1 1 1 ]
0 1 2 3 4 5

Frequency, f=1/T [Hz]

Fig. 19. Critical damping ratio ¢ as function of the frequency f using two pair
set of pre-selected periods {Tq, Tp} for the CM model. Both curves were cali-
brated with a target critical damping ratio ¢, of 3.5%.

more significant in the X-direction, with a maximum relative decrease of
15% for M1 respect to the M3 model at the fourth-story.

Fig. 21a and Table 11 show the response history ALR 7(t) of the four
critical walls and their respective peak values 7., due to the variation in
the Rayleigh’s damping model parameters. Furthermore, Fig. 21b shows
the compressive damage field w~ at the critical walls. Results show that
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an increase in the target critical damping ratio ¢, (M2 and M4) reduces
the values of the compressive damage and their damage zone in all walls
relative to the M1 and M3 models, as well as the value of ,,,. Moreover,
the instant at which the peak of ALR occurs also changes, and hence, the
sequence in which each wall fails too. Hence, M1 and M3 models present
higher values of ALR relative to M2 and M4 models, with a difference of
2.5%. Moreover, ALR also increases in wall sections with openings.

6.2. Effect of the effective bending stiffness

Codes suggest different values for the reduction factors of the gross
stiffness EI, for an elastic analysis model. Values depend on the type of
element and characteristics of the section to account for different levels
of cracking. ACI 318 [48] suggests a value of 0.70 for uncracked walls
and 0.25 for slabs; ASCE/SEI 41 [46] only specifies values for cracked
walls; and FEMA P-1050-1 [47] suggests to analyze the structure
considering an upper- and lower-bound effective stiffness for di-
aphragms. Based on this, the response of the structure was analyzed
considering two cases in order to compare with the AP base model: (i)
reduction factors for gross stiffness EI, of 0.70 for walls and 1.00 for
slabs (M5 model); and (ii) reduction factors for gross stiffness EI, of 0.70
for walls and 0.25 for slabs (M6 model). Table 10 lists details of both
models.

Shown in Fig. 20b is a comparison of the maximum lateral interstory
drift 6.« of the building for different effective stiffness values (models
M1, M5, and M6). Results show that a reduction of 30% in the bending
stiffness of walls does not change the peak story drift values signifi-
cantly. Indeed, increases are only 0.16%cand 0.03%oin the X- and Y-di-
rections, respectively, relative to the M1 model. However, as the
bending slab stiffness decreases to 25%, the story drifts increase more
than 100% relative to the M1 model, reaching values of 3.42%o.and
4.16%0in the X- and Y-directions, respectively. This confirms again the
importance of the slab behavior in this type of wall structures; the same
phenomena has been observed in other building types [39].

Fig. 22 and Table 12 show the ALR history #(t) of the four critical
walls and their respective peak values 7, due to variation in the
effective bending stiffness values for the building model (models M1, M5
and M6). Also, Fig. 22b shows the compressive damage field @~ in the
critical walls. It is observed that ALR in the M4 model changes slightly
relative to the M1 model. Walls E and M show an increase in their ALR,
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Fig. 20. Comparison of maximum lateral story drift 5,,x for the CM building model due to different model assumptions: (a) Rayleigh damping model effect; and (b)

effective stiffness effect.
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Table 11 vertical ground motion component does not influence much the
able

Peak values of ALR 7,,,, and associated times t,  of peak in critical walls of the
CM model due to parameter variation in the Rayleigh’s damping model.

Peak ALR, 7,,,, [%] Peak time, t,  [s]

Model B D E M B D E M

M1 25.2 30.6 45.6 42.8 26.5 15.1 20.0 16.8
M2 24.1 30.5 42.5 38.9 31.2 15.0 15.1 16.8
M3 24.2 30.0 43.1 40.9 31.2 15.1 15.1 16.8
M4 23.5 29.4 40.4 36.4 10.9 15.0 15.1 16.8

while ALR of wall D presents a decrease. Conversely, for model M6, the
ALR increases considerably relative to the M1 model, reaching a peak
value of 67.9% in wall E, i.e., an increment of 20.9%. For the
compressive damage field ™ in the critical walls (Fig. 22), it is observed
that damage does not change significantly between the M5 and M1
model, whereas it increases considerably for the M6 model in magnitude
as well as in the extension of the damaged area, which confirms the
importance of the slab stiffness.

6.3. Effect of the vertical ground motion component

To analyze the influence of the vertical acceleration ground motion
component in the building response, the M1 model (see Table 10) is used
with the three ground motion components (XYZ-input), or with just the
two horizontal components (XY-input). Results show that differences in
this case, in terms of the maximum interstory drift for both cases are
negligible; the same observation applies to the compressive damage
state o~ .

Finally, Fig. 23 shows the history of ALR (5(t)) of walls B and O
(located at opposite corners of the building). Results show that for wall B
(located at the north end of the building) the ALR decreases its peak by
0.4% if the vertical component is ignored, while for wall O (located at
the south end of the building), the ALR increases by 0.4%. The peak
occurs at different times in both cases, which means that although the
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magnitude of peak ALR, it does influence the sequence in which each
wall reaches its peak ALR value, and hence, the damage observed.

7. Summary and conclusions

This article presents and validates a NRCW model to study the
seismic behavior of RC wall buildings. The wall model reproduces well
the quasi-static cyclic response of four benchmark RC wall tests, after
calibration of the material parameters by a sensitivity analysis. The
model was applied to study the inelastic response of a real RC building
that underwent severe structural damage during the 2010 Chile earth-
quake, and the effect of different modeling assumptions was also
considered. Results of the model were only compared with experimental
tests of walls, which failure mechanism is dominated by bending and
compression, and should be extended in the future to include shear
failure.

From the analysis performed, it is concluded that modeling of RC
wall buildings do not require full inelastic modeling; it only requires to
account for the non-linear behavior of the elements in the regions where
damage is expected. This reduces the time of analysis considerably. For
the elements assumed with elastic behavior, the concrete Young’s

modulus is calculated using the ACI’s equation [48] (E, = 4700\/ch in
MPa), and the reduction factors of the gross stiffness El, using values of
0.70 and 0.25 for walls and slabs, respectively. For the elements with
inelastic behavior, the material properties used for the proposed con-
crete model are: the expected value of f'C;Ec as for the previous ACI's
equation [48]; a value of 2,0f; for G.; an f; value of 0.10 f;§ 2.0 MPa-mm
for G;; and values of 0 and 0.20 for the plasticity factors in tension and
compression (B*), respectively. For the steel reinforcement bars the
used properties are: the expected value for ﬁ; 200 GPa for E; as sug-
gested by ACI [48]; and 0.03 for b*. A Rayleigh damping model with a
target critical damping ratio of 3% at 0.2 and 1.5 times the fundamental
period of the first mode of vibration (0.2T; and 1.5T;) seems to be a
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Table 12

Peak values of ALR 7,,,, and associated times t,

in critical walls of the building

due to variation in the effective bending stiffness of linear elements.

Peak ALR, 7,,,, [%] Peak time, t,  [s]
Model B D E M B D E M
M1 25.2 30.6 45.6 42.4 26.5 15.1 20.1 16.8
M5 25.2 29.9 47.0 44.0 26.5 15.1 20.0 16.8
M6 32.5 43.7 67.9 45.8 15.8 15.1 15.3 16.4
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Fig. 23. Comparison of
cal component.

ALR history 5(t) due to the ground motion verti-

reasonable assumption. Additionally, the ground motion vertical
component does not significantly affect, in this case, the response of this
RC wall building. Some additional specific conclusions are:
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The NRCW model was validated using a database of experimental
responses of four slender planar walls tested by four different
research groups; two walls with unconfined concrete, and two with
confined concrete at the boundary elements. The numerical simu-
lation responses of this study show good agreement with the test
results and global response parameters considered, namely, the
initial stiffness, peak base shear, peak roof displacement, ultimate
base-shear, and dissipated energy. Moreover, good accuracy occurs
with local response parameters, such as the compressive damage
level, concentration of strains, and damage location.

A sensitivity analysis performed with the material parameters of the
four RC walls shows that the initial stiffness is mainly controlled by
the parameters of concrete in tension; the maximum roof displace-
ment (and the ductility of the wall element) depends strongly on the
parameters of concrete in compression; and the base-shear forces and
the dissipated energy are significantly affected by the post-yield
stiffness of the steel reinforcement b*.

The building’s dynamic behavior and its observed damage pattern
are correctly reproduced by the non-linear finite element model. This
is important since a similar model could be used to anticipate an
undesirable seismic performance in similar RC buildings. As ex-
pected, greater displacements occur in the weaker direction of the
building. As a result of the building dynamics, the ALR increases
significantly in all walls, reaching a peak value of 70%, which highly
reduces their ductility.

The small drift (less than 2%o) values obtained by the structure before
it exhibits damage is a symptom of the non-ductile structural
behavior, which somewhat contradicts the R factor values used in
design.

Parametric results also indicate that for this structure with limited
ductility, the target critical damping ratio ¢, selected for inelastic
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dynamic analysis can slightly modify the seismic response if damage
is not significant; however, as damage increases, its value becomes
more important in the prediction of the collapse mechanism. A
wrong value of ¢ can result in overestimating or underestimating
floor displacements, and more important, can alter the order in
which structural walls get damaged and fail. The authors would like
to stress the importance of further research on the effect of damping
ratio for structures with limited ductility.

A reduction in the values of the effective stiffness of elastic walls,
leads in this case to a negligible change in the seismic building
response. However, changes in the slab bending stiffness are rele-
vant, and lead to double the peak value of story drifts, increase
damage in wall damage, and increase the value of ALR up to 50%.
For this structure, neglecting the vertical component of ground mo-
tion may slightly increase (or decrease) the ALR in walls, depending
on their physical location within the structure. Peak ALR changes
only by +0.4% between the bidirectional ground motion and the
case with three ground motion components. However, these changes
do not occur at the same instant. Indeed, the difference between both
cases at the instant by peak building response is 3.5%. However, in
some of the walls, the effective section is additionally reduced by
window or door openings, leading to a increase in the differences. A
more comprehensive analysis including other buildings and different
earthquake records is recommended to validate these results.
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