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Self-centering rocking walls are known as viable alternatives
to typical shear walls, as they provide a number of solutions
for eliminating seismic flaws of conventional designs. These
rocking walls have a generally positive impact on the seismic
behavior of structural systems, but their design makes them
susceptible to concrete crushing around their base, which can
lead to significantly adverse effects on their seismic
performance. This paper first models the dynamic behavior
of these walls under cyclic loading and then uses a new
approach to estimate the extent and quality of damage
incurred by the wall at element level. The damage index used
for this purpose acts as a quantitative scale measuring the
quality of damage incurred by the concrete and therefore
gauging the status of the wall. This paper uses the
PERFORM 3D software for the procedure of modeling and
damage estimation. To assess the accuracy of the modeling
technique, results of numerical analyses are compared with
the results of a full-scale load test. The quantitated damage
incurred by the wall is then plotted for its surface and these
damages are then compared with the actual results obtained
from the test. The results indicate that the technique used by
this paper to model the dynamic behavior of these walls can
accurately simulate their behavior. Also, the damage index
used in this paper provides an adequately accurate estimate
of the damages incurred by this type of walls.

1. Introduction

reinforced concrete structures. RC structural
walls have always played an effective role in

A major objective of civil engineering is to preventing the collapse of structures under
create a design that would prevent or limit severe earthquakes and limiting the extent of
the extent of earthquake-induced damage in damages caused by subsequent seismic
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effects. [1] A multitude of tests carried out on
RC structural walls built with conventional
steel reinforcement have reported their
adequate flexural ductility [2], even in the
event of sustaining considerable damages in
the plastic zone of their base or under the risk
of shear slip. [3] Meanwhile, the earthquake-
induced large deflections highlight the need
for adequate capacity of highly ductile walls,
which can be provided by extensive inelastic
deformation in the plastic zone of the wall.
Plastic rotation of the base of the wall
accompanied with a managed yield of
reinforcement bars can be used to provide
adequate structural ductility and energy
dissipation under cyclic load and dampen
earthquake-induced inertial force. However,
this approach will result in severe damage to
the base of the wall and permanent
deformation of structure, which will require
difficult and costly repairs or demolition of
damaged sections. Furthermore, preventing
the loss of life is no longer the sole purpose
of earthquake-resistant designs, as designers
are currently required to make sure of
structure’s  post-earthquake serviceability
with minimum repair and renovation. This
has encouraged the researchers to search for
novel seismic designs that not only would
ensure maximum safety of residents but also
would minimize the damages incurred by the
structure itself.

Many researchers [4], [5] have suggested that
reinforced concrete rocking walls can act as
an alternative to conventional shear walls for
preventing or limiting earthquake-induced
structural damages. The major advantage of
rocking systems is their ability to remain
stable under massive displacements without
incurring a severe damage. This feature
makes these systems an attractive design
option for those buildings that need to
maintain  continuous service in  post-
earthquake conditions. Rocking walls are
structural walls that are reinforced by
unbonded post-tensioned cables. These

cables allow the wall to move with the load
and then return to the center after the end of
each loading cycle. Application of rocking
walls is not limited to new structures, since
they can also be used to retrofit conventional
RC walls exhibiting an inadequate seismic
resistance or the structure of already
damaged buildings. [6]

The first research on rocking systems was
conducted by Housner [7], who studied the
response of a rigid rocking block under free
oscillation. Meek [8] studied the effect of
structural flexibility of a rocking system
including a foundation. Aslam et al [9]
proposed an RC rocking system in which
unbonded cables apply a prestressing force.
These researchers found that the rocking
strength of a rigid structure depends on how
it is anchored to the ground and how the
prestressing forces are applied to its
anchoring elements. The use of unbonded
post-tensioned cables in beam-to-column
connections was first proposed by Priestley
and Tao [10], and good performance of this
design was later proved by Priestley and
McRae [11]. This approach allowed the
designers to avoid plastic deformation of the
walls and strengthen the critical regions of
frames and walls by a rocking component
[11], [12], [13]. Kurama [12] studied the
performance of precast walls that were post-
tensioned with unbonded cables in beam-to-
column connections and provided a method
for seismic design of these walls. This was
followed by the work of Mander and Cheng
[14], who developed a damage avoidance
design. Their design sought to incorporate
various behavioral aspects of rocking
structures such as structural flexibility and
prestressing. The self-centering mechanism
of rocking walls causes their capacity curve
to exhibit a bilinear elastic behavior under
semi-static loading. This in turn causes the
amount of energy dissipated in a cycle of
rocking system to be much less than the
energy dissipated in an elastoplastic cycle of
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a conventional plastic RC hinge. To
overcome this flaw, researchers have tested
and suggested a number of damper tools to
accelerate the energy dissipations of rocking
systems [15], [4] or proposing the hybrid
system like the precast rocking walls with
end columns (PreWEC) with employing the
O-Connector for improving the energy
dissipating of the rocking wall system [16].

An experimental study conducted by
Boroschek and Yanez [17] showed that
rocking mechanism has a generally positive
impact on the displacement of the entire
structure. They reported that due to the more
stable cyclic behavior of rocking RC
structures in large displacements, they suffer
much lesser earthquake-induced damage than
conventional RC structures. They added that
using post-tensioned cables in place of
conventional reinforcement bars can allow
the designer to control these structures and
avoid any damage through plastic buckling
of rebars. As previously mentioned, the
conventional structural walls are highly
susceptible to plastic buckling of rebars,
which is the most probable form of ductile
behavior in the plastic zone of base of the
walls, and this may lead to crushing of
concrete and failure of reinforcement bars in
those regions [18], [19], [20]. Preti and
Giuriani [21] studied the slip strength of self-
centering rocking walls subjected to lateral
loads and reported that the weakness of these
walls is the low slip strength of their base,
which can be easily addressed by adding a
shear key at those sections, strengthening
them against shear failures.

Preti and Meda [22] studied the retrofitting of
damaged monolithic rocking walls using high
strength fiber concrete, and reported that
after retrofitting, rocking walls exhibited a
good and safe behavior against exerted loads
and are therefore a viable option for reducing
the repair costs and extending the
serviceability of structure. Yooprasertchai et

al [23] investigated the application of BRB
for improving the energy dissipation of
precast concrete rocking wall (PCRW). These
authors stated that the stable elastoplastic
BRB supplies vibration energy to the
nonlinear elastic responses of the PCRW.
Their finding confirms that the PCRW-BRB
system is a suitable alternative for use in
seismic-resistant structures. To address the
absence of exact professional codes for
design and analysis of rocking walls, Hasanli
et al [24] reviewed and analyzed the existing
experimental data and developed a set of
parametric  formulas for the force-
displacement behavior of these walls. These
authors stated that the developed formulas
allow the designer to gain a better
understanding about the behavior of rocking
walls and so allows the process to be carried
out with a lesser degree of uncertainty. Henry
et al [25] were studied the current methods
that are used to ensure that recentering is
achieved during the design of self-centering
concrete systems to find the flaws in these
current procedures. They performed some
time-history analyses and it was concluded
that due to dynamic shake-down the residual
drifts at the conclusion of the ground motion
were significantly less than the maximum
possible residual drifts that were observed
from the cyclic hysteresis response, and were
below acceptable residual drift performance
limits established for seismic resilient
structures. They were recommended a
residual drift ratio that can be implemented
during the design process to ensure that
residual drift performance targets are
achieved for self-centering concrete wall
systems. Self-centering rocking walls have a
positive impact on the structure’s seismic
behavior, but their unique design makes them
vulnerable to a number of factors. These
structural walls are vulnerable to the damage
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around their base and toe (at the point where
they are connected to the foundation), so
their behavior highly depends on to the
extent of damage incurred by their base. To
investigate the behavior of these walls, this
study first uses the results of a loading test
conducted on a full-scale monolithic self-
centering rocking wall to develop a model for
its nonlinear behavior, and then assesses the
validity of the developed model. After
assessing the accuracy of the model, the
extent and quality of damage incurred by
wall base is calculated by a novel damage
index. This paper uses this index, which can
express important aspects of concrete’s
nonlinear behavior, to obtain the element
level of the concrete damage index and then
it plotted for its surface. The quality and
extent of damage incurred by the wall during
a desired load cycle will be obtained by
calculating this index for the wall elements
using the quantitative scale corresponding to
the qualitative damage. To gauge the
accuracy of the developed damage index, the
calculated values will be compared with the
extent of damage caused in the actual test,
and the estimated quality of the incurred
damage will be discussed.

2. Damage Estimation

Finding a damage index that can properly
and quantitatively expresses the damage
incurred by a structure is an objective that
has long preoccupied the minds of many
researchers. This index must provide a
quantitative measure of damages incurred by
the structure under desired loading, and
subsequently allow a conclusive decision to
be made about the damaged structure.
Damage indices are often categorized into
two levels: element-level (local) and
structure-level (global). These indices are
often expressed as a value between 1

(representing the diminished strength of the
structure) and zero (representing the perfect
health of the structure). Some of the damage
indices use numbers such as 0.7 or 1.27,
instead of 1, to express the diminished
strength of the structure.

Table 1 lists some of the most widely used
structure-level damage indices [26], [27],
[28] along with their values and
corresponding levels of damage. Most
element-level indices have a cumulative
nature and reflect the dependence of damage
to both amplitude and number of loading
cycles. The main disadvantages of most
element-level damage indices include the
difficulty to find appropriate coefficients for
different structural members, the lack of a
precise calibration process for varying
degrees of damage incurred by different
members, and the difficulty of defining the
impact of damage incurred by individual
members on the instability of the entire
structure.

Considering the unique nature and behavior
of self-centering rocking walls, using the
conventional damage indices to estimate the
damage incurred by these walls often leads to
an inaccurate assessment. The heavy duty
post-tensioning cables used in these walls,
which are the source of their self-centering
nature, cause them the exhibit a minimal
residual displacement under most loading
conditions. On the other hand, cables often
behave elastically and it is only the wall toe
that exhibits a plastic behavior, so nonlinear
energy dissipation of these systems is much
lower than that of conventional shear walls.
This 1s also reflected in the difference
between the hysteresis curves of these
rocking walls and ordinary shear walls, as
their hysteresis curve is flag-shaped and has
an area much smaller than that of ordinary
shear walls. Therefore, those damage indices
that are based on energy loss will not be able
to return accurate results for these rocking
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walls. This highlights the importance of
using an index that would be able to
accurately measure the damage incurred by
the base of the wall. This study uses damage

index developed by Kim et al. [29] to
estimate the damage incurred by the self-
centering rocking walls.

Table 1. Correlations of the damage index with the damage state

Minimum value of damage index

Damage state

Stone and Taylor DI

Williams et al. DI Hindi and Sexsmith DI

[26] [27] [28]

Damage that can be repaired 0.11 0.12 0.10
Damage that cannot be repaired 0.40 0.39 0.40
Collapse 0.77 1.28 1.00

This index has been developed through
parametric studies conducted via finite
element analysis. In this index, the value 0.1
represents the onset of damage or the
presence of negligible damage; the value 0.4
represents significant (not easily repairable)
damage, for example, significant crushing of
concrete cover due to bending or shear
cracking after the yield of longitudinal
rebars; the value 0.75 represents the point of
failure (rupture of longitudinal rebars or
crushing of concrete); and the value 1.00
represents failure of most rebars and
structural collapse. This damage index,
which has been developed specifically for
RC structures, can be calculated in two
modes: compressive and tensile. The
compressive damage index only represents
the severity of damage in concrete sections
and the tensile damage index considers only
the damages incurred by rebars of RC
structure. The rocking walls studied in this
paper lack any longitudinal rebars, so the
extent of damage is assessed only by
compressive damage index.

3. Nonlinear modeling of the self-
centering rocking wall

Preti et al [30] have conducted a full-scale
test on a monolithic self-centering rocking

wall. This wall was post-tensioned by
unbonded tendons. Preti et al [30] used two
walls for this test (Fig. 1-a), the reaction wall
which was a highly post-tensioned shear
wall, and the self-centering rocking wall,
acting as the test subject. The tested wall was
designed as part of a hypothetical 5-storey
building (Fig. 1-b) and was subjected to a
load proportionate to this assumption. Height
of the tested wall was considered to be 4, =
10 m to ensure that the shear span induced at
the highest level by the horizontal force
would be equal to that in the supposed
building. Horizontal load was applied at the
height of /= 8.80 m (from foundation) (Fig.
1-¢) which was about one meter lower than
the shear span of the supposed building. The
tested wall had a uniform 2800300 mm®
cross-section throughout its height. As Fig. 1-
c shows, instead of conventional longitudinal
rebars, the wall had only 8 unbonded steel
tendons. The tendons, was employed for wall
post-tensioning, were encased in sheaths to
prevent any interaction with concrete.
Considering the absence of longitudinal
rebars, 8 Teflon-coated metal sheaths were
installed in the bottom 4.00 meters of the
wall to act as shear keys and prevent slip
shear around the base. The unbonded post-
tensioned steel tendons in the bottom 4
meters of the wall passed through these
sheaths. [30]
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Transverse reinforcement of the wall had two
different layouts. As Fig. 2 shows, in the
bottom 4.00 meters of the wall, transverse
reinforcement had a heavier and denser
layout. Cross-section of the wall was
subjected to an axial force of F, = 2500 kN
applied through 8 tendons, each composed of
three 0.6 inches diameter steel strands,
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Fig. 1 Full scale experimental rocking wall (a), Full scale test wall (b), and position of the post-
tensioned unbonded tendons and dowels (c) [30]

creating a post-tensioning stress of 700 MPa.
It should be noted that 1000 kN of this axial
force was equivalent to the gravitational
forces exerted on the wall and the remaining
1500 kN was to subject the tendons to
prestressing. The reciprocating horizontal
force Fj, was exerted by a hydraulic pump to
a point located at the height of 8.80 meters.
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Fig. 2 cross-section of the wall, layout of transverse reinforcement in both sections, and position of
the tendons and metal sheaths [30]

In this study, nonlinear behavior of self-
centering rocking wall is modeled with
PERFORM 3D (Version 4.0.0). Considering
the aspect ratio of tested wall, it can be
regarded as a slender wall and its nonlinear
behavior can be considered to be controlled

by flexure; so this behavior is modeled by
shear wall element provided in the mentioned
software. [31] Shear wall elements are
multilayer shell finite elements whose cross-
sections are composed of fibers. To model
the behavior of the wall, the stress-strain
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curves of fibers of each element are assumed
similar to that of materials used in the wall
(steel reinforcement or concrete). To model
the axial-bending behavior of the wall, cross
section of each element is developed by
defining an adequate layout of steel and
concrete fibers in one or several layers. After
that, the behavior of the wall is modeled by
defining a layer with strictly shear behavior
and then forming a parallel attachment
between this layer and the axial-bending
layer.

3.1. Wall elements

Considering the absence of longitudinal
rebars, the behavior of tested rocking wall is
modeled by using a single layer for axial-
bending behavior and a single layer for shear
behavior. Due to lack of any interaction
between  post-tensioning tendons  and
concrete, behavior of these tendons is
modeled separately from the wall elements.
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Considering the absence of consistency in
irregular meshing and connection of two
differently-sized elements, the wall is meshed
as shown in Fig. 3-a. Tendons are connected
to the two ends of the wall (base and top), so
transverse meshing at the tendon-wall
connections 1is inevitable. In the remaining
two ends, at left and right, the wall is divided
into two equal parts. In the longitudinal
direction, height of the elements is selected
according to their aspect ratio, geometry and
structure of the wall, and loading conditions.
In those sections where the steel sheaths are
used as a shear key (heights of lower than
4.00 meters), height of the elements is
selected to be 50cm to ensure a near-1 aspect
ratio for most of these elements. In the rest of
the wall, height of the elements is selected to
be 1 meter to ensure that the lowest aspect
ratio would be about 0.3. Due to application
of concentrated horizontal loading to the top
of the wall, this section is modeled by 80 and
120-cm high elements.
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Fig. 3 Multilayer finite element model of the wall (sorted by the type of concrete fiber) (a), and
uniaxial stress-strain curve of confined and unconfined concrete fibers (b) [32]

3.2. Axial-bending and shear layers
of wall elements

The behavior of concrete sections is modeled
by the elements shown in Fig. 3-a; these
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elements consist of two layers: axial-bending
layer and shear layer. Those regions that have
a high potential for cracking or crushing, like
edges, are modeled by relatively smaller
fibers. The smaller area of these fibers
ensures their quicker cracking or crushing
with the increase of force, which leads to
adequately accurate modeling of these
regions as well as adequate shift of concrete’s
neutral axis. As Fig. 2 shows, the entire area
of cross-section (A-A), which pertains to the
lower 4 meters, includes confinement
reinforcement and so exhibits a behavior
similar to that of confined concrete. In cross
section (B-B), which pertains to rest of the
wall, only two edges of the wall have
confinement reinforcement; so in this cross
section, concrete of those two edges are
assumed to be confined and that of other
sections are modeled with unconfined status.
In Fig. 3-a, those elements wherein concrete
fiber of axial-bending layer is confined are
marked with hatching. Properties of axial-
bending layer of concrete fibers are defined
by Kappos equations [32].

Kappos suggested stress-strain relations for
confined and unconfined concretes (Fig. 3-
b):

2
gCCO gCCO
O, = fcc [1_ U(é‘c - gcco):l Eeco < & < Eeeos
o, = 0.25f,

c

™

C S ECCO Eq' (1)

Eq. (2)
&, > Eeos

According to Eq. (1), Eq. (2) and Fig. 3-b, the
uniaxial stress-strain curve is comprised of
two parts:

1) The ascending part (Eq. (1)): in this part,
the stress is increased up to the maximum

confined concrete strength (fee)s
corresponding to the strain of &.,, defined as:

f, =k f,

cc

L2
Eeco = k €eo

Eq. (3)
f
k =1+a(p, 2

c

where, £ is the confining index, f is the yield
strength of reinforcement; and, a and b are
experimental coefficients which depend on
the hoop reinforcement layout (Fig. 3-b).

il) The descending part (strain softening): in
this part (Eq. (2)), the stress is linearly
decreased with respect to the decreasing rate, u:

0.5f
f

b 3+0.29?C
0.75pw\/T+f—gcco

Su 145 ~1000
where f., pw, b., and S, are the maximum
unconfined concrete strength, the volumetric
ratio of hoop reinforcement, the width of the
confined core, and the hoop spacing,
respectively. In this paper, tensile strength of
concrete is not incorporated into the model.
Here, the concrete fiber of axial-bending
layer extends only along vertical direction
(along the height); in other directions (along

the width and the out-of-plane axis) the wall
1s assumed to exhibit an elastic behavior.

u=

Eq. (4)

Given the details of the cross section of the
wall, its shear behavior can be partitioned
into 4 regions shown in Fig. 4-a. The shear
behavior of the wall is modeled without
using fiber and only through defining a
suitable shear stress-strain curve and
selecting a fitting cross-section for shear
layer.
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Fig. 4 Shear layers of multilayer finite elements of the wall (sorted by type) (a) and shear stress-strain
curve of shear layers [31] (b)

According to Fig. 2 and Fig. 4-a, the shear
layer types 1 and 3 are defined based on shear
strength of the wall and confinement
reinforcements, the shear layer type 2 is
defined based on shear strength of concrete,
steel sheaths, and confinement reinforcements,
and the shear layer type 4 is defined only by
the shear strength of concrete. The behavior of
shear layer of the wall elements is assumed to
be non-linear and independent of axial force
and its properties are defined based on
Esfandiari equations [31]. The proposed shear
stress-strain curve (Fig. 4-b) can be used to
model the behavior of shear layer of element,
but this requires the introduction of a few
parameters. The first part of this shear stress-
strain curve exhibits a slope of G = 0.4 E, until
reaching the cracking strength (f,) and its
corresponding strain 0.0002. In the second part,
shear strength of the section equals its nominal
shear capacity (V,), which is calculated using
the recommendations of ASCE41-06 [32].
Based on recommendations of Esfandiari, the
shear strain corresponding to this shear strength
is set to 0.004, and the maximum shear strain
in all shear layers is assumed to be 0.01.

3.3. Modeling of unbonded post-
tensioning tendons

The post-tensioning tendons, which are
extended over the wall’s entire height, are
secured within sheaths and have no
interaction with concrete. These tendons are
modeled by bar-shaped elements made of,
tension only inelastic steel materials. The
eight unbonded post-tensioning tendons that
have been used in the wall are modeled with
four bar elements, each having an area twice
the area of each tendon. As Fig. 5-a shows,
tendons are fixed at the bottom by 4 hinged
supports and their other ends have a hinged
connection to the nodes of concrete elements
situated on top section of the wall. The
mentioned hinged supports are defined
slightly away from the base of the wall to
prevent an interaction between the support of
tendons and those of the wall. The four bar-
shaped elements defined over the wall’s
entire length are fully separate from the wall
and have no connection with wall elements
except at the top of the wall.



102 A. Jafari et al./ Journal of Rehabilitation in Civil Engineering 4-2 (2016) 93-108

(Post~tensioning Force)

TP 0 0.0
Pinned Connection i / e 8 Rl
T i =
Unbonded post-tensioning|. - Last :
tendons 3 . NI
e
Pinned Constraint 25 e
K = 3, B A piS
(a)
1865

1670

Stress (Mpa)

.
0.0085 X 0.035
Strain

(b)

Fig. 5 The bar-shaped elements used for modeling
of unbonded post-tensioning tendons plus supports
and connections (a) and tensile stress-strain curve
of tendons s [35] (b)

The stress-strain curve of tendons, which is
shown in Fig. 5-b, is tri-linear and has a
slight strain hardening after yield. This curve
is defined based on material properties
provided in [30] as well as Walsh and
Kurama recommendations [35]. After
modeling the wall, the post-tensioning force
of tendons (exerted on the wall) is modeled
by calculating the strain equivalent to the
stress induced by application of tensile force
F, = 2500 kN on 8 tendons, and then
incorporating this strain into the initial tensile
strain of tendons.

3.4. Modeling of wall supports

Wall supports must be modeled by an
element that would be able to properly
exhibit its rocking property. According to the
result of the test conducted in [30], after the
exertion of lateral force, one side the studied
wall easily detaches from its support, causing
the other side to be pushed further against the
support. The rocking property is simulated
with the help of nonlinear elastic gap-hook
bar elements shown in Fig. 6. These elements
have positive and negative reaction
displacement (gap) and stiffness. To form the
rocking behavior, positive stiffness of these
elements are assumed to be very small (10
N/m) and their negative stiffness are assumed
to be very large (1x10'* N/m). Meanwhile,
positive gap of these elements is assumed to
be relatively large (0.3 m) and their negative
gap is assumed to be zero. Based on these
properties, when the system is subjected to
tensile force, these elements easily detach
from the support and move upward, but when
it is subjected to compressive force, the wall
support exhibits a high stiffness and acts like
a rigid support. One end of these elements is
connected to the nodes of the wall elements
and the other end is connected to the hinged
supports. A roller support is used on one side
of the wall to prevent the lateral force from
triggering a lateral movement.

Roller_Constraint

Gup Hook Elements . _L _L J_ J_ J_ J_

— }J;g 1111

Fig. 6 The non-linear elastic gap-hook bar
elements and the supports used for modeling of
wall support elements
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4. Validity assessment

4.1. Validation of the model of self-
centering rocking wall

To assess the validity of developed model, the
experimentally attained lateral load—drift curve
provided by [30] is compared with the simulated
curve obtained by the developed model. The
lateral load test conducted in [30] has been
performed in two modes: with friction and
without friction; but the present paper only
discusses the results obtained in the presence of
friction. In the first part of the mentioned test
(with friction), which assessed the behavior of
self-centering rocking walls subjected to quasi-
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static horizontal cyclic loading, seven cycles of
cyclic loading, as shown in Fig. 7-a, were applied
to the wall. To plot the lateral load—drift curve of
the model, after applying the gravitational load
and post tensioning force of tendons, we apply
and increase the horizontal lateral load to the
designated point such that it would create relative
displacements similar to those plotted in Fig. 7-a.
Next, the base shear and relative displacement
induced by seven cycles of this lateral force is
measured and plotted as lateral load—drift curve.
Comparing the lateral load—drift curve obtained
from the test data with the one obtained by the
model (Fig. 7-b) demonstrates a good agreement
between actual behavior of the wall and
simulations of the model, and therefore confirms
its validity and precision.
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Fig. 7 Loading history in the test [30] (a) and the curves of lateral load - drift obtained by the test
and model (b)

4.2. Validation of damage estimation

As previously mentioned, the damage
incurred by the wall is assessed by the
damage index proposed by Kim et al [29]. In
this damage index, the value 0.75 represents
the compressive failure (crushing) of
concrete. This compressive failure occurs
when principal compressive strain  of
concrete element reaches &, (failure
criterion), which can be calculated by Eq. (5)

This damage index assigns the value 0.4 to
irreparable damage (crushing of a significant
portion of concrete cover), ie. when
principal compressive strain of concrete
element reaches up to the value of
compressive strain at maximum compressive
stress of the concrete.

14pf &

. Eq. (5)

cc

£, =0.004+

In Eq. (5), fo.' 1s the confined compressive
strength of the concrete, ps is the volume
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ratio of transverse confinement
reinforcement, fy, 1s the yield stress of
transverse confinement reinforcement, and
&m 15 the strain corresponding to the
maximum tensile stress of steel. Kim et al.
have developed Eq. (6) for measuring the
compressive damage index of concrete:

2
D. “Compressie 1- ftgc {%} Eq (6)
fig. =1-03AD; Eq. (7)
1
AD: = Eq. (8)
szc

In Eq. (6), ftg. is the concrete fatigue
parameter, which must be calculated by Eq.
(7), & denotes the ultimate compressive
strain of concrete, and & is the principle
compressive strain of concrete at the desired
step of analysis. InEq. (7), 4D. is a
parameter representing the fatigue-induced
aggregate (cumulative) damage incurred by
concrete, which must be calculated
by Eq. (8), Ny is the number of full cycles
of loading before failure, which must be
calculated by Eq. (9).

In Eq. (9), k. is the concrete’s coefficient of
variation, which must be calculated by Eq.
(10) and Eq. (11).

Emax= 0'7800 )
1 1— (gco _gmin)z — (800 _‘("max)2
N P 2
|0g 2fc — ﬁ (gco 8mln) Eq (9)
Ko |eme = 07¢,
0'098cu i Emax ~ Emin
Eeu _0'76(:0 IB €eu ~ €min
k. =2.0s, Eq, (1())
fe
Sk = T Eq. (11)

In Eq. (11), fo' and fc,' are the confined and
unconfined compressive strength of concrete.
In Eq.(9), &, denotes the strain
corresponding to the maximum unconfined

compressive strength of concrete, e, and
Emax are minimum and maximum values of
strain in a single cycle of loading, and B is a
material-based constant, which is 0.0588 for
concrete. The next step is to evaluate the
damages incurred by the proposed nonlinear
model. Considering the high concentration of
damage in the base of the wall, this stage of
work employs smaller elements, especially in
the lower sections. The elements used for the
lateral ends of the wall in its bottom 1.40
meters have a dimension of 200x200 mm?.
To achieve a wuniform meshing, other
elements of the wall must inevitably have the
same pattern, i.e. to shrink in both directions.
After re-meshing the wall, the model is
analyzed by force-controlled nonlinear static
analyses. After applying the lateral loads
equivalent to those shown in Fig. 7-a, the
damage index is calculated for the end of
cycle at 2% drift.

To calculate the damage index, once
numerical analyses are finished, first the
parameter Ny is calculated for each loading
cycle and then parameters AD. and fig.
pertaining to each wall element and each
cycle are obtained. The parameter AD,. is
calculated cumulatively over consecutive
cycles, and finally damage index of each
element at each loading cycle is calculated by
the use of parameters &, (ultimate
compressive strain of concrete) and &
(principal compressive strain of concrete).
Shear strain and compressive axial strain of
elements at each step of cycle are used to
calculate their principal compressive strain
&, and the peak value of this parameter in
each cycle is used to calculate the damage
index of elements. After calculating the
damage index of each individual cycle, the
highest value among all cycles is selected as
the damage index of the element. Fig. 8-a
and Fig. 8-b show the damaged wall after
repairs, and the contour of damage index
across its surface.
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Fig. 8 Details of the damage sustained by the base of the tested wall as a result of lateral loading
(after repairs) [30] (a) and the contour of damage index across the surface of the wall after cyclic
loading leading to relative lateral displacement of 2%

Fig. 8-a shows that concrete of base of the
wall has been damaged up to a height of
about 60 cm, and the first 20 cm has been
damage to the extent that the crushed
concrete need to be replaced. The extent of
damage has decreased with height, but the
damage incurred by concrete cover up to a
height of about 60 cm is well evident. On
the other hand, the visible depth of damage
has been about 40 cm, and this has also
decreased with height. According to
definitions of damage index used in this
paper, the undamaged sections of the wall
have a damage index of less than 0.1 (In
Fig. 8-b) these regions are colored gray.
The onset of formation of minute cracks is
equivalent to a damage index of between
0.2 and 0.3, and the points having a damage
index of 0.4 to 0.7 represent, respectively,
the damaged (dislodged) concrete cover
and the onset of crushing. Any point whose
damage index is higher than 0.7 has
certainly been subjected to concrete
crushing conditions and will no longer have
its former strength. Those points on the
tested wall that have a damage index of
between 0.1 and 0.4 have exhibited no
tangible damage, but it should be noted that
this range of damage index represents a
transition from undamaged condition of
concrete to start of damage and cracking.
Comparing the Fig. 8-a and Fig. 8-b
indicates that this damage index can predict
the damage incurred by the wall with great
precision.

5. Conclusions

The following are the conclusions obtained
through numerical analyses and comparison
of the obtained results with the results of a
full-scale lateral loading test.

e This paper used multilayer shell finite
elements composed of fiber sections to
model the nonlinear behavior of self-
centering rocking walls. This behavior
was modeled by defining two layers of
elements: axial-bending layer and shear
layer. Properties of axial-bending layer
were defined by defining its cross
section using concrete fibers. Properties
of shear layer were defined based on
concrete’s shear stress-strain curve and
shear-resistant cross section of the wall.
The unbonded post tensioning tendons
were modeled by bar-shaped elements
with constitutive mechanical properties
similar to those of actual tendons. In the
end, the rocking behavior of the wall
support was simulated with the help of
bar-shaped gap-hook elements. As stated
in the previous section, using this
method for modeling the behavior of this
type of rocking wall leads to a set of
results that are acceptably consistent
with its actual behavior observed in the
test.

¢ In this paper, the damage incurred by the
self-centering  rocking walls  was
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estimated by an element-level (local)
damage index. The damage index used
in this paper, which was formulated
based on parametric studies and finite
element analysis, provides a quantitative
estimation of the extent of damage
incurred by  concrete  elements.
Considering the unique structure of self-
centering rocking walls, this study only
used the compressive mode of this
damage index. Comparing the results of
numerical analyses conducted for
relative lateral displacement of up to 2%
with the experiential results showed a
good agreement between the actual
extents of damage and the quantitative
estimation obtained from the damage
index (both showed visible damage
concentrated around the base of the
wall). The results showed that this
damage index can properly predict the
damage incurred by this type of walls,
and so it can be used to acquire an
accurate estimate of damage and predict
the behavior of these walls for the
desired load.
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