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Abstract

Precast post-tensioned concrete rocking wall system is an innovative damage avoidance structural system for seismic regions. Past
experimental works on the dynamic performance of rocking walls have identified the presence of high-frequency acceleration spikes in
both lateral and vertical directions during the impact of wall base with the foundation. These acceleration spikes, acting together, can
cause shear slip at the wall-foundation connection. This study is focused on the development of a computer model that can predict
these acceleration spikes along with the identification of their effects on the dynamic performance of rocking walls. For this purpose,
impact phenomenon at the wall-foundation joint has been discussed in detail and some general guidelines are set for the two impor-
tant parameters of impact or contact modeling named as contact stiffness and contact damping. The finite element numerical models,
based on the proposed guidelines, are found to predict the overall dynamic behavior of rocking walls along with the acceleration
spikes quite efficiently. The acceleration spikes are found to be dependent on the lateral velocity at impact and the initial contact stiff-
ness. So a velocity-dependent energy dissipation device along with a soft contact is found to be suitable for reducing these effects.
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Introduction dissipation (ED) devices have been used in the past

o L . (Belleri et al., 2014; Morgen and Kurama, 2008;
In recent years, focus is increasing n developing j[he Kurama, 2002; Marriott et al., 2008; Priestley et al.,
structural system that can not only withstand the high 1999; Restrepo and Rahman, 2007; Schoettler et al.,
seismic force demanq i,n the wake of a major seismic 2009; Toranzo, 2002) to counter the inherent low ED
event but also can l}rplt the structural a'md nonstruc- capacity. A rocking wall with an ED mechanism is
tural damage to a minimum level. For this reason, var- often termed as a hybrid wall and characterizes a typi-

ious structural systems have been evolved in the recent . flag-shaped hysteresis behavior. Figure 1(a) to (c)
past. One such system is the unbonded post-tensioned shows the hysteresis behavior of rocking wall, ED

precast concrete wall system commonly referred as oo a0g hybrid wall, respectively.
rocking wall structural system (Priestley et al., 1999). In recen,t years, a lot ot" work has been done to
A rocking wall consists of vertically stacked precast develop the rocking wall structural system as a resilient

concrete panels clamped by unbonded post-tensioning j,(era] force resisting system for the building struc-
(PT) from the top of the wall to the foundation. Initial .o Experimental and analytical investigation

PT in the PT tendons along with the self-weight resists showed the excellent performance of rocking wall

the lateral force demand, and once the lateral actions (0 1 raq against seismic actions by exhibiting a large

overcome the vertical forces, the wall starts to rock ductility capacity and a minimal structural damage
about its toes, commonly referred as “gap opening.” ’

The gap opening at the wall base limits the seismic
ff’r(fe demand by exhlbltmg d geo.met.rlc nonllngarlty Structural Engineering Department, Asian Institute of Technology,
similar to the material nonlinearity in conventional Pathum Thani, Thailand

reinforced concrete (RC) shear walls due to plastic

hinge formation. Rocking wall characterizes a non-  Corresponding author:

. . . . . Irshad M Qureshi, Structural Engineering Department, Asian Institute of
linear elastic behavior as shown in Figure 1(a).
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Figure 1. ldealized behavior of (a) rocking wall, (b) energy dissipation mechanism, and (c) hybrid wall.

strength degradation, and residual deformations.
However, the majority of the work discussed the quasi-
static response of rocking wall structures, and only a
limited amount of experimental work has been con-
ducted to investigate the dynamic performance of
rocking walls (Belleri et al., 2014; Marriott et al., 2008;
Schoettler et al., 2009; Toranzo, 2002; Wiebe and
Christopoulos, 2010) resulting in a lack of model verifi-
cation for the dynamic response. One of the conspicu-
ous features of rocking wall seismic behavior is the
presence of gap opening and closing phenomenon,
characterized by an interaction of wall base and foun-
dation top called as a contact. A short-duration, high-
velocity contact in a dynamic domain called as an
impact is found to induce short-duration large-ampli-
tude accelerations, both in horizontal and vertical
directions called as horizontal acceleration spikes
(HASs) and vertical acceleration spikes (VASs), respec-
tively, in the system response (Belleri et al., 2014;
Marriott et al., 2008; Schoettler et al., 2009; Toranzo,
2002). Toranzo (2002) tested a three-story half-scale
non-post-tensioned confined masonry rocking and
hybrid walls on shake table and explicitly identified the
presence of HAS and VAS in the experimental results.
Belleri et al. (2014) tested a three-story half-scale rock-
ing and hybrid wall on shake table, and the ratio of
HAS and VAS to peak ground acceleration (PGA) for
the maximum considered earthquake (MCE) level exci-
tation was found to be approximately 4 and 7.5,
respectively.

HAS phenomenon is not unique to the rocking wall
dynamic behavior, but is also observed in the base iso-
lation systems. It is attributed to a sharp change in lat-
eral stiffness, at gap opening and closure, in a bilinear
elastic hysteresis which is typical of a rocking wall
behavior (Wiebe and Christopoulos, 2010). These
acceleration spikes, observed with higher intensity near
the rocking joint or in the lower stories, appear in the
response for a very short interval of time and are gen-
erally out of phase with the displacement response.
Wiebe and Christopoulos (2010) developed a closed-

form mathematical model for HAS and concluded that
this effect is more intense when the change in stiffness
happens from a lower value to a higher value, that is,
during gap closure. Also, the intensity of these spikes
was found to be more sensitive to the initial contact
stiffness and the lateral velocity at impact rather than
the amount of hysteretic ED. The VASs, caused by an
impact of wall base with the foundation, also appear
for a short interval of time and are also found to be
dependent on the contact stiffness and the lateral velo-
city at impact, further signifying the importance of
contact stiffness in the accurate modeling of dynamic
behavior of rocking wall structures. Although there
are some works regarding the quantification of vertical
accelerations and its effects on the seismic performance
of rocking bridge piers (Pollino and Bruneau, 2007),
there is a lack of the literature focused on the VASs in
rocking wall structures. The significantly higher values
of HAS and VAS, found in the recent shake table tests
(Belleri et al., 2014; Marriott, 2009; Toranzo, 2002),
can result in an unintended shear slip failure at the
wall base as a result of a concurrent increase in shear
demand due to HAS and a decrease in shear slip
capacity due to VAS. However, no work has been
done to date to numerically model these acceleration
spikes in rocking wall structures. Therefore, there is a
need of numerical models that can predict these effects
and hence can also be used for devising effective miti-
gation techniques to reduce these effects.

In order to successfully model the acceleration
spikes produced as a consequence of the impact phe-
nomenon, the contact behavior at the wall base needs
to be modeled accurately. Two of the important para-
meters of the contact behavior are contact stiffness
and contact damping. The initial contact stiffness of
rocking wall before the gap opening has not been dis-
cussed enough in the literature, and usually, the rock-
ing joint is assumed to be rigid initially. This
assumption, although may not change the results
much for a quasi-static analysis, can increase the inten-
sity of acceleration spikes in a dynamic response
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significantly and hence needs to be modeled carefully.
Wiebe and Christopoulos (2009) modeled rocking wall
contact behavior using a rotational spring at the
wall-foundation joint with a flag-shaped hysteresis
behavior. The numerically calculated horizontal accel-
eration values for top floor were found to be up to
17 g. However, this value is exaggerated because of the
use of only one rotational spring with sharp-edged flag-
shaped hysteresis and a relatively higher initial contact
stiffness. On the other hand, Kurama (2002) modeled
the rocking wall-foundation connection using a number
of compression-only nonlinear springs at the base of
rocking wall, resulting in a flag-shaped hysteresis beha-
vior with rounded corners. He found that if sufficient
amount of ED was provided to rocking walls, the peak
roof lateral accelerations would be similar to the lateral
accelerations in conventional RC shear walls.

The contact and impact phenomenon are also found
to induce extra damping in the system response called
as contact damping, primarily divided into two parts
for an elastic contact: damping due to friction between
the interacting surfaces (friction component) and due
to stress wave propagation and other dynamic pro-
cesses (viscous component) (Marriott, 2009; O’Hagan
et al., 2013). Marriott (2009) found that both compo-
nents are almost equal and represent a half of the con-
tact damping. Recent experimental and analytical
works (Marriott, 2009; O’Hagan et al., 2013) on rock-
ing wall dynamic performance have suggested that the
contact damping may have a negligible effect on the
overall dynamic responses provided that a dedicated
hysteretic ED mechanism is provided. However, in the
absence of an external ED mechanism, this contact
damping can dictate the dynamic response of two con-
tacting bodies.

This study is focused on the investigation of impact-
related acceleration spikes in rocking wall structures
which includes the development of numerical models
to predict these effects, identification of their effects on
the overall dynamic performance, and the influence of
different parameters on the severity of these effects
which can also serve as a guideline for designing the
effective solutions to reduce these acceleration spikes.

Mechanics of rocking wall and contact

Generally speaking, modeling of structural pounding
or impact can be classified into two types: the classical
stereo-mechanical approach and the contact force
model. The stereo-mechanical approach (Housner,
1963) assumes a contact of two rigid bodies with no
sliding or bouncing and the response is controlled by
the ED during contact called as contact damping. The
parameter used to represent this change in the system
energy is called as coefficient of restitution (COR). In a

rotational motion, the change in kinetic energy before
and after impact due to contact damping can be quan-
tified as

ani)
116 ®

where 6; and 6, are the rotational velocities before and
after impact, respectively, and “e” is the COR. A COR
value of 1 represents a fully elastic collision while a 0
value represents a fully plastic collision. The Housner
model has been found to be accurate for the rigid
blocks with a high slenderness ratio. However, the
COR value alone cannot define the rocking response
especially in the cases when the slenderness ratio is
low, the block is flexible, or there is local damage at
the contacting interfaces.

The contact force model is an alternative and a
more sophisticated approach and takes into account
the elastic and plastic behaviors of contacting bodies
along with the damping or ED. Different contact force
models present in the literature, with different combi-
nations of linear and nonlinear stiffness and ED, are
based on a general equation of contact force
(Muthukumar and DesRoches, 20006)

F. = Fg(8) + Fr(8,8) + Fp(8,0) (2)

where Fg, Fy, and Fp are the elastic, viscous, and plas-
tic components of the contact force (F,), respectively,
while 8 and § are the relative penetration and penetra-
tion velocity during contact, respectively. The material
properties, geometric properties, masses, and relative
velocities of the interacting bodies are the different
parameters that can influence the contact force
behavior.

Elastic component of the contact force equation is
dependent on the contact stiffness of contacting bodies
and is usually characterized by the interaction of indi-
vidual axial stiffness of each contacting body. For a
rectangular rocking wall, contact stiffness can be idea-
lized in the form of two axial springs acting in the series
and representing the individual axial stiffness of rock-
ing wall and foundation.

The viscous component of the contact force equa-
tion is usually modeled using Housner COR value.
Different tests have been performed in the past to com-
pare the experimentally calculated COR values with
the Housner value for rectangular rocking objects.
Nasi (2011) tested free rocking rectangular concrete
blocks on shake table and the value of COR for any
particular block was found to be changing with the
varying initial conditions as opposed to a single COR
value, for a particular rocking block, proposed by
Housner. Ma (2010) described experimental and
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numerical investigation of both free rocking (without
PT steel) and controlled rocking (with PT steel) precast
confined masonry walls. Experimentally calculated
COR values were found to be close to the Housner
value for the starting few cycles of free vibration
response and then started to exhibit a low COR value
(high ED) for lower initial conditions of initial displa-
cement and the speed of impact. The COR values var-
ied in the range of 0.5-0.95 with the varying initial
conditions and he concluded that a single COR value
cannot emulate the complete free vibration response.
O’Hagan et al. (2013) separated the contact damping
into two components: friction and viscous component.
A constant friction force along with a COR value rep-
resenting the damping due to dynamic effects found to
give matching results for the entire range of the free
vibration response. Cheng (2007) calculated the radia-
tion damping of rocking bridge piers with different
sizes of anchoring bars and contact surface materials
along with the effects of sliding on the damping.
Marriott (2009) tested four rocking walls: one without
any external ED mechanism and three with different
ED options. He quantified the contact damping in the
first wall to be proportional to the secant stiffness and
in the range of 1.8%-3% of equivalent viscous damp-
ing (EVD). Also, it was found that the contact damp-
ing was negligible for the walls with external ED
mechanisms and it can be ignored in the modeling of
dynamic behavior of hybrid walls. The plastic compo-
nent of the contact force equation is assumed to be
absent in the rocking wall structures due to the damage
avoidance design of these members. In this study, con-
tact force approach is used to model the dynamic beha-
vior of a case study rocking wall.

Case study building

There are only few works in the past where the shake
table testing of a rocking wall structure is carried out
and the acceleration spikes in both lateral and vertical
directions are measured. Most of these tests were con-
ducted on single rocking walls. Dynamic models of
single rocking walls rely heavily on the use of a proper
contact damping model to accurately predict their
dynamic behavior. However, in a realistic and com-
plete rocking wall structural system, the contact damp-
ing may become negligible when compared with the
other sources of damping. The shake table test con-
ducted by Schoettler et al. (2009) on a three-story,
half-scale rocking wall structure is one test where a
complete rocking structural system was tested, and the
acceleration spikes in rocking walls were measured
using accelerometers. Also, detailed results of all the
dynamic tests performed by Schoettler et al. (2009) are
publicly available (web address in references; Data

repository, n.d.), making it a suitable choice for numer-
ical model verification in this study. The case study
structure was tested as part of a Diaphragm Seismic
Design Methodology (DSDM) project on Network for
Earthquake Engineering Simulation (NEES) outdoor
shake table located at the University of California San
Diego as shown in Figure 2(a). The building structure
was designed with two rocking walls, providing the pri-
mary lateral force resistance on both the north and
south ends. The gravity load-resisting system consists
of three different precast flooring types on three floors,
five precast columns on each side, and spandrel and
ledger beams to support the flooring on the two sides.
It is important to note that the gravity load-resisting
system was designed to be flexible so as to contribute
least to the lateral shear demand. Also, a special verti-
cal slotted connection was designed for wall-to-floor
connection which prevented the vertical actions from
the wall to be transferred to the flooring units.

A number of earthquake excitations were provided
to the structure in east (E)-west (W) direction. For the
first low-intensity Knoxville design basis earthquake
(DBE) test, no ED mechanism was used for rocking
wall and an initial PT of 472 kN (0.26f,,,) was provided
through two ducts each containing five 0.5-in diameter
low-relaxation unbonded PT strands (Grade 270). For
higher intensity tests, two ED bars were grouted in the
wall-foundation joint. Initial PT force was increased to
642 KN (0.35f,,,) for each wall to counter the higher
demand. PT and ED steel were provided at an offset of
300 and 150 mm from the center on each side, respec-
tively. Rocking walls were specially designed in the wall
toes to resist the extreme compression forces due to
gap opening and extra confinement reinforcement was
provided in the toe regions. Also, steel plates were used
in the wall corners which further increased the confine-
ment and also kept the damage in the toe region to a
minimal value. Further information about the design
procedure, construction, instrumentation, and experi-
mental results can be found in Belleri et al. (2014),
Schoettler (2010), and Schoettler et al. (2009).

For this study, the numerical results are compared
with the experimental results of first two tests, namely,
Knoxville DBE and Seattle DBE representing low and
moderate seismic hazards, respectively. Response spec-
trum of excitation histories is shown in Figure 2(c).
Since the case study building was designed as a symme-
trical structure with two walls at north and south ends
responsible for providing primary lateral force resis-
tance to the structural system against seismic actions in
E-W direction, only half of the structure can be mod-
eled to study the dynamic behavior of overall structure.
On the other hand, gravity columns were found to be
contributing 12% and 9% to the system overturning
moment resistance and 24% and 21% to the system
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Figure 2. (a) 3D view of case study building (Schoettler et al., 2009), (b) dimensions of rocking wall, and (c) response spectrum of

excitation histories (Belleri et al., 2014).

shear resistance at peak response for the Knoxville
DBE and Seattle DBE tests, respectively (Belleri et al.,
2014). So one of the rocking walls is modeled in this
study as a representative of half of the symmetrical
structure. Figure 2(b) and Table 1 show the dimensions
and important parameters of the rocking wall consid-
ered here.

Contact modeling of rocking wall

Now for the modeling of the case study rocking wall,
different components of the contact force equation are
selected. A lot of work done in the past on the dynamic
modeling of contact behavior is based on the stereo-
mechanical approach. This approach assumes that
there is no sliding or bouncing between the contact of
the rigid block and its rigid base, and that the ED can
be modeled using the COR. Although more recent
studies have incorporated the flexibility of rocking
blocks and the possibility of sliding or bouncing phe-
nomenon in the numerical models, most of this work

was focused on free rocking blocks. A rocking wall,
however, is different from a free standing block due to
the presence of PT tendons. Its controlled rocking
mechanism creates new challenges for modeling. As
explained earlier, past works on the modeling of rock-
ing walls were focused on the development of more ela-
borate contact damping models using mathematical
approaches (Ma, 2010; O’Hagan et al., 2013) and sim-
plified multi-spring or fiber models (Marriott, 2009) to
predict the displacement response and ED of single
rocking walls; however, the ability of these models to
predict acceleration spikes has never been checked so
far. Finite element (FE) models using implicit tech-
niques have also been used in the past for both free
rocking and controlled rocking systems. Belleri et al.
(2013) conducted dynamic analysis of a rocking wall
using different modeling techniques including a three-
dimensional (3D) FE model, one-dimensional (1D)
fiber model, and multi-spring model with a relatively
rigid contact for all models. The effect of different
damping models on the dynamic responses of rocking
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Table |I. Properties of case study rocking wall.

Thickness of wall (mm) 200

Compressive strength of 51

wall concrete (f'.) (MPa)

Ultimate strength of PT 1860

steel (MPa)

P./(f'Ag) (%)? Knoxville DBE 27
Seattle DBE 35

Total lateral seismic First floor 36,795

masses (kg) Second floor 38,999
Third floor 34,230

Vertical seismic mass (kg) 8064

PT: post-tensioning; DBE: design basis earthquake.
?P, is the axial load; A, is the gross area of wall.

wall was studied; however, the proposed models were
not validated against the experimental results.

As opposed to the previous works on rocking walls
where a relatively rigid contact was used, the FE model
in this study adopts the actual material properties of
rocking wall and its foundation, resulting in a realistic
and flexible contact behavior. As the case study rock-
ing wall was designed on the principle of damage
avoidance design and the damage during the experi-
mental tests was found to be restricted to the grout
crushing with only minor cracking in the rocking mem-
bers (Belleri et al., 2014), a linear-elastic material model
is used for the rocking wall and the foundation. The
value of contact stiffness is an important issue as it can
have a significant effect on the severity of acceleration
spikes. Contact stiffness value depends on the individ-
ual behavior of interacting bodies and it has been
found to vary with the varying level of gap opening.

Inherent damping of rocking wall structures includ-
ing the contact damping is usually less than the con-
ventional structures because of the limited damage in
the rocking members. Different tests and numerical
studies performed in the past on a number of rocking
wall structures have shown that a consistent modal
damping of 3% is suitable for the modeling of inherent
damping of these structures (Priestley et al., 1999;
Toranzo, 2002). Also, Belleri et al. (2013) proposed a
consistent 3% damping for all modes of excitation for
the same case study building as in this study. In con-
trast to the earlier works on single rocking walls, the
inherent damping of the case study building represents
the damping due to the microscopic and macroscopic
processes within the flooring units, beams, columns,
and rocking walls along with the friction damping at
the beam—column, flooring—wall, column—foundation,
and wall-foundation joints as well as the contact
damping. This means that the contact damping may
become negligible when compared with the other

sources of damping. Therefore, a simple damping
model, that is, 3% inherent damping for all the modes
without explicitly modeling the contact damping, is
assumed to be suitable for this study. Finally, as the
damage incurred to the wall during dynamic testing
was reported to be minimal, plastic component of the
contact force equation is ignored. Seismic masses in
horizontal direction represent the floor masses along
with the contributions from beams and columns mass
and are shown in Table 1.

In the first part of this study, a 3D FE model of the
case study rocking wall is created in ABAQUS 6.12
(ABAQUS, 2012) to model the gap opening and hori-
zontal acceleration responses. The sophisticated con-
tact algorithms available in ABAQUS platform are
particularly useful in calculating and using appropriate
contact stiffness values for each contact and hence can
be helpful in drawing a general assumption for contact
stiffness value to be used for a simple and computa-
tionally inexpensive multi-spring fiber model. This sim-
ple computer model will then be used for the modeling
of both horizontal and vertical acceleration responses.

FE model of rocking wall

3D solid FE model of the case study rocking wall is
shown in Figure 3. The proposed model makes use of
an explicit FE analysis—a suitable approach for mod-
eling high-speed contact problems. Different advan-
tages of using explicit FE analysis include a relatively
inexpensive and fast procedure, ability to accommo-
date the material and geometric nonlinearities, and the
absence of a convergence criteria requirement as
opposed to implicit analysis. The rocking wall and
foundation are modeled using the element-type
C3D8R—ecight-node linear brick elements with
reduced integration to reduce the solution time.
Hourglass control is also used to control the effects of
hourglass modes due to the use of reduced integration
elements. As decided in the previous section, a linear-
elastic concrete material model is used for the wall and
the foundation. The modeling of the grout at the wall—
foundation joint is ignored by following the guidelines
proposed by Smith and Kurama (2012). The gap open-
ing behavior at wall-foundation joint is modeled using
a contact interaction with a “hard contact” which
means no plastic indentation under compressive stres-
ses while allowing unrestricted gap opening. Also, a
no-slip condition is defined to prevent any shear slip
which is in accordance with the experimental testing
where shear keys were provided at the wall toes to
avoid any slip. A mesh size of 50 X 50 X 50 mm® is
used for the wall while for the foundation mesh size is
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Figure 3. 3D finite element model.

selected as 100 X 100 X 100 mm’. A mesh sensitiv-
ity study is done before selecting these particular mesh
sizes. PT steel is modeled using two-node 3D truss
members (T3D2) with nonlinear stress—strain proper-
ties found from the material testing. The horizontal
and vertical degrees of freedom of the top tendon node
are coupled with a corresponding node on the rocking
wall to model the anchorage at the top. This con-
strained the displacement of the top tendon anchorage
to the displacement of the wall panel. The bottom ten-
don anchorage is represented by restraining the hori-
zontal and vertical degrees of freedom of the bottom
tendon node (pinned connection). No interaction is
defined in the middle portion of the PT steel with the
wall to model the unbonded property of PT steel.

—Ex| —— Abagqus
Pl p q

Gap Opening (mm)

16 6.1 16.2 16.3 16.4 16.5 l6.6 16.7 168 16.9 17
Time (sec)

Figure 4. Gap opening for Knoxville test.

FE model results

It should be noted here that the case study structure
was proportioned as a symmetrical structure with two
rocking walls on the north and south corners. The
rocking walls were designed with a duct for PT steel in
the center while two ducts were provided for ED bars
at an offset from the center on both sides. The ED
ducts were designed to be un-grouted for the first
Knoxville DBE test (no ED) and grouted for the
remaining tests. However, one of the ducts for ED
bars in the south wall was accidently partially grouted
in the first test which increased the lateral stiffness of
the south wall. This resulted in a relatively lower gap
opening in south wall and a relatively higher gap open-
ing in the north wall but still showed an almost similar
pattern of gap opening and closing in both walls. Past
works have shown that the intensity of HASs in a
rocking wall can be affected by the level of hysteretic
ED capacity of that particular wall (Toranzo, 2002).
Since the level of ED provided by the one partially
grouted duct in south wall cannot be accurately emu-
lated, it is considered reasonable to model the rocking
wall without any ED mechanism and compare the
numerical model results with the north wall experi-
mental results. Figure 4 shows the comparison of the
experimental and numerical results for the gap opening
of the north wall. Pattern of gap opening and closing
is quite similar for the numerical and experimental
results; however, the numerical model results show a
significant underestimation of peak gap opening values
which is expected due to the reasons explained above.
Figure 5 shows the comparison of base moment—
rotation relationship for the numerical model results
with the experimental results of both the south and the
north walls. Albeit some underestimation, the numeri-
cal model moment-rotation results are relatively more
comparable to the north wall experimental results, as
assumed in the above discussion.

The amplitude of accelerations recorded in a struc-
ture is quite sensitive to the time step being used or the
highest frequency that can be captured with the avail-
able instrumentation. For this case study building,
experimental data were recorded at a time step of
4.2 ms and was later on filtered using a low-pass filter
with a cutoff frequency of 33 Hz. So for the numerical
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Figure 5. Moment—rotation relationship for Knoxville test.

model results, similar time period is used in the
dynamic analysis and then the results are filtered with
a cutoff frequency of 33 Hz. Figure 6 shows the com-
parison of horizontal acceleration (a) values at the
top floor for the experimental and numerical results.
The numerical horizontal acceleration values predicted
by ABAQUS generally match well with the experimen-
tal results except a slight underestimation. This may be
due to the reduced gap opening observed in the numer-
ical results. Horizontal accelerations considered with
the gap opening show that there are two kinds of
peaks in the response history. One is linked to the
maximum displacement time instant while the other

one appears during the opening and closing of the gap.
Latter one is a unique characteristic of rocking and
base isolation structures. It is important to note that
the horizontal acceleration peaks associated with the
impact are higher than the peaks against the maximum
drift. This much high acceleration against the minimal
base rotation demands a new limit state to be identi-
fied in the design procedure and the shear slip capacity
needs to be checked against this new limit state.

The comparison of the results shows the effective-
ness of FE model in emulating the contact stiffness
behavior and predicting the dynamic responses with
significant accuracy, and hence, it can be used to pre-
dict the contact stiffness value. Looking at the axial
stress variations in the rocking wall against different
levels of gap opening reveals that the variation in the
height of the wall contributing to the axial stiffness of
rocking wall, found from the FE model, is in the range
of 0.1-1.0L,, for the different levels of lateral drift.
Although the FE model is found to be quite efficient
in predicting the dynamic responses of case study rock-
ing wall, it is computationally more expensive. So a
more robust and computationally economical multi-
spring fiber model is used.

Multi-spring fiber model

Multi-spring fiber model is created in a commercially
available software Ruaumoko 2D (Carr, 2004) as
shown in Figure 7. Wiebe and Christopoulos (2010)
described that HAS is a manifestation of the abrupt
stiffness change in a bilinear elastic or flag-shaped

3rd floor ay, (g)
g
= un —_—

L
=
LA

’ —Exp —Abaqusl

Gap Opening (mm)

16 16.1 162 163 164 165 166 167 168 16.9 17
Time (sec)

Figure 6. Lateral roof acceleration for Knoxville test.
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Figure 7. Multi-spring fiber model.

hysteresis and although it is a physical phenomenon,
yet the choice of modeling options can amplify this.
For example, use of a rotational spring at the wall base
with a sharp-edged flag-shaped hysteresis would
increase HAS unjustifiably. So a better way of model-
ing is to model concrete, PT steel, and ED mechanism
separately along with the use of a number of axial
springs to model the contact phenomenon, resulting in
a realistic flag-shaped hysteresis behavior with rela-
tively smooth corners. This latter approach has been
adopted for the multi-spring fiber model. Rocking wall
is represented by an elastic frame element as the wall is
expected to remain elastic against seismic actions. PT is
modeled using nonlinear springs with elasto-plastic
behavior. Initial PT is provided using pre-load option
available in Ruaumoko 2D. Nonlinear behavior of gap
opening is modeled using a number of compression-
only contact springs which are fixed at the base and are
connected to a rigid member at the top to simulate
plane section remain plane behavior. Spieth et al.
(2004) suggested in his study that at least 8 base springs
should be used to efficiently predict the neutral axis
migration for the modeling of a rocking beam while
Pennucci (2008) used 20 springs for the modeling of
rocking wall. In this study, 25 base springs have been
used due to a longer cross section of the wall. Contact
stiffness of the base springs is the interacting stiffness
of the wall and the foundation, and can be modeled
using two springs in series representing the axial stiff-
ness of the wall and foundation. Assuming that the
foundation is near rigid, rocking wall axial stiffness can
be used as contact stiffness. Axial stiffness of the
rocking wall can be calculated using the relationship

EA/H,,, where E is the elastic modulus of concrete, A
is the influence area of the spring, and H,, is the height
of the wall that is providing the axial stiffness. Multi-
spring fiber model requires a constant value of contact
stiffness for any particular contact spring. Conley et al.
(2002) calculated contact stiffness of a rocking wall,
tested as a part of precast seismic structural system
(PRESSS) program, by assuming a concrete deflection
of 0.5 mm for a force of 890 kN which would yield a
contact stiffness value of 1780 N/mm =~ EA/0.5L,,
where L, is the wall length. Marriott (2009) proposed
an empirical equation for an approximate estimate of
contact stiffness which yields a contact stiffness value
equal to EA/0.45L,, for this case study rocking wall.
Belleri et al. (2013) modeled the same case study build-
ing as in this study and used a contact stiffness of EA/
0.15L,, assuming that the wall height equal to the neu-
tral axis depth against the maximum rotation repre-
sents the axial stiffness of rocking wall. However, this
value was found to be overestimating the acceleration
responses. Spieth et al. (2004) suggested a contact stiff-
ness of EA/0.5L,, for the modeling of rocking beam—
column connection and concluded that the results were
not sensitive to the contact stiffness value. Although
this may be true for quasi-static response, dynamic
response of rocking walls especially the acceleration
spikes could be sensitive to the contact stiffness value.

As described above, a number of different contact
stiffness values have been used in the past ranging
from near-rigid stiffness to the empirically deduced
values from the experimental results with no agree-
ment on a particular value and without the realization
of its effects on the dynamic responses. Based on the
findings from the FE model where the significant axial
stresses in the rocking wall were varying from 0.1L,, to
1L,,, three different contact stiffness values of 0.5Ky,
1K, and 3Ky, representing wall heights equal to 1L,
0.5L,, and 0.16L,,, respectively, are used, where 1Ky, is
equal to EA/0.5Ly. Inherent damping and lateral
lumped masses are the same as described earlier for
the FE model.

Multi-spring fiber model results

Figure 8 shows the results for gap opening and hori-
zontal accelerations (ay) using different contact stiffness
values. The HAS results with contact stiffness of 1Ky
and 3K, are quite similar and matches with the FE
model results with almost similar level of accuracy. A
lower stiffness value (0.5Kj) is found to reduce the
overall response while a higher stiffness value (3Ky)
tends to increase the response quantities. The change in
contact stiffness value is also found to change the gap
opening values both in magnitude and in phase. The
effect of different contact stiffness values will be further
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Figure 8. Effect of contact stiffness variation on HAS.

Table 2. Axial modal properties of rocking wall.

Mode No. Period (s) Mass participation (%)
| 0.0073 (137 Hz) 9238
2 0.0026 (384 Hz) 6.6
3 0.0018 (555 Hz) 0.5

checked for the VAS results also before suggesting a
particular value of contact stiffness as a better approxi-
mation of the actual varying contact stiffness value.
Now for the second part, modeling of vertical accel-
erations will be tried. Different seismic codes and
nuclear regulatory guides have explained the concept
of rigid frequency defined as the minimum frequency
after which the curves for various damping ratios have
similar values of spectral acceleration. A usual value of
this rigid frequency is 33 Hz and the response of modes
whose natural frequency is greater or equal to this fre-
quency is considered to be quasi-static rather than
dynamic. The spectral acceleration for such modes
becomes equal to the PGA and is usually referred as
zero-period acceleration. The natural frequencies of
the case study rocking wall in vertical direction are well
beyond this limit of 33 Hz as shown in Table 2 imply-
ing that the vertical acceleration response is in rigid
range. This is also validated by the experimental results
where the vertical accelerations at different story levels
are almost identical and the vertical response is quasi-
static. Nevertheless, the vertical accelerations if trans-
ferred to the floor could harm the flooring units and

the nonstructural elements such as fire suppression sys-
tems, emergency power generators, and computer sys-
tems attached to the floors. In this case study building,
floors were separated from the walls and hence, verti-
cal accelerations were not transferred to the flooring.
Still, it is worth checking during the design of rocking
wall structures that whether the vertical accelerations
should be allowed to transfer to the flooring or not
and thus design the flooring units and the floor-wall
connections accordingly.

Contact damping is an important parameter for the
modeling of vertical response as it decides the lateral
velocity at impact and also acts in the dissipation of
vertical responses. As explained earlier, the previous
works on the modeling of contact damping have sepa-
rated the contact damping into two parts and are mod-
eled separately. These components were applied to the
lateral displacement and lateral velocity to mimic the
friction and viscous components. In reality, a part of
contact damping comes from the loss of kinetic energy
in the vertical direction. However, this vertical compo-
nent of contact damping in rocking wall structures has
not been focused in any experimental or theoretical
work, and therefore, no guidelines are available to sep-
arate this component to provide damping to the verti-
cal mode of excitation. Marriott (2009) described that
the vertical accelerations are directly proportional to
the lateral velocity at impact regardless of the amount
of contact damping. He further concluded that two
walls with different damping contents can experience
similar peak vertical accelerations during rocking if
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both are subjected to similar peak horizontal velocity
demands. Hence, the accurate modeling of vertical
acceleration response needs an accurate lateral velocity
at impact along with a reasonably accurate value of
contact stiffness while the vertical component of con-
tact damping would only be required to dissipate the
vertical response. Similar observations were made by
Wiebe and Christopoulos (2010) about the dependency
of lateral accelerations on the lateral velocity and con-
tact stiffness with no effect coming from the damping.
Now, since the fiber model is found to be predicting
the lateral acceleration and lateral velocity with reason-
able accuracy, the vertical acceleration response can be
modeled by giving the seismic masses in vertical direc-
tion and by ignoring the explicit modeling of vertical
component of contact damping. The vertical seismic
masses here represent the rocking wall seismic mass
only due to the presence of sleeved connection.

Figure 9 shows the results for gap opening and ver-
tical accelerations using different contact stiffness val-
ues. The results show that the use of a higher contact
stiffness value (3K,) increases the VAS significantly
while a lower contact stiffness decreases the VAS val-
ues and also changes the gap opening both in magni-
tude and in phase. Looking at the results of HAS and
VAS against the different contact stiffness values, the
results with 1Ky seem to be matching better with the
experimental results compared with the other two
options. The approximation of using a constant con-
tact stiffness value for each particular spring proves to
be a valid assumption and can be used in the future
works provided that a reasonable value is chosen in

165 166 167 168 169 17

Time (sec)

the first place. Figure 10 shows the comparison of the
experimental and numerical results for both lateral
and vertical accelerations along with the gap opening
calculated using a contact stiffness of 1K,,. It is clear
from the results that the inclusion of the vertical seis-
mic masses does not affect the lateral responses much.
It is quite evident by considering vertical acceleration
history together with the gap opening history that ver-
tical acceleration peaks are directly related to the
impact of wall base with the foundation. The compari-
son of vertical acceleration shows a significant match-
ing of peak values and a relatively slower dissipation
of vertical response in the numerical results as com-
pared to the experimental results which is expected.
The matching of the peak values without providing
any contact damping in the vertical direction validates
that the vertical accelerations are more sensitive to the
lateral velocity and the contact stiffness rather than
the contact damping and a realistic estimate of vertical
acceleration envelope values can be obtained without
explicitly modeling the contact damping in vertical
direction.

Figure 10 further shows that both these accelera-
tions develop peaks at approximately the same time
and could be a cause for a shear slip failure along the
wall-foundation joint. This has been mentioned in the
previous works also (Belleri et al., 2014). Now consid-
ering a coefficient of friction of 0.5 for concrete—
concrete contact, the changes in the shear slip capacity
at the wall-foundation joint are calculated using verti-
cal seismic mass and vertical acceleration. Figure 11
shows the time history of shear demand and shear slip
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capacity for the first test. The results show a 10%
(25.8 kN) decrease in shear slip capacity during gap
closure and also there is an increase in the shear force
at the same time.

Based on the findings from the first test, Seattle
DBE test is modeled by Ruaumoko 2D. In this test,
two ED bars were used in the wall-foundation joint to
provide ED in addition to the contact damping. The
results of gap opening for Seattle DBE excitation
match at a lower contact stiffness of 0.4K;,. One of the
reasons for a lower stiffness value is that a number of
tests were performed on the same structure prior to
Seattle DBE test. So the structure was softened due to
grout crushing, nonstructural damage, and minor
cracking in the rocking members and hence exhibited a
lower stiffness value. Once the gap opening values
match, numerical model is able to predict impact-
related accelerations quite efficiently. Figure 12 shows
the histories of HAS and VAS along with the gap
opening history. Similar to the previous test, horizon-
tal acceleration peaks against the impacts are higher as

13.5 14 14.5

Time (sec)

compared to the peaks related to the maximum rota-
tion while the VAS is directly related to the impact of
the wall base with the foundation and its envelope val-
ues are predicted by the numerical model quite effi-
ciently. Time history of shear demand and shear slip
capacity, assuming a coefficient of friction of 0.5, is
shown in Figure 13. The reduction in shear slip capac-
ity during the gap closure is calculated to be 12%
(42.5 kN).

Control measures for acceleration spikes

Toranzo (2002) and Schoettler (2010) tested rocking
and hybrid walls on shake table and concluded that
the addition of ED mechanism causes a smooth and
gradual change in stiffness during gap opening and clo-
sure, resulting in a decrease in the HASs. Also, a softer
contact at wall base helps reducing the higher fre-
quency content of lateral accelerations (Conley et al.,
2002). However, VASs were found to be least sensitive
to the absence or the presence of a dedicated external



1258

Advances in Structural Engineering 19(8)

600 ¢

| ——Shear Demand ——Shear Slip Capacity |

=
=
(=

(=]
=
(=]

Shear (KN)
=

7200 [

400 F

-600 ¢

[=-]

-y Lh

Gap opening (mm)
©

[=NEN PV -
T

13.5 14 14.5
Time (sec)

Figure 13. Effect of HAS and VAS on shear demand and shear slip capacity for Seattle test.

ED mechanism. To further understand the nature of
impact-related vertical accelerations, a rocking wall is
selected with dimensions of 3000 X 1000 X 150
mm®. The single-story rocking wall is part of a com-
plete structural system and is assumed to take all the
lateral load of the structure. The connection between
flooring unit and the rocking wall is assumed to be
similar to the one being used for the case study struc-
ture discussed in this study. The lumped mass in the
lateral direction represents the floor load while the ver-
tical seismic mass is the mass of the rocking wall only.
For simplicity, only one vertically lumped mass is used
at the top of the wall. Design spectra for this study are
assumed to be representing a high seismic hazard site.
The rocking wall is designed against the desired
moment capacity using three different configurations.
The first type represents a rocking wall with only PT
steel and no ED mechanism, and is referred as RW1I.
The second type represents a hybrid wall with a displa-
cement-dependent ED device (mild-steel) placed at the
wall-foundation connection. RW3 represents a rocking
wall with PT steel and velocity-dependent energy dissi-
pater such as viscous damper placed at the wall toes on
both sides. For the hybrid walls (RW2 and RW3), PT
steel and weight of the rocking wall are designed to
take 55% of the lateral load with 45% being resisted
by the ED mechanism to ensure the self-centering
mechanism. Three different ground motions, matched
with the design spectra, are selected for the nonlinear
dynamic analysis of the rocking wall structures.
Contact stiffness and inherent damping are selected

based on the findings from the modeling of dynamic
test in this study. It is important to note here that we
are not interested in the values of vertical accelerations
rather the effects of different parameters on the vertical
acceleration response will be discussed.

Figure 14 shows the unfiltered results of vertical
accelerations for three rocking walls plotted against
the lateral drift at wall top. As expected, the vertical
accelerations appear in the response when the lateral
drift is close to 0, that is, when the wall base impacts
with the foundation. The lateral drift values for RW1
are highest followed by RW2 and RW3, respectively,
for the same set of ground motions. The vertical accel-
eration response plotted against the lateral velocity, as
shown in Figure 15, shows that the intensity of vertical
accelerations is directly proportional to the lateral
velocity of the wall. The relationship between the two
seems to be linear and can be represented by a straight
line joining all the peaks of the vertical acceleration
values. The vertical acceleration values for RW2 seem
to be high as compared to RW1 for the similar level of
lateral velocity. On the other hand, RW3 seems to have
a similar level of vertical acceleration intensity as com-
pared to RW1 for any particular lateral velocity during
impact. The comparison of RW2 and RW3 shows the
effectiveness of velocity-dependent damper in reducing
the VASs. RW3 not only has a lower level of vertical
acceleration value for any particular lateral velocity
during impact but also is quite useful in reducing the
lateral velocity which, in turn, reduces the vertical
acceleration value. The slope of the line joining all the
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Figure 14. Vertical accelerations plotted against lateral drift.

peaks is found to reduce by reducing the contact stift-
ness between the rocking wall and the foundation. To
reduce the VASs, a combination of a relatively softer
contact and the presence of velocity-dependent damper
on the wall corners would be an effective solution.

Conclusion and recommendations

This study is focused on the development and valida-
tion of numerical models to predict the impact beha-
vior and the dynamic responses associated with it for a
controlled rocking system. As opposed to the previous
works focused on the modeling of displacement beha-
vior and the contact damping by considering the
impacting bodies to be relatively rigid, the FE model
developed in this study takes into account the flexibil-
ity of the contacting members and assumes a simple
yet realistic damping model. Also, the FE model makes
use of a more suitable FE explicit analysis and a

0
Lateral Drift (%)

reduced integration technique to increase the efficiency
and decrease the solution time, respectively. Albeit
some underestimation, the proposed FE model is
shown to predict the gap opening and the lateral accel-
eration spikes with reasonable accuracy. Furthermore,
a simpler multi-spring model with spread plasticity at
the wall base and with a constant contact stiffness
value, proposed using a careful review of finite element
and multi-spring model results, is found to predict
both the lateral and vertical acceleration responses rea-
sonably well. The results show that the intensity of
horizontal acceleration peaks associated with the
impact is higher than the peaks against the maximum
drift for both tests considered in this study. The verti-
cal acceleration response, on the other hand, is found
to be in the rigid range. Still the high-frequency vertical
accelerations, if transferred to the flooring units, can
cause damage to the flooring and the nonstructural
components. Therefore, a parametric study is done
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Figure 15. Vertical accelerations plotted against lateral velocity.

using different ED options in a rocking wall to under-
stand their effect on the vertical acceleration response.
The results show an almost linear relationship between
the vertical acceleration and the lateral velocity at
impact while the slope of this linear relationship is
found to be highly dependent on the contact stiffness.
Based on the results, it is proposed in this study that a
combination of reduced contact stiffness and the use of
a velocity-dependent damper is an effective solution
for mitigating the high-frequency vertical accelerations
in rocking walls.
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