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Over the past two decades, precast concrete members have been utilized in seismically
resilient structures. In developing these structures, different techniques have been used for
connecting the precast members to the foundation. In building construction, unbonded
post-tensioning (PT) tendons can anchor a precast wall to the foundation, resulting in the
so-called rocking wall system. The rocking wall system develops a dry connection with the
foundation and provides moment resistance by means of the PT tendons. The PT tendons
remain elastic when the wall is subjected to design-level ground motions to preserve the
re-centering capability of the wall. Moreover, the structural damage is concentrated near
the wall toes and can be minimized with proper detailing of the toes. Rocking wall systems
can consist of a Single precast Rocking Wall (SRW), which uses no supplemental
damping, or walls with supplemental damping in the form of viscous or hysteretic
energy dissipating devices. In addition to the supplemental damping, rocking walls
dissipate the seismic energy through their impacts on the foundation base, their
inherent viscous damping, and the hysteresis of concrete near the wall base. While the
investigation of rocking walls continues to gain interest, there is no widely accepted means
of modeling their dynamic behavior. This paper investigates two popular approaches for
modeling rocking walls with and without supplemental damping: the finite element method
and analytical modeling. The ability of the two approaches to capture the local and global
responses of the walls is evaluated against shake table tests of walls with multiple-level
intensity base motions. Next, the behavior characteristics of the two modeling approaches
and their ability to simulate impact damping are discussed.

Keywords: rocking wall, analytical modeling, finite element method, impact damping, precast concrete

BACKGROUND

Unbonded Post-tensioned Precast Concrete Walls

Figure 1A shows an unbonded post-tensioned precast concrete wall with a rocking connection to the
foundation base, named as the Single Rocking Wall (SRW). Under seismic lateral loads, the bottom
corner of the SRW uplifts as the wall experiences a rocking motion. Seismic shear forces are
transferred from the wall to the foundation through friction and the post-tensioning (PT) force
enhances re-centering of the wall, following a seismic excitation.
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FIGURE 1 | Single rocking wall (SRW) (Nazari et al., 2017): (A) System setup; (B) Damage status after earthquakes.
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During the rocking motion, the PT tendons remain elastic and
damage of the wall due to concrete nonlinearity is limited to the
bottom toes of the wall, as shown in Figure 1B (Kurama et al., 1999;
Perez et al., 2004; Twigden, 2016; Nazari et al., 2017; Kalliontzis and
Sritharan, 2020). Due to the limited hysteretic action in SRWs, these
walls have been viewed as inadequate to efficiently dissipate the
absorbed seismic energy. This observation has been formalized in
ACIITG-5.1 (2008) and, subsequently, in ACI 550.6 (2019) which
require a minimum energy dissipation ratio as part of the
acceptance criteria for precast concrete rocking walls. This ratio
is defined as the area enclosed by the hysteresis loop in the force-
displacement curve for a cycle over the area of the circumscribing
parallelogram. This ratio shall not be less than 12.5%, which exceeds
the ratio provided by SRWs. More recently, a performance-based
design approach for precast concrete rocking walls has also been
presented by Mpampatsikos et al. (2020).

To improve the hysteretic damping of SRWs, different wall
systems have been developed utilizing supplemental damping
devices. For example, Priestley et al. (1999) developed the jointed
wall system where two or more precast concrete walls are
connected horizontally with special stainless U-shaped Flexural
Plates (UFPs). Though adequate hysteretic damping can be
provided through the UFPs, the jointed wall system has not
found its way to practice because it provides reduced moment
capacity compared to monolithic reinforced concrete walls and
the fabrication of UFPs is uneconomical. Restrepo and Rahman
(2000) investigated a different concept where partially de-bonded
mild steel bars cross the rocking connection of the walls to
dissipate the absorbed seismic energy through axial yielding of
the bars. This system, named as the hybrid wall system, can
provide improved moment capacity and adequate hysteretic
energy dissipation. One disadvantage of the hybrid wall system
is the inability to inspect and, if needed, replace the mild steel bars
in the aftermath of a seismic event. To facilitate replaceability of
the supplemental damping devices, Marriott et al. (2008)

investigated the use of external energy dissipators across the
rocking connection. More recently, Sritharan et al. (2015)
developed the PreWEC (PREcast Wall with End Columns)
system where replaceable and cost-effective Oval-shaped
connectors, namely O-connectors, are utilized. The
O-connectors join the wall horizontally with two end or side
columns, as shown in Figures 2A,B, respectively. Under seismic
lateral loads, the O-connectors undergo inelastic deformations
through vertical relative movements of the connector legs,
providing hysteretic damping to the PreWEC. As shown
experimentally by Sritharan et al. (2015), the O-connectors
can be designed to produce different levels of hysteretic
damping for the PreWEC and moment capacity that is
comparable to monolithic reinforced concrete walls.

Damping Behavior
In the above-referenced studies, the lateral behavior of the walls
was characterized through quasi-static testing, which inhibited
the energy dissipation produced by viscous damping and wall
impacts on the foundation. Though dynamic tests were also
performed (e.g, Marriott et al, 2008), the individual
contribution of different damping mechanisms was not assessed.
More recently, research studies used free vibration and shake
table tests of walls to investigate the dynamic sources of energy
dissipation. In Kalliontzis et al. (2016), Nazari et al. (2017), and
Nazari and Sritharan (2020), appropriate test conditions were
established by excluding the supplemental damping devices.
Using shake table tests of four SRWs, Nazari et al. (2017) and
Nazari and Sritharan (2020) quantified an average value of 1.5%
equivalent damping ratio due to wall impacts and 4.2% due to
hysteretic action and inherent viscous damping combined, which
was based on lateral drift responses in the range of 1.4-2.6%. A
different approach of quantifying impact damping
experimentally was followed by Kalliontzis et al. (2016)
utilizing the coefficient of restitution model proposed by

Frontiers in Built Environment | www.frontiersin.org

April 2021 | Volume 7 | Article 638509


https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Kalliontzis and Nazari

Modeling Approaches for Concrete Rocking Walls

FIGURE 2 | PreWEC (PREcast wall with end columns) system: (A) Connectors at the ends of the wall panel; (B) Connectors on the sides of the wall panel.

Housner (1963). Kalliontzis et al. (2016) tested three precast
concrete members in free vibration, which included one SRW,
and recorded the kinetic energy losses of the three members
during the impacts. Using the experimental measurements, a
generalized formula was developed for the coefficient of
restitution, r. The generalized formula, r,, is an improved
version of the formula proposed by Housner (1963) for free-
standing rigid blocks:

1+ Mo s (1 - (sina)® x (1 +K2))
Te = o (1)

MR (1~ (sina) x (1K)

where a = tan™'L,,/ (2H¢g) with L,, and Hcg being the wall base
length and height measured from the foundation base to the
center of gravity of the wall, respectively; M is the total mass of the
wall; I.,,, is the mass moment of inertia of the wall about its center
of gravity; Ry, is the distance of the center of gravity from the
bottom corner of the wall; and k = 0.72. Later, the accuracy of Eq.
1 was confirmed experimentally for precast concrete members
with and without unbonded post-tensioning (Kalliontzis et al.,
2020; Kalliontzis and Sritharan, 2020).

However, Eq. 1 may be impractical for use in design
procedures, where the expression of impact damping in terms
of an equivalent viscous damping ratio, {, is preferred. For SRWss,
Kalliontzis and Sritharan (2021) proposed that r, can be
correlated to { as follows:

Cimpact = =0.15 % In(r, ), )

Nazari and Sritharan (2018) observed experimentally that the
impact damping may be less significant in walls with
supplemental damping devices, such as the PreWECs. They
indicated that only 1.14% of the 16.3% total { in PreWECs is
provided by impact, which is significantly smaller than the
relative contribution of impact in SRWs. Nazari and Sritharan
(2018) and Nazari and Sritharan (2019) developed a simplified
equation to estimate the { provided by the O-connectors in
PreWECs:

A 5,
Ncunn X Fc,ave X (lcon - DL:;C,)

T X VD% ><I_Iseixmic

. (©)

CconnAD% =

where N,y,,. is the total number of connectors; Vpy X Hgeismic 1S
the moment resistance of the PreWEC at the drift ratio D%, Vpy
is the seismic base shear and Hejsmic is the effective height of Vpy;
F,ave is the average of the connector yield strength and the
connector force at D%; A, is the yield displacement of
connectors; and [, is the distance to the center of the
connector leg attached to the uplifting end of the wall panel
measured from the neutral axis of the wall base.

Modeling Approaches

Following the experimental observations, researchers attempted
to reproduce the behaviors of the different wall systems using
modeling approaches. One approach was the use of existing finite
element platforms with frame element models in the form of
distributed or lumped plasticity models or with three-
dimensional models (e.g., Marriott et al., 2008; Henry 2011;
Belleri et al., 2013; Kalliontzis and Sritharan, 2014; Twigden
2016; Nazari et al., 2017; Kalliontzis and Sritharan, 2018;
Nazari and Sritharan, 2018). In the existing finite element
platforms, all damping components (e.g., hysteretic, inherent
viscous, and impact damping) were lumped into single or
multiple continuous energy dissipating elements, with the
damping terms being tailored based on the experimental data
of individual walls. Moreover, energy loss due to impact was
implemented with continuous damping, which neglected that
impacts are short-time events, as shown experimentally by
Kalliontzis et al. (2016) and Nazari et al. (2017). Some of
these models showed good accuracy for lateral drift responses
of walls up to 4-5% (Nazari et al., 2017; Nazari and Sritharan
2018).

To improve modeling of impact damping in the finite element
method, researchers utilized the numerical damping generated by
the Hilber-Hughes-Taylor (HHT) time-integration scheme,
which was shown to dissipate seismic energy in short-time
intervals, thus closely simulating the impact damping
(Vassiliou et al., 2016; Aghagholizadeh, 2020). Outside existing
finite element platforms, frame elements have been developed
with methodologies to incorporate instantaneous or short-time
impact energy loss (Diamantopoulos and Fragiadakis, 2019;
Avgenakis and Psycharis, 2020). Although, these latter studies
were validated with analytical models of free-standing rigid
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blocks, their accuracy with respect to experiment data of precast
concrete walls with or without supplemental damping devices
was not examined.

Kalliontzis and Sritharan (2020) and Kalliontzis et al. (2020)
enhanced the capabilities of the simple analytical model proposed
by Housner (1963) to simulate the seismic behavior of rocking
walls. In Kalliontzis et al. (2020), a dynamic analysis approach
was developed for SRWs to represent the different damping
components individually, which included an event-based
approach for capturing impact damping. The proposed
dynamic analysis approach is generalized, in that it is
independent of a specific wall problem, so that it can be
applied to various wall geometries, designs, and materials. It is
computationally efficient and has been verified with experiments
of precast concrete as well as masonry SRWs. Until this research
study, the generalized dynamic analysis approach (GDAA) has
not been investigated with respect to walls with supplemental
damping devices (e.g., PreWEC).

RESEARCH SIGNIFICANCE

This paper is an effort to understand and compare the accuracy of
the finite element and analytical models for simulating unbonded
post-tensioned precast concrete walls with and without
supplemental damping. For this purpose, the finite element
model (FEM) developed by Nazari et al. (2017) and the
generalized dynamic analysis approach (GDAA) by Kalliontzis
et al. (2020) are compared against shake table tests of walls
without (ie, SRWs) and with supplemental damping
(i.e, PreWECs). To enable these comparisons, the GDAA is
enhanced with the capability to model the supplemental
damping in the PreWECs and the lateral inertia effects
induced by floor systems. For this purpose, a constitutive
model for the O-connectors is also developed. Next, the
behavior characteristics of the two modeling approaches and
their ability to simulate impact damping are discussed.

REVIEW OF SHAKE TABLE TESTS OF
ROCKING WALLS

A total of eight unbonded post-tensioned precast concrete walls
were tested using the National Earthquake Engineering
Simulation (NEES) shake table facility at the University of
Nevada, Reno by Nazari et al. (2015). The walls were designed
as part of the lateral load resisting system of a 6-story office
building located in Los Angeles, CA, which is considered as a high
seismic region per ASCE 7-16 (2016). These walls were scaled by a
factor of 5/18 with respect to the original wall sizes in the 6-story
office building. The different test units, including four SRWs and
four PreWECs, were designed with variation in the initial post-
tensioning stress, the external energy dissipation capacity, and the
base moment-to-shear ratio.

From the above-referenced database, the shake table test
results of one SRW, namely SRW2, and one PreWEC, namely
PreWEC-2, were used in the present research study to compare

Modeling Approaches for Concrete Rocking Walls

with the FEM and the GDAA. The SRW2 and PreWEC-2 had an
average shear resistance near 175 kN. The key design variables of
the SRW2 and the PreWEC-2 are noted in Table 1. Figure 3
shows the fabrication and design details of the wall panels.

Figure 4 shows the experimental test setup for the two walls.
The two walls were placed on a uniaxial shake table and were
connected to an external mass-rig system, which was placed
adjacent to the table and was horizontally aligned with the
walls. The mass-rig system was connected to the walls through
a pin-ended rigid beam, simulating the transfer of horizontal
inertia forces from the floor systems of the 6-story office building
to the walls. The horizontal inertia forces by the mass-rig system
corresponded to an effective weight of 267 kN and were
transferred to the wall at an effective height (Hgesmic) of
4.27 m, which were computed based on a single degree of
freedom model of the building, developed following the
recommendations by Priestley et al. (2007).

The seismic performance of the SRWs and PreWECs was
evaluated by exciting the shake table into a series of ground
motions with different levels of intensities. The present study
employed the following two shake table excitations:

(1) A short duration motion, namely Eq. 4s, which is a
spectrum-compatible motion representing the strong
portion of the 1994 Northridge earthquake-Sylmar station,
with the Peak Ground Acceleration (PGA) of 0.71 g.

(2) A long duration motion, which corresponds to the
earthquake record at the 1995 Kobe-Takatori station, with
the PGA of 0.62 g.

The amplitudes of these records were scaled by a factor of 2.88
and 3.6, respectively, to meet the design basis (EQ-III) and
maximum considered (EQ-IV) earthquake events for the
scaled walls. The time step of the ground motion records was
decreased by a factor of 5/18 to meet the scale. More information
about the scaling procedure, the acceleration response spectra of
the scaled ground motions, and the recorded shake table motions
are presented in Nazari et al. (2015) and Nazari et al. (2017).

DESCRIPTION OF THE MODELS

Two approaches were employed for modeling the
experimental responses of the SRW2 and PreWEC-2. The
first approach is a Finite Element Model (FEM) that was
developed using OpenSees (McKenna et al., 2000). The
FEM is a lumped-plasticity model, which wuses a
nonlinear rotational spring at the wall base to simulate
the moment vs. rotation behavior of the wall base section.
This model has the capability of capturing the global
behavior of different rocking wall systems, which is key
for use in performance-based seismic analysis. In this
model, the energy dissipation of the rocking wall systems
due to impact is represented by an equivalent viscous
damping ratio, which was derived based on the
experimental study reported in Nazari et al. (2017) and
Nazari and Sritharan (2018). The supplemental damping by
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TABLE 1 | Summary of design variables for SRW2 and PreWEC-2.

Modeling Approaches for Concrete Rocking Walls

Wall ID Post-tensioning parameters Total number of Shear resistance at
. 5 a
No., dia.(mm) of PT Initial PT stress (MPa), force (kN) 0- connectors, damping 2% drift (kN)
tendon ratio at design design/measured
Design Measured drift (%)
SRW2 6, 12.7 0.64 f,,°, 702 0.5 fou, 547 N/A 206/187
PreWEC-2 3,15.2 0.56 foy, 440 0.58 foy, 418 8, 16.3% 182/183

AFollowing the SA method (Aaleti and Sritharan 2009); using design/measured parameters.

bf,, = tensile strength of tendon = 1862 MPa.

z
.2
o
=
g
E
o
°
c

FIGURE 3 | Fabrication and design details of the wall panels.

Confinement Hoop, #10 [d,=9.525 mm]

Longitudinal
Bar, #16
P [d,=15.875 mm]

FIGURE 4 | Shake table test setups at UNR: (A) SRW; (B) PreWEC (Nazari and Sritharan, 2020).

the O-connectors is modeled with a lumped-plasticity
element at the wall-to-foundation interface.

The second approach is an analytical model, named in this
research study as the Generalized Dynamic Analysis
Approach (GDAA). This model was developed by
Kalliontzis et al. (2020) with the capability of capturing
both the global and local (i.e., contact length at the
rocking connection and post-tensioning forces) behaviors
of SRWs. The GDAA is extended in this research study for
modeling the PreWECs and the lateral inertia effects induced
by floor systems.

Finite Element Method
The Finite Element Model (FEM) was developed to simulate the
lateral seismic responses of SRWs and PreWECs for the purpose

of performance-based analysis up to lateral drift ratios of 4-5%,
within which the walls experience little damage at their bottom
toes and the material nonlinearity in the PT tendons is limited. A
schematic view of the FEM as developed in OpenSees (OS) is
presented in Figure 5. The FEM is composed of a linear elastic
beam-column element representing the concrete wall. As shown
in Figure 5, a seismic mass was assigned to the top node of the
beam-column element to simulate the horizontal inertial load
provided by the mass-rig system in the experiments. The bottom
node of the element was connected to the foundation base
through one and two rotational springs for the SRW2 and the
PreWEC-2, respectively. For the SRW, a single spring was used to
simulate the re-centering and moment vs. rotation behavior of the
wall base with the uniaxial SelfCentering material in OS. The key
properties of the SelfCentering material were selected to match
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the back-bone moment-rotation curve of the wall base as defined
by the Simplified Analysis method of Aaleti and Sritharan (2009).
The area enclosed by the hysteretic curve of the SelfCentering
material is controlled by a beta factor, which represents the
hysteretic energy dissipation of the system due to concrete
nonlinearity as a ratio of the yield force. A beta factor of 0.2
and 0.3 was respectively suggested to model the walls with
relatively no damage and higher damage in the toe regions
(Nazari et al,, 2017). In this study, both SRW2 and PreWEC-2
were modeled using a beta factor of 0.2. As shown in Figure 5B,
an additional rotational spring was used for the PreWEC-2 to
simulate the O-connectors with the OS Steel02 material model.
The yield and ultimate strengths of the OS Steel02 material model
corresponded to the respective yield and ultimate moment
resistances provided by the O-connectors in the PreWEC-2.

In addition to the hysteretic damping in the moment-rotation
curve of the wall base and the O-connectors, a tangent stiffness
proportional Rayleigh damping was included to simulate the
impact energy dissipation. The assigned damping values were
3 and 2%, respectively for the SRW2 and the PreWEC-2, which
were derived based on the experimental data as follows: average
equivalent damping ratios of 1.5 and 1.0% were calculated
experimentally for the SRW2 (Nazari et al., 2017) and the
PreWEC-2 (Nazari and Sritharan, 2018), respectively, using
the Jacobson’s secant stiffness approach (Priestley, 2002). Next,

these values were multiplied by a modification factor of 2 to
represent the tangent stiffness-based damping as defined by
Priestley et al. (2007).

Analytical Modeling

The GDAA was developed to simulate the seismic behavior of
SRWs. Three damping components are included in the GDAA: 1)
inherent viscous damping of the SRWs; 2) hysteretic damping
due to damage of the wall toes and yielding of the unbonded post-
tensioning steel; and 3) impact damping, which is implemented
with an event-based approach. The GDAA simulates the rocking
response of SRWs with respect to the foundation base and first-
mode flexural response of the wall body. For the purpose of this
paper, the flexural response is eliminated from the formulation of
GDAA, because it is small in unbonded post-tensioned precast
concrete walls (Nazari et al., 2017; Nazari and Sritharan, 2018;
Kalliontzis et al., 2020; Kalliontzis and Sritharan, 2020).

Figure 6A presents an SRW as modeled by the GDAA,
excluding flexure of the wall body. The wall has a height of
H,, a base length of L,,, and a wall thickness of t,. It is post-
tensioned with unbonded tendons that are placed at a distance
n,r from the wall centerline. It is assumed that a top mass is
attached at the wall top with a height of H;, length of L;, and
thickness ;. The top mass simulates the load stub commonly used
in test configurations of SRWs but can be neglected otherwise.
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The SRW is restrained against torsional and out-of-plane
deformations, while the friction mechanism at the rocking
connection prevents horizontal sliding of the SRW. Shear
responses are neglected because they are insignificant in
SRWs. The foundation is assumed to be a capacity-protected
member. Hence all inelastic deformations are concentrated at the
base of the SRW.

The dynamic motion of the SRW is calculated with respect
to the inertia frame N{x, z} that originates at the middle of the
foundation top surface, as shown in Figure 6A. A moving
frame E{{,y} rotates and translates with the midpoint of the
bottom face of the wall. The dynamic motion of the SRW is
described with two degrees of freedom, excluding flexure of the
wall body: 1) 6 which describes the rotation of the SRW with
respect to the inertia frame N{x,z}; and 2) v which describes
the vertical motion of point E, and is measured with respect to
N{x,z}. In the GDAA, the horizontal translation of the
midpoint of the wall base is neglected, which is a
reasonable approximation for modeling SRWs to a range of
lateral drifts ratios up to 10%.

To capture the compressive deformations of the wall base, the
base section is discretized into N number of fibers, as shown in
Figure 6B. The fibers that are located within the contact length cg
at an instant of the dynamic motion are subjected to a linear
distribution of compressive deformations, while the fibers outside
the contact length are subjected to zero deformation, except for
the residual deformation induced in the preceding wall response
cycles.

Equation of Motion
The equation of motion of the GDAA for SRWs was developed by
Kalliontzis et al. (2020) using the extended Hamilton’s principle
(Baruh 1999):

6[(K—V+W)dt:0, (4)
where § is the variation operator; K is the kinetic energy of the
SRW; V is the potential energy of the SRW; and W is the total
work produced by the unbonded tendons, the fibers of the wall
base section, and the inherent viscous damping forces.
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Excluding flexure of the wall body, the equation of motion of
the GDAA becomes

Iysin @ 9
—(M+MS) v

N 0 S )4 Iy sin @
(I cos )0 —(M+ M) g
Npr

N
Fpr,
- Z Citl, cos 6 — z co}sJZTIG (v sin 6 — WPTl)

j=1 i=1

—Is
Iysin 0

* N
N PT
C - ;
L _Z cosf
j=1 i=1
N .
z - c,l(—v + 01, cos 9)’70 cos @
. ]‘:1 7 7

c,,-(—v + él’]cj cos 6)

=1

_ <I9 C(‘)’S(’ )ug (5)

In Eq. 5, O and 6 are the rotational velocity and acceleration of
the SRW, respectively; v and v are the vertical velocity and
acceleration of point E in Figure 6A; the parameters Is and Iy
represent constants of integration over the total mass of the SRW,
respectively, and are defined in the Appendix of this paper; M and
M; are the masses of the SRW and top mass, respectively, as
shown in Figure 6A; g is the acceleration of gravity; i, is the
horizontal ground acceleration; N is the number of fibers in the
wall base section; and Npr is the number of PT tendons in
the SRW.

Moreover, C; is the compressive force of the jth fiber, which is
computed as C; = f.; X dx; X t;, where f.;, dx;, and ; denote the
fiber’s compressive stress, length, and thickness, respectively.
The value of f; is calculated with the constitutive model for the
concrete fibers that is described in the following section. Fpr, is the
tensile force of the ith PT tendon, which is computed as
Fpr, = f;i X As,j, where f;; and A;; are the tensile stress and area of
the tendon, respectively. The value of f;; is obtained with the
constitutive model for the PT tendons that is described in the
following section. The parameters g, and 177, denote the distances
of the fibers and PT tendons, respectively, from the z-axis of the inertia
frame N{x, z} as shown in Figure 6A. The parameter c,; is the material
damping coefficient in a fiber of the wall base section of precast concrete
SRWs as defined by Kalliontzis et al. (2020).

The GDAA formula of Eq. 5 is enhanced in this paper to
account for 1) the horizontal seismic mass provided by the mass-
rig system at the effective height of Hyiic = 14 ft, as shown in the
test setup of Figure 4; and 2) the contribution by the
O-connectors. The horizontal coordinate of the seismic mass
with respect to the inertia frame N{x, z} is computed as

Xseismic = Lseismic + Hseismic sin 9) (6)

Modeling Approaches for Concrete Rocking Walls

where Lyjsmic is the horizontal distance from the centerline of the
wall to the center of gravity of the seismic mass (i.e., mass-rig
system) in the test setup of Figure 4. Using Eq. 6, the horizontal
velocity of the seismic mass becomes

xseismic = e(Hseismic Cos 6)) (7)
The kinetic energy of the seismic mass, Kgyjsmic, can be
computed as

1 2

Kseismic = 5 seismicX seismic> (8)

where Mjjsmic is the seismic mass induced by the mass-rig system.
The time integral of the variation in Kiejsmic is computed as

J. SKseismicdt = J MfeismiCHszeismic[ - é(COS 0)2 + 62<Sln22 0) ] 59dt’

)

The seismic mass contributes to the potential energy due to the

horizontal ground excitation, Vi seismic with

J’ [_8V1i'gx,seismic] dt = j [_(MseismicHseismic cos 9) ﬁgx]aedt> (10)

The variation of the work produced by the O-connectors, Wy,
is computed as

No
6W0 =- Z FO,i(SAO,i» (11)

i=1

where Nj is the total number of O-connectors in the PreWEC; F ;
is the force developed in the ith O-connector; and A; is the
deformation of the ith O-connector produced by the relative
vertical displacement of the connector legs. The value of F; is
determined with the constitutive model described in the next
section. The deformation Ag; is taken as equal to the vertical
displacement of the wall panel at the location of the ith
O-connector, neglecting the vertical movement of the end
columns and the relative horizontal movement between wall
and columns:

Api=v—n,,;sin0+¢&,;(cos - 1), (12)

where 77, ; and ,,; are the coordinates of the ith O-connector with
respect to the E{{,n} frame defined in Figure 6A. The time
integral of the variation of W, is computed as

N,
Z Fo,,-(ryu’,. cos 0 +&,;sin 0)

J(SWadt:J[ée sv]| = d, (13)

Using Eqs 9, 10, 13, Eq. 5 is modified to include the effects of
the horizontal seismic mass and the O-connectors:
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ZN C— ZNPT Fopr, _ ZNUF )
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0 )ugx, (14)

F, No
( ZVI it cos 0 — ZVPI' PzTe(vsinG—nPT)+Z\IF‘,,,‘(UWcos@+£m-sin0>
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C,, v+ qu cos 6)

Using Eq. 14, the seismic behavior of the SRW2 and PreWEC-
2 was computed in this investigation. The contribution of
O-connectors is eliminated from Eq. 14 (ie, F,; = 0) for
modeling the SRW2.

Constitutive Models

This section describes the constitutive models used for the
concrete fibers of the wall base section, the PT tendons, and
the O-connectors.

Concrete Fibers

The compressive stress-strain loading and reloading curves for
the concrete fibers are computed with the constitutive model
described by Kalliontzis et al. (2020). The compressive strain in a
concrete fiber of the wall base section shown in Figure 6B is
obtained as.

-V +1#sinf
=P 15
g 2 (15)
where Z. is the compression zone height, defined as
Z.=0.06(H,, + H;) as in Kalliontzis et al. (2020). The

concrete strength of a fiber is equal to the average concrete
strength, fla., calculated based on the unconfined and
confined concrete areas shown in Figure 3.

AC E’ + ACE LKC + ACE C’C
ftl‘,ave = f LQ s Zf ’2’ (16)
14

where f*, is the unconfined concrete strength; and f', | and f'_ ,
are the confined concrete strengths corresponding to the confined
regions of the wall toes and the middle region of the wall,
respectively. The values of f' | and f', , were computed with
the theoretical model of Mander et al. (1988). Moreover, A, A1,
and A, are the respective areas corresponding to the three
above-referenced concrete regions; and A, is the gross-sectional
area of the wall base. Accordingly, the calculated values of f’_,,,
were 67.7 and 433 MPa for the SRW2 and PreWEC-2,
respectively.

PT Tendons

The tensile loading and reloading stress-strain behaviors of the
PT tendons are modeled with the constitutive model described by
Kalliontzis et al. (2020). The strain in the PT tendons is obtained

Modeling Approaches for Concrete Rocking Walls

by adding the initial strain due to prestressing to the tendon
elongation induced by the wall uplift over the unbonded length of
the tendon:

V—1#ppsin @

y 1
cos 0L, (17)

Ep = &p; +
where &p; is the initial strain due to prestressing; and L, is the
unbonded length of the tendon.

O-Connectors

A phenomenological hysteretic law is proposed in this research
study for the O-connectors. The law was calibrated with data of
the O-connector tests by Nazari et al. (2015). The O-connectors
are modeled as nonlinear axial springs. The backbone force-
deformation curve of the springs consists of a linear and a
nonlinear branch, as given in the following expression:

EOAO AO <2mm

FO,backhane =

1_
2E, + Ey (Ao —2)[()0 1=
Ag

] Ay =2 mm

(18)

where Ej is the elastic stiffness of the force-deformation curve,
taken to be Ey = 0.175kN/mm for the O-connectors tested by
Nazari et al. (2015); Ag is the axial deformation of the springs
computed with Eq. 12; and Qp and A, are numerical parameters
defined as

1.54 /1.5
Ey (8 ~2) ] )

dA, = _—
Tt 0 [ feno — 2Eq

where E,,. denotes the slope of the secant line that connects the
first point with the end point of the nonlinear branch of Eq. 18.
The first point of the nonlinear branch is the last point of the
linear branch and the end point is located at the ultimate
deformation of 91.5mm with the corresponding force of
40kN, as in the O-connectors tested by Nazari et al. (2015).
The parameters f., o and «y in Eq. 19 are computed with the M-P
algorithm of Chang and Mander (1994). To compute the values of
fano and g in this algorithm, the tangent modulus of the
backbone curve at the end point of the nonlinear branch is
used, which can be assumed to be zero or given a small value
of 0.01 MPa to facilitate numerical convergence. The backbone
force-deformation curve for the O-connectors is plotted in
Figure 7A.

The hysteretic behavior of the O-connectors is described in
Figure 7B. Once a load reversal takes place on the backbone
curve, the resultant force-deformation curve is linear up to the
zero resistance, F; = 0, which is given by the following
expression:

Fy = Fo1 = Ey (A0 = Ao)s (20)

where Fy; and A are the force and deformation values at the
first point of the reversal curve, as shown in Figure 7B. If loading
continues toward the negative direction of deformations, the
response follows a nonlinear curve which is defined as
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1-Q
A

0

Fy = E, (Ao - A0,2) [Qo + :| > —40kN,

with Ag, = Ag; — Fo,1/Eo. In Eq. 21, the parameters Q and A, are
computed using Eq. 19, where the factor “1.5” is substituted with
the following expression: 0.95 + 0.4 (1 — A1/91.5). In this case,
the value of E,,. is computed as Eg = Fy3/ (A3 — Ag2), where
Fo3, A3, and Ag, are shown in Figure 7B. The point (Ag 3, Fy3) is
computed as

F A
Aps = —0.5— 2%‘ and Fy; = —40 + (1 - ﬂ) (22)

91.5

If loading toward the negative direction continues beyond the
deformation Agj3, the force-deformation response is computed
with Eq. 21 until Ag = —91.5 mm. The O-connector is assumed to
fracture for deformations larger than 91.5 mm in magnitude for
both the positive and negative directions of loading. Reloading
toward the positive direction at a deformation of magnitude lower
than 91.5 mm follows the linear branch of Eq. 23 up to the force
resistance Fy = 2E:

E
Fo = Fou - (Eo —10-%

40 23)

[B04] ) (80 - 86.),

where (Aga, Fo4) is the first point of the reloading curve in the
hysteretic response of Figure 7B. For F, >2E,, the reloading
continues with the following nonlinear curve:

1-Q

A (24)

Fy =E0(A0—Ao,s)[Qo+ ] <40 kN,

where Qp and Ay are defined in Eq. 19. In this case, the target
point for Eq. 24 is (91.5 mm, 40 kN) and the factor “1.5” in Eq. 19
is substituted with the following expression:

) |Foa|\ 2.5
min| 1.25+0.9{ 1 - , — | Aos>0
40 Ao)s

(25)

Ags<0
The proposed hysteretic law is compared with the
O-connector test data in Figure 7C.

Impact Event

Rocking walls dissipate part of their kinetic energy during impact
on the foundation base. The GDAA models the impact with an
event-based approach, which computes the post-impact response
of the wall with impulse-momentum equations. It is assumed that
the impacts occur when either of the points of the wall base with
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coordinates # = +0.72L,,/2 establish contact with the foundation
while the wall is in a re-centering trajectory. Details on the impact
formulation can be found in Kalliontzis et al. (2020).

COMPARISONS BETWEEN
EXPERIMENTAL AND MODEL RESPONSES

The shake table responses of the SRW2 and PreWEC-2 are
compared with those computed using the FEM and the
GDAA. As discussed previously, the FEM is a lumped-
plasticity model which can compute the global responses of
the SRW2 and PreWEC-2, including the maximum and
residual lateral drifts, the absolute acceleration, the base shear
and moment resistance due to the shake table excitations. Hence
local wall responses, such as the wall contact length at the rocking
interface and the variation of PT stress are not computed. If
computing these local responses is of interest, the use of GDAA, is
recommended. This point is discussed below.

Figure 8 presents the global responses of the FEM and GDAA
in comparison with the test data. Figures 8A-D present the

lateral drift time histories. In all cases, the models adequately
captured the maximum drift responses and the drift variations as
a function of time. Using the GDAA, some deviations from the
experimental responses were observed for the SRW2 during the
Takatori ground motion and the PreWEC-2 during the Sylmar
ground motion. The FEM also deviated from the experimental
response of the PreWEC-2 during the Takatori ground motion.
Both the GDAA and the FEM were able to capture the decay of
motion during the free vibration of SRW2 (i.e., after the first 2.5 s
in Figure 8A). On the other hand, the FEM was able to better
capture the response of the SRW2 in Figure 8B after the first 6 s.
The inaccuracy exhibited by the GDAA in this response is partly
attributed to the overestimation of the hysteretic action at the
compression toes of the wall panel after the wall drift reached a
value of 5%.

Figures 8E-H present the base shear-lateral drift response of
the test units, using the two modeling approaches. The
comparisons between the two models and the experimental
results are satisfactory for the responses of the SRW2 (Figures
8E,F). The FEM shows good accuracy for the PreWEC-2 for both
ground motions, while the GDAA overestimates the re-centering
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capability of PreWEC-2 during the Takatori ground motion. This
deviation is attributed to the estimation of the O-connector
deformation, Aj, in Eq. 12 which neglected the vertical
movement of the end columns and the relative horizontal
movement between wall and columns. Considering these
movements, it is believed that the computed responses by
GDAA could improve.

As noted previously, one advantage of using the GDAA as
opposed to the FEM described in this paper is the capability to
compute the local wall responses. As an example, Figure 9
compares typical local responses computed by the GDAA
against the test data. Variations of the PT stress vs. the lateral
drift are plotted in Figure 9A for the PreWEC-2, showing that the
GDAA provides a good accuracy for this variable. Next,
Figure 9B compares the GDAA’s estimates of contact length
between the wall panel and the foundation with the
corresponding experimental data for the SRW2. It is shown
that the GDAA adequately reproduces the experimental
contact lengths.

Overall, the FEM satisfactorily reproduced the global behavior
of the SRW2 and the PreWEC-2 for ground motions of different
intensities. This model can be used for performance-based
analysis of rocking wall systems, when estimating the global
behavior of the walls is of interest, up to the lateral drift ratios
of 4-5%. On the other hand, when estimation of the local wall
responses is of interest, the GDAA may be used, because of its
ability to compute these responses with good accuracy.

MODEL BEHAVIOR CHARACTERISTICS

As described in Finite Element Method, the FEM was developed to
model the rocking wall responses up to lateral drift of 4-5% where
no significant wall base damage or material nonlinearity in the PT
tendons can occur, in accordance with the design requirements
(ACI ITG-5.1 2008, SEAOC 2000). Because of its capability to
capture these local responses, the GDAA may be used for

modeling the wall responses at larger lateral drifts. Based on
the assumptions made in the development of the FEM and the
GDAA, key behavior characteristics of the two models are
discussed below.

Wall Degradation

When subjected to large lateral drifts, the lateral stiffness and
strength of the unbonded post-tensioning precast concrete walls
may degrade due to yielding of the unbonded tendons and
concrete damage at the compression toes. To examine the
behavior of the FEM and GDAA in cases where wall
degradation may occur, the horizontal component of the 1994
Northridge earthquake as recorded in the Sylmar-Converter
Station (PEER 2020 NGA record sequence number or
RSN—1084), was used to excite the FEM and the GDAA for
the case of SRW2.

Figure 10 presents the responses of the SRW2 as modeled by
the FEM and the GDAA. The two models agree well in their
lateral drift time histories during the first 7.5 s of the ground
excitation. Subsequently, the GDAA computes lateral drifts as
high as +9.4% while the FEM computes a decaying motion for the
SRW2, eventually reaching a zero drift at about 15s from the
beginning of the excitation. The discrepancy between the two
models stems from the different approaches in computing the
global wall behavior. The FEM uses a predefined global hysteretic
law that does not experience strength degradation (see Figure 5),
while the GDAA computes the global behavior as a function of
the local responses at the wall-to-foundation contact and in the
PT tendons, which accounts for the strength degradation of the
wall. As the SRW2 experiences large lateral drifts, the tendon
yields, which reduces the residual prestress, as shown in
Figure 10C. Moreover, due to the concrete damage at the
compression toes, the neutral axis depth at the wall base shifts
toward the centerline of the wall, because an increased contact
length is required to transfer the vertical compression forces from
the wall base to the foundation base. This is explained in
Figure 10D, which shows that the contact length increases at
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drifts larger than 3%. The local degradations of the PT tendon and
the wall base result in a global degradation of the wall in the
GDAA. This is reflected in the base shear vs. drift response of
Figure 10B showing that the lateral strength of the wall
decreases with increasing lateral drift beyond the value of
3%. At the lateral drift of 9.4%, the lateral strength of SRW2
has reduced by 23.4%.

On the other hand, the base shear vs. drift response of the
FEM, shown in Figure 10B is based on a predefined hysteretic law
that does not account explicitly for the local behaviors described
previously. This law produces a different global behavior of the
wall than the GDAA.

Vertical Ground Excitation

The effect of vertical components of ground motions on the
rocking behavior has been considered in previous analytical
research studies of free-standing rigid blocks (e.g., Yim et al,
1980; Dimentberg et al., 1993; Shi et al., 1996; Makris and Zhang
1999; Linde et al., 2020). Most research studies on unbonded
post-tensioned precast concrete walls have been limited to
horizontal components of the ground motions. This section
investigates the responses of the SRW2 to the horizontal and

FEM(a) FEM(b)]

Drift, %

15
Time, sec

FIGURE 11 | Lateral drift time histories of the FEM and the GDAA for (a)
the horizontal component of Sylmar alone; and (b) the horizontal and vertical
components of Sylmar combined.

vertical components of the 1994 Northridge earthquake as
modeled by the GDAA and the FEM.

The responses of the FEM and the GDAA were calculated
considering 1) the horizontal component of the 1994
Northridge earthquake alone; and 2) the horizontal and
vertical components of the 1994 Northridge earthquake
combined. The lateral drift time histories for the two cases
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TABLE 2 | Design parameters of case study walls.

Length of the
wall panel (m),
wall aspect ratio
(i.e., height®/length)

case study

Moment, kN-m/Shear, kN,
resistance at 2%

No., dia.(mm) of
PT tendon, initial

191,28
1.38, 4.0
1.52, 3.5
1.78, 3.0
213,25
267,20

PT stress (MPa) drift®
6, 12.7 strand, 923.9 (0.5 fpuc) 769.4, 180.3
6, 12.7 strand, 1,270.7 (0.68 fpy) 7711, 180.7
6, 12.7 strand, 937 (0.5 f,y) 768.1, 180
5, 12.7 strand, 845.3 (0.45 fy,) 769.2, 180.2
4,12.7 strand, 754.3 (0.41 fpu) 772.8,181.0
767.7,179.9

3, 12.7 strand, 635.7 (0.34 f,,)

“Height of the wall panels remained unchanged, i.e., 5.33 m.
PFollowing the SA method (Aaleti and Sritharan, 2009).
“fou = tensile strength of tendon = 1862 MPa.

are plotted in Figure 11. Because the FEM is a lumped
plasticity model, it does not account explicitly for the
interaction between the axial and rocking behaviors, which
is necessary to capture the inertia effects of the SRW2 induced
by the vertical ground excitation. Hence the responses of the

FEM to the cases (a) and (b) were identical, suggesting that
the model had no sensitivity to the vertical ground excitation.
Because the GDAA uses a fiber-based sectional analysis at the
wall base, its behavior was influenced by the vertical ground
excitation. This is shown in Figure 11 where the drifts
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computed by the GDAA are different between cases (a) and
(b). Based on these analytical data, the presence of a vertical
ground excitation may influence the seismic behavior of the
SRW2. The accuracy of this analytical observation, however,
needs to be verified experimentally in future research studies.

IMPACT DAMPING

The impact damping influences the seismic behavior of SRWs, as
observed experimentally by Nazari and Sritharan (2020) and by
Kalliontzis and Sritharan (2020). However, the sensitivity of
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rocking wall models to the numerical simulation of impact
damping has not received adequate attention. This is
investigated in this section using the FEM and the GDAA.

The seismic response of the SRW2 to the Sylmar excitation
(i.e., namely Eq. 4s, as per Review of Shake Table Tests of Rocking
Walls) was computed using the GDAA by varying the r, of Eq. 1
by +10% and assuming r = 1 (or no impact damping). These
responses are compared in Figure 12A with the numerical solution
of Figure 8A, showing that a small change in the assumed value of r
caused a significant change to the maximum response and the
decay of motion of the SRW2. For example, decreasing r, by 10%
(ie,r= 90%rg) caused a 27.6% decrease in the maximum drift,
while increasing r, by 10% (ie., r = 110%r,) caused an 8.4%
increase in the maximum drift. Assuming no impact damping,
(ie., r = 1), resulted in an overly conservative response with long
oscillations for the SRW2 and an increase in the maximum drift by
26.5% with respect to the numerical solution of Figure 8A. The
sensitivity of SRW2 to impact damping was also explored with the
FEM in Figure 12C by varying the equivalent viscous damping
ratio (Cipaee) from 0.5 to 5%. The numerical results of the FEM
confirm that accurate estimation of impact damping is required for
accurate modeling of the SRW2.

Modeling of the impact damping can also influence the
dynamic behavior of walls with supplemental damping devices,
such as the PreWEC. This is discussed in Figures 12B,D with the
use of GDAA and FEM, respectively. For example, Figure 12B
shows that neglecting impact damping (i.e., r = 1) increased the
maximum drift by 11%, while decreasing r by 10% (i.e., r = 90%r,)
reduced the maximum drift by 8.8%. Similar conclusions are made
by the FEM in Figure 12D.

Modeling Impact Damping in the FEM

Based on the above discussion, accurate modeling of impact
damping is important for capturing the experimental behavior
of rocking walls. While the use of a generalized coefficient of
restitution, r, approach (e.g., Eq. 1) in the GDAA has been shown
to provide good accuracy, this approach cannot be
implemented with the FEM. As discussed in Finite Element
Method, impact damping in the FEM used a 3% tangent
stiffness proportional Rayleigh damping, which was derived
based on shake table tests of four SRWs, all of them having an
aspect ratio equal to 2.8.

To investigate modeling of impact damping in the FEM for walls
with different aspect ratios, five additional case study SRWs were
designed by varying the wall aspect ratio from 2.0 to 4.0, as shown in
Table 2 (i.e., cases B-F). The five SRWs were designed following the
Simplified Analysis Method by Aaleti and Sritharan (2009) to
match the moment capacity of SRW2 at the 2% design drift.
Table 2 presents the design parameters of the case study SRWs.

Next, the seismic responses of the five SRW's were computed with
the FEM by calibrating the tangent stiffness proportional Rayleigh
damping to achieve an adequate comparison with the corresponding
responses by the GDAA. The selected seismic excitation in this case
was the Sylmar excitation (i.e., namely Eq. 4s, as per Review of Shake
Table Tests of Rocking Walls) because both the FEM and the GDAA
showed good accuracy in capturing the experimental response of
SRW?2 to this excitation, as shown previously in Figure 8A.

Modeling Approaches for Concrete Rocking Walls

Figure 13 presents the comparison of the seismic responses of
the five case study SRWs obtained by the FEM and the GDAA.
The FEM used a 3% tangent stiffness proportional Rayleigh
damping for the Cases B-E, which is the same as
recommended in Finite Element Method; however, this ratio
was increased to 5% for case F, which had the smallest aspect
ratio of 2.0. As shown in Figures 13A,B, for slender walls
(i.e,, Cases B and C), the FEM did not reproduce accurately
the free vibration phase of the GDAA (i.e., after the first 2.5 s of
the time history); however, the FEM captured the maximum drift
of the GDAA satisfactorily. Moreover, Figures 13C,D show that
the FEM accurately reproduced the lateral drift time histories of
the GDAA with the aspect ratio of 3.0 and less (i.e., case D and E)
using the damping ratio of 3%. Using the larger damping ratio of
5%, the FEM was able to capture the response of case F by the
GDAA, as shown in Figure 13E.

CONCLUSION

Modeling of unbonded post-tensioned precast concrete walls
with rocking connections was discussed in this research study.
Two modeling approaches were investigated, namely 1) a Finite
Element Model (FEM), which was developed based on lumped
plasticity to capture the global wall responses up to lateral drift
ratios of 4-5%; and 2) a Generalized Dynamic Analysis
Approach (GDAA), which is an analytical model developed
to capture both the global and local wall responses up to lateral
drift ratios of 10%. The accuracy of the two models was
evaluated with shake table tests of unbonded post-tensioned
precast concrete walls without (SRW2) and with (PreWEC-2)
supplemental damping devices. The following conclusions
were made:

e Both the FEM and the GDAA satisfactorily reproduced the
experimental global behaviors of the SRW2 and the
PreWEC-2.

e The GDAA was capable of computing the experimental local
responses of the SRW2 and the PreWEC-2, including the
variation of the post-tensioning force and the contact length
of the wall to the foundation base. Because the FEM is a
lumped plasticity model, it cannot compute these local
responses. The use of a fiber-based modeling approach can
be investigated for improving the FEM in future research
studies.

e While the FEM satisfactorily reproduced the global behavior
of the walls up to the drifts of 4-5%, the GDAA may be
preferred for computing wall responses to larger drifts,
because of its ability to simulate concrete damage and
yielding of the PT tendons.

o It was shown that the use of a fiber-based sectional analysis
in the GDAA provided the capability to capture the effect of
vertical ground excitations to the wall responses and that
vertical excitations may alter the seismic behavior of
the walls.

¢ The FEM and the GDAA corroborated that small variations
of the impact damping can influence the seismic behavior
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of unbonded post-tensioned precast concrete walls
significantly. The GDAA captured impact damping
with an event-based approach, while the FEM used a
tangent stiffness-based equivalent impact damping ratio
of 3% for SRWs, which was derived based on shake table
test data.

e Results of a case study analysis on five SRWs with
different aspect ratios confirmed the accuracy of the
FEM’s 3% impact damping for walls with aspect ratios of
2.5 and higher. It was found that an equivalent damping
ratio of 5% is more suitable for modeling SRWs with
lower aspect ratios.
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