ORIGINAL ARTICLE

lajss.orge
Latin American
Journal of Solids
and Structures www.lajss.org

Review on the rocking wall systems as a self-centering mechanism
and its interaction with floor diaphragm in precast concrete structures

Mohd Asha’ari Masrom®* (2, Nor Hayati Abdul Hamid"

a Faculty of Civil Engineering, Universiti Teknologi MARA Cawangan Pulau Pinang, 13500 Permatang Pauh, Penang, Malaysia.

E-mail: ashaarimasrom@uitm.edu.my

b Institute for Infrastructure Engineering Sustainable and Management (IIESM), Universiti Teknologi MARA, 40450 Shah Alam, Selangor,
Malaysia. E-mail: norhad54@uitm.edu.my

* Corresponding author

http://dx.doi.org/10.1590/1679-78256115

Abstract

The severe damage of precast concrete wall structures that have been recorded in the past earthquake has
led to the innovation of the rocking wall concept which can demonstrate free or minimum damage aftershock
of an earthquake. Furthermore, extensive research works have been well conducted in the past three decades
on the establishment of precast rocking wall systems, designs, details, and techniques. Despite this extensive
development, little attention has been devoted to investigate the interaction between the rocking wall
systems and the flooring diaphragm. The historical perspective on the development of rocking wall systems
over the past few decades in the precast concrete structures is presented. Subsequently, the limited research
works on the interaction of precast rocking wall to the floor diaphragm are described. Apart from that, this
paper attempts to highlight the application of rocking wall systems in the context of precast connection for
the precast load-bearing structures. In this contribution, the precast rocking wall-floor connection for precast
load-bearing structures is proposed and presented in this paper.
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1. INTRODUCTION

According to the ACI 318 (Chapter 21), two alternatives for construction of precast concrete buildings under seismic
regions which is emulative and non-emulative design are permitted (ACI 318-11, 2011). The emulative design is referred
to the behavior of a precast building system which is expected to behave similarly with an equivalent monolithic system.
The basic principle of this design philosophy which is also well-known as “capacity design” or the hierarchy of strength
has been developed by Professor Bob Park and Professor Tom Paulay around the 1960s. This design is to ensure that the
“weakest link of the chain” in the structural system is positioned where the designer intended to behave as a ductile
“fuse” and prevent the structure from undesired brittle failure mechanisms. In this respect, the emulative approach in
the precast concrete wall is intentionally designed to dissipate seismic energy through inelastic behavior of structural
elements. The inelastic response is purposely concentrated at the base of the wall regions of the structure which is known
as the plastic hinge regions (PHZ). Predominantly, the energies are dissipated through the yielding of reinforcing steel
and crushing of concrete. All of these energy dissipation mechanisms are associated with damage to structural elements.
The development of inelastic action in emulative connections has been assumed to inevitably lead to structural damage,
thus indicating that “ductility = damage”, with associated repair costs and business downtime (Pampanin 2012). Thus,
the emulation concept does not fully utilize the unique properties of precast concrete in seismic design of buildings
structures and this alternative will not result in the efficiency of precast systems.

In contradiction, the non-emulative design philosophy is referred to allow joints between precast members to
undergo inelastic deformations without significant damage. Several non-emulative design approaches such as
Performance-Based Earthquake Engineering developed by Priestley (2002) and Damage Avoidance Design (DAD)
proposed by Mander and Cheng (1997). The objectives of these designs are to minimize damage, reduce economic losses
due to downtime, prevent collapse, and ensuring life safety of the structures under Design Basis Earthquake (DBE) and
Maximum Considered Earthquake (MCE). Thus, the displacement-based performance design is fully adopted in
construction industries to improve residual drift control, define performance level together with damage limit state.
In relation with this design, the idea and innovation of design and constructing rocking wall system under damage-control
design philosophy can improve the overall seismic performance of precast structures. The ductility-damage equivalency
is not anymore, a necessary compromise of a ductile design in this approach as the previous approach (Capacity design).
Using the unbonded post-tensioning at the center of precast concrete walls can prevent the collapse of the structures
through a self-centering mechanism which exhibit elastic behavior by helping them to mitigate the sustained damage.
This type of wall is known as rocking wall which is not connected rigidly to the foundation beam and allows discontinuous
between the bottom of the wall and foundation. When the rocking wall is subjected to lateral loads, it rocks about the
corners causing a separation at the interface initiating at the opposite corner and the strands provide a restoring force
to self-centering in the walls. Furthermore, by inhibiting the yielding and elongation over their total length of strands
cause the gap opening and avoid the formation of the plastic hinge zone.

Although tremendous research progress has been made towards the rocking wall system for precast concrete in
high seismic regions, yet, only a few research studies were conducted on the interaction between the rocking wall and
the floor diaphragm action. This less effort has led to the relatively slow practical adoption of the rocking wall systems
on the precast concrete structures. Indeed, general research in the rocking wall to floor connection is still in its infancy.
In this respect, this paper presents extensively on development of a rocking wall system and the interaction of this wall
system to floor diaphragm. In addition, further application of this wall system into the precast load-bearing structures is
also presented.

2. DEVELOPMENT OF SELF-CENTERING SYSTEM IN PRECAST CONCRETE SHEAR WALL

A lot of research work have been conducted on the development of precast emulative connections under seismic
loads by ensuring that the seismic behavior of precast structures would be comparable to equivalent monolithic cast-in-
place reinforced concrete structures. The AClI Committee, (2001) produced a guideline for engineers to provide the
precast concrete detailing which meet the building code requirements (ACl 318-99, 1999) in all seismic regions by
emulating cast-in-place reinforced concrete design. An alternative to emulative approach, a non-emulative concept was
introduced in precast connections for critical regions by using unbonded post-tensioned precast concrete wall system.
This concept was inspired by Priestley and Tao (1993) who proposed the precast building frames with the idea of using
the post-tensioning to provide an improved restoring force. The connection concept could take advantage of the unique
properties of precast concrete and offers better-performing structures than do comparable alternatives. Thus, the
rocking precast wall systems have been invented and established by many researchers in the form of a single rocking
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wall, precast concrete jointed wall, hybrid wall and precast wall with end columns (PreWEC). The historical development
of these rocking wall systems is further discussed in the subsequent paragraph.

In response to an organized need to construct seismic-resilient precast structures, the systematic study on the
rocking wall system has been initiated by Priestley (1991) in the Precast Seismic Structural System (PRESSS) program. The
program featured both experimental and theoretical studies of rocking systems in the precast concrete frame building.
This program aims to develop a new design concept, innovative materials and technologies for precast concrete
construction in different seismic zones. In addition to these investigations undertaken on self-centering prestressed
frame connections during the PRESSS program, researchers analytically investigated this concept for application to
precast concrete walls, leading to the development of unbonded post-tensioned precast concrete rocking walls
(Kurama et al. 1999). The jointed wall concept comprises of individual walls that are anchored to the foundation using
unbonded post-tensioning, with stainless steel U-shaped connectors placed between the walls for added energy
dissipation as depicted in Figure 1.
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Figure 1 (a) The PRESSS building after erecting the wall system (b) Elevation view of the jointed wall system in the PRESSS test
building (Priestley et al. 1999).

The unbonded post-tensioning is designed to re-center the wall system when the load is removed so there will be
no residual drift after a design-level of the earthquake. It has exhibited that all the features that it was intended to
possess under design loading: zero residual drift, closely predictable peak drift, and minimal damage. The damage is
minor in extent and could be repaired easily. These excellent attributes were inspired and spurred many researchers to
further explore the potential of the rocking system in the precast concrete wall structures. Subsequently, numerous
experiment studies related to rocking-wall systems had been conducted since then. After the first developments and
significant refinement in PRESSS program, the study was extended and encompassed various configurations of the
precast wall panels as depicted in Figure 2.
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Figure 2 Precast walls: (a) single panel wall (b) multi-panel wall (c) coupled wall with the vertical joint (d) coupled wall with coupling
beams (ACI ITG-5.1-07 2007).

In the early work of rocking wall system, various efforts have been put into the investigation on the usage
of uncoupled (single panel) precast walls featuring gap opening across horizontal connections using only
unbonded PT (post-tensioned) steel (Kurama et al. 1999; Perez et al., 2002; Holden et al. 2003; Perez et al. 2007;
Erkmen and Schultz 2009; Henry et al. 2011; Belleri et al. 2014a). From these studies, they discovered that the
rocking walls display a nonlinear elastic response with essentially no energy dissipation capacity, suffer from
excessive uplift, shear slip, and lateral strength and stiffness degradation due to the accumulation of plastic
tensile strains in the connection reinforcement under reversed-cyclic loading. The low energy-dissipation
capacity associated with large displacement has noticed by merely relying on unbonded PT connections. The
walls were conceived to have relatively little energy dissipation because their PT tendons were designed not to
yield during a design-level earthquake event. This, however, led to uncertainties associated with their possibly
unreliable performance in high seismicity areas. When realizing those weaknesses, Kurama has (2002) carried an
experiment to investigate the uses of mild steel reinforcement in addition to the post-tensioning steel for flexural
strength and inelastic energy dissipation. The mild steel reinforcement is designed to yield in tension and
compression, providing energy dissipation. Figure 3 shows an example of the precast hybrid wall specimen
constructed by Kurama (2002) using unbonded PT bar and bonded mild steel bar as energy dissipator.
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Figure 3 Precast Hybrid wall (Kurama 2002).

Based on the experimental work, the use of mild steel reinforcement as energy dissipator (E.D) decreased the
maximum lateral displacement and the number of large-displacement peaks of the wall for regions with high seismicity.
Besides that, the reduction in the maximum displacements is nearly proportional to the amount of mild steel. This
relationship is depicted in Figure 4 based on four six-story hybrid precast walls (PH6, HH6-25, HH6-50 and HH6-75) and
the emulative wall (EH6). The hybrid walls HH6-25, HH6-50, and HH6-75 have, approximately, 0.25, 0.50, and 0.75 times,
respectively, the amount of mild steel reinforcement used in the emulative wall EH6 for a region with high seismicity.
The amount of post-tensioning steel used in the hybrid walls was determined so as to result in similar flexural strengths
as wall PH6 for regions with high seismicity. The vertical axis in this figure shows the maximum roof drift of the six-story
prototype walls in regions with high seismicity, Am, divided by the maximum roof drift of the unbonded post-tensioned
wall PH6, Amp. This ratio is referred to as rap = Am/Amp. Meanwhile, the horizontal axis in the figure represents the mild
steel ratio of the walls, ps, divided by the mild steel ratio of the emulative Wall EH6, pse, referred to as rse = ps/ pse. Each
data marker (0) in the figure denotes the rq, value for a wall determined using one ground motion and the thick dashed
red line shows the average value, Tqp, considering the seven MIV-scaled Northridge-Sylmar (NOSY) ground motion used
in the dynamic analyses of the walls.
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Figure 4 Normalized maximum roof drift for the six-story walls in regions with high seismicity (Kurama 2002).
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Apparently, the relationship between rqp and rs is close to linear, indicating that the reduction in the maximum roof
drift is, on average, nearly proportional to the amount of mild steel. Several researchers (Rahman and Restrepo 2000;
Holden 2001; Restrepo and Rahman 2007; Smith et al. 2011,2013) have also investigated extensively a similar study. The
general result, reflecting the maximum displacements to the amount of mild steel, is similar to those reported by Kurama
(2002). Principally, the hybrid wall system is designed to attain a stable flag-shaped hysteretic response. The dissipative
and re-centering mechanism of a hybrid system is portrayed by a “flag-shape” hysteresis behavior as shown in Figure 5.
The combination of the self-centering mechanism from unbonded post-tensioned tendons and energy dissipation from
mild steel leads to the formation of the ‘flag-shape’ hysteresis loop in the hybrid system.

Self-centering Energy dissipation
F F P
>

Unbonded Post-Tensioned Mild Steel or
(PT) tendons Energy Dissipation Devices

Figure 5 Flag-shape hysteresis loop for a hybrid system (modified after (fib 2003)).

The relative amount of these post-tensioned tendons and energy dissipating devices used in a hybrid wall system
can be measured using a parameter, kq, which is referred to as the E.D steel moment ratio (Kurama 2005) defined by
Equation (1)

_ Mws
d=
wa+ng

k

(1)

where M, = moment provided by initial effective PT force; Mg = moment provided by the applied (external) axial load;
M= maximum moment provided by the energy dissipating elements. The numerator and denominator in the equation
are referring to the energy dissipation and the self-centering term respectively. The properties and shape of this “flag-
shape” can be modified by varying the (moment) contributions, between the re-centering and the dissipation
components as illustrated in Figure 6.

Figure 6 Effects of varying the ratio between re-centering (denominator, post-tensioning and axial load) vs. dissipative (numerator,
mild steel and dissipaters) contribution to the Flag-Shape Hysteresis loop (modified after Nakaki et. al 1999).

An appropriate value for kq should be carefully chosen for the design. If kq is too small, the energy dissipation of the
wall may be very small. On the contrary, if kq is too large, the self- centering capability of the wall may not be sufficient
to yield the tensile E.D. bars back in compression and close the gap at the base joint upon the removal of lateral loads.
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In this regard, Smith and Kurama (2012) have suggested that the kq ratio used in the design should not exceed 0.80 to
ensure sufficient self-centering and should not be less than 0.50 to ensure sufficient energy dissipation.

The broken energy dissipator bars embedded in the concrete wall aftershocks had led to several researchers
(Kurama 2000; Ajrab et al. 2004; Restrepo and Rahman 2007; Marriott et al. 2008; Twigden et al. 2017) to innovate
different configurations of external energy dissipators in precast rocking walls such as special supplemental energy
dissipation devices. This permitted the dissipation devices to be simply replaced or inspected following a major
earthquake. Figure 7 demonstrates an example of the post-tensioned precast rocking wall which is mounted with
external mild steel dampers.

Level 3x_
Unbonded post- /

tensioned tendon

top anchorage A g _
wp—— ) ’
1 \
Level 2¢_ \ |
| |
\ \
9.0m 1.8m I ) \" LAL--‘
lele gw”é‘@ o I~
Precast I\ 9]\ w1 ‘\CL R
Kevel i wall unit "@‘Wa\@ @\@'}:_I_T—

e i ot o) -
External Steel | I 1 ‘ 0 |
ICY dampers - 11! A,q i \i l ™

L] oo
Rocking —\4‘%"’—__* _ﬂ;l:T L F
interface = f T
~d4=F="=T~h
Foundationy %3 % Imposed
ry *
:;:L} Rotation

Figure 7 Post-tensioned precast rocking wall system with externally mounted mild steel dampers (Marriott et al. 2008).

Despite the successful establishment of rocking concept in jointed wall system by Priestley et al. (1999), this
particular wall system has not been gaining an intention for the seismic resistance application in the precast
structure since the concept was proven more than a decade ago. According to Sritharan et al. (2015), they have
been identified as the causes for two reasons: 1) the moment resistance of the wall system is less than an
equivalent cast-in-place wall; and 2) despite having performed satisfactorily, the stainless steel U-shaped
connectors are expensive and their behavior is difficult to predict due to strain history-dependent hardening.
They claimed that the reduction in the moment resistance of the jointed wall system is primarily attributed to
the reduction in lever arm associated with dividing the wall into several separate panels. Subsequently,
Sritharan et al. (2008) have introduced a new wall concept known as Precast Concrete Wall with End Columns
(PreWEC) followed by the performance verification works by Aaleti and Sritharan (2009). Figure 8 shows the
usage of ductile vertical joint connections (known as O-connector) located along both sides of the wall panel.
This O-connector is intentionally designed to yield or slip during wall rocking and promote the easy replacement
of the energy dissipating components if needed after an earthquake. The uplift at the wall-to-foundation
interface was allowed to return to the initial position, and energy dissipating O-connectors were used to dissipate
the seismic energy. The experimental validation of the O-connectors was conducted by Henry et al. (2008).
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deformed shape) (Sritharan et al. 2015).

In the same manner, other researchers (Perez et al. 2004a; Aaleti and Sritharan 2009; Guo et al. 2014; Rahman and
Sritharan 2015; Twigden et al. 2017) also investigated the coupled walls, vertically jointed walls with the adjustable
energy-dissipating coupling details. Figure 9 shows the self-centering precast wall panel system using friction device
between the wall and adjacent columns which proposed by Guo et al. (2014).
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Figure 9 Self-centering precast concrete (SCPC) wall system (a) Friction device (b) SCPC wall with its adjacent columns (Guo et al. 2014).

Weldon & Kurama (2007,2010,2012) focused on investigating the behavior and design of unbonded PT precast
coupling beams for coupled walls. They utilized the unbonded post-tensioned tendon under lateral loads associated with
the steel angle at top and bottom of the precast coupling beam as shown in Figure 10. In this experiment, they observed
the effects of design parameters, such as the amount of post-tensioning, beam and wall properties, and top and seat
angle properties, on the lateral strength and displacement characteristics of floor-level coupling beam subassemblies.
The nonlinear displacements of unbonded post-tensioned coupling beams are governed by the opening of gaps at the
beam-to-wall joints. Steel top and seat angles are used at the beam end to yield and provide energy dissipation.
The experimental works were validated using analytical modeling.
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deformations (Weldon and Kurama 2007).

Besides that, several researchers (Holden et al. 2003; Preti and Giuriani 2012; Smith et al. 2011, 2013;
Gavridou et al. 2014; Pakiding et al., 2015; Zhu and Guo 2017; Lu and Wu 2017; Gu et al. 2019) made some
comparison of seismic performance between the conventional precast wall (emulative) and precast hybrid wall
system (non-emulative) in term of hysteresis loops, energy dissipation, lateral strength, initial construction cost,
economic losses and others. In common, the results show that the precast hybrid walls feature minimal structural
damage, superior restoring, energy dissipation, ductile behavior and excellent self-centering tendency over larger
lateral displacements compared to their reinforced concrete (RC) counterpart. The hybrid wall is a reliable and
cost-effective option for the lateral-force resisting system where the economic losses in the building can be
further reduced, resulting in a nearly damage-free building under Maximum Considered Earthquake (MCE) event.

The design guidelines for unbonded post-tensioned in rocking wall structures entail that the strands remain
essentially linear-elastic under the Design Basis Earthquake (DBE) and significant post-yield strand stresses can develop
under the Maximum Considered Earthquake (MCE). The use of unbonded post-tensioning for seismic resistance might
cause the anchorage regions under extreme demands where premature strand wire fractures can take place. The yielding
and fracture behavior of PT strand systems is a primary source of the collapse behavior of self-centering systems. In other
words, the sudden drops in the axial tensile resistance of mono strand-anchor systems can jeopardize the rocking wall
system. In this regard, some researchers (Walsh and Kurama 2008,2009; Sideris et al. 2014; Bruce and Eatherton 2016;
Yang and Okumus 2017) have conducted studies related to anchorage issues in the unbonded post-tensioned system.
The works investigated include seating losses, deformation capacity before initial wire fracture, additional deformation
capacity after initial wire fracture, and aspects of the load-deformation behavior for mono strand-anchor systems.
The major finding of their works reveals that the maximum stress and strain capacity of the strands is governed by the
brittle fracture of individual strand wire(s) inside the anchor wedges. The fractures occurring at strains as large as
0.04 inch/inch and as small as 0.01 inch/inch or less. Thus, a strain limit of 0.01 inch/inch may need to be considered in
the design of these structures under seismic loading. Meanwhile, Abramson (2013) conducted studies on the multistrand
post-tensioning anchorage systems for seismic resilient rocking wall structures.

Although the rocking system has proven its performance against seismic loads based on numerous laboratory
experiments, the bottom corners of the wall remain suffering from local damage in almost previous experimental works.
Spalling and crushing of concrete are inevitable at the bottom corners of the walls under cyclic loadings, consequent the
loss of tendon force and self-centering capability, and potentially triggering out-of-plane buckling as depicted in
Figure 11. The out-of-plane buckling leads the wall to fail in an unstable manner as the entire confined concrete region
to the east of panel 1 buckled suddenly as shown in Figure 11 (a). This indicates that high tensile strains developed at the
interface between the confined concrete region and the rest of the panel 1, which eventually led to a separation of the
confined concrete region as shown in Figure 11(b). As a result, the confined concrete region, which was carrying
significant compression, buckled after it was no longer restrained from buckling by the rest of the panel. This failure
mode is undesirable as the stability of the wall is jeopardized.
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Figure 11 Unbonded post-tensioned precast concrete wall lateral load testing: (a) out-of-plane buckling failure (b) close-up of north
face looking south-west (Perez et. al 2004b).

Such damage is usually difficult to repair and affects the normal use of the structure. In this regard, new types of
earthquake-resilient structural walls were developed to improve the seismic performance of structures by introducing
the replaceable mechanism at the bottom corners of the wall (instead of using typically confined reinforcement).
Guo et al. (2014) have created two steel jackets which were fabricated at the wall toes with concrete cast inside so that
the concrete spalling and crushing under high local compressive loads are prevented as shown in Figure 12 (a).
Xu et al. (2018) and Xiao et al. (2020) have innovated and applied the two-disc spring devices which exhibit high
compression as the replaceable energy dissipation that are symmetrically installed at the two bottom corners of the
rocking wall as shown in Figure 12 (b).
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Figure 12 Configuration of self-centering shear walls installed with (a) steel jacket (Guo et al. 2014) and (b) disc spring (Xu et al. 2018) at wall toes.

Apart from the laboratory experiment, numerous computational works on the static and dynamic performance of
rocking walls have been conducted mutually. These computational works are based on analytical and numerical studies.
In general, the analytical models of rocking walls can be classified into two categories which are fiber and finite element
model. Fiber element model involves structural elements (using line elements) such as beam, truss, and spring elements,
which is normally exploited in research-based structural analysis programs such as DRAIN-2DX (Prakash et al. 1993)
programs, Ruaumoko 2D (Carr 2007) and OpenSees (Mazzoni et al. 2007). The fiber element model can be adopted to
conduct reversed-cyclic and dynamic analyses of the walls. Several research works have been reported (Perez 1998;
Kurama 2002; Perez et al. 2004b, 2007; Erkmen and Schultz 2009; Buddika and Wijeyewickrema 2013) concerning
analytical model using fiber elements. The other category, which is usually adopted in general-purpose finite elements
software packages such as ANSYS (ANSYS, Inc. 2009) and ABAQUS (Hibbitt, Karlsson & Sorenson 2009). These software
packages utilize 2D or 3D elements to model the wall and contact elements to simulate the interaction between the wall
and the foundation. The finite element model can also be used for the design of the wall panel as well as to conduct
nonlinear pushover analyses. The use of finite element approach on rocking wall studies have been found in many
researchers works studies (Huetal. 2013; Belleri et al. 2014b; Qureshi and Warnitchai 2016; Henry etal. 2016;
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Moharrami & Koutromanos 2017; Jafari et al. 2017; Dincy 2018). In addition to the two methodologies mentioned above,
the numerical analysis approach can also be used to investigate the dynamic behavior of rocking walls subjected to
ground excitations. However, this approach is not preferred as it mainly involves mathematical formulations. Hu et al.
(2018) and Kalliontzis et al. (2020) are among the researchers who utilize the numerical analysis approach in their works.

Together, some design guidelines, procedures, verification and validation document have been published by researchers
on the rocking wall system. These guidelines are purposed to meet the code requirements and develop rational design
recommendations needed for broader acceptance of new materials, concepts and technologies for precast concrete
construction in different seismic zones. For instance, ACl 318-14 (2014) in Section 18.11.2.2 provisions permit the use of jointed
design for special precast walls using unbonded PT by satisfying the requirements of ACI ITG-5.1-07, (2007). Basically, ACI ITG
5.1 is a test validation document, which was established and produced based on a provisional standard and commentary by
Hawkins and Ghosh (2004). ACI ITG 5.1 emphases on uncoupled hybrid walls (with the energy dissipating mild steel deformed
reinforcement at the wall-to-foundation connection. Meanwhile, the commentary to ACl 318-14 Section 18.11.2.2 refers to
ACI-ITG-5.2-09 (2009) is a document for the design of special unbonded PT walls (both uncoupled hybrid walls and coupled
walls with the energy dissipating coupling details). Other guidelines and validations on various types of rocking wall systems
established can be also obtained (Stanton and Nakaki 2002; Sritharan and Aaleti 2011; Thomas and Sritharan 2004; Aaleti and
Sritharan 2009; Smith and Kurama 2014).

In summary, the rocking wall has undergone extensive development in terms of its design and behavior over
the last three decades. Beginning with the formation of the rocking concept in the precast wall using the unbonded
post-tensioning tendon in the 1990s. The wall system has been improved by incorporating energy dissipation
components such as mild steel bars consequent from the low-energy dissipation and large displacements observed
in the previous testing. In this respect, the hybrid wall system has been established which is fundamentally designed
to attain a stable flag-shaped hysteretic response. Subsequently, various replaceable dissipator mechanisms have
been introduced to address the issues on the damage of energy dissipation component aftershock. Typical localized
damage observed at the bottom corner of the wall in the rocking wall system has resolved by introducing the devices
mounted at both lower corners of the wall. Mutually, the experimental works have been supported by analytical
and numerical studies under static and dynamic performance. The elastic and inelastic behavior of prestressing
tendon which can cause prestress loss and insufficient deformation capacity during rocking have been also
investigated. Apart from that, the design guideline and validation document have been published to satisfy the code
requirements. This has led to changes in the relevant governing codes and successful implementations in regions
of high seismicity. Despite this success, the connection performance between self-centering shear wall and adjacent
structural components such as the floor system and its influence on self-centering ability were found remain being
an issue. As a vital component of earthquake-resilient structural systems, the self-centering concrete shear wall
system is being developed continuously. Comparatively, the implementation of these wall components into building
practice has been limited. This is because much work on rocking wall systems has focused on quasi-static testing of
these systems and less effort had been emphasized into investigating the interaction mechanism between rocking-
wall systems and the surrounding structure. The following sections of this paper reports and discuss the studies
that have been conducted on the interaction of rocking wall with surrounding structure.

3. INTERACTION BETWEEN ROCKING WALL SYSTEMS AND FLOOR DIAPHRAGM

The rocking systems have been applied variously in the precast structural system. It can be incorporated in the
conventional gravity frame structural which creates the self-centering moment-resisting frame or adapted into the
precast shear wall in the conventional gravity frame which lead to the formation of rocking wall system. The interaction
between the rocking systems to the surrounding structures is crucial. A core component of rocking wall systems is the
gap opening mechanism as mentioned in the previous section. This gap opening mechanism allows for nonlinear elastic
behavior of the structure. Nevertheless, allowing gaps to form at the base of rocking systems creates connection detailing
challenges not only at wall-foundation interface but also at the wall-floor connection region in the entire building story.
Transferring load from each floor level to the self-centering wall system is a tricky condition since the shear forces need
also to be transferred from the floor diaphragms to the rocking wall in addition to the gravity floor load. When the lateral
load is applied to the self-centering wall, intentionally gaps open at the interface between the end of the wall and the
foundation face. This has as a consequence a wall uplift which results in local floor damage and may create challenges in
connecting the floor system to the rocking wall. Thus, the interaction between the rocking wall systems and surrounding
structures especially to the floor is inevitable. Apparently, for the self-centering system, it is insufficient to gain an
excellent seismic performance by merely concentrating the rocking behavior at the wall-foundation face. The other part
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of the connection in the building such as wall to floor/column/beam should be taken into consideration. Inline, this
section presents the previous works that have been conducted concerning the interaction of rocking wall to the floor
diaphragm. However, the number of information that has been reported here is very limited. This is due to the lack of
attention that has led to a scarcity of research information in this area. Only a few system tests of rocking-wall structures
which include both a rocking-wall system and a surrounding structural system have been conducted to date as
summarized in Table 1. This table presents five research works associated with the types of structures used, the types of
rocking walls and floor systems adopted, the orientation of the floor system to the walls and the features of the rocking
wall to floor connections. Technically, the connection in rocking wall-floor interface can be designed according to three
classifications which are rigid, semi-rigid and pinned condition. These three types of precast connection for the wall-floor
interface can be achieved depending on how the floor slab is cast (constructed). The rigid, semi-rigid and pinned condition
in between precast wall-floor connection are possible to be achieved through traditional cast-in-place floors (CIP), an
isolated precast floor system, and in-situ topped precast floor systems respectively. To gain a fully rigid connection, it is
required to cast-in-place the floor slab against the wall system as demonstrated in one of the specimens in Liu, (2016)
experimental works. Strand and rebar of the CIP slab running through the wall create a rigid connection as shown in
Figure 13. This will provide a moment-resisting connection whereby the floor diaphragm would be constrained to deform
with the wall system.

Figure 13 Layout of the reinforcement and strands of the floor slab before and after casting of the specimen (Liu 2016).

An alternative to a cast-in-place connection is to isolate the floor system to the wall element. In this system, the
wall is not relied on to carry the vertical gravity loads. The wall-to-floor connection can be designed to transfer lateral
inertia loads while leaving the vertical direction free. For instance, Priestley et al. (1999) using a single large bolt in each
panel centerline. A steel header beam was installed by using a single large bolt in each panel centerline which runs
parallel to the wall as depicted in Figure 14.

Precast floor

units

Wall Panel

e O R QT RS RS DR 03

Bolt Header beam

F g~ O o i A - * L
- I O O o FAEFEF xE

Figure 14 Wall-to-Floor Connection System used in the PRESSS Building (Srithran and Pampanin 2002).
Meanwhile, Schoettler (2010), Henry (2011) and Liu (2016) have adopted a special isolation connection which based

on the commercial product. The wall-floor connections in their project were designed to permit free relative vertical
movement and free relative rotation by allowing the transfer of horizontal forces from the floors to the wall. Since the
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precast wall does not significantly carry the floor loads, the commercial products have been used as the connection
between the rocking wall to the precast floor interface as shown in Figure 15 and 16.

(a) (b)

Figure 15 PSA slotted insert connector by JVI Inc. (a) Schematic diagram (b) Installed PSA slotted insert connector

(http://www.jvi-inc.com).

Precast Rocking Wall %

Connector stub ’ g
Slotted insert

embedded in

Connector legs wall

.V connector
affixed to floor

(a) (b)

Figure 16 V connector and slotted insert by BS Italia; (a) Details diagram (http://www.bs-italia.it/) (b) V connector before welding
(Liu 2016).

These special connections would allow the wall and floor to be constrained in the horizontal direction while leaving
the wall free to uplift in the vertical direction. This solution could reduce the damage caused to the floor system.
According to subassembly tests conducted by Watkins et al. (2014), the connectors can fully isolate the floor if the uplift
at the connector location is limited to 25 mm.

If both shear and gravity forces are intentionally transferred from the floor into the wall, the semi-rigid connection
is typically used to connect the rocking wall towards the precast floor. This connection type will develop a partial moment
resistance through the continuous steel bar embedded horizontally. The precast plank, hollow-core, and double tee
flooring systems with in-situ topping are commonly used to gain semi-rigid connection. For instance, Nagae et al. (2011)
have used precast double tee slabs with topping as the floor system in the E-Defense project. In this project, a precast
half-beam was clamped to the wall panel by a post-tensioned tendon in the wall direction as shown in Figure 17(a).
The other half-beam was cast with the topping of the double tee slabs, which formed an indirect wall-slab connection.
In the direction perpendicular to the wall plane, multiple inserts pre-embedded in the wall panel were connected to the
mesh rebar in the topping of the slab, which formed a direct wall-slab connection as shown in Figure 17(b). The details
of the wall-floor connection in out-of-plane and the in-plane direction perpendicular to the wall plane are shown in
Figure 18(a) and (b) respectively.
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(a) (b)

Figure 17 Site photo of PT wall — floor interface (a) Wall-slab connection in the wall direction (b) Wall-slab connection in the
transverse direction (Nagae et al. 2011).
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Figure 18 Detail of PT wall — floor interface; (a) Out-of-plane direction (b) In-plane direction (Nagae et al. 2011).

However, the tendency of surface slipping in between precast half slab and in-situ concrete topping will be higher
in the semi-rigid connection. The composite action between old and new concrete surface is vital, especially under
seismic condition. Thus, to achieve composite action, horizontal shear stresses must be adequately transferred along
with the horizontal interface between the precast half slab and concrete topping slab. The horizontal continuity is gained
by the rebar that placed on-site before the concreting of the topping slab as mentioned. The orientation of the precast
floor either parallel or bearing against the rocking wall in structural floor plan also influence the interaction behavior
between both structural members. If the precast floor is placed parallel towards the rocking wall where the floor ends is
supported by a precast frame (usually at precast beam element), only lateral inertia forces will be transferred while the
gravitational floor load is mainly distributed to the precast structural frame. Typically, the special isolation connection is
used to transfer the inertia forces as demonstrated in Schoettler (2010), Henry (2011) and Liu (2016) project. On the
other hand, the bearing orientation of precast floor towards the rocking wall will create significant gravitational floor
load transfer to the rocking wall system where the floor damage is inevitable in this condition.

In general, the connection type will determine how the lateral inertia forces from the floor diaphragm are
transferred to the wall. The different connection types will exhibit different floors response to vertical displacement of
the precast wall. The different response can be observed based on a numerical study of rocking-wall structures that was
conducted by Henry (2011) on the four-story prototype building. The floors that cast-in-place to the rocking wall in the
first building model were deformed at the wall-floor connections as depicted in Figure 19(a). In contrast, the floors were
not affected by the rocking of the wall as shown in Figure 19(b) since the vertical displacement was isolated between the
wall and the floors in the second building model.
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Table 1 Summary of Rocking Wall-to-Floor Connection study.

Span orientation

. Type of of flooring system .
Project Type of y.p . B 5Y Connection features between
rocking wall flooring system to the wall . .
(Researcher) structure . rocking wall-to-floor interface
system (Parallel / Bearing
to the wall)
0.6-scale of
five stories .
Two flooring systems were
frame d:
structure used:
. . . - the lower three floors were A steel header beam was installed
PRESSS Project  with rocking . . . . .
] Jointed Wall  constructed from pre-topped Precast floor Units  (using a single large bolt in each
(Priestley et al. wall as !
1999) lateral system double-tees. parallel to the Wall panel centerline) runs parallel to the
c ; - the upper two floors used wall. (see Figure 14)
resistance in : i
the hollow-core with a cast-in-
transverse place topping.
direction.
Full-scale of
three stories Three flooring systems were
frame used:
Diaphragm structure -The first floor: a composite . . .
. . . . . Isolation connection using
Seismic Design  with rocking double tee diaphragm. . .
Precast Precast floor units commercial product PSA connectors
Methodology wall as . -The second-floor level: a non- .
. Hybrid Wall ) parallel to the Wall at the entire floor level. (see
(DSDM) Project lateral composite hollow-core .
. . > Figure 15)
(Schoettler 2010) resistance in diaphragm.
the -The third floor: A pre-topped
transverse double tee.
direction.
In the wall direction, a precast half-
beam was clamped to the wall panel
by a post-tensioned tendon.
Full-scale .
four stories The other half-beam was cast with
frame the topping of the double tee slabs,
which formed an indirect wall-slab
E-Defence structure . . connection. In the direction
with rocking Precast double tee slabs with  Precast floor units )
(Nagae et al. wall as Precast e el e dhamE] perpendicular to the wall plane,
2011) lateral Hybrid Wall ’ " multiple inserts pre-embedded in the
. . wall panel were connected to the
resistance in . .
e mesh rebar in the topping of the
slab, which formed a direct wall-slab
transverse .
S connection. The wall-floor
direction. . .
connection was considered as a
semi-rigid connection (see Figure 17
and 18).
-The slotted connector couplings (see
Figure 15) were modelled at four
Full-scale of .
locations for each wall-to-floor
two . . .
. . connection, with two on each side of
Self-centering  assemblages Two flooring systems were .
the wall. The vertical movement
Precast Concrete of wall-slab used on a floor: . . .
Precast wall Both precast floor isolated connections were simulated
Walls for ABAQUS . -The precast floor could be . . -
S with end units and CIP slab by only coupling the horizontal
Buildings in models represented for pre-topped .
. - columns parallel to the wall degree of freedoms of the floors with
Regions with Low based Four- double-T and hollow-core
. L . (PreWEC) . those of the wall.
to High Seismicity stories units. Rigid wall-fl i
-Rigid wall-floor connections
(Henry 2011) prototype -Cast-in-place (CIP) slab . = . .
building. achieved by considering a cast-in-

place slab. This was simulated by
“embedding” the overlapped portion
of the floors into the wall.
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Table 1 Continued...

Span orientation

Type of of flooring system
Project Type of y.p . INE sy Connection features between
rocking wall flooring system to the wall . .
(Researcher) structure . rocking wall-to-floor interface
system (Parallel / Bearing
to the wall)
1/3-scale of
two
assemblages
of the
specimen
based on six
stories frame
Study on structure Two flooring systems were -Isolation connection using a
- -Precast Floor . .
Interaction prototype used: . commercial product, BS Italia for
. . . Precast wall Units parallel to . .
between Rocking- with rocking . -Precast hollow core plank for precast floor units. (see Figure 16)
with end . the Wall.
Wall System and wall as the first assemblage. . -Strand and rebar of the CIP slab
. columns . -CIP slab bearing .
Surrounding lateral -Cast-in-place (CIP) slab for the running through the wall create the
. . (PreWEC) to the wall. . . .
Structure resistance in second assemblage rigid connection. (see Figure 13)
(Liu 2016) the
transverse
direction.
(Note: differ
on the
flooring

system used
one another)

(a) (b)
Figure 19 Elevation of the calculated displaced shape of the prototype building FEM with (a) First building model: cast-in-place floor
(rigid connection) (b) Second building model: precast floor diaphragms (isolated connection) (Henry 2011).

Graphically, the moment resistance of the first building model, which used the rigid wall-floor connections for CIP
floor, was significantly increased by approximately 50% at 3% drift, compared to that of the “Wall only” for the PreWEC
system alone as depicted in Figure 20. On the other hand, the moment resistance of the second building model (isolated
floor) was nearly identical to that of the “Wall only” model.
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Figure 20 Base moment versus lateral wall drift response of the three models (Henry 2011).

The simulation results revealed that the responses of rocking wall buildings can be dramatically different because
of the use of different wall-floor connections, which generated different wall-floor interaction. The numerical studies
conducted by Henry demonstrated that the moment resistances of buildings with rigid wall-floor connections were much
higher than those of buildings with vertical movement isolated connections. The moment demands on the floor at the
wall-floor connections can be quantified as proposed by Liu (2016)

M=4ia+2iﬁ—6i‘TA=i(4a+23+6%),i=% (2)
where a is rotation of the wall; B is rotation at the top of the column; L is span of the floor; A is vertical deformation of
the floor at the wall end (equal to the wall uplift); w is horizontal distance between the wall-floor connection and the
rotation point of the wall; i is effective flexural stiffness of the floor; E is Young’s modulus of concrete; | is effective
moment of inertia of the floor; and M is moment at the floor- wall connection. This equation has been derived based on
simplified linear elastic two-dimensional (2-D) analytical model as shown in Figure 21.
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Figure 21 Simplified 2-D analytical model (Liu 2016).

If the wall-floor interaction is neglected during design, the wall may have a premature failure (e.g., the shear failure
and shear sliding). Moreover, the floors with rigid connections are expected to encounter extensive damage according
to the analysis. Failure to account for the impact of wall-floor interaction might also result in the loss of the self-centering
characteristic of rocking-wall structures, which is one of the most appealing features for this type of structure. In this
respect, Liu (2016) has modified Kurama (2005) equation (as shown in Equation 1.0) by accounting for the impact from
gravity load transfer path (My) and constraint effect from surrounding structure (Ms) despite merely satisfying the
relative amount of PT and mild reinforcing steel to achieve the desired self-centering behavior of the rocking wall.
A general criterion in determining the steel moment ratio provided by the energy dissipating elements of the rocking
wall was proposed as follows

Mpr i+My+M;
PT_i N w 2 1 (3)
aoMg+BoMs
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*Note: The denominator is the energy dissipation term in the equation. The numerator is the self-centering term in the
equation.

where Mpr ; = moment provided by initial effective PT force; My = moment provided by the gravity loads sustained by
the wall (self-weight excluded); My = moment provided by the self-weight; ao = overstrength factor for the energy
dissipating elements; Mg = maximum moment provided by the energy dissipating elements; So = overstrength factor for
the surrounding structural system; Ms = maximum moment provided by surrounding structure.

In summary, there are two general approaches for connecting the floor diaphragm to a rocking wall system: (1)
isolating the rocking wall from the floor diaphragm to limit damage effects; and (2) connecting the floor diaphragm to
the rocking wall and absorbing local damage. It has been found that it would be arbitrary to claim one type of connection
is superior to the other. The practicing engineers are required to evaluate both approaches to make a selection based on
the unique conditions associated with each project.

4. ROCKING WALL SYSTEM IN PRECAST CONCRETE LOAD BEARING STRUCTURES

The use of rocking wall system instead of the conventional precast wall as lateral load resisting for precast
frame structure has offered many advantages, especially on damage avoidance feature. Many previous research
works have been focused on the application of rocking wall systems in the precast frame structure since the
introduction of the self-centering philosophy of this wall as reported in section 2.0. Likewise, the response of this
wall system to the surrounding floor in the precast frame structures has been also investigated as reported in
section 3.0. Conversely, there would be a great potential if the similar benefits of the rocking wall system could also
be experienced by the precast concrete load-bearing structure. Possibly, the application of the rocking wall systems
could offer great performance in the load-bearing structures as recognized in the frame structures system.
Fundamentally, the interface response of wall-foundation region in load-bearing structures will not much difference
as observed in the precast frame structures. However, the wall-floor joint will probably exhibit a different response
to the precast frame structure. The study on this issue has been addressed for the precast concrete frame structures
as reported thoroughly in section 3.0. Accordingly, a similar systematic study can be performed to shed light on the
response of rock wall system-floor panel interface associated to load-bearing structure and this could be a new
branch of research study for rocking wall system. The study is rational to be conducted since this region of
connection is susceptible to earthquake loads where certain building structures have reported to collapse due to
poor connection details. For instance, a four-story and three-story precast concrete building in Leninakan, Armenia
experienced a collapse as shown in Figure 22 (a) and (b) respectively. The failure of precast floor panel has initiated
the collapse of this building consequent due to the poor detailed connections between precast floor panels and
walls.

(a) (b)
Figure 22 Collapse of load-bearing structures (a) Damage to a four-story building in Leninakan due to inadequate connection
between precast floors and infill walls (b) Collapse of precast floor panels, leaving walls standing in a building in Leninakan ( John A.
Martin & Associates, Inc., 1996).

Principally, the load-bearing structures consist of precast shear wall and floor panel as their main structural systems
without the presence of precast beam and column member. The load path of this structural system starts from the
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precast floor panel which then transfers to the shear wall panel and eventually to the foundation and from there to the
ground. The lateral forces are resisted by the concrete shear wall panel. Technically, for conventional practice, the precast
wall and floor are connected by using the dowel bar and the continuous steel as depicted in Figure 23. The precast slabs
are clamped in between the wall elements which lead the negative moments developed. The dowel bar is functioning to
join the precast slab, upper and bottom wall and to resist the tensile force developed in the connection. The continuous
steel is provided to accommodate the hogging moment in the wet joint of the precast slab. This connection is considered
as a semi-rigid connection where the moment-resisting is originated from the friction force, clamping force, continuity
steel and top steel in precast floor unit.

Continuity steel
area As per unit run
/
/

M PR

\
~ — \
T N N I]I \ \ Cast in situ infill
N \

s \ Precast floor

~
~ Precast wall

Figure 23 Precast wall-floor connection detail accordance to British code (Elliott 2002).

The monolithic connection is gained by cast-in-situ infill the precast floor connection. The moment capacity of such
connection is given by

M = uNh + 0.67IN + 0.95f,4,0.8d (4)

where N = clamping force, Is = bearing length, u = coefficient of friction, f, = yield stress in tie bars of area As, and
d = effective depth to tie bars from bearing ledge. This connection type will develop a partial moment resistance
through the continuous reinforcement and clamped wall forces consequent differently to a full cast-in-place
connection. The research study of the conventional connection subjected to seismic loading has been recorded
since the 1960s. The concern on the investigation of the horizontal joint (wall-floor joint) for the conventional
precast panel structure under dynamic loads has been embarked since the 1968 “progressive collapse” failure of a
precast concrete apartment tower at Ronan Point, England (Pearson and Delatte 2005). This has led to a significant
increase in research studies on the large panel structures at that time and much attention has been given to the
implementation of special code regulations governing the construction of load-bearing concrete buildings. Previous
research studies (Bohdan 1966; Lewicki and Pauw 1972; Backler et al. 1973; Fintel et al. 1976; Sekulovic et al. 1996;
Zeck 1976) have concluded that the horizontal joint in precast load-bearing structures is the weakest link in this
type of construction under earthquake load. The problem arises from the fact that, unlike cast-in-place concrete
structures, non-monolithic construction results from connecting precast panels at the site to form various joints
(Harris and lyengar 1980). Numerous research works have been undertaken to study the horizontal connection in
precast load-bearing structures under seismic excitation (Hanson 1979; Harris and Abboud 1981; Clough et al. 1989;
Lee et al. 1996). Based on these studies, a general conclusion has been derived where the large deformation of the
horizontal joints between vertical panels, either slip or particularly rocking, will exert serious deformation demands
upon the floor or roof diaphragms. The localized concentration of shear resistance at a vertical steel tie through
the joint causes severe damage to the grouted joint portion between the slab ends. Cracking and crushing of the
grout disturb shear transfer.
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Similarly, the horizontal joint response under lateral force for precast rocking wall towards the precast floor should
be investigated if the self-centering system is to be incorporated into the load-bearing structures. According to research
works reported in section 3.0, the main function of the most rocking wall system in those studies is to transfer lateral
inertia loads while leaving the vertical direction free. In other words, the rocking wall system has been primarily designed
as a lateral resistance for the precast frame structures instead of designing to carry the gravity load from the precast
floor. In this respect, the precast floor units were designed to span between the perimeter beams with no intermediate
support in the precast frame structure, and so the rocking wall would not be required as a gravity load path. Hence, the
wall-to-floor connection could be designed to transfer horizontal inertia loads with unrestrained displacement in the
vertical direction. In this regard, most of the precast floor are pinned connection in parallel orientation towards the
rocking wall and the special isolation connection was utilized to isolate the vertical displacement of the rocking wall
against the precast floor as demonstrated by Schoettler (2010), Henry (2011) and Liu (2016). Unlike the precast frame
structures, predominantly, the precast concrete wall in load-bearing structures must take up all the gravity floor load
rather transfer the horizontal inertia loads. In this regard, most of the precast floor unit are oriented in load-bearing
position in almost situation in the structural floor key plan and elevation as depicted in Figure 24(a) and (b), respectively.
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Figure 24 Precast concrete load-bearing structures.

Most likely, the adoption of the semi-rigid connection is inevitable if the rocking wall system being used mutually
with the precast floor in the precast load-bearing structures. For the precast frame structural, the semi-rigid
connection is achieved by using precast half-beam in the wall direction. The precast half-beam is clamped to the wall
panel by a post-tensioned tendon while the other half-beam will cast with the topping of the double tee slabs. This
detail formed an indirect wall-slab connection as demonstrated (refer Figure 17 and 18) in E-Defense shaking table
project conducted by Nagae et al. (2011). Yet, this approach seems not applicable for load-bearing structures since
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the precast beam element does not present as a part of the structural system. An alternative, this could be
accomplished either by using precast floor seated on the corbel or L-angle in the load-bearing structures.
The traditional practice in the conventional precast wall to floor connection detail has depicted in Figure 23. This
conventional connection design is inappropriate to be adopted for the rocking wall system since the feature of rocking
wall system allows only a single gap opening at the wall base joint but not at the upper panel-to-panel joints. Hence,
the precast rocking wall system for both single or multiple wall panels can’t be simply spliced by the intermediate
precast member. In other words, the continuity of the rocking wall panel cannot be violated, otherwise, it is most
likely to deteriorate the intended self-centering behavior of the concrete wall. Thus, the precast rocking wall-floor
connection design is necessarily proposed differently from the conventional connection. The precast connection
system proposed must be simple as possible, practical to be used for onsite installation, cost-effective, capable to
accommodate the internal actions developed from the external forces, and satisfy the code requirement. In fact, in
accordance to ACI 318-14, (2014), specifically in section 16.2.1.1 had stated that if two or more connection methods
are used to satisfy the requirements for force transfer, their individual load-deformation characteristics should be
considered to confirm that the mechanisms work together as intended. The adequacy of connections must be verified
by analysis or test as further stated in section 16.2.1.2. In this contribution, the precast concrete rocking wall-floor
connection for precast load-bearing structures is proposed and presented as shown in Figure 25.
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Figure 25 Proposed precast connection detail between the rocking wall system (Hybrid wall type) and precast floor plank. (All unit in mm)

Essentially, the connection system comprised of the seated L-angle steel spot welded by the shear stud, full
threaded stud with washer and nut, connected bar and continuous bar which jointed using a mechanical coupler. These
multiple components in the connection will produce differences in stiffness, strength and ductility of the components.
The L-angle is functioning as the support platform(reaction) for the precast floor unit during the construction stage and
being part of the permanent joint for the rocking wall-floor interface during service. The role of the shear stud in the
connection is to provide a structural connection between the precast floor and the seated L-angle. This structural
connection will distribute any shear forces due to lateral loading and diaphragm action of the slabs that the structure
may incur. Besides that, the horizontal forces acting in the plane of the slabs will be also resisted by this shear stud.
Without the shear studs in place, there is a slip plane between the precast floor and the seated L-angle. Meanwhile, the
moment vector which act at right angles to the main axis of the connection due to flexure of the rocking wall in their
plane is resisted by the connected bars and full threaded studs. Similarly, the moment vector which acting parallel to the
main axis of the connection due to flexure of the precast floor are also resisted by the connected bars. This particular
precast connection detail will form a semi-rigid precast connection. The advantages of this connection are simple for
installation, no require special material, able to avoid the interruption of rocking wall panel continuity as illustrated by
sub-assemblage of precast wall-floor in Figure 26 and 27.
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Figure 27 (a) Jointing the continuous and the connected bars by using the mechanical couplers (b) Placing wire mesh (c) concreting
the recess in precast floor plank and tensioning the PT strand.

This sub-assemblage of precast wall-floor connection has extracted from the building plan as highlighted in
Figure 24(a). Specifically, it is located at the first-floor level as shown in Figure 24(b). As a standard precast construction,
the components will be pre-fabricated, erected and assembled on site. The erection works are started by positioning an
approximately 10 mm thick layer of fiber-reinforced grout at the horizontal joints between wall and foundation beam.
This layer is intended for panel alignment and construction tolerance before the installation of the lower panel of the
hybrid wall unit. Besides that, this grout pad provides an effective interface material, allowing uniform contact to be
achieved with no detrimental effect on wall behavior. Upon pouring the fiber-reinforced grout, erection of the lower
precast hybrid wall panel on the foundation beam is executed. The access holes of PT steel and energy dissipator (ED)
bars formed during construction in precast wall and foundation beam must be properly alighed during erection. The mild
ED bars will be grouted into the foundation using epoxy adhesive. Subsequently, the precast floor is laid down on the
steel L-angle which has been bolted earlier on the lower wall panel unit as shown in Figure 26(a). Aforementioned, this
L-angle is spot welded with shear stud at certain interval distance to hold in place the precast floor unit at the panel
connection. Another 10 mm layer of fiber-reinforced grout is placed but at the wall to wall panel joint. This is followed
by inserting the connected bars into the holes which have been formed earlier on the upper precast wall toe as shown
in Figure 26(a). Then, erection of upper panel wall unit is executed as illustrated in Figure 26(b) by ensuring the connected
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bars and the continuous bars are connected parallelly. The continuous bars which have been embedded and protrude
from the precast floor are jointed to the connected bar by using the mechanical couplers as depicted in Figure 27(a).
The wire mesh or BRC were then inserted into the recessed slab as illustrated in Figure 27(b). The recess in the precast
floor is closed by using the cast-in-situ concrete as depicted in Figure 27(c). The concrete was then cured for one to two
days before the forms removed. Alternatively, the wire mesh can be replaced by using the steel fiber reinforced concrete.
Finally, the PT steel tendon is inserted into the duct and then tensioned by using the jacking machine at the top of the
upper wall panel.

In accordance with Europe and Australian standard, every new precast system developed must be tested
experimentally and computationally to verify the adequacy of the system to transfer forces between members under
seismic loading. The precast design and construction practices are usually supported by the results from experimental
investigations in high seismicity countries such as Japan, Canada, Italy, Chile, Mexico, New Zealand and the USA.
Moreover, Chapter 21 of ACI 318 (2011) specifies that for seismic regions, “a reinforced concrete structural system not
satisfying the requirements of this chapter shall be permitted if it is demonstrated by experimental evidence and analysis
that the proposed system will have strength and toughness equal to or exceeding those provided by a comparable
monolithic reinforced concrete structure satisfying this chapter.” In this respect, the proposed connection needs to be
tested for lateral cyclic performance. The in-plane and out-of-plane direction of lateral cyclic loading testing could be
possibly performed on the sub-assemblage connection specimen since the rocking wall panels in the load-bearing
structures required to resist the lateral load in both planes which are transverse/in-plane and longitudinal/out-of-plane
direction as depicted in Figure 28. The load-bearing structures will behave a moment-resisting frame in longitudinal
lateral load direction. On the contrary, the shear, tensile and compressive forces will be resisted by the shear wall panels
in the transverse direction as depicted in Figure 29. Thus, the interaction study of the rocking wall system towards the
precast floor in the load-bearing structures under seismic condition is relevant to be investigated in future.
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Figure 29 In-plane action of the prefabricated wall, a) shear forces, b) tensile and compressive forces (fib 2008).
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5. CONCLUSIONS

A substantial amount of research conducted pertaining to precast concrete rocking wall systems has spanned over
three decades worldwide. The early stage of this research focused on the development of non-emulative connections
between precast structural walls and the foundation. The wall system has shown a self-centering capability and ability
to undergo nonlinear lateral displacements with little damage in most of the research studies. Furthermore, the excellent
performance of various rocking wall systems has been successfully established and validated throughout the series of
experimental and simulation works. Although tremendous research progress has been made towards the use of precast
concrete rocking walls in high seismic regions, yet, the acceptance of these wall systems in practice as an alternative for
the earthquake resistance in precast structures have not been popularized to date. This has resulted in minimal research
works that have been conducted on the interaction between the rocking wall systems and the surrounding floors. Indeed,
at present, the general research in the rocking wall systems to floor connection is still in its infancy. Only a few research
projects exist that involved experimental testing of building systems using self-centering precast concrete walls as
reported in this paper. Perhaps, by enhancing research works on the interaction between rocking wall to the surrounding
floor, such an investigation is expected to elevate the confidence of practicing engineers on using these innovative and
economical precast structural systems in seismic regions in the future. Previous research works have been focused on
the application of rocking wall systems in the precast frame structure since the introduction of jointed connections for
critical regions. Moreover, the response of this wall system to the surrounding floor in the precast frame structures has
been also investigated. In general, the connection type will determine how the lateral inertia forces from the floor
diaphragm are transferred to the wall. The different connection types will exhibit different floors response to the vertical
displacement of the precast wall. The connection is critical to the lateral load resistance path. On the other hand, there
would be a great potential if the similar benefits of the rocking wall system could be also experienced by the precast
concrete load-bearing structure. This benefit is significant and has potential to further extend the use of the self-
centering system in the years to come. In this contribution, the precast concrete rocking wall-floor connection detailing
concept for precast load-bearing structures is proposed and presented in this paper. The proposed connection has
formed a semi-rigid connection. In-depth experimental studies on the proposed connection for the load-bearing
structure need to be implemented. Last but not least, the issues on the rocking wall system responses to surrounding
structures should become a new focus and direction of the rocking wall study in the coming years.
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