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ABSTRACT

Large panel precast wall systems have many economical
and technical advantages over monolithic cast-in-place
walls. In the past two decades, large panel construction
has become a common practice in North America. However, due
to the lack of understanding of their behaviour, the use of
this type of system in active seismic zones is still
questionable.

In large panel systems, horizontal connections are the
locations of weakness in terms of strength and stiffness.
During a major earthgquake, the connections may be subjected
to slip and rocking. Previous studies on the behaviour of
simple walls have shown that due to the effects of slip and
rocking, large panel walls may be subjected to overstressing
and concrete crushing which may lead to the loss of
structural stability/integrity.

Analytical studies are carried out to investigate the
effect of coupling in precast wall systems. Several models
are developed and incorporated into the computer program
DRAIN-2D. It is assumed that wall panels remain linear-
elastic throughout the analysis and that inelastic action is
concentrated in the connections and the coupling beams.

The effect of various parameters on the response of a
10-story precast wall system is investigated. It was found
that the method of providing vertical continuity across the

connections and the level of coupling beam strength have a

ii



significant effect on the response. Coupled walls with
post-tensioning bars showed considerable improvement in
their response over simple walls. This study suggests that
the design of precast wall systems should be based on
inelastic dynamic analysis. Internal forces based on the
vequivalent static analysis" proposed by the National
Building Code of Canada (1985) did not agree well with

forces obtained from inelastic dynamic analysis.
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1. INTRODUCTION

1.1 General

Large panel construction has been used extensively in
Europe in the past 50 years. The construction of large
panel systems in the past 15 years has been applied in
seismic regions such as USSR, Bulgaria, Romania, Japan and
elsewhere. As pointed out by Fintel (1977), precast panel
buildings have shown good performance during the 1977
Romanian earthquake. Although many high-rise buildings
collapsed, precast panel buildings withstood the earthquake
with minimum damagé. Despite the satisfactory performance
of large panel systems in the past, little is known about
their seismic behaviour. For the typical precast concrete
large panel systems common in North America, the use of this
type of system in seismic regions is still questionable.

Large panels are concrete members which are used as
either vertical wall panels of one story height or floor and
roof panels or planks. Precast wall elements may be
reinforced, prestressed or partially prestressed. The use
bf precast walls has attractive features such as good
quality control of the product and speedier construction.

In large panel systems, the "connections" or "joints"
are locations of weakness in terms of strength and stiffness
compared to wall panels. During a major earthquake, sliding
and opening may occur at the connection level which may

produce large deformations in the system. This may lead to



distress and dégradation in the connectioﬁ regions which may
finally lead to the loss of structural stability/integrity.

Figure 1-1 shows two common types of precast wall
systems. Figure l-1(a) and (b) are a simple wall and a
coupled wall respectively. The behaviour of simple walls
has been studied analytically by Schricker and Powell
(1980), and Llorente and Becker (1981). These studies have
shown that during a major earthquake, large deformations may
take place in the connection regions which may create
problems similar to those described above. In the present
study, the behaviour of coupled wall systems is |

investigated.

1.2 Objective and Scope

The main objective of the present study is to
investigate the inelastic dynamic response of precast
coupled wall systems. As mentioned earlier, large inelastic
action in the connections of simple walls may produce
undesirable situations. For this reason, it may be possible
to improve the response of precast walls by dissipating a
significant portion of the energy in the coupling beams.
Since the coupling beams are not the primary gravity load
bearing elements, yielding in the beams does not threaten
the overall structural stability/integrity.

The scope of the present study is summarized as
follows.

1) Determine modeling techniques and develop models for
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(a) simple wall (b) coupled wall

Figure 1-1 Precast Wall Configurations



computer analysis.

2) Incorporate models into a computer program.

3) Investigate the significance of each of the individual
models on the response of precést wall systems and verify

the models.

4) Select structural parameters and a ground accelerogram

for inelastic dynamic analysis.

5) Study the effect of various parameters on the response of

precast wall systems.

6) Propose a design procedure based on the results of the

parametric study.

1.3 Report Layout

This report is divided into eight chapters. Thé
objective of the study is described in Chapter 1. A review
of literature related to precast panel systems and details
are described in Chapter 2. The experimental test results
“reported in the literature concerning the behaviour of
precast panel systems are also described in the same
chapter.

Chapter 3 presents the modeling technique used for the
present study. The finite element modeling of wall panels
and connections is discussed. The elastic and inelastic
models incorporated into the computer program DRAIN~-2D are
described. The modeling of coupling beams is discussed and
a method used for the compatibility of beam element and

plane-stress element is described.



In Chapter 4, the effect of modeling technique on the
response of precast wall systems is investigated. The
accuracy of modeling techniques and their computer
implementations are verified using both static and dynamic
analysis.

In Chapter 5, the type of structure and its properties
selected for parametric study is described. The response of
the structure under three different accelerograms is
studied.

Chapter 6 presents the results of a series of
parametric studies on the response of precast wall
systems. The effect of coupling beam parameters and the
method for providing vertical continuity across the
connections is the major part of the investigation. The
results of the parametric study are discussed in detail.

Chapter 7 is related to the design of precast wall
systems. General behaviour of precast wall systems is
discussed and the failure modes are identified. A design
procedure is recommended based on the results of the
parametric study.

Finally, Chapter 8 summarizes the major conclusions
reached from the study. Recommendations for further study

are also presented in this chapter.



2. BEHAVIOUR OF PRECAST WALL SYSTEMS

2.1 General

This chapter presents a review of literature related to
the behaviour of precast panel systems and details. 1In
Sections 2.2 and 2.3, the types of precast wall systems and
details that are commonly used in North America aré
discussed. Problems associated with the behaviour of simple
walls are highlighted. Experimental results reported in the
literature concerning the behaviour of precast panel
connection details and reinforced concrete coupling beams
ére reviewed. Significant aspects of behaviour are
identified to provide a basis for realistic modeling for

dynamic analysis.

2.2 Basic Configurations and Details of Wall Systems

The structural wall systems which are used in North
America can be divided into two categories of "single panel"
and "large panel" construction. In the single panel form of
construction, individual panels extend the full height of
the structure and only vertical joints are required between
the individual panels. Site precast tilt-up construction is
an example of single panel construction, as is the use of
precast double-tee wall units.

The term "large panel" construction is used to describe
a structural system composed of precast wall panels with

floors and roofs of precast panels or planks. The wall



panels are usually solid and of one story height. The
hollow core precast roof or floor slabs span in one
direction. Solid two-way panels are also used for floor and
roof construction. In some cases, a cast-in-place topping
is provided to work compositely with the precast slab units
and continuity reinforcement is embedded in it. Load
bearing walls of large panel buildings can be arranged in
three different ways.

a) Cross-Wall System: This is the most common
system. The load bearing walls are placed in the transverse
direction of the building and one way floor and roof slabs
span in that direction. Lateral forces in the transverse
direction are resisted by these walls. Non load bearing
walls are placed parallel to the longitudinal axis of the
building and provide resistance to lateral load in the
longitudinal direction as shown in Figure 2-1(a).

b) Long-Wall or Spine Wall System: Load bearing walls
placed along the longitudinal axis of the building, resist
lateral load in that direction. Lateral load in the
transverse direction is resisted by non load bearing walls
placed in that direction as shown in Figure 2-1(b).

c) Two-Way or Mixed System: In this system, load
bearing walls are placed in both longitudinal and transverse
directios with floor and roof slabs spanning in both
directions as shown in Figure 2.1(c).

Figure 2.2 shows some of the common types of precast

wall configurations in use in North America. Figure 2-2(a)



{ ,
AL\

AN S
:




il

iy
/111

!!!!!

|
|

(c)

)

0

(

(a)

Sy |

AWW/////

-y

()

(e)

(d)

st Wall Configurations

2-2 Typical Preca

Figure



10
shows a simple wall which is a vertical stack of story high
wall panels and has only horizontal connections., Figure 2-
2(b) shows a composite wall which has vertical and
horizontal connections. A coupled wall system with coupling
beams connecting the two walls together is shown in Figure
2-2(c); this type of system is the subject of the present
study. Walls shown in Figures 2-2(a), (b) and (c) can
either be cross walls or end walls in apartment buildings.
Walls shown in Figure 2-2(d), (e) and (f) are used to

enclose service cores, stairs and other building services.

2.3 Connection Details

Detailing of horizontal connections is one of the most
difficult problems in design and construction of precast
wall panels. There are several connection details which are
used in practice in North America. Some of the common
details of horizontal connections are shown in Figures 2-3
and 2-4. Figure 2-3 shows the interior wall to floor
connections and Figure 2-4 illustrates the exterior wall to
floor connections. 1In these figures, all the reinforcing
details except the vertical ties crossing the connections
have been omitted for clarity.

In a precast wall system, vertical ties are usually
deformed bars of large diameter (25 mm). Vertical
continuity of wall panels can be provided in several
different ways. Figure 2-3(a) shows a "spliced sleeve" type

connection in which bars are grouted in place. This type of
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system was originally developed in Japan; Vertical
continuity can also be provided with threaded rods or
reinforcing bars with a coupling or bolting mechanism as
shown in Figure 2-3(b). Reinforcing bars which project from
the panels and are welded in the connection region are
classified as "platform" type connections. This type of
system is shown in Figures 2-3(c) and 2-4(b) and is very
common in North America.

The use of post tensioning as vertical continuity is
also quite common. Post-tensioning rods usually extend from
the foundation up to the roof level. Post-tensioning
details are shown in Figures 2-3(d) and 2-4(a). One of the
advantages of post-tensioning over reinforcing bars is the
avoidance of laps in vertical steel.

In a typical North American type connection, floor
slabs are supported on plastic bearing pads. Cast in place
grout fills in the space between the wali panels and some
portions of hollow core slab with paper or plastic dam
inserted in the slab to limit the extent of grout in the
slab. Space between the wall panel above the floor slab and
the floor panel is usually filled with dry-pack.

Experimental tests carried out by Backler et al. (1973)
on the compressive strength of the horizontal connection
indicate lower strength and stiffness (about 50% or even
less) as compared to monolithic wall panels. Due to the
effects of creep and shrinkage, horizontal connections are

considered as pre-cracked planes and hence they cannot
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develop any tension if no vertical continuity steel is
provided. Figure 2-5 shows an interior floor-to-wall
connection with the corresponding connection forces. The

connection must resist the following forces:

\ 2 vertical load from wall panel above
v, = vertical load from floor loading
Hy = horizontal shear due to lateral loads on wall
above
H. = horizontal shear in the plane of the floor
resulting from diaphragm action
H3’H4 = horizontal shear in the plane of the floor
resulting from diaphragm action and restraint
force due to creep, shrinkage and temperature
effects
M = transverse bending moment from floor continuity

and load eccentricities.

The vertical connection details can be either "wet" or
"dry" as shown in Figure 2-6. "Wet" joint results in a
structure with its behaviour similar to the response of
monolithic walls while the "dry" joint speeds erection of
the construction. Since vertical joints are not the subject
of the present study, they will not be discussed further,
however more information can be found in references by Pall
and Marsh (1979), Pollner et al. (1975), Cholewicki (1971),

Muller and Becker (1980), Becker and Muller (1980), and



Wall Panel

Figure 2-5 Various Forces in the Connection Region
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Pekau (1981).

2.4 Structural Behaviour of Precast Walls

2.4.1 Behaviour of Simple Walls

Precast wall panels behave quite differently from cast-
in-situ mdnolithic walls. The main difference between a
precast wall and the corresponding cast-in-situ wall is the
presence of the connections in precast walls. As mentioned
earlief, horizontal connections are locations of weakness
both in compression and shear in structural walls and hence
there is the likelihood that plastic hinges may concentrate
in the connection region.

There are two principal mechanisms, namely rocking and
shear slip, associated with the connection behaviour as
shown in Figure 2-7. Rocking is a term which describes the
overturning response of the structure. That is, under
external lateral loads, the horizontal connections may open
"and close which can produce large localized changes in
bending. It is suggested by Llorente and Becker (1981) that
opening and closing of the horizontal connections occur
smoothly and progressively in which plane sections no longer
remain plane in the connection regions.

The second mechanism, shear slip, is a term which
describes the transfer of shear forces in the horizontal
connections through Coulomb friction due to normal stresses
and post-tensioning, and through shear friction due to dowel

action and clamping action of vertical reinforcement.
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Because of plain and smooth edges, such connections are
susceptible to slip before a plastic hinge forms at the base
of the walls.

The seismic response of simple walls has been
analytically studied by Llorente and Becker (1981),
Schricker and Powell (1980) and Mueller and Becker (1979).
Their studies show that joint opening can significantly
reduce the forces in the structure by a base isolation
mechanism, with little energy dissipated. Their results
also indicate that joint opening can cause large crack
lengths along the connections which may cause severe stress
concentration in the closed portion of the connection. This
may lead to severe distress in the wall panel or the
connection regions, thus threatening the overall stability
of the system. Their results also show that large
deformations could also occur due to shear slip which is
very effective as a force isolation and energy dissipation
mechanism. However they found that shear transfer by
Coulomb friction is an unconfined yield mechanism, that is,
once the walls start slipping, they move in the same
direction and they do not return to their original position.

In view of the above results, they concluded that the
horizontal connections between wall panels are not the
desirable location for energy dissipation. The inelastic
action in the horizontal connections can cause the
destruction of the interfaces and may lead the structure to

become unserviceable or it may even endanger the integrity

19
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and the stability of the structure. Based on the above
discussion a design concept that relies on the inelastic
action in the horizontal connection of simple precast walls
is questionable and therefore a more desirable location for
inelastic action other than the horizontal connections is

necessary.

.2.4.2 Behaviour of Coupled Walls

Simple walls connected to each other by connecting
elements are called coupled walls. The coupling elements‘in
precast wall panels are through either of the following:

1) welded or bolted connections embedded in the walls

| to be joined,
2) limited slip bolted joints, or
3) coupling beams in which the spaces between the two
walls are used as window or door opening.

Use of coupled walls with coupling beams which is the
subject of the present study can be due to architectural
and/or structural reasons. Coupled walls are used commonly
as structural elements both in office buildings and
residential buildings. Office buildings generally require
open office space with minimum interruptions by vertical
members. For this reason, central core exterior column or
exterior wall, interior colum; layouts are generally used.
Structural walls in residential buildings provide acoustical
privacy and fire separation. Figures 2-8(a) and (b) éhow |

common use of coupled walls in office buildings and
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apartment buildings respectively.

As mentioned earlier, horizontal connections are not
the desirable locations for dissipating energy. For this
reason, the behaviour of coupled walls is studied to
investigate the effect of coupling on the response of large
panel structures. In this fashion, it may be possible to
confine inelastic energy dissipation to coupling beams which
are not crucial to the overall stability of the structure..
The yielding in the coupling beams may dissipate a
significant portion of the input energy while the walls
continue to provide overall stiffness and stability to the
structure.

In a coupled wall system, the external overturning
moment is resisted at any horizontal section by the

corresponding equilibrium equation (Figure 2-9)

n MA

=
"

+ MB + T R

where

M internal moment generated in wall A or wall B

B
T = axial force induced in the walls (tension or
compression)
% = distance between centroids of the two walls.
The magnitude of these forces depends on the relative
stiffnesses and strengths of the coupling beams and the

coupled walls, and the number of stories.

Coupling beams in a coupled wall structure can either
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be cast-in-place or precast with the wall panels as shown in
Figure 2-10. To ensure ductility in a coupled wall system,
it has been suggested by Fintel and Ghosh (1981) that the
coupling beams be preferably cast-in-place. Vertical
continuity in the walls can either be provided with post-
tensioning or reinforcing bars. When bars are used, the
reinforcement should be uniformly distributed over the
cross—-section of the wall in order to resist shear forces
developed across the connection. Concentrated reinforcement
is also necessary at the corners of the walls to resist
forces due to overturning. Figure 2-11(a) illustrates the
details of vertical mild reinforcement and Figure 2-11(Db)
shows the details of post-tensioning in a coupled wall

system.

2.4.3 Behaviour of Coupling Beams

When coupled walls are displaced laterally, the
coupling beams behave in a double curvature configuration as
shown in Figure 2—12(a). The assumed moment diagram for
such beams is linear with opposite sign at each end as shown
in Figure 2-12(b).

There has been considerable experimental research
carried out on the behaviour of coupling beams. Most of
these experiments have been carried out by Paulay (197la-b,
1977), Paulay and Binney (1974), Paulay and Santhakumar
(1976), and Barney et al. (1978). Test results have

indicated that coupling beams with varying depth/length
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Figure 2-12 Behaviour of Coupling Beams
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ratios behave quite differently if conventional
reinforcement consisting of a group of horizontal bars at
the top and at the bottom of the beams is used. Because of
their behaviour, coupling beams are classified into two
categories, namely slender beams and deep beams. Beams with
small depth/length ratios are called slender beams and those
with large depth/length ratios are called deep beams.

Eight 1/3-scale specimens were tested by Barney et al.
(1978). The models were subjected to in-plane reversing
loads simulating those in beams of coupled structural
walls. Controlled variables were the type and arrangement
of primary reinforcement, span to depth ratio and size of
concrete core. Details of the specimens are listed in Table
2-1.

Beams with different span to depth ratios and different
arrangements of reinforcing were tested by Paulay (1971a-b)
‘and Paulay and Binney (1974). These beams were cast with
heavily reinforced end blocks and were subjected to
alternate cyclic loading as shown in Figure 2-13. Two one-
quarter full size seven story reinforced concrete coupled
shear wall models with differently reinforced coupling beams
were also tested by Paulay (1977) and Paulay and Santhakumar
(1976). These specimens were subjecfed to high intensity
alternating cyclic loading simulating seismic effects.

A study of the test results mentioned above shows that
the behaviour of slender beams and deep beams with different

reinforcement arrangements are different. For this reason,



Table 2-1 Test Program Variables for Coupling Beams

Core Width | Span Length
Specimen a b Primary Reinforcement
(in.) (in.)

c1 2.63 16.67 X X
c2 2.63 16.67

c3 2.63 16.67 .l &
c4 3.50 16.67 X X
(o] - 3.50 16.67

cé 3.50 16.67 —
c7 3.50 33.33

c8 3.50 33.33 —

¥ "
Lo2s
667" 616"
Y n
= =¥ 025
1l in. = 25.4mm
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Bending Moment Diagram

Figure 2-13 Test Program Carried Out by Paulay
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the behaviour of slender coupling beams and deep coupling

beams are discussed separately.

2.4.3.1 Behaviour of Slender Coupling Beams

Experimental studies carried out on the inelastic
behaviour of slender coupling‘beams has shown that the
conventional reinforcement consisting of horizontal flexural
bars at the top and the bottom of the beams‘and surrounded
by closely spaced vertical stirrups as shown in Figure 2-
14(a) is suitable. Test results have also indicated that
the mode of failure is of flexural type and adequate
ductility of such beams can lead to the formation of plastic
hinges at the beam ends. A typical load versus deflection
relationship for specimen C7 tested by Barney et al. (1978)
at Portland Cement Association (PCA) is shown in Figure 2-
14(b). Deflections are the relative displacements between

the ends of the beams.

2.4.3.2 Ductility of Slender Coupling Beams

Ductility of a structure is commonly used as a measure
of its inelastic performance. A ductile structure must be
capable of large inelastic deformation at near ﬁaximum load
carrying capacity without brittle failure. The available
ductility in a structure is dependent on the amounts of
longitudinal tension and compression steel, the amounts of
transverse steel for concrete confinement and restraint |

against buckling of bars, the concrete and steel strengths
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and the level of axial load. A ductile structure should
avoid the possibility of shear and bond failure.
The rotation ductility factor or ratio is used here to

define the measure of inelastic action in slender coupling

beams.
emax
Ug = 5 (2.1)
y

where

ug = rotation ductility ratio

emax = maximum rotation

ey = yield rotation

The ductility ratio in coupling beams can also be defined in

terms of curvature given by

_max (2.2)

The definitions for the above equation are synonymous to

Equation 2.1.

2.4.3.3 Behaviour of Deep Coupling Beams

Experimental studies mentioned earlier have indicated
that conventional longitudinal reinforcement is not suitable
when the coupling beams which are relatively deep are
subjected to alternate cyclic loading. Deep coupling beams

may be subjected to high shearing stress when the ultimate

32
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flexural strength is to be developed. The shear forces not
only inhibit the full development of flexural capacity, they
also restrict the ductility obtainable. It is therefore
important to assess the ductility demand on the coupling
system when the overall ultimate'strength of the coupled
shear wall structure is considered.

Experimental studies carried out on deep coupling beams
with conventional reinforcement have indicated that the
shéar strength allocated to the concrete in accordance with
ACI (1977) design practice diminishes with reverse loading
and gradually the stirrups become overloaded and yield
excessively; these beams fail in diagonal tension when
stirrup reinforcement is provided for the whole or in excess
of the maximum shear force that may be developed. When the
flexural reinforcement enters the strain hardening range, it
is possible to supress a diagonal tension failure. However
the coupling beams fail by sliding shear. A sliding shear
failure cannot be considered as being ductile enough for the
purpose of seismic resistance. Moreover, a sliding shear
failure means a near total loss of beam strength and
stiffness.

It has been revealed that the ductility and strength of
coupling beams can be considerably improved if instead of
conventiohal steel arrangement, the principal reinforcement
is placed diagonally in the beam as shown in Figure 2-15(a).
The load versus deflection plot for specimen C6 tested at

PCA is shown in Figure 2-15(b). Tests carried out by Paulay
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show similar behaviour. These results indicate that the
behaviour of such beams is elasto-plastic and adequate
ductility can be achieved. Test results also show that the
cause of failure in such beams is the buckling of
compression bars after the surrounding concrete has broken
away. However if these bars are closely tied together or
spiral winding is provided, particularly at the four corners
of the beam which are likely to contain the heavily cracked
concrete during cyclic loading, the lateral stability of
these bars can be assured. Additional light secondary or
basketing reinforcement consisting of a mesh in both faces
of a coupling beam will also be required to hold the broken
concrete particles in place when large plastic displacements

occur during a catastrophic earthquake.

2.4.3.4 Energy Dissipation Capacity of Deep Coupling Beams

To illustrate the better performance of deep coupling
beams containing full diagonal reinforcing bars rather than
other reinforcing arrangements as shown in Table 2-1, the
energy dissipation capacities of deep coupling beams with
different reinforcing details are compared. This is the
result of a series of experimental studies carried out at
PCA described earlier.

.A measure of energy dissipation is given by the area
within the load versus deflection loop. For equivalent
loads and deflections, specimens dissipating the most energy

are considered to have the best performance. Figure 2-16
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Normalized Cumulative Enerqgy Dissipation

[ /
/
Py, ki (kN Ay.i / CG
4001 . kips ) y.in.{mm) /
Ct 8.1{(36.0) Q.16 (4.1)
ce 10,2(45.4) 0.23(5.8}
Cc3 10.2(45.4) 0.15(3.8)
i €4 | 10.0(44.5) | 0.14(3.6)
cS 9.2(40.9) 0.19(4.8)
ceé 7.8{(34.7) 0.41(2.8)
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2001
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o VYo 20 N 30 40
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Figure 2-16 Normalized Cumulative Energy Dissipation

Versus Cycle (Barney et al., 1978)
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shows the normalized cumulative energy dissipated versus
number of cycles for different beams. The normalized
cumulative energy dissipated Eij' is defined as the
_cumulative energy dissipated divided by the yield load and

yield deflection as follows.

=1 g e (2.3)
ij PyAy k=1 k
where
Eij = normalized cumulative energy dissipated
Py = yield load |
Ay = yield deflection
e, = energy dissipated in the kth load cycle
k = load cycle.

These curves confirm the better performance of the specimen
C6 with full length diagonals compared to other specimens

with different reinforcing arrangements.

2.4.4 Experimental Test Results of Precast Concrete

Structures

There have been some experimental tests of precast
panel wall systems in the past few years. The tests have
been éarried out on small scale models under quasi-static
conditions or on shaking tables to simulate earthquake
. motions. There are only limited results of the experimehts
available at present.

Oliva and Shahrooz (1984) carried out tests using a
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shaking table on one-third size scale models of three
stories high structures of plain solid wall, wall panels
with door openings and wall panels with adjoining end flange
walls. Shear-slip motion was constrained by shear keys.
Test results showed dominant rocking behaviour with limited
shear slip. Rocking motion induced stresé concentration at
wall ends which led to concrete crushing.

Velkov et al. (1984) tested specimens similar to those
described above under quasi-static conditions. Their
results showed that coupled walls have sufficient ductility
behaviour with displacement ductility greater than 5. They
concluded that large panel systems with carefully designed
details of connections allow their applications in seismic
conditions.

Harris and Caccese (1984) tested simple walls of 1/32
scale models of five stories high structures using a small
shaking table. The model was chosen to study the behaviour
of the simple walls studied analytically by Becker and
Llorente (1979). The dynamic response of the model showed
the failure mechanism of the system to be the slip and the
crushing of the panel corners caused by rocking. The
behaviour of the model was close to the behaviour predicted
by an MIT analysis.

Chu et al. (1984) tested a 1/5 scale mode of an eight
story coupled wall building constructed in Beijing, China.
Static and dynamic loading was applied to the structure.

Dynamic loading was applied with an exciter placed at roof
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level. The static and dynamic tests were interchanged in
the whole test program. Results of the test showed that
large panel structures possess adequate ability of energy
dissipation to resist earthquakes and that even if the walls
are damaged the structural stability/integrity is

maintained.

2.5 Material Behaviour of the Connections

2.5.1 Material Behaviour of Concrete

In considering the failure mechanism of reinforced
concrete or prestressed concrete, it has often been stated
that reinforcement or prestress alters the nature of the
material and therefore changes the criteria of failure. 1In
the development of failure mechanism, the bond between
concrete and reinforcement and deformation in the
reinforcement are important. However, as Bresler and Pister
(1964) suggest, a reasonable assumption can be made in which
the conditions producing local failure in concrete are
essentially the same for both plain and reinforced
concrete. Therefore, knowledge of the conditions producing
local failure in plain concrete should lead to a better
understanding of the failure mechanism in reinforced or
prestressed concrete.

The behaviour of concrete under a biaxial state of
stress is quite different than that under a uniaxial state
of stress. Figure 2-17 shows typical experimental stress-

strian curves for concrete under biaxial compression.
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Recognizing the fact that the constitutive relationship in
the biaxial state of stress will be different from that in
the uniaxial case, several investigators presented
experimental data on specimens under biaxial states of
stress.

Liu et al. (1972) modeled concrete as an orthotropic
material under biaxial loading. For biaxial compression,

they proposed a constitutive relationship of the form:

= i o (2.4)

where

cj, € = stress and strain in the principal stress
direction

op, ep = maximum biaxial compressive stress and
corresponding strain

v = Poisson's ratio

Eq = jinitial tangent modulus

Eg = gsecant modulus at maximum stress cp/ep

a = stress ratio gy/oy, 01 > 03

The above equation is valid for biaxial compression only and
does not take into account load reversals.
It should be noted that the material behaviour of the

connection is under a uniaxial state of stress only and the
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transversé stresses are assumed to be zero which is also the
case in simple beam theory.

Setting a equal to zero in Equation 2.4 will reduce the
stress-strain relationship to an equivalent uniaxial stress
state.

Karsan and Jirsa (1969) have carried out experiments
under cyclic loads on concrete under uniaxial conditions;
the results are shown in Figure 2-18. Based on the envelope
curves, Darwin and Pecknold (1974) have extended Liu's model
to incorporate cyclic loading and strain softening in
compression; this model is shown in Figure 2-19. The

constitutive relationship is of the form:

EO Ei
g, = (2.5)
i 2
s £i €i
1+ (32 - (D) + (D)
S c C
where
€5 = uniaxial strain in the principal stress
direction
Our €¢ = maximum compressive stress and corresponding
strain in the principal direction
Eq = initial tangent modulus
Eg = secant modulus cc/sc

The concete material model adopted for the present study is
similar to the model suggested by Darwin and Pecknold (1974)
with some modifications. This will be discussed in the next

chapter.
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2.5.2 Shear Behaviour of the Connections

The transfer of shear forces across the horizontal
connections is made either by Coulomb friction in the
~ presence of gravity load and/or post-tensioning and, by
shear friction in the presence of mild reinforcing bars.
The transfer of shear by Coulomb friction is provided
essentially by a friction force between the panel and the
connections which is given by the coefficient of friction
multiplied by the compressive force on the connection. If
‘the induced shear force increases by this value, slip will
occur. A typical test result carried out by Hanson at PCA
(1979) is shown in Figure 2-20(a). The connection is of
platform type and the transfer of shear is by Coulomb
friction. The figure shows an abrupt initial loss of
strength probably due to loss of bond. For subsequent
loading, the connection exhibits elastic-plastic strain-
hardening behaviour. The elastic part is associated with
the deformation of the material and the plastic part is
associated with the slippage along the connection panel
interface.

The inelastic behaviour of the connections have also
been investigated by Verbic (1977) for the type used in the
Yugoslavian "Vranica" building system. The shear behaviour
of the unreinforced connection when the panel self weight is
producing vertical load is shown in Figure 2-20(b). The
figure shows a strain hardening degradation under repeated

cyclic loading. The loss of stiffness can be attributed to
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polishing of the connectioﬁ surfaces and to accumulation of
loose sand particles which facilitate sliding. Under
applied vertical load, the connection shows a similar
behaviour except the initial strength loss is smaller and
the degradation of the strain hardening stiffness is less
noticeable as shown in Figure 2-20(c). These results show
similar behaviour to those tested at PCA shown in Figure
2-20(a).

when mild reinforcing bars are provided cross the
connections, shear forces are carried mainly by aggregate
interlock, interface shear transfer and dowel action of the
reinforcement. When the connections are subjected to Shear,
slip will occur along the shear plane if the shearing
stresses are greater than po, where p is the coefficient of
friction and ¢ is the normal stress. Since the faces of the
crack are rough and irregular, the crack faces are forced to
separate. As a result, tension is developed in the
reinforcement which produces equal amount of normal
compression or clamping force on the connection surface as
shown in Figure 2-21, and hence it increases the friction.
This mechanism is termed interface shear friction.
Researchers have called this mechanism surface roughness
shear transfer, shear friction or tangential shear transfer
(MacGregor, 1973). The transfer of shear forces across the
connections is also produced by the dowelling action in the
reinforcing bars. However, test results by Paulay et al.

(1974) on shear transfer across the construction joints and
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also tests by Mattock (1977) have indicated that the
contribution of dowel forces is relatively minor and most of
the shear across the connections is carried by interface
shear transfer and the aggregate interlock mechanism. It
should be noted that a small proportion of the shear
resistance across the connections is also provided by
shearing of small asperities projecting from the faces of
the crack.

There are few experimental test results available on
the shear strength of connection with longitudinal
reinforcement perpendicular to the plane of the
connections. Such results indicate that the presence of
reinforcement significantly affects the shear strength of
the connections. Mattock (1974, 1976) carried out a series
of tests on the shear behaviour of precracked specimens.
The tests were load controlled. Results of the test show
elasto-plastic behaviour during the first few cycles as
illustrated in Figure 2-22. As the number of cycles
increase, the hysteresis loops show pinching behaviour which
is not a desirable mechanism for energy dissipation. At
cycles before failure, large inelastic deformations are
developed which do not show elasto-plastic ductile
behaviour. In the region X-X, the specimen has very little
shear stiffness and therefore very little shear resistance
is developed. This is due to the fact that the crack is
open and the reinforcement provides no clamping action in

this region. Since the concrete surrounding the reinforcing
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bars becomes damaged, the resistance from aggregate
interlock is lost. In the region X-Y, reinforcement
deveIOps tension force and provides clamping action which
increases both friction and aggregate interlock effects.

A complete hysteretic response on specimen similar to
- those described above and tested by Mattock (1976) is shown
in Figure 2-23. These results also show pinched hystertic
behaviour.

Verbic (1977) carried out tests on specimens containing
reinforcing bars. The results are shown in Figures 2-24(a)
and (b) for cases containing no vertical loading and with
vertical loading, respectively. The results of these tests
are similar to those with no reinforcing bars shown in
Figures 2-20(b) and (c). However, in this case, the
deterioration of strain-hardening stiffness is less severe
as the number of cycles are increased and also larger amount
of shear forces are carried by the specimen.

Harris and Abboud (1981) tested 16 3/32 scale models of
the interior American type horizontal connections under both
monotonic and cyclically reversing load. vVertical
continuity was provided with threaded steel rods. Uniform
load distribution as well as triangular load distribution
increaSing from the center of the connection to the edge of
the connection was applied across the shear plane. This
produées a moment in the center in addition to the slight
moment introduced by the applied horizontal shear load. A

typical test result is shown in Figure 2-25. These results
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show an irregular pinching appearance at lower shear
cycles. The shape of shear slip curves prior to failure
changes to rectangular or elasto-plastic type. In these
specimens, failure occurred suddenly due to rupture of
vertical ties. The sudden failure was followed by local
failure of the edges of the wall at the poiht of the shear
load application. Their test results also showed that the
ultimate shear capacity of the specimens tested under cyclic
loading was between 5 to 33 percent less than under

monotonic loading.

2.5.3 Coefficient of Friction (u)

The coefficient of friction across the connections can
have a significant effect on the response of precast wall
panels. There have been experimental tests carried out on
full and small scale models to estimate a value for the
coefficient of friction. These results show a wide range
between 0.2 and 1.81 as shown in Figure 2-26.

Gaston and Kriz (1964) investigated the shear strength
of the éonnections between precast pieces. Bonding between
the blocks was provided with a 1/2 inch layer of mortar and
rods for applying normal stress to the specimen were passed
through oversized holes. For these specimen, the minimum
and maximum values of coefficient of friction were 0.79 and
1.81 respectively.

Jones (1959) tested the shear strength of units which

were mortared together and post-tensioned. The maximum and
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minimum &alues of the coefficient of friction reported were
0.765 and 0.645 respectively.

Harris and Abboud (1981) carried out a series of 16
tests to study the cyclic shear behaviouf of the
connections. Normal load was applied to specimens in such a
manner to produce a compression and an overturning moment
about the mid length of the connections. The values of the
coefficient of friction were in the range of 0.72 to 1.52.

Hanson (1979) investigated the force-deformation
- characteristics of the interior horizontal wall-to-floor
joint subjected to repeated reversals of shear forces
applied along the joint, simulating seismic loading. Five
full scale joints of 1.22 meter and 0.609 meter sections
were tested. 1In each case, the formed surfaces of the end
of the wall at the joint were cast against plastic-coated
plywood to produce an extremely smooth surface for sliding
of the joint. The values of coefficient of friction

measured were between 0.2 and 0.4,

2.6 Summary

In this chapter, the results of experimental tests and
analyses carried out by other researchers on the parameters
affecting the response of precast wall panels and the
coupling beams were described. It was shown that the type
of reinforcing detail can have a significant effect on the
behaviour of coupling beams. Conventional longitudinal

reinforcement is most suitable for slender beams while full



diagonal reinforcing bars are most effective for deep
beams. - It was also shown that the presence of reinforcing
bars significantly affects the shear behaviour of the
connections. The range of the value of the coefficient of
friction reported from different test results varied

significantly.
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3. ANALYSIS AND MODELING OF WALLS

3.1 General

In this chapter, the finite element modeling techniques .
used for analysis of coupled wall structures are discussed.
Wall panels are modeled assuming linear-elastic behaviour.
Inelastic action is assumed to take place in the horizontal
connections and the coupling beams. Based on experimental
results discussed in the previous chapter, several models
are described which are incorporated into the computer
program DRAIN-2D. The modeling of coupling beams 1is
described and the procedure used for the compatibility of
beam elements with plane-stress panel elements is
discussed. The behaviour of deep coupling beams is reviewed

and a truss model for modeling of deep beams is described.

3.2 Previous Analyses

The behaviour of cast-in-place walls has been studied
extensively by several researchers. There are some well
known techniques in %ﬁich the elastic and/or inelastic
behaviour of monolithic walls can be modeled and’analysed.
~Simple cast-in-place walls can be modeled as simple vertical
cantilevers using simple bending theory for elastic analysis
with masses uniformly distributed or lumped at floor levels.

A large number of walls have at least one vertical row
of openings and the analyses of such structures is less

straightforward. The shear-connection method or the wide

56



57
column frame analysis are used for walls with a single row
or several rows of openings. In the shear connection
method, the row of openings can be effectively treated as a
continuous medium in pure shear as shown in Figure 3-1(b).

A second order differential equation is formed and solved to
give deflections, moments and shears. To use this method,
Coull and Choudhury (1967) have provided charts. This
method is simple to use for walls with a single row of
openings and constant properties with height. However, the
arithmetic becomes cumbersome with several rows of openings
and other variations.

In the wide-~column frame analysis, the structure can be
idealized as shown in Figure 3-1(c). This requires a frame
program in which the finite width of the column should be
considered. Spring supports can be used to model the
foundation effects and rotational springs can be used
between the rigid and the flexible parts of the.frame to
model the action of connecting beams which may not be fully
fixed at their ends.

Saatcioglu (1981) studied the inelastic behaviour of
earthquake resistant cast-in-place coupled walls. 1In his
study, he idealized the walls as line elements with
inelastic action allowed by the formation of plastic hinges
at the ends of line elements. The element idealization
consists of an inelastic beam with point hinges at each end
as shown_in Figure 3-2. For the earthquake analysis of

coupled wall specimens, Takayanagi et al. (1981) used a
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structural model which is shown in Figure 3-3. They divided
the wall members into subelements in order to consider the
inelastic action over the length of the wall. Finer
arrangement of subdivision was allowed in the lower part of
the structure since the major inelastic action is expectéd
to occur at the base of the wall.

The modeling techniques described so far applies to
monolithic structures such as cast-in-situ structural
walls. As mentioned in the previous chapter, the behaviour
of precast walls is different from cast-in-place walls and
therefore different modeling techniques are required.
However, if the connections are strong enough to resist the
forces associated with the formation of a plastic hinge at
the wall base, i.e. seismic behaviour similar to cast-in-
place walls, then it can be assumed that the structure
behaves monolithically and the modeling procedure similar to
those described above could be adopted.

Muller and Becker (1979) have used an extended version
of the shear connection method to obtain an explicit
expressidn for the fundamental period of precast simple and
composite shear walls. However, their analysis is based on
a strong horizontal connection and a weak vertical
connection. The frame model has been used by Pall and Marsh
(1979) for the nonlinear analysis of precast composite walls
confaining vertical connections only.

In the previous studies carried out by Pall and Marsh

(1979), Llorente and Becker (1981), Schricker and Powell
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(1980), Brankov and Sachanski (1977), Velkov et al. (1978),
and Velkov (1977) on static and dynamic analysis of precast
walls, it was assumed that wall panels remain linear-elastic
throughout the anaiysis. Simple walls in panelized
structures can be modeled as simple vertical cantilevers
described earlier. Connection regions can be modeled as
short flexible beams having axial, shear and rotational
stiffnesses. However the assumption of plane section after
joint opening is unrealistic and therefore such modeling
technique cannot be very accurate. The technique also
becomes more complicated when material inelasticities are
included in the analysis.

On the inelastic seismic analysis of large panel
buildings, Shricker and Powell (1980) have used a modified
beam element to model wall panels; this is shown in Figure
3-4(a). For the connections, they used axial and shear
springs which is shown in Figure 3-4(b). The modified beam
element assumes that the horizontal joint planes remain
flat. For cases in which joint opening occurs, gap opening
is progressive and the rigid plane assumption is no longer
valid. For this reason, they have also used a four node
rectangular plane stress finite element to model the wall
panels with several spring elements placed across the
connection.

The inelastic behaviour of precast concrete shear walls
has also been analytically studied by Llorente and Becker

(1981). They used finite elements to model the wall panels
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as well as the connections. For cases in which gap opening
occurs, their model takes into consideration the distributed
nature of the force transfer and allows for the gradual
opening and closing of the connections. This modeling
procedure has been used in the present study to model the

connections and will be further discussed in this chapter.

3.3 The Computer Program DRAIN-2D

DRAIN-2D is a general purpose computer program for
dynamic analysis of inelastic plane structures. The program
was developed by Kanaan and Powell (1975) at the University
of Berkeley, California. Modifications to the program were
carried out for the present study for inelastic seismic
analysis of precast shear walls. The program consists of a
number of "base" subroutines which read and print the
structure and loading data, carry out a variety of
bookkeeping operations, assemble the structure stiffness and
loading, and determine the displacement response of the
structure. The structure stiffness matrix is assembled from
the individual element stiffness matrices by direct
stiffness method. The program makes provisions for static
loads to be applied prior to dynamic loads, but no yielding
is allowed to take place under such conditions. Viscous
damping effects may be included, if desired. Damping
coefficients proportional to mass, initial elastic stiffness
and/or tangent stiffnesses can be specified. The damping

matrix is of the form
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[C] =a [M] + B K] (3-1)
where
[C] = damping matrix
[M] = diagonal mass matrix
[Kp] = tangent stiffness matrix
« and B = constants to be specified by the program.

The values « and B can be obtained from the following
‘equations when the first two modes of vibration are

considered.

j ii (3-2)

- 23 ) J (3-3)

>
1}

proportion of critical damping in the nth mode

=3
]

period of vibration in the nth mode.:

Because of change in the yield status of the structural
elements, the tangent stiffness matrix may change from one
step to the next. Hence, if stiffness dependent damping is
assumed; the damping matrix may also change suddenly between
time steps. This introduces an equilibrium unbalance at the
beginning of the new time step which may lead to the

accumulation of significant errors if not corrected. The
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computer program has the capability to minimize this problem
by applying a correction load during the next integration
time step.

The program uses the step by step technique with
constant average acceleration method (Newmark, B = 1/4)
during each time step for the dynamic analysis. This method
has the advantage of being stable for all periods and time
steps, and of not introducing damping into the system.
Appendix A shows the procedure for the solution of the
equations of dynamic equilibrium using this technique.
Greater accuracy can be obtained using small integration
time steps; however, for vibration modes with periods which
are short relative to the time step, the response will be
inaccurate with respect to time, but the amplitudes will be
of the correct order of magnitude. Selecting the optimum
time step for analysis in terms of accuracy and
computational efforts requires both experience and
experiment.

Several models which are described in this chapter have
been incorporated into the program. In the seismic analysis
and the seismic design of structural systems, time history
plots of response provide a better understanding of the
structural behaviour. A graphical option has been developed
which is a post processor that operates on analysis data
saved upon request. The program, originally developed by
Casey (1979), is capable of plotting the time history

response of nodal displacements as well as the element



internal forces.

3.4 Finite Element Modeling Adopted for the Present Study

3.4.1 Basic Assumptions

The basic assumptions made in modeling of precast wall

systems are as follows:

1.

Wall panels are assumed to remain linear-elastic
throughout the analysis. Inelastic action is assumed to
be concentrated in the horizontal connections and the
coupling beams.

Soil-structure interaction is not considered. Fully
fixed conditions are assumed at structural base.

The floor slabs are infinitely rigid in their own planes
and distribute the lateral forces on the structure
between different walls in proportion to their
stiffness. A study by Unemori (1978) on dynamic
behaviour of crosswall building systems has shown that
the rigid floor assumption is valid for buildings having
more than 10 stories. For shorter buildings, the lateral
distribution of wall forces is noticably different from
that predicted under the rigid floor assumption.

The degradation in the coefficient of friction is
ignored.

Shear-compression interaction across the horizontal

connections is ignored.
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3.4.2 Modeling of Wall Panels

In modeling of wall panels, it is assumed that the
panels remain linear elastic during a major earthquake. The
wall panels are idealized as four node rectangular plane
stress elements having eight degrees of. freedom (d.o.f.).
The finite element matrices can be obtained in an explicit
form, given by Gallager (1975). However, to make it more
general, the well known formulation of isoparametric
elements as discussed by Bathe and Wilson (1976), and Cook
(1974) are used. Isoparametric elements are formulated
using an intrinsic coordinate system £ n which is defined by
element geometry as shown in Figure 3-5 and not by element
orientation in the global coordinate system. Having
obtained the shape function and strain displacement

matrices, the element stiffness can be obtained from the

expression
(k) = [ [ [ (BT [c] [B] dvol (3-4)
vol
or
+1 +1 T
[K] = t { { [(B] " [C] [B] det [J] dE dn (3-5)
where

(B],[B]T = strain displacement matrix and its transpose

[C] = constitutive matrix
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t = panel thickness

[J] = Jacobian matrix
The integration of the above expression was obtained
approximately and numerically by Gauss Quadrature Procedure
using two Gauss integration points for each element.

The constitutive matrices for plain concrete and

reinforcing bars are as follow:

Ec 1 \ 0
[CC] = 5 0 (3-6)
1 - v 0 0 l-v
2
o Py 0 0 Py 0
C = E 0 = -
r s py nEc py 0 (3-7)

and the total constitutive relation for both concrete and

steel are:

r 2 "
E 1+(1-v )npx v 0
[c] = [c.}] + [c ] = —=F
c [ r] 1-v 2 v 1+(1-—v2)npy
1-v
(3-8)

elastic modulus of concrete

2]
"

elastic modulus of steel

m
]
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n = Poisson's ratio
PxrPy = reinforcement ratios in x and y directions,
respectively

n = modular ratio, ES/EC

To obtain accurate results, it is necessary to divide
each panel into several finite rectangular elements. This
will increase the computational effort to solve a problem if
the mesh size is small and/or if the structure is very tall
or very wide. The computational effort can be decreased
using static condensation or substructdring techniques.
However, the program DRAIN-2D at the present time does not

have this capability.

3.4.3 Modeling of Connections

The modeling procedure used for the present study for
the connection regions is similar to the model used by
Llorente and Becker (1981) for the inelastic analysis of
precast concrete simple walls. 1In this approach, interface
elements are used to model the horizontal connections which
allows for gradual opening and closing of the connections.
The shear behaviour of the connections is modeled using two
shear elements; one element is used to model the deformation
of the connection and a contact element is used to model the
shear slip behaviour along the connection panel interface as
shown in Figure 3-6. The deformed configuration of the

connection region under shear deformation and shear slip are



shown in Figures 3-7(a) and (b) respectively.

3.4.3.1 Formulation of Elemeht Maﬁrices

A tyical connection element with eight degrees of
freedom is shown in Figure 3-8. The displacement fiel

‘defined by interpolation function:

n
4T 121 *i %
n
v iil *i Vi
where
L a-n a-m
O S S
b, =% (1 + E)(1 + 1)
3° 2 n

(1 - &) (1 +n)

b |

¢y =

The axial strain is given by

(oY

\
€ =

<

d is

(3-9)

(3-10)

(3-11)

(3-12)

(3-13)

(3-14)

(3-15)

The shear strain consists of shear deformation and shear

slip. The shear strain corresponding to shear deformation
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is given by:

Shear stra

where

1

Ug

Therefore,

or

ou
d dv
Y4 = 3y + o (3-16)
in corresponding to shear slip is given by
Au
Yg = —HE (3-17)

increment in horizontal displacement field of the
entire connection region

increment in vertical displacement field of the
entire connection region

increment in horizontal displacement field within
the finite region of the connection

increment in horizontal displacement field along
the slip plane

connection height.

the total shear strain is given by:

aud v s
Y =Ygt Ys T3y tax TR (3-18)
T T
d S 1 1
y o= =2 s 2= (2 4 =) (3-19)
Gy = Gg Gy  Gg

73



where

Gg

Cs

tangent shear modulus of the slip surface

It should be mentioned that shear stress is assumed to
remain constant over the height of the connection, i.e
Td=‘l7.

The strain increment is given by

{e} = { Y] = (Bl{w
Xy
T
where {ut” = {u; v, u, v, u3 vy u, u,}
and
0 —(1-§) 0 —(1+4&) O (1l+E) O
(B] = 3p h h
-1-g) -2 -y 2oas P oa-n

The element stiffness matrix can be obtained from the

expression:

(3-20)

tangent shear modulus of the connection material

. Ts

(3-21)

(3-22)
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(K] = £/ [BIT [C] [B] dA (3-24)
8x8 A

and the restoring nodal forces are given by:

(R} =t J (BT {s) aa (3-25)
A
where
E 0
[ =10 o
E = axial tangent modulus per unit thickness of the
connection
G = shear tangent modulus per unit thickness of the

connection

(B],[B]T = matrix relating assumed displacement field

parameters to nodal displacement and its

transpose

t = connection thickness
L = connection length

o
{s}y =1Y

T

Xy
{R} = vector of unbalanced forces

The element stiffness matrix can be obtained in an explicit

form using Equation 3-24.
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2a1 -y —2a1 't -y ao
[K] =t 26"'(13 a2 —ZB“‘a3 a2 _B"a3
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2B+ag ao B—a3
symmetric 20q )
(3-26)
where
1 L
1% C%n
1
a2 = ’Z G
=1.h
“3 =761
1 L
P =% En

The unbalanced forces can be obtained using equation 3-25 as

follows.

v (ot d) v (o -1 D) (3-27)

It was mentioned earlier that the computer program DRAIN-2D
has the capability to eliminate the equilibrium unbalance

and this is done using the above relationship.

aQ
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3.4.3.2 Connection Models Incorporated into the Computer

Program DRAIN-2D

3.4.3.2.1 Linear Elastic Model

In the linear elastic model, it is assumed that the
material under both compressive and tensile normal stresses
remain linear elastic throughout the analysis; shear
stresses are also assumed to remain linear elastic as shown
in Figure 3-9. The assumption of linear elastic behaviour
in the design and modeling of the connections is of little
significance. However, such assumptions can be reasonable
for structures which have short periodé in which inelastic‘
energy dissipation is of little benefit. The linear elastic
assumption is also valid for regions of low to moderate
earthquakes where seismic forces are low compared with. the
forces the structure has been designed for considefing other
effects. To investigate the distribution of forces and the
reduced force levels in the structure due to ductility and
energy dissipation by the inelastic action of the
connections, the linear elastic model can be useful as a

comparison with inelastic models.

3.4.3.2.2 Zero-Tension Model

It was mentioned in the previous chapter that due to
the effects of creep and shrinkage, horizontal connections
are considered as precracked planes. For this reason, the
material model under consideration is asumed to have

specified strength and stiffness under compression and zero
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strength and stiffness under tension as shown in Figure 3-
10. The shear behaviour is assumed linear-elastic
throughout the analysis. However, when the connection
material is under tension, the shear strength and stiffness

is assumed to be zero.

3.4.3.2.3 Concrete Stress-Strain Model

The concrete stress-strain model described in the
previous chapter and developed by Darwin and Pecknold (1974)
is adopted here with some modifications. The concrete model
selected is shown in Figure 3-11. Modifications which are
made to ﬁhe model include the initial compression loading
part which is divided into two linear segments with slopes
of E; and E,. This is done mainly to reduce the amount of
computation effort and reduce the cost of analysis. Figure
3-11(a) shows the parameters involved in obtaining the
initial bilinear part of the diagram. The tangent modulus
and the compressive stress at any given time t is as

follows:

For 0 < ts € 0.425 ¢

C
t t 1 1
o =E, ¢ (1 B + 2) (3-28)
2 Y E
S
1 1
E, = E, ( £t 5) (3-29)
1,0
2 T E
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For 0.4ZSEC < te < €

c
¢ 0o 0.425€cE1 te
o = 0g - 0.575 (1 - E;) (3-30)
e o O ~ 0.425€cE1 7 (3-31)
2 0.575¢
c
where
tc = stress at time t
te = compressive strain at time t
€c = compressive strain at maximum stress level
Eo = jinitial tangent modulus
Eg = secant modulus, oc/ec

The unloading and reloading model chosen for this study is
shown in Figure 3-11(b). Unloading is assumed to take place
with a slope equal to initial slope Eg until the material
undergoes tension in which the concrete stiffness is lost
"completely. Reloading is assumed to take place on the same
path as the unloading. This is a simple approximation which
avoids additional computational effort.

The tangent modulus of the descending part of the
stress-strain diagram is negative and this may cause
numerical problems. To avoid this, the following technique
is used. When the compressive strain exceed the max imum
compressive strain, €., at a particular time step, yielding
is assumed to have occurred. The tangent modulus is assumed

to be zero for the next time step. 1In this case, an
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unloading of oyp occurs which is the unbalanced stress as
shown in Figure 3-11(a). The unbalanced stress is
redistributed in the next time step. The above procedure is
repeated until concrete reaches its ultimate strain e, and
then érushing of concrete occurs. An alternative option is
also available to avoid numerical problems as shown in
Figure 3-11(b). 1In this case, when the concrete compressive

strain exceeds ¢ the tangent stiffness modulus is assumed

cl
to follow the slope E,, and the unbalanced stresses are

calculated at every time step.

3.4.3.2.4 Steel Stress-Strain Model

A simple bilinear model is used for steel reinforcement
in this study. The model is elasto-perfectly plastic and
does not consider strain hardening as shown in Figure
3-12. In this model, the amount of steel is spread over the
element area. The initial slope is equal to pE where p is
area of steel bars divided by the gross area of concrete and
Eg; is the elastic modulus of steel. When the maximum strain
in steel bars exceed the yield strain, the slope is zero and
the maximum stress in steel is equivalant to pfy where fy is
the yield stress in steel.

It should be noted that the existing truss model in the
computer program DRAIN-2D can also be used to represent the
reinforcing bars. However, the above model is much simpler
to use since three variables of p, ES and fy represent the

input parameters.
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3.4.3.2.5 Post-tensioning Steel Model

The existing truss model in the computer program
DRAIN-2D is used to model the post-tensioning bars. The
post-tensioning bars are assumed to be uﬁgroﬁted and extend
their full length from the foundation up to the roof level
with no intermediate connection to the wall. It is also
assumed that these bars do not reach the yield level,
therefore post-tensioning bars are modeled with linear

elastic properties.

3.4.3.2.6 Shear-Slip Model

The results of the experimental studies described in
the previous chapter show that if a horizontal connection
has no reinforcing or it has very little reinforcing, the
shear transfer is by Coulomb friction. These tests show
that for constant normal compressive stresses, the
hysteresis loops for shear-slip relationship is of elasto-
plastic type.

Figure 3-13 shows the shear slip model selected for the
present study. Figure 3-13(a) shows the behaviour for the
case when normal stresses remain constant throughout the
analysis. The model is essentially composed of two
components, elastic component and plastic component. The
elastic part is associated with shear deformation of the
connection with a slope of Gy. The plastic part is

associated with slip along the connection panel interface.
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It is assumed that when shear stresses reach uo, where p is
the coefficient of friction and ¢ is the normal compressive
stress, slip will occur. It is assumed that the value of
coefficient of friction remains constant throughout the
analysis. The degradation of the coefficient of friction is
not considered here. Unloading is assumed to take place
parallel to the initial slope until shear stresses reach po
in the reverse direction in which slip will begin. |

For any step in the step by step analysis, the amount
of shear defofmation or shear slip and the accumulated slip,
if any is calculated.

Up to now, there are no test results available on the
shear behaviour of the connections with varying normal
stresses. However, due to the effects of overturning and
the vertical component of acceleration, normal stresses do
not remain constant during an earthquake. Also for
situations when gap opening occurs, normal stresses drop to
zero at the gap since concrete has zero strength under
tension and shear resistance is lost. When normal stresses
vary throughout the analysis, the shear slip behavour is
assumed to be similar to Figure 3-13(b). The amount of slip
and deformations are also calculated at every time step in
the analysis. When normal stresses vary from one step in
.the analysis (ucl at time t) to the next step (po, at time t
+ At) and shear stresses are greater than both koy and Py
it is assumed that the shear stiffness is unchanged.

However, there is an equilibrium unbalance equal to (poy -



poz) at the end of the time step. The unbalanced force is
calculated and applied in the following step to restore

equilibrium.

3.4.3.2.7 Shear-Friction Model

The behaviour of horizontal connections containing mild
reinforcing bars was discussed in the previous chapter.

Test results show that these connections exhibit shear-
friction type behaviour with pinched hysteresis loops for
each cycle. Different test results show different types of
behaviour in terms of the shape of the hysteresis.loops.
After each cycle of loading, the shape of the hysteresis
loops also changes. For this reason, it is very difficult
to select a model which represents the actual behaviour of
the connections.

The shear-friction model selected for the present study
under constant normal stresses is shown in Figure 3-14(a).
It is assumed that the contribution of reinforcing bars is
minor until the level of shear stresses reach po. Up to the
level of po, the deformation of the connections is governed
by shear modulus of concrete. When shear stresses exceed
the value po, reinforcing bars provide some resistance
against slip and the shear stiffness is governed by Gg. The
value of Gg obtained from the test results and discussed in
the previous chapter is about 10% of Gj.

Unloading is assumed to take place parallel to the

initial slope until shear stresses reach po in the reverse
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(a) Constant Normal Stresses

4:>"l

(b) Varying Normal Stresses

Figure 3-14

Shear-Friction Model
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direction. In this situation, reinforcement provides no
clamping action and the shear resistance of the connection
is reduced considerably. At some point along the hysteresis
loop, the reinforcement develops tension force and provides
clamping action. The point at which tension develops in the
reinforcement is controlled by a parameter r. The value for
this parameter obtained from test results is about 0.15.

The rest of the hysteresis loops are modeled in the same
fashion as described above. The effect of the amount of
reinforcement is not considered in the selécted model., Test
results by Harris and Abboud (1981) have shown that the
amount of reinforcement across the shear plane of the
connections does not have a significant effect on the
response.

The behaviour of the connections under varying nofmal
stresses is assumed to be similar to Figure 3-14(b). When
gap opening occurs, normal stresses drop to zero and shear

resistance is mainly controlled by reinforcing bars.

3.4.4 Coupling Beam Models

It was mentioned in the previous chaptef that the
behaviour of coupling beams is dependent on the depth/span
ratio. For this reason, different modeling techniques have
been used for slender coupling beams and deep coupling
beams. Beams with small depth/span ratio are classified as
slender beams and those with large depth/span ratio are

classified as deep beams. The modeling techniques for the
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two cases are discussed separately.

3.4.4.1 Slender Coupling Beams

The slender coupling beams have been idealized as beam
elements. The existing reinforced concrete beam element in
the computer program DRAIN-2D is used to model the slender
coupling beams. The model exhibits degrading flexural
stiffness properties when beams are subjected to cyclic
loads. It is assumed that yielding takes place only in
concentrated plastic hinges at element ends. Strain
hardening and degrading flexural stiffness are approximated
assuming that the element consists of a linear elastic beam
element with nonlinear rotational springs at each end as
shown in Figure 3-15(a). The element deformations are
considered as the sum of the elastic component and the
plastic component as shown in Figure 3-15(b) and (c)
respectively. The moment rotation relationship for each
hinge is the extended version of Takeda's model (1970) which
has the behaviour as shown in Figure 3-16. The extension to
the Takeda model includes a reduction in unloading stiffness
and a variable reloading stiffness.

In the inelastic range, chord rotations are calculated
as the sum of the elastic beam rotation and plastic hinge

rotations as follows:

A® £6.% + ne b (3-32)
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Inelastic Rotational Spring

Elastic Beam

(@) Element Idealization

(b) Elastic

A/ieﬂ 8.~

aal 9"8}/{‘&

{c) Plastic

Figure 3-15 Beam Element Idealization and Deformation

MOMENT, M

ROTATION, R

Figure 3-16 VHinge Moment-Rotation Relationship for
Takeda Model
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AGB = AGB + AGB (3-33)
where
AeAe,AeBe = increments of chord rotations due to
bending of elastic beam at ends A and B
respectively
AGAP,AGBP = jncrements of hinge rotations at ends A and

B respectively.

In order to prevent rotation of hinges in the elastic

range, the spring stiffness should be assigned a very large

initial value so that each hinge is essentially rigid up
yield. The computer program DRAIN-2D is also capable of
providing automatic generation of the spring properties.
The incremental moment-rotation relationship for elastic

plastic components are given by:

e L L_
A% _| 3EI ~ 6EI AMp (3-
e L L
A0y - BEI 3EI MMy
1
P 0 AM
AOA ) aAKs A
p 1
A8y 0 T K AMg

where

L = length of beam

(3~

to

and

34)

35)
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EI = flexural stiffness of beam
Uprapg = ratios of the slope of the post-yield branch to
the slope of the bilinear moment-rotation
curves at member ends A and B respectively

K = spring stiffness

It should be mentioned that the ratio of the second slope to
the first slope of the moment-chord rotation relationship of
a member in the computer program DRAIN-2D is computed on the
basis of linearly varying moment distribution with zero
magnitude at one end. However the coupling beams have a
linear moment distribution with double curvature and for
this reason the value of a should be modified and the
corrected value of a must be specified as an input into the
program. The procedure to calculate the correct value of «a

has been described in detail by Saatcioglu (1981).

3.4.4.2 Plane-Stress to Line Element Compatibility

The reinforced concrete beam element in the computer
program DRAIN-2D has been used for the analysis of slender
coupling beams in the coupled wall structures.
Incompatibility arises due to the existance of the
rotational d.o.f. of beam elements when they are connected
to the corresponding rectangular plane-stress wall panel
elements as shown in Figure 3-17.

There are several ways in which this problem can be .

solved. Some of these are explained by Cook (1974), Macleod



93

IUSWSTI SUTT YITM JUsWSTI SSOI3S-9URTd JO AITTTqriedwoDp [T-¢ o2Inbig

uoybinbijuo) pawiojag (9)

sjuewa|l bHuyosuuo) (D)

> . - y -
juewa|3 ssasS duUDjd ——— 9
- - 'n * «
|
Yn g v _&n b
- e e n
m:‘.l + -2 ||ﬂ | - | * .
«m> B Nm/ @N> juswa|g sur mf. « , b,



94
(1969), and Spira and Sokal (1970). For the present study,
the conﬁecting beam elements are idealized as 1line
elements. The rotational d.o.f. of coupling beams are
replaced by the translational d.o.f. of the corresponding
plane-stress elements as shown in Figure 3-17(b) using the

following relationships:

v, -V
1 2 .
6. = — 4 (3-36)

A LL

v, -V

o, = oo (3-37)

R

where
6 _,8_ = rotations at ends A and B respectively

Vir see Vg = translational d.o.f.
Ly, Lgp = length of plane-stress elements for left

panels and right panels respectively

From the above relationships, the following transformation

matrix can be constructed

ul Vi V2 u3z V3 Vy

1.0 0 0o o o o0 ]
0 1.0 0 0 0 0
(t] = 1| o %— Lo 0 o (3-28)
L L
0 o 0 1 o0 0
0 0O 0 o0 1 0
0 o o o 1 1
L L
L R R
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The element stiffness matrix for the compatible line element

can be obtained from the expression:

T
I [K] [T] -
[Klp = (6x6) (6x6) (6%6) (3-29)

where

(T1T

transpose of [T]

[K] = element stiffness matrix corresponding to
translational and rotational d.o.f. i

[(K]lp = element stiffness matrix corresponding to

translational d.o.f.

To obtain the element deformation and forces, the
translational d.o.f. are transformed into rotational d.o.f.
at the element level.

When yielding begins in the coupling beams and hinges
start to rotate, the above formulations are still
applicable. However, the stiffness matrix [Klqo is
different. Figure 3-18 shows the way in which the
compatibility of piane—stress element and line element is
maintained after the formation of plastic hinges at beam
ends.

If there is a change in stiffness at any time step,
equilibrium unbalance arises and the unbalanced nodal forces
must be calculated and applied in the next time step. To

maintain full compatibility between the line-elements and
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plane-stress elements, the unbalanced moments in the
coupling beams must be expressed in terms of the
translational forces. The unbalanced forces at ends of the

coupling beams are calculated as follows.

(M )
_ Wyp’a _
Fg(vy) = — b (3-30)
L
(M, 5)
_ WMyp’a _
FuB(V2) = —g (3-31)
L
- (M 5)
_ uB’B _
Fa(vy) = —po— (3-32)
R
- (M)
_ uB’B _
FuB(V4) = —t (3-33)
R
where
FuB(vl) cees FuB(v4) = unbalanced forces
corresponding to translational d.o.f. vy ...
V4
(MuB)A’ (MuB)B = unbalanced moments at ends A and B

respectively

3.4.4.3 Deep Coupling Beams

It was shown in the previous chapter that deep coupling
beams with diagonal reinforcing bars improve the strength
and the ductility of coupling beams considerably.
Experimental results have shown that when these beams are
subjected to cyclic loading, the steel bars make an

insignificant contribution initially and the diagonal



compression is mainly carried by concrete. When the
diagonal reinforcing bars enter the yield range, large
cracks form and remain open until the load is reversed. As
the load is reversed, the bars are subjected to large
compreséive stresses and perhaps yield before the previously
formed cracks close., As suggested by Paulay (1977), it is
reasonable to assume that at the development of yield
strength, the cracked concrete along the diagonal bars do
not make a significant contribution to resist the shear.
The behaviour of the beams is then governed by thé diagonal
bars which are expected to be equally effective in both
tension and compression. The load versus deflection
relationship shown in Figure 2-15(b) in the previous chapter
indicates that the behaviour of such beams is of elasto-
plastic type and is similar to the behaviour of steel
members,

The design of diagonally reinforced coupling beams can
be based on the statically determinate model shown in Figure

3-19, At the development of yield strength,

T =C =Af (3-34)
u u s’y
V =2 T sin a . (3-35)
u u
v
A = 4 (3-36)

s 2 f sin «a
Y

The resisting moment at the supports of the beam:
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M, =V, 5 =T, 2 sina (3-37)
or

Mu = (h - 24"') Tu cos « (3-38)
where

Tyr Cy = maximum tensile and compressive forces

'respectively
Ag = cross sectional area of diagonal
reinforcement

£y = yield stress of diagonal reinforcement

Vi = maximum shear force

« = angle between diagonal bar and horizontal

R = total length of the coupling beam

da’ = distance from extreme concrete fibre to

centroid of reinforcement at beam ends.

3.4.4.4 Truss Model

The hysteresis loops described earlier show that deep
coupling beams have the characteristics of a steel member.
The inelastic truss element in the computer program DRAIN-2D
is used to model deep coupling beams. The truss element
considers two alternative modes of inelastic behaviour
either by yielding in both tension and compression as shown
in Figure 3-20(a) or by yielding in tension and elastic
buckling in compression as shown in Figure 3-20(b).

In this study, it is assumed that the inelastic

behavior of coupling beams is governed by yielding of
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reinforcing bars in tension or compression. More details on
the characteristics of elements are explained in the program

manual of DRAIN-2D.

3.5 Summary

The finite element technique used for modeling precast
wall systems was discussed in this chapter. Several
hysteretic models which are incorporated into the computer
program DRAIN-2D were discussed. The models considered
include wall panels, the material behaviour of the
connections, vertical continuity across the connections, and
coupling beams. The effect of these models on the response

of precast walls will be examined in the following chapter.



4, EFFECT OF MODELING FEATURES ON STATIC

AND DYNAMIC RESPONSE

4,1 General

The purpose of this chapter is to investigate the
effect of individual models on the response of precast wall
systems. The accuracy of modeling techniques and their
computer implementation are verified. The effects of some
of the parameters that may affect the response of precast
walls are also studied. Some of the analytical results
described in this chapter are compared with reported

analytical or experimental test results.

4.2 Static and Dynamic Response of Wall Panels

As discussed in Chapter 3, wall panels are modeled
using linear elastic plane stress elements. Static analyis
was carried out on structures consisting of plane stress
elements. Several structural models with a minimum of four
nodes, up to a maximum of 66 nodes with varying mesh sizes
were analysed and compared with results obtained using
SAPIV, a general purpose computer program for linear elastic
static and dynamic analysis developed by Bathe et al.
(1973). . The results showed good agreement. The response of
two of the selected models with their properties are shown
in Figure 4-1.

Dynamic analyses were carried out on structural models

similar to those described above. Figure 4-2 shows a
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*P P

13 14 Properties:
P = 60
: E = 30,000
I 12 v = 0.3
thickness = 1.0
9 0 . .
Vertical Displacement at
Node 14
O
Q7 8 DRAIN-2D SAPIV
-0.012 -0.012
5 6
3 4
Y | 2
/7 60 /4
(@) 14 Nodes
: . P=40
6 66
N
N
O N
Q0
N
|
N\ o 6l
480
Vertical Displacement
at Node 66
DRAIN-~-2D SAPIV
(b) 66 Nodes -0.153 -0.158

Figure 4-1 Description of Structural Model Selected
for Static Analysis
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Py v —9 Properties

® mass = 17.0

e vertical load = 7000

E 300,000

v = 0.3

thickness = 20.0

480

/] /A : /,
Ground Acceleration
H

2 A
15
o
©
o
[+}]
(&}
&’ |
o.le
0 .
0I5} [0.I8 Time(sec.)
=10

Figure 4-2 Description of Structural Model Selected
for Linear-Elastic Dynamic Analysis
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selected model and its properties used for linear elastic
dynamic analysis. A trapezoidal acceleration pulse was
applied at the base of the structure. Loads and masses were
applied at roof level as shown in the same figure. Similar
analysis was also carried out using the computer program
SAPIV. The displacement time history response at roof level
is plotted and shown in Figure 4-3. The results show good
agreement in terms of peak displacements. However, the
period of vibrations are slightly out of phase which can be

attributed to the different step-by-step integration

. procedure used by the two programs.

4,3 Linear Elastic Response of Horizontal Connections

A 15-story building model was chosen to study the
‘response of walls with horizontal connections in the linear
elastic range. The structure which has a horizontal
connection at its base only was analysed by Llorente and
Becker (1981) in their study of the response of simple
walls. Details and the properties of the wall panels and
the connection are shown in Figure 4-4., The entire mass of
the wall as well as dead loads are concentrated at roof
level. A triangular pulse of 0.2 seconds duration with a
peak acceleration of 23% of gravity was applied at the base
of the wall. The structure was analysed using the computer
programs SAPIV and DRAIN-2D. The time history response at
roof level is plotted and shown in Figure 4-5(a). The

results show good agreement.
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—e 47, —————19 Properties:

Wall panel:

E = 25,000 MPa
v 0.2

Connection:

= 17,600 MPa

E
Gd = 7,330 MPa

Masses:

* 31,000 kg
® 62,000 kg

Dead Loads:

26.505m

s 304 kN
e 608 kN

Panel thickness = 200 mm

I5@1.767

<«}—— Wall Panel
—— Connection
7

I

-

'0.234m

—
N\
N
AN
N
N

A /4
10.22 m

o
N
O

Acceleration xg

0.2 Time(sec.)

Figure 4-4 Description of 15-Story Building Model
Used for Dynamic Analysis
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The structure was reanalysed with the connection
elements chosen to be of the same type as wall panel
elements. The displacement time history response shown in

Figure 4-5(b) shows excellent agreement.

4.4 Inelastic Response of Horizontal Connections

4.4.1 Static Response Due to Overturning

It was mentioned in the previous chapter that due to
the effects of creep and shrinkage, horizontal connections
are recognized as precracked planes. For this reason, the
connection material under compression is assumed to have
finite strength and stiffness, while under tension the
connection is assumed to have zero strength and stiffness.

Overturning response is associated with continuing
opening and closing of horizontal connections in which plane
sections after opening no longer remain plane. The 15 story
building model described in the previous section was used ﬁo
investigate the overturning response of the horizontal
connection. It was assumed that opening occurs only at the
ground floor connection. This assumption was made to
isolate gap opening to one level and thus simplify the
interpretation of results.

The computer program DRAIN-2D does not allow yielding
in the structure under static conditions. For this reason,
the static response due to overturning was carried out by
step-by-step load increment as follows. The wall was

subjected to a point load at the top which was increased by
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a small amount during each increment unfil tensile stresses
developed in the first element in the horizontal
connection. Zero stiffness was assigned to the first
element and the load was increased until tension developed
in the second element. Zero stiffness was assigned to the
second element and similar procedure to thosé described
above was repeated. The point load at roof level was
increased up to a maximum of 580 kN. Using the above
procedure, the load versus deflection curve was
constructed. These results are compared with those obtained
by Liorente and Becker (1981) as shown in Figure 4-6. The
results show good agreement.

Previous analyses carried out by Schricker and Powell
(1980) and Llorente and Becker (1981) on the response of
simple walls have shown that overturning response reduces
the force levels in the structure compared to the
corresponding elastic response. However, the lateral
deflection of the wall associated with overturning may be
lower or higher than its elastic response. This will depend
on the rigid body displacement caused by overturning and the
relative contribution between wall panel deformation

associated with lower moments.

4.4.2 Dynamic Response Due to Overturning

4.4.2.1 Effect of Zero-Tension Model and Reinforcing on

Overturning Response

The 15 story building model described in Section 4.3
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was used to study the dynamic response due to overturning.

The wall was subjected to a triangular pulse of two seconds
duration and a peak ground acceleration of 23% of gravity.
Three different types of material models were considered for

" the connections; linear elastic model, zero-tension material
model and zero-tension material model with mild—reinforcing
bars for vertical continuity. The reinforcing bars were
assumed to have elasto-plastic stress-strain curve as |
discussed in the previous chapter. The properties of the

reinforcing bars are as follows.

Eg = 204000 MPa
Fy = 297 MPa
p = 0.15%

The displacement time history response at roof level
for the three cases mentioned above are plotted and shown in
Figure 4.7(a). These results show an elongation in periods
in the inelastic cases compared to the elastic case. The
elongation in period which is associated with softening in
the connections is higher for the case with no reinforcing
bar for vertical continuity than the other cases.

The displacement-time history response discussed above
was compared with those obtained by Llorente and Becker
(1981) as shown in Figure 4-7(b). These results indicate
similar trend .in their behaviour, however, there are small
differences in peak displacements and the periods of
vibration. The differences are attributed mainly to the

different step-by-step integration schemes. The computer
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Figure 4-7 Time History of 15-Story Building
Model due to Overturning



114
program DRAIN-2D uses the constant average acceleration
method while Llorente and Becker use the central difference
method for step-by-step integration.

The overturning response of the walls was further
investigated using a 5 story building model shown in Figure
4-8. The properties and dimensions of wall panels and the
connection are shown in the same figure. A triangular pulse
with peak acceleration of 3.5 times gravity was applied at
the base of the structure. Two cases were considered for
the connections: a zero-tension material model with no
vertical continuity and a zero-tension material model with
mild reinforcing bars for vertical continuity. The
displacement-time history responses are plotted and shown in
Figure 4-9(a). These results indicate that the addition of
a small amount of reinforcement equal to 0.25% of the gross
cross-sectional area of the wall can significantly affect

the response.

4.4.2.2 Effect of Multi-linear Concrete Model on Response

The.5 story building model described in the previous
section and shown in Figure 4-8 was used to study the effect
of the multi-linear concrete model on response of the
structure. As mentioned in the previous section, a high
level of acceleration was applied at the base of the
structure; this was done mainly to increase the maximum
strain in the connection beyond the concrete capacity and

examine the response of the structure when the concrete is
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Properties:

Wall panel:

E
v

25,000 MPa
0.2

Connection:

E 13,000 MPa

G 7000 MPa

f' = 15 MPa
c

v

0.0
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—
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I\

]

Ground Acceleration Roof = 48930 kg
> Floor = 73394 kg

Panel thickness = 200 mm

0.6 0.9 >
0.3 Time (sec.)

Acceleration xg

Figure 4-8 Description of 5-Story Building Model
Studied for Overturning
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on the descending branch on the stress—-strain diagram.

The displacement-time history response at roof level is
plotted and compared with the response of the structure with
the zero-tension material model for the connections as shown
in Figure 4-9(b). Results show that the displacements are
initially lower for the structure when multi-linear stress-
strain models are used. This is mainly due to the different
unloading stiffnesses assigned to the two different
models. 1In the zero tension model, unloading is assumed to
take place on a slope E; as shown in Figure 4-10(a). 1In the
multi-linear concrete model, the unloading stiffnesss is Eq
which is effectively higher than the slope E; as shown in
‘Figure 4-10(b).

When the strain in concrete exceeds its capacity at
maximim stress level, the stiffness is lost in the
connection, and hence large displacements occur as shown in
Figure 4-9(b). The stress—-strain response of concrete in
the connection region was followed throughout the analysis

as illustrated in Figure 4-10(b).

4.4.3 Dynamic Response Due to Shear

4.4.3.1 Response Due to Shear-Slip

bThe transfer of shear forces across the horizontal
connection due to the presence of gravity loads and post-
tensioning (if any) is by Coulomb friction. The resultant
of these loads and the magnitude of the coefficient of

friction determine if slip has occurred.
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To study the shear slip behaviour across the
connections and verify the shear slip model, the six-story
building model analysed by Llorente and Becker (1981) was
selected. The structural dimensions and its properties are
shown in Figure 4-11. The structure was subjected to a
rectangular pulse at its base and was allowed to slip at the
connection level at the base of the wall. The displacement-
time history response at roof level is plotted and shown in
Figure 4-12, These results are compared with those obtained
by Llorente and Becker. The two cases show close agreement
up to 0.2 seconds. Disagreement in response is evident
beyond 0.2 seconds. The discrepancies may be due to causes
such as the sensitivity of the shear slip model, the
integration time step, step-by-step integration techniques
or other effects. The value of the integration time step
used by Llorente and Becker is not known. The effect of
integration-time step on the response is investigated in
this study and is described later in this chapter.

The sensitivity of the shear slip model to different
values of strain hardening slope is investigated in this
study. The selected values of the strain-hardening slope
are 0.2% and 3.0% of its elastic slope. The displacement-
time history response of the six-story building model
corresponding to different ratios of strain hardening are
plotted and compared with the case with zero strain
hardening as shown in Figure 4-13. These results show that

a small amount of strain hardening can significantly reduce
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Figure 4-11 Description of the 6-Story Building Model
Studied for Shear Transfer
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the maximum displacement. It is very difficult to select
the exact value of strain hardening from the reported test
results. It is believed that the strain hardening varies
with the number of slip cycles and any degradation that may
occur across the connections.

To investigate the energy disipation capacity of
horizontal connections due to the variation in strain
hardening in the shear slip model, the hysteresis loops were
examined. Figures 4-14(a) and (b) show the hysteretic
response corresponding to zerc strain hardening and strain
hardening of 1% strain hardening of elastic slope
respectively. The shape of the hysteresis loops clearly
demonstrates the reasons for variation in the structural
response due to variation in strain hardening.

To study the effect of the magnitude of the strain
hardening on the response, the same structure described
above was analysed with strain hardening ratios of 0.2%,
1.0% and 3.0% of the elastic slope. The displacement time
history response is shown in Figure 4-15. Analytical
results indicate that for the type of structure considered,
the values of strain hardening below 1% of the elastic slope
do not have a significant effect on maximum response.

. However, for zéro strain hardening, large displacements
occur. For strain hardening higher than 0.2% of the elastic
slope, the maximum displacements are reduced significantly.

The above analyses were carried out on the assumption

that normal stresses remain constant throughout the
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analyses. The normal stress across the connection was
- gselected to be the stress corresponding to static loads
prior to dynamic loads. However, due to the effects of
overturning and vertical component of acceleration, normal
stresses do not remain constant throughout the analysis.
For this reason, further analysis was carried out on the six
story building model to study the effect 6f variation of
normal stresses across the connection. The strain hardening
was assumed to be 1% of the elastic slope. Figure 4-16
compares the displacement time history response at roof
level for constant normal stresses and variable normal
stresses across the connection. Results show small

variation in response due to variation in normal stresses.

4.4.3.2 Response Due to Shear-Friction

It was discussed in Chapter 2 that the behaviour of
horizontal connections is controlled by shear friction
mechanism when mild reinforcing bars are placed
perpendicular to the plane of the connections.

The six story building model described in the previous
section was selected to study the response of the wall due
to shear friction mechanism. The properties of reinforcing
bars and the parameters corresponding to the shear friction
model selected for this purpose are shown in Figure 4-17.
Results of dynamic analysis indicate that the response of
the wall is considerably improved when mild reinforcing bars

are provided across the horizontal connections. Figure 4-18
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compares the displacement time history response at roof
level for both the reinforced and unreinforced connection.
The amount of strain hardening for the shear slip model was
assumed to be 0.2% of the elastic slope. These results show
that due to the presence of reinforcement across the
connection, the maximum displacements are reduced by at
least 50% of those obtained from the unreinforced
connection.

The above analysis was carried out assuming constant
normal stresses across the connection. Results of dynamic
analysis showed that the effect of variation in normal
stress across the connection was not significant as was also

the case with the shear slip model.

4.5 Effect of Integration Time Step

Selection of integration time step is of primary
concern in dynamic analysis. The integration time step
should be as small as possible to ensure accurate results,
but at the same time the computational cost should also be
considered. Inaccuracies usually result if the integration
time steps are large compared to the periods of the
vibrational modes of the structure. 1In order to verify the
accuracy of the results described so far with respect to
integration time step, some of the structural models
described earlier were reanalyzed with varying integration
time steps.

To investigate the effect of integration time step in
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the linear elastic range, the structural model described in
Figure 4-2 was selected. The displacement time history at
roof level for three different time steps are plotted and
shown in Figure 4-19. These results show variation in peak
displacement and period of vibration due to the variation in
integration time steps.

The 15—st§ry building model described in Figure 4-4 was
selected to'study the effect of integration time step on gap
opening. The range of integration time steps considered
were between 0.002 seconds to 0.01 seconds. The
displacement time history response shown in Figure 4-20
indicate that the integration time step do not have a
significant effect on the response for the range of values
considered. It should be noted that the above analyses were
carried out based on the amount of axial reinforcement equal
to 0.25% of the gross concrete area provided for vertical
continuity across the connection.

The sensitivity of the shear slip model due to the
variation in the integration time step was studied using the
six-story building model described in Figure 4-11. The
range of values considered for the integration time step
were between 0.0001 seconds to 0.02 seconds. Resulﬁs of
dynamic analysis shown in Figures 4-21(a) and (b) indicate
that the response is not significantly affected for the
integration time steps below 0.01 seconds and excellent
agreement can be observed for time steps below 0.005

seconds. For values higher than 0.01 seconds, the response
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is very sensitive to the selected time step. The above
analyses were made assuming zero strain hardening for the
. shear slip model.

It should be noted that the discussion made regarding
the integration time step is valid for the type of model and
the type of structure considered for the analysis and cannot
be generalized to other models or other structural types.
The integration time step is greatly dependent on the
numerical integration procedure and the vibrational period
of the structure. Selection of a proper value for the
integration time step requires both experience and
‘experiment to ensure accurate results and reduce the

computational cost as much as possible.

4.6 Compatibility of Plane Stress Element with Beam Element

To verify the compatibility of wall panel element with
coupling beam element, a comparison was made between the
results of a dynamic test on a building model and an
analysis of the same structure. A 10 story small scale
coupled wall structure of monolithic construction was tested
by Aristizabal-Ochoa (1977) at the University of Illinois on
an earthquake simulator. The properties of the test
specimen and the experimental data are described by
Saatcioglu (1981). Structural properties used in the
analysis are listed in Table 4-1. The overall dimensions of
the test specimen are illustrated in Figure 4-22(a). Cross

sectional dimensions of walls and beams were 1.0 x 7.0 inch



Table 4-1 Properties of Test Specimen Used in the Analysis

Fundamental Period
Number of Stories

Wall Stiffness Parameter (EI)
Stiffness Taper

Beam Stiffness Parameter (EI)
Wall Yield Moment, My
Strength Taper

Beam Yield Moment, M

y

Damping

Post-Yield Stiffness on
Primary Curve

Weight

Base Fixity Condition

Base Motion

0.2 sec
10

5.77 x 104 k-in.?2
(165.6 kNm?)

1.00 EI at base
0.67 EI at 4th floor

1.0 x 102 k-in.?2
(0.287 kNm?2)

39.0 k-in.
(4.4 kNm)

1.00 M at base

0.51 M§ at 4th floor

1.56 k-in.
(0.176 kNm)

2.0% of critical

2.0% of elastic

2.5 K/wall
(11.22 kN/wall)

Fully fixed

El Centro 1940 N-S
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(15.4 x 177.88 mm) and 1.0 x 1.5 inch (25.4 x 38.1 mm),
respectively. Structure weight was simulated by placing a
0.5 kip (2.22 kN) weight at each floor.

The input motion used was the N-S component of the 1940
El Centro record with a peak acceleration of 0.33 g. The
original time axis was compressed by a factor of 2.5, which
implies that 3.0 seconds of analysis corresponds to 7.5
seéonds of actual ground motion.

Figure 4-22(b) shows the 10 story building model and
Figure 4-22(c) shows the finite element descretisation of
the structure selectd for the analysis. The available test
results do not indicate whether yielding has occurred in the
walls or in the coupling beams. However, to account for
yielding in the walls, gap opening was assumed to take place
across the connections. The zero-tension material model
described in the previous chapter was assumed for the
connections. Results of dynamic analysis showed large gap
opening across the connections which led to the eventual
failure of the structure. Further analysis was carried out
assuming linear elastic behaviour for the connection
material. Results of dynamic analysis showed yielding in
most of the coupling beams. Figure 4-23 compares the roof
displaéement time history response of the analytical results
with simulator test results. These results indicate that
the maximum displacements are considerably higher for
experimental results than the analytical values. After 1.0

seconds of the applied acceleration, the experimental
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results show higher periods of vibration than the analytical
results. The increase in the period of vibration can be
attributed to softening in the cast-in-place wall due to
inelastic action that was not modeled in the analytical
results.

The compatibility of plane stress element with coupling
beam element was further investigated using a standard frame
analysis and the concrete beam element in the computer
program DRAIN-2D. Frame analysis showed linear elastic
behaviour in wall elements. Yielding occurred in the
coupling beams with similar magnitudes to those obtained
from the finite element model described above. The
displacement time history response of the finite element
model and the frame model shown in Figure 4-24 are in good

agreement.

4.7 Summary

In this chapter, the effect of the individual models on
the response of precast wall panels was studied. The
validity of the analytical models incorporated into the
computer program DRAIN-2D was also investigated. Results of
linear elastic static and dynamic analyses showed good
agreement with those obtained using the computer program
SAPIV. The overturning response of the structure showed
good agreement with reported analytical results. It was
shown that the shear behaviour of the connections was

significantly affected by the variation of some of the
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structural parameters and the integration time step. The
strain hardening stiffness in the shear slip model had a
significant effect on the response of simple walls. Results
of dynamic analyses showed that the response is affected
considerably when mild reinforcing bars are provided for
vertical continuity or for shear transfer across the
horizontal connections. The inelastic dynamic response of
the walls was also affected by the variation of the
integration time step. However, the response was not
affected for integration time steps as low as 0.005
seconds. |

The compatibility of plane stress element with coupling
beam element showed close agreement with available
experimental test results. The finite element results
showed very good agreement with the analytical frame

results.



5. SELECTION OF VARIABLES FOR PARAMETRIC STUDY

5.1 General

In this chapter, the selected variables for parametric
study are described. A 10-story, large panel coupled wall
system with horizontal connections at each floor levél was
used as the basis for the study. The selected properties
and dimensions of the structure are described in Section 5-
2. It is assumed that the structure rests on a rigid base,
and the effect of soil-structure interaction is not
considered in the analysis.

Dynamic analyses were carried out using three different
earthquake records. An input motion that is potentially
critical and likely to cause the most damage to the

structure is used for the parametric study.

5.2 Preliminary Design of Structure

5.2.1 Structure Dimensions

Details and dimensions of the structure are shown in
Figure 5-1. This type of large panel system is commonly
used in residential buildings in North America. Figure 5-
1(a) shows the elevation of the building. The panels are
7200 mm wide, 200 mm thick and 3000 mm high; the total
height of the building is 32500 mm. Figure 5-1(b) shows a
pian of the building. Precast columns are provided which
are shown in the same figure. Figure 5-1(c) shows the

platform type connection detail commonly used in North

140
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America. Such connection detail is described in Section
"~ 2.3. The total height of the connection is assumed to be
250 mm. Two types of coupling beams are used for the
analysis; slender coupling beams and deep coupling beams.
The slender coupling beams are 1800 mm long and the length
of deep coupiing beams varies from 1000 mm to 1800 mm.
Figures 5-2(a) and 5-2(b) show the reinforcement details
used for slender coupling beams and deep coupling beams
respectively. It is assumed that coupling beams are precast
with wall panels and that they are detailed adequately to

prevent premature failure.

5.2.2 Loads

The specified loads for the structure were selected
using the National Building Code of Canada (NBCC, 1985) and
a report on the design and construction of large panel
structures by Kripanarayanan and Fintel (1976). The
specified loads include partition load, mechanical load,
slab dead load, live load, snow load and the panel self

weight as follows:

Floor:
Partition load 0.5 kPa
Mechanical load 0.25 kPa
Slab dead load 4,1 KkPa
Live load 1.9 kPa
Roof:

Built up roof 0.3 kPa
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Slab dead load 4.1 kPa
Live load 1.9 kPa
Snow load 1.0 kPa
Panel self weight: 34.0 kN/m height of wall

The specified loads used in the analysis for parametric
study include partition load, mechanical load, built up roof
and slab dead load. The effects of live load and snow load
were not included in the dynamic analyses. The slab dead
load is based on a 250 mm thick slab. The specified loads
were used to calculate the gravity loads and the masses
applied at each floor level and at the roof level; these are
listed in Table 5-1. The earthquake loads were obtained
using the lateral seismic force, V, given in Section Four of

the NBCC (1985) as follows:
V=vS8SKIVFW (5-1)

where
v = zonal velocity ratio
S = seismic response factor

K = ductility factor

I = importance factor
F = foundation factor
W = dead load + 25 percent of snow load

The values selected for the relationship (5-1) are as
follows:

v = 0.5



Table 5.1 Loads and Masses Selected for Parametric Study

Loads:

Masses:

Roof = 469 kN

Floor = 726 kN

Roof = 57400 kg

Floor = 74000 kg
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S = 0.25

K =1.3

I =1.0
F=1.0

W = 7000 kN

i.e. V = 1138 kN

The selected value of v was based on the assumption that the
building is located in zone six which is the highest
velocity zone specified by the NBCC (1985). The upper limit
for the value of v for zone six is not specified in the
code. A value of v = 0.5 was selected as suggested by
MacGregor (1985). The suggested magnitude of v corresponds
directly to the maximum peak acceleration used for the
parametric study.

Using the lateral seismic force, V, given above, the
lateral forces at each story level were evaluated using the
NBCC (1985) method. The specified dead loads and earthquake
forces were multiplied by appropriate load factors as given
in CAN3-A23.3-M77 (1977) to obtain loads for use in an

analysis of the structure to determine internal forces.

5.2.3 Analysis

The 10-story building model discussed in Section 5.2.1
was analysed based on the "equivalent static load" method of
the NBCC (1985). The analysis was carried out to provide a
basis for selecting an appropriate range of structural

parameters for the parametric study. The 10-story building
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model was idealized as a frame and the computer program
DRAIN-2D was used for linear-elastic static analysis. The
selected properties of the coupled wall for frame analysis
are listed in Table 5.2.

In the frame analysis, deep coupling beams were
idealized as truss elements while slender coupling beams
were idealized as beam elements. It is known that concrete
beams crack during the application of cyclic loading. To
account for this cracking, the frame analysis with slender
coupling beams was repeated using the effective moment of
inertia calculated using the procedure outlined in Section
9.5 of ACI-318 (1983). Figure 5-3 shows the maximum beam
moment at each story level using the gross and effective
moment of inertia. The results of the frame analysis are

listed in Table 5-3.

5.2.4 Vertical Continuity

Amounts of mild reinforcement and post-tensioning steel
required to provide vertical continuity were selected based
on requirements for seismic design of special shear walls

outlined in Section A of the ACI Code (1977).

5.2.4.1 Mild Reinforcing Bars

To estimate the amount of reinforcement required for
the 10-story coupled wall system, results of the equivalent
static analysis described earlier in this chapter were

used. The total amount of reinforcement required was



Table 5.2 Properties of the Selected Structure for Frame
Analysis

wall Stiffness Parameters

E = 27400 MPa
I = 6.22 m?
A= 1.44 m?

Beam Properties
Slender Beams

E = 27400 MPa

= 8 4
Igross 85 x 10° mm

- 68 x 10°% mm?

2

Ieffective

A= 160,000 mm
Deep Beams

E = 200,000 MPa

2
Ag

F
y

1200 mm

300 MPa

i}

" Table 5.3 Maximum Internal Forces Obtained from Frame
Analysis

149

Max. Base Max. Base Max. Base Max. Beam

Moment (XkNm) Shear (KkN) Axial (kN) Moment (force)

Slender Beams 10006 1051 10546 413 (kNm)

Deep Beams 13460 1016 9691 278 (kN)
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calculated based on maximum shear, maximum moment and
maximum axial force at the base of the walls. Minimum
reinforcement requirements outlined in the Code were also
determined. 1In all cases, the minimum amount of
reinforcement required by the ACI Code (1977) governed.
Connection reinforcement used in the parametric study
consisted of an area of 0.25% of the gross concrete area
spread uniformly along the length of the horizontal
connection in addition to 0.5% of the gross concrete area
concentrated at the two ends of the connection as shown in

Figure 5-4(a).

5.2.4.2'Post-tensioning bars

An alternative method of providing vertical continuity
in precast wall construction is by vertical post-
tensioning. It is assumed that the post-tensioning bars are
ungrouted and that they extend from roof level to the
foundation. 1In the absence of vertical mild reinfbrcement,
the shear and bending resistance in the walls is provided by
post-tensioning bars. As such, the vertical load is the sum
of the gravity and post-tensioning and the transfer of shear
forces across the connections is by Coulomb friction.
| The type of post-tensioning bars selected for this
study are alloy steel bars. The properties of steel bars

are as follows.

D = 25.4 mm

A = 503 mm?
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1000 MPa

Hh
]

where

D, A = diameter and cross-sectional area of bar

fu = minimum ultimate strength of bars
The amount of post-tensioning was provided on the basis of
developing tensile force equal to the yield force developed
by mild reinforcing bars of 0.25% of the gross concrete area
distributed over the entire wall section. It is normal
practice to stress bars up to 70% of their ultimate
stress. However as recommended by Mujumdar (1977), the bars
are stressed up to 60% of their ultimate strength. This
reduces the risk of high stress concentrations across the
connections. The total force carried by each tendon is 302
kKN. Figure 5-4(b) shows the locations of post-tensioning
bars in coupled walls selected for parametric study. Post-
tensioning bars are connected from roof level to the base of
the walls with no intermediate connections. Five tendons

are provided for each of the walls which are equally

stressed.

5.3 Range of Structural Parameters Considered in Parametric

Study

Table 5-4 summarizes the range of variables selected
for parametric study. Tables 5-5 through 5-9 summarize the
properties of wall panels, the horizontal connections and
the coupling beams selected. The beam properties selected

for parametric study are based on the preliminary design of
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Table 5.4 Selected Variables Considered for Parametric
Study

(a) Coupling Beam Strength

Parameter Study Variables © Constants
My Fy Vertical
(KNm) (KN) Continulty
0 - RoCo
90 - RQC-
].80 - R.Co
Slender Elastic - R.C. EI = 122060 kNm2
Coupling Beams 0 - P.T.
mmn 90 - P.T.
Strength 180 - P.T.
270 - P.T.
180 - R.C.+P'T.
Beams - 180 R.C. D~

(b) Coupling Beam Stiffness

Parameter Study Variables Constants
EI L/D Vertical
(kNmz) Continuity
0 - P.To
Slender 61030 - P.T. My = 180 kNm
Beams 122060 - P.T.
Coupling 183090 - P.T.
Beam
Stiffness - 0 P.T.
Bean‘s - 104 P.T.
- 1-8 PoTo
Note: P.T. Post-tensioned

R.C. Reinforced concrete
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Table 5.5 Properties of Wall Panels for Parametric Study

Wall Properties

E = 27400 MPa

v = 0.15

fé = 30 MPa

Py = 0.25%

py = 0.25% and 0.75%

panel thickness = 200 mm

Table 5.6 Properties of Connections for Strength Analysis
(Reinforcing Bars Across the Connections)

Eg = 200,000 MPa
F. = 300 MP

y a
Gd = 6850 MPa

Gdeg/Gd = 0.002
p = 0.2

v =0
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Table 5.7 Properties of Slender Coupling Beams for Strength
Analysis

Flexural Stiffness, EI = 122 060 kNm?2
Axial Stiffness, EA = 4.03 x 10® kN
Shear stiffness, GA = 4.03 x 10° kN
Yield Moments, My (kN.m)

Beam No. 1 90

Beam No. 2 180

Beam No. 3 » (Elastic Beams)

Beam No. 4 0 (Simple wWall)

Strain Hardening Stiffness = 5% of elastic

Table 5.8 Properties of Deep Coupling Beams for Strength
and Stiffness Analysis

E = 200,000 MPa
A = 600 mm?

(= area of reinforcement in diagonal elements)
o, = 300 MPa

y
Strain hardening stiffness = 8% of elastic



Table 5.9

(a) Properties of the Connections (Post-tensioning bars

(b)

Beams for Stiffness

across the connections)

Analysis

E = 13700 MPa

Gd = 6850 Mpa

v = 0
p o= 0.2
f! = 15 MPa

Properties of the Slender

Beam No. 1
Flexural Stiffness
Axial Stiffness EA
Shear Stiffness GA
Beam No. 2
Flexural Stiffness
Axial Stiffness EA
Shear Stiffness GA
Beam No. 3
Flexural Stiffness
Axial Stiffness EA
Shear Stiffness GA
Strain Hardening Stiffness

Yield Moment = 180 KkNm

Properties of Connections and Slender Coupling

Coupling Beams

EI = 61 030 kNm?2

3.30 x 109

3.30 x 10°

EI

122 060

4.03 x 10%

4.03 x 102

EI = 183 090

4.55 x 10°

4.55 x 109

1

kN

kN

kNm2
kN

kN

KNm2
kN

kN

5% of elastic

157
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the 10-story coupled wall discussed in Section 5.2.3. The
ratio of inelastic stiffness to the elastic stiffness for
slender coupling beams is assumed to be 5%. This value was
selected by examining moment-rotation curves obtained from
test results carried out by Barney et al. (1978). For deep
coupling beams, the ratio was assumed to be 8%. This value
was selected by examining a large number of momeﬁt—rotétion
curves or load-deformation curves obtained from test results
carried out by Barney et al. (1978), Paulay (1971(a), 1977),

Paulay and Binney (1974), and Paulay and Santhakumar (1976).

5.4 Dynamic Analysis

5.4,1 Finite Element Mesh Layout

The finite element modeling of wall panels and
connections, and the modeling of coupling beams were
discussed in Chapter 3. Figure 5-5 shows the finite element
descretization of the wall panels and connections of the
structure. The panels are made up of four-node rectangular
plane-stress elements which are assumed to behave linear-
elastically throughout the analysis. The rectangular
elements of the connections as well as the coupling beams
are the locations of inelastic action in the coupled wall
structure. Figure 5-5(b) shows the coupling of the two
walls through slender beams idealized as line elements and
Figure 5-5(c) shows the coupling of deep beams idealized as
diagonal truss elements. The 10-story building model

selected for parametric study consists of 410 nodes, 240
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panel elements and 80 horizontal connection elements.
Figure 5-6 shows the way in which hasses and loads have been
iumped and distributed at the connection nodes. Masses have
been distributed at the upper and lower nodes of the
connections. The masses assigned to the interior nodes are
assumed to be twice those at exterior nodes. The dead loads
have been distributed at the upper nodes of the
connections. It is assumed that the load at each level is
the weight of the floor slab and the panelé above it as well

as partition loads and mechanical loads.

5.4,2 Selection of Earthquake Record

For the dynamic analyses, three different acceleration
records were considered as input ground motions. The three
accelerograms selected for the analysis are: (1) El Centro,
california, 1940, N-S component; (2) Taft, California, July
1952, S69E component, and (3) Pacoima Dam S16E component,
1971. These accelerograms were selected as examples of
strong ground motions which have been recorded to date. The
acceleration records were obtained from the Earthquake
Engineering Research Institute (1976).

A ground accelerogram has three important
characteristics: a) frequency, b) intensity, and c)
duration. The frequency characteristic of an earthquake, as
reflected in its velocity response spectrum is an important
factor in selecting a'suitable earthquake record. 1In the

inelastic seismic analysis of structures, the stiffness and
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periods of vibration change throughout the analysis. As
inelasticity develops in some part of the structure,
softening occurs and this leads to reduced stiffness and
period elongation. The elastic period of vibration for the
10-story building model under consideration is about 0.4
seconds and it is expected that the structure will undergo
period elongation as yielding develops. The N-S component
of El1 Centro was chosen as one of the accelerograms because
it has almost uniform velocity spectrum peaks over the range
of the fundamental periods of the structure under
consideration.

Intensity of earthquake is associated with damage or
potential destructiveness. Saatcioglu (1981), and Goel and
Berg (1968) have used peak acceleration as a measure of
intensity. In order to use a stronger earthquake (in
magnitude) than the ones recorded to date, they multiplied
the ordinates of the El Centro record, by a factor of 1.5.
This has also been adopted for the present study. Spectrum
intensity was used in this investigation as a measure of
earthquake intensity. The spectrum intensity here is
defined as the area under the 5%-damped relative velocity
response spectrum between periods of 0.1 and 3.0 seconds.
The intensities of the Taft and Pacoima Dam have been
adjusted to yield a spectrum intensity equal to 1.5 times
the spectrum intensity of the N-S component of the 1940 El
Centro record. The response spectra for the three cases are

shown in Figure 5-7 and the 10 seconds normalized



163

(995) d0TH3d
'€ 0°€ 52 0°2

mn

1

suot3lo 3Induf
POZTTRBUION FO Spuodas QT 3IsATJ I03F eIadads osuodseoy AITOOTSA 9ATIRTSY

01

5°0

L-G Sanbtg

0*0

-

T T 1 T

LI'E€X369S 1Bl ¢sBl — —

Y6S'0X39lS ‘WeQ BWTOdBd |/Bl --— -

0S'1XS-N ‘0Jiua] 13 0¥6l ——
ON3937

| 1 L - &

T

002} 008 00+
(I8S/ull)y ALTOOT3A

0081

000¢



164
accelerograms considered are shown in Figure 5-8.

All of the structures analysed for the parametric study
were subjected to 10 seconds of ground motion. Drenink
(1972) and Clough and Benuska (1964) have shown that damage
to a structure is most likely to occur during the first 5 to
10 seconds of strong ground motion. The effect of duration
of earthquake on the inelastic seismic response of cast-in-
place coupled walls has been studied analytically by
Saatcioglu (1981). He analysed the response of a 1l0-story
cast-in-place concrete building model using the 20-second
duration by repeating a 1l0-second accelerogram. The primary
effect of earthquake duration on structural response was to
increase cumulative plastic deformations. To limit the
computer time required for analysis, a duration of 10
seconds of ground motion was used in the presént study.

The 10 story building model described earlier was
subjected to the three earthquake records mentioned above,
The response of the structure was compared both in the
elastic and in the inelasﬁic range. The following computer
models were selected to study the response in the inelastic
range.

1. Wall panels - Linear-elastic plane stress elements

2. Connections - Zero-tension axial model

- Shear slip model
3. Post-tensioning bars - Linear elastic truss element
4. Slender beams - Linear elastic coupling beams.

The properties of wall panels and post-tensioning were
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described in Sections 5.2 and 5.3. The properties of the
connections and coupling beams are listed in Table 5-10.
Slender coupling beams were used in the analysis and
vertical masses were not considered. Based on linear-
elastic analysis, Figure 5-9(a) shows the maximum horizontal
displacement at each story level and Table 5-11 shows the
maximum forces at the base of the walls for the three
different earthquakes considered. Results show that the
response of Pacoima Dam is the largest followed by El Centro
and Taft. A similar trend can also be seen on the velocity
response spectra shown in Figure 5-7 using elastic period of
vibration corresponding to the first mode.

In the inelastic range, the maximum horizontal
displacements at each story level are shown in Figure
5-9(b). Due to change in the period of vibration, the trend
of maximum response is different in the inelastic range
compared to the elastic range. 1In this case, the maximum
displacements for Pacoima Dam are largest followed by Taft
and El-Centro. However the trend of maximum forces at the
base of the walls is different than for maximum
displacements as shown in Table 5-12., The main feason for
this is the effect of the combination of slip and gap
opening that occurs in the structure. The effect of gap
opening and slip on maximum displacements and maximum forces
in the walls are discussed in detail in the next chapter.
The response of Taft earthquake is largest in terms of

maximum forces at the base of the walls followed by El
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Table 5.10 Properties of Connections and Coupling Beams for
Selecting an Earthquake Record

Connections:

E = 15000 MPa
G = 7500 MPa
v =0

p = 0,2

fé = 15 MPa

GS/Gd = 0.001
Coupling Beams:
Flexural stiffness: EI = 61030 kNm? -

Axial stiffness: EA = 3.3 X 106 kN

3.3 x 102 kN

Shear stiffness: GA
Strain hardening stiffness: 5%

Yield moment = 340 KkNm



Table 5.11 Linear Elastic Response of 10-Story Walls Due to
Different Ground Motions

Roof Displ. Base Axial Base Shear Base Bending
Case (rm) Force (kN) Force (kN) Moment (kNm)
El-Centro 61.7 13 312 3295 26 974
Taft 45.1 10 364 2252 20 067
Pacoima Dam 78.9 15 922 3681 32 577

Table 5.12 1Inelastic Response of 10-Story Walls due to
Different Ground Motions
Roof Axial Shear Bending Max Max Max %
Displ. Force Force Moment Gap Slip of
Case Crack
() (kN) (kN) (kNm) (mm) (mm)  Length
El-Centro 52.14 5655 1394 13845 2.05 6.12 80
Taft 58.86 5280 1582 14885 3.37 8.15 85
Pacoima 65.17 5169 1189 11772 0.77 9.75 50

Dam
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Centro and Pacoima Dam. A similar trend can also be seen
for gap opening as shown in Figure 5-10(a). As expected,
the maximum crack lengths across the horizontal connections
are in the same order as the gap opening. In terms of slip,
Pacoima Dam shows the largest amount followed by Taft and
El-Centro.

It was assumed that the coupling beams remain linear-
elastic throughout the analysis. Figure 5-10(b) shows the
maximum beam moments at each story level. The response of
Taft earthquake shows the highest values followed by El-
Centro and Pacoima Dam.

From the above discussion, it can be concluded that in
the linear-elastic range, the response to the Pacoima Dam
record is the most severe among the three selected
earthquakes. However, in the inelastic range, the maximum
response of the structure varies and it is more difficult to
conclude which ground motion is most severe. The Taft
earthquake was considered to be the most severe because the
maximum forces at the base of the walls were the largest and
the rocking was the most intense. For this reason, the Taft
earthquake was selected as the base accelerogram for the

parametric study.

5.4.3 Damping
Rayleigh damping (C = aM + BXk) corresponding to

approximately 5% of critical damping in the first and second

mode was assumed. The first two periods of vibration of the
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wall were estimated using the computer program SAPIV (Bathe
et al., 1973). The periods of vibration were found to be
0.38 seconds and 0.09 seconds corresponding to the first and
second mode respectively. The values of a and B were found
to be 1.34 and 0.0037 respectively, using the relationships
(3-1) and (3-2) described in Chapter 3. These values were

used as input parameters in the computer program DRAIN-2D.

5.4.4. Integration time step

For all the analysis carried out herein, integration
time steps of 0.01 seconds and 0.001 seconds were used for
elastic analysis and inelastic analysis respectively.
Selection of the integration time step was based on the
limited studies carried out on precast coupled wall
systems. Results of inelastic dynamic analysis showed that
the effect of integration time step was not significant for
time steps as low as 0.002 seconds. Schricker and Powell
(1980) used the computer program DRAIN-2D to study the
inelastic seismic response of simple wall panels. In their
study they compared results with different time steps.

Their results showed only small changes in computed response
for time steps as large as 0.005 seconds. A similar
conclusion was made regarding a study on the integration
time step carried out on the structures described in Chapter
4. However, to ensure accurate results, 0.001 seconds was

used as the integration time step.
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5.4.5 Coefficient of friction (p)

In all the analyses carried out in this chapter, the
value of the coefficient of friction for the connection
model was assumed to be 0.2. As mentioned in Chapter 2, the
reported values from test results fall in the range of 0.2
to 1.81. A conservative value of the coefficient of
friction was used in the analysis because of the large
variation in reported test results. A low value of the
coefficient of friction can also approximately account for
degradation that may occur across the horizontal connections

during cyclic loading.

5.5 Summary

In this chapter, the selected variables for a 10-story
coupled wall structure used for parametric study were
‘described. The range of structural parameters was selected
on the basis of a simplified frame analysis using the
"equivalent static load" method. An earthquake record that
is critical in terms of its frequency characteristics and
likely to cause most damage to the structure was selected
based on the response of a structure subjected to three
different earthquakes. It was shown that the S-E component
of the 1952 Taft record caused the most damage to the
structure and for this reason was selected as the base
accelerogram for the parametric study which is described in

the following chapter.



6. RESULTS OF DYNAMIC ANALYSES

6.1 General

In this chapter, the effects of structural parameters
on the inelastic dynamic response of large panel coupled
walls are studied. The selected properties of the structure
and thevvariables for parametric study were described in the
previous chapter.

The effect of coupling beam parameters on the response
of the coupled walls is the major part of the parametric
study. A series of dynamic analyses was carried out to
investigate the effect of coupling beam strength and
stiffness on the structural response of coupled walls;

Since dynamic response is also significantly affected by
behaviour of horizontal connections, analyses were made for
several arrangements of reinforcement across the connections
using both mild reinforcement and post-tensioning steel.

Beam strength plays a major role in the behaviour of
coupled walls. Coupling beams with various yield strengths
were seiected to investigate the effect of beam strength on
the behaviour of coupled walls. Beams of various
depth/length ratios were also selected to study the effect
of beam stiffness on response. The effect of the strength
of the coupling beams on the response of coupled walls was
studied with mild reinforcing bars and/or post-tensioning
bars as vertical continuity reinforcement. The effect of

the beam stiffness on response was studied assuming that

174
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vertical continuity is provided by post-tensioning bars.

6.2 Variation in Strength of Coupling Beam

6.2.1 Response of Walls with Slender Coupling Beams

6.2.1.1 Horizontal Connections with Mild Reinforcement for

Vertical Continuity

To investigate the effect of the strength of coupling
beams on the response of coupled walls, identical structures
except for varying degrees of coupling beam strength were
analysed. 1In this part of the investigation, vertical
continuity was assumed to be provided by reinforcing bars.
The transfer of shear forces in this case is by shear
friction mechanism. The following computer models were used
to study the effect of beam-strength on the dynamic response

of coupled walls.

Linear elastic plane stress element

1. Wall panels

Concrete multilinear stress-strain

2. Connections
model
- Elasto-plastic steel model
- Shear-friction model
3. Slender coupling beams - Inelastic concrete beam
model
Tables 5-6 and 5-7 list the properties of the connections
and the coupling beams selected for this purpose. Yielding
was allowed in Beam no. 1 and Beam no. 2 while Beam no. 3
remained elastic throughout the analysis. The fourth

structure analysed had no coupling beams to provide results
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for a simple wall.

Results of dynamic analyses showed material failure of
both concrete and steel in the connection regions prior to
completing the full 10 seconds of motion. The connection
was considered to have failed when the mild reinforcement
yielded and the concrete compressive strain exceeded the
strain at maximum stress, simultaneously. Results of
dynamic analyses presented here correspond to the case priof
to material failure. Since structures with elastic coupling
beams showed failure at an early stage, their results are
not presented.

Figure 6-1(a) shows the maximum horizontal displacement
at each story level. These results show that the maximum
displacements for coupled walls are less than those for a
simple wall. For coupled walls, variations in beam strength
have only a minor effect on maximum displacements. Figure
6~1(b) shows maximum slip at each story level. In this
case, the amount of slip for simple walls is generally
higher than for coupled walls. Figure 6-2 shows the plots
of maximum gap opening at each story level and maximum
strain distribution at the base of the walls. These
results show that an increase in beam yield moment results
in a slight increase in gap opening at the base of the
structure.

Figure 6-3 shows the effect of beam strength on maximum
beam moment and maximum beam ductility factor at each story

level. The ductility factor is defined here as the maximum
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rotation divided by the rotation at yield level. These
results show that all the coupling beams yield and that
maximum moments are very high compared to the yield
moments. Consequently, the beam ductility demands are very
large. Coupling beams with lower yield moments show higher
ductility demands.

The effect of coupling beam strength on maximum axial
force, shear force and bending moment at the base of the
structure is shown in Table 6-1. Simple walls show lower
forces than the coupled walls. Figure 6-4 shows the slip-
time history response at the base of the structure and
Figure 6-5 shows the displacement-time history response at
roof level for the 10 seconds duration of the base
acceleration. Slip at the base of the structure moves in
one direction. In this case, once slip occurs, movement
takes place in the same direction and the wall has a
tendency to shift away from the original neutral position.

Figure 6-6 shows the time history response of base
axial force, base shear force and base bending moment for a
coupled wall with beam yield moment of 90 kNm. Since the
two walls of the coupled wall struéture are identical, their
behaviour is also very similar. For this reason, the time
history response shown correéponds to only one of the two
walls of the coupled wall structure. The response of walls

with other values of beam yield strength is illustrated in

Appendix C.
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Table 6-1 Maximum Base Forces for Different Values of Beam
Yield Strength (Slender Beams, R.C.)
My Axial Force Shear Force Bending Moment
(kN) (kN) (kNm)
0 4984 1370 15 101
90 5187 1794 18 452
180 5767 2089 19 737
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6.2.1.2 Horizontal Connections with Mild Reinforcement and

Post-Tensioning for Vertical Continuity

In an attempt to reduce the amount of gap opening at
the base of the walls, post-tensioning bars were combined
with the mild reinforcement considered in the previous
section. The amount and properties of post-tensioning are
described in section 5.2.4.2. The effect of post-tensioning
on maximum gap opening is shown in Figure 6-7. The results
show that the maximum gap opening at the base of the
structure due to the addition of post-tensioning is
unchanged. However, the amount of gap opening at other
story levels is reduced slightly. The response of other
parameters were found to be similar to the response of those

with mild reinforcing bars only.

6.2.1.3 Horizontal Connections with Post-Tensioning for

Vertical Continuity

The results outlined in the section 6.2.1.1 showed that
the effect of shear friction mechanism associated with mild
reinforcement across horizontal joints was to increase the
gap openings at the base of the structure. In some cases, a
large gap opening resulted in lifting one of the walls of
the coupled wall. Large gap opening developed large moments
in the coupling beams. This increased the ductility demands
of the coupling beams beyond practical limits. To minimize
the size of gap opening, a series of analyses was made using

post~tensioning as vertical continuity. The properties of
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beams are the same as in the previous series, as listed in
Table 5-7, except that the elastic beam was replaced with a
beam with a yield strength of 270 kNm. Figure 6-8 shows - the
maximum horizontal displacement and the maximum slip at each
story level. Maximum displacement occurs in the structure
with coupling beam strength of 90 kNm. The maximum slip for
all structures occurs at the base or at the first story
level. The values of maximum slip for all cases are very
similar. Walls coupled with beams of strength of 90 kNm
show lower slip at lower levels and higher slip at upper
story levels.

The maximum gap opening at each story level and maximum
strain distribution at the base of the walls are shown in
Figure 6-9. These results show a significant drop in
maximum gap opening and maximum strain distribution as the
yield strength of coupling beams is increased.

" The effect of beam strength on maximum beam moments and
maximum beam ductility factor are shown in Figure 6-10. The
increase in beam yield moments resulted in an increase in
maximum moments and a decrease in beam ductility factors.
Coupling beams with yield strength of 90 kNm show large
ductility demands.

Table 6-2 shows the maximum forces at the base of the
walls for different values of beam yield strength. Figures
6-11 and 6-12 shows a series of plots of maximum response
versus the coupling beam strength. The effect of coupling

beam strength on maximum slip and maximum gap opening are
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Table 6-2 Maximum Base Forces for Different Values of Beam
Yield Strength (Slender Beams, P.T.)

M Axial Force Shear Force Bending Moment
(KNm) (KN) (KN) (kNm)

0 4252 839 9967

90 4949 1271 13273

180 5422 1422 14007

270 5728 1524 14056
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Effect of Beam Strength on Maximum Response (Slender Beams, P.T.)

Figure 6-11
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shown in Figures 6-11(a) and (b) respectively. The maximum
roof displacements and maximum beam ductility factors
decrease as the coupling beam strengths increase as shown in
Figures 6-11(c) and (d), respectively. The increase in beam
moments increases the maximum axial force, shear force and
bending moment at the base of the walls; these are shown in
Figures 6-12(a), (b) and (c), respectively.

The time history response of forces at the base of the
walls are shown in Appendix C.

The effect of the strength of slender coupling beams on
the behaviour of coupled walls with post-tensioning for
vertical continuity are summarised as follows.

1. The increase in coupling beam strength reduced the
maximum horizontal displacements. However, the
maximum displacements for beams with yield strengths
of 180 kNm and 270 kNm were similar. The maximum
amounts of slip for all cases were similar.

2. Increase in beam strength produced a reduction in
maximum gap opening.

3. As the coupling beam strength Qas increased, the
maximum beam moments increased but the maximum beam
ductility factor decreased.

4. The maximum base axial force, base shear force and
base bending moments increased as the coupling beam

strength was increased.
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6.2.2 Response of Walls with Deep Coupling Beams

To study the effect of the strength of deep coupling
beams on the response of coupled walls, a structure with
beams having a length/depth ratio of 1.0 was analysed. The
strength of deep coupling beams is dependent on the yield
strength and area of reinforcement. Reinforcement yield
strength was taken as 300 MPa and reinforcement area as 600
mm2. In this series, only connections with mild
reinforcement were considered.

The analysis of walls coupled with deep beams showed
more severe response than walls with slender beams. Large

gap openings as high as 12.8 mm occurred at the base of one

wall leading to complete lifting of the wall at its base.

6.3 Variation in Stiffness of Coupling Beams

~ 6.3.1 Response of Slender Coupling Beams

The effect of the initial elastic stiffness of the
coupling beams on the behaviour of coupled wall structures
was studied using different cross-sectional areas of
coupling beams. Beams with depths varying from 600 mm up to
800 mm were selected for this purpose. The length/depth
ratios of the coupling beams ranged between 3 and 4. Post-
tensioning bars were assumed to provide vertical continuity
across the connections. The following computer models were
used in the analysis.

1. Wall Panels - Linear-elastic plane stress element

2. Connections - Concrete multi-linear stress strain
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model
- Shear slip model

3. Vertical Post-Tensioning -~ Linear-elastic truss

model

4, Beam Element - Inelastic concrete beam model.

To study the effect of the stiffness of the coupling beams,
three different values of EI were selected. The properties
of the connections and the coupling beams are listed in
Table 5-9.

Four separate cases were considered. In the first
three cases, the coupling beams were considered to have
finite strength and stiffness while in the last case, the
structure was idealized as a simple wall (no coupling
between the walls) having the same properties and dimensions
as one of the walls of the coupled wall system. The yield
strength of coupling beams were 180 KkNm.

Figures 6-13 shows the envelopes of maximum
displacement and maximum slip at each story level. Figure
6-13(a) shows that the effect of increase in beam stiffness
is to reduce the maximum horizontal displacements. In this
case the maximum roof displacement is reduced by at least
56% due to the effect of coupling. Figure 6-13(b) shows the
maximum shear slip at each story level. These results
indicate that the amount of slip in the structures with
coupling beams is larger than for the structure with no
coupling beams (i.e. simple wall). These results also show

that in most cases, the maximum slip occurs at the base of
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the structure and that slip decreases with increasing story
level.

Figure 6-14 illustrates the maximum gap opening at each
story level and the maximum strain distribution at the base
of the structure. Maximum gap openings occur at the base of
the structure as shown in Figure 6-14(a). These results
also show that the amount of gap opening for coupled wall
structures is considerably lower than for the structure with
no coupling beams. 1In this case, the amount of gap opening
has been reduced by at least 66% due to the effect of
coupling. However, variation of the beam stiffness within
the range considered does not yield a significant effect on
the gap opening. Figure 6-14(b) shows the maximum strain
distribution at the base of a wall for a coupled wall
structure. In this case, the maximum compressive strain at
the corner of the wall was calculated assuming linear strain
distribution. Using this assumption, the maximum
compressive strain at the corner of the simple wall was
0.007 which is very close to the assumed ultimate concrete
strain capacity of 0.008. For coupled wall structures, the
maximum compressive concrete strain was found to be
0.0018. This value is less than the maximum concrete
compressive strain of 0.002 at maximum stress. The maximum
crack length along the connections were found to be
approximately 85% of the total connection length at the base

of the structure for the simple wall and the coupled

walls.
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Figures 6-15(a) and (b) show the maximum beam moment
and the maximum beam ductility factor respectively at each
story level. The increase in beam stiffness results in an
increase in beam moments and beam ductility factor. 1In this
investigation, the rotational ductility factor is used as a
measure of inelastic action and is defined as the maximum
rotation divided by the rotation at yield level.

Table 6-3 shows the maximum forces at the base of the
walls for different coupling beam stiffness values. Figure
6-16 shows a series of plots that indicate the effect of
beam stiffness on the structural response. Figure 6-16(a)
shows the response corresponding to maximum base slip.

These results show that the effect of variations in initial
beam stiffness on the amount of slip is insignificant for
the range considered. However when there is no coupling
between the walls, the amount of slip is considerably less
compared to coupled wall systems. A plot of maximum
horizontal displacement versus beam stiffness is shown in
Figure 6-16(c). The maximum displacements are considerably
lower for coupled walls than for simple walls. However, the
effect of variation in beam stiffness on maximum
displacement is not very significant. The effect of beam
stiffness on the maximum values of the base axial force,
base shear force and base bending moment are shown in
Figures 6-17(a), (b) and (c), respectively. The increase in
beam stiffness shows an increase in forces at the base of

the structure. The simple wall shows lower forces than the
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Table 6-3 Maximum Base Forces for Different vValues of Beam
Initial Stiffness (Slender Beams, P.T.)

EI Axial Force Shear Force Bending Moment
(kNm?) (kN) (kN) (kNm)

0 4252 839 9967
61030 5370 1382 13687
122060 5422 - 1422 14007

183090 5465 1444 14115
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coupled walls.

Theveffect of beam stiffness on the time history
response of the structures is illustrated in Figures 6-18
and 6-19. Figure 6-18(a) compares the time history response
of roof displacement of a simple wall and a coupled wall of
finite beam stiffness. These results show a dramatic
reduction in peak displacements due to the effect of
coupling. There is also a slight change in the period of
vibration. Figure 6-18(b) shows the displacement time
history response corresponding to three different values of
beam stiffness. These results indicate that the effect of
variation in beam stiffness on peak displacements is
minor. Figure 6-19(a) compares the time history response of
slip at the base of a simple wall and of a coupled wall
structure. These results show that the amount of slip for
the coupled wall is higher than for the simple wall.
However, towards the end of the analysis, the amount of slip
in the coupled wall structure drops significantly. These
results also show that the slip has a tendancy to accumulate
in one direction. Figure 6-19(b) shows that the effect of
variation of initial beam stiffness on shear slip is not
significant for the range considered.

Figure 6-20 and 6-21 show a series of plots showing the
time history response of axial force, shear force and
bending moment at the base of the structure. These results
represent the response of a simple wall and a coupled wall

with beam flexural stiffness, EI = 61030 kNm2. The time
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history response of structures with other coupling beam
stiffness values are shown in Appendix C.

The effects of coupling beam stiffness on the dynamic
response of the structures with post-tensioning for vertical
continuity can be summarized as follows.

1. .As the coupling beam stiffness was increased, the
maximum horizontal displacements decreased except
one case in which maximum displacement increased.

2. As the coupling beam stiffness was increased, the
maximum slip at the base of the structure remained
unchanged, but slip at upper levels increasedf The
simple wall showed the least amount of slip.

3. The amount of gap opening at the base of the wall
decreased slightly as the coupling beam stiffness
increased. The wall with no coupling beam showed
the largest amount of gap opening. However the
maximum crack length along the connections remained
unchanged.

4. The maximum beam moments and beam ductility factor
increased at all levels as the coupling beam
stiffness was increased.

5. The axial force, shear force and bending moment at
the base of the structure increased slightly as the
coupling beam stiffness was increased. The simple

wall showed lower forces than the coupled walls.



6.3.2 Response of Deep Coupling Beams

The effect of the stiffness of deep coupling beams on
the behaviour of coupled shear walls was studied using
different values of length/depth ratios of coupling beams.
The selected values of length/depth ratio for this purpose

are 1, 1.4 and 1.8. As discussed in Chapter 3, deep

211

coupling beams are modeled as inelastic truss elements. The

selected properties of deep coupling beams are listed in

Table 5-8.

Figures 6-22(a) and (b) show the envelopes of maximum
displacement and slip at each story level, respectively.
These results show a reduction in maximum displacements as
the length/depth ratio of the coupling beams is increased.
An increase in length/depth ratio means a decrease in
stiffness of the coupling beams. A comparison between a
simple wall and coupled walls show that for length/depth

ratios of 1.8, 1.4 and 1.0, the maximum displacements are

58%, 45%, and 40% respectively of the maximum displacements

for a simple wall. The increase in beam stiffness also
shows a reduction in maximum slip. However, the amount of

slip is less for simple walls than the coupled wall

structure.

Figure 6-23 shows the effect of beam stiffness on gap

opening at each story level and maximum strain distribution

at the base of the walls. The effect of an increase in beam

stiffness in this case is to reduce the gap opening and

consequently reduce the maximum strain distribution. Walls
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coupled with coupling beams with length/depth ratios of 1.8,
1.4 and 1.0 reduced the gap openings by 57%, 67%, and 79%
respectively, compared to the simple wall. However, the
maximum amount of crack length in all cases was similar and
found to be about 85% of the total connection length.

Figure 6-24(a) shows the maximum bar forces in the
coupling beams and Figure 6-24(b) shows the maximum bar
ductility factor at each story level. As the length/depth
ratio decreases the bar ductility factor and the maximum bar
forces increase. In most cases, yielding takes place in all
the bars. The bar ductility factor here is defined as the
ratio of the maximum extension divided by extension at yield
level.

Table 6-4 shows the maximum forces at the base of the
walls for different coupling beam span to depth ratios.
Figure 6-25 and 6-26 show a series of plots of maximum
response values versus the stiffness of coupling beams. The
stiffness of coupling beams is defined as the depth/span
ratio. These results show that the response of coupled
walls with deep coupling beams is similar to the response of
those with slender beams.

Figure 6-27 shows the time history response of roof
displacements for different span/depth ratios. These
results show that the effect of an increase in beam
stiffness is to reduce the maximum displacements. As the
coupling beam stiffness is increased, there is a shift in

vibration of displacements towards the neutral position in
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Table 6-4 Maximum Base Forces for Different Values of Beam
Stiffness (Deep Beams, P.T.)

L/D Axial Force Shear Force Bending Momentv
(kN) (kN) (kNm)

0 4252 839 9967

1.8 4995 1364 13853

1.4 5000 1441 14293

1.0 6060 1588 . 14628
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Max. Axial Force x 1000 (kN)

(a)

Max. Base Shear x 1000 (kN)

(b)

i

0.5 1.0
(c) D/L

Max. Base Moment x 1000 kN.m

Figure 6-26 Effect of Beam Stiffness on Maximum Base
Forces (Deep Beams, P.T.)
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the end of the analysis. However, the period of vibration
for all cases is similar. Figure 6-28 shows the time
history response of base slip. Coupling beams with
length/depth ratio of 1.8 show greater slip than the other

two cases.

The time history response of axial force, shear force

220

and bending moment at the base of the structure has the same

trend as those with slender coupling beams. These results

are shown in Appendix C. The effect of deep coupling beams

on the behaviour of coupled wall structures can be

summarised as follows.

1. The increase in coupling beam stiffness reduced the

maximum slip at each story level and reduced the

maximum horizontal displacement. The simple wall

showed the lowest amount of slip compared to coupled

walls.

2. The increase in beam stiffness reduced the maximum
gap opening.

3. The maximum force and maximum ductility factor in
the diagonal reinforcing bars increased as the
stiffness of the coupling beams increased.

4. The maximum base axial force, base shear force and

base bending moments increased as the coupling beam

stiffness increased.

6.4 Discussion of Results

In the previous section, the results of analyses
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carried out on structural precast walls were presented. In
this section the most important behavioural aspects of such
walls are discussed. First, a comparison is made between
the results for simple walls obtained in this investigation
with results reported by other researchers. Significant
aspects of the behaviour of coupled walls are then discussed
in light of the results of the parameter study. Special
attention will be focussed on the effect of inelastic
coupling beams on dynamic response of these walls. The
effect of the method of vertical continuity across the

connections will also be discussed.

6.4.1 Comparison of the Response of Simple Walls with

Previous Analyses

The inelastic seismic response of simple walls has been
analytically studied by Schricker and Powell (1980) and
Llorente and Becker (1981). They analysed a l0-story single
bay structure with horizontal connections. Their analytical
results are compared here with present values obtained from
parametric study. The reason for such comparison is to
highlight the response of simple walls and also to evaluate
the main parameters that may affect the response of these
structures.

Schricker and Powell considered two cases with
coefficient of friction of 0.2 and 0.6. The total height to
the width ratio of their 10-story building model was 3.75.

In their analyses, they considered four different
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accelerograms with four different intensities of EC = 0.32
g, PD = 0.94 g, AA = 0.39 g and AB = 0.43 g. The maximum
slip and maximum gap opening at the connections are shown in
Table 6-5 for two different cases of vertical loading a)
gravity and b) gravity and post-tensioning respectively.
The results show that for small value of coefficient of
friction (p), small gap opening and large slip occur. For
higher value of p, results show large gap opening with small
amount of slip. It should be mentioned that their analyses
were made assuming zero strain-hardening in the shear-slip
model.

Llorente and Becker analysed a 10-story simple wall of
height to width ratio of 2.61. The structure was subjected
to an artificial ground-motion with two different levels of
intensity. The results of their analyses obtained from
their published figures are tabulated in Tables 6-6(a) and
(b) for maximum peak accelerations of 30% g and 35% g
respectively. Their results show that the effect of
increase in acceleration intensity is to increase the
maximum slip, however, the maximum gap opening is not
affected significantly. Similar results can be seen from
the structure analysed by Schricker and Powell when vertical
loading is provided by gravity and post-tensioning. Table
6—6ﬁb) shows that for p = 0.4, the effect of providing mild
reinforcement as opposed to post-tensioning across the
conneétions is to reduce the maximum gap opening and the

maximum slip. Similar behaviour can be seen from the



Table 6-5

~ a) Gravity

Response of 10-Story Simple Walls (schricker and
Powell, 1980)
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w o= 0,2 p = 0.6
EC PD AA AB EC PD AA AB
Max. Slip 10.5 29 25 52 8 6.3 4 6.8
(mm)
Max. Gap 0 0.1 0.02 0 17 88 19 26
(mm)
b) Gravity + Post-tensioning
p o= 0.2 p = 0.6
EC PD AA AB EC PD AA AB
Max. Slip 9.3 36 20 17 0.4 0.4 3.0 0.3
(mm)
Max. Gap 1.4 1.6 3.4 0.7 17 17 17.4 21
(mm)
Note: EC = 1940 El1 Centro N.S.
PD = 1971 Pacoima Dam S16E
AA = Artificial acceleration

AB

Artificial acceleration
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Table 6-6 Response of 10-Story Simple Walls (Llorente and
Becker, 1981)

a) 30% g
.T. .T. R.C. R.C.
p = 0.2 p = 0.4 p o= 0.4% p = 0.4
Max. Slip (mm) 4.9 0 7.6 0
Max. Gap (mm) 0.4 0.8 2.0 0.2
* Shear reinforcement only
a) 35% g
P.T. P.T. R.C.
p = 0.2 p = 0.4 p = 0.4
Max. Slip (mm) 11.7 5.0 0.4
Max. Gap (mm) 0.6 1.6 0.2

Table 6-7 Response'of 10-Story Simple Walls (Present Study)

PoT., !J. = 0.2 R.C-’ p: = 002

Max. Slip (mm) 6.3 1.48

Max. Gap (mm) 10.8 7.5
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present study as shown in Table 6-7, however the magnitudes
are different. The reason for this is mainly due to the
different accelerograms with different intensities and
different values of wall height to width ratios. The 10-
story building model selected for thejpresent study had a
total height to width ratio of 4.51. The amount of mass and
the amount of post-tensioning is also considered to have

some effects on the maximum slip and maximum gap opening.

6.4.2 Comparison Between Behaviour of Simple Walls and

Coupled Walls

The analytical results presented in previous sections
demonstrate that the presence of coupling beams can have a
significant effect on the behaviour of structural walls.

The response is also significantly affected by the method of
providing vertical continuity across the connections.

Table 6-8(a) shows the maximum response values when
post-tensioning bars are provided for vertical continuity.
The maximum slip in the horizontal connections is higher for
coupled walls than for the simple walls. However, the
maximum gap opening in coupled walls are considerably lower
than those in the simple wall. The magnitude of forces at
the base of the coupled walls are higher than those in the
simple wall.

Table 6-8(b) shows the maximum response values when
reinforcing bars are provided for vertical continuity. The

maximum forces at the base of the walls are found to be
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smaller for simple walls than those for coupled walls.

From the above discussion, it can be concluded that
coupling in post-tensioned walls improves the seismic
behaviour of large panel walls by reducing the amount of
inelastic action concentrated in the horizontal connections;
and consequently the danger of serious degradation of the
connections. However, the results indicate that for coupled
walls, attention should be paid to minimizing the amount of
slip occuring during a major earthquake since the
significant reduction in gap opening produced by coupling is
accompanied by an increase in slip at the connections.

When mild reinforcing bars are provided across the
connections, both simple walls and coupled walls do not
provide satisfactory response. Large inelastic actions
accompanied by large gap opening concentrate at the base of

the walls.

6.4.3 Effect of Strength of Coupling Beams on Response

The effect of strength of coupling beams on dynamic
response of walls was studied considering two methods for
providing vertical continuity across horizontal
connections. In the first method, vertical continuity is
developed by the use of mild reinforcing steel while the
second method uses post-tensioning bars to develop vertical
continuity.

Results of dynamic analyses using post-tensioning as

vertical continuity showed that the strength of coupling
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beams is one of the controlling parameters of inelastic
structural behaviour. Coupling beams with different
capacities presented different behaviour on dynamic
response. Of particular interest was the reduction in gap
opening as the coupling beam strength increased; this is
shown in Figure 6-9. Gap opening reduced from 5.51 mm for
My = 90 kNm to 1.29 mm for My = 270 kNm. However, the
maximum slip for all cases was about 8.30 mm at the base of
the walls. This type of behaviour shows the beneficial
effect of coupling in structural precast walls. Coupling
beams are capable of dissipating some energy and reduce the
gap opening across the horizontal connections. It should be
noted that the number of analyses carried out with different
beam strengths was limited. It is expected that the maximum
gap opening would increase for coupling beams of higher
strength, especially in the elastic range. This type of
behaviour was observed in Section 5.4.2 of the previous
chapter when the effect of different earthquakes was studied
using a zero-tension material model for the connections and
linear-elastic coupling beams. Strong coupling beams may
introduce excessive tension in walls which may increase gap
opening.

Results of dynamic analyses using post-tensioning for
vertical continuity also showed that as the degree of
coupling beam strength was decreased, the degree of coupling
became less effective and walls started to behave similar to

the behaviour of simple walls. Coupling beams of low
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strength showed early yielding and for this reason, the
ductility requirements increased. Rotational ductility
demands as high as 46 were observed for coupling beams with
strengths of 90 kNm. Such high ductility requirements are
impossible to achieve in practice.

Coupled walls with slender beams and mild reinforcing
steel for vertical continuity across the connections showed
different response than discussed above. Because of large
strain hardening inherent in the shear friction model, walls
with varying degree of beam strengths experienced small
amounts of slip compared to post-tensioned walls. It was
revealed that the amount of slip has a significant effect on
the amount of gap opening that may occur. Since the shear
friction mechanism has a tendency to reduce slip at the
connections, coupled walls showed large gap opening as shown
in Figure 6-2. Gap opening increased as the coupling beam
strength increased. Associated with the large gap openings,
the compressive strains at the base of the walls exceeded
the maximum concrete compressive strain capacity. These
walls showed large ductility demands in the coupling beams
ranging from 37 to 120. These large ductility demands are
far beyond the practical limits. For the case of elastic
beams for which the yield moment is effectively infinity,
complete gap opening occured across the connections at the
base of one wall. The very high elastic moments in the
coupling beams also cannot be developed in actual practice.

It was expected that the improvement in the vertical
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continuity across the horizontal connections may reduce the
gap opening and reduce the ductility demand in the coupling
beams. For this reason, a structure with post-tensioning in
addition to the mild reinforcing was analyzed. 1In this'
case, the ductility demands of the coupling beams and the
maximum gap opening at the base of the walls did not change
significantly. However, the addition of post-tensioning
reduced the maximum gap opening slightly at other floor
levels as shown in Figure 6-7. Further analysis was carried
out on walls with deep beams and mild reinforcing bars for
vertical continuity. The results of the analysis were
similar to those described above. Complete gap opening
occurred at the base of the wall in the coupled wall
system. Further analysis with varying beam yield strengths
was not carried out as it was expected to produce similar
results to those described above.

The above analyses show that the coupled walls with
mild reinforcing for vertical continuity are not capable of
sustaining this level of earthquake intensity. In some
caseé, large gap opening introduced net tensile force in one
wall and large compressive force in the adjacent wall which
led to the failure of the connection material, Large

ductility demands were also observed in the coupling beams.

6.4.4 Effect of Stiffness of Coupling beams on Response

Analyses carried out on coupled walls with slender

coupling beams and with post-tensioning for vertical



continuity showed that the effect of variation of initial
elastic stiffness of coupling beams on dynamic response was
not very significant within the range considered. As the
degree of coupling varied, the response of the structure
changed only slightly. The increase in beam stiffness
increased the maximum forces at the base of the walls as
illustrated in Table 6-3 and reduced the maximum gap
opening. For all cases, the amount of slip at lower
connection levels was similar, but increased at upper levels
as the beam stiffness increased. The amount of slip was
largest at the base of the walls and decreased from one
level to the next up to the top floor. This type of
behaviour shows that slip is a force isolating mechanism;
that is, once the base starts slipping, it limits the amount
of slip that may occur at other levels.

The effect of variation of beam stiffness on maximum
horizontal displacement was shown in Figure 6-13(a). This
figure shows that the maximum displacement is higher for the
structure with coupling beam stiffness of 183090 kNm2 than
for the beam with lower initial stiffness. This apparent
anomaly can be explained by two facts. Firstly, a portion
of the maximum deflection is due to slip at the horizontal
connections, which increases with increasing beam
stiffness. Also, as inelastic behaviour takes place, the
overall stiffness changes, causing movement along the
response spectrum for the earthquake record considered.

This in turn may lead to an increase or decrease in
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response.

The effect of coupling beam stiffness on maximum beam
ductility requirements was shown in Figure 6-15(b).

Coupling beams with flexural stiffness of 183090 kNm2 showed
large ductility requirements as high as 18.5 which may
exceed the available limits. The available ductility of
slender coupling beams can be estimated from reportéd
.experimental results. Coupling beams with lower stiffness
showed ductility demands as low as 7.0.

The effect of stiffness of deep coupling beams on
dynamic response of walls was found to be similar to the
response of walls with slender beams. However, the effect
of variation in beam stiffness was more significant. The
results of the analysis showed that as the length/depth
ratios of coupling beams increased, the degree of coupling
decreased and behaviour approached that of simple walls.

Deep coupling beams showed higher ductility demands and
higher bar forces as the depth/length ratios of these beams
increased. The maximum ductility demands in the coupling
beams were in the range of 2.6 to 3.1.

A comparison of the behaviour of walls coupled with
slender beams and those with deep beams showed that walls
with deep beams and small length/depth ratios had better
structural response. As the length/depth ratios of deep
coupling beams increased, the truss action became less
efficient and the diagonals became less effective in

carrying the applied shear. Coupling beams with smaller
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length/depth ratio showed smaller gap openings at the base
of the walls and lower ductility ratio compared to walls
with slender beams. However, the amount of maximum slip and
maximum roof displacement were found to be of the same order
of magnitude for both types of walls.

The amount of reinforcement for deep coupling beams was
found to be considerably less than the amount used for
slender beams. It was found that the required amount of
steel for deep beams was 50% lower than those used for
slender beams. The maximum forces at the base of walls with
deep coupling beams are shown in Table 6-4. These values

were slightly higher than those with slender beams.

6.4.5 Effect of Vertical Continuity on Response

To illustrate the effect of different arrangements of
vertical continuity across the horizontal connections, the
response of two identical structures with similar
properties, but one post-tensioned (P.T.) and the other
reinforced (R.C.) are compared. Coupling beams of slender
type and strength of 90 kNm are chosen for this purpose.

Results of the dynamic analyses reported in Section 6.2
indicate that the response of coupled walls is strongly
affected by the method of providing vertical continuity.
Figure 6-29 compares the maximum slip at each story level
for the two cases mentioned above. Because of large strain-
hardening and pinching of hysteresis loops associated with

the shear friction model, the amount of slip is considerably
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lower for R.C. walls than for P.T. walls. Due to the large
slip at the base of the walls, the shear slip model shows a
force isolation mechanism which limits the amount of slip
that may occur at floors above it. The maximum base shear
for R.C. walls is 1.5 times higher than those in P.T. walls
which is due to large strain hardening in the shear friction
model. It is interesting to note that unlike the P.T.
walls, the maximum slip in R.C. walls at every floor level
is not with the same phase and they do not occur in the same
direction. Figure 6-30(a) and (b) illustrates the time
history response of slip and shear at the base of the walls
for the two cases. This figure shows that for the R.C.
case, once the walls start to slip, the direction of slip is
the same and the walls do not return to their original
positions. For walls to return to their initial neutral
position requires a iarge force. However, the shear
friction model cannot mobilise this force at the base of the
walls. This is further illustrated in the time history
response of base shear forces shown in Figure 6-30(b). The
effect of vertical continuity on maximum gap openings is
shown in Figure 6-31(a). Maximum gap opening occurs at the
pbase of the walls where the inelastic action is the
greatest. At upper floor levels, the gap opening is
considerably smaller in P.T. walls than those in R.C.
walls. Gép opening also extend further to the upper levels
in R.C. walls.

The maximum ductility factor for P.T. wall and R.C.
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wall are shown in Figure 6-31(b). The maximum ductility
factor in R.C. wall is about 2.5 times larger than that in
P.T. wall. However the large ductility demands in both

walls are not possible to achieve in practice.

6.4.6 Comparison of Analytical Results with ACI (1983)

Values

The ultimate moment capacity of the 10-story coupled
wall considered for parametric study was calculated using
the ACI (1983) procedure. The formulas for the flexural |
strength of columns were used to calculate the ultimate
capacity of walls. The ultimate moments were calculated
considering the effect of axial load on the wall capacity.
The fluctuations in axial forces due to the earthquake were
neglected. Table 6-9 compares the ACI values with the
maximum values obtained from the parametric study. For
post-tensioned walls, the ACI values are higher than the
‘analytical results. However, for walls with mild
reinforcement, the ACI values are very close to the computed
values; It should be noted that the analytical results in}
this case correspond to the walls in which net tension was

developed at the base of the walls.

6.5 Conclusion

In this chapter, the effect of various parameters on
the inelastic response of a 10 story coupled shear wall was

studied. The main objective of the investigation was to
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Table 6-9 Comparison of Maximum Wall Moments with Ultimate
Values Using the ACI (1983) Procedure

Slender Beams Deep Beams Ultimate Moments
ACI (1983)
P.T. R.C. P.T. R.C. P.T. R.C.

. 14007 19737 13853 18515 16705 19761
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study the effect of coupling beam parameters on dynamic
response of precast wall panels. The strength and stiffness
of coupling beams were the two major variables in this
investigation. The effect of the method for vertical
continuity was also studied.

Analytical studies showed that simple walls behave
‘quite differently from coupled walls. When post-tensioning
was provided for‘vertical continuity, simple walls showed
larger gap openings and smaller slip compared to coupled
walls. Because of large gap openings, simple walls showed
high stress concentrations leading to distress and
degradation in the horizontal connections. However, this
type of behaviour was not observed in the coupled walls.
When mild reinforcing bars were provided for vertical
continuity, simple walls showed better response in terms of
gap opening and slip than the coupled walls.

Strength of coupling beams played a major role on the
behaviour of precast wall panels. When vertical continuity
was provided by post-tensioning bars, slender coupling beams
with moderate levels of yield strength were found to be most
suitable and most effective in precast wall panels. Walls
of this type showed small gap opening across the horizontal
connections and small ductility demands in the coupling
beams. Coupling beams with low levels of yield strength
were found to be ineffective. Early yielding in these beams
increased their ductility demands and increased gap opening

across the connections. Strong coupling beams are also not
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effective since they increase tension in the walls which may
increase gap opening.

Variation of the initial stiffness of slender coupling
beams was found to have little effect on dynamic response.
However, beams with high initial stiffness showed large
ductility demands. Coupled walls with deep coupling beams
of smaller length/depth ratios showed better response than
those with larger values in terms of gap opening. The truss
action became less effective as the length/depth ratios
increased.

The method of providing vertical continuity across the
connections had a significant effect on dynamic response of
the walls. When vertical continuity was provided by
ungrouted post-tensioning bars, the transfer of shear forces
across the connections was by Coulomb friction and energy
dissipation was mainly through slippage. For this reason,
the amount of gap opening was very small for these walls.
However, when mild reinforcing bars were used for vertical
continuity, the transfer of shear forces across the
connections was through shear friction due to clamping
action and dowel action of the reinforcement. Because of
the pinched shape of the hysteresis loops, the amount of
slip was limited and large gap opening occurred which caused
stress concentration in the closed portion of the
connections and increased the ductility demands of the
coupling beams significantly. It was shown that the walls

with mild reinforcement were unable to sustain the
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earthquake intensity of 1.5 times the intensity of the N-S
component of 1940 El-Centro motion whereas walls with post-
tensioning showed acceptable behaviour provided that the
coupling beams had sufficient strength to avoid large gap
opening and avoid large ductility demands in the coupling
beams.

Based on the limited study carried out, conclusions can
be drawn concerning the general behaviour of precast wall
systems as follows.

1) Due to slip mechanism, precast walls have a tendency
to move in one direction, and after a major earthquake, they
do not return to their original neutral position. This is
an unconfined yield mechanism since there is no confining
force to return the walls to their original position.

2) Due to the above nature of yield mechanism, it is
the strength and stiffness of coupling beams which improve
the response of walls rather than the inelastic action in
the coupling beams.

3) Level of coupling beam strength is an important
parameter in precast wall systems which limits the amount
of:

a) tension and compression in the walls
b) gap opening and slip across the connections, and
c) ductility demands in the coupling beams.

4) The response of the walls are controlled mainly by

slip when post-tensioning bars are provided for vertical

continuity and by gap opening when mild reinforcing bars are
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provided.
5) Deep coupling beams are generally more effective

than the slender coupling beams due to

a) lower amount of reinforcement required in the

beams, and

b) lower ductility demands in the coupling beams.



7. DESIGN CONSIDERATIONS

7.1 General

In this chapter, the results of dynamic analyses
obtained from the parametric study are compared with those
obtained using the seismic design codes procedure. Some of
the important parameters that significantly affect the
response of precast wall systems are highlighted. The
problems associated with the design of precast wall systems
are discussed and the failure modes in these types of
structures are identified. A design procedure recommended
for precast wall systems is illustrated with a design

example,

7.2 Comparison Between Static and Dynamic Forces

There are currently no accepted criteria for the design
of precast wall systems for use in seismic regions. The ACI
Code (1983), the National Building Code of Canada (NBCC,
1985) and the SEAOC Recommendations (1975) have special
provisions for the seismic design of cast-in-place
reinforced concrete structures, but do not have provisions
for precast concrete buildings.

To study the applicability of the current design method
proposed by NBCC (1985) to precast wall systems, the results
of the "equivélent static analysis" using NBCC (1985) and
discussed in Chapter 5 are compared with those obtained from

inelastic dynamic analyses discussed in the previous
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chapter. The results are summarised and shown in Table 7-1
and 7-2 for walls with slender beams and deep beams
respectively. It was shown in the previous chapter that the
response of precast walls is controlled mainly by the
strength rather than the stiffness of the coupling beams.
For this reason, results of dynamic analyses are shown for
various yield strengths. A comparison shows that the
maximum base moments and the maximum base shears computed
from dynamic analyses are higher and the maximum base axial
forces and the coupling beam moments are lower than those
obtained from static analyses. The maximum axial forces are
approximately 40% higher for those thained from static
analyses than the corresponding forces computed from dynamic
analyses. This is mainly due to the effects of live loads
and factored loads considered in static analyses and ignored
in dynamic analyses. For all cases considered, the maximum
base shears are higher for those obtained from dynamic
analyses than those computed from static analyses. When
shear resistance is provided by mild reinforcing bars across
the connections, dynamic analyses show significantly higher
base shears than the static analyses.

From the above discussion, it can be concluded that
although a large amount of energy has been dissipated
through the inelastic connections and the inelastic coupling
beams, the maximum forces obtained from dynamic analyses are
generally higher than those computed from static analyses.

The reason is that the design forces and force distribution
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Table 7-1 Response of walls with slender beams

Vertical My Max. Max. Base Max. Base Max. Beam Max. Beam
Continuity Base Shear Axial Mament Ductility
Moment Ratio
(kNm) (kNm) (kN) (kN) (kNm)
0 9967 839 4252 - -
P.T. 90 13273 1271 4949 155.5 46.4
180 14007 1422 5422 215.0 7.22
270 14056 1524 5728 281.0 2.55
0 15101 1370 4981 -
R.C. 90 18452 1794 5187 202.7 119.5
180 19737 2089 5767 285.6 37.2
R.C.+P.T. 180 18071 1578 5367 285 37
Static
Analysis Elastic 10061 1051 10546 413 -
(NBCC)

Table 7-2 Response of walls with deep beams

Vertical Ay Max. Max. Base Max. Base Max. Bar Max. Bar
Continuity Base Shear Axial Force Ducility
Moment Ratio
(rm?2) ( kNm) (kN) (kN) (kN)
0 9967 839 4252 - -
P.T. 600 14293 1441 5000 208 2.9
1000 13145 1368 6018 299 1.0
R.C. 0 15101 1370 4981 - -
600 18515 1880 7260 265 8.4
Static 600 15781 1083 10152 218 -
Analysis
(NBCC) 1000 13958 1035 9808 262 -

Note: A, = cross sectional area of diagonal reinforcing bars
' My = beam yield moment
post~tensioned

-
:ﬂ.
1

reinforced

z
0
I



in seismic design codes such as NBCC (1985) are based on
flexural ductility which may not be directly applicable to
precast wall systems. The building codes take inelasticity
into consideration by providing lower design force levels
than is actually expected under static conditions. These
results also indicate that if a higher ductility factor, k,
than the actual value of 1.3 were used, the force
distribution in precast wall systems would still be
different than the forces resulting from the equivalent

static analyses.

7.3 General Behaviour of Large Panel Systems

Studies carried out on the behaviour of simple walls
show that these structures are capable of dissipating a
large proportion of the input energy in the horizontal
connections during a major earthquake. Due to the effects
of rocking and slip, the forces at the base of the walls are
reduced significantly. However, large slip and gap openings
in the horizontal connection is accompanied by concentration
of high stresses in the connection regions and large
deformation in the structure and consequently the stability
and integrity of the building is threatened. For this
reason, a design concept that relies on the inelastic energy
dissipation of horizontal connections should be avoided.

Vertical coupling elements such as coupling beams are
not primary gravity load bearing elements. Therefore the

energy dissipation of these elements by yielding does not



249

threaten the overall stability of the structure, as long as
the individual walls have not yet reached their ultimate
strength.

Dynamic inelastic analyses carried out on post-
tensioned coupled walls showed that the amount of slip
experienced along the connections is quite significant.

Slip was found to have a tendency to move in one

direction. These results showed that it is very unlikely
for the walls to return to their original position after a
major earthquake. The effect of coupling in post-tensioned
walls was shown to have a significant effect in reducing the
gap opening across the horizontal connections. The reduced
gap opening which eliminates the possibility of the
degradation of the horizontal connections is very desirable
in precast wall systems. Walls with deep coupling beams of
relatively small length/depth ratios and diagonally
reinforced or slender coupling beams with moderate level of
yield strength were found to be most effective in these
types of structures.

Dynamic analyses showed that when mild reinforcing bars
are provided for vertical continuity across the connections,
the shear friction mechanism reduces the maximum slip
significantly. However, the reduced slip was accompanied by
large gap opening. Intense rocking motion cause stress
concentration in the corners of the connections and wall
panels which may lead to degradation, damage, and eventual

failure of the structure. In these types of structures,
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large gap opening was accompanied by large ductility demands
in the coupling beams.

Beam strength also played a major role on the behaviour
of precast wall systems. Coupling beams showed large
ductility demands when the strength of these beams was
relatively low. Coupling beams with high level of yield
strength showed net tension in the walls and large gap
opening across the connection. Beams with moderate level of
yield strength were found to be the most effective in

precast wall systems.

7.4 General Design Concepts for Precast Wall Systems

The general design requirements for structures to
resist strong ground motions is to have sufficient strength,
stiffness, ductile deformation, and energy absorption
capability. In precast wall systems, during any damage that.
may occur, the integrity and stability of the structure must
be maintained.

For reasons discussed in the previous chapters, it is
undesirable to confine the inelastic energy dissipation to
the horizontal connections. Large gap opening must be
avoided as it may cause stress concentration in the
connections which may lead to degradation and crushing of
concrete in the connection region. Consequently, this may
pose a threat to the stability and the integrity of the
building. Large slip must also be avoided as there are

severe reservations towards using this in precast wall
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systems. The in-plane slip that occurs in precast wall
panels may produce out-of-plane slip and consequently, the
stability of the structure is endangered. Therefore, a
design concept that relies on slip and gap opening must be
avoided.

An alternative design approach which is discussed by
Muller (1981) treats precast walls as monolithic walls. The
intent of monolithic design is to achieve seismic behaviour
similar to that expected in ductile cast-in-place structural
walls. The monolithic design concept implies that the
connections must be strong enough to resist the forces
associated with the formation of plastic hinges at the base
of the walls. Since the strength and the stiffness of the
horizontal connections are considerably lower than the
corresponding wall panels, precast walls require
considerable detailing which is very difficult to achieve
for reasons of economy and/or construction. It is very
likely that plastic hinges will form in the connections at
the base of the walls. Therefore a design concept that
relies on strong horizontal connection may not be possible
to achieve in practice.

The non-load bearing elements such as coupling beams
rather than the horizontal connections are the more
desirable locations to dissipate energy since the yielding
in the coupling beams does not threaten the stability and
the integrity of the structure. A design procedure based on

such concept is discussed in detail in the following
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section. Based on the study discussed in the previous
chapter, the choice of vertical continuity across the
horizontal connections is an important parameter for design
of these walls. When mild reinforcing bars are provided to
resist shear forces across the connections, it is more
likely that the response is controlled by overturning. 1In
this case, the structure must be examined to ensure there is
no sign of distress in the connections or wall panels. The
ductility demands in the coupling beams should also be
checked to ensure that they are within practical limits.

For these structues, coupling beams with lower yield
strength is more favorable since coupling beams with higher
strength may produce net tension in the walls and produce
large gap opening across the connections. When post-
tentioning bars are provided for vertical continuity it is
more likely that the response is controlled by slip. The
maximum slip that usually occurs at the base of the wails or
at the first story level should not be excessive. Coupling
beams with moderate level of beam strength are most suitable
for these types of structures. Coupling beams with low
level of beam strength may show excessive ductility

demands. Walls of this type may also show excessive gap
opening across the connections. Coupling beams with high
level of beam strength may produce large tension in the
walls which may increase gap opening. wWhen diagonal
reinforcing bars are used for vertical coupling, the beams

must be relatively deep compared to their span; otherwise,
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the coupling becomes less effective to carry the applied
shear and large gap opening may occur at the base of the
walls similar to those experienced in simple walls.

In coupled wall systems, the coupling beams should be
carefully detailed similar to those discussed in Chapter 2
to achieve flexural yielding at the ends of the beams and
prevent any premature failure that may occur. Coupling
beams must also have sufficient strength and stiffness to
avoid excessive tension or compression in the walls and

avoid large ductility demands in the beams.

7.5 Proposed Design Procedure

As discussed in Section 7.2, the design forces and the
force distribution using the NBCC (1985) based on the
"equivalent static analysis" are quite different than the
corresponding forces obtained from the inelastic dynamic
analyses. Based on the limited results available from
dynamic analyses, it is not possible to estimate the forces
in precast wall systems using the static analysis used in
design codes. A design procedure for precast wall systems
which is based on dynamic analysis is proposed and described
in the design chart illustrated in Figure 7-1. In this
design procedure, the structural properties and dimensions
are selected based on the minimum requirements by the codes
of practice. The structure is analysed as a frame under
factored wind loads using the static analysis proposed by

NBCC (1985). The coupling beam section and its properties



Select structural properties
and dimensions based on the
minimum requirements by
CAN3-A23.3-M77

'

Analyse the structure for
factored wind load according
to NBC (1985) using static
analysis

'

Select beam properties
assuming cracked concrete
section

!

Calculate the structural
period corresponding to the
first two modes of vibration

—

Carry out dynamic analysis
using the computer program
DRAIN-2D

'

Check max. slip at the base
of the walls

!

Check for overstressing at
the connection level at the
base of the walls
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Check max. beam
ductility factor

Vertical
Continuity

Check base shear
stresses < 0.8/fé

Design
Satisfactory

YES
—»_sT0P )

Modify dimensions
and/or the properties
of the structure

®

Note: P.T. Post-tensioned

Reinforced

Figure 7-1 Proposed Design Chart for Precast Wall Systems
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are selected accordingly, assuming cracked concrete
section. Based on a design procedure suggested by Fintel
and Ghosh (1981), the level of coupling beam strengths must
be selected to ensure elasticity in the beams up to at least
the factored design wind loads. To select damping
properties, the period of the structure corresponding to the
first two modes of vibration should be estimated.

A particular ground motion can be applied to the
selected structure using the computer program DRAIN-2D. The
results obtained from dynamic analysis must be within the
prescribed limits. To satisfy the design requirements, the
designer should ensure that:

1) maximum slip at the base of walls is not excessive

2) maximum strains at the corner of the connections are

less than the concrete maximum compressive strain at
maximum stress level

3) maximum beam ductility factors are within the

practical limits, and

4) when mild reinforcing bars are provided for vertical

continuity, the maximum shear at the base of the
walls satisfy the code requirements.
In any case, if any of the above values exceed the limit,
the structural properties and/or dimensions should be
modified accordingly and the structure must be reanalysed.
This process may be repeated several times until the design

is satisfactory.
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7.6 Design Example

The 10 story building model selected for parametric
study and described in Chapter 5 is used as an example to
illustrate the design procedure discussed in the previous
section. The design procedure which is based on the design

flow—-chart shown in Figure 7-1 is as follows.

1) Select structural properties and dimension.

10 story building model with slender coupling beams and
post-tensioning bars for vertical continuity. The
properties and dimensions of the structure are similar to
those described in Chapter 5 except with the post-tensioning

force of 352 kN/tendon.

2) Analyse structure under factored wind load.

Reference velocity pressure = 0.55 kN/m2 (supplement to NBCC
1985)

Specified pressure acting on the wall = 1.14 kN/m2 (NBCC
1985)

Maximum beam moment under factored wind load using a frame

analysis = 60 kNm

3) Select beam properties based on cracked concrete section.

122 x 103 kNmZ2

ET =
GA = 403 x 103 kN
EA = 403 x 104 kN

Beam yield moment, My = 90 kNm (50% higher than the design



wind moment)

4) Structural period of vibration.

First mode

= 0.38 seconds

Ssecond mode = 0.09 seconds

5) Dynamic analysis using the computer program DRAIN-2D.

Assume building is located in zone 6 with zonal velocity

ratio of 0.32

Select El Centro 1940, N-S component as the input ground

motion with the intensity of 1.0 and maximum peak

acceleration of 0.33 g.

Select the integration time step as 0.002 seconds.

6) Analyse results.

Max.

Max.

Max.

Max.

Max.

Max.

Max.

Max.

The above analysis shows that the ductility

requirements in the coupling beams are relatively high.

slip = 3.8 mm

gap = 1.5 mm
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compressive strain at the corner of the connection =

0.0018 mm/mm < 0.002 O.K.

roof

beam

base

base

base

displacement = 52 mm

ductility factor = 15.7 N.G.

axial 4947 kN

shear 1053 kN

moment = 12362 kNm

The
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structure was reanalysed assuming My = 180 kNm for the
beams. The following results were obtained.

Max. slip = 4.5 mm

Max. gap = 0.7 mm

Max. compressive strain at the corner of the connection =

0.001 mm/mm < 0.002 O.K.
Max. roof displacement = 33 mm
Max. beam ductility factor = 3.2 O.K.

5024 kN

Max. base axial

Max. base shear 1212 kN

Max. base moment = 11567 kNm
The above results indicate that the increase in coupling
beam strength by a factor of 2.0 reduces the ductility
demand by approximately a factor of 5.0.

For design of precast wall systems, a single earthquake
record as input may not provide éufficient asssurance that
the structure will behave satisfactorily under future.

. earthquakes. For this reason, it is advisable to analyse

the structure under a set of earthquake records.

7.7 Summary

It was shown in this chapter that the design forces and
the force distribution obtained from the code procedure
using the "equivalent static analysis" were significantly
different than the corresponding forces obtained from
inelastic dynamic analyses. For this reason, a design

procedure based on dynamic analysis was recommended. In
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this design process, the parameters that the designer should
check to ensure the integrity and the stability of the
structure were discussed. The application of the proposed

design method was illustrated with a design example.



8. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary

The inelastic response of precast wall panels with
coupling beams was studied under severe earthquake
motions. A 10-story building model was used for dynamic
analyses. The main aim of the study was to investigate the
effect of coupling beams on precast wall systems.

| Based on detailed studies of reported experimental test
results related to precast wall systems, computer models
were developed and incorporated into the computer program
DRAIN-2D. It was also possible to use some of the existing
elements in the program.

The finite element technique was used to model the
precast wall systems. It was assumed that wall panels
remain linear-elastic throughout the analysis and that the
inelastic action is concentrated in the horizontal
connections and the coupling beams. Wall panels were
modeled using a 4-node rectangular plane-stress element.
For the connections, an element originally developed by
Llorente and Becker (1981) for the analysis of simple walls
was used. This element takes into consideration the shear
slip mechanism and the rocking mechanism which allows for
gradual opening and closing of the connections. For the
shear behaviour, two elements were used in parallel; contact
or interface elements were used to model the shear slip

along the connection panel interface and the finite
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connection region was used to model joint material
deformations.

It was assumed that vertical continuity across the
connections is provided by mild reinforcing bars, ungrouted
post-tensioning bars or a combination of the two. A linear
elastic truss element was used to model post-tensioning bars
and an elastic-perfectly plastic model was used to model
mild-reinforcing bars. It was assumed that the shear
behaviour across the connections is by coulomb friction
mechanism in the presence of gravity and/or post-tensioning
and by shear friction mechanism in the presence of mild
reinforcing bars.

The concrete material model suggested by Darwin and
Pecknold (1974) was used to model the axial behaviour of
concrete across the connections. However, the ascending
branch of the curve was linearized to reduce the
computational effort. The descending branch of the curve
was also modified to avoid numerical problems.

Experimental test results have shown that the behaviour
of deep coupling beams is significantly different from that
of slender beams. For this reason, different modeling
techniques were used for deep beams and slender beéms. Deep
beams with main diagonal reinforcing bars were modeled as
truss elements and slender beams with longitudinal main
reinforcing bars were modeled as beam elements. The
inelastic concrete beam element in the computer program

DRAIN-2D was used to model the slender coupling beams.
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Modifications to the element were made to make it compatible
with the plane-~stress panel element. Compatibility was
assured both in the elastic and the inelastic range.

Verification of the models was accomplished where
possible by the use of available experimental or analytical
test results. However, in some cases, the hysteretic models
were verified by tracing the loops in a step-by-step
fashion.

For parametric study, an accelerogram which is
relatively strong and likely to cause most damage to the
structure was selected. The selected structure was analysed
under three available strong ground motions. The effects of
coupling beam parameters formed the major part of the
parametric study. The strength and stiffness of coupling
beams were the major variables in this investigation. The
effect of the method of providing vertical continuity across
the horizontal connections was also studied. Based on the
results of dynamic analyses, a design procedure was

recommended for precast wall systems.

8.2 Conclusions

Based on the results of the investigation on precast

wall systems, the following conclusions can be made:

1. The method of providing vertical continuity across the
horizontal connections has a significant effect on the

response of precast wall systems, Although post-



264
tensioned walls showed good per formance, reinforced
walls were unable to sustain the earthquake intensity of
1.5 times the N-S component of the 1940 E1l Centro

record.

The response of post-tensioned walls and reinforced
walls is controlled mainly by slip and gap opening
respectively. In precast wall systems, the consequences
of large gap opening across the horizontal connections

are more significant than those due to large slip.

The strength of coupling beams plays a major role in the
behaviour of precast wall systems. Coupling beams with
a moderate level of beam strength are most suitable for
precast walls. Beams with low level of yield strength
show large gap opening across the connections and large
ductility demands in the coupling beams. Beams with
high level of yield strength also show large ductility

demands in the beams.

The response of coupled wall systems is not signifi-
cantly affected by the amount of energy dissipated in

the coupling beams.

The effect of the initial stiffness of coupling beams on
the response of precast walls is not very significant.

However, slender coupling beams with high level of
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stiffness show large ductility demands.

Coupled walls with deep beams of low level of span/depth
ratio show better structural response than those with

high values of span/depth ratios.

Coupled walls with deep beams are more suitable than
those with slender beams due to:
(a) lower amount of reinforcement necessary in
coupling beams and, |

(b) lower ductility demands in the coupling beams.

Coupled walls show better structural response than

simple walls in terms of gap opening when post-

tensioning bars are provided for vertical continuity

across the connections. Coupled walls of this type
behave satisfactorily whereas simple walls show signs of

distress and degradation in the connection regions.

The amount of strain hardening in the shear slip model
has a significant effect on the response of precast
walls. A small amount of strain hardening can reduce
the displacements significantly. For this reason, it is
important to select an appropriate value for the amount

of strain hardening.

The maximum forces and the force distribution using the
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"equivalent static analysis" as described by NBCC (1985)
are significantly different than those obtained from
inelastic dynamic analysis. For this reason, it is not
possible to predict the response of precast wall systems
using the prescribed static code procedure. Under
strong ground motions, the design of precast wall

systems should be based on inelastic dynamic analysis.

11. The computer program DRAIN-2D is sensitive to the value
selected for integration time step. Care should be
taken to select an appropriate value for the integration
time step for inelastic dynamic analysis. Time steps of
0.002 seconds or less were found to be sufficient for

inelastic dynamic analysis of the structures considered

in this study.

8.3 Recommendations

Based on this investigation, recommendations for

precast wall systems are presented.

8.3.1 Design Recommendations

A design procedure which is based on inelastic dynamic
analysis was discussed in Chapter 7. The main features of

the design are as follows.

1. Carry out a preliminary design based on Code minimum

requirements.



Check that the design is satisfactory under factored
wind loads using static analysis. Assume the coupling

beams remain elastic under this condition.

Carry out dynamic analysis using the computer program

DRAIN-2D.

Check the strength capacity of reinforcing bars due to
shear, concrete crushing, and slip at the base of the

walls.

8.3.2 Recommendations for Further Research

Limited parametric study was carried out in this

investigation. Further studies can be carried out as

follows.

Analyse the structure under earthquakes with different
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intensities. This may provide sufficient information on

the level in which precast wall systems with mild
reinforcing bars for vertical continuity provide

satisfactory response.

Analyse walls with varying height/depth ratios and

&

varying number of stories.

Analyse walls with different lengths of piers on each
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side.

4., Study the effect of variation in the coefficient of

friction.

Further extensions can be made to the computer program

DRAIN-2D to incorporate:

1. Substructuring of wall panels to reduce the

computational effort.

2. A model which considers soil-structure interaction.

3. A model which considers the bonding failure in vertical

continuity steel bars and the reinforcing bars in the

coupling beams.

4. A model that accounts for the degradation of the

coefficent of friction after each cycle.

And most important, experimental tests are needed on
both simple walls and coupled wall systems. In recent
years, some experiments have been carried out, but the
results which have been published are limited. Based on
experimental test results, further studies can be carried
out to investigate the accuracy of the modeling technique

adopted for the present study.
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For solving the equations of dynamic equilibrium in the
computer program DRAIN-2D, the step-by-step integration
technique with constant acceleration method is used.

Details of the procedure are as follows:

n
¥ a) Displacement, ry, as unknown
0
r
»e 1 .e X
. r =3 (rg + rl) (A-1)
.
. 1
O F L ] * t
r=r, + [ r dt (A-2)
o
"
* _ oAt T At -
. r] =ty +rg 5 +try g (A3
0 r
t L]
,____? r =rg* [ r dat (A-4)
o
- - 2 2
- . oAt c At -
ry =g + rgAt + rg T3 + 1y T3 (A-5)

(b) Rearrange in terms of Ar, where Ar is displacement

increment at the end of the time increment At.

‘r—-'

= - 2r0 + Ar (A-6)

>
La]
t
>

t

.. as . 4 4

AY - 2rg = gy At + Ar —5 (A-7)
At

(c) Equation of dynamic equilibrium

[M]{ar} + [C1{ar} + [Kl{ar} = {AP} (A-8)



Hence

[—5—2 M)+ ‘Z‘—t [cl + [K] ] {ar} = {AP}

+ ml {2rg + %E} + 1c1 {2z} (A-9)

which can be solved for {Ar}.
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In this Appendix, the element users guide for the
modified part of the program, DRAIN-2D is presented. The
complete users guide for other elements in the program is
described in the program manual by Kanaan and Powell (1975).

1. Beam Element Compatible With Plane Stress Element

(a) CONTROL INFORMATION FOR GROUP (815) - ONE CARD

Columns 5: Punch 6 (to indicate that group
consists of beam elements with
degrading stiffness).

6-10: Number of elements in group.

11-15: Number of different element
stiffness types (max. = 40).

16-20: Number of different end eccentricity
types (max. = 15).

21-25: Number of different yield moment
values for cross sections (max. =
40).

26-30: Number of different fixed end force
patterns (max. = 34).

31-35: Number of different initial element
force patterns (max. = 30).

36-40: Type 1 to indicate compatible with
plane stress element.
Type 0 or leave blank otherwise.

(b) Through (h) are identical to Element 6 in the
computer program DRAIN-2D (1975) .

(i) ELEMENT GENERATION COMMANDS - TWO CARDS FOR
EACH GENERATION COMMAND.

Elements must be specified in increasing
numerical order. Cards for the first and last
elements must be included.

CARD 1: COMMANDS FOR BEAM ELEMENT (12I5,
2F5.0, 15, F5.0)

Columns 1-5: Element number, or number of
first element in a
sequentially numbered series
of elements to be generated
by this command.
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6-10: Node number at element end 1i.
11-15: Node number at element end j.

16-20: Node number increment for
element generation. If zero
or blank, assumed to be equal
to 1.

21-25: Stiffness type number.

26-30: End eccentricity type
nunber., Leave blank or punch
zero if there is no end
eccentricity.

31-35: Yield surface number for
element end i.

36~-40: Yield surface number ftor
element end j

45: Code for including geometric
stiffness. Punch 1 if
geometric stiffness is to be
included. Leave blank or
punch zero if geometric
stiffness is to be ignored.

50: Time history output code. If
a time history of element
results is not required for
the element covered by this
command, punch zero or leave
blank, If a time history
printout, at the intervals
specified in card D1, is
required, punch 1.

51-55: Fixed end force pattern
number for static dead loads
on element. Leave blank or
punch zero if there are no
dead loads.

56-60: Fixed end forces pattern
number for static live loads
on element., Leave blank or
punch zero there are no lilve
Loads.

61-65: Scale factor to be applied to
fixed end forced due to
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static dead loads.

66-70: Scale factor to be applied to
fixed end forces due to
static live 1loads.

71-75: Initial force pattern
number. Leave blank or punch
zero if there are no initial
forces,

76-80: Scale factor to be applied to
initial element forces.

CARD 2: COMMANDS FOR COMPATIBLE PLANE STRESS
ELEMENT (21I5)

Columns 1-5: Node number at end K

6-10: Node number at end L

II. PLANE STRESS ELEMENT

(a) CONTROL INFORMATION FOR GROUP (3I5) - ONE CARD

Columns 5: Punch 7 (to indicate that group
consists of plane-stress element)

6~-10: Number of elements in group

11-15: Number of different element stiffness
types (max. 40)

(b) STIFFNESS TYPE (I5, 2F12.0, F6.0, 3F10.0, F10.0) -
ONE CARD FOR EACH STIFFNESS TYPE

Columns: 1-5: Stiffness type number in sequence
beginning with 1.

6-17: Elastic modulus of concrete.
18-29: Elastic modulus of steel.
30-35: Poisson's ratio for concrete.
36-45: Reinforcement ratio in x-direction.
46-55: Reinforcement ratio in y-direction.
56-65: Element thickness.

(c) ELEMENT GENERATION COMMANDS (7I5) -~ Elements must be

specified in increasing numerical order, cards of the
tirst and last elements must be included.
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Columns: 1-5: Element number or number of first
element in a sequentially numbered
series to be generated by this card.

6-10: Node number i (bottom left).
11-15: Node number J (bottom right).
16-20: Node number K (top right).
21-25: Node number I (top left).
26-30: Node number increment for element
generation, If zero or blank, assumed

to be equal to 1.

31-35: Stiffness type number.

IIT. CONNECTION ELEMENT
(a) CONTROL INFORMATION FOR GROUP (3I5) - ONE CARD

Columns: 5: Punch 8 (to indicate that group
consists of connection element).

6-10: Number of elements in group.

11-15: Number of different element stiffness
types (max. = 40).

(b) STIFFNESS TYPES (I5, 7F12.0, I5) - ONE CARD FOR EACH
STIFFNESS TYPE

Columns: 1-5: Stiffness type number in sequence
beginning with 1.

6-17: Elastic modulus of concrete.
18-29: Poisson's ratio for concrete.
30-41: Max. compressive strength of concrete.
42-53: Shear modulus of concrete
54-65: Connection thickness.,
66-77: Axial reinforcement ratio.
78-89: Shear reinforcement ratio.

90-94: Static code. Punch 1 if static 1loads
are applied. Leave blank or punch



(c)

(4)

(e)
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zero otherwise.
MATERIAL PROPERTIES CARD (3F10.0) - ONE CARD
Columns 1-10: Coefficient of friction (u).
11-20: Elastic modulus 6f steel.

21-30: Yield stress of steel.

MATERIAL MODEL PROPERTIES CARD (3F8.0, I5) - ONE CARD

Columns 1-8: Strain hardening stiffness parameter
for shear slip model (Gg4/Gg)-.

9-16: Strain hardening stiffness parameter
for shear friction model (Gg/Gg).

17-24: r Parameter for shear friction model.

25-29: Inelastic Code - Punch 1 for inelastic
analysis. Leave blank or punch zero
for elastic analysis.

ELEMENT GENERATION COMMANDS (71I5) - Elements must be
specified in increasing numerical order, cards of the
first and last elements must be included.
Columns: 1-5: Element number or number of first
' element in a sequentially numbered
series to be generated by this card.
6-10: Node number i (bottom left).
11-15: Node number J (bottom right).
16-20: Node number K (top right}).
21-25: Node number L (top left).
26-30: Node number increment for element
generation., If zero or blank, assumed

to be equal to 1.

31-35: Stiffness type number.
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