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Abstract

Ductile coupled flexural walls are critical iateral load resisting systems of many structures.
The coupling beams of these structures must exhibit excellent ductiity and energy abeorption
ability. To achieve better ductility and energy absorption than previously possible, the use of steel
link beams with their ends embedded in the reinforced concrete walls is proposed. Preliminary
experimental results are reported for two full-scale reversed cyclic loading tests of portions of
ductile flexural walls coupled with steel link beams. The excellent performance, together with the
ease of construction, demonstrate the feasibility of this akernative form of construction. in order
to ensure ductile response, design and detailing guidelines for both the clear span and
embedded puitions of the link beams and the reinforced concrete embedment region are

presented. An assessment, based on comparisons with other structural systems, of this novel type
of construction is presented,




Résumé

Une ossature composée de murs de flexion et de linteaux est fréquemment rencontrée.
Les linteaux doivent démontrer une excellente ductilité et absorber beaucoup d'énergie. L'emploi
de linteaux en acier de charpente encastrés dans les murs de béton armé est proposé afin
d'améliorer la ductiité et I'sbsorption d’'énergie. Les résulats d'études préliminaires sont
présentés pour deux spécimens en de contreventemant grandeur réelle formés de trumeaux et
de linteaux en acier de charpente soumis 3 des charges cycliques renversées. L'excelient
comportement de ce systdéme lors d'un séisme et sa construction simplie assire 19 succes de ce
nouveau genre d'cssature ductile. Afin d'assurer un comportement ductile, les procédures de
conception et de ditail de la portée libre et des portions encastrées des knteaux, ainsi que la
région d'encastrement des murs en béton armé, sont présentées Une comparaison avec
d'autres systémes de contreventement, permet d'évaluer P'efficacké de ce nouveau type de
construction.
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Chapter 1
Introduction

1.1 Introduction

The Supplement to the 1990 National Building Code of Canada (NBCC Supplement, 1990)
states that an acceptable level of public safety can be achieved ¥ structures are designed such
that they are "able to resist moderate earthquakes without significant damage and major
earthquakes without collapse®. The 1990 NBCC specifies an equivalent seismic base shear, V,
which is calculated from the following expression:

v-(%)u

where U = a calibration factor, taken as 0.6,
R = force modification factor, and

V, = equivalent elastic base shear, given as: V, = vSIFW with:

v = zonal velocity ratio,
S = seismic response factor,
| = importance factor,
F = foundation factor, and
W = the weight of the structure
The force modification factor, R, reflects the abilty of a structure to dissipate energy
through inelastic behaviour. in the 1980 NBCC the vaiues of R vary from 1.0, for unreinforced

masonry, to 4.0, for ductile moment resisting stee! or concrete frame structures.

1.1.1 Ductile Flexural Walls

The 1990 NBCC, recognises that ductile flexural walls are capable of exhibiting significant
inelastic deformations without loss of strength and specifies a force modification factor, R, of 3.5.
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Ductile flexural walls are designed in accordance with the requirements of CSA Standard CAN3-
A23.3-M84, Design of Concrete Structures for Buildings (CSA, 1984). The Special Provisions for
Seismic Design, Clause 21, state that ductile flexural walis must be designed to resist the forces
and dissipate ene1gy through flexural yielding at one or more plastic hinges. This is achieved by
designing the walls to yield in flexure without local instability or shear failures. Futhermore,
stringent requirements are placed on the flexural ductility of the walls, the detailing of the wall
reinforcement and the minimum amounts of reinforcement in the walls.

Walls with a regular pattem of openings are called coupled walls. They are composed of
two or more walls linked with coupling beams above and below each opening. Ductile coupled
flexural walls are designed such that the coupling beams are the primary energy dissipating
elements. This is achieved in the CSA A23.3 Standard by first designing the coupling beams such
that shear failures are avoided and by detailing the coupling beams to enable full yieiding of the
main reinforcement. The Standard requires that ductile coupling beams be reinforced with well
confined diagonal reinforcement or, when the shear stress is low and the span-to-depth ratio is
relatively high, then the beams may be designed and detalled as ductile flexural beams. in order
to ensure that the beams are capable of dissipating significant amounts of energy, the walls are
designed to resist the forces corresponding to hinging in all of the beams. Therelore a ductile
coupled flexural wall system is able to dissipate significant amounts of energy by hinging of the
coupling beams without significant inefastic action occurring in the walls.

1.2 Analysis of Coupled Wall Systems

It is clear from their function that the coupling beams in a coupled wall system are the
critical energy absorbing elements and thus their strength wil dictate the required strengths of
the walls. The first step in the design is to determine the forces in the coupling beams due to
lateral loading.

The equivalent lamina method and the equivalent frame method are the most common
methods of analysing coupied shear walls. These two methods of analysis are discussed below.

1.2.1 Equivalent Lamina Analysis of Coupled Flexural Walis

The determination of the forces in the coupling beams of a coupled flexural wall system
is highly statically indeterminate. In order to analyse the system, the link beams are replaced with
an equivalent elastic lamina as shown in Fig. 1.1. The forces in the coupling beams can be




determined from a single, second order differential equation when the following assumiptions are

made:

i)

W)
)

vil)

the fioor heights are uniform, s0 that the link beams are equally spaced,

the link beams all have the same properties, with the exception of the topmost
one, whose stiffness is assumed 10 be one half the stiffness of the other beams,

the properties of the walls do not vary with height,

the axial deformations of the link beams are negilected,

the shear deformations of the walls are neglected,

the stiffnesses of the walls are assumed to be much greater than that of the link
beams, consequently the siopes of the walls are the same at any level, implying
that the points of contraflexure in the link beams are at their midspans, and

the lateral load can be expressed as a continuous function over the height of the
structure.

The differential equation, based on conditions of equilibrium and compatibiity was
expressed by Rosman (1964) as the relationship between the external moment, M,, the axial force
in the wall, T,, and the laminar shoar force, q,, at any level of the wall, as:

with

[ T

. 1.4
26,9 "0 a0

17 "y 1,1, 1,f
E—,.{u,a-e—,.lr,m-‘-s(z.z)lr,a-

b

12E1y/ (1.2
B ——_;

GA,J,

b=

x = the distance measurad from the top of the structure,

|, = the reduced momeit of inertia of the coupling beam allowing for shear
deformation,

A, = cross-sectional area of the beam,

|, = moment of inertia of the beam,

f = shape factor to account for the shear stress distribution in link beam, and
I A, Ay, |, |, are geometric properties of the system as defined in Fig. 1.1.
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Figure 1.1 Equivalent lamina representation of coupled shear walls (adapted from
Stafford-Smith and Coul, 1991)
Combining the common terms and differentiating with respect to x, the differential
equation for the axial force in the walls is obtained as:

— - a7, = -yM, (1.9

where T, is the axial force in the wall at x and;

1.1 1% (2, 124,
.l.(.A_'qzo-;:)(T:] “1-7;'—' (1.4)




Considering the following three loading patterns on the shear wall, as shown in Fig. 1.1:

i) A single poirt load, P applied to the top of the shear wall,

ii) A linearly distributed load, W acting with maximum intensity at the top of the
structure,

) A uniformly distributed load, W,.

The bending moment at any level due to these loads is:

M.-wn(e*-%)om»muszi. whore ¢ - X (1.9

Considering that each wall has a fully fixed base, the boundary conditions become:

i) whenx = 0, T = 0 (.., at the top of the structure) and,
ii) when x = H, q = 0, that is dT/dx = O (i.e., at the base of the structure)

Substituting these conditions into the differential equation, the axial force, T,, can be
found. Recognising that the axial force is the accumulation of laminar shear, the equation for
laminar shear can be written as (Santhakumar, 1974):

Ul .
ot - (X ) (16)
Defining the {oliowing parameters as:

p-al, P -% and P, - %

and substituting these parameters, together with Equation 1.6, into Equation 1.1 results
in the following expression for the laminar shear.

2 + p')tanhp coshpg « CNBE(2 _ g _ oip _ og)
q(e)=('””')( otanng cosnpt + SHRBE(2 _ g . prp ,:) o
B | - @ p)sionpE + 298 - et po 4 POt - 5

7

The lateral deflection of the shear wall, at any lovel, x, can be derived from the general
expression:

El,% - M, -, (19




T

»

which can be expressed as:

i‘-a[l:- - 1)[(' - BE% + 16F - 11 - 10p(E® - 3 + 2) + /(10 - 2.5¢* - 7.5))...
a

& (WH,) (sinhpE - smhp)(zsinhp ' % =B - Pp - Pol pmnhp)...
y = 4
El )| __x'__|- cosh(2 + p)coshpt - coshp) - BZO0NB (s3 _ gezys , 4 ).
«®p*coshp 3

. 3¢ -n(%-p)oz
(1.9)

1.2.2 Equivalent Frame Method of Modelling Coupled Flexural Walls

While the equivalent lamina analysis is appropriate for uniform flexural walls, it is unable
to adequately deal with more complex systems. An equivalent frame analysis (MacLeod, 1966 and
Schwaighofer and Microys, 1968), provides a more realistic and more versatile approach for more
complex systems.

An equivalent frame model represents each wall with an equivalent ‘wide column’ located
at the centroidal axis of the wall. The axial rigidity, EA, and the flexural rigidity, El, of each wall is
assigned to a column of the equivalent frame. Typically, shear deformations in the walls are
neglected since the flexural behaviour will dominate the response of the walis.

The coupling beams are represented by frame elements located at the centroidal axis of
each coupling beam. In order to account for shear deformations of the coupling beam, the
moment of inertia assigned to each beam member is determined from the relation given by
Equation 1.2. Rigid offsets span from the centroidal axes of the walis (equivalent column) to the
ends of each coupling beam. These rigid offsets simulate the ‘wide column’ effect and satisfy the
assumption that plane sections in the walls remain plane. The rigid offsets ensure that the correct
rotations and vertical displacements are produced at the ends of the coupling beams. Figure 1.2
illustrates the representation of a coupled wall system as an equivalent frame.

The equivalent frame method has the additional advantage that the coupled wall system
can be linked with the rest of the structure, enabling the structural interaction to be determined.

The prototype structure presented in Chapter 2 was analysed using both the equivalent
lamina and equivalent frame methods and some comparative results are shown in Fig. 2.2,
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Figure 1.2 Equivalent frame representation of coupied shear walls (adapted from
Stafford-Smith and Coull, 1991)

1.3 Previous Research

1.3.1 Tests of Reinforced Concrete Coupling Beams and Coupled Walls

Following the 1964 Alaskan earthquake, (Berg and Stratta, 1964) considerable attention
was devoted to improving the response of reinforced concrete coupling beams in coupled wall
systems.

Extensive experimental work, under the direction of Paulay at the University of Canterbury,
led to the development of design guidelines for reinforced concrete coupling beams. Tests
conducted by Paulay (1969 and 1971) led to design guidelines for coupling beams with relatively
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large span-to-depth ratios and relatively low shear stress levels. The design philosophy developed
for these members avoids brittie shear fallures by providing shear resistances large enough to
develop flexural hinging in the beams (Park and Paulay, 1975). Conventionally reinforced beams
with relatively small span-to-depth ratios and/or high shear stress leveis exhibited sliding-shear
failures at the wall interfaces (Paulay and Binney, 1974 and Park and Paulay, 1975). Because the
sliding-shear plane is perpendicular to the beam span, conventional transverse reinforcement has
no effect in controliing this mode of tailure.

To prevent sliding-shear failures, Paulay and Binney (1974) introduced the concept of
using diagonal reinforcement in the coupling beams (see Fig 1.3). Diagonally reinforced coupling

minimum standard reinforcement
to carry appied vertical loads and
for crack control

v ——

main diagonal reinforcement

-~ )

| ? 1
confinement l

° \_/'
reinforcement l

-

Section A-A

— ] 4

v

Figure 1.3 Diagonal reinforcement of coupling beams

beams offered improved ductility and energy absorption over conventionally reinforced coupling
beams. Santhakumar and Paulay (1974) conducted quarter-scale model tests on seven storey
coupled walis having coupling beams with a span-tn-depth ratio of 1.25. These tests confirmed
the superior performance of diagonally reinforced coupling beams, with the attainment of larger
displacement ductilities and energy absorption compared with conventionally reinforced coupling




beams. With the diagonally reinforced beams, displacement ductilities of the wall system of 8 to
13 were achieved without loss of strength.

The University of Canterbury research forms the basis for the design criteria for coupling
beams in ductile coupled flexural walls given by the CSA A23.3 Standard.

Research conducted at the Portland Cement Association (PCA) examined the rezsonse
of relatively slender coupling beams, having span to depth ratios of 2.5 and 5 (Shiu, et al, 1978).
These tests confirmed the improved behaviour of diagonally reinforced beams over conventionally
reinforced beams (see Fig. 1.4). However these tests demonstrated that for larger span to depth
ratios the diagonal reinforcement is not as efficient due to its lower inclination. These tests also
contirmed the need for closely spaced hoops or spiral reinforcement confining the diagonal bars,
both in the coupling beam and along their wall embedments. If adequate confinement is not
provided, then buckling of the diagonal bars may severely affect the response.

1.3.2 Steel Link Beams in Eccentrically Braced Frames

Analogous to coupling beams in reinforced concrete coupled wall systems, steel link
beams in eccentrically braced frames (EBFs) serve as the primary ductile energy absorbing
elements. Recent research has shown that steel link beams in eccentrically braced frames can
be detailed to provide excellent ductiity and energy dissipating characteristics.

A number of research programmes, under the direction of Popov, have been carried out
at the University of California, Berkeley (Malley and Popov, 1983a and 1983b, Roeder and Popov,
1978 and Kasai and Popov, 1986). The results of these programs have led to design
recommendations for achieving large ductility and energy absorption characteristics from link
beams. Engelhardt and Popov (1989) provide an excellent summary of design and detailing
considerations for achieving ductile response from steel link beams of varying spans.

This research clearly indicates the superior hysteretic response of steel beams particularly
when they are designed to yield in shear while remaining elastic in flexure. Malley and Popov
(1983b) demonstrate the necessity for detailing link beams to control web and/or flange instability
with the provision of stiffeners.

This work has led to the design and detailing requirements for link beams in EBFs that
form the basis of the provisions of Appendix D in the Canadian Steel Design Standard, CAN/CSA
S-16.1-M89 (CSA, 1989).

1.3.3 Reinforced Concrete Coupling Beams Containing Encased Steel Members
Atthough no experimental research has been published on the use of steel beams to
connect reinforced concrete walls, there have been some investigations carried out on reinforced
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(a) Conventionally reinforced
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(b) Diagonally reinforced

Figure 1.4 Load versus deflection response for conventionally reinforced (top) and
diagonally reinforced (bottom) coupling beams with span-to-depth ratios of 2.5 (from Shiu,
et al, 1978)
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concrete coupling beams containing structural steel members. It is interesting to note that many
older reinforced concrete coupled wall systems have steel members encased in the coupling
beams. These steel members often served as erection steel and were not typicatly accounted for
in design.

Paparoni (1972) reported on a study of a reinforced concrete coupling beam containing
an encased structural ** section tested at the Laboratorio Nacional de Engenharia Civil in Lisbon.
This study investigated the reversed cyciic cading response of a 130 mm wide by 230 mm deep
reinforcad concrete coupling beam spanning 450 mm containing conventional longitudinal and
transverse reinforcement and a 140 mm deep structural *1* section. The test specimen was a
model! of coupling beams in the Parque Central buildings in Caracas Venezuela. The testing
programme aiso investigated the reversed cyclic loading response of coupling beams reinforced
with a combination of longitudinal and inclined reinforcing bars together with closed stirrups. The
details of the special inclined reinforcement for these coupling beams, having a span-to-depth
ratio of 2, were different than those suggested by Paulay. The results of these tests suggested
that reinforced coupiing beams having encased structural steel members and those reinforced
with the special inclined reinforcement exhibited ductiities and energy absorption characteristics
between those of conventionally reinforced and diagonally reinforced coupling beams.

Research conducted at McGill University by Mitchell and Cook (1988) investigated the
reversed cyclic loading response of a reinforced concrete coupling beam containing a structural
steel channel. The encased channel is representative of erection steel used in some older
structures. The 280 mm wide by 610 mm deep coupling beam spanning 1525 mm contained
longitudinal reinforcing bars and cicsely spaced closed stirups as well as & 150 mm deep
structural channel. The results of this test showed some improvement in ductiiity and hysteretic
behaviour over conventionally reinforced link beams.

Another research programme which involved composite link beams was carried out at the
University of Dundee by Subedi (1889). This programme involved replacing conventional shear
reinforcement with encased steel plates. The results from this preliminary testing programme
indicated that premature shear failure may resutt ¥ the plate has inadequate anchorage to the
concrete. Several different methods were investigated in an attempt to provide horizontal shear
resistance between the encased steel plate and the fongitudinal reinforcing bars. The specimens
of this test series were subjected to monotonic loading only and & is doubtful ¥ the details
proposed would perform well under reversed cyclic loading.

11




1.3.4. Embedded Connections of Structural Steel Members in Reinforced Concrete

Structural steel members with their ends embedded in concrete, serving as haunches or
brackets, have been used to provide connections for many years in precast and cast-in-place
construction. Marcakis and Mitchell (1980) investigated the response of different types of
structural steel members embedded in reinforced concrete and proposed a design procedure for
determining the embedment strength of such connections. This approach forms the basis of
current design recommendations for these type of connections (PCl, 1985 and CPCl, 1987). The
tests demonstrated that the embedded connection can be designed to develop the ful capacity
of the embedded structural steel member.

1.4 Objectives of Research Programme

Several researchers have investigated novel approaches for improving the ductility and
energy absorption of reinforced concrete coupling beams. For span-to-depth ratios less than
about 2, specially detailed diagonal reinforcement (e.g., Paulay and Binney, 1974) has been
shown to significantly improve the reversed cyclic loading response. Structural steel members,
fully encased in reinforced concrete coupling beams (e.g., Paparoni, 1972 and Mitchell and Cook,
1989) have resulted in slightly improved responses over conventionally reinforced coupling
beams. The objective of this research programme is to investigate the feasibility of using structural
steel members, having their ends embedded in the walis, 1o replace reinforced concrete coupling
beams.

The use of steel coupling beams to connect reinforced concrete walls has the following
potential advantages:

i Properly designed and detailed steel coupling beams can exhibit excellent ductility and
energy absorption.

il. The prefabrication of steel coupling beams provides improved quality control and
eliminates a considerable amoun of on-site labour,

i, Formwork can be significantly simplified.

The specific objectives of this research programme are:

i To test full-scale specimens under reversed cyclic loading to determine the hysteretic

response of structural steel link beams having their ends embedded In reinforced
concrete walls,

ii, To attempt to achieve a reversed cyclic loading response similer to that exhibited by steel
link beams in eccentrically braced frames.

12
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To investigate factors influencing the reversed cyclic loading response of the link beam
over its clear span and along its embedments.

To investigate factors influencing the reversed cyclic loading response of the reinforced
concrete embedment regions.

To develop design and detailing guidelines to enable large ductilities and energy
absorbing capabilities to be achieved in steel link beams used to coupile reinforced
concrete flexural walls.

13
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Chapter 2
Protoiype Structure

2.1 Introduction

The analysis of the prototype structure was carried out using the 1990 National Building
Code of Canada (NBCC) to determine the lateral design forces. In order to achieve the desired
ductility, the steel link beam was designed in accordance with Clause 27, Seismic Design
Requirements, and Appendix D, Seismic Design Requirements for Eccentrically Braced Frames,
of CAN/CSA S16.1-M89. Design of the ductile concrete walls was in accordance with Clause 21,
Special Provisions for Seismic Design, of CAN/CSA A23.3-M84. The reinforced concrete region
surrounding the link beam embedment had to be carefully designed and detailed so that the
desired level of ductility could be achieved in the link beam.

2.2 Prototype Structure

The prototype structure is a twelve storey reinforced concrete flat plate structure having
a centrally located core. The structure, shown in Fig. 2.1, consists of 5 - 6 m bays in the North-
South direction and 7 - 6 m bays in the East-West direction. There is a 1.5 m cantilever slab
around the periphery of the structure. The storey heights are 3.65 m except the first storey which
has a height of 4.85 m. The structure has 600 mm square columns supporting a 200 mm flat plate
floor slab system.

The elevator core is 6 m by 9 m and is designed as a ductile flexural wall in both
directions. The walls are 300 mm thick. The 9 m long East-West walls are a coupled system
consisting of two 3.9 m walls linked by a 1.2 m long coupling beam located at each fioor level.
The 6 m long East-West walls are fiexural walls without openings.

The prototype structure is located in Vancouver. The core was designed as ductile flexural
walls to carry 100 percent of the lateral loads in each principal direction. The corresponding
seismic force modification factor, R, is 3.5 (NBCC 1990).

14
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Figure 2.1 Prototype structure

2.2.1 Material Properties
The following specified values were used for the design of this structure:
Concrete: normal density concrete with f,' = 35 MPa
Reinforcing Steel: f, = 400 MPa
Link beam Steel: F, = 300 MPa
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2.2.2 Loading on Structure

The following National Building Code of Canada (NBCC) loading criteria were used in the
analysis of the structure:

Floor kve load: 2.4 kN/m? on office bays
4.8 kN/m* on corridor bays
Floor dead load: 1.5 kN/m? partitions and mechanical
Roof load: 2.2 kN/m? full snow load
0.5 kN/m? insulation
1.6 kN/m? mechanical services over two bays only
Wind loading: 1.72 kN/m? net lateral preseure on all storeys
0.09h,
Seismic loading: Period estimated from equation T = from
(]
NBCC Clause 4.1.9.1.(7).

T = 1.35 in the East-West direction
R=3.5 for ductile flexural wall, from NBCC 4.1.9.1.(8).
zonal velocity ratio, v=0.2 for Vancouver.

The base shear due to seismic loading, defined by NBCC Clauses 4.1.9.1.(4) and (5), was
5829 kN in the East-West direction. The concentrated load at the top of the structure, defined by
Clause 4.1.9.1.(13)(a), F,, was 551 kN. The remaining seismic lateral load was distributed over the
height of the structure in accordance with the formula given in Clause 4.1.9.1.(13)(a).

The factored base shear due to lateral wind load, determined according to NBCC Clause
4.1.8.1, was found to be 3483 kN in the East-West direction and 4876 kN in the North-South
direction, represented by uniformly distributed Iateral loads of 77.4 and 108.4 kN per metre of
height, respectively. All lateral loads were considered to be resisted by the core alone. The
coupled wall system in the East-West direction was modelled as two C-shaped walls
interconnected by coupling beams (see Fig. 2.1). Table 2.1 summarises the values of the factored
design shears in the link beams obtained from the equivalent lamina analyses. The storey drifts
from seismic loads given in Table 2.1, have been mukiplied by R in order to account for the
inslastic deformations. In the preliminary design torsional effects were neglected. Figure 2.2
ilustrates the values for the shear forces in the coupling beams for both the equivalent lamina and
the equivalent frame analyses. As can be seen, the shapes of the distributions of shears in the

beams are similar, with the equivalent frame method giving lower shears near the base of the
structure.
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NBCC Seismic Loading Conditions

Storey
Drit xR
(mm)

- IO |V

i

maximum acceptable storey drilt for seismic load, 0.02h, = 97 mm for ground storey and 73 mm
: for other storeys.

Table 2.1 Summary of link beam shears and horizontal wall deflections from preliminary
analyses
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Figure 2.2 Shears in coupling beams determined from equivalent lamina and equivalent
frame analyses ~
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Chapter 3
Specimen Design and Detailing

3.1 Design of the Steel Link Beam and Embedment Reglon

3.1.1 Design of the Exposed Span of the Link Beam

The steel ink beam was designed in accordance with CAN/CSA $18.1-M89 Clause 27,
Seismic Design Requirements. Appendix D, Seismic Design Requirements for Eccentrically Braced
Frames, provides design and detailing requirements for link beams in eccentrically braced frames,
the principles of which are directly applicable to the design o' a ductile steel coupling beam.

Since the coupling beam in a ductile coupied wall system !s the critical element, it must
respond in a ductile manner and exhibit significant energy atsorbing characteristics. Unlike
reinforced concrete coupling beams, which are designed to avoid shear faillures and to develop
flexural hinges, steel coupling beams are more ductiie and are able to dissipate significantly larger
amounts of energy if they are designed and detailed to yleld in shear. Since the shear-to-moment
ratio is large in typical short-span link beams, this “shear critical® design criterion is attainable.

In design of such a link beam, the primary requirement is to ensure that the ultimate shear
capacity of the link beam will be reached while the beam remains elastic in flexure. This
requirement will ensure that the maximum amount of energy will be dissipated when tha link beam
begins to exhibit plastic behaviour.

The steps for designing and detailing the exposed portion of the link beam are as follows:

Step 1. Determine the web area, A, required to resist the factored shear, V,, from the
following expression used for plastic design for the factored shear resistance, V,:

V, = 055A,F, @.1)

where: F, = specified minimum yieid stress.

19




FoT R WS TRTELRTL TRE T St e e A

PN L S ]

Step 2:

Step 3.

Step 4:

Step 8:

Step 6:

Step 7:

Choose the height, h, and the width, w, of the web to give the required A, and

to satisty the following limits for a Class 1 section in order to avoid local buckling
of the web:

< :“— (3.2;

vF

gl

Determine the required section modulus, Z, such that the section has a moment

. resistance, M, greater than or equal to the moment corresponding to the

deveiopment of strain hardening in shear:

z-M (3.9)

¢F,

where: M-%xtz?v,.

L = the clear span of the link beam,
¢ = material resistance factor, typically taken as 0.90, and
the factor 1.27 accounts for the development of strain hardening.

In choosing a section to give the required Z, the contribution of the web should
be ignored since it will be yielding in shear. Choose the flange dimensions such
that the width of the flange, b, and the thickness of the flange, t, satisfy the limits
for a Class 1 section, in order to avoid local buckling of the flange:

b 146 34)

2!,/7’"

In order to control out of plane buckling, the maximum unsupported length of the
link beam, L, is given as:

L, = 980, (3.5)

%

where: r, = the radius of gyration of the section.

Provide full depth stiffeners at the faces of the concrete walls. These stiffeners
must have a combined width of at least b - 2w, atthough providing stiffeners wide
enough to be flush with the link beam flange tips would simplify the formwork
details. The stiffeners must have a thickness no less than 0.75w nor 10 mm.

Provide full depth intermediate stiffeners at a spacing no greater than 38w - 0.2d.
if the depth of the link beam is less than 650 mm, intermediate stiffeners may be
placed on only one side of the web. In this case the width of the stiffeners must
be greater than 0.5b - w and the thickness must be greater than 10 mm. If



stilfeners are provided on both sides of the web, the limits given in step 6 for
width and thickness apply.

Step 8: Dasign the fillet weids connecting the stiffeners (Area = A) to the link beam web
in order to develop a stiffener force of AF,. The fillet weid connecting the stiffener
to the link beam flanges must be designed to deveiop a stiffener force of

0.25AF,.

Step 9: if the beam is a built-up section, the design of the flange-to-web weids must be
carried out in accordance with Clause 13.13.

Since the design of a ductile coupled wall system is based on capacity dusign principles,

it must be recognised that any excess strength provided in the link beams will require additional

resistances throughout the coricrete walls in order to achieve the desired hierarchy of yielding.

3.1.2 Design of the Reinforced Concrete Embedment Reglon

Since the link beam Is required to undergo significant inelastic deformation its embedment
must be capable of deveioping the capaciy of the link beam.

The design of the concrete embedment of the link beam is modefied after the design of
steel haunches in concrete members developed by Marcakis and Mitchell (1980) and
recommended by the design handbooks of the Prestressed Concrete Institute (1885) and the
Canadian Prestressed Concrete Institute (1887). This approach assumes rigid body rotation of
the embedded section in calculating the applied concrete stresses over the length of the
embedment. Figure 3.1 illustrates the assumed strain distributions and the equivalent rectangular
stress blocks over the embedment length.

The steps for designing the embedment of the link beam are summarised as follows:

Step 10: Determine the effective width, b’, of the concrete compression block. This width
is defined as the width of the confined wall region measured to the outside of the
confinement steel but should not exceed 2.5 times the bearing width, b, (see
Figure 3.1)

Step 11: Determine the required length of embedment, L,, such that the factored shear
resistance, V,, of the embedment is greater than the shear capacity of the
exposed link beam, including the effects of strain hardening. This shear capacity
is taken as 1.27V,. Hence, the minimum value of L, can be determined from the
following reiationship:
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where: e = the eccentricity of resultant shear loads from the centre of

the embedment (i.e., 0--:- + % ), and

f. = the compressive strength of concrete.
thus the minimum length of embedment is found from the quadratic soiution to
Equation 3.6 as:
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The design procedure for embedments described above was developed for monotonic
loading. For reversed cyclc loading additional design considerations are required. Upon reversal
of the loading the gap creasted at the link bsam flange-concrate interface will first have to be
closed before significant resistance can be realised. If the gap becomes too large upon cycling
then an undesirable hysteresis response of the connection region will result. in order to control
the gap, it is necessary to provide sufficient vertical reinforcing bars crossing the link beam-
concrete interface (see Fig 3.2). The amount of steel required can be determined as follows:

-

tension tie
to control crack

N

Figure 3.2 Reinforcing steel requirement across the flange-concrete interface

Step 12: Choose the area of vertical reinforcoment, such that & is capable of resisting a
force equal to the maximum probable shear resistance of the link beam, 1.27V,.
Thus the area of steel required is:

127%, @9

y

A=

The steel required to develop this force must be arranged over the embedment
length of the link beam.

The steel requirement caiculated in this step is a minimum area requirement and need
not be in addition to the concentrated flexural reinforcement of the wall. it is important, however,
1o ensure that the gap controling steel is located close to the face of the wall. In this case it will
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be most economical to limit the region of concentrated reinforcement 0 a length no greater than
that of the embedment.

The link beams were designed for the prototype structure, given in Chapter 2, using an
applied factored shear, V,, equal to 260 kN. In applying the procedures dascribed above for the
design of the test specimen, the material resistance tactors, @, @, and ¢,, were taken as 1.0.
The complete design and detailing of the fink beam, Specimen 1, using specified material
properties, are given in Appendix A.

3.1.3 Description of Specimen 1

Figure 3.3(a) shows the details of the link beam design for specimen 1. The link beam has
a clear span of 1200 mm and an embedment length, at each end, of G00 mm, bringing the total
length of the beam to 2400 mm. The beam was designed as a buik-up section with a 3/4 inch
(19.2 mm) flange and a 3/16 inch (5 mm) web. The overall heigiht of the section was 350 mm. The
section was designed following the procedure described in Section 3.1.1, 80 that the utimate
shear capacity could be developed while the section remained elastic in flexure. Full-depth,
10 mm thick stiffeners having a spacing of 120 mm, were provided on one side of the web along
the clear span. As well as inhibiting web buckiing, these stiffeners delay flange buckiing. Stilfeners
on both sides of the web were provided at each end of the clear span. No stiffeners were iocated
along the embedment lengths. The design of Specimen 1, using the measured material properties
and dimensions, is given in Appendix A.

3.1.4 Refinements to the Design Procedure for Specimen 2

The link beam of Specimen 1 underwent significant inelastic deformations along the
embedment length, which resuked in significant shear deformations, web crippling and flexural
hinging of the link beam along the embedment (see Chapter S). Refinements were made to the
design procedure of Specimen 2 in order to avoid these problems. The shear and local buckling
resistances of the link beam web in the embedment were increased in order to ensure that this
region remained elastic.

The refinements to the design procedurs given above are as fotiows:

Step 5A: In order to ensure that the kink beam remain elastic along its embedment, the
embedded region is designed for a factored shear resistance, V,, of.
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Figure 3.3 Details of ink beam Specimens 1 and 2
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Step 7A:

Step 11:

L (3.10)

thus, the required web thickness, t,, for the embedded region can be found using
the Equation 3.1 as:

Vi
0.85hF,

Iy®

@11)

Since spalling of the unconfined concrete cover occurs due 10 reversed cyclic
loading, an additional intermediate stiffener is provided at a distance equal to the
concrete cover from the face of the wall. This additional stiffener, located where
the compressive strains in the concrete are greatest after spaling, serves to
prevent flange buckling and web crippling.

To account for cover spalling, the effective length of embedment, L, is reduced
to the actual embedment length minus the concrete cover, L, - ¢ (see Fig3.4).
Hence, the lever arm, e, measured to the centre of the effective embedment is

(a) before cover spalling

o= -;- + —L2! + 0.
e | . e )
L,/2 a | 5 e L/2 !
Va v,
= Cd ol .
gt
"y iy R}
_ ;
Lo Catt I] spalled cover concrete
Lo I

(b) with cover spalling
Figure 3.4 Effective length of the embedment

Specimen 2 was designed, including these refinements to the procedure, using the same
design shear and material resistance factors as Specimen 1.




3.1.5 Description of Specimen 2

Figure 3.3(b) shows the details of the link beam for Specimen 2. The dimensions of
Specimen 2 are identical to those of Specimen 1. The only change in the design of the link beam
cross section is that the web of the beam in the joint region was increased to 5/16* (8 mm) thick.
This change ensures that the embedded region of the link beam will remain elastic when the
shear capacity of the 3/16* (5 mm) thick web in the clear span is developed. The stiffening details
in the clear span are identical to those of Specimen 1. An additional stiffener has been added in
the joint region of the link beam, at a distance from the face of the wall of 65 mm, corresponding
10 the location of the first vertical reinforcing bar (see Figure 3.5). This stiffener was added in order
10 ensure that there is no  web crippling in the joint region after the cover concrete has spalled.

3.2 Design of the Walls

The walls for Specimens 1 and 2 are identical and are shown in Fig. 3.5. Each wall has
6 No.25 vertical bars arranged over the embedment length of the link beam. This reinforcement
was chosen to provide sufficient tensile capacity over the embedment to equilibrate the
compressive resultant in the embedded region. This load was found to be 1176 kN. An additional
2 No.25 bars were located at the back of the wall,

Two No.10 (11.6 mm dia.) horizontal ties were provided at both the top and bottom flange
of the link beam to anchor the compressive struts generated by the assumed rigid body rotation
of the link beam. The remaining horizontal ties were placed at 260 mm centres, in accordance
with the requirements of CAN/CSA A23.3-M89 Clause 21. Additional ties were located at the top
and bottom of the walls to provide confinement in the event the walls rotated on their supporting
beams.

Two sets of No.10 vertical bars were aiso supplied at 300 mm centres to conform to
Clause 21 requirements.

The vertical bars were weided directly to the support beams in order t0 ensure the
homogeneous movement of the specimen and test frame.

A photograph of the reinforcing cage with the beam in place is shown in Fig. 3.6.
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Figure 3.5 Details of reinforcing cage of both specimens

3.3 Material Properties

3.3.1 Reinforcing steel

inaccordance with Clause 21.2.5.1 of CSA-A23.3-M84, reinforcing bars conforming to CSA
standard 330.16-M were used. Tension tests were perfformed on 300 mm lengths of each bar
size. The applied load and the extension over a 50 mm gauge length were recorded up to the
onset of strain hardening. The results of the tension tests are reported in Table 3.1. The
reinforcing steel from the same heat was used for both specimens.




Figure 3.8 reinforcing cage and link beam of Specimen 1

Table 3.1 Properties of reinforcing steel

3.3.2 Concrete

Ready-mix concrete with a minimum specified 28-day compressive strength of 30 MPa
and a specified slump of 150 mm, was used in the fabrication of the walls. In order 10 increese
the workability, & plasticising agent, *flowmix', was added to the batches on she.

A number of 150 x 300 mm cylinders and 180 x 180 x 600 mm flexural beams were
prepared from each concrete batch. Compression and spiitting tests were performed in order to
determine the compressive strength, {’, and the tensile strength of the concrets, f,,, respectively.
Testing of Specimen 1 began 38 days alter casting and was compisted 52 days afer casting and
testing of Specimen 2 began 37 days aher casting and was completed 46 days after casting. The
concrete material properties and the age at which they were determined are reported in Table 3.2,
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Concrete from
Specimen Number

25.9 MPa 1.74 MPa 24875 MPa
(at 43 days) (at 45 days)

43.1 MPa 3.84 MPa 30448 MPa
(a 42 days) (st 39 days)
Table 3.2 Properties of concrete

Figure 3.7 Hlustrates the representative stress-strain relationships determined for the
concrete used in each specimen.

Specimen 2
f = 43.1 MPa

Specimen 1
f’ = 25.9 MPa
20 —

compressive stress, f, (MPa)

| | | | !
0.000 0.001 0.002 0.003 0.004 0.003

compressive strain, € (mm/mm)

Figure 3.7 Stress-strain relationship for concrete used in Specimens 1 and 2

3.3.3 Link Beam Steel
The link beams were fabricated from Grade 300W material conforming to CSA Standard
G40.21 (CSA, 1985). Tension tests were performed on three coupons cut from each sample

0




provided for the web and flange material. The tension tests were carried out according to the
procedure defined in ASTM Standard E8-85a (ASTM, 1985). Applied load and extension over a
50mm gauge length were recorded up to the onset of strain hardening, ultimate load and
extensions were also noted. Yield was determined using the offset method with a yield strain of
0.2%. The results of the tension tests are reported in Table 3.3. The 10 mm stock from which the
stiffeners were fabricated was not tested. Figure 3.8 illustrates the stress-strain relstionships for
the steel used in the webs of each specimen.

500
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400 ~ Specimen 2 embedded wed
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Figure 3.8 Stress-strain relationship for web steels used in Specimens 1 and 2
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Table 3.3 Properties of link beam steel




Chapter 4
Experimental Procedure

4.1 Test Set-up

The overall test set-up is shown in Figure 4.1. The loads and reactions were applied to
the walls with two loading beams at the base of each wall. The longitudinal reinforcing bars of
both walls were weided to the loading beams. The west loading beam was post-tensioned to the
reaction floor of the laboratory with threaded rods. The resulting force ciamping the west wall to
the floor was 800 kN (670 kN on the east and 130 kN on the west rods), or about twice the
expected ultimate applied load. During testing the west wall is expected to remain fixed to the
reaction floor.

Figure 4.2 illustrates the manner in which the test set-up simulates the reiative
displacement, 5, between the two walls which remain essentially paraiel

The east wall is loaded vertically such that ik remains paraliel to the west wall. The
reversed cyclic loading applied to the east wall simulates the effects of seismic loading. Loads are
applied to the loading beam of thia east wall by two loading systems, one passing through the
midspan of the link beam and the other at the east end of the wall. During testing these loads are
applied such that the east loading beam remains horizontal. in order to produce reversed cyclic
loading, two separate jacking systems were provided. For upwards loading, a single 120 kip
(530 kN) hydraulic ram reacted against the bottom of the east loading beam directly under the
midspan of the link beam. For downwards loading, two 60 kip (267 kN) hydraulic rams under the
reaction floor produced tension in the threaded rods sttached to the loading beam. To maintain
the loading beam in a haricontal position, 60 kip (287 kN) hydraulic rams, locsted at the east end
of the loading beam provided the required levelling forces.

Both walls were restrained from owt-of-piane or lateral movement. The top of the west wall
was braced with heavy steel angles 10 a stilf frame. The East wall was restrained against lateral
movement with heavy duty roflers fixed to stift braces.
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Figure 4.2 Method of simulating actual coupled wall response

In order to simulate the compressive stresses in the walls due to gravity loads, post-
tensioned vertical rods were strapped to the exterior of each wall as shown in Fig. 4.1. Four by
six inch (101.6 x 152.4 mm) hollow sections were clamped around the top of the wall and the
bottom of the loading beam with one inch (25.4 mm) high strength threaded rods. Each rod was
post-tensioned with 25 kips (111 kN). The rods were spaced at 9 inch (226.6 mm) centres
resulting in a uniform applied pressure of 430 psi (62 kPa) on each wall.
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4.2 Instrumentation

Figure 4.3 shows the instrumentation used for both specimens. An array of inear voltage
differential transformers (LVOTs) measured the vertical displacements of both the concrete walls
and the loading beams. This instrumerttation altowed the differential movement and the rotations
of each wall to be determined. The LVDTs were set up so that they could measure relative
displacements of +150 mm. The predicted ultimate displacement was approximately =125 mm.
Dial gauges afttached to the loading beams permitted visual control during loading (see
Fig. 4.3(a)).

Ten electrical resistance strain gauges were giued to the reinforcing bars in each wall, six
measuring the strains in the main vertical reinforcement at the level of the ink beam flanges and
four on the horizontal ties located above and below the link beam flanges (see Fig. 4.3(a)).

Five strain gauges were glued to the top and bottom flanges of the link beam to
determine the flexural strains in the flanges. In addition, strains were obtained from mechanical
strain targets having a gauge length of 200 mm. These targets were punched directly into the
surface of the steel. Additional electrical resistance strain gaupes were located at the ends of
each flange near the flange tips. Strain variation ether across the flanges or through the flange
width would indicate local flange instabiity. Three strain gauge rosettes were located along the
exposed web of the link beam (on the side without the stiffeners) in order to record the shear
strains in the web. Additional strain measurements were taken between mechanical strain targets,
punched into the steel at 100 mm gauge lengths. For Specimen 2, two additional strain gauge
rosettes were located on the embedded portion of the link beam web, 300 mm into the concrete
wall. These strain measurements enabled the determination of shear strains in the embedded link
beam web.

For Specimen 2, a total of 12 strain gauges were located on the front faces of the walls,
three above and three below the link beam on each wall. These gauges measured the strain
distribution across the faces of the walls resulting from the bearing of the link beam flanges.

LVDTs and dial gauges were used to record the differential horizontal displacements of
the walls.

As shown in Fig. 4.3(b), Specimen 1 is instrumented with mechanical strain targets over
a gauge length of 200 mm in order to determine the vertical concrete surface strains over the
embedment region at the face of the wall. Due to in-plane spilitting, the cover concrete separated
from the embedded regions and hence the strains measured at the concrete surface were not
representative of the strains near the embedded region. Therefore these strain targets were not
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Figure 4.3 Spacimen instrumentation

37



L

¢ 9

used on Specimen 2,

Loads in the upwards direction were recorded by a 100 kip (445 kN) load cell while loads
in the downwards direction were obtained from two 75 kip (334 kN) load cells which recorded the
forces in the threaded rods. A load cell was located at the back of the loaded wall in order to
record the force necessary to keep the two walls paraliel.

The readings from the LVDTs, electrical resistance gauges and load cefis were recorded

by a Doric 245 data acquisition system and were simukaneously dispiayed on the screen of an
IBM PC.

4.3 Loading History

The loading history for each specimen is shown in Fig. 4.4. In order to control the testing,
load versus defiection responsus for the east wall were plotted as the testing progressed.
Upwards loading and deflections were considered to be positive. In the first cycle, loading was
applied to a predetermined peak load followed by three reversed cycles at this load level. This
loading control was used until general yielding was observed in the link beam. General yielding
was determined when a significant change in the load deflection response was observed,
corresponding to observed ‘flaking’ of the whitewash on the link beam web. After general ylelding
the peak ioading of subsequent cycles was controlieci by deflection, with peak deflections taken
as multipies of the defiection at general yieiding, §,.

4.2.1 Load History of Specimen 1

The first two peak loads (<100 and +200 kN) represented one third and two thirds of the
predicted yield strength, respectively. The third peak load (£250 kN) corresponded to the first
sign of yielding along the centrefine of the link beam web. The first thvee peak loads exhibited full
elastic behaviour. The fourth peak load (300 kN) corresponded to general yielding of the link
beam web at a deflection o §, = +12 mm. Subsequent peak deflections corresponded to £2§,,
45, 265, and £85,. Alter the specimen had been cycled three times at a displacement of +85,,
it was loaded, monotonically to u displacement equivalent to +10.85,.

4.3.2 Load History of Specimen 2
The first two peak loads (+100 and £200 kN) represented approximately one and two

thirds of the predicted yieid strength, respectively. The third load stage (275 kN) corresponded
to general yieiding of the link beam web at a deflection of §, = =11 mm. Subsequent peak
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Figure 4.4 Load histories of Specimens 1 and 2




? deflections corresponded to +25,, +45,, +65,, +85, and £105,. After the specimen had been

& cycled once at a dispiacement of +105,, it was loaded monotonically to a displacement equivalent
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Chapter §
Experimental Results

This chapter presents a detailed description of the observed experimental behaviour of
Specimens 1 and 2. The letters A and B represent positive (upwards loads and deflections) and
negative (downwards loads and deflections) cycles, respectively.

For the load-defiection responses, the load corresponds to the shear transmitted through
the link beam and the deflection represents the vertical displacement of the east wall relative to
the west wall. The displacements have been corrected to account for measured, differential
rotations of the walis. it should be noted that these dilferential rotations were very small
throughout the testing of both specimens and resulted in only minor corrections to the deflections.
The key stages in the responses of both specimens are presented in Table 5.1. Detailed
observations of each peak load for both specimens are given in Appendix B.

first cracking of joint region
first local yielding of link beam
general yielding of link beam

| tensile cracking along compressive
strut

ultimate capacity of link beam

maximum observed deflection

Table 8.1 Summary of critical load stages
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5.1 Specimen 1

Figure 5.1 shows the load-deflection response for specimen 1. The first horizontal cracking
in the wall, at the level of the link beam flanges occurred at peak loads 4A and 4B corresponding
to shears of +200 kN. From the strain rosette readings, local shear yielding first occurred at the
midheight of the link beam web at a shear of £250 kN, at peaks 7A and 78. From elastic analysis,
based on the measured yield stress of 320 MPa in the web material, the predicted yield shear is
292 kN.
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Figure 8.1 Link beam shear versus relative vertical displacement of Specimen 1

General yielding of the link beam web, occurred at peak load 10A, at a load of 303 kN
and a vertical displacement of 12.0 mm. At this stage, flaking of the whitewash on the link beam
web occurred and there was a noticeable change in the load-deflection response. General
yieiding in the negative direction occurred at peak load 10B, at a load of -300 kN and a
displacement of -11.5 mm. The predicted yieiding shear is =308 kN. The peak displacement, §,,
at general yielding, was taken as 12 mm.
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Peak shear values were recorded at peak loads 19A and 198, with values of 388 kN and
409 kN, respectively. The displacoments at these pesks were 70.3 mm and -75.5 mm,
respectively, corresponding to about £85,. The predicted value for the ultimate shear capacity
is 392 kN, assuming that a shear equal to 1.27 times the genersl yieid shear can be attained.

After peak load 19 a reduction in stiffness in the ioad deflection response was obeerved
with cycling and the peak load vaiues began to deciine. By the end of peak loads 24A and 248,
corresponding to displacements of £85,, or +98 mm, the peak load values had decreased to
359 kN and -328 kN respectively. The recorded displacements were 8.2 mm and -100.6 mm.

The specimen was finally loaded monactonically in the positive direction to a peak load of
344 kN and a peak displacement of 122.8 mm, that is, about 105,. The test was stopped at this
stage due to lack of travel of the loading system. K is important t0 note that in the latter stages
of loading that the peak loads attained did not drop below 80% of the maximum capacity
obtained. A photograph of Specimen 1 alter testing is shown in Figure 5.2,
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Figwre 8.2 Specimen 1, aher testing

8.1.1 Link Beam Responee

The link beam performed very much as predicted at both yleld and ultimate loads. The
predicted vaiues for shear yield and ultimate were 308 kN and 302 kN, respectively. The cbeerved
values were 303 kN at yield and 400 kN at ukimate. The predicted ultimate flexural capacly was
computed to be 263 kNem, corresponding to an applied shear force over 438 kN over the
1200 mm clear span. Figure 5.3 shows the measured strains in the flange of the ink beam nNear
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the end of the clear span. As can be seen, first yielding was measured in the flange of the Kink
a5 beam at about 45,. Two factors contributing to the premature local yieiding of the flange where
the increase in clear span due to both spalling and outward ratcheting of the link beam, and the
distress caused by crippling of both the web and flange in the embedment. Apart from the
localised yielding of the flange, very little flexural deformation of the ink beam was observed
during the test. The large non-recoverable tensiie strains exhibited in the later stages of the test
(see Fig. 5.3) are a result of the local flange buckiing, in the vicinity of the strain gauges, brought
about by crippling of the web at the spalled face of the wall. Crippling of the web in the
emberiment was estimated to have occurred at peak load 17A with noticeable flexural ylelding of
the last set of stiffeners at the end of the clear span.
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Figure 8.3 Measured strains in the link beam flange of Specimen 1

Figures 5.4 and 5.5 show the link beam ambedment just before and after removal from
the concrete. The crippling of the web and flange, just inside the embedment, is clearly eviden.
Tearing of the link beam web occurred at the back of the embedment, in the heat affected zone
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of the web-to-flange weid. This tearing, located at the top and bottom of the web, was due to
shear yielding of the embedded web.

Figure 8.4 View of east embedment of Specimen 1, with cover concrete removed

Figure 5.4, shows the large gap at the end of the embedment due to the movement of
the link beam out of the concrete and the pronounced shear deformation vielble at the end of the
beam. Significant distress of the link beam web and flanges just inside the embedment and the
large gap between the link beam flange and the concrete at the top of the fink beam neer the
front face are aiso evident. The permanent shear deformation resulted in a relative horizontal
movement of 13.2 mm between the top and bottom flanges. The overall heigiht of the section
decreased 19.8 mm to 330.2 mm at a location about 76 mm into the embedment. Figure 5.6
shows an overall view of the link beam after removal from the walls.

8.1.2 Reinforced Concrete Responee

Stresses in the joint region caused by reversed cyciic loading result in akernating
compression zones in the concrete, first at the top and then at the bottom flanges of the link
beam near the front faces of the walls. Similar actions occur neer the end of the embedment as
shown in Fig. 5.7. The first evidence of cracking in the wall was cbesrved at peek loads 4A and
48, at an applied shear on the link beam of +200 kN. Horizontal cracks located at the interface
between the link bsam flanges and the concrete, extended from the flange across the inner face
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Figure 8.8 View of sest end of link beam of Specimen 1 after removal from concrete

Figure 8.8 Overall view of ink beam of Specimen 1 after removal from walls

of the wall to the side faces of the walls (see Fig. 5.8).

Localised spaling and crushing of the concrete along the top and bottom flanges of the
link beam, at the front of the compreasion 20ne was first cbserved at peak load 10A, at an appiied
shear on the link beam of 303 kN. By peak load 13, this distress was evident at all four flange-
concrete interfaces. Progressive spaling resulted in 8 repositioning of the compressive zone
further into the embedment region. This phenomenon resulted in an effective increase in the clear
span of the link beam (see Fig 5.7b).

* 9




/

+

<
—

+

<
m—f
\rk-./\.\,_

i

horizontal cracking
at flange-concrete increasing clearspan |

interface with cover spalling |

(a) before spalling (b) ofter spalling

Figure 5.7 Akernating compression zones due to reversed cyciic loading

Further cracking resulted in the spaling of a semi-circular block of cover concrete at the
inner face of each wall as shown in Fig. 5.9. At peak load 21A, the outer portions of this detached
mxmm«mm.nmmm.mmmmmmm
served to stiffen the web in this region. Due to the reiative movement between the link beam and
the concrete, delamination of the concrete occurred along a vertical plane delineated by the
flange tips. Although delamina’ion occurred, the outer concrete is reinforced with the vertical and
horizontal reinforcing bars and the concrete between the flanges is confined by the flanges and
serves to stiffen the web. The plane of delamination in the east wall at peak load 21A is shown
in Figure 5.10.

The first vertical crack appeared in the east wall at peak load 168, at an applied shear
in the link beam of -386 kN. This crack was located 600 mm from the inner face of the wal, the
location of the end of the link beam embedment. A similar crack appeared in the west wall,
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Figure 8.8 East embedment region of Specimen 1 & peak load 48

550 mm from the inner face of the wall at peak load 17A.

Vertical and inclined cracks were cbesrved on the east wall at an applied shear in the link
beam of -388 kN at peak load 178. Theee cracks delineate the direction of principal compressive
stresses running from the compressive zones at the flange-concrete interfaces to the loading
beam. Such cracking was aleo evident on the back of the west wall.

A large region of delamineted concrete, determined by a *hollow* sound when tapped,
extended about 350 mm above and below the link beam and about 300 mm back into the wall.
The crack pattem in this region, as a resuk of the surfacing of the delamination at pesk load 238
is shown in Figure 5.11. Figure 5.11 also clearly shows the cracks indicating the flow of principel
compressive siresses.

The severe distress of the embedment region neer the inner face of the wall extended
about 100 mm into the wall by the final stages of the test, resulting in exposure of the first set of




Figure 5.9 East embedment region of Specimen 1 st peak load 15A

reinforcing bars (see Fig. 5.12). The confined concrete immediately above and below the link
beam, however, appeared to be sound.

k was not until the final loadstep, when the wall was pushed to a displacement 105, that
there was evidence of yielding in the reinforcing bars around the joint region. The horizontal ties
sbove and below the flanges, were clearly just beginning to yieid at this final load step.

8.1.3 Hysteretic Responee

The response of Specimen 1 (see Fig. 5.1) shows relatively large, stable hysterssis loops
up to a ductitity level of 6. The hysteresis loops exhibit some ‘pinching’ as the cracks which form
along the top and bottom flanges open and cioss with the reversed cyciic loading. The loops
show very ittle stiffness degradation untit a ductiiity level of 8 is reached, at which point the
stiftness degradation in the loading cycles is very apparent. The peak loads for the displacements
at 85, aiso show notable decay.
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Figure 8.10 Vertical plane of cracking at esst embedment region of Specimen 1 at peak



Figure 8.11 Crack pattern on east wall of Specimen 1 at peak load 238
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5.2 Specimen 2

The load-deflection response for Specimen 2 is shown in Figure 5.13. The first horizontal
cracking in the wall, at the level of the link beam flanges occurred at peak loads 4A and 48
corresponding to shears of +200 kN. From strain rosette readings, the first sign of yieiding at
midheight of the link beam web occurred at a load of about 230 kN, before peak load 7A was
reached. From an elastic analysis, based on the measured yield stress of the web material, the
predicted shear yield is 262 kN.

400 -~
350 ~
m—-
250 —

150 —
100 —
80 —

0
«80
-100 —
-180 —
-200 —
=250 ~
300 —
=350 —
- 400 —
- 450 — —

beom shear, kN

vt T
=160-140-120~100 ~30 60 =40 =20 O 20 40 6O 80 100 120 140 160

displacement, mm

Figure 8.13 Link beam shear versus relative vertical displacement of Specimen 2

General yielding of the link beam web occurred at peak load 7A, at a load of 274 kN and
a vertical displacement of 11.2 mm. At this point, the whitewash on the link beam web began to
tiake and there was a significant drop in the stiffiness of the load-deflection response. General
yielding in the negative direction occurred at peak load 78, at a load of -274 kN and a
dispiacement of -9.8 mm. The predicted yieiding shear was 275 kN. The peak displacement, 5,
at general yielding was taken as =11 mm.
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Maximum shears were recorded at peek loads 19B and 21A, with values of 446 kN and
438 kN, respectively. The dispiacements at these pesk load were -90.3 mm and 88.2 mm,
respactively, corresponding to about +85,. The predicted vaiue for the ukimate shear force was
350 kN, indicating that more significant strain hardening was occumring than the 27% stress
increase assumed over general yielding.

ARer psak load 21B some reduction in stiiness in the load-deflection response was
cbeerved with cycling and the peak load values began to deciine. At the completion of peak loads
22A and 228, corresponding to dispiacements of = 105,, the peak load values had decreased to
390 kN and -424 kN respectively. The recorded displacemnents were 110.6 mm and -110.3 mm.

To end the testing, the spacimen was loaded monotonically in the negative direction to
& peak load of 381 kN and a pesk dispiacement of -150.3 mm, that is, about 13.75, and 15.3
times the actual displacement at general yielding in the negative direction. As with Specimen 1,
the peak loads sttained after yieiding did not drop below 80% of the maximum capacity. A
photograph of Specimen 2, after testing, is shown in Fig. 5.14.

Figure 6.14 Specimen 2, alter testing

8.2.1 Link Beam Respones

The link beam performed very much as predicted at yield and was found t0 have
considerable reserve capecity before reaching uktimate load. The predicted values for shear yield
and ultimate were 278 kN and 350 kN, respectively. The obestved values were 274 kN at yleld
and 440 kN at utimate. The predicted ukimate flexural capacity was computed 10 be 249 kN+m,
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corresponding to an applied shear force over 415 kN over the 1200 mm clear spen. The first signs
of flexural yielding of the link beam, in the clear span occurred st peek load 22A, at a deflection
of £108,. The flexural capacity of Specimen 2 was not reduced by web crippling at any stago of
the test.

The relatively high concrete strength and the thicker ink beam web in the embedment
resulted in very small rotations of the embedment region. As can be seen in Figs. 5.14 and 5.15
significant shear deformations can be seen over the clear span of the link beem.

Figure 8.18 Overall view of link beam of Specimen 2 at end of testing showing severe
web buckiing

Web buckiing in the clear span was first observed at peak load 188, and became more
pronounced as the test progreesed. Fig. 5.15 c'early shows the degree of web buckiing by the
end of the test. The tension fieid action, with the associated buckiing, between adjacent stiffeners
is evident. The shear distress in the link bsam was more pronounced by peak load 218 when the
web stiffeners showed signs of flexural yielding in double curvature. Once the stifeners began
to yield, some twisting of both flanges was observed, aithough this did not progrees to the point
of inducing flange buckiing.

The concrete cover at the inner face of both walle had spelied off by peak load 21A,
revealing the thicker web in the embedment regions. Akhough there was Iittis iateral support
provided by the concrete for the embedded webs, no evidence of yielding was obeerved in this
region. In the final cycle at 105, strain rossttes on the west smbedded web indicated that the
web had yieided. Figure 5.16 shows the shear versus sheer strain responee for the webs of both
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embedments. The predicted shear yield for the embedded webs is 419 kN. The corresponding
yield strain, from elastic analysis is 1912 u¢. The sast embedment remained elastic throughout
the test. Figure 5.17 shows an overall view of the link beam after removal from the walls.

Figure 8.17 Overall view of link beam of Specimen 2 after removal from the walls

5.2.2 Reinforced Concrete Responee

The first evidence of cracking in the wall was ocbeerved at peak loads 4A and 4B, at an
applied shear on the link beam of +200 kN. Horizontal cracks located at the interface between
the link beam flanges and the concrete, extended from the flange across the inner face of the wall
to the side faces of the walls (see Fig. 5.18).

Further cracking resulted in the spalling of a semi-circular block of concrete at the inner
face of each wall. Figure 5.19 shows the cracking of the east embedment region at peak load
15B. At loadstep 18A, further spaliing occurred revealing the well confined concrete of the wall
and the sound concrete confined between the link beam flanges. Figure 5.20 shows the
delamination between the link beam and the surrounding concrete due to their relative
movements.

The first vertical cracks appesred st pesk load 8A, st an applied shear in the link beam
of 278 kN. The cracks were located 480 and 328 mm from the inner face of the east wall and 730
and 448 mm from the face of the west wall. Vertical and inclined cracks, delineating the direction
of principal compressive stresses, were observed on the east wall at an applied shear in the link
beam of -337 kN at loadstep 128. Similar cracks were observed on the west wall & an applied
shear in the link beam of 358 kN at peak load 13A. The crack pattern on the east and west walls
ot peak load 22A are shown in Figs. 5.21 and 8.22, respectively. Both figures clearty show the
cracks following the direction of principel compressive stresses from the bnttom flange of the
embedment to the loading beams. Similar cracking is apparent extending up from the top flange
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Figure 8.16 Shear versus shear strain response of east (top) and west (bottom)
embedded web regions of Specimen 2
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Figure 8.18 East embedment region of Specimen 2 at peak load 98

of the link beam, akthough due to the more flexible boundary conditions at the top of the
specimen, this pattem is less pronounced.

The spalling of the embedment region near the inner face of the wall extended about
100 mm into the wall by the final stages of the test, resuking in exposure of the first set of
reinforcing bars (see Fig. 5.23). The confined concrete immediately above and below the link
beam, however, appesred to be sound.
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Figure 5.19 East embedment region of Specimen 2 at peak load 188

5.2.3 Hysteretic Responee

The response of Specimen 2 (see Fig. 5.13) shows large, stable hysteresis l00ps, up to
a ductiity level of 85,. The hysteretic response exhibits bshaviour typical of that for stesi beams,
designed and detailed to yieid in shear. Only sligit stiffness degradation was noticed when a
ductility level of 85, was reached and no strength degradation was obeerved. The cycle at =105,
exhibited some decay in stiffness and a 20% drop in the peak load value. As the specimen was
loaded monotonically at the end of testing to 15.5 times the defiection at yield in the negetive
direction, very little load and stiffness degradation was evidernt. The final displacement reached
was -150 mm.
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Figure 8.21 Crack pattern on east wall of Specimen 2 at peak load 22A
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Figure 8.22 Crack pattemn on west wall of Specimen 2 at peak load 22A



Figure 8.23 West embedment region of Specimen 2 at peak load 22A
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Chapter 6
Comparison of the Responses
of Specimens 1 and 2

6.1 Comparison of Predicted and Experimental Values

Table 6.1 compares the shears corresponding to the key behavioural events for
Specimens 1 and 2. The calculations for the predicted values are given in Appendix A. The
predicted values for both specimens were caiculated using the refined design approach
presented in Section 3.1 which accounts for the effect of spaling of the concrete cover. This cover
spaliing gives rise to an increase in the clear span of the link beam and a decrease in the
embedment lengths of the link beam. It is noted that the link beam of Specimen 2 had a lower
yield stress and a slightly thinner web in the clear span region. The difference in predicted
strengths of the reinforced concrete embedments is due to the significart difference in concrete
strengths (25.9 and 43.1 MPa, for Specimens 1 and 2, respectively). The measured cross-
sectional dimensions are given in Appendix A. The measured material properties are given in
Section 3.3.

As can be seen from Table 6.1, the predicted fallure mode of Specimen 1 agrees well with
the observed fallure mode. This specimen, however, exhibited significant yielding of the
embedded web as well as web crippling in the region of cover spaliing. Refinements to the design
procedure resulted in improved performance of Specimen 2 with full shear yielding occurring in
the exposed link beam without significant distress of the link beam in the embedded region. The
procedure for the design of the reinforced concrete embedment region was adapted to include
the effects of cover spalling and provide reinforcement capable of controling the flange-concrete
interface gap. The responses of both specimens demonstrated that the design of the reinforced
concrete embedded region was adequate to develop the necessary capacity and control the gap
openings.




V at first shear yieid of
link beam (kN)

V at general shear yield
of link beam (kN)

V at first flexural yield of
knk beam (kN)

V at ultimate shear
capacity of link beam

V at yield of embedded
link beam (kN)

V at reinforced concrete

Failure modes

Table 8.1 Comparisons of predicted and experimental values
6.2 Hysteretic Responses

The complete hysteretic responses of Specimens 1 and 2 are shown in Fig. 6.1. Both
responses exhibit excellent energy absorption and stable hysteretic response loops. Specimen
1 begins to show evidence of ‘pinching’ at a displacement of 85, in the second and third
cyctes. The hysteresis loops of Specimen 2 showed excelient repeatability through each cycle at
each displacement level with no signs of significant ‘pinching’. Only a very minor stiffness decay
was observed at displacements corresponding to +85, and =108,

The applied shear versus displacement envelopes at ductility levels of 45, and 85, are
shown in Figs. 6.2 and 6.3, respectively. The larger loops exhibited by Specimen 2 indicate that
a greater amount of energy is being dissipated than in Specimen 1. In assessing the differences

between the two specimens, & is important to recognise that the link beam of Specimen 2 had
both a marginally thinner web and a smaller yieid stress.
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Figure 6.1 Link beam shear versus relative displacement of Specimens 1 and 2




beam sheor, kN
(-]

— Specimen 2
- ==~ Specimen 1

OTT T T T T T 17 I T T T T 711
-160-140-120-100 -0 -60 ~40 =20 O 20 40 60 80 100 120 140 169

displacement, mm

Figure 6.2 Applied shear versus displacement envelope at 45,

The cumulative energy curves for both specimens are shown in Fig. 6.4. Due to the
distress of the embedded portion of the link beam, the energy absorbing abilty of Specimen 1
drops below that of Specimen 2 after a displacement ductility of about 7. This drop in the energy
dissipation is due to the ‘pinching’ evident in the hysteresis loops and the reduction in the load |
carrying capabiity (see Fig. 6.1). Specimen 2 continued to exhibit excellent energy absorption

capability throughout the entire reversed cyciic loading.

In order to quantify the overall response of each specimen, an equivalent elastic damping
coefticient, B, is used. This coefficient, 8, is defined as (see Fig. 6.5):

A,

s R R
4 x2s

A

s eSteavchtn At Saismti. Boao e e .

where A, is the area within the hysteresis loop of one haif cycle, and,
A, is the area of the triangle defined by an equivalent elastic stiffness to the peak
load and corresponding deflection of each half cycle.
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The maximum value of B, representing the case of rigid-perfectly plastic hysteretic

behaviour with rigid unioading response is -52; = 0.318 = 31.8% . The equivalent elastic

damping coefficients for each half loop for Specimens 1 and 2 are shown in Fig 6.5.

At each ductility level, the damping coefficient of the first positive half cvcle is represented
by the top data point while the third negative half cycle is the bottom data point. The width of the
response band is an indication of the degree of decay of energy absorption occurring with cycling
at each ductility level. A wider band indicates greater decay of energy absorption than a thinner
band.

it clear from Fig. 6.5 that Specimen 2 exhibits a higher level of damping, and is therefore
able to dissipate greater amounts of energy. it can aiso be seen that the response of Specimen
1 exhibits significantly greater decay beyond a displacement ductility level of 4.
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6.3 Response of the Link Beams

Although Specimen 1 exhibited excellent response characteristics up to a displacement
ductility of about 6, severe web crippling occuring in the embedded region (see Section 5.1.1),
reduced both the shear and moment capacity of the link beam at the spalied face of the wall. The
refinements to the design for Specimen 2 (see Section 3.1.4.) were an attempt to control this
failure mechanism.

it was clear that the embedded regions of Specimen 2 behaved as desired, with the steel
embedment remaining elastic while the link beam experienced significant deformations over its
clear span. Since the crippling of the embedded link beam had been controlled, the embedment
region experienced very little distress and the behaviour approaches that of a ductile link beam
in an eccentrically braced frame (Engelhardt and Popov, 1989). These design and detailing
refinements resulted in virtually rectangular, hysteresis loops which remained stable up to very
high ductilities and excellent energy absorption. When web crippling is controlied, there are two
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Figure 6.5 Equivalent elastic damping coefficients for Specimens 1 and 2

potential controling modes of fallure; elther the web of the link beam will tear as a resull of low
cycle fatigue or the link beam will buckle iaterally. There was no evidence of either of these falure
modes in Specimen 2. Figure 6.6 shows the link beams of Specimen 1 (top) and 2 (bottom) after
removal from the walls. The crippling of the embedment region of Spacimen 1 is very apparent.
it can be seen that the only distress to the link beam of Specimen 2 occurred in the clear span.

6.4 Response of the Reinforced Concrete Embedment Regions

The strains in the longitudinal reinforcing steel near the face of the walls in the reinforced
concrete embedment regions of Specimens 1 and 2, are illustrated in Fig. 6.7. Before loading, the
vertical reinforcement of both specimens exhibited a small compressive strain due to the post-
tensioning uf the walis to simulate gravity loading. It can be seen that this longitudinal steel does
not yield (yield strain = 2000 microstrain) in either wall, indicating that the steel provided served
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Figure 6.6 Link beams of Specimen 1 (top) and 2 (bottom) alter removal from the walls

its function in controlling the horizontal cracking along the flange-concrete interface. With cycling
beyond a displacement ductiiity of about 4, the longhtudinal steel strains exhibt non-recoverable
tensile strains which increase with each successive cycle. This phenomenon was not significant
in Specimen 2 (see Fig. 6.7(b)). Throughout ks entire response, the horizontal crack at the flange-
concrete interface of Specimen 2, opened and completely closed with cycling. On the other hand,
the embedded portion of the link beam of Specimen 1 experienced web crippling in the region
of the longitudinal reinforcergent. Because of this web crippling the embedded link beam lost a
considerable amount of stifiness and, hence, waa unabile to provide sufficient bearing stresses
to completely close the crack.

6.5 Displacement Contributions of the Embedme:i:t Regions

it is clear from the hysteretic response of the system and from the relative lack of distress
to the reinforced concrete embedment, that the behaviour of the coupled system is dominated
by the response of the link beam. Figure 6.8 shows the contribution of the displacements of the
link beam to the total relative displacements of the walls for Specimens 1 and 2. The dashed line
on each figure represents the relative dispiacements of the ends of the link beams while the solid
line represents the total relative dispiacements of the walls. For Specimen 1 up to a displacement

n
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Figure 6.7 Strains in the longitudinal reinforcing bars at the inside face of the east wall
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of 85,, the link beam contributes about 92% of the total displacement. The remaining 8% is a
resut mainly of the inefastic deformations in the embedment. The improved embedment detailing
of Specimen 2 reduces this contribution to about 3% of the total displacement.

The increased displacement contribution due to the inelastic response of the embedment
and embedded region above a ductility level of abowt 85, is apparent for both specimens (see
Fig. 6.8). it shouid be noted, however, that even at ductility leveis of 105,, the link beam continues
to represent more than 80% of the total displacement response.
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Chapter 7
Assessment of Performance of Steel Link Beams
Coupling Reinforced Concrete Walls

(n order to assess the performance of steel link beams coupling reinforced concrete walls,

the responses of Specimens 1 and 2 will be compared to the responses of common types of
coupling beams tested by others.

7.1 Comparisons with Reinforced Concrete Coupling Beams

A discussion of both traditionally reinforced and diagonaly reinforced concrete coupling
beams is given in Section 1.3. For ductile systems, traditionally reinforced coupling beams,
containing longitudinal ~teel and closad hoops, are only permitted if the shear is low and if the
span-to-depth ratio is reiatively large. Diagonally reinforced coupling beams are required if the
shear is high due to their excelient ductility and energy absorbing capability. The diagonal
reinforcement is not practical ¥ the span-to-depth ratio is greater than about 2,

Specimens 1 and 2 were constructed and tested to investigate the feasibility of using steel
link beams in reinforced concrete coupled wall systems. These specimens had span-to-depth
ratios of 3.4, significantly larger than the practical limit for diagonally reinforced coupling beams.

Two of the specimens tested by Shiu et al. (1978) are representative of the response of
traditionally reinforced and diagonally reinforced concrete coupling beams having a span-to-depth
ratio of 2.5. If the prototype structure considered in this research programme (see Chapter 2) had
reinforced concrete coupling beams, these beams would have had a span-to-depth ratio of about
2.5. The hysteretic responses of the reinforced concrete coupling beams, tested by Shiu et al.,
are shown in Fig 1.4.

Figure 7.1 shows the equivalent elastic damping coefficient, g, for Specimens 1 and 2
and for those tested by Shiu. Both steel link beam specimens exhibited greater energy absorption
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than the diagonally reinforced concrete member and far greater energy abeorption than the
traditionally reinforced concrete member. Specimen 2 exhibited the largest levels of hysteretic
damping, with the least amount of decay with cycling.

7.2 Comparisons with Steel Link Beams in Eccentrically Braced Frames

The response of a representative sieel link beam in an eccentrically braced frame (EBF)
was chosen from the work of Engethardt and Popov (1988). The link beam chosen had similar
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Figure 7.1 Equivalent elastic damping coefficients for Specimens 1 and 2 and reinforced
concrete coupling beams tested by Shiu et al. (1978)
dimensions to those of Specimens 1 and 2 and a similar span-to-depth ratio (3.7 versus 3.4).
Figure 7.2 shows the excellent iysteretic behaviour of the steel link beam in an EBF,
tested by Engelhardt and Popov. The ductilities achieved in Specimens 1 and 2 are comparable
to those achieved by well-detailed link beams in EBFs. Figure 7.3 shows the equivalent damping
coefficient, B, determined from this hysteretic response and those of Specimens 1 and 2. The
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Figure 7.2 Shear versus link beam rotation in an eccentrically braced frame tested by
Engethardt and Popov (1989)

tests performed by Engelhardt and Popov had only one cycie at each load level and no significant
decay occurred between the positive and nugative half cycles at each displacement level.

it can be seen from Fig. 7.3 that the equivalent elastic damping coefficient for Specimen
2 is comparable to that of the link beam in an EBF, and above ‘hat exhibited by Specimen 1.
These comparisons indicate that the refir .ments to the design of the embedment, in Specimen
2, have been sufficient to keep the embedded steel member and the embedment region elastic.
The behaviour of Specimen 2 demonstrates the ability of steel link beams coupling reinforced
concrete walls to provide energy absorption levels and ductilities similar to those provided by steel
link beams in eccentrically braced frames.
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Figure 7.3 Equivalent elastic damping coefficients for Specimens 1 and 2 and a steel knk
beam in an eccentrically braced frame tested by Engeihardt and Popov (1989)
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Chapter 8
Conclusions and Desigh Recommendations

In recent years, researchers have investigated novel approaches for improving the ductility
and energy absorption of reinforced concrete coupling beams in ductile flexural wall systems. For
span-to-depth ratios less than about 2, specially detailed diagonal reinforcement (e.g., Paulay and
Binney, 1974) has been shown to significantly improve the reversed cyclic loading response. The
objective of this research programme is to investigate the feasibility of using structural steel
members, having their ends embedded in the walls, to replace reinforced concrete coupling
beams. Two full-scale, test specimens were designed and tested, in reversed cyclic loading, in
order to investigate the response of this new type of construction.

The results of this experimental programme have shown that it is possible to achieve
excellent ductility and energy absorption characteristics by carefully designing and detailing the
steel link beams and the reinforced concrete embedment regions.

For link beams having small to medium span-to-depth ratios, exceflent response, similar
to that exhibited by link beams in eccentrically braced frames can be achieved ¥ the following
design and detailing requirements are met:

i. The clear span of the link beam is designed and detailed to remain elastic in flexure while
attaining its ultimate capacity in shear according to plastic design requirements.

il. The web in the clear span is detalled such that k can develop large shear deformations
beyond yielding. As such, the web is chosen to conform with the requirements for a Class
1 section and is adequately stiffened to prevent web and flange instabilities.

iii, In calculating the effective clear span for design purposes, the effect of the spalling of the
cover concrete at the inside face of the wall is taken into account.

iv. Additional stiffeners are provided inside the embedment region, in the region of expected
cover spallir =
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Akhough good link beam response was obtained using these design criteria, k was found
that even greater ductilities and energy absorption were attained # the web of the link beam in
the embedment region was strengthened in such a way as to assure that the embedded region
of the link beam remained elastic in shear and flexure while the link beam clear span attained s
ultimate shear capacity.

In order to ensure that the link beam may perform in the desired ductile manner, the
reinforced concrete embedment region must be designed and detailed in the following manner:
i. The embedment must be designed for a shear and moment corresponding to the

development of the full capaciy of the flink beam.

il. A reduced embedment length must be considered in order to account for the effects of
the cover spalling at the inside faces of the walls. This reduction in embedment should

correspond to the increased clear span length used to determine the capacity of the link
beam.

iii. Vertical reinforcing bars, placed near the inside face of the walls, must be sufficient to
provide adequate control of the cracking along the link beam flange-concrete interface.

It is important to note that the flexural walls themseives must be designed to resist the
probable resistances of the link beams. The design criteria proposed shouid be considered in
addition to the ductile design and detailing of the individual walls comprising the system.

The use of prefabricated steel link beams embedded in reinforced concrete walls provides
an excellent level of quality control for these critical structural elements. Furthermore, the use of
embedded steel link beams greatly simplifies the formwork requirements for coupled walls and
requires a significantly less complex erection procedure than traditionally or diagonally reinforced
concrete coupling beams,

It is evident from this preliminary research programme that the use of steel link beams in
reinforced concrete coupled wall systems is a feasible alternative to traditionalty or diagonally
reinforced concrete coupling beams. The superior performance of this novel structural system is
well suited for structures designed for large levels of ductility. The relative simplicity of design and
erection, however, make this type of system feasible for any coupled wall system.

8.1 Areas for Further Investigation

The encouraging results of this preliminary study suggest a number of possibilities for
future investigations of steel link beams in reinforced concrete coupled wall systems. These
include:



vi,

vii,

Investigations into link beams with larger span-to-depth ratios. Larger moment-to-shear
ratios would be present in longer beams, the effect of these
design of the link beams needs to be investigated.

Methods of providing mechanical connections of the link beam to the embedment
concrete should be investigated. These would include ‘drag bars' mounted to the
embedded portion of the link beam or positive connection of the link beam to the vertical
reinforcement at the inside face of the wall.

A simpler approach for strengthening the web in the embedment region would be to
provide a doubler piste, weided all around and piug weided to the original web (designed
for the clear span). This method of stiffening the embedded web is simpier and more
practical than the butt-weided composite web used in Specimen 2. The effect of the
eccentricity introduced by the doubler piate in the embedment would have t0 be
investigated.

with lower R values.

The degree of lateral support supplied by the wal embedment to the link beam should
be investigated and compared to the recent lateral ioad recommendations proposed by
Engethardt and Popov (1989). Furthermore the degree of lateral support, i any, supplied
by the presence of a floor siab should be investigated.

The interaction of localised embedment forces, together with the level of axial load in the
walls should be investigated.

The possibility of using externally appiied structural steel piates as a retrofit measure for
existing reinforced concrete coupling beams should be investigated. Such an
investigation would examine the response of a reinforced concrete coupling beam
previously subjected to a number of load cycles at its service load level and then
retrofitted with an external steel plate.

81




e

¢

References

Associate Committes on the National Building Code, 1990, National Buiiding Code of Canada
1990, National Research Council of Canada, Ottawa, Ont.

Associate Committes on the National Buiiding Code, 1990,
Code of Canada 1990, National Research Council of Canada, Ottawa, Ont.

Canadian Institute of Steel Construction (CISC), 1985, Handbook of Steel Construction, CISC,
Willowdale, Ont.

Canadian Portiand Cement Association (CPCA), 1986, Concrete Design Handbook, CPCA,
Ottawa, Ont.

Canadian Prestressed Concrete Institute (CPCI), 1987, Metric Design Manuagl, CPCI, Ottawa, Ont.

Prestressed Concrete Institute (PCI), 1985, PCI Desian Handbook, PCI, Chicago, Il

SEAOC, 1988, Recommends : D F
Engineers Association of Callfomia (SEAOC)

Berg, V.B. and Stratta, J.L., 1964, Anchorgage g ©_Alasks
American Iron and Steel Institute, New York, 63 pp

Bertero, V.V. and Popov, E.P., 1975, Hysteretic behaviour of reinforced concrete flexural members

with special web reinforcement, Proceedings of U.S. National Conference on_Earthquake
Engineering, Ann Arbor, June 1975, pp 3168-326.

Engelhardt, M.D. and Popov, E.P., 1989, Behaviour of Long Links in Eccentrically Braced Frames,
Earthquake Engineering Research Center, Berkeley, Report No. UCB/EER(-89/01, 406 pp.

Florato, A.E. and Corley, W.QG., 1977 Laboratory tosts ol earthquake resmam srrucrural wall

Construction, vol. I, Universty of Calfornia, Berkeley, July 1977, pp 13971402,

Harries, KA., Cook, W.D., Redwood, R.G. and Mitchell, D., 1992, Concrete walls coupled by

ductile steel link beams, Pr i Tenth uak i Conference,
Madrid, July, 1992,

Hawkins, N., Mitchell, D. and Hanna, S., 1975, The effects of shear reinforcement on the reversed

cyclic loading behaviour of fiat plate structures, Canadian Journal of Civil Engineering, Vol. 2,
No. 4, Dacember 1975, pp 572-582.

Press, Oxford pp 142-162,




Malley, J.O. and Popov, E.P., 1963a, Desic i
ssmmmuﬂmemwmmmm Mﬂw Ropoﬂ
No. UCB/EERC-83/03, 62 pp.

MaNey, J.O. and Popov, E.P., 19830, Desk : 98
Braced Frames, Earthquake Engimoﬂng Rmarch c.mor. Borkoloy Ropon No UCB/EEHC-
83/24, 117 pp.

Marcakis, C. and Mitchell, D., 1980, Precast concrete connections with embedded stee/ members,
PCI Journgl, Vol. 25, No. 4, July/August 1980, pp 88-1186.

Mitchell, D. and Cook, W.D., 1989,

j troet, Otigw Imrnalroponpnparedform Rsmwy.
Houser, Henry, Louden and Syron, Toronto. 19pp.

Paparoni, M., 1972, Model studies of coupling beams, Proceedings of the 194
mwmmm August, 1972, Vol. 3, pp871-881

Park, R. and Paulay, T., 1975, Reinforced Concrete Structures, John Wiley and Sons, New York.
(Chapter 12 - Shear Walis of Multistory Buildings.)

Paulay, T., 1969, The Coupling of shear walls, Volumes 1 and 2, (doctoral thesis, University of
Canterbury, New Zealand). 432 pp.

Paulay, T., 1971, Simulated seismic loading of spandrel beams, Journal of Structural Division,
ASCE, Vol 97, ST9, September, 1971, pp 2407-2419.

Paulay, T. and Binney, J.R., 1974, Diagonally reinforced coupling beams of shear walls, Shear in
Reinforced Concrete, Spoclal Publication No. SP-42, American Concrete Institute, Detroit. pp
579-598.

Paulay, T., 1976, Ductility of reinforced concrete shearwalls for seismic areas,

Reinforced Concrete
Structures in Seismic Zones, Special Publication No. SP-53, American Concrete Institute, Detroit.
pp 127-147.

Paulay, T., 1986, The design of ductile reinforced concrete structural walls for earthquake
resistance, Eathquake Spectra, Vol. 2, No. 4, 1986, pp 783-823.

Reoder, C.W. and Popov, E.P., 1978, Eccentrically braced steel frames for earthquakes, Journal
of the Structural Division, ASCE, Vol. 104, No. ST3, March 1978, pp 391-411.

Rosman, R., 1964, Approximate analysis of shear walls subject to lateral loads, American Concrete
Institute Journal, Vol. 61, No. 6, June 1964, pp 717-732.

Santhakumar, A.R., 1974, Ductility of coupled shear walls, (doctoral thesis, University of
Canterbury, New Zealand). 385 pp.

Schwaighofer, J. and Microys, H.F., 1970, A
Computer Programs




§

¢ 9

— —

Shiu, KN., Bamey, G.B., Fiorato, A.E. and coﬂoy W.G,, 1878, Rmod Ioad tom of romfomod

Salvador, January 1978, pp 239249,
Staftord-Smith, B. and Coull, A., 1991 Tali Byliding Structures, John Wiley and Sons, 537 pp.
Subedi, NK. 1989, Rnimmodconcmbumcwmplmmmr:mmlorcm Procesdings

Vol. 87, September 1989, pp 377-399.




L)

2 |

Appendix A

Design and Analysis of Test Specimens




Appendix A.1 - Design of Steel Link Beam with Specified Material Properties
Trisl section:

Flange: 134 x 18 mm Clause numbers refer to CAN/CSA S16.1-M89.

Web: § mm thick

Overall Height: 350 mm

F, = 300 MPa
Verification: Class of Section

L., L.
" % 3.72<m 8.57 Class 1

_'!.950_;3_32- ~028 < MO | gag Class 1
w
y

Bending resistance:
M, = (0.25(5)(314)" + 134(18)(350-18))0.3x10¢

= (123245 + 800784)0.3x10°°
= 277.2 kNm

but the web should be ignored because & is yielding in shear:

- M, = (800784)0.3x10
= 240.2 ANm

Shear resistance:
V, = 088A.F,

 gioess

including the effect of strain hardening:;

gt -

assuming a clear span of 1200 mm:

$11.1.9

$11.1.9

$135

§134.2




&9

Web stiffeners:;
fulldepth: atends t= 10 mm
distance from ends: 600 mm
intermediate;
spacing < 38w - 0.2d
= - 0.2(360)

= 120 mm
all one sided stiffener plates:
wicth > % -5 =02mm, say 8Sx10 mm
wekd to web: weld must transfer:
A,F,-mm

use a S mm weid on one side:
V, = 0.765(322) = 24TKN> 195N ... . OK

weld to flanges: cag.acity of each end:
0.28AF, = 49N

length of 5 mm weid required:

longth > 0‘7:5 - 84 mm

use a S mm weld full length on one side.
Ends:

Web to flange weids:
must develop yield stress of web:

w0.67F, = say. 1 kNNmm
2 - 5 mm weids have capachy:
2(5)(163)(10%) = 1.534Nmm . . .. OX

87

§D8(a)

$010

§13.13.1

$010

1111

§13.13.1




Unsupported length
Clause 27.2.2.1.(b) requires:
9007, $80x33.98
L= 1. = 19228mm > 1200mm....0K $13.7
AR

Web in embedded region of Specimen 2: required to remain elastic
Consider that the moment capacity is reached:
N _ma
Vv, 7 " 1200 481.7kN
2 2
solving for the required web thickness:

Ve 461.6
- ™ - =7 ’13.‘.2
o~ GBS, " OBE X360 0300

choose an 8 mm web size inside the joint region.
Cbuspmwebto]oimmm:eomiderammpmdoubbbevdgmmmld.

The joint resistance is the smaller of:
V, = 0.674F,A,, = 0.67x0.9x0.300x360x5 = 164N o,
V, = 0.67¢ XA, = 0.67x0.67x0.480x310x5 = BN

§13.13.1

theretore, a full depth double bevel groove weid, butt weiding the 5 mm and 8 mm web plates
will be sufficient to carry the shear of 289 kN.




Appendix A.2 - Analysis of Link Beams with Actual Material Properties
Specimen 1

F, of flange = 372 MPa
F, of web = 320 MPa
d = 350 mm

b= 135 mm

4= 19.7 mm

t, = 50 mm

Flexural resistance (excluding web)

M, ~ (bI{d- t))F, = 135x19.7x(360- 19.7)x0.372x10° = 326.7kNm

considering the nominal vaiue of F, = 300 MPa:

M, = (bt{d-t))F,, = 135x19.7x(350- 19.7)x0.300x 10~ = 263.4 kNm

Shear resistance

V, = 0.654,F, = 0.56x350x5x0.320 ~ 308 kN

Shear resistanve including strain hardening effect

V, = 0.7A,F, = 0.7x350x6x0.320 = 392 kN

Shear Yield
Shear Maximum




s,

Specimen 2

F, of flange = 295 MPa
F, of web = 309 MPa

F, of joint wed = 276 MPa
d = 345 mm

b= 135 mm

{ = 19.2 mm

L, =47 mm

ty=81mm

Flexural resistance (excluding web)

M, = (bi{d- E))F, = 135x19.2x(345 - 19.2)¥0.205 X100 = 249.1 kNm

Shear resistance

V, = 055A,F, = 0.85x345x4.7x0.309 = 275 kN

Shear resistance including strain hardening effect

V, = C.7AF, = 0.7x345x4.7x0.309 = 350 AN

Shear resistance of embedded Hnk beam

V, = 0.65A,F, = 0.55x345x8x0278 = 419 kN

Web Shear Yield

Web Shear Ukimate

Joint Shear Yield




: Appendix A.3 - Design ot Reinforced Concrete Embedment Reglons
Specimen 1

| = 600 mm

|, = 600 mm

bearing width = 135 mm

centre to centre of ties = 208 mm
f’ = 26 MPa

B e T e,

; Embedment capacity: (according to Mitchell and Marcakis, 1980)

Lawram-o-lo-'z!-ooo»’;—o = 900 mm

Note that this eccentricity does not account for the effects of cover spalling
Capacity of concrete embedment region:

v, - ow:a:, . o.osxaxa::ooo - 430 AN
1 3.‘-’- 1+368x—

A 600
Required Capacity:
Expectedshearyleld = 30BKN ..............cco0vvvvnnnns oK
Expected maximum shear = 392kN ........ Chreeraeeiaae oK
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Specimen 2

| = 840 mm

|, = 560 mm

c = 40 mm
bearing width = 135 mm

centre to centre of ties = 208 mm
{' = 43 MPa

Embedment capacity: (according to Mitchel and Marcakis, 1960)

Loverarm = 0 = Io%oc-MOo%-“ido = 920 mm

Note that this eccentricity does account for the effects of cover spaling
Capacity of concrete embedment region:

v, - :8:?!.. . o.esxaaxz:;m = 618 AN
+ 3. -'; 103.°Xa

Required Capacity:
Expected shearyield = 208 kN . ...............co000ueune
Expected maximumshear = 7S kN ...........cco0vnnunns




LI

Appendix B

' Summary of Loads and Deflections
at the Peak Load Stages




Losdstep Doric Time

1A
18

o8

$

-]

4A
48

7A
78

10A

A
18
12A
128

13A
138
14A
148
15A
158

18A
168
17A
178
18A
188

19A
198

21A
218
229
238
24A
248

END

214 11:30:13
214 12:53:00
214 13:47:18
214 14:08:37
214 14:25:00
214 14.31:48

214 15:10:47
214 18:95:08
217 00:30:17
217 10:02:08
217 10:119:28
217 10:42:12

217 11:27:20
217 12.08:18
217 13:82:39
217 14:08:28
217 141741
217 14:38:14

27 18:27:13
217 16:30.28
218 00:30:18
218 10:20:01
218 11:06:18
218 11:24:12

218 12:50:12
210 13:87.50
218 15:18:81
218 18:48:43
218 18:08:20
218 16:46.00

219 10:32:38
219 11.:48.08
219 14:08.05
219 14.44.40
221 09:55:19
21 11:17.27

225 11:41:00
225 14:52:08
226 10:02:49
226 10:52:17
226 13:40:53
226 14:38:23

226 16:20:83
27 10:112:87
2712:24.47
227 13:38:4%
227 15:51:00
227 16:50:18

228 oit day

Loed
N

+100.17
-101.21
+100.90
90.32
+980.34
-101.40

+107.99
199.40
+195.97
-197.97
+190.9
-198.02

+200.9

+251 4
247.9%9
+248.91
25093

+303.31
<300.08
+300.5¢
200.10
+301.74
<301.08

+347.8

+383.41

+:m s
-308.03

+307.67
+37| 74
37313
+358.50
-327.64

+344.27

+8.75

+12.0%
-11.08
+11.44
1159
+11.47
-10.62

+24.48
2478
+24.17
28.14
+25.11
2743

+48.70
50.10
+50.08

449 29
4938

+70.34
-75.81
+00.92
-76.01
+60.94
-76.08

+83.22
-102.07
+93.50
90.00

+95.24
+100.56

+122.04

fiest crack at beam top flange
first crack at beam bottom flange

first local ylelding of beam web

general yield in beam web; firet speliing

front cover completely cracked

crushing at both flanges
crushing at both flanges

ctushing more severs

firat vertical crack 800 mm from face yield and
bucking of web stiffeners

fensile cracking at compreseive strut

inetall horizontal clampe

notable bending in end web stiffeners

front cover spalied ol

side cover spalling; Wwisting of beem

further front cover spalling

lose of confined concrete behind spaling
side spaliing restrained by vertical clamp
no concrete around first rebars; firet yield of
rebare




¢ 9

|
;

288833 E88S33 8LBBas

17A
178
18A
188

19A
198

29A
218

end

310 17:07:52
310 17:50:29
310 18:04:41
310 18:19:22
310 18:2¢:24
310 18:33:34

311 09:44:19
311 11:12:17
311 11:20:82
311 11:33:88
M1 114447
311 13:32:52

311 14209
311 15:30:50
311 15:83.37
311 16:46:32
312 10:19:18
312 10:57:42

312 11:50:01
312 12:48:47
312 14:19:23
312 14:48:13
312 15:32:17
312 16:09:32

315 10:85:57
318 12:18.47
318 14:30:84
318 14:50:%0
315 18:08:17
315 16:38:32

316 11:03:9
316 12:23.48
316 14:30:82
318 15:24:33
316 17:17:08
316 17:50:30

317 11:45:8
317 12:81:.01
317 18:40:07
317 18:52:2¢
318 11:44:34
318 15:57.41

319 11:80:30
39 139722
319 15:44:28

ogo [-X-N-N-N-X-J 000000 (- -N-N- -

first crack st beam top flange
first crack ot beam bottom flange

general yleld in beam web
first vertical cracking in both walls

clear formation of tension cracks slong struts

spalling on face of East wall

loss of side cover on East wall
web buckiing between ol stiffeners

both joint webe yielding
yielding of web stiffeners




