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Abstract

Performance of slender reinforced concrete structural walls during strong
seismic excitations has demonstrated that a ductile behavior can be at-
tained by promoting flexural yielding of vertical reinforcement prior to
shear failure. This can be achieved by providing shear strength in excess
of the shear stress associated with the ultimate flexural capacity. However,
in squat shear walls, the high ratio of shear force to bending moment may
make this mechanism difficult to attain. The desirable flexural failure mode
may be suppressed by a diagonal tension failure or by sliding of the wall at
its base. It is apparent that the effectiveness of the vertical and horizontal
wall reinforcement in resisting shear force and bending moment is unclear.
Hence, more experimental data is required to attain full understanding of
the load resisting mechanism in earthquake resistant squat walls.

In this investigation, two squat shear walls with an aspect ratio of one-
half were designed, according to the current design codes, and tested. The
main variable was the ultimate flexural capacity and associated nominal
shear stress. An appropriate shear reinforcement was provided based on the
maximum shear stress associated with the development of the full flexural
capacity. Lateral displacement reversals were imposed and no axial load
was applied to the specimens.

The test data were analytically studied. The load deflection relationships,
crack patterns, moment-rotation and shear force-shear deformation rela-
tionships and general observations during the test were analyzed. Both
specimens failed in a sliding shear mode prior to the attainment of their
ultimate flexural capacities. A nominal shear stress of 0.45\/JT;'MPa and

0.69\/_f_;MPa. was sustained by each wall respectively at 68% and 70% of
their respective ultimate flexural capacity.

A finite element procedure and a software were developed to extend the
experimental investigation of squat shear walls analytically. A good agree-
ment with the test data was achieved.



Based on the experimental and analytical investigations and other researcher’s
findings, the behavior and failure modes of squat shear walls is presented.
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Chapter 1

Introduction

1.1 General

The usefulness of reinforced concrete walls in earthquake resistant struc-
tures has long been recognized. When walls are located in advantageous
positions, they can be very effective in providing the required strength and
stiffness to lateral loads. Depending on geometric and functional require-
ments, structural walls are used in a number of different forms. Isolated
walls provide lateral resistance through cantilever action. Coupled walls
and frame wall systems show significant interaction of walls with other
structural members. Furthermore, depending on wall aspect ratio (height-
to-width ratio), the governing mode of deformation and hence the structural
response to cyclic loading can be quite different.

Structural walls with an aspect ratio of less than two are called squat shear
walls. They are often used in low-rise buildings where they play an impor-
tant role in resisting earthquake forces. Squat walls may also be used in
high-rise buildings where part of the lateral load may be assigned to them.

The philosophy of earthquake resistant design for buildings has been well
established [14,15,16]. Three basic design criteria that the designer aims to
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achieve, when using structural walls in earthquake resistant structures, are
put forward as follows:

1. To provide adequate stiffness so that during low intensity earthquakes,
the elastic response of a shear wall can ensure near full protection
against damage of non-structural components.

2. To provide adequate strength to ensure that moderate earthquakes
do not result in more than superficial structural damage.

3. To provide adequate ductility and capability to dissipate energy in
the event of a severe earthquake.

The performance of shear walls during severe earthquakes has often been
questioned especially when prevention of total collapse is a prerequisite.
For this reason, higher design earthquake loads are specified in the National
Building Code of Canada [7,8] for shear wall structures. The increase in
design load is introduced through an augmentation of the numerical coef-
ficient, K, which reflects the material and type of construction, damping,
ductility and energy-absorptive capacity of shear walls.

Performance of structural walls during recent earthquakes has demonstrated
that a ductile behavior can be attained under strong seismic excitations.
Slender walls are especially capable of developing the required ductility [24].
Ductile behavior can be attained by promoting flexural yielding of vertical
reinforcement prior to shear failure. This is easily achieved by designing
the walls for shear strength in excess of that corresponding to flexural yield-
ing. However, in squat shear walls, the high ratio of shear force to bending
moment may make this mechanism difficult to attain. The mode of failure
at ultimate loadmaybe unpredictable. Indeed the desirable flexural failure
mode described previously may be suppressed by a diagonal tension failure
or by sliding of the wall at its base. Also, high lateral loads can induce a
diagonal compression failure, characterized by crushing of concrete in the
compression zone of the wall.

It is apparent that the effectiveness of the vertical and horizontal wall rein-
forcement in resisting shear force and bending moment reversals is unclear.
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More experimental data is required to attain full understanding of the load
resisting mechanism in earthquake resistant squat walls.

1.2 Literature review of experimental studies

Considerable research has been carried out to investigate the performance
of structural walls found in high-rise buildings. However, only a limited
amount of this research is relevant to squat shear walls. The performance
of squat walls is often compared with that of deep beams due to their
geometric similarities. However the application of the load, generating
shear stresses, is different in these two types of structural members. In
squat walls, the load is introduced as a line load along the joint between
the floor slab and the wall, or foundation and the wall. In deep beams, the
load(s) and reactions are directly applied to the faces of the member. This
considerably enhances the load resisting mechanism of the beam through
an arch action. Therefore the extensive studies of reinforced concrete deep
beams, conducted in the past, are not applicable to squat shear walls.

In 1957, Benjamin et al. [13] tested 2.44 m high 3.66 m long plain and
reinforced concrete panels. The purpose of the investigation was to develop
design data for shear walls resisting atomic blast loading. Monotonically
shear force was applied in the plane of the wall through a member at the top
which distributed the load along the panel length. Tension and compression
columns were provided at either end of the specimens. They observed that
panel reinforcement was affecting the cracked wall behavior. On a series
of tests conducted on panels with aspect ratio varying between 0.32 and
1.25, they concluded that the panel height-to-length ratio had a direct and
- pronounced influence on wall behavior.

| Tests were carried out at University of Canterbury by Beekhuis [12] in 1971
on three 500 mm by 500 mm cantilever shear walls. He studied the behavior
of squat shear walls under cyclic loading. The effects of flexural and shear
reinforcement on the mode of failure and ductility were investigated. It
was suggested that, for a ductile failure mechanism in low-rise chear walls,



the nominal shear stresses associated with flexural overturning of the wall
should be limited. Also, because the flexural failure mechanism is associ-
ated with large cracks, no reliance should be placed on the contribution of
concrete toward shear strength.

In 1973, Cardenal et al. [18] tested seven large scale specimens at the Port-
land Cement Association. Walls of 1.90 m by 1.80 m were subjected to
static in-plane horizontal loads without any vertical loading. One of the
specimens was subjucted to ten cycles of load reversals. Its strength was
found to be approximately 7% less than that for a similar wall subjected
to monotonic loading. It was concluded that for walls with an aspect ratio
of one, both vertical and horizontal shear reinforcement were effective in
contributing to the shear strength of walls.

Barda et al. [9] tested eight specimens with boundary elements at the Port-
land Cement Association in 1977. Static and cyclic in-plane loading was
applied. The length of the walls was kept constant at 1.90 m whereas the
height was varied between 0.48 m and 1.90 m. The objective of this test
program was to obtain data on the strength, energy absorption, perfor-
mance under load reversals, and serviceability of low-rise shear walls with
boundary elements. The walls contained sufficient flexural reinforcement
to provide a moment capacity larger than the shear strength, forcing the

walls to fail in shear. The results of this investigation may be summarized
as follows:

1. The shear strength of walls was not affected by the amount of flexural
reinforcement.

2. Load reversals decreased the strength by about 10%.

3. For an aspect ratio of one-half and less, horizontal wall reinforcement
did not contribute to shear strength but was effective in producing a
more uniform crack pattern.

4. The shear strengths of walls with aspect ratios of one-quarter and
one-half were the same. However the strength was 20% lower in walls
with an aspect ratio of one.



5. The shear force was transmitted from the top slab to the base of the
wall by compressive struts.

Synge [35] in 1977, conducted reversed cyclic load tests at University of
Canterbury on four reinforced concrete shear walls with a height-to-length
ratio of one half. The units were 3 m long and 1.5 m high. Two walls had a
rectangular cross section, and the other two were constructed with flanges.
Some of these walls contained diagonal shear reinforcement. The following
conclusions were made:

1. All walls resisted the applied load in a flexural manner. The corner
to corner failure plane was suppressed by using shear reinforcement
corresponding to its ultimate flexural capacity of the walls.

2. At high level of lateral deformations, approximately one half of the
applied shear was carried by the horizontal reinforcement.

3. The magnitude of slipping of the wall along the wall foundation in-
terface governed the extent to which ductile flexural yielding could
occur in the wall,

4. The general hysteric performance of squat shear walls was substan-
tially improved by diagonal shear reinforcement.

Hernandez et al. [25] at University of Mexico in 1980 studied the hysteretic
behavior of reinforced concrete walls that were critical in shear. Twenty
two models with 1:8 scale and a full scale wall were tested under alternat-
ing lateral loads. The test parameters included; aspect ratio, compressive
strength of concrete, horizontal and vertical steel reinforcement, axial load,
and boundary elements. They observed that structural walls, critical in
shear, had an inadequate hysteretic behavior, showing progressive dete-
rioration of strength under repeated load reversals. Also, the efficiency of

boundary elements in terms of improving the hysteretic behavior was found
to be low.

Two squat shear walls were tested at the University of Toronto by Wirad-
inata [40] in 1985. The main variable was the wall aspect ratio. The walls
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were 2 m long 0.5 m and 1 m high respectively. The amount of reinforce-
ment and the load reversal program used in both specimens were identical.
It was concluded that:

1. The shear strength of squat shear walls increases with decreasing
aspect ratio.

2. Sliding of the wall as a whole may govern the failure mode beyond

a certain level of shear stress if the wall had previously yielded in
flexure.

3. For walls with an aspect ratio of one half, a ductile flexural response is

possible with the minimum horizontal steel depending on the flexural
capacity of the wall.

4. Flexural and shear deformations are equally significant within the

deformation range where no strength decay takes place under load
reversals.

5. Hysteretic force-deformation curves of squat walls show significant
pinching as characterized by shear deformations.

6. Stiffness degradation of walls take place under repeated load reversals.

Two squat shear walls were tested at the University of Ottawa by Wasiewicz
[39] in 1987. The main objective of his research program was to suppress
sliding shear failure in squat shear walls by special detailing of the reinforce-
ment at the base of the wall. It was concluded that starting bars placed
between flexural reinforcement up to 20% of the height of the wall were
effective in preventing sliding shear failures.

1.3 Objective and scope

The objective of the research program is to investigate the failure modes in
earthquake resistant squat shear walls. Both experimental and analytical
investigations are included in the study of the shear wall behavior.
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The following forms the scope of the investigation:

1. Review of previous research and current state of the art on aseismic
design of squat shear walls.

2. Determination of the parameters that affect the failure modes and
identification of those that have not been examined experimentally.

3. Design and construction of large scale test specimens to study the
effect of selected parameters on the failure modes of shear walls.

4. Testing of wall specimens under simulated seismic loading.
5. Evaluation and presentation of the test results.

6. Development of a finite element procedure and a software to extend
the parametric investigation of shear walls analytically.

7. Establishment of the relationships between the design parameters and
failure modes.

8. Presentation of research findings.



Chapter 2

Behavior of Squat Shear Walls

2.1 Energy dissipation mechanism

The ability of a reinforced concrete structure to perform in the inelastic
range has often been measured in terms of ductility. In general the term
ductility is defined as the ratio of a specified deformation (displacement,
rotation, distortion, etc...) at a particular stage of loading to that of yield
point. The term ductility is e useful index to describe the energy absorption
capability of a squat shear wall. However this holds true only in cases where
the load capacity is maintained during load reversals without appreciable
loss of strength and stiffness. '

It is well recognized that it is uneconomical to design walls to resist lateral
forces within the elastic limit during a severe earthquake. Consequently it
is generally accepted that energy dissipation, involving considerable large
excursions into the postelastic range, will have to be relied upon. As men-
tioned previously, prevention of collapse is one of the fundamental design
criteria. Therefore it is necessary to ensure that plastic deformations in the
wall can occur while the lateral load capacity is not significantly reduced.

In most situations involving large earthqueke imposed displacements, en-
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Figure 2.1: Load-Displacement response to cyclic loading of a ductile shear
wall

ergy dissipation by hysteretic damping is a viable means by which survival
of shear walls can be assured. To ensure the desired energy dissipation, the
designer’s primary aim will be to minimize the inevitable degradation in
both stiffness and strength.

Hysteretic damping is readily available in reinforced concrete walls through
inelastic flexural deformations. Although yielding of the flexural reinforce-
ment is & good source of energy dissipation, inelastic deformation of con-
crete is not as efficient. Concrete being a brittle material will show a rapid
strength degradation when subjected to cyclic loading. Contribution of con-
crete towards shear strength in plastic region should therefore be neglected
in design. The desired response of a ductile wall subjected to lateral load
reversals shows well rounded load-displacement hysteresis loops as depicted
in Figure 2.1.

Shear distortions under inelastic cyclic shear loading are generally unsuit-



Load

Displacement

Figure 2.2: Load-Displacement response for (1) idealized elasto-plastic, (2)

optimal,(3) (4) repeated shear affected conditions in reinforced concrete
s .

able means for energy dissipation. Shear resistance after inelastic shear
displacements is not so easily available. It can be attained only when the
subsequently imposed displacement is larger than the largest previously ap-
plied displacement. Therefore inelastic tensile strains in reinforcement can
never be recovered and consequently the width of diagonal cracks increases
with progressive cyclic loading. Curves 3 and 4 of Figure 2.2 show typical
load-displacement responses which have been affected by significant shear
displacements. It is also seen that inelastic shear displacement results in
strength and stiffness degradation.

From the features discussed previously it becomes clear that a realistic de-
sign procedure should attempt to minimize the probable occurrence of in-
elastic shear deformation and promote energy dissipation by flexural yield-
ing.
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2.2 Shear resistance mechanism

Various mechanisms of shear resistance that interfere with efficient energy
dissipation in squat shear walls are reviewed in this section. Diagonal ten-
sion, diagonal compression and sliding shear failures are discussed with
reference to squat shear walls. Before considering each of these failure
modes, base fixity at the foundation level of squat shear walls needs to be
examined.

'The gravity load on squat walls may be very small, even nonexistent. There-
fore the lateral load capacity may be limited by the stability requirement
of statics. The full lateral load capacity of the wall can only be developed
if significant resistance against overturning is achieved. This requires the
foundation to be capable of developing tension associated with foundation
uplift.

Reinforced concrete walls subjected to shear stresses develop principal ten-
sile stresses with approximately 45° inclination. Fhailure associated with
these tensile stresses is referred to as diagonal tension failure. Diagonal
tension failure usually occur when the horizontal reinforcement is insuffi-
cient. The mode of load application at the top edge of squat walls has a
significant effect on the diagonal tension strength of such walls. The usual
45° diagonal crack as shown in Figure 2.3(a) does not result in failure due
to the tie beam or floor slab which acts as a huge stirrup. The load is
transferred to the remainder of the wall by this top member, forcing it to
develop a corner to corner failure plane as shown in Figure 2.3(b). However,
for walls  with aspect ratio varying between one and two, the 45° failure
plane may control the failure mode.

As principal tensile stresses develop, principal compressive stresses also de-
velop in the perpendicular plane. These stresses are transferred through
compression struts between the diagonal cracks. Excessive compression in
these struts may build up if diagonal tension failure is prevented. This
may produce a diagonal compression failure by crushing the concrete un-
der heavy compression. It usually takes place when the average shear stress
in the wall section is high. Under reversed cyclic loading, two sets of di-

11
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Figure 2.3: Failure modes for squat shear walls.
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agonal cracks develop in two opposite directions. Opening and closing of
these diagonal cracks under cyclic loading reduces considerably the com-
pression strength of concrete. Therefore, the diagonal compression failure
may develop at a much lower average shear stress. As a result, crushing of
concrete spreads rapidly over the entire length of the wall, as depicted in
Figure 2.3(c), resulting in a drastic and irrecoverable loss of strength.

As described previously, the desired energy dissipation would be expected to
come mainly from yielding of the vertical flexural reinforcement. However,
after few inelastic cycles the phenomenon of sliding shear can occur. This
mode of failure is characterized by sliding of the wall along its base due
to flexural cracks which interconnect and form a continuous weak plane
along the construction joint, as shown in Figure 2.3(d). Sliding shear is
responsible for a significant reduction of stiffness and energy dissipation.
This failure mode has been extensively studied by Wasiewicz [39].

2.3 Design philosophy for squat shear walls

For squat shear walls the assessment of flexural and shear strength cannot
be based on the beam theory applicable to tall structural walls. Experi-
ments with reinforced concrete tall walls with adequate shear reinforcement
indicate that the shear force has little influence on the development of flex-
ural capacity. This enables the designer to ignore the interaction of shear
and flexure and to deal with them separately. Park and Pauley [28] showed,
however, that an intimate relation does exist between flexure, shear, bond
and anchorage in the region of high shear force and bending moment.

Even though the assumptions on which flexural response of tall walls are
based [2], do not hold true in squat shear walls, the standard approach
for the prediction of flexural strength is likely to be satisfactory for design
purposes. In the derivation of the ultimate flexural capacity that can be
mobilized during very large excursions in the postelastic range, the following
factors need to be taken into account:
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1. The ultimete moment resistance must be based on the contribution of
all vertical bars that are present in the wall section, including vertical
steel for shrinkage control.

2. The strength of the reinforcement must be based on the actual yield
strength rather than on the nominal strength.

3. As large steel strains are expected, it is necessary to evaluate or ap-
proximate the additional strength develop due to strain hardening.

4. Some allowance may have to be made for the increase in concrete
strength to a value larger than that used in the design.

For seismic design procedures the non-linearity of flexural strains, known to
occur in deep beams, do not need to be taken into account for squat shear
walls. It may be assumed that at ultimate curvature all flexural bars in the
wall yield in tension or compression, as appropriate. Since earthquake type
of loading will need to be resisted in both lateral directions, a symmetrical
distribution of vertical flexural steel is the common practice. In most cases
the amount of flexural reinforcement will be small because a relatively large
internal lever arm may be utilized and the lateral load capacity of the wall
may be limited by the inability of the foundation to resist the overturn-
ing moment. Therefore it will be more practical to distribute the vertical
reinforcement uniformly over the full length of the wall with only & small
increase at the vertical edges.

One prerequisite for ductile flexural response of squat walls, and hence
for significant energy dissipation by plastic hinging, is that shear failure
should be suppressed. If this principle is accepted, then every precaution
must be taken to prevent a possible shear failure during & seismic distur-
bance of some duration [29]). Diagonal tension failure should be prevented
by providing horizontal shear reinforcement capable of transferring across
the potential failure plane a shear force in excess of that produced at at-
tainment of the ultimate flexural capacity. Diagonal compression failure
may be avoided by prescribing a maximum average shear stress value, lim-
iting the ultimate flexural strength of the wall section as suggested by
Aktan and Bertero [1]. If both diagonal tension and compression failures
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are prevented, the full flexural capacity of the wall should be developed.
Consequently excessive yielding of vertical reinforcement will occur, hence
triggering the undesirable sliding shear phenomenon. The severity of slid-
ing shear is considered to increase with an increase in expected ductility
demand and a decrease in wall aspect ratio [41]. Unless specially detailed,
all ductile squat shear walls are likely to fail in this mode.

2.4 Design building codes

Code recommendations used in the past have been mostly based on the
early work of Benjamin and Williams [13] on low-rise shear walls. The
work of Cardenas et al. [18] and Barda et al. [9] has contributed much
toward the present understanding of squat shear wall resisting mechanism.
In spite of their contributions, very little is said about squat shear walls in
the American code and no address is made in the Canadian code. Therefore
the designer most rely on the present state of the code for ductile flexural
walls to design squat shear walls or seek additional informations elsewhere
[29,30].

As far as special provisions for seismic design are concerned, the North
American codes limit the maximum applied nominal shear stress for shear
walls. This value has been accepted for many years in North America.
Extensive experimental work, involving the testing of numerous low and
high rise shear walls under monotonic static load, has shown this value to
be conservative, as mentioned by Cardenas et al. [19] and Fiorato et al.
[23]. However, the code limit for nominal shear stress was never meant for
situations under seismic conditions [32]. Pauley [31] observed that shear
stresses of this magnitude cannot be sustained across plastic hinges, which
is likely to occur over the full height of squat walls, when cyclic loading
is involved. Also, the contribution of concrete towards shear strength in
plastic regions of shear walls shall not be taken into account, as stipulated
by the Canadian code. Nevertheless the American code allows the designer
to include and increase that contribution for walls with aspect ratio less
than two.
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Chapter 3

Experimental Program

3.1 Test speciinens

Two reinforced concrete squat walls with rectangular sections were tested
and analyzed in this investigation. These walls were part of an overall
investigation on earthquake resistant squat walls and formed the fourth
and fifth walls in the test program. Therefore they were labelled as Wall
4 and Wall 5. Both walls had a height-to-length ratio of one half with the
same overall dimensions. The two specimens were designed and detailed as
1/3 scale models with orthogonal reinforcement arrangement in two layers.
Both walls were subjected to cyclic load reversals without vertical loading.
Walls 1 & 2 and 3 & 6 were reported by Wiradinata [40] and Wasiewicz
[39] respectively.

A rectangular heavily reinforced beam was cast along the top horizontal
edge of each wall. The purpose of this top beam was to simulate the actual
floor-slab system and to provide a uniform load transfer. Also, a heavily
reinforced base footing was provided for each wall. This bottom beam was
used to provide fixity at the base and hence transfer the load uniformly
from the wall to the footing. This footing was connected on to the strong
floor of the structural laboratory by means of four 1800 mm long by 70 mm
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Figure 3.1: Schematic of Walls 4 and 5

diameter high strength bolts. The overall dimensions of Walls 4 and 5 are
presented in Figure 3.1.

3.1.1 Design of Wall 4

Wall 4 was designed as a companion specimen to Wall 1 reported by Wiradi-
nata [40]. The same arrangement of the vertical flexural reinforcement was
used, resulting in a predicted applied shear stress of 0.67\/?; MPa. The
main objective of Wall 4 was to suppress the corner to corner failure plane
observed in Wall 1 and hence to achieve a better ductile behavior.
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Flexural strength was based on the vertical reinforcement provided, using
the conventional beam theory and assuming that it applies to squat shear
walls. A vertical reinforcement ratio of 0.8% of the gross cross-sectional
area was used, resulting in eight pairs of 10M deformed bars placed sym-
metricaily along the wall with only a nominal increase at the edges. Proper
bar anchorage was provided into the bottom and top beams. Based on the
measured material properties, the flexural capacity of the cross-section was

fcund to be 698 kN-m. Detailed computations are presented in Appendix
A.

From the predicted bending moment capacity, a design shear force of 612 kN
was obtained. Neglecting concrete contribution towards shear strength, this
resulted in a horizontal shear reinforcement ratio of 0.8%. Four pairs of 10M
deformed bars were placed uniformly over the height of the wall for a design
shear strength of 614 kN. It was believed that the diagonal tension failure
observed in Wall 1, with a shear reinforcement ratio of 0.25%, could be

suppressed by providing a shear strength capacity in excess of the shear
force obtained at ultimate curvature.

Stirrups were provided at both ends of the wall to prevent premature buck-
ling of the vertical bars in compression. These stirrups were made of 6.4 mm
diameter plain steel and were spaced at 80 mm. The effect on confinement

of concrete provided by these stirrups was not considered in design calcu-
lations.

The details of the reinforcement layout and sections of the footing, the wall
and the top member are presented in Figure 3.2,

3.1.2 Design of Wall 5

Wall 5 was designed for a higher flexural capacity than Wall 4. It was
designed to develop an applied shear stress of 1.01\/_EMPa. which is higher

than the maximum permissible value of 0.83\/)7;MPa. allowed by Design
Building Codes [3,17]. Its flexural and shear strength capacities were based

18
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on the same design philosophy and assumptions as Wall 4.

A vertical reinforcement ratio of 1.2% of the gross cross-sectional area was
used. Twelve pairs of 10M deformed bars were placed uniformly along the
wall height and well anchored into the bottom and top members. Again,
stirrups were provided at both ends of the wall to prevent premature buck-
ling of the vertical bars in the compression zone. The predicted flexural
capacity was found to be 955 kN-m. Detailed computations are presented
in Appendix B.

From the predicted flexural capacity, a design shear of 838 kN was com-
puted. A horizontal shear reinforcement ratio of 1.2% was used. Six pairs of
10M deformed bars were placed uniformely over the height of the wall pro-
viding a design shear capacity of 878 kN. The details of the reinforcement
layout and sections of Wall § are presented in Figure 3.3.

3.2 VFabrication

The two test specimens were prepared in a wooden formwork made from
20 mm thick plywood. The formwork was painted and a light coat of form
cil was applied prior to the placing of the reinforcement as a bond-breaker.
The formwork was designed in such a way that it could be used for Walls
3,4, 5 and 6.

The test specimens were constructed in two stages in order to simulate a
construction joint at the wall base. The footing was cast first with the
vertical wall reinforcement. The concrete was properly vibrated using a
25 mm diameter electrical vibrator. Concrete cylinders were also cast in
accordance with CSA Standard CAN3-A23.2-M. An exposed aggregate con-
struction joint was prepared on the top surface of the foundation beam as
required by CSA Standard CAN3-A23.3-M84. After few hours, the speci-
men and the cylinders were wrapped in wet burlaps and polyethylene sheets
for at least five days.

20



Sl © WO!

G [TeA\ JO SUOI}9as pue jnode] juswadiojulay] :g'¢ am3rg

02: 3TvIS
8 NOILO3S
] L] [ [) [] ] ] » ‘I—-
—Iu’ [ . o L] L] | ) L] | ] U
_ 1 |
v geel = Sl O I 709
02:l AIVOs 02:) 3OS
v NOILVAT3 Vv NOILD3S

R = = ol

i T

o

N\ ee
1 |

[ 10]]

HIA0D HYITO SI—* tﬂ_

— !

08 P ui 9 Woz

L Woi

21



After removal of the bottom beam formwork, the horizontal reinforcing
bars and stirrups were placed. Figures 3.4 and 3.5 present Walls 4 and 5
respectively at the end of the first construction stage. Also, a close-up of
the end region of Wall 5 is shown in Figure 3.6.

The second construction stage was the casting of the wall and top beam in
an upright position. Concrete cylinders were also cast and all concrete was
vibrated using an electrical vibrator. After pouring of the concrete, the top
surface of the top beam and the cylinders were wrapped with wet burlaps
and polyethylene sheets. The formwork was stripped after seven and four
days for Walls 4 and 5 respectively and the curing process was continued
for another week by wrapping wet burlaps and polyethylene sheets around
the whole specimen. Testing commenced after 164 and 102 days for Walls
4 and 5 respectively. Prior to testing, the specimens were painted with a
thin coat of white paint to facilitate crack detection.

3.3 Material properties

3.3.1 Concrete

Ready mix concrete was obtained from a local plant and was used for
both specimens. A 28-day target strength of 28 MPa, 100 mm slump and
maximum aggregate size of 10 mm was ordered for each wall.

Several 150 x 300 mm cylinders from each batch were tested to determine
the compressive strength, f!, and the tensile strength, f.,, of the concrete.
Also, stress-strain relationship of concrete cylinders vnder monotonic and
cyclic compressive loading were determined. Figures 3.7 and 3.8 present
these relationships for Walls 4 and 5 respectively. Concrete strain in cylin-
der tests was measured by two 10 mm stroke Linear Variable Differential
Transformers (LVDT) mounted on two opposite sides of cylinders. The
concrete properties are summarized in Table 3.1.
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Figure 3.6: Edge details of Wall 5
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Concrete

Wall_| 7 (MPa) | ¢ (%) | Jor (MPa)

4 -33 -0.17 3.5
5 -27 -0.18 3.4
Reinforcing steel

Bar | fi, (MPa) | &y (%) | fu (MPa)
6.4 mm 370 0.186 470
10M 430 0.240 770

Table 3.1: Material properties

3.3.2 Reinforcing steel

Vertical and horizontal reinforcement used for both specimens were made
of Grade 400, 10M deformed bars obtained from the same batch. Coupons
were tested under monotonic and cyclic tensile loading to determine the
characteristics of the steel. Stirrups were made of 6.4 mm diameter mild
plain steel. A 50 mm extensometer was used to obtained the stress-strain

relationships presented in Figure 3.9. Steel properties are summarized in
Table 3.1.

3.4 Instrumentation

During the test, readings of the applied load and vertical and horizontal
deflections at selected locations on the specimens were recorded. All deflec-
tions were measured with respect to the foundation beam so that movement
of the specimen on the floor would not affect the readings. Also, strains in
selected vertical bars were measured by means of strain gauges.

Locations of the Linear Variable Differential Transformers (LVDT), used
to measured deflections can be seen in Figure 3.10. Two different sizes of
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Figure 3.11: Picture of LVDT 1

ILVDTs with 10 mm and 150 mm stroke capacities were used during the
test. As depicted in Figure 3.10, LVDT 1 was used to measured the top
horizontal deflection of the specimen whereas LVDT's 2 and 3 measured the
vertical movement of the top beam. Figure 3.11 shows LVDT 1 mounted
to a frame made of steel angles which was connected to the bottom beam.
Vertical movements, resulting from the local slippage of the vertical bars in
the foundation beam near the construction joint, were recorded with LVDT's
4 and 5. Slip of the wall along the construction joint was monitored with
LVDTs 6, 7 and 8. Figure 3.12 shows a close-up of LVDTs 4 and 6.

Electricel resistance strain gauges were placed on most vertical bars at the
construction joint level. The extreme vertical bars had gauges installed
at 100 mm below and 200 mm above the construction joint level. All
gauges were installed using the following procedure presented in Figure
3.13: (1)(2) the bar was first filed and cleaned, (3) the gauge and the
tecminal were bonded to the bar by the use of an adhesive agent and the
wire was soldered to the terminal, (4) a thick layer of a water proofing agent
was applied on the gauge and terminal, (5) a soft compound was used to
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Figure 3.12: Picture of LVDTs 4 and 6

protect the gauge and the terminal against chocks and finally, (6) the whole
area was wrapped around with electrical tape.

The applied load was measured with two 1250 kN load cells. Prior to the
test the load cells were accurately calibrated. More detajls about the load
measurement system are presented in section 3.5.

All voltages from the LVDTs, strain gauges and load cells were then fed
into a Hewlett-Packard (HP) 3497A Data Acquisition Control Unit which
in turn was controlled by an HP 9845B desktop computer. A software was
written by the author to automatically take readings at prescribed load or
deformation increment during the test. These voltages were then stored on
a data cartridge and later transferred to the mainframe computer system
of the University of Ottawa for data processing. Figure 3.14 shows the data
acquisition system used during the tests.



Figure 3.14: Data acquisition system
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3.5 Test set-up

A plane view of the test set-up is presented in Figure 3.15. Lateral load
reversals were applied to the test specimen by a hydraulic jack with a
capacity of 1500 kN. The stroke of the jack was limited to 150 mm and
was operated by an electrical hydraulic pressure oil pump. As depicted in
Figure 3.16, the jack was mounted on two ’A frames’ supported by four
channel sections. This reaction frame was connected to the strong floor
with six 1400 mm long by 70 mm diameter high strength bolts. This set-
up was designed to accommodate squat shear walls with heights of 0.5 m
and 1.0 m by simply moving the jack to the appropriate location. An overall
view of the test set-up is presented in Figure 3.17.

The positive horizontal load (pushing) was applied by means of a rectangu-
lar steel shaft pin connected between the jack and the wall. The load was
then transfer to the south end of the top beam through the load cell by two
bearing plates as depicted in Figure 3.18. However, the negative horizontal
load (pulling) was applied to the north end of the top beam by means of
four Grade 400, 35M deformed bars. During the casting of the top beam,
four plastic tubes were placed to permit the insertion of these four pulling
bars prior to testing. The load was then measured by a load cell insertsd
between the end of the top beam and the bearing plate connecting the four
35M bars (see Figure 3.11). No prestressing force was applied to these bars.

3.6 Loading program

Determination of the appropriate loading program for use in quasi-static
tests to simulate structural response to earthquakes has to be established
carefully. Derecho et al. [22] discussed a quantitative description of a rep-
resentative loading history for structural walls. A loading program shown
in Figure 3.19 was established for Walls 4 and 5.

In the first three cycles the specimens were loaded to approximately half
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of the theoretical ultimate loads computed in Appendices A and B. This
load stage represented initial elastic cycles beyond the cracking load. It is
denoted by 1A, on Figure 3.19 where A, represents the yield deflection
of the specimen. The subsequent cycles beyond the elastic cycles were
dependent upon the magnitude of the yield deflection. The yield deflection
was defined as the deflection at which the member was yielding as a whole
rather than the beginning of yielding at the critical section. This deflection
level was assumed to correspond to yielding of half the vertical bars in
the tension zone. It was experimentally determined from the strain gauges
located on the vertical bars at the base level. From these readings, the
neutral axis was located and tl:i¢ top deflection was increased until half of
the vertical bars were yielding.
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Figure 3.18:
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Figure 3.19: Intended loading program
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Chapter 4

Test Results

4.1 Introduction

Test results for Walls 4 and 5 are reported in this chapter. The observed
behavior of the walls during testing and the crack patterns are also pre-
sented. Relationships between the lateral load and wall displacements, in-
cluding top displacement, base slip, bar slip and vertical displacement are
reported. Strains measured in the vertical flexural bars at the construc-

tion joint level are also presented. Discussion of the test results is made in
Chapter 5.

4.2 Wall 4

Wall 4, with an aspect ratio of one-half, was subjected to slowly applied
displacement reversals as explained in Section 3.6. The actual loading pro-
gram observed during the test is presented in Figure 4.1. The predicted
ultimate shear force obtained from Appendix A is 612 kN. The details of the
wall geometry, reinforcement detailing and material properties are given in
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Figure 4.1: Actual loading program of Wall 4

Sections 3.2 and 3.3.

4.2.1 Load-Top displacement relationship and crack
patterns

The load-top displacement hysteresis curves recorded during the test is
presented in Figure 4.2. The displacement was monitored by LVDT 1 as
depicted in Figure 3.10.

First, three elastic cycles were applied to the wall. The maximum loads
recorded during the elastic cycles were 161 kN and -218 kN in the north
and south directions respectively. The first set of diagonal shear cracks
occurred at 161 kN during load stage 1. Also a flexural crack appeared at
the construction joint level extending up to the third row of vertical tension
steel. All the observed cracks were hair line cracks. Upon load reversal,
symmetrical diagonal shear cracks appeared at -120 kN while loading to-
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wards load stage 2. Few additional shear cracks occurred at load stage 3
and the subsequent load cycles did not produced additional cracks. The
crack pattern at the end of the first three elastic cycles, end of load stage
6, is presented in Figure 4.3.

During the next three cycles, the wall was loaded up to a deformation level
corresponding to the observed yield deflection, 1A,. This deflection was
experimentally obtained from the strain gauges installed on the vertical
flexural bars at the construction joint level. During loading towards load
stage 7, 39° diagonal shear cracks appeared at a load level of 180 kN.
These cracks extended from the upper corner at the south end to the base
of the wall. The yield deflection, A, was defined as 4.0 mm, and the
corresponding yield load was 294 kN. At this stage , the previously existing
flexural crack at the base did not further extend nor open. Symmetrical
39° diagonal shear cracks occurred while loading towards load stage 8 and
additional steeper shear cracks appeared at -235 kN. A peak load of -345
kN was recorded at —1A, at -4.0 mm. A flexural crack at the base of the
wall opened by approximately 0.5 mm, extending up to the third row of
vertical tension bars. The crack pattern at this stage is presented in Figure
4.4, As depicted, most of the cracks are diagonal shear cracks starting at
the edge of the wall and extending to the base at approximately 39°, but
none of these cracks widened at this deformation level. The remaining two
cycles produced only a few additional shear cracks as depicted in Figure
4.5.

The next deformation level was 2A,. Three cycles of 8.0 mm and -8.0 mm
were applied to the wall. Upon loading towards load stage 13, additional
shear cracks appeared at 285 kN. These cracks started along the top beam
and extended toward the toe compression zone of the wall. A peak load
of 383 kN was recorded at 2A,. Horizontal flexural cracks appeared at
approximately 200 mm above the construction joint level, extending up to
the second row of vertical tension bars. The flexural base crack opened up to
approximately 1 mm and extended up to the fourth row of vertical tension
bars. Upon load reversal, symmetrical diagonal shear cracks occured at -
355 kN. The maximum load of -419 kN was reached at —2A,, at load stage
14. The flexural base crack width was measured to be approximately 1.5
mm. This crack extended up to the fourth row of vertical tension bars and
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Figure 4.3: Wall 4 crack pattern at end of clastic cycles

Figure 4.4: Wall 4 crack pattern at ~14,
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Figure 4.5: Wall 4 crack pattern at end of cycles at 14,
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Figure 4.6: Wall 4 crack pattern at end of cycles at 24,
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formed a continuous crack at the base of the wall. Also, horizontal flexural
cracks were observed on the tension side of the wall. The width and length
of these cracks decreased progressively from the base to the top of the
wall. No additional cracks were observed during the remaining two cycles
at +£2A,, but some visible damage could be observed at the construction
joint due to base slip which explains the drop in load at peak deformation

as depicted in Figure 4.2. Figure 4.6 presents the crack pattern at the end
of cycles at 24,

Immediately after the 24, cycles, one cycle was imposed at 1A, as load
stages 18 and 19. Peak loads of 62 kN and -71 kN respectively were recorded
during the latter load stages.

The previously observed base slip was clearly visible after three cycles at
+4A,. Peak loads of 371 kN and -396 kN, recorded at load stages 21
and 22, were considerably reduced during the subsequent cycles. Flexural
cracks at the base of the wall were measured to be approximately 2 mm.
Spalling of the concrete cover at the base and kinking of the vertical bars
were noticeable, as depicted in Figure 4.7. Flexural or shear cracks did not
form during the 4A cycles. This can be seen in Figure 4.8.

The subsequent deformation cycle was at £2A, resulting in peak loads of
31 kN and -33 kN at load stages 27 and 28 respectively.

The base slip became more pronounced at a deformation level of 6A,.
The peak loads dropped to 301 kN and -386 kN at load stages 29 and 30
respectively. Kinking of the vertical bars at the base of the wall resulted in
additional spalling of the concrete cover as shown in Figure 4.9. Figure 4.10
presents the crack pattern after three cycles at £64A,. Additional cracks
were not observed.

The next cycle at 24, load stages 35 and 36, did not produce any resis-
tance against lateral deformation but only aggravated the deterioration of

the concrete at the base.

An increase in load resistance was observed at +84,, load stage 37, up to
a maximum load of 327 kN. Crushing of the concrete in the compression
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Figure 4.8: Wall 4 crack pattern at end of cycles at 44,
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Figure 4.9: Wall 4 kinking of vertical bars at 64,

Figure 4.10: Wall 4 crack pattern at end of cycles at 64,
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zone was observed and small additional shear cracks were noticed. Upon
load reversal, extensive crushing of the concrete in the compression zone
occured at —8A,. At this point, the wall started to show some sign of
Iateral instability, hence, it was decided to continue up to —10A, and stop
the test. The load reached a maximum of -375 kN and most of the flexural-
shear cracks on the tension side were opened by 3 to 5 mm. Figure 4.11
presents the crack pattern at —10A, which was the end of the test. A
close-up of the end region of the wall is shown in Figure 4.12.

4.2.2 Load-Base slip relationship

The wall base slip along the construction joint was monitored by LVDTs 6,
7 and 8 as depicted in Figure 3.10. The displacement recorded by each of
these LVDTs throughout the test are presented in Figurcs 4.13, 4.14 and
4.15 respectively.

Essentially, the bnse slip started to affect the top displacement hysteresis
curves at 2A,. Subsequent cycles at the same deformation level are char-
acterized by an increase' in base slip. It should be noted that the base
slip recorded before 24, was not base slip but, shear deformation occur-
ring between the constr:étion joint and the level at which the LVDTs were
mounted.

4.2.3 Load-Wall displacement relationship

An average base slip was calculated from LVDTs 6, 7, 8 and subtracted
from LVDT 1 to obtain the load-displacement relationship imposed on the
wall. This is shown in Figure 4.16.

The hysteresis curves presented in Figure 4.16 consist of three horizontal
displacement components. These components are due to flexure, shear and
local slippage of vertical réinforcement in the foundation beam. A detailed
analysis of these components is presented in Chapter 5.
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Figure 4.12: Wall 4 detail of end region at end of test
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Figure 4.13: Load-Displacement relationship for LVDT 6 of Wall 4
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Figure 4.14: Load-Displacement relationship for LVDT 7 of Wall 4
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Figure 4.15: Load-Displacement relationship for LVDT 8 of Wall 4

4.2.4 Load-Bar slip relationship

The slippage of vertical reinforcement in the foundation beam was mea-
sured at both ends of the wall with LVDTs 4 and 5 as depicted in Figure
3.10. The displacements recorded during the test by these two LVDTs are
presented in Figures 4.17 and 4.18 respectively. Unfortunately, LVDT &
was malfunctioning after load stage 26. Consequently Figure 4.18 shows
the load-bar slip hysteresis loops up to 44,.

The rotation of the wall at its base can be calculated from these two LVDTs
by subtracting LVDT 4 from 5 and dividing this differential vertical move-
ment by the distance separating the tow LVDTs. This base rotation is
presented in Figure 4.19 up to 44,. At low load level, the base rotation

is greatly affected by the continuous crushing of the concrete at the base
due to sliding.
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Figure 4.16: Load-Top wall displacement relationship of Wall 4 excluding
displacements due to sliding shear
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Figure 4.17: Load-Displacement relationship for LVDT 4 of Wall 4
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Figure 4.19: Load-Base rotation relationship for Wall 4

4.2.5 Load-Total vertical displacement relationship

The vertical movement of the top beam was monitored by LVDTs 2 and
3 as presented in Figure 3.10. The displacements recorded during the test
by these LVDTs are presented in Figures 4.20 and 4.21 respectively. These
displacements are composed of the bar slip described previously and the
vertical displacement in the wall element due to flexure.

The total rotation of the top beam is calculated in the same way as the

base rotation due to bar slip. This load-total rotation relationship can be
seen in Figure 4.22 where well rounded curves are observed.
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Figure 4.20: Load-Displacement relationship for LVDT 2 of Wall 4
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Figure 4.21: Load-Displacement relationship for LVDT 3 of Wall 4
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Figure 4.22: Load-Top rotation relationship for Wall 4

4.2.6 Strains in vertical flexural reinforcement

The strains in all vertical flexural bars were monitored at the construction
joint level as mentioned in Section 3.4. Figure 4.23, 4.24, 4.25 and 4.26
present the load-strain relationship in selected bars.

Steel strain distributions along the base of the wall at different load levels
are examined in more detail in Chapter 5.
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Figure 4.23: Load-Strain relationship in vertical bar of Wall 4
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Figure 4.24: Load-Strain relationship in vertical bar of Wall 4
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Figure 4.25: Load-Strain relationship in vertical bar of Wall 4

$00
400 -
300
200 |
100
0
=100 |-
=200 |
=300 |
=400 |-

-500 3 1 ] L L ] 3 ] ] |
-4 -2 0 2 4 6 8 10 12 W4 16 18 20

STRAIN ( X 0.001)

Figure 4.26: Load-Strain relationship in vertical bar of Wall 4
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Figure 4.27: Actual loading program of Wall 5

4.3 Wall 5

Wall 5, with an aspect ratio of one-half, was subjected to slowly applied
displacement reversals as explained in Section 3.6. The actual loading pro-
gram observed during the test is presented in Figure 4.27. The predicted
ultimate shear force obtained from Appendix B is 838 kN. The details of the
wall geometry, reinforcement detailing and material properties are given in
Sections 3.2 and 3.3.

4.3.1 Load-Top displacement relationship and crack
patterns

The load-top displacement hysteresis curves recorded during the test is
presented in Figure 4.28. As mentioned previously, LVDT 1 was used to
monitor the top deflection of the wall.
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First, three elastic cycles were applied to the wall. The maximum loads
recorded were 238 kN at load stage 1 and -220 kN at load stage 2. The
first set of diagonal shear cracks appeared at 155 kN while loading towards
load stage 1. They formed with approximately 38° inclination with the
horizontal, starting from the tension side of the wall. Upon load reversal
towards load stage 2, a symmetrical diagonal crack pattern was observed
at -145 kN. The observed crack pattern is shown in Figure 4.29. The
subsequent two elastic cycles did not produce additional cracks. No sign of
flexural cracking was observed during these cycles.

For the next three cycles, the wall was loaded up to a deformation level
corresponding to the observed yield deflection, 1A,. While loading towards
load stage 7, additional diagonal shear cracks appeared at 290 kN. A flexural
crack occured at the base of the wall at 415 kN. This crack extended up to
the sixth row of vertical tension bars with a width of approximately 1 mm.
Additional flexural cracks, with crack widths less than 1 mm, appeared on
the tension side of the wall during the latter part of this load stage. The
yield deflection, A, was arrived at 11.4 mm at a recorded load of 577 kN, at
load stage 7. Upon load reversal, symmetrical sets of diagonal shear cracks
and flexural base cracks occured at -255 kN and -405 kN respectively. The
yield deflection, —A,, was slightly different than +A, and was reached at
-10.0 mm, at load stage 8. At this deformation level, the recorded load
was -503 kN. A continuous flexural base crack was formed with some sign
of spalling of the concrete cover in the compression zone. The subsequent
cycles did not produce additional shear cracks but resulted in spalling of
the concrete cover at the base due to sliding of the wall. The sliding of the
wall produced considerable degradation of stiffness during the subsequent
cycles. This can be seen in the hysteretic load deflection relationship given
in Figure 4.28. The crack pattern at the end of the three cycles at +14A,
is presented in Figure 4.30.

The next deformation level was +2A,,. Three cycles of 22.8 mm and -20.0
mm were applied in the north and south directions respectively. A peak
load of 586 kN was recorded at load stage 13. Additional shear cracks
were observed during this load stage. The flexural base crack width was
measured to be approximately 7 mm. Crushing of the concrete in the com-
pression zone was observed. Upon load reversal, a maximum load of -495
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Figure 4.30: Wall 5 crack pattern at the end of cycles at 1A,
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Figure 4.31: Wall 5 crack pattern at the end of cycles at 24,

kN was recorded at load stage 14. Additional shear cracks were observed
on the wall. The concrete at the base was damaged due to wall sliding. The
remaining two cycles aggravated this situations as depicted in Figure 4.31.
Kinking of the vertical bars became apparent as shown in Figure 4.32. At
the end of the £2A cycles, complete deterioration of the base concrete at
the wall ends was observed as presented in Figure 4.33.

One small cycle at £1A, was then imposed on the wall, as load stages 19
and 20. Very small lateral load resistance was recorded during this cycle.

While loading towards 44, at load stage 21, excessive kinking of the ver-
tical bars was observed at the base. A peak load of 395 kN was recorded
at approximately 34, followed by an extensive crushing of the concrete at
the base. From thereon the lateral load resistance started to decrease till
4/, as shown in Figure 4.28. The same phenomenon occured upon load re-
versal. The load reached a peak of -265 kN at about —3.54, resulting in a
general disintegration of the concrete at the base. The subsequent loading,
close to —54,, showed an irrecoverable loss in strength. Consequently, it
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Figure 4.33: Wall 5 end detail at end of cycles at 2A,
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was decided to stop the test at this point. Figure 4.34 shows the specimen
at the end of the test, at load stage 22. The complete deterioration of the

concrete is clearly seen on Figure 4.35 where the loose pieces of concrete
were removed.

4.3.2 Load-Base slip relationship

The wall base slip along the construction joint is presented in Figures 4.36,
4.37 and 4.38 for each of the three LVDTs used at the base of the wall. The

exact location of these LVDTs were previously discussed and are illustrated
in Figure 3.10.

The base slip became noticeable during the first cycle of 1A,. Subsequent
cycles at the same deformation level showed an increase in the base slip.
The base slip recorded before 1A, was essentially the shear deformation
that took place within the bottom portion of the wall where the LVDTs
were mounted. No visible sliding was observed up to 14,.

4.3.3 Load-Wall displacement relationship

An average base slip was calculated from Figures 4.36, 4.37, 4.38 and sub-
tracted from Figure 4.28 to obtain the load-displacement relationship im-
posed on the wall element. This is shown in Figure 4.39.

The hysteresis curves presented in Figure 4.39 consist of three horizontal
top displacement components, namely flexure, shear and reinforcement slip
displacements which are examined in more details in Chapter 5.

62



Figure 4.35: Wall 5 detail of end region at end of test
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Figure 4.36: Load-Displacement relationship for LVDT 6 of Wall 5
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Figure 4.37: Load-Displacement relationship for LVDT 7 of Wall 5
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Figure 4.38: Load-Displacement relationship for LVDT 8 of Wall 5
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4.3.4 Load-Bar slip relationship

The slippage of vertical wall reinforcement in the foundation beam was
recorded at both ends of the wall during the test. The test data are pre-
sented in Figures 4.40 and 4.41. As mentioned previously, the bar slip
results from the penetration of steel stresses into the footing causing cumu-
lative extension of the reinforcement at the wall footing interface.

Additional wall rotation resulting from the bar shp is calculated as de-
scribed in Section 4.2.4 and is presented in Figure 4.42.

4.3.5 Load-Total vertical displacement relationship

The vertical movement at each end of the top beam is presented in Figures
4,43 and 4.44. These displacements are composed of the bar slip in the
foundation beam and the vertical wall displacement resulting from flexure.

Lateral load versus total wall rotation hysteretic relationship is shown in
Figure 4.45.

4.3.6 Strains in vertical flexural reinforcement

The strains in most of the vertical bars were monitored at the construction
joint level as mentioned in Section 3.4. Figures 4.46, 4.47, 4.48 and 4.49
present the load-strain relationships at selected locations.

The steel strain distributions along the base of the wall are discussed in
more detail in Chapter 5.
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Figure 4.40: Load-Displacement relationship for LVDT 4 of Wall 5
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Figure 4.41: Load-Displacement relationship for LVDT 5 of Wall 5
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Figure 4.42: Load-Base rotation relationship of Wall 5

4.4 Discussion of test set-up

The overall performance of the test set-up was found to be satisfactory. The
absence of prestressing on the high strength bolts connecting the specimen
and the reaction frame to the strong floor resulted in some sliding of these
components during testing. However these movements did not affect the
displacement readings since the foundation beam was taken as the reference
point. The instrumentation performed well throughout the testing. Some
unexpected large displacements (base slip) were found to exceed the linear
range of the LVDTs and had to be corrected manually.

At the attainment of the peak loads at +1A, and £2A,, some unexpected
deformations were noticed in the foundation beam. Figure 4.50 presents
a schematic of the observed cracking in the foundation beam at the end
of the test. A vertical deflection of approximately 10 mm was detected
in the middle region of the beam which resulted in vertical flexural and
diagonal shear cracks as depicted in Figure 4.50. These cracks were all hair
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Figure 4.43: Load-Displacement relationship for LVDT 2 of Wall 5
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Figure 4.44: Load-Displacement relationship for LVDT 3 of Wall 5
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Figure 4.45: Load-Top rotation relationship of Wall §
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Figure 4.46: Load-Strain relationship of vertical bar of Wall 5
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Figure 4.47: Load-Strain relationship of vertical bar of Wall 5

line cracks. Also some cracks were noticed on the transverse section at the
ends of the foundation beam which indicates that bending took place in the
transverse direction. The effect of the observed behavior of the foundation
beam on the wall respons= is analyzed in Chapter 6.
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Figure 4.48: Load-Strain relationship of vertical bar of Wall 5
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Figure 4.49: Load-Strain relationship of vertical bar of Wall 5

72



x

Figure 4.50: Schematic of cracks in foundation beam
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Chapter 5

Discussion and Analysis of
Test Results

5.1 Introduction

The behavior of Walls 4 and 5 are discussed in this chapter based on the
test results presented in Chapter 4. Also a detailed analysis of the dis-
placement components are presented, namely the contribution to the top
horizontal displacement of the base slip, bar slip, shear and flexural de-
formations. Moment-curvature, moment-rotation, and shear force - shear
distortion relationships are presented and compared with theoretical rela-
tionships. Flexural strains obtained from strain gauges are analyzed and
finally the energy dissipation mechanism of each wall is discussed.
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5.2 Behavior of specimens

5.2.1 Wall 4

Wall 4 was designed using a vertical steel reinforcement ratio of 0.8% with
a predicted flexural capacity of 698 kN-m. Ccrresponding to this moment
capacity, a predicted shear force of 612 kN was expected and an appropri-
ate horizontal steel reinforcement ratio of 0.8% was provided. As explained
in Section 3.1.1, Wall 4 was a companion specimen to Wall 1 reported by
Wiradinata [40]. The same amount of vertical steel was used in Walls 1
and 4 resulting in similar ultimate flexural capacities. Wall 1 was designed
with 2 minimum horizontal steel ratio of 0.25%. This resulted in a ductile
behavior of the wall up to a top horizontal displacement of 10 mm followed
by a corner-to-corner diagonal tension failure. Based on these observa-
tions, Wall 4 was expected to perform in a ductile manner throughout the
intended loading program presented in Figure 3.19.

The load-top displacement hysteresis curves of Wall 4 are presented in Fig-
ure 4.2. This figure reveals that the wall did not reach its predicted design
shear force of 612 kN. A maximum load of -419 kN was recorded at load
stage 14, at a deformation level of -24\,. This load level corresponds to &

shear stress level of 0.45\/_f_;MPa. At this point the wall was fully cracked
as depicted in Figure 4.6. Some hair line flexural cracks were observed on
both sides of the wall. Hence it would be expected that more load could
be taken by the wall. In fact, the steep slope of the force-deformation rela-
tionship, shown in Figure 4.2, in the region of the maximum load, indicates
the reserve capacity of the wall. Because the specimen was subjected to
displacement controlled loading, the load was reversed at n prescribed dis-
placement level. Cyclic loading produced excessive sliding of the wall along

the construction joint, not giving the wall a chance to develop higher load
resistance.

Upon displacement reversals at +4A,, severe pinching of the hysteresis

loops were observed. This pinching action was essentially due to the slid-
ing of the v, all along the construction joint. This can be seen by examining
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Figure 5.1: Contribution of base slip to the top displacement

Figures 4.13, 4.14 and 4.15. The observed pinching effect started at 2A,, by
the formation of a continuous crack at the base of the wall. Displacement
reversals at £4A, resulted in partial crushing of the concrete and kinking of
the vertical bars at the base of the wall as observed in Figure 4.7. The con-
tribution of the base slip to the top horizontal displacement can be seen in
Figure 5.1 at different displacement ductility ratios. The base slip recorded
up to 1A, was essentially the shear deformation that took place within the
bottom wall portion where the LVDTs were mounted. Subsequent cycles
showed a distinct increase in the contribution of the base slip to the top dis-
placement. The effect of this large base slip on the imposed ductility on the
wall element is clearly seen in Figure 4.16. The wall element was subjected
to very little inelastic deformation throughout the test which explains the
relatively large stiffnesses observed on Figure 4.2 at peak deformations.

The behaviors of the wall in the north and south directions were slightly
different. Higher loads were recorded at peak deformation while loading in
the south direction. The magnitude of the loads were 5% to 25% higher
in comparison with the north direction at the same displacement ductility

76



ratio. However strength degradation was more pronounced in the north
direction. At low load level, +:50 kN, pinching effect due to severe base slip
resulted in stiffness degradation.

In summary, the principal mode of failure of Wall 4 was due to sliding shear.
A maximum average shear stress of 0.45\/EMPa was reached at 68% of the
predicted ultimate shear force. Base slip was initiated by the formation of
a continuous flexural crack at the base of the wall.

5.2.2 Wall5

Wall 5 was designed using a vertical steel reinforcement ratio of 1.2% with
a predicted flexural capacity of 955 kN-m. Corresponding to this flexural
capacity, a shear force of 838 kN was expected and appropriated horizontal
shear reinforcement ratio of 1.2% was provided. Wall 5 was designed and
constructed prior to the testing of Wall 4. Based on previous studies, Wall
5 was expected to develop its flexural capacity and fail due to sliding shear
or diagonal compression failure. A high shear stress level of 1.01,/f{MPa
was expected to be the cause of the failure mechanism.

The load-top displacement hysteresis curves of Wall 5 are presented in
Figure 4.28. As depicted in this figure, the wall did not reach its predicted
design shear force of 838 kN. A maximum load of 586 kN was recorded at
load stage 13, at 2A,. This level of load corresponds to a shear stress value
of O.GQﬁZMPa. A similar load level was recorded at load stage 7, at 14,.
At this deformation level, Wall 5 was fully cracked as shown in Figure 4.30.
Flexural cracks less than 1 mm wide were observed on the tension side of
the wall which explains the rounded shape of the hysteresis curve at 14,
However from the stiffness of the hysteresis curve an increase in lateral load
capacity would be expected at a displacement ductility ratio of 2A,,.

Upon displacement reversals at 1A, noticeable displacements were recorded .
at the base of the wall as shown in Figures 4.36, 4.37 and 4.38. These ob-
servations are emphasized in Figure 5.1 where base slip contributes to 36%
of the total top displacement at the third cycle at 1A,. Also at this point a
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continuous flexural cracks was present at the base of the wall. Subsequent
cycles at £2A, and +4A, showed an increase in the contribution of the
base slip to the top displacement. The effect of this large base slip is clearly
seen in Figure 4.39. The imposed ductility on the wall element was very
low in the north direction and inexistant in the south direction. The elas-
tic behavior in the south direction can be seen in Figure 4.39 where high
stiffnesses were recorded at peak deformations.

The overall behavior of the wall in the north and south directions was
slightly different. Higher peak loads were record.d in the north direction.
Loading in the north direction also showed a more pronounced strength
degradation in comparison with the south direction at the same displace-
ment ductility ratio. This confirms our previous observation that the wall
element above the bottom LVDTs remained essentially elastic while loading
in the south direction. Stiffness degradation due to pinching effect was not
detected at 1A ,. However the pinching of the hysteresis loops at 24, due
to base slip was marked by a severe stiffness degradation at low load level.

In summary, the principal mode of failure of Wall 5 was due to sliding shear.
A maximum shear stress level of 0.69\/EMP3. was obtained at 70% of the

design shear force. Base slip was initiated by the formation of a continuous
flexural crack at the base of the wall.

5.3 Displacement components

The load-top displacement hysteresis curves presented in Figures 4.2 and
4.28 can be decomposed into four displacement components: the base slip,
the bar slip, the shear and flexural deformations.

The base slip component was defined as the sliding of the wall as a rigid
body motion in the horizontal direction with respect to the foundation
beam. This component was calculated as a weighted average of LVDTs
6, 7 and 8. The bar slip component was calculated from the load-base
rotation relationship presented in Figures 4.19 and 4.42. The angle of
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rotation measured at the base of the wall was multiplied by the wall height
(the distance separating LVDT 1 and LVDTs 4 and 5 as shown in Figure
3.10) to obtain the top horizontal displacement resulting from the rigid
body rotation of the wall with respect to the foundation. This component
was caused by local deterioration of bond between concrete and steel in the
foundation beam, and the resulting slippage of the vertical bars.

The shear displacement component was calculated from the vertical and
horizontal displacements of the four corners of the wall. Using the general
equation for plane section transformation

€9 = € 05’8 + ¢, sin*0 — 7, sinbcosf

the shear distortion angle, 4., was obtained. In the above expression,
€z, €, and ¢ are the calculated average strains in the horizontal, vertical
and diagonal directions respectively. The angle § was measured between
the horizontal and diagonal directions. Multiplying the shear distortion
Yzy by the clear distance measured between the top beam and the bottom
LVDTs, the shear contribution to the top deflection was approximated.
Finally the flexural component was calculated by subtracting the base slip,
bar slip and shear components from the total top deflection. Consequently
the experimentally determined flexural component is less accurate than the
other components since it includes any computational inaccuracy involved
in the previous three components.

The hysteresis loops of each displacement components namely, the base
slip, bar slip, shear and flexural deformations for Wall 4 are presented in
Figures 5.2 to 5.5 respectively. As mentioned previously, LVDT 5 was mal-
functioning at 6, and 84, during the testing of Wall 4, consequently, the
hysteresis loops presented in Figures 5.3 to 5.5 are shown up to load stage

26.. Figures 5.6 to 5.9 present the hysteresis loops of each wall component
for Wall 5.

The principal mode of failure of Wall 4 was due to sliding shear as depicted
in Figure 5.2 where symmetrical hysteresis loops are noticed. The bar
slip component presented in Figure 5.3 shows small hysteresis loops after
the onset of flexural yielding at +1A,. The magnitude of the bar slip
component at +2A, and %4A, shows a constant value of approximately
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2 mm. Shear deformation hysteresis loops presented in Figure 5.4 show
symmetrical behavior in the north and south directions. Inelastic shear
deformation is noticeable at the first cycle at +2A, which produced some
pinching at low load level for the subsequent cycles. A comparison of the
flexural deformation hysteresis loops presented in Figure 5.5 with shear
deformations shows that flexural deformations remained small throughout
the test and that no noticeable yielding took place within the wall element
above the bottom LVDTs.

Wall § failed due to sliding shear as depicted in Figure 5.6 where a sym-
metrical behavior was observed in both directions. The bar slip hysteresis
relationship presented in Figure 5.7 shows a symmetrical behavior in both
directions. A permanent shift of the hysteresis loops was caused by the ex-
tensive yeilding of the flexural reinforcement at 1A,. These permanent de-
formations at the base of the wall could not be recovered during the reload-
ing process at -1A,. The shear deformation hysteresis behavior presented
in Figure 5.8 shows a different behavior at 1A, due to non-symmetrical
cracking as depicted in Figure 4.29. However this phenomenon was not
observed for the subsequent cycles. Inelastic shear deformation occurred at
+14, creating some pinching in the hysteresis loops at low load levels. The
pinching effect was mostly seen while loading in the north direction. The
flexural deformation hysteresis loops presented in Figure 5.9 show a linear
behavior throughout the loading program except at #4A, where discrep-
ancies are noticed due to excessive base slip. This linear behavior indicates
that the wall element above the bottom LVDTs remained essentially elastic
throughout the loading history.

To get an appreciation of the relative magnitude of each displacement com-
ponent, Figures 5.10 to 5.13 were plotted. These figures show the displace-
ment components of Wall 4 at selected load stages, namely 1, 7, 13 and
21. These load stages correspond to the first cycle at a given ductility dis-
pPlacement ratio, namely 34A,, 14, 2A, and 4A,. As depicted in Figures
5.10 and 5.11, no base slip and bar slip was detected before 1A,. Base slip
became visible at 2A,. Bar slip was considerably larger than the flexural
deformation throughout the loading hystory. The ratio of shear deforma-
tion to the sum of shear and flexural deformations remained constant at
about 70% for 1A, and 1A,. At 2A,and 4A,this ratio increased to about
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95%.

Figures 5.14 to 5.17 present the same displacement components for Wall 5.
As depicted in Figure 5.14, no base slip and bar slip was detected at 7A,,.
Base slip and bar slip became visible at 1A, and became more pronounced
as the displacement ductility ratio was increased. Figure 5.17 clearly shows
that the mode of failure was due to the loss of strength in the base slip
resistance mechanism. The bar slip component remained considerably large
in comparison with the flexural deformation. The ratio of shear deformation
to the sum of shear and flexural deforriations remained constant at about
55% for 1A, increased to about 93% for 1A,, 24, and 4A,.

5.4 Moment - Rotation relationship

Moment-rotation relationships were computed using the Beam Theory for
monotonically increasing load. Assuming, these relationships would give
the envelopes of the hysteresis curves, a comparison is made with the test
results.

The first step in conducting a moment-rotation analysis involves the de-
termination of a sectional moment-curvature relationship under monotoni-
cally increasing load. Using the material properties given in Table 3.1, the
moment-curvature relationship for each wall was established up to its ulti-
mate flexural capacity. These relationships are presented in Figure 5.18. In
the derivation of these two curves, the actual stress-strain relationships of
the concrete and the steel were used, including strength hardening in the
reinforcing bars. Tensile strength of concrete and confinement of concrete
in the compression zone were neglected.

The moment-rotation relationship of each wall was computed from the
moment-curvature relationship presented in Figure 5.18. The rotation of
the top beam with respect to the base was calculated by integrating the area
of the curvature distribution along the height of the wall for a given base
moment. The resulting primary moment-rotation relationships for Walls 4
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and 5 are presented in Figures 5.19 and 5.20 respectively. The experimental
moment-rotation hysteresis curves are also shown in the same figures. The
hysteresis loops were obtained by subtracting the base rotation presented
in Figures 4.19 and 4.42 from the total top rotation shown in Figures 4.22
and 4.45 to obtain the observed rotation in the wall element.

As depicted from Figure 5.19 Wall 4 did not behave according to the an-
alytical prediction based on the beam theory. The experimental results
indicate reduced rotational stiffnesses of about 50% and 65% of the analyt-
ical prediction in the north and south direction respectively. The apparent
discrepancy can be explained, in major part, by the base fixity condition
of the specimen. The specimen was bolted on the laboratory strong floor
at locations away from the wall base. This resulted in some flexibility in
the wall, resulting from out-of-plane rotations. The effect of base fixity is
illustrated in Chapter 6 and accounts for a large portion of the observed
flexibility in response. The comparison of the observed responses between
an earlier test where full fixity at the base was provided through a different
set up, and the current tests, confirm the above point. This comparison is
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also presented in Chapter 6.

Some softening in flexural rigidity can be attributed to the presence of di-
agonal shear cracks. Shear flexure interaction is known to result in reduced
flexural stiffness.

A similar softening was observed for Wall 5 as depicted in Figure 5.20. The
observed rotational stiffnesses for Wall 5 were about 60% of the analytical
prediction which is comparable with Wall 4. Furthermore the top displace-
ment at 1A, in the north direction created a permanent shift in the axis of
bending.

The analytical load-flexural displacement relationship of each wall was ob-
tained by integrating the area of the rotation distribution along the height
of the wall for a given base moment. It was observed that prior to the de-
velopment of base slip, both walls showed a softening effect similar to the
observed moment-rotation relationships. Upon the appearance of large base
slip, the flexural displacements showed large scatter due to computational
inaccuracies,

5.5 Shear force - Shear distortion relation-
ship

The prediction of the analytical shear deformation in squat shear walls is
complicated by the existence of cracks in the concrete and that plane section
may not remain plane. However an approximation of the shear distorsion
in cracked squat walls can be made by using a reduced value of the elastic
shear modulus and a form factor. The elastic shear modulus for concrete
can be approximated from the well-known relationship

E,
,G_ 2(1 +v)

Previous researchers [28,33) suggested that the shear modulus of diago-
nally cracked beams and flexural walls is approximately 10 to 30% of the

=04 E,
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uncracked shear modulus, depending on the amount of web steel provided.
Also the shear modulus of cracked deep beams, in which shear deformations
dominate, is about 15% of the uncracked section when shear and flexure
distortions are considered. Consequently it is expected that the cracked
shear moduli for Walls 4 and 5 would be less than 15% of the uncracked
moduli since arch action in deep beams enhances the shear modulus. Ana-
lytical shear force-shear deformation relationships are presented in Figures
5.21 and 5.22 for Walls 4 and 5 respectively where 5, 10 and 15% of the
appropriate elastic shear modulus were used. The shear force - shear de-
formation history of the first cycle at 1A, +14,, +2A, and +44, are
presented in Figures 5.21 and 5.22 for Walls 4 and 5 respectively. These -
relationships were obtained from the load-wall displacement relationships
presented in Figures 5.10 to 5.13 and Figures 5.14 to 5.17.

Figure 5.21 shows that Wall 4 behaved in the effective elastic range of
cracked reinforced concrete at +1A, and +1A, showing a shear modu-
lus of about 10% of the uncracked modulus. However some inelastic shear
deformation were recorded at +24,, followed by some pinching of the force-
deformation curve at +44, due to opening and closing of the diagonal shear
cracks. Wall 5 showed & considerable amount of inelastic deformation at
+14,. The initial shear modulus was close to 15% of the uncracked mod-
ulus and decreased as diagonal shear cracks appeared during the loading
process. Considerable pinching of the force-deformation curves at +24,
and +4A, resulted from the excessive shear distorsion at +1A,. The shear
force-shear deformation curve at +44, is greatly affected by the extensive
crushing of the concrete at the base due to base slip as depicted in Figure
5.17. It should be noted that inelastic shear deformations observed in Fig-
ures 5.21 and 5.22 at peak deformations did not necessarily correspond to
yielding of the horizontal shear reinforcement.

5.6 Strain profiles

Strain in the vertical flexural bars were monitored at the base of the wall
throughout the loading program. Strain distribution at different load levels
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of the first cycle at +1A,,~1A, and +1A, are presented. An average
flexural strain was computed from the left and right bar at each row of
bars and strain interpolation was made between rows when a defective
strain gauge was encountered.

Figure 5.23 presents strain profiles at the base of Wall 4. As expected, at
low Joad level the strain distribution is almost linear as depicted in Figure
5.23(a). The appearance of shear cracks and a flexural base crack at 161 kN
can be seen on row No. 1 where the strain readings were slightly higher. The
same phenomenon occurred at -120 kN as depicted in Figure 5.23(b) where
shear and flexural cracks were formed. The appearance of shear cracks at
180 kN while loading towards 1A, highly stressed the first two rows of bars
as shown in Figure 5.23(c). The flexural base crack was extending up to
the third row of vertical bars. Strain readings in the compression zone were
found to be low. However higher strain readings beyond the yield point
of the reinforcing bar were noticed in Figure 5.23(c). This phenomenon is
explained by a stress concentration at the gauge location due to a reduced
diameter of the bar and the reliability of the gauges at high strain level.
Also from the same figure it can be noticed that we did not reach the exact
yield deflection since three rows of bars were required to yield as explained
in Section 3.6. Yeilding of the first three rows occured at a top displacement
of 5.0 mm, 295 kN, while loading towards load stage 13, at 24,.

Strain profiles at the base of Wall 5 are presented in Figure 5.24. The
appearance of shear cracks at 155 kN did not appreciably affect the strain
readings of Figure 5.24(a). The profiles remained essentially linear. How-
ever the profiles at —1A,, Figure 5.24(b), are not as linear as at +14,,.
The formation of shear cracks at -145 kN affected the readings of row No.
12. No flexural base cracks were noticed at +3A,. Formation of shear
cracks at 290 kN while loading towards load stage 13, at 14,, did not af-
fect the strain profiles as shown in Figure 5.24(c). The appearance of a
flexural base crack up to the sixth row at 415 kN yielded the first three
rows of bars. Again higher strain readings were recorded beyond the yield
strain of steel. Also from Figure 5.24(c) it can be noticed that we exceed
the yeild deflection since only five bars were required to yeild. The yeild
displacement should have been 5.7 mm at & load level of 433 kN.
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An envelope of the observed moment-curvature relationship can be approx-
imated using the load-strain profiles history at +1A,, +1A, and +24,,.
These approximate relationships are compared with the analytical moment-

curvature relationships in Figures 5.25 and 5.26 for Walls 4 and 5 respec-
tively.

The discrepancy between the analytical and the observed values is con-
sistent with the previous comparison, done for flexural deformations. A
possible explanation of this discrepancy, mostly related to the base fixity
conditions of the test specimens, is provided in Section 5.4.

5.7 Energy dissipation

The energy dissipated by squat walls during displacement reversals is de-
rived through inelastic deformations of the four wall displacement compo-
nents. Inelastic flexural and bar slip deformations are usually preferred dur-
ing strong ground motions since yeilding of the vertical reinforcement shows
rounded hysteresis loops. Inelastic shear deformations however should be
minimized since pinching of the hysteresis loops will follow after the first
excursion into the inelastic range. This will usually reduced the energy
dissipation capability of the wall. Base slip on the other hand should be
avoided. The severe pinching of the hysteresis loops created by base slip

offers a poor mean of energy dissipation mechanism especially at low load
level.

The amount of energy dissipated by each wall displacement component can
be calculated by integrating the area under the hysteresis loops. Figures
5.27 and 5.28 present the amount of energy dissipated by each wall as a func-
tion of the cumulative yeild displacement imposed on the wall. As depicted
from these two figures, the base slip component dissipated approximately
65% and 50% of the total energy of Walls 4 and 5 respectively. The poor
performances of the walls were due to the early onset of base slip during
~ the loading program. The remaining energy was dissipated by the other
displacement components, predominantly by inelastic shear deformations.
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Therefore both walls developed undesirable energy dissipation mechanisms
which greatly affected their performances during testing.
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Chapter 6

Finite element analysis

6.1 Introduction

The aim of this chapter is to discuss the development of a finite element
computer program which could predict the structural behavior of squat
shear walls under monotonic loading. The program should be able to pre-
dict the ultimate load carrying capacity of a wall and its behavior in the
post-elastic range. Also the prediction of the crack patterns and the extent
of steel yielding should be adequate.

A description of the constitutive models and the finite element formulation
used in this study is made in the next two sections, followed by a descrip-
tion of the computer program develop by the author. Finally three case
studies are examined to verify the adequacy of the program in predicting
the behavior of squat shear walls.

The use of finite element techniques in modelling reinforced concrete shear
walls has been employed by many researchers. However only a few investi-
gations were focused on squat shear walls. Cervenka and Getstle [20] were
among the first researchers to investigate the inelastic behavior of reinforced
concrete panels subjected to in-plane forces. Using a rather simplified an-
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alytical model, good correlations between the analytical and experimental
load-displacement relationships and crack patterns were obtained. Since
then many other researchers have duplicated their results using more so-
phisticated models and analyses. These new developments in finite element
analysis has been summarized in a State-of-the-Art Report published by the
American Society of Civil Engineers [5). Also the recent Japanese work in
the area of shear walls has been presented by Inoue et al. [26,27).

6.2 Constitutive model of reinforced concrete
under monotonic loading

6.2.1 Compression field theory

The constitutive model used in the present study to represent the behavior
of reinforced concrete under in-plane shear forces in a version of the Modi-
fied Compression Field theory presented by Vecchio and Collins [38]. This
theory provides a simple tool for the analysis of reinforced concrete under
general membrane loading. The theory is based on conditions of equilib-
rium and compatibility, and utilizes realistic stress-strain relationships for
the reinforcement and for the concrete. It assumes that the concrete prin-
cipal stress direction coincides with the principal strain direction. Stresses
and strains are considered in terms of average values, smeared over an area
of reinforced concrete which includes several cracks,

Figure 6.1 summarizes the main steps of the Modified Compression Field
theory for reinforced concrete. For & given state of strain the average steel
stresses f,, and f,, corresponding to the strains ¢; and ¢, are calculated
from a bilinear steel model. These steel stresses do not include dowel action
that may be present at the crack interface. The principal compressive
stress, f.2, in the cracked concrete is not only a function of the principal
compressive strain, €2, but also depends on the principal tensile strain, €, if
cracks are present. An important series of tests performed by Vecchio and
Collins [37] demonstrated that the concrete compressive strength is reduced
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Given: €z, €, Yzy-
Require: fr, fy, vzy-

e From ¢, ¢, calculate the steel stresses f,., fuy:

o Calculate the principal strains: (e, €y, Yey) — (€1, €2,6).

e Assume that the concrete principal stress direction coincides with the
principal strain direction: 6. = 8.

s Calculate the concrete principal stresses: ¢ — f, €2 = fa

2€e €

e Check that average concrete tensile stresses can be transmitted across
the cracks and reduce them if necessary.

o Calculate the resultant stresses in X-Y coordinates:

(fcla fcz, Gc’ faza fav) — (f.-.a .fm v:y)

Figure 6.1: Modified Compression1 &ield theory for reinforced concrete



when coexisting principal tensile strains are high. The compressive stress-
strain relationship for cracked concrete can be written as:

fer = feamas [2 (Z—’) - (fe%) 2] (6.1)

'
fc2mar = 6_8-——;%3-4—5 < f:: (6'2)

where

Prior to cracking, €; < €., the relationship between the average principal
tensile stress in the concrete and the average principal tensile strain is
nearly linear and is given by:

Ja=E.q (6.3)
where ,

E. .= 6_::: (6.4)

€er = '%: (6.5)

However after cracking, €; > €., the principal tensile stress in the concrete
varies from zero at a crack location to a maximum value between the cracks
and shows decreasing values of f,; with increasing values of ;. The average
principal tensile stress-strain relationship for concrete after cracking, as
suggested by Vecchio and Collins [38], is given by:

—_ _L |
fa= 1+ /200¢; (6.6)

This average principal tensile stress, f., may be limited by yielding of the
steel reinforcement across the cracks where the tensile stress in the concrete

is zero. This upper bound for tensile stresses as suggested by Vecchio and
Collins [37] is given by: '

fcl < pw(fy: - fu:) cos’ @ + Ply(fw - fly) sin® 8 (6'7)

Also the principal tensile stress, f., may be limited by sliding along the
crack interface. This check involves a trial and error procedure which is
presented in details elsewhere (38].
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From the procedure presented in Figure 6.1, the Modified Compression
Field theory is capable of predicting the response of reinforced concrete
to membrane stresses by considering equilibrium conditions, compatibility
requirements, and stress-strain relationships, all expressed in terms of aver-
age stresses and average strains. In the present study the original equation
for the concrete principal compressive stress is modified to account for a
better behavior at strains larger than .. Also strength hardening in the
reinforcement is taken into account. These slight modifications were found
to affect the response of squat shear walls in the plastic range.

6.2.2 Constitutive model for concrete

The concrete compressive response has been modified to include the actual
stress-strain relationship of the concrete as presented in Figures 3.7 and 3.8.
Vecchio and Collins used a simple parabola for the envelope curve as shown
in Figure 6.1. It is proposed to replace this curve with the curves shown
in Figure 6.2. The curve is the identical parabola on the rising portion
which reaches a peak of f.ma- at ¢, but on the falling portion is a straight
line connecting the previous peak stress with a stress f., = 0.3 Jfeomez 8t
strain € = —0.01. Thereafter the stress f.; levels off at 0.3f.3mas. The
stress-strain relationship of concrete for strains larger then ¢, has been
chosen arbitrary. Due to a lack of experimental evidence a simple bilinear

model was retained. However similar models were used by other researchers
[34,36).

The concrete tensile response given by equations 6.3 and 6.6 were retained
in this study. However the determination of f.. from split tests presented
in Table 3.1 are usually too conservative. It was decided to follow Vecchio
and Collins’ recommendation to use the ACI equation [3] given as:

for =033,/ MPa (6.8)
Equation 6.7 was also retained to limit the average principal tensile stress,

fa1, due to yielding of the reinforcement. However sliding along the crack
interface was not considered in this study.
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Figure 6.2: Constitutive model of compressive stress-strain relation of con-
crete
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Upon cracking, an average crack width w over the cracked surface can
be calculated as the product of the principal tensile strain and the crack
spacing Sp; that is

w=e€- Sg (6.9)
where
1
S = w5 s (6.10)
Sms smy
Smz = 1.5 X z — bars spacing (6.11)
Smy = 1.5 xy— bars spacing (6.12)

Smz and Sp,, are the indicators of the crack control characteristics of the
z-reinforcement and the y-reinforcement respectively. Equations 6.11 and
6.12 are empirical relations suggested by Vecchio and Collins [38].

6.2.3 Constitutive model for reinforcing steel

The bilinear model used in the compression field theory was modified to
include the observed stress-strain relationship presented in Figure 3.9. Fig-
ure 6.3 presents a schematic of the steel model used in the present study.
It includes the strain hardening region by fitting a parabola between the
onset of strain hardening at ¢, and the ultimate strain €, at f,. This
slight modification to the original model was done to investigate the effect
of strain hardening on load-displacement relationship of squat shear walls.

6.3 Finite element formulation

6.3.1 Formulation selection

The choice of the finite element formulation to be used was based on the
mode of application of the load on the wall. As previously described in

Chapter 3, in-plane forces were generated in the wall which dictates the
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Figure 6.3: Constitutive model for stress-strain relationship of steel

use of two-dimensional plane stress elements. An eight node quadrilat.
eral isoparametric element was selected. This type of element provides a
parabolic distribution of displacement within the element and consequently
a linear variation of strain. Elements with a quadratic displacement dis-
tribution model flexural behavior well and give acceptable results for shear
behavior if sufficient elements are used throughout the depth of the mem-
ber. The isoparametric formulation makes it possible to have nonrectangu-
lar elements with sides that may be curved. The exact order of quadrature
used in the numerical integration of the stiffness matrix is a 2x2 point rule
for elastic analyses, however higher order of quadrature may be needed for
nonlinear analyses.

6.3.2 Evaluation of stresses for reinforced concrete

At each integration point within the element it is required to calculate
the state of stress for a given state of strain ¢, ¢, and ;. The material
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models described previously are then implemented to calculate the principal
concrete stresses f;, and f., acting at an angle 8. = 8, where —180° < 6 <
180°. The concrete stresses are then rotated in the X-Y axés using the
coordinate transformation as follows:

fee = facos’8+ fasin®f
Sy fasin?@ + f.pcos? @ (6.13)
Vezy (far — fe2) cosBsiné

The total stresses in the reinforced concrete at the integration point are
found by adding the steel stresses to the concrete stresses.

fr = faot Poz faz
fv fcy + Ply.fly (614)

Uy = Very

6.3.3 Solution of nonlinear equations

In analyzing a given structure with known geometry, material properties,
boundary conditions and loading a linear set of equations can be estab-
lished. By solving these equations, the displacements and reactions of the
structure as a whole and the internal stresses in each element are found.
However if the material properties show nonlinear stress-strain relations,
the resulting equations are also nonlinear. These type of nonlinear prob-
lems are usually solved by taking a series of linear steps. A typical algorithm
would increment the applied loading in steps and within each load step an
iterative solution technique would be used until convergence requirements
are met. The solution of nonlinear equations using an incremental load
algorithm is well documented elsewhere [10].

In the incremental load algorithm previously described it often happens
that the displacement solution does not converge, indicating no increase in
load for & finite increase in displacement. This indicates that the structure
reached its ultimate load and that the analysis must be stopped. However
this study is concerned with the behavior of squat shear walls in the plastic
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range which inevitably results in a plateau or even & decrease in the load
carrying capacity of the structure especially at high displacement levels.
To counteract this major drawback an incremental displacement algorithm
is used. Instead of applying known nodal forces on the structure and solv-
ing the corresponding displacements, a given displacement is imposed at a
node and the corresponding nodal force is solved. This technique has been
successfully employed to trace the post-buckling configurations of curved
beams including snap-through and multi-solution paths. A detailed outline
of incremental displacement algorithms for nonlinear problems is presented
by Batoz and Dhatt [11].

The solution of a set of nonlinear equations using an incremental displace-
ment algorithm is obtained by linearizing the response of the finite element
system about the conditions at a given displacement level. Three com-
monly used iterative solution techniques can be utilized and are designated
as: (a) initial stiffness method; (b) secant stiffness method; and (c) tangent
stiffness method. The initial stiffness method corresponds to a linearization
of the response about the initial configuration of the finite element system.
Consequently the construction and factorization of the global stiffness ma-
trix is done once in the analysis. The secant and tangent stiffness methods,
however, require the construction and factorization of the global stiffness
matrix at each iteration within a given displacement increment based on the
updated displacements. A modified iterative scheme can be used to update
the stiffness matrix at the first iteration or at a prescribed number of iter-
ations. The main advantage of these two iteration schemes over the initial
stiffness method is that a faster convergence is achieved within the pre-
scribed displacement increment. However this is usually counterbalanced
by the major computational cost involved in constructing and factorizing
the stiffness matrix. Also an ill-conditioned stiffness matrix can develop
using the secant or tangent stiffness method as the structure approaches
its ultimate load carrying capacity. To avoid this computational problerm,
the initial stiffness method was selected to be used with the incremental
displacement algorithm as recommended by Zienkiewicz [42].

If an incremental displacement solution strategy based on iterative methods

is to be effective, & realistic convergence criterion should be used for the
termination of the iteration process. This convergence criterion is usually
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based on the norms of out-of-balance nodal forces and/or incremental nodal
displacements. The iteration process is stopped when the norms are within
tolerance limits. These convergence criteria usually perform well before the
attainment of the ultimate load. However severe inaccuracies were observed
in the plastic range. Since the incremental displacement algorithm is solving
for the externally applied force, it was decided to based the convergence
criterion on the rate of change of this force. The iteration process is stopped
when the ratio of the incremental externally applied force to the total force
is within acceptable limits.

6.4 Finite element analysis program

Based on the constitutive models and finite element formulation presented
in section 6.2 and 6.3, a computer program FEASSW, Finite Element Anal-
ysis of Squat Shear Walls, was written. Figure 6.4 presents a simplified flow
chart of the program FEASSW, The listing of the computer program and
a typical output is'presented in Appendix C. A Gauss elimination equation
solver for a symmetric and nonsingular stiffness matrix, stored in band form,
is used. As depicted in Figure 6.4, the program can perform two types
of analysis, a static linear analysis or a nonlinear incremental displacement
analysis of a reinforced concrete structure subjected to monotonic loading
history. For the latter analysis, the user specifies a control node on which
the incremental displacements are imposed. Iteration is performed until the
resulting force acting at the control node is within tolerable limits. Upon
convergence, the program outputs the following results at each Gauss point
of an element: average strains (¢, €,,vxy), steel stresses (f,z, f,, ), concrete
stresses (f1, fe2), inclination of the principal strain direction (8), cracking
and crushing of concrete if present, and the average crack width (w).

The concrete constitutive model used in FEASSW is applicable to cracked
concrete subjected to in-plane shear and normal stresses, that is, for values
of ¢; and ¢; that are positive and negative respectively (tension-compression
state of strain). Under biaxial compression, the effect of confinement which
increases the strength of the concrete is not included in this study. The
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Figure 6.4: Simplified flow chart for FEASSW
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compressive stresses acting on each of the principal direction are calculated
from the stress-strain rclations preseated in Figure 6.2 using a value of
feamaz = fi. Under biaxial tension, tle tensile stresses resulting on each
of the principal direction are calculated independently using equation 6.3
or 6.6. These stress-strain relations for concrete under biaxial compression
and tension are retained for simplicity. Consequently at low displacement
levels where cracks are not present, the resulting externally applied force
is usually overestimated. However squat shear walls are generally fully
cracked beyond half of the ultimate load which indicates that the effect of
biaxial compression or tension on the wall response is negligible.

Under extensive cracking of the concrete and yielding of the reinforcement,
some portion of the structure may be subjected to unloading and reloading
during the iteration process at a given imposed displacement due to stress
redistribution. This unloading-reloading process should follow the observed
behavior of steel and concrete under cyclic loading presented in Figures 3.7,
3.8 and 3.9. However no attempt was made to model this behavior. The
stress-strain relationships under monotonic loading were used to model the
unloading-reloading process.

6.5 Case studies

In this section three case studies are performed to evaluate the ability of
FEASSW to reproduce the structural behavior of squat shear walls. First
the effect of a flexible foundation beam, previously mentioned in section
4.4, on the wall response is presented for Walls 1 and 6. In the second
case study, the prediction of the crack patterns for Wall 5 is made. Also
a comparison of the crack widths and their orientation is made and yield-
ing of the reinforcement is compared with the observed behavior. Finally
the effect of the amount of horizontal reinforcement on the load carrying
mechanism is investigated for Wall 1.
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' ¢ G|ll.l
No. | (MPa) | (%) |(MPa) | (%) | (%) | (MPa) | (MPa) | (%) | (%) | (%)
1 -25 |-020| 1.65 |0.25|0.80| 430 650 0215 1.6 | 11
5 27 |-0.18 1 1.71 (120|120 ] 480 770 10.240| 1.0 | 10
6 -33 {-0.17{ 1.90 [0.80}0.80 | 480 770 10.240 | 1.0 | 10

‘fable 6,1: Material properties used in finite element analyses

6.5.1 Effect of foundation flexibility on wall response

The effect of a flexible foundation on the wall response is examined in this
section. Base fixity in the prediction of shear and flexural deformations
is generally granted. The purpose of this case study is to examine if the
observed bending of the foundation significantly affects the load-top dis-
placement relationship of squat shear walls.

Two wall specimens with an aspect ratio of one half were selected for this
analysis, Walls 1 and 6. Wall 1 [40] was consider to have a fully fixed
foundation beam whereas Wall 6 [39] was tested in the same manner as
Walls 4 and 5. Wall 6 has an identical arrangement of steel reinforcement as
Wall 4. However the sliding shear failure observed for Wall 4 was suppressed
in Wall 6 by special detailing at the base of the wall. The resulting ductile
behavior of Wall 6 was preferred over the sliding shear failure observed for

Walls 4 and 5. The material properties of the walls use in the analyses are
presented in Table 6.1.

The finite element meshes used in the analysis are presented in Figure
6.5. The shaded areas represent the top beam and foundation beam finite
elements. The selection of the proper number of elements to be used was
determined after a sensitivity analysis on different mesh sizes, that is, on
the improvement of the solution by refining the finite element mesh.

The top beam was modeled with 14 plane stress elements having the ap-
propriate thickness shown in Figure 3.1. Since cracking of the concrete in
the top beam was not observed throughout the test, these elements were
confined to remain elastic throughout the analysis. The control node and
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A) Rigid foundation

B) Flexible foundation

Figure 6.5: Finite element meshes
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Figure 6.6: Wall 1 comparison between analytical and observed behavior

the resulting force are indicated on Figure 6.5 by an arrow.

The wall element was modeled with 98 plane stress elements .ng the
constitutive relations presented in section 6.2. It was found that a 2 x 2
point rule used in the numerical integration gave the same results asa 4 x 4
point rule with only a slight increase in the number of iteration required to
achieve the same accuracy. A convergence criterion of 0.5% was found to

give a good trade off between the accuracy of the solution and the execution
time.

The foundation beam of Figure 6.5(b) was modeled with 28 plane stress
elements using the constitutive relations presented in section 6.2. The steel
reinforcement shown in Figure 3.3 was assumed to be smeared throughout
the height of the beam. Displacement constraints were applied only at the
two extreme elements.

Figure 6.6 presents the load-top displacement hysteresis loops for Wall 1
along with the results of FEASSW and the code prediction based on the
ultimate flexural capacity [17]. The FEASSW analysis was performed using
the finite element mesh presented in Figure 6.5(a). The assumption that
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Figure 6.7: Wall 6 comparison between analytical and observed behavior

Wall 1 had a fully fixed foundation beam was adequate. The prediction of
the load-top displacement relationship under monotonic loading is in good
agreement with the observed behavior under cyclic loading if the stiffness
degradation observed at 1A, and 24, essentially caused by cyclic loading,
is ignored. Also the relationship obtained from FEASSW shows a similar
shape as that obtained from the walls tested by Barda [9] under monotonic
loading. As expected, the ultimate load obtained from the code is slightly
less than the observed and analytical ultimate loads in the south direction.
However for an unknown reason Wall 1 showed to be weaker in the north
direction.

Figure 6.7 presents the load-top displacement hysteresis loops for Wall 6
along with the results of FEASSW for a rigid and flexible foundations and
the code prediction [17]. From this figure it can be seen that the foundation
flexibility has a tremendous effect on the response of the wall under mono-

- 118



tonic loading. Although the load-top displacement curve obtained from the
finite element mesh of Figure 6.5(b) does not agree well with the observed
behavior, the shape of the analytical curve models adequately the envelop
of the hysteresis loops. This disagreement was expected due to the com-
plex behavior of the foundation beam reported in section 4.4 and the rather
simplified model of the foundation beam used in the analysis. A vertical
deflection of 9 mm was predicted by FEASSW in the middle region of the
foundation beam with vertical crack widths less than 1 mm. This compare
well with the observed behavior reported in section 4.4. In spite of the
crude agreement obtained in Figure 6.7, the comparison clearly indicates
that the wall response is affected by the foundation rigidity.

As depicted for Walls 1 and 6, the prediction of the ultimate load obtained
for a fully fixed foundation is slightly overestimated by FEASSW when
compared with the code. This overestimation is expected since the full
stress-strain relation of the concrete is taken into account whereas the code
limits the concrete strain at -0.003.

6.5.2 Comparison between observed and analytical
behaviors of Wall 5

The behavior of Wall 5 reported in section 4.3 is compared with the ana-
lytical behavior obtained from FEASSW. Figure 6.8 presents the load-top
displacement hysteresis loops of Wall § with the monotonic analytical pre-
diction using the finite element mesh of Figure 6.5(b). As depicted in this
figure, the simplified model of the foundation beam gave a better agreement
for Wall 5 than for Wall 6. The material properties presented in Table 6.1
were used in the analysis.

The observed crack pattern obtained at load stage 1, +34,, is compared
with the analytical prediction in Figure 6.9. Both crack patterns are similar,
showing an increase in the inclination of the cracks in the central region of
the wall. A crack inclination of 38° in the central region of the wall was

measured in both pictures of Figure 6.9 with crack widths less than 0.1
mm.
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Figure 6.8: Wall 5 comparison between analytical and observed behavior

Figure 6.10 presents the observed crack pattern at the end of cycles at
14, along with the predicted crack patterns at two different load levels.
The vertical shading on Figure 6.10(b) and (c) indicates yielding of the
vertical flexural bars. It was previously shown on Figure 5.24 that prior
to the formation of the flexural base crack at approximately 415 kN, three
vertical bars were yielding. Figure 6.10(b) shows the same hair line crack
pattern and yielding of the reinforcement as observed during the test at
approximately the same load level. Figure 6.10(c) shows the crack pattern
and yielding of the reinforcement at 1A,. As depicted in this figure, almost
half of the vertical bar are yielding which is in good agreement with Figure
5.24. A base crack width of approximately 5 mm was obtained from FE-
ASSW in the tension zone of the wall as depicted in Figure 6.10(c) which
is comparable to a measured base crack width of 7 mm at 586 kN, 2A,,.
The remaining cracks were essentially hair line cracks. Also a comparison
of the crack pattern and their inclination between Figures 6.10(a)and (c)
shows an excellent agreement. Diagonal 45° shear cracks were observed in
the upper right section of the wall and reduced to 42° in the middle section.
The tension zone of the wall was composed of fexural-shear cracks with in-
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Figure 6.9: Wall 5 comparison of crack patterns at load stage 1, +
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A) Observed crack pattern at 577 kN
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C) Analytical crack pattern at 593 kN

Figure 6.10: Wall 5 comparison of crack patterns at load stage 12, 1A,
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clination varying from almost 0° at the base to 38° in the upper left section
of the wall. Yielding of the horizontal reinforcement was not observed in
Figure 6.10.

In analyzing Figures 6.9 and 6.10, it becomes clear that crack patterns and
the extent of steel yielding can be approximated in squat shear walls. A
better modeling of the foundation beam would probably result in an even
a better prediction of the wall behavior.

6.5.3 Effect of horizontal reinforcement on the be-
havior of Wall 1

"The effect of the amount of horizontal reinforcement on the response of Wall
1 is analyzed in this section. The good agreement obtained in Figure 6.6
dictated the choice of Wall 1 over the other walls. Three different horizontal
reinforcement ratios were analyzed while keeping the vertical reinforcement
ratio constant. The finite element mesh presented in Figure 6.5(2) and the
material properties shown in Table 6.1 were used.

Figure 6.11 presents the response of Wall 1 under monotonic loading for
three different amount of horizontal reinforcement, that is, 0%, 0.25% and
0.8% along with the code prediction based on flexural capacity [17]. Wall
1 was designed with the minimum amount of horizontal reinforcement re-
quired by the Canadian code, that is, 0.25% while 0.8% corresponds to
the required shear reinforcement based on the maximum load obtained at
the development of the full flexural capacity. It is worth noting that Wall
1 with 0.8% horizontal steel ratio should behaved in a similar fashion as
Walls 4 and 6. As depicted, in Figure 6.11, walls with steel ratios of 0.25%
and 0.8% reached the ultimate load required by the code. As expected the
absence of horizontal reinforcement drastically reduced the load carrying
capacity of Wall 1 by approximately 20%.

To investigate the effect of the horizontal steel ratio on the load carrying

mechanism, the crack pattemns and the extent of steel yielding of all three
walls are compared at different displacement levels. Figure 6.12 presents the
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Figure 6.11: Wall 1 effect of horizontal reinforcement of wall behavior

analytical behavior of all walls at a top displacement of 4 mm which corre-
sponds to the attainment of the ultimate load. Yielding of the vertical and
horizontal reinforcement is represented by vertical and horizontal shadings
respectively while crushing of the concrete (for ¢; < —0.01) is represented
by triangles. In comparing Figures 6.12(b) and (c) it can be depicted that
the amount of horizontal reinforcement do not significantly affect the crack
patterns nor the extent of flexural yielding in the wall at 4 mm. The flex-
ural base crack was estimated to be 2 mm in both analyses whereas the
remaining cracks were essentially hair line cracks. However the absence of
horizontal reinforcement in Figure 6.12(a) showed a pronounced effect on
the crack pattern. Crack widths were estimated at 6 mm on the tension
side of the wall whereas the remaining cracks were measured between 1
mm and 3 mm. The extensive cracking of the concrete had the effect of
increasing the extent of flexural yielding which explains the reduction of
the maximum load carried by this wall.

Figure 6.13 presents the behavior of the three walls at a top displacement
of 10 mm. It can be depicted from Figure 6.13(a) that in the absence
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Figure 6.12: Wall 1 analytical crack patterns at 4 mm
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Figure 6.13: Wall 1 analytical crack patterns at 10 mm
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of horizontal reinforcement the wall has a tendency to fail along a 45°
diagonal crack. "Also extensive cracking and crushing of the concrete is
observed along the base of the wall. The effect of horizontal reinforcement
on the crack pattern is clearly seen by comparing Figures 6.13(b) and (c).
A diagonal tension mode of failure has a tendency to form in Figure 6.13(b)
where the horizontal steel yielding and crack widths are more pronounced
than in Figure 6.13(c). However it can be depicted from the latter figure
that an increase in the amount of horizontal reinforcement has a tendency
to reduce the extent of flexural yielding and to increase the crack width
throughout the base of the wall which could lead to a sliding shear mode
of failure. It should be noted that a ductile behavior was more pronounced
in Figure 6.13(c) than (b). Crushing of concrete was not affected by the
amount of horizontal reinforcement and no strength hardening was observed
in all three analyses at a top displacement of 10 mm.

To emphasize the diagonal tension failure observed during the testing of
Well 1 (0.25% horizontal steel ratio), a comparison between the observed
and analytical crack patterns is made in Figure 6.14. At a top displacement
of 20 mm FEASSW adequately predicts the diagonal tension failure, show-
ing extensive yielding of vertical and horizontal reinforcements in the central
portion of the wall along with wide cracks as depicted in Figure 6.14(a).
Figure 6.14(b) shows the observed crack pattern at 20 mm. The extent and
orientation of the cracks show good agreement. Extensive strength harden-
ing in the vertical bars was calculated by FEASSW whereas the horizontal
bars remained essantially within the plateau range. This excessive yielding
of the vertical bars can be seen in Figure 6.14(b) where the vertical bars
show some sign of staggering across the wide diagonal crack.
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A) Analytical crack pattern (p,, = 0.25%)

B) Observed crack pattern

Figure 6.14: Wall 1 comparison of crack patterns at 20 mm
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Chapter 7

Conclusions

Based on the results of the experimental and analytical investigations car-
ried out in this research program, the following conclusions can be made.

1. Squat shear walls designed in accordance with the current North
American Building Codes [3,17] may fail due to sliding shear prior
to the attainment of their ultimate design shear strengths,

2. The sliding shear in squat shear walls may take place prior to ulti-
mate flexural capacity. The wall specimens tested in this investigation
showed sliding shear failures at 68% and 70% of shear forces associ-
ated with their flexural capacities. These shear forces translate into

0.45\/EMP3. and O.GQJEMP& of nominal shear stress respectively.

3. The sliding shear failure mechanism is triggered by the formation of
a continuous flexural crack at the base of the wall.

4. Ductility in squat shear walls with an aspect ratio of one-half can
be attained if the diagonal tension capacity is limited to shear force
producing sliding shear. Experimental and analytical results indicate
that a squat wall with a minimum horizontal reinforcement ratio of
0.25% perform with a limited but acceptable ductility.
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. Cyclic loading produces approximately 35% to 50% reduction in the
flexural rigidity of squat walls in the effective elastic range. The
corresponding reduction in the shear rigidity can be as high as 85%
to 90% of the uncracked stiffness.

. Squat walls develop significant inelastic deformations. Walls that are
critical in sliding shear also develop very high sliding shear deforma-
tions. The wall specimens tested in this investigation showed that
approximately 35% of tot~l inelastic displacement was due to shear.
Displacements due to sliding shear and local slippage of vertical rein-
forcement in the foundation beam accounted for 50% and 15% of the
total horizontal displacements. The flexural response of walls that
failed by sliding shear was limited to the effective elastic range.

. The degree of base fixity produces a significant effect on the wall
response. This effect should be included in conducting dynamic anal-
yses on squat shear walls.

. The floor slabs, and/or top beams, when monolithically cast with
shear walls are capable of preventing the 45° failure plane, enabling
squat walls with an aspect ratio of less than one to resist higher shear
stresses prior to the formation of the corner-to-corner failure plane.
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Appendix A

Design of Wall 4

A.1 Moment capacity of the section

The following material properties were used in the calculation of the ulti-
mate moment capacity and were obtained from Table 3.1:

fi = 33 MPa
Jy = 480 MPec
e = 0.24%

E = 200000 MPa
Eight pairs of 10M deformed bars were used as depicted in Figure A.1:
Ay =16 x 100 mm? = 1600 mm?
Pav = ApfA; = 1600 mm? /(100 mm x 2000 mm) = 0.8%

From a strain compatibility analysis, the neutral axis is found to be at
225 mm from the compression face as depicted in Figure A.2.

T, = (12 x 100 mm? x 480 MPa) + (0.00087 x 2 x 100 mm? x 200 GPa)
T, = 576 kN +34.7 kN = 611 kN
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223

1

~=X_0.003

Figure A.2: Strain distribution at ultimate curvature

C, = —(2 x 100 mm? x 480 M Pa) = —96 kN

C. = —0.85 x 33 MPa x (0.83 x 225 mm) x 100 mm = —524 kN

E=611-96-524=-9kN OK.

M, = (576 kN x 1.284 m) + (34.7 kN x 0.290 m) + (—96 kN x 0.030 m)

+(—524 kN x 0.83 x 0.225 mm x 0.5)
Mu = 698 kN m

A.2 Shear capacity of the section

The shear force corresponding to the ultimate moment capacity is

Vi =Mu/h =698 kN -m +1.14 m =612 kN
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where h is the distance from the line of action of the applied load to the
base of the wall.

From the strain diagram presented in Figure A.2, the strain in the extreme
tension bars is 2.3%. From Figure 3.9 some strain hardening is expected in
the first four rows of tension steel increasing the value of T, by 59 kN. This
increase do not significantly change the ultimate capacity of the section.
Therefore we neglect any strength hardening. Neglecting concrete contri-
bution towards shear strength

Ve.=0kN
the minimum horizontal bar spacing is calculated as
A, fud
Vu

where d is the effective depth of the wall and is taken as 0.8 times the base
length of the wall. Try 4 pairs of 10M bars at § = 250 mm

pan = (8 %X 100 mm?)/(100 mm x 1000 mm) = 0.8%
for a design shear capacity of
V.= A, f,d _ 200 mm? x 480 MPa x 0.8 x 2000 mm

S 250 mm
‘The average shear stress applied to the section is

N 612 kN
theer = 1mx08%x2m

=614 kN > 612kN

=3.83 MPa = 0.67\/f!MPa

A.3 Detailing

Stirrups made of 6.4 mm plain steel spaced at 80 mm were provided at
both ends of the wall to prevent premature buckling of the vertical bars.
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Appendix B

Design of Wall 5

B.1 Moment capacity of the section

The following material properties were used in the calculation of the ulti-
mate moment capacity and were obtained from Table 3.1:

fi = 21 MPa
fy = 480 MPa
e, = 024%

E = 200000 MPa
Twelve pairs of 10M deformed bars were used as depicted in Figure B.1:
A,, = 24 x 100 mm? = 2400 mm?
Pov = Aw/A; = 2400 mm?/(100 mm x 2000 mm) = 1.2%

From =a strain compatibility analysis, the neutral axis is found to be at
355 mm from the compression face as depicted in Figure B.2.

T, = (16 x 100 mm? x 480 M Pa) + (0.00176 x 200 GPa x 2 x 100 mm?)
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Figure B.2: Strain distribution at ultimate curvature

+(0.00028 x 200 GPa x 2 x 100 mm?)
T, = 768 kN + 70.4 kN +11.2 kN = 850 kN
C, = —(2 x 100 mm? x 480 M Pa) — (0.0012 X 2 x 100 mm? x 200 GPa)
C,=-144 kN
C. = —0.85 x 27 M Pa x (0.85 x 355 mm) x 100 mm = —693 kN
T=850~144-693=13kN OK.
M, = (768 kN x 1.351 m) + (70.4 kN x 0.563 m) + (11.2 kN x 0.388 m)
+(—144 kN x 0.038 m) + (—693 kN x 0.85 x 0.355 mm x 0.5)
M, =955 kN -m
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B.2 Shear capacity of the section

The shear force corresponding to the ultimate moment capacity is

Ve=M,/h=955 kN -m<+114 m =838 kN

where h is the distance from the line of action of the applied load to the
base of the wall.

From the strain diagram presented in Figure B.2, the strain in the extreme
tension bars is 1.4%. From Figure 3.9 some strain hardening is expected
but is negligeable. Neglecting concrete contribution towards shear strength

Vo=0kN
the minimum horizontal bar spacing is calculated as
Smin = ‘_"‘“_'Agyd = 183 mm

where d is the effective depth of the wall and is taken as 0.8 times the base
length of the wall. Try 6 pairs of 10M bars at S =175 mm

pan = (12 x 100 mm?)/(100 mm x 1000 mm) = 1.2%
for a design shear capacity of
A, fyd 200 mm? x 480 M Pa x 0.8 x 2000 mm
s 175 mm

The average shear stress applied to the section is:

838 kN
0.lmx08x2m

V, =

=878 kN > 83BEkN

Tahear =

= 5.24 MPa = 1.01,/f!MPa
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B.3 Detailling

Stirrups made of 6.4 mm plain steel spaced at 80 mm were provided at
both ends of the wall to prevent premature buckling of the vertical bars.
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Appendix C

Computer Program Listing

The following appendix contains a copy of:

1. The BATCE EXEC program which compiles, sets up the input and
output files and executes FEASSW using the CMS batch facility at
the University of Ottawa.

2. A complete listing of FEASSW computer program.

3. The input file of the case study presented in Figure 6.6 for one dis-
placement increment of 1 mm.

4, The results of FEASSW.
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