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Abstract

Experimental and analytical research was carried out to investigate the
characteristics of concrete confined by welded wire fabric. Seven column
specimens were tested under monotonic concentric loading. Different ar-
rangements of welded wire fabric were used in the columns. The column
reinforcement consisted of only welded wire fabric, without the use of any
reinforcing bars. Two companion columns without welded wire fabric were
also tested to establish plain concrete strength from specimens of same size
and shape. The test result showed that columns developed some increase
in strength due to concrete confinement. The increase in confinement was
relatively small because of the low reinforcement ratio associated with the
welded wire fabric used. The ductility enhancement was also limited, and
the welded wire fabric buckled shortly afte: the ceak load. It was concluded
that, unless special size welded wire fabric was used to have adequate per-
centage of steel, the standard size mesh was not suitable for use as column

reinforcement.

The test results, as well as those obtaine« irom previous research were com-
pared against analytical predictions obtained from the use of Saatciogl+ and
Razvi model for confined concrete. The results showed good agreement be-
tween the test results and those obtained analytically. Having established
the validity of the model, a parametric study was carried out as part of the
analytical research. A total of 140 columns were considered in the paramet.-

ric study. The objective of the parametric investigation was to establish the



significance of confinement parameters for columns reinforced with welded
wire fabric, reinforcing bars, and a combination of the two. It was found
that, the mechanism of confinement was not any different in columns con-
fined by welded wire fabric, as compared to those confined by reinforcng
bars. The combined use of reinforcing bars and welded wire fabric offered
the optimum solution, where the bars formed the main reinforcement, and

the mesh provided superior concrete confinemeat.
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Chapter 1

Introduction

1.1 General

The unprecedented damages caused by earthquakes have called the atten-
tion of structural engineers for the last two decades. As a result, increasing

research emphasis has been placed on seismic resitant design of structures.

Design of earthquake resistant structures to dissipate earthquake induced
energy by post-elastic deformations of members forms the current design
criteria for reinforced concrete structures. This requires the critical ele-
ments to be designed for ductility as well as strength. Columns in frame
structures may become critical elements, especially at the first storey level.

Observations during past earthquakes showed that failure of an entire structure



was triggered by the failure of columns {31]. Inelasticity in columns does
not necessarily lead to failure. Plastic hinging of columns at the base of
a structure may even be reli-d upon for cnergy dissipation, if the columns
are designed properly. Columns thus are required to behave in 2 ductile
manner with stable plastic hinges. Ductility of concrete columns can be at-
tained by careful detailing of the transverse reinforcement. The transverse
steel, in the form of hoops or spirals, confine the concrete in plastic hinge
regions and improve overall ductility of the member. Previous research has
demonstrated that strength and ductility of conecrete in axial compression

improve very significantly when confined by reinforcement.

Lateral pressure exerted by the reinforcement cage on the core concrete
iimits internal cracking in concrete, and produces increase in strength and
deformability of the member. Concrete confinement assumes an important
role especially in seismic resistance of compression members where the in-
creased ductility of member is required to maintain strength and stability

of the structure during inelastic response.

Although a large volume of research data is available on confinement char-
acteristics of spiral and tie reinforcement, no research data is available on
the use of welded wire fabric as column reinforcement. On the other hand, it
is reasonable to expect that welded wire fabric, with closely spaced vertical
and horizontal reinforcements may potentially provide better confinement
characteristics than that of ordinary reinforcing bars. Furthermore, it has

the practical advantage of being available in a pre-assembled form, as hor-



izonta! and vertical reinforcements welded together.

In the carlier phase of this research program. Razvi and Saatcioglu 17
wvestigated. for the first time,the use of W.W.F. as confinement reinforce-
ment. They tested 31 small scale columns to study the effect of W.AW.F.,
while ordinary reinforcing bars were used as main longitudnal reinforce-
ment. Their conclusion was that the presence of W.W.F. improved con-
finement of concrete. However, W.W.F. was not effective in controlling the
buckling of main column bars, which led to the rupturing of W.W.F, Their
research program was limited to the study of the combined use of W.W.F.
with reinforcing bars. As a result, the investigation of the use of W.\W.F.,
as the only column reinforcement is adopted as the main objective of the

current study.

1.2 Objective

The overall objective of the research program is to evaluate the use of
welded wire fabric (W.W.F.) as column reinforcement. The behavior of
concrete columns, reirforced only with W.W_F. is investigated experimer-
tally. The objective includes investigation of confineruent charatristics of
W.W.F. when used with and wihtout reinforcing bars. It also includes
analytical investigation of the significance of column confinement paramne-
ters when the reinforcement used consists of only W.W.F., combination of

W.W.F. and reinforcing bars, and only reinforcing bars.



1.3 Scope

The scope comprises of experimental and analytical research. Seven con-
crete columns. reinforced with welded wire fabric, were designed built and
tested in the experimental program. The columns were tested under mono-
tonically applied concentric compression. The test data was evaluated to
extract siress-strain relationships of confined core concrete from the over-
all response. These relationships, as well as others obtained from previous
investigations were reproduced analytically by using an analytical model
for confined concrete. The same model was then used as part of the an-
alytical research, to conduct a parametric study. A total of 140 columns
were analyzed to establish the significance of W.W.F. as column reinforce-
ment. The analyvtical study was extended to cover columns reinforced with
W.W.F. combined with reinforcing bars as well as those reinforced with
conventional reinforcing cages, consisting of ordinary deformed reinforcing

bars.

1.4 Previous Research

The research on concrete confinement dates back to 1928, when Richart et
al. [19] showed improvements in strength and ductility of concrete resulting
from lateral hydrostatic pressure. The researchers tested concrete cylinders

under different levels of hydrostatic pressure, and established an emprical



relationship between the lateral pressure and increase in axial strength.
This relationship formed the basis of the confinement steel requirements
in building codes {1,4]. Richart et al. [20] later tested concrete cylinders
reinforced with circular spirals, and concluded that the passive confinement
pressure provided by the spiral reinforcement provided uniform lateral pres-

sure which could be computed from the hoop tension.

Early reasearch conducted by Richart et al. provided the basic understand-
ing of concrete confinement in circular columns, where the lateral confining
pressure was uniform due to the geometry of the section. This was in-
terprated as the confinement action being limited to circular columns for
many years. In fact the building codes, to date, allow a lower safety factor
(capacity reduction factor) for spirally reinforced circulax.' columns, recog-
nizing the additional strength and ductility in these columns. Very little

recognition was given to the confining effect of rectilinear reinforcement.

Confinement action provided by rectilinear reinforcement was studied by
Chan [5], Roy and Sozen [21], Soliman and Yu [32], Sargin, Ghosh and
Handa[24], and Kent and Park[10]. The emphasis in these research pro-
grams was placed on the volumetric ratio and spacing of transverse rein-
forcement. The results showed conflicting evidence of strength enhance-
ment, although the ductility improvement was acknowledged by all re-
searchers. These research programs resulted in analytical models for con-
fined concrete, some of which did not reflect the strength improvement due

to confinement.



Researchers prior to 1975 concentrated on spacing and volumetric ratio of
transverse steel to improve the confinement action. Park and Paulay [14] for
the first time discussed the effect of reinforcement arrangement on concrete
confinement. They showed that the tie arrangement and resulting distribu-
tion of longitudinal reinforcement also played an important role on concrete
confinement. In 1980, Sheikk and Uzumeri demonstrated the improvement
in concrete confinement in square columns, resulting from favourable tie
arrangements, even if the volumetric ratio and spacing of lateral reinforce-
ment remained constant. They defined "cffectively confined core area” as
the arca bound between the closely spaced longitudinal and tie reinforce-
ment, and concluded that as this area increased due to the close spacing of
reinforcement, so did the improvement in strength and ductility of confined
concrete. Sheikh and Uzumer [30] also proposed an analytical model for
confined concrete, based on the effectively confined core area. Their model
was the first one to consider both the distribution of longitudinal as well as
Jateral reinforcement in confining concrete. Sheikh [29] in 1982 conducted
a comparative study of confinement models and provided a review of the

previous analytical models.

Two recent research work on concrete confinement, one by Scott, Park and
Priestley [25], and the other by Faftis and Shah [6] did not cousider tne
distribution of longitudinal reinforcement as a parameter. However, the
recent work by Mander, Park and Priestley [11], resulted in a theoretical
model which incorporated the tie arrangement as well as the previously

found confinement paremeters. Accordingly, the lateral pressure exerted



by reinforcement is computed and reduced on the basis of the effectively
confined core area presented by Sheikh and Uzumeri [30]. The model is
applicable to circular. square, and rectangular sections subjected to slow

and fast rates of loading.

Behavior of confined columns was also investigated undsr cyclic loading.
Park, Priestley and Gill [15] in 1982, and Ozcebe and Saatcioglu [12] in
1987 demonstrated experimentally that proper detailing of both transverse

and longitudinal reinforcement improved column strength and ductility.

It was clear from the previous research that closely spaced lateral, as well
as longitudinal reinforcement improved strength and ductility of confined
concrete. This led to the study of welded wire fabric, which met the con-
ditions favourable for confinement. Razvi and Saatcioglu [17] started an
experimental research program which formed the first phase of the current
research project at the University of Ottawa. They tested 34 small scale
columns, with various arrangement of welded wire fabric and/or hoop rein-
forcement. This was the first test program on the use of W.W.F. as column
reinforcement. Figures 1.1. and 1.2 illustrate the cross-sectional arrange-
ments used in the experimental program. In all the specimens, deformed
reinfurcing bars were used as longitudinal column reinforcement. W.W.F.
was used either as the only lateral reinforcement, or in combination with
square perimeter hoops. When used with hoop steel W.W.F. was either
placed between the hoop steel and the longitudinal reinforcement, or inside

the reinforcement cage. The following conclusions were reported by the
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rescarchers:

- The use of W.W_F. resulted in as much as 40% increase in concrete
strength. This increase was equivalent to that obtained by the use of closely

spaced hoop steel with twice the steel area.

- W.W.F. placed inside the core, in 2 circular shape, was more effective

than that used between the hoop and longitudinal reinforcement.

- W.W.F. was effective in preventing the longitudinal reinforcement from
buckling. The combination of longitudinal reinforcing bars and W.W.F.
resulted in a brittle failure. Bending and buckling longitudinal reinforce-
ment under compression led to the fracture of W.W.F. Therefore, the use

of hoops to support longitudinal reinforcement was recommended.

- For the same volumetric ratio of steel, W.W.F. with finer grid size pro-

duced better confinement.

Saatcioglu and Razvi [22] recently developed an analytical model for con-
fined concrete. The model is based on the concept of equivalent lateral
pressure, and can be used to predict stress-strain relationship of confined
concrete under slow and fast rates of loading. It is general enough to
treat different concrete sections with circular spirals, square and rectangu-
lar hoops with and without cross ties, welded wire fabric and any combi-
nation of these reinforcements. The model is adopted in this investigation,

for the analytical parametric study. The details of the model are given in

10



chapter 3. The authors compared the results of analytical predictions based on
the proposed mode! with a large volume of test data, and showed that the model
can be used for columns of different geomertry and reinforcement arrangements,

This mode! is the only analytical tool that can pe applied to columns reinforced
with W.W.F,

11



Chapter 2

Experimental Program

2.1 General

The experimental research involves tests of reinforced concrete columns. In
addition, material testing is included to establish the stress-strain charac-
teristics of concrete and W.W.F. used in the column specimens. Details of
the experimental program, including material and geometric properties of

column specimens, and the test procedure are discussed in this chapter.

12



2.2 Column Specimens

Seven square columns were designed and prepared for testing. Column
dimensions were 210mm x 210mm x 1270 mm as illustrated in Fig. 2.1.
Five of the columns were reinforced with W.W.F. The reinforcement used
in all of the five specimens was 10-gage W.W.F. only. Column RC1 and
RC2 were reinforced with perimeter W.W.F. without cross ties. The only
difference between the two specimens was the way W.WZE. was tied at
90-degree overlaps. Column RC1 reinforcement was tied by means of tie
wires, which was only intended to assemble the cage, and not to contribute
towards keeping the W.W.F. together under lateral expansion of concr .
The companion column had W.W.F. tied together by means of rmechanicai
connectors, which were stronger than W.W.F. itself, and intended to resist
the opening action of W.W.F. under lateral expansion. Figure 2.2 shows
the cross-sectional properties of Columns RC1 and RC2.

Column RC3 and RC4 were reinforced with perimeter W.W.F., canunected
by mechanical connectors and one or two cross ties as shown in Fig.2.2.
The core size in the four specimen shown in Fig. 2.2, measured center to
center of the perimeter wires, was 204 mm x 204 mm. This produced a

core area to gross area ratio of 94.4%.

Column RC5 was reinforced with a double layer of W.W.F. connected by
mechanical connectors. This led to an increase in percentage of steel in the

section, and produced a slight reduction in the core area. The core dimen-
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sion was measured to be 175 mm X 175 mm, resulting in a core to gross
zrea ratio of 69.4%. Figure 2.3 illustrates the cross-sectional arrangement

for column RC5.

Table 2.1 provides a summary of the test specimens and their properties.

Aside from the specimens reinforced with W.W_F., two plain column speci-
mens, with the same geometric properties as those of the reinforced columns,
were tested under identical conditions. The purpose of these two tests was
to determine the plain concrete strength, and establish the differences in
plain concrete strength when obtained from a standard cylinder test and a
test of specimen having the same size and geometry as the columns. The
cross-sections for these specimens, labelled as PC1 and PC2 are shown in

Fig. 2.3.

One of the factors that affect the concrete strength in a column member is the
concrete pouring practice. Segregation of aggregates, and blécding of concrete
may result in nonuniform placement of concrete in the member. In this

investigation all the specimens were cast horizontally because of the inherent

simplicity associated with casting in this position.
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Table 2.1: Details of specimens

-——_—=

2.3.1 Concrete

i Column No. |  RCI RC2 RCS RCY RCs
HSF};acing(mm) 50.8 x 50.8 | 50.8 x 50.8 | 50.8 x 50.8 | 50.8 x 50.8 | 50.8 x 50.8
Gage 10 10 10 10 10
F/(MPa) 27.92 29.85 29.24 28.97 27.92
f,(MPa) 530 530 530 530 530

po(%) 0.354 0.354 0.398 0.472 0.825
Paronst o) 0.413 0.413 0.413 0.413 0.784
Peore(T0) 0.437 0.437 0.437 0.437 1.129

Length(mm) | 1270 1270 1270 1270 1270
2.3 Material Properties

Ready mix concrete with a concrete slump of 89mm(3.5in) was used. The

maximum size of coarse aggregate was 10mm(3in). The average stress

strain relationship of concrete at 60 days was obtained by testing 3 standard

cylinders. The relationship is shown in Figure 2.4 and represents only the

concrete properties at the age of 60 days.

18
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Figure 2.4: Stress-Strain Relationship of Plain Concrete

2.3.2 Welded Wire Fabric

One size of welded wire fabric was used throughout the experimental pro-
gram. The wires were of gage 10, with a grid size of 50.8mm x 50.8mm:.
Coupon tests were performed to establish the stress-strain relationship of
W.W.F. Figure 2.5 shows the stress strain relationship from tension coupon
tests. Since a clear yield point could not be recorded during the test, the

yield point was established by the 0.2% offset procedure. Table 2.2 contains
details of W.W.F. properties.
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Figure 2.5: Stress-Strain Relationship of W.W.F.



2.4 Test Set-up and Procedure

The columns were tested under concentric loading. applied monotonically.
A Tinius Olsen Testing Machine was used for testing, at the Structures Lab-
oratory of the University of Ottawa. A special effort was made to minimize
accidental eccentrities. Even though the specimens were carefully centered
relative to machine head, some eccentricity was recorded. Therefore, trial
loadings of small magnitude were initially applied, and the strains on all

four faces were monitored until the eccentricity was minimized.

The load was applied slowly until failure has taken place, as indicated by
a significant drop in load resistance. Each test lasted approximately 5 to
10 minutes. Figure 2.6 shows the test machine used in the experimental

program.

The specimens had a constant cross-section, and hence constant capacity
along the column height. To insure failure to take place in the instrumented
test region, external confinement was provided at the ends. The external
confinement consisted of steel brackets, covering all four column faces at

the top and bottom ends.
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2.5 Instrumentation

The columns were instrumented in the test region to measure axial strains.
Linear variable differential transducers were placed on all four faces for
strain measurements. The test region was the mid - height region of each
column specimen. The gage length for each transducer was 300 mm. Three
transducers with 150 mm stroke capacity were used for axial deformation

measurements.

A load cell was placed between the bottom machine head and the column
specimen to record the axial loading. This was done in addition to the
machine indicator, which could not be connected to the data acquisition
system. An HP 9845B Desk top Computer and an HP 3497A Data Acqui-
sition Control Unit were used to record the data. Both the load and strain
readings were recorded using the same data acquisition system. Figure 2.6

illustrates a typical instrumentation of the test region.

2.6 Test Results

The columns showed similar response under increasing concentric compres-

sion. Description of the behavior of each specimen is given in this section.
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Figure 2.7: Load vs Average Strain for Colurmn RC1

2.6.1 Column RC1

Column RC1 was designed with a single layer of W.W.F. which resulted in
a longitudinal reinforcement ratio of 0.413% and volumetric reinforcement
ratio of 0.354%. The cage was made of two pieces, and the pieces were tied
with wire of 1.5mm diameter at the overlaps. No cross ties were provided.
As the load reached its peak value the cover spalled, the wires opened, and
the load became eccentric and dropped instantly. The failure was of the
shear type. The amount of reinforcement provided was too small to prevent
shearing of the column. Figure 2.7 illustrates the axial load versus axial

strain relationship obtained during the test of column RCI.
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2.6.2 Column RC2

Column RC2 was designed with a single layer of W.W.F. which resulted in
a longitudinal reinforcement ratio of .413% and volumetric ratio of 0.354%.
The cage was made of two pieces and tied with mechanical connectors. No
cross ties were provided. This column showed a better behavior than RC1.
As the load reached its peak value the cover spalled, the wires started to
rupture under confining pressure and the load became eccentric. The drop
in the load was more gradual than that for RC1. The failure plane was
diagonal as one would expect from a column with low steel content. Figure
2.8 illustrates the axial load versus axial strain relationship obtained during

the test.

2.6.3 Column RC3

Column RC3 was designed with a single layer of W.W.F. which resulted in a
longitudinal reinforcement ratio of 0.413% and volumetric ratio of 0.398%.
The arrangement of the cage was the same as in RC2 except for a cross
tie provided in each direction. The cross ties had 135° bent at both ends
and placed at every other wire level with a vertical spacing of 102mm. The
effect of the cross ties was not observed and no strength enhancement over
RC2 was recorded. However, this column exhibited a slightly more ductile
behaviour than RC2. The nature of the column failure was the same as in

the previous tests. Figure 2.9 illustrates the axial load versus axial strain
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Figure 2.8: Load vs. Average Strain for Column RC2
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Figure 2.9: Load vs. Average Strain for Column RC3

relationship obtained during the test.

2.6.4 Column RC4

Cotlumn RC4 was designed with a single layer of W.W.F. which resulted
in longitudinal and volumetric reinforcement ratio of 0.413% and 0.472%,
respectively. The arrangement of the cage was the same as of RC2 except
for the two cross ties provided in each direction. The cross ties had 135°
hooks at both ends and placed at every other wire level resulting in a
vertical spacing of 102mm. The presence of cross ties resulted in increased

strength and ductility. Beyond an axial strain level of 1%, the confining
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Figure 2.10: Load vs. Average Strain for Column RC4

pressure was so high that the wires ruptured and an instant drop in the
load resistance was observed. Figure 2.10 illustrates the axial load versus

axial strain relationship obtained during the test.

2.6.5 Column RCS5

Unlike previous columns, specimen RC5 was designed to have a double
layer  which resulted in a longitudinal reinforcement ratio of 0.784% and
a volumetric reinforcement ratio of 0.825%. The core area to gross area
ratio was 69.4%. No cross ties were provided and the overlapping wires were

connected with mechanical connectors. This specimen clearly demonstrated
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Figure 2.11: Load vs. Average Strain for Column RC5

the effectiveness of W.W.F. in confining the column. It showed an increase
in strength of 17%, and improved ductility. However, as the peak load was
being sustained, the wires buckled due to lack of stiffness. This ledtwo a
sudden drop in the load. Figure 2.11 illustrates the axial load versus axial

strain relationship obtained during the test.

The test data fur columns RC1 through RC5 were evaluated to obtain char-
acteristics of the core concrete. This was done by subtracting the contribu-
tion of the reinforcing steel and the cover concrete to the overall load ca-
pacity of the columns. Core concrete stress-strain relationship, normalized
with respect to the plain concrete strength, are then compared in Figure

2.12. This figure provides a summary of strength and ductility improve-
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Figure 2.12: Comparison of Core Concrete Response for Columns RC1
through RC5

ments obtained in the core concrete by the use of different arrangements of

W.W.F.

2.6.6 Column PC1 and PC2

These columns were plain concrete specimens with similar dimension as the
others. The rationale behind testing these columns was to determine the
value of a which selates the strength determined by a standard cylinder test

to that of the in-place strength of concrete in the columns.  The average
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Figure 2.13: Load vs. Average Strain for Column PC1 and PC2

value of a, obtained from two tests was 0.82. This value was obtained by
comparing the peak stress of the plain specimens with that of accompanying
cylinder test results. Figure 2.13 illustrates the axial load versus axial strain

relationship obtained during the tests.
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Chapter 3

Analytical Prediction of
Strength and Ductility

3.1 Description of Analytical Model

Saatcioglu and Razvi [22] at the University of Ottawa proposed an analyti-
cal model to predict stress-strain characteristics of confined concrete. This
model was used in the current investigation to predict column response
analytically. The proposed model is based on finding lateral confinement
pressure and resulting improvement in strength and ductility. The proce-
durc is simple and general in nature and is applicable to any square, circular,
and rectangular cross-sections with tie, spiral, and/or welded wire fabric

as confinement reinforcement. The lateral pressure is computed with due
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consideration to the amount of lateral reinforcement, spaci ng. and arrange-
ment of both lateral and longitudinal reinforcement. Unlike the previous
confinement models, the proposed procedure permits prediction of concrete
confined by a combination of different types of reinforcement, making it
possible to predict the behavior of columns reinforced with re-bars, re-bars

and welded wire fabric, and welded wire fabric only.

The model was developed using the concept of lateral pressure induced by
lateral ties on core concrete which was originally used by Richart et al.

Accordingly, the confined concrete strength f’_ is expressed as:

fe=fothfi (3.1)
where f7_ is the unconfined concrete strength, f; is the average lateral pres-
sure. Unlike Richart’s expression the value of %, is not constant. It is
a function of lateral confining pressure, fi. The following expression was
suggested for k;.

k = 6.7f7%17 (3.2)
where f; is in MPa. The variation of k; with lateral pressure fi, is shown

in Fig 3.1.

Concrete confined by closely spaced circular spirals is confined by passive
pressure that can be considered to be uniform around the perimeter of the
column. This lateral pressure can be computed from the hoop tension of
stecl. If this pressure is computed at the useful limit of the hoop steel, i.e.,
at yield, and taken equal to the active pressure f; used in cquation(3.1),

the confined concrete strength can be determined from equation(3.1).
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While the uniform confining pressure can be determined for the spirally
reinforced columns, it is difficult to establish the variation of stress in square
columns. The variation of stress is shown qualitatively in Figure 3.2. For.a
given column section, as the number of cross-tics or inside hoops increase, the
confincment pressute approachics to uniform pressure. The average confincment
pressure is obtained by summing transverse forces, Af, that develop at the
location of cach cross-tie, as well as at cach leg of transverse hoop stcel, and

dividing by the area bound by the core dimension and tie spacing.

Utilizing the average confining pressure over estimates the actual effect of
confinement in the critical region. Therefore, coefficient ks is introduced
to find an equivalent uniform pressure which produces the same effect as
that produced by a uniform fluid pressure. A large volume of experimental
data was studied to establish the relationship for k.. Based on regression

analysis of experimental data, the following expression was suggested for

ka;
ke = o.ze\/(”s—‘)(';—:)(%) (33)

where f; is the average lateral pressure in MPa, b, is the core dimension, s is wne
spacing of lateral ties in mm, and 5, is the spacing of lawcrally supported

longitudinal bars in mm. Equation (3.1) in its general form becomes;

fe = foo + hika fi (3.4)

where k> = 1 for spirally reinforced circular columns, and can be determined
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from equation(3.3) for square columns. Equation(3.4) can be rewritten in
the following form:

fee = 1+ R)f, (3.5)
where

f = (il

Rectangular columns may be reinforced to develop different levels of con-

(3.6)

finement in two orthogonal directions. Furthermore, the effect of confining
pressure along the long side of the section is more pronounced than that
along the short side. However the procedure to find confinement pressure

along each side remains the same as that of circular and square columns.

Figure 3.3 illustrates general features of the proposed stress-strain relation-
ship. The ascending portion is characterized by a parabola, equation of

which is given below.

fo= f;m%) - (j—j)’lﬁ* (3.7)
where a = eq(l + 5K) (3.8)

where ¢,, is the strain corresponding to the peak stress of the plain concrete.

The strain corresponding to 85% of the peak stress on the descending por-

tion can be oltained from the following expression;

€gs = 260I‘-£1 + €oss (3.9)

fy

where ¢gas is the strain corresponding to 85% of the peak stress of plain
concrete. If this data is not available, 0.0038 suggested by Hognestad can

be used. Equation 3.9 is based on a regressior. analysis of test data.
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Saatcioglu and Razvi[22]
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3.2 Comparisons of Analytical and Experi-

mental Results

Comparisons of test results with analytical prediction is made in this section
to verify the analytical model. The comparisons include columns reinforced
with welded wire fabric, re-bars and combinations of re-bars and welded
wire fabric. The test results against which the model is compared are those
obtained from the experiments conducted by the author, those conducted
by Razvi[18] at the University of Ottawa, and a large volume of test results
conducted by other researchers. The agreement between the model and the
experimental results is excellent. Unlike the models proposed by previous
researchers, the analytical model used in this investigation can predict the

behaviour of confined concrete in a wide range of confinement parameters.

3.2.1 Columns Reinforced with Welded Wire Fabric
only

In this section the results reported in Chapter 2 are compared with the
analytical model. The comparisons are shown in Table 3.1 and Figures 3.4
through 3.8. The model predicts the strength of columns reasonably well

in all cases.

The ductility prediction of RC1, is not good. This may be explained by the
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Table 3.1: Comparison of Analvtical vs. Experimental Results for Columns

reinforced with W.W.F.

fee
Col. p, dy s/b.  sifbe Ky k2> - ezp. aral. analfexp
(%) (mm) (MPa) | (MPA) (MPa)
RC1 0.354 340 0.247 0.967 7.51 055 22.89 23.45 26.74 1.14
RC2 0.354 3.40 0247 0.967 7.51 0.55 24.48 26.36 28.30 1.07
RC3 0.398 340 0.247 0.483 7.18 042 23.98 24.66 27.74 1.13
RC4 0472 3.40 0.247 0.322 691 043 23.75 26.90 28.45 1.06
RC5 0.825 3.40 0.288 0_.'288 7.07 0.33 22.89 28.62  28.06 0.98

difference in reinforcement arrangement for which the model was developed

and that used in the column specimen. The analytical model is applicable

to cases where the opening of the transverse reinforcement under lateral

pressure is prevented either by a 135° hook or mechanical connectors at

overlapping legs. Column RC1 had 90° overlapping wires tied only by

1.5 mm diameter wires. Opening and buckling of wires led to a sudden drop in

strength as indicated by the response of RC1. All other comparisons show

good to excellent agreement betwcen the analytical and experimental re-

sults.
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Figure 3.8: Comparison of Analytical and Experimental Results for Column
RC5

3.2.2 Columns Reinforced with W.W.F. and Rebars

Three columns reinforced with W.W.F. and rebars, tested by Razvif2] at
the University of Ottav ., are compared with the analytical model. The
comparison is tabulated in Table 3.2 and shown in Figures 3.9 through
3.11. The model predicts the strength and ductility of the columns very
well. This shows the versatility of the model in predicting the behaviour of

columns reinforced with a combination of different types of reinforcement.
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Table 3.2: Comparison of Analytical and Experimental Results for Columns

with W.W.F. & Hoops

Col.

Jee

exp anal analfezp

(MPe) (MPa)

12(a)

hline

13(a)

Hoop

WWF
Hoop

WWF

14(b)

Hoop

WWF
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Figure 3.10: Comparison of Analytical and Experimental Results for
Column 13 [22]
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3.2.3 Columns Reinforced with Rebars

Six pairs of columns reinforced with rebars and lateral ties, tested by Razvi
at the University of Otiawa are compared with the analytical model. The
columns include well confined and poorly confined concrete. Comparisons
show excellent agreement of the model with the test results. The compari-

sons are tabulaied in Table 3.3 and are shown in Figures 3.12 to 3.17.

Table 3.3: Comparison of Analytical vs. Experimental Results for Columns
Reinforced with Longitudinal Bars and Lateral Ties

fee
Col. dy sfb. sifbe Kk ko ! exp anal anal/ezp
(mm) (MPa) | (MPa) (MPa)

3(a) 6.53 024 0.84 642 026 320 | 400 402 1.01
4(a) 6.53 049 084 7.23 026 320 | 333 366 1.10
6(a) 653 0.25 087 644 024 39.0 | 519 471 0.91
T(a) 653 051 0.87 7.25 024 390 | 433 436 1.01
15(a) 6.53 049 084 7.23 026 290 | 351  33.6 0.96
16(a) 6.53 024 084 642 026 290 | 380  37.2 0.98
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Figure 3.15: Comparison of Analytical and Exnerimental Results for
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Chapter 4

Parametric Investigation

4.1 Introduction

The previous research discussed in Chapter 1 has identified important pa-
rameters of concrete confinement. It is clear that the volumetric ratio of
confinement reinforcement, and spacing of lateral as well as laterally sup-
ported longitudinal reinforcement play important roles. The same param-
eters are also applicable to columns confined with W.W.F. While W.W.F.
generally represents the low cnd of thesc parameters, reinforcement cage
consisting of lateral and longitudinal reinforcing bars represents the high
end of the same range of parameters. A parametric study was conducted
in this part of the investigation to assess the relative significance of these

parameters on column confinement. The resuits indicate the significance of
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cach parameter and help determine if W.W.F. can be a reliable alternative
to reinforcing bars either in the standard sizes used currently or in sizes

perimitting higher percentage of steel content.

More than 140 column sections with different reinforcement arrangements
were investigated using the analytical model developed by Saatcioglu and
Razvi[22]. Sectional properties of the columns considered as well as the
tesults are presented at the end of this chapter in Tables 4.1 to 4.17. The
reinforcement arrangements considered are shown in Figs. 4.1 to 4.3. The
arrangements include columns reinforced with W.W.F., re-bars, and com-
bination of re-bars and W.W.F. The results are presented terms of strength

enhancement coefficient K and ductility ratio .

4.2 Effect of Reinforcement Arrangement

Reinforcement arrangement of 2 column section reflects the distribution of
longitudinal and transverse reinforcements and has a very significant effect
on column ductility and strength. Longitudinal bars, if well spread around
the perimeter of the core, and laterally supported by a corner of a2 hoop
or a cross tie, produce uniform confinement pressure at the tie level. This

results in improved confinement.

Three types of reinforcement arrangement were studied. They consisted

of perimeter reinforcement with and without cross ties. The results are
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tabulated in Tables 4.9 and 1.10. Variations of strength enhancement and
ductility ratio with reinforcement arrangement are shown in Figures 4.4 to
4.7. The results indicate that columns with well distributed longitadinal
reinforcement where the longitudina! bars are laterally supported by ties
and or cross-ties, show improved ductility and strength. The spacing of
laterally supported longitudinal reinforcement is expressed in terms of s;/d
ratio. At a volumetric ratio of p,—1.0%, the reduction of 335 in s;/d
ratio results in an increase of 12% and 6% in strength and ductility ratio,
respectively. However, when the confinement pressure is not adequate due
to lack of sufficient volumetric ratio. or tie spacing. reduction in sp/d ratio
alone does not result in significant improvements in ductility and strength.
If the volumetric ratio is reduced by one half, the corresponding increases
in strength and ductility associated with 2 33% reduction in s;/d are 2%

and 0%.

4.3 Effect of Tie Spacing

The spacing of transverse steel is an important parameter of confinerent.
Theoretically, tk:e clear distance between the ties should be zero for uniform
confinement throughout the length of the member. Closer spacing of ties
produces almost uniform lateral pressure along the member length and
results in improved confinement. To investigate the effect of tie spacing on
confinement, four tie spacings were considered for each group of volumetric

ratio and configuration. This was done both for columns reinforced with
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W.W.F. and those with re-bars. The results are shown in Table 4.11 and
Table 4.12. Variation of strength enhancement and ductility ratio with tie

spacing are shown in Figs. 4.8 to 4.11.

The results obtained show that reduction in the tie spacing improves con-
finement pressure. This results improved strength and ductility. The results
indicate that a2 33% reduction in s/d ratio result in an increase in strength
and ductility ratio of 15% and 6%, respectively for p,=1.0%. However,
when the confinement pressure is not adequate due to lack of sufficient
volumetric ratio and or well distributed laterally supported iongitudinal
reinforcement, some reduction in tie spacing does not result in significant
improvement. The same reduction of 33% in s/d ratio show on'y 10% and
3% improvement in strength and ductility when the volumetric ratio is

reduced by one half.

4.4 Effect of Volumetric Ratio of Lateral Ties

The ratio of the volume of lateral reinforcement to the volume of core con-
crete plays an important role on the magnitude of lateral confining pressure.
High transverse steel content means high confining pressure and increased
strength and ductility of confined concrete. The increase in confinement
pressure associated with an increase in volumetric ratio is also closely re-
lated to the yield strength of steel, which marks the useful limit of confining

pressure.



Volumetric ratios of 0.5 Sz, 1.0 <%, 2.0 <% and 3.0 S were considered to

investigate the effect of volumetric ratio on concrete confinement. This was

done for columns reinforced with re-bars only. and W.W.F, only. The
results are tabulated in Tables 4.13 and 4.14. Variation of strength en-
hancement and ductility with volumetric ratio are shown in Figures 4.12
tc 4.15. The results show a considerable increase in strength and ductility
due to the increase in the volumetric ratio. An increase in volumetric ratio
of 50% resulted in an increase of 17.4 % and 59 % in strength and ductility
ratio, respectively. However, the improvement obtained is not proportional
to the volumetric ratio, showing lower rate of improvement in the high
volumetric ratio region. The volumetric ratio was found to play the major

role on ductility of core concrete.

4.5 Effect of Combined Use of W.W.F. with

Re-bars

The effect of using W.W.F. in combination with re-bars was investigated
by analyzing twenty four columnn cross-sections. The volumetric ratio of
lateral ties were maintained at 1.0%. Columns with and without cross-ties
were considered. The volumetric ratio of W.W.F. was 1.0% and 0.5%. The
arrangement of W.W_.F. was of three types: without cross ties, with one
cross tie in each direction, and with two cross ties in each direction. Total

volumetric ratio of a column was cither 1.5% or 2%. Two lateral tie spacings
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of 150mm and 100mm were considered. W.W.F. with four different grid
sizes were used. The results are tabulated in Table 4.15 and plotted in

Fizures 4.16 to 4.17.

They indicate superior concrete behavior when W.W.F. is used in combi-
nation with re-bars. As a result of using W.W.F. with re-bars the increase
in strength and ductility over those reinferced with re-bars alone was as
high as 170% and 75%, respectively. Sections with d/2 tie spacing and no
cross ties but combined with W_.W.F. gave better results than those with
d/6 tie spacing and 2 pairs of cross ties. The results were comparable to
a column with p,=3.0% and tie spacing of d/4 with two cross ties. The
improvement over those reinforced with W.W.F. only results from the rela-
tively high stiffness of longitudinal bars that do not permit early buckling.
The buckling was observed while testing the column reported in chapter
two. Hence, the use of W.W.F. with re-bars is recommended over the use

of W.W.F. alone.

The relationship between lateral tie spacing and laterally supported lon-
gitudinal reinforcement spacing for various levels of strength enhancement

and ductility ratio is given in Tables 4.16 and 4.17
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Table 4.1: Properties of Columns with W.W.F.

Coli k| did | fol b | £ e iSect| 3| % K] m
no. | mm | mm | mm | MPa| % | MPai % | type’
1 1350318691 25 037|200 {05! 1 |031]092] 14} 150 |
2 1350 |319|564| 25 [0.37| 400 |0.5] 2 [0.31]0.46] .19 1.5
3 1350 320(489] 25 |0.37| 400 05| 3 |031]031] 22163
4 |350(319|598| 25 |0.37| 400 05| 4 |024]092] .16 153
5 350|320 |489] 25 |037] 400 05| 5 |023|0.46] .21 1.62
6 |356]321|423| 25 [ 037|400 |05] 6 |0.23[031].25/ 168
7 {350 320 [4.39| 25 |037] 400 |e5| 7 |0.26(092].19] 1.58
S 1350|321399| 25 |0.37| 400 [05| 8 |0.16]046]|.25] 1.68
9 |350)322{345] 25 |0.37{ 400 [05] 9 |o0.16]031].27! 1.7
10 [350 [322]345| 25 |0.37| 400 |05] 10 |o0.08 092 25( 168
11 | 350|322 |282| 25 |0.37| 400 | 05| 11 |0.08|046] 27|17
12 [350 [ 323|244 25 [0.37| 400 |05] 12 |0.08]031|.27|1.71
13 |350 1315 |9.77| 25 |0.74]| 400 |1.0] 1 [o0320s89( 19222
14 | 350 | 317 798| 25 [0.74| 400 |1.0| 2 [032)|0.45] 27247
15 | 350 | 318 [6.91| 25 [0.74| 400 |10] 3 |0.31]030/ .30 256
16 350 | 317 [8.46| 25 |0.74] 400 [1.0] 4 |u.24 059 .21 229
17 | 350 | 318 [ 6.91| 25 |0.74| 400 |1.0] 5 |024|045|.23]252)
18 {350 | 319 {598 | 25 {0.74| 400 10| 6 |o0.24]0.30].33] 268
19 | 350 (318 [6.91] 25 |0.74| 400 10! 7 |06 090 .25 2.42
20 | 350 | 319 [5.64| 25 [0.74| 400 [10] 8 |0.16 045! .33 2.68 |

1 For section type refer o Figs 4.1 & 4.2
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Table 4.2: Properties of Columns with W.W.F.(Cont’d)

Col.| hk d ds [l p fy pv | Sect. =j- %‘ K | &
no. |mm mm| mm | MPe| % | MPe! % | type

21 | 350 {320 489 | 25 {0.74| 400 {10 9 {0.16 030 .39 288
22 | 350 {320} 489 | 25 (0.74| 400 |10} 10 |90.08 091 .33 | 268
23 | 350 | 321 | 3.99 25 |[0.74| 400 |1.0| 11 |0.08{0.45} .44 3.04
24 | 350 | 322 | 3.45 25 [90.74| 400 |1.0| 12 |0.08|0.30| .48 | 3.15
25 {350 | 311 {13.82! 25 |1.47] 402 20| 1 [0.32{0.88.27|391
26 | 350 { 314 {11.28| 25 {147 400 {206| 2 032|044 | .34 | 445
27 {350 | 315 | 9.77 25 |147( 400 (20| 3 032030} .40 | 4.84
28 1350 | 313 [11.97| 25 |[1.47| 400 |20 4 0.24 | 0.88 | .29 | 4.11
29 [ 350 {315 | 977 { 25 |147( 400 [2.0] 5 |0.24;0.44.38]4.72
30 | 350 (317|846 | 25 |1.47| 400 {2.0| 6 |0.24|0.30(.45|5.16
31 |35 | 315|977 | 25 [1.47| 400 (20| 7 {0.16(0.89}.3¢4 444
32 1350 (317|798 | 25 {147 400 [20| 8 |0.16|0.45| .45 35.56
33 | 350318691 | 25 |1.47| 400 {2.0| 9 |0.16|0.30(.53|5.68
34 | 350 | 318 | 6.91 25 |1.47| 400 {2.0| 10 §0.08|0.90} .45 (5.15
35 | 350 | 319 | 5.64 25 {1.47| 400 |2.0] 11 |0.08|0.45]|.59|6.10
36 [ 3350 320 | 489 | 25 |1.47! 400 {2.0| 12 |0.08|0.30}.70{6.79
37 [ 350 {308 (1693} 25 {220 400 [3.0| 1 |0.33]0.86|.315.88
38 1350 311|13.82| 25 |220| 400 |30 2 |0.32|0.44 (.40 6.84
39 | 350 | 313 {1197 25 [220| 400 |30} 3 |0.32(0.29|.48|7.53
40 |350 | 310 |14.66| 25 |[2.20| 400 {3.0| 4 1024|087 .34]623
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Table 4.3: Properties of Columns with W.W.F .(Cont’d)

Col.| & d dy feo P £y Po | Sect.
no. .mm | mm| mm | MPa| % | MPa| % | type

Al
gF

41 1350 | 313 | 11.97 | 25 [220| 400 |30 5 [024|0.44].45] 7.31
42 | 350 | 315 {1036 25 [220| 400 [3.0| 6 [0.24|0.30|.53| 8.09
43 350 | 313 |11.97| 25 220 400 {3.0] 7 |0.16083]|.40! 6.81

44 | 350 | 315 | 9.77 25 220 400 (3.0| 8 [0.16[0.44 (.53 8.08

45 | 350 | 317 | 8.46 25 1220] 400 130| 9 |0.16|0.30].63| 9.01
46 | 350 | 317 | 8.46 25 1220 400 [3.0| 10 [0.08/0.89|.53]| 8.06

47 | 350 | 318 | 6.91 25 1220 400 (3.0 11 |0.08{0.45]|.70( 9.75

48 | 350 | 319 | 5.98 25 1220 400 [3.0] 12 }0.98(0.30] .83 10.99
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Table 4.4: Properties of Columns with Re-bar

Col.| & d ds fi P fy py | Sect. | sfd | sif/d | K -‘5‘0_&_-—
no. {mm|mm|{ mm |MPa| % |MPa| % |type’
1 [350(311|861| 25 [1.63| 400 |05| 1 |048]0.88]|.13]1.43
2 350 | 317 | 7.03 25 | 196 400 |05 047 [ 045 | .16 | 1.5¢
3 350 | 317 | 6.09 25 [1.96| 400 | 0.5 3 0.47 | 0.30 ;.19 | 1.58
4 | 350|312 | 7.03 25 [1.63] 400 {05 1 0.32 | 0.88 | .15 | 1.52
5 350 | 318 | 5.74 25 1961 400 |05 2 0.3210.451.19}1.59
6 350 | 319 | 4.97 25 [1.96 (| 400 | 0.5 3 0.31 030 .23 (1.65
7 | 350 | 312 | 6.09 25 |1.63 | 400 0.5 1 0241088 .1711.55
8 | 3501318 | 5.74 25 |1.96| 400 (05| 2 0.24 [ 0.45] .22 | 1.63
9 | 356 | 318 | 431 25 |1.96] 400 |05| 3 0.24 | 0.30 | .26 | .70
10 | 350 | 313 | 4.97 25 [1.63| 4006 0.5 1 0.16 { 0.88 | .20 | 1.60
11 | 350 | 318 | 4.06 25 |1.96| 400 | 0.5 2 0.16 | 0.45 ] .26 | 1.70
12 | 350 | 319 | 3.52 25 | 196 400 |05 3 0.16 | 0.30 | 27 | 1.71
13 | 350 | 309 {1218 25 [1.63| 400 1.0 1 0.49 | 0.87 | .17 | 2.15
14 | 350 | 315 ] 9.95 25 [1.96} 400 |1.0 2 0.48 | 0.45 ) .22 | 2.32
15 | 350 | 316 | 8.61 25 |1.96| 400 |1.0 3 0.48 [0.30 | .26 | 2.44
16 | 350 | 310 | 9.95 25 |1.63| 400 |1.0 1 032087 |.20 224
17 | 350 | 316 | 8.12 25 |196( 400 |1.0] 2 [0.32]|0.45).26]2.44
18 | 350 | 317 } 7.03 25 |196 | 400 (1.0 3 0.32]0.31 | .30 | 2.58
19 {350 |311] 861 | 25 |1.63| 400 |1.0 1 0.16 | 0.88 | .22 | 2.32
20 | 350 ] 317 | 7.03 25 |1.96] 400 1.0 2 0.16 | 0.45 | .28 | 2.55

2 For section type refer 1o Fig 4.3



Table 4.5: Properties of Columns with Re-bar (Cont’d)

— -

Coli k| d i d | f ) o | eS| 3| % | & cptonsy |
! no. |mm |mm | mm |MPa! % | MPa{ % | type
21 | 350 | 317 | 6.09 | 25 [1.96| 400 {1.0] 3 |0.16|03L] 31| 2.70
22 | 350 | 312 | 703 | 25 [1.63! 400 [1.0| 1 [0.03]|088|.26| 246
23 {350 | 318 | 574 | 25 [1.96] 400 (10| 2 |003|045]|.35| 2790
24 | 350 [ 318|497 | 25 ;1.96| 400 [1.0] 3 |0.08|032|.40] 290
25 | 350 | 307 |17.23| 25 |1.63| 400 |20 1 |o0.49|036]| 23| 372
26 | 350 | 313 {1407 25 |1.96| 400 |20| 2 |04s|044| 30| ai7
27 {350 | 314 |12.18| 25 |1.96| 400 {20 3 |0.48|0.30]| .34 | 449
28 | 350 | 308 {1407 25 }1.63| 400 (20| 1 |032)087|.27! 3.98
29 | 350 | 315 | 11.49| 25 [ 1.96( 400 |2.0] 2 [0.32]|044] 35| as1
30 /330 315|995 | 25 (196| 400 [20( 3 |032}031].41| 488
31 | 350 | 309 {12.18| 25 {1.63| 400 (20| 1 |0.24|0.87].30] 419
32 | 350 [ 315 (995 25 |1.96) 400 (20| 2 l024]045| 30| 4.79
33 1350 {316 { 861 | 25 [1.96| 400 !20| 3 |024]|0.31| 45| 520
34 | 350 (310995 | 25 |163| 400 [20] 1 [0.16|087].35! 434
35 | 350 | 316 [ 812 | 25 11.96| 400 |20 2 !0.16]0.45] .46 5.23—'!
36 | 350 317 | 7.03 | 25 (196 400 (20| 3 0.16 | 0.31 | .54 | 5.73 4:
37 | 350 {305 2110 25 163 400 [3.0( 1 |049{0.85|.27] 552
36 [350 | 3121723 25 [1.96| 400 {3.0] 2 |048)0.44(.35| 6.32
39 | 350 [ 313 [1492| 25 |196] 400 [3.0| 3 [0.48|0.29!.41] 693
40 | 350 | 307 (1723} 25 |1.63| 400 (30| 1 |033]0.86]|.32| 5.98
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Table 4.6: Properties of Columns with Re-bar (Cont’d)

Col.| b { d | d | f. | o | £ |po|Sect.|sjd]|ed] K P
no. ymmm |mm | mm MPa| % | MPa| % | type

41 | 350 | 314 | 14.07! 25 1.96 | 400 | 3.0 2 0.32 | 0.44 | .41 | 6.93
42 | 350 { 317 [ 1218] 25 1.6 | 400 | 3.0 3 032031 | .47 7.53
43 | 350 | 308 | 14.92| 25 |1.63| 400 | 3.0 1 0.24 1 0.86 | .36 | 6.36
44 | 350 | 314 11218 25 1.96 1 400 ;3.0 2 0.24 | 044 | 46 | T.42
45 | 35G | 317 }10.55| 25 |1.96| 400 | 3.0 3 0.24 1 0.31 | .53 | 8.10
46 | 350 | 309 | 12.18| 25 [1.63| 400 | 3.0 1 0.16 | 0.87 [ .42 { 6.98
47 | 350 | 315 | 9.95 25 |1.96{ 400 | 3.0 2 0.16 { 0.45 | .55 | 8.23
48 | 350 | 318 | 8.61 25 [1.96] 400 | 3.0 3 0.16 0.32_“ .63 } 9.03




Table 4.7: Section Properties of Columns Reinforced with Rebars

and W.W.F.
#| h ds feo fs | oo s/d si/d K| =
tie wwf e wwf|tie wwf | tie uwwf
mm | mm mm | MPc|MPs | (%) (%)

1135011221 34 25 400 {10 05 .48 .08 | 92 94 |.414.05
2 1350|1221 28 25 400 (1.0 05 |48 .08 | .92 47 | .43|4.16
31350 11221 24 25 400 | 1.0 05 {48 08 [ .92 31 |.43|4.16
4 | 350 | 12.21 4. 25 400 { 1.0 1.0 | .48 .08 | 92 93 |.49|5.54
5350 | 12.21 4.0 25 400 (1.0 10 | .48 .08 | .92 - 4T |.59{6.22
6 {350 1221 34 25 400 {10 10 | .48 .08 | 92 31 |.62|6.46
71350 | 997 34 25 400 | 1.0 05 |47 .08 | 46 .92 | .41 |4.05
8 | 350 | 997 28 25 400 |10 05 [.47 .08 | 46 .46 |} .43 |4.13
9 1350 ; 997 24 25 400 1.0 05 | 47 .05 | 46 .31 | .43|4.13
10} 350 | 9.97 4. 25 400 1 1.0 10 | 47 .08 | «6 91 |.49558
11 ( 350 | 9.97 4.0 25 400 (1.0 10 | 47 .08 | 4§ 46 |.59(6.27
12 350 | 9.97 3.5 25 400 | 1.0 10 | .47 .08 | 46 31 [.62]6.52
131350 | 997 3.4 25 400 (1.0 05 (.32 .08 ] .90 .93 |.46]|4.28
14| 350 | 9.97 28 25 400 | 1.0 05 [.32 .08 | .90 47 |.484.38
15350 { 997 24 25 400 1 1.0 05 (.32 .08 | 90 .31 |.4814.38
16 | 350 | 9.97 4.9 25 400 1.0 10 } .32 0S| 80 92 |.53]5.83
17 (350 | 9.97 4.0 25 400 + 1.0 1.0 |.32 .08 | .90 46 |.63]6.50
18350 | 997 3.5 25 400 } 1.0 1.0 | .32 .08 | 90 .31 |.66(6.74
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Table 4.8: Section Properties of Columns Reinforced with Rebars &
W.W.F. (Cont’d)

—_——,—,——

] a4 fo | £ el s/d si/d K|

tie wwf tte  wwf | tie wwf| tie wwf '

mm | mm mm | MPa | MPa

191350 824 34 | 25 | 400 [ 1.0 05 |.32 .08 | 45 92 |.46|407
200350 (814 28 25 [ 400 { 19 05 |.32 .08 | .45 .46 |.4T| 435
211350 /814 24 | 25 | 400 | 1.0 05 |.32 .08 | 45 .31 |.4T|43s5
2213501814 49 | 25 | 400 | 1.0 1.0 |.32 .08 | .45 .90 |.53] 587
231350814 40 [ 25 | 400 | 1.0 10 |.32 .08 { 45 .46 |.64|6.55
24|1350 /814 35| 25 | 400 { 1.0 10 |.32 .08 ! .45 .31 |.6716.79

e R —
B e ——— ——————————




Table 4.9: Effect of Reinforcement Arrangement (W.W.F.)

Column | p, Jeol Ty 2 u K | =

no. (%) | (MPe) | (MPe)

10 0.5 25 400 |0.08(0.92|025| 1.68
11 0.5 25 400 [008!0.46|0.27| 1.71
12 6.5 25 400 10.08{031]027; 1.71
22 1.0 25 400 | 0.08|0.91 033 2.68
23 1.0 25 400 |0.08]0.45(0.44 | 3.04
2 1.0 25 400 |[0.08|0.30|048( 3.15
34 20 25 400 0.08 | 0.90 0.45- 5.15
35 2.0 25 400 |0.08|045}0.59{ 6.10
36 20 25 400 |0.08}0.30]0.70 | 6.79
46 3.0 25 400 :0.08|0.890.33; 8.06
47 3.0 25 400 |0.08]0.45;0.70 | 8.75
48 3.0 25 400 |0.08|0.30 | 0.83 | 10.99
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Table 4.10: Efect of Reinforcement Arrangement (Re-bars)

Column | py feo fy
no. (%) | (MPs) | {MPe)

BEAE"

Adw
¥

10 0.5 25 400 |0.16 (0.880.20 | 1.60
11 0.5 25 400 0.16 | 0.45|0.26 | 1.70
12 0.5 25 400 |[0.260.30 |0.27}1.71

1.0 25 400 [0.160.88|0.26 | 2.46
23 1.0 25 400 [0.16 | 045 0.35 | 2.72
24 1.0 25 400 |0.16|0.32}0.40 | 2.90

34 2.0 25 400 | 0.16 | 0.87{0.35}| 4.54
35 2.0 25 400 {0.16{0.45|0.46}5.25
36 2.0 25 .400 |0.16 {0.31 | 0.54} 5.73

46 3.0 25 400 |0.16|0.87 |02 (6.98
47 3.0 25 400 |0.160.45}0.558.23
48 3.0 25 400 |[0.16|0.320.63 9.3




Table 4.11: Efect of Tie Spacing (W.W.F.)

Colemn| pu | fu | £ | 2 | % | & ||
no. (%) | (MPe) | (MPc)
1 los!| 25 | 400 |0.31]092)|0.14]1.50
4 |05] 25 | 00 |0.2¢4[0920.161.53
7 |05| 25 | 00 |0.16{0520.19]15S
10 |05 25 | 400 |[0.08|092}0.25]1.68
13 10| 25 | 400 !o032]0s89]019]222
16 | 10| 25 | 400 |0.24]0.89 021|229
19 |10} 25 | 400 }0.16{0.90 | 0.25 | 2.4
22 10| 25 | 200 |008|091]|033]268
25 |20| 25 | 400 |o0.32]088]0.27 391
28 |20| 25 | 400 |0.24|088|0.29 411
31 |20| 25 | 400 |0.16]0.80|0.34 444
34 (20| 25 | 400 |0.08|090]045]|515
37 |30| 25 | 400 |o0.32}086|031|5.88
40 |30| 25 | 400 |0.24087)0.346.23
43 |30 25 | 400 |0.16[0.88[0.40 681

| 46 30| 25 | 400 |0.08]089053]8.06
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Table 4.12! Efiect of Tie Spacing (Re-bars)

Coumn| po | fur | £ | 3| % | K | %
no. (%) | (MPa) | (MPc)

1 0.5 25 400 |0.48|0.880.13|1.48
4 0.5 25 400 |0.32}{0.880.15|1.52
7 0.5 25 400 |0.240.88}0.17]1.55
10 0.5 25 400 |0.16 | 0.88|0.20 | 1.60
13 1.0 25 400 |0.48[0.87]0.17 (215
16 1.0 25 400 {0.3210.870.20]2.24
19 1.0 25 400 |0.24)0.88]0.22]232
22 1.0 25 400 |0.16 | 0.88]0.26 | 2.46
25 2.0 25 400 |0.48 {0.86|0.23 | 3.72
28 2.0 25 400 |[0.320.87(0.27|3.98
31 2.0 25 400 |0.240.8710.30|4.19
34 2.0 25 400 |0.16 | 0.87{0.35 ] 4.54
37 3.0 25 400 | 0.48]0.85|0.27 | 5.52
40 3.0 25 400 [0.32]0.86]0.32]|588
43 3.0 25 400 | 0.24 |0.86| 0.36 | 6.36
46 (30 2 400 |0.16 | 0.87 0.426.98

Ii
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Table 4.13: Effect of Volumetric Ratio (W.W.F.)

Column : Feo fy 2 2 K | &
no. (%) | (MPga)} | {MPc)
1 0.3 25 400 |0.31}0.920.14 154
13 1.0 25 400 10.32|0.89(0.19|2.20
25 2.0 25 400 [0.320.880.27|3.91
37 3.0 25 400 |0.33|0.86}0.315.88
4 0.5 25 200 [0.24(092]0.16|1.53
16 1.0 25 400 |0.24 {0.839|0.21 | 2.29
28 2.0 25 400 10.24|0.880.29 ] 4.11
40 3.0 25 400 |0.24|0.870.34|6.23
7 0.5 25 400 10.16 (0.92/0.19 | 1.58
19 1.0 25 400 | 0.16 [ 0.90 | 0.25 | 2.42
31 2.0 25 400 10.16(0.890.34 | 4.44
43 3.0 25 400 |0.16-}0.88 | 0.40 | 6.81
10 0.5 25 400 }0.08]0.92;0.25]|1.68
22 1.0 25 400 |[0.08]0.91!0.33|2.68
34 2.0 25 400 |0.08}0.90|045]5.15
46 3.0 25 400 |(0.08|0.89|0.53|8.06

ll
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Table 4.14: ESect of Volumetsic Ratio (Re-bars)

Column | p, feo© Iy s 4 K | &
no. (%) | (MPc) | {MPq)
1 los| 25 | 400 |o4s|oss|013| 148
13 11.0]| 25 | 400 |049|087]017|215
25 |20 25 | 00 [o0.49]0:86]0.23 372
37 |30 25 | 400 |0.49]|0.85]0.27 5352
s |os| 25 | 400 {032]0s8s|o015]152
% |10| 25 | 400 |032]087}|0.20]224
os |20!| 25 | 400 |032|087!027|3.98
0 |30| 25 | 200 |032)0.86|0.32]598
7 los| 25 | 400 |024]0s88]017|155
19 {10] 25 | 400 |o022|088|0.22]232
31 |20| 25 | 400 |0.2¢]087]0.30]419
3 30| 25 | 400 |o24¢]0.6|0.36|6.36
0 |o5| 25 | 400 |0.16]|0.85|0.20]1.60
‘99 10| 25 | 400 |0.€|0.88|0.26 | 2.46
3¢ |20| 25 | 400 |0.16]0.87 035|454
6 |30| 25 | 400 |0.6|057 (042|698
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Table 4.15: Comparison of Colurans Reinforced with Re-bars
and Rebar-W.W.F. Combination

Rebar Rebar&W. W F.
Py fo fy q TIE &K 04
(%) (MPa) (MPa)
2 25 400 | 049 0.88(0.23 3.72{0.62 6.46
2 25 400 | 048 0.45|(0.30 4.17|0.63 6.52
2 25 400 |[0.32 0.88)|0.27 3.98]0.66 6.74
2 25 400 [0.32 0.44 035 ESI 0.67 6.79
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Sirength Pv =0.5% Pv =1.0% oy =2.0% Py =3.0%
crhancement e ot oY .
(K) s/d slid ¥ | s/d siid s | s/d oskd & | sid sld e
0.62 0.25 1.50
i 0.43 0.50 1.50
15% 0.34  0.75 1.50
031 083 151
024 1.01 1.51
031 0.16 168 | 032 056 241 [050 072 370 | 0.75 0.49 4.80
25% 023 031 1.68| 024 064 2242 (040 0.88 371 | 051 086 5.09
0.16 046 1.68] 0.16 0.90 242 {032 101 376 | 033 114 524
0.08 092 1.68| 008 1.24 242
0.31 -070 0.32 007 548 | 032 025 .71
0% 0.24 -021 024 020 535 | 024 035 781
0.16 003 324 0.16 036 533 | 016 034 7.79
0.08 023 320| 008 074 549 | Q08 097 7.83
024 -0.40 0.32 -0.22
75% 0.16 -0.11 0.24 -0.09
008 o023 7.1|o0.t6 0.13 10.14
0.08 039 1025
Table 4.17:5/d & sl/d ratio for a given ductility ratio
Ductility P» =0.5% Pv =1.0% Pe=2.0% 2 =3.0%
Ratio s/d slid K | sid siid K [sd sid x |sid siid K
057 089 0.13
2 032 128 0.12
0.50 -0.54
4 032 051 027
024 09 033
032 -0.12 0.50 0.47 031
6 024 003 059 [032° 0.81 032
0.16 0.15 061 | 0.24 096 0.32
0.08 050 0.57
0.16 -0.80 032 0.19 053
8 0.08 004 0289 024 032 0.52
0.16 0.47 0.52
0.08 090 053

72




Loh d d .t A & b 4 3 8 A4 2 kA )

L L L R R L R L]

Sectlion 1

350

L INE I DAL I 20 I 2 D L L L)

Section 2

CRLILIE 20 B 30 3 2 BRI

Section 3

Figure 4.1: Details of Sections reinforced with W.W.F.

300

/25

"'I’I“'I""“"'
NN

I
t

TITTITI T YT T I Y Yo Y

RO

Section 6

73




N LI LB 2R B §

Ado A b A 0. 2 2 20 0 a2l
OO

Ll
1
1

L2 L LN LI

roonnnarornennond Bllbe o = T
- g
2 150 & 150
3 :
-] 150 3 150
- s 5 L

Section 11

350

) o] T2 r 1 T2
- ] 100 3 ] 100
1 SR x 1 L
2 [ 5 "

3 1 {100 R ] | 100
8 J] g &

- 1 T R 1 T
N . 100 5 2 100
: d I | 4 T

Section 9 Section 12 .

Figure 4.2: Details of Sections Reinforced with W.W.F. (Cont’d)

74



[ I -
Y Wl RO AOOAAASSARSARARNAAG =} o
2 2
150 = y 310.8
Y AN > o6

Cross Sectien !

350

350

LI L L e

L)
3

P A M)

T

—

Cross Section 2

350

350

.....................

2 - 19.6
K ¥ 103.6
X 103.6
% 103.6

Cross Section 3

Figure 4.3: Details of Sections Reinforced with Re-bars

75

i9.6

155.4

1554

19.6



1.0

s/d=.08
A po= 05— p,=1.0 ===
0.8 |
\ p-= 2 0 ------- P.=3 0 — —
., ~ ~
0.6 | \ -
T -——_.____
¥ | seelll 0 T
o4 b TTTTTeeeal
02
0.0IllllllLlllLA[!AAll')LlA
0.2 0.4 0.6 0.8 1.0 1.2
Sl/d
Figure4.4: Effect of Reinforcement Arrangement on Strength Enhancement
(W.W.F.)
1.0
5/d=0.16
= 0.5—— p,=1.0 ===—
08

p.= 2,0.--.. .as P'=3_0.._._

0.6 |- \

...... ~._,___‘_
0.4 § Sl T
——_—_'_'—'—u—
0.2 ™
0.0 NI TN S U U S SR NP S WU T "'
0.2 0.4 0.6 0.8 1.0 1.2
Si/d

Figure4.5: Effect of Reinforcement Arrangement on Strength Enhancement
(Re-bars)

76



£85/0.004

Figure4.6: Effect of Reinforcement Arrangement on Ductility (W.W.F.)

£85/0.004

Figure4.7: Effect of Reinforcement Arrangement on Ductility (Re-bars)

10.0

g.0

6.0

4.0

2.0

0.0

10.0

8.0

6.0

2.0

0.0

5;’C-=-OS
~_ pu= 05— pu=i0—=="
| - Pv= 2.0-reemeer pv=3'0_-——
\
- - -_E—_
0.2 0.4 c.6 0.8 1.0 1.2
Si/d

s/d=0.16
\ pv= 0.5 —— py=1.0v=-ue=
= e \ p'= 2.0---“-—- p'=3.0 — o p—
— %
0.2 0.4 0.6 0.8 1.0
si/d

77

1.2



0.6

v 04

0.2

0.0

si,/e=0.89
Pu= 0.5 pe=1.0=-=mm=
b~ Pe= D0eeeenn - PH=3'G_-—
0.0 0.3 0.4

0.2
S/d

Figured.S: Effect of Tie Spacing on Strength Enbancement (W.W.F)

0.8

0.6

0.2

0.0

sl/d=0.89
pv= 05— py=1.0-u-—
- Pu= 2.0-0mneee Pv=3.00—0—
» \ -
-------------- \ -
--...___._.“-""‘-:—'-\.___-
0.0 0.1 02 0.3 0.4 Q.5 0.6

Figure4.9: Effect of Tie Spacing on Strength Enhancement (Re-bars)

78



E£85/0.004

£85/0.004

12.0 —
si/é=0.89
pe= 0.5 Lo=1.0u0cac
8.0 F \ Po= 2.0 careers py=3.0—]
o ‘\ _
6.0 | —_—
so kb T
20F  __ TTTTTTTTTmTmeoees
C.0 - . -
0.0 0.1 02 0.2 0.4
S/d

Figure 4.10: Effect of Tie Spacing on Ducdlity (W.W.F.)

10.0 :
sl/d=0.89
A= 0.5 —— py=10=w="
8.0
o= 2.0 eeeem 9y =30
~— -
5.0 \‘ —
%
‘.o L e
Zo I e Ll O PP
0.0 SSmma ' ' '
0.0 0.1 02 0.3 0.4 0.5 0.6

Figure 4.11: Effect of Tie Spacing oz Ductility (Re-bar)

79



1.0
o1/¢=0.56
§32032 ~mmm5d=0.22
0.8 | oo smee =0, 16 = mesid=0.08
0.€ I
b
0.4 |
02 F
0.0 ' s .
0.0 1.0 2.0 3.0 4.0
Rho
Figure4.12: Effect of Volumetric Ratio on Strength Enhancement

(W.W.F.)

1.0
s1/d=0.87

—/d=0.49 -~ —5/d=0.32
0.8 weenmmees/d=0.24 a—mem—g/d=(.16
0.6 |

x
04 |
0.2 F
0.0 : . '
0.0 1.0 2.0 3.0 4.0

Rho

Figure 4.13: Effect of Volumetric Ratio on Strength Enhancemnent
(Re-bar)

80



10.0
8.0 F /
7
S sof / e
o e
=)
>
W a0t
L
sl/d=0.89
20 F — /=032 == —5/d=024
e s rremgfd=0). 1 G == ——s/d=0.08
0.0 ' -
0.0 10 2.0 3.0 4.0
Rho

Figure 4.14: Effectof Volumetic Ratio on Ductlity (W.W.F.)

10.0
sl/d=0.87
—fd=0.49 ———=s/d=0.32
8-0 = “-”'“gd=0.24 —"'—S/d=0.16
g 6.0 |
<
o
>
o 4.0 F
ud
20 F
0.0 L v X [

0.0 1.0

2.0 3.0 4.0
Rho

Figure 4.15: Effect of Volumetic Ratio on Ductility (Re-bar)

81



Redar
0.75 | =—=--=Rebar=W.W.F.
v 950¢
025 | —_—
0.00 . :
0.25 050 0.75 1.00
Si/d
Figure 4.16: Effect of Use of W.W.F. combined with Rebars on Strength
Enhancement
10.0
Rebar
8.0 I
------ Rebar+W.W.F
3 eob T
2
(=
P
o 4.0 -
Ll
20
0.0 ! v [
0.25 0.50 0.75 1.00
Si/d

Figure 4.17: Effect of Use of W.W.F. combined with Rebars on Ductility

82



Chapter 5

Conclusion

Based on the results of the experimental and parametnc investigations

carried out, the following conclusions can be made:

1. The use of W.W.F. for concrete confinement in reinforced concrete
columns improves strength and ductility. However, W.W.F. lacks the
required stiffness to sustain axial compression and can not provide
the required ductility without a reinforcement cage. Once the peak
load is reached the wire: buckle and the shear failure may follow.
Therefore, further research is required to verify the use of W.W.F.
with larger size wires, if W.W.F. is to be the only reinforcement in

the column.
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2. Colnmns with a volumetric reinforcement ratio of less than 0.5 be-

have simnilar to plain concrete columns.

3. The analytical model proposed by Saatciogiu and Razvi 3] to predict
stress-strain relationship of confined concrete i= found to be excellent
in predicting test results. The advantage of the model over previously
proposed models lies in its simplicity, ability to predict the behavior of
poorly as well as weli confined columns, and versatility in predicting

behavior of columns reinforced with different types of reinforcement.

4. Strength and ductility of columns improve with reduction in tie spac-
ing. The effect of tie spaciag is directly related to the level of con-
finement pressure that can be developed. If the volumetric ratio of
steel is too low, or the distribution of laterally supported longitudinal
reinforcement is not good, reduction in tie spactng alone is not suffi-
cient to develop the necessary confinement pressure. For p,=1.0% it
was shown that a 33% reduction in s/d ratio results in an increase in
strength and ductility ratio of 15% and 6%, respectively. The same
reduction in spacing show only 10% and 3% improvement in strength
and ductility when the volumetric ratio is reduced by one half. Tie
spacing becomes more pronounced when the other confinement pa-

rameters are favorable.

5. Reinforcement arrangement of a column section, which reflects the
distribution of longitudinal reinforcement as well as tie arrangement,
has a significant effect on strength and ductility of columns. Columns

with well distributed longitudinal reinforcement, where cach rein-
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forcement is laterally supported by 2 corner of a hoop or a cross
tie. ~how improved strength and ductility even if the tie spacing is
not small. It was shown that at a volwnetric ratio, p,=1.0% the re-
duction of 33% in s;/d ratio resulted in an increase of strength and
ductility ratio of 12% and 6%, respectively. However, when the volu-
metric ratio was reduced by one half, the corresponding increases in
strength aad ductility were 2% and 0% for the same reduction in s;/d

ratio

Increase in volumetric ratio of transverse reinforcement improves strength

and ductility of <olumns. However, if the spacing of lateral and longi-
tudinal reinforcements are too large, the increase in volumetric ratio
alone does not improve strength and ductility appreciably. An in-
crease in volumetric ratio of 50% results in an increase in strength ard
ductility ratio of 17.4% and 59%, respectively. The volumetric ratio

was found to play the major role on ductility of core concrete.

Use of W.W.F. as confinement reinforcement i columans with longitu-
dinal reirforcement tied by lateral ties results in a significant improve-
ment in strength and ductility of columns. Combined use of W.W.F.
with re-bars may produce strength and ductility increases of up to
170% and 75%, respectively, over those reinforced with re-bars alone.
Therefore, combined use of W.W.F. with ordinary reinforcement cage
is found to be an ideal substitution for confining reinforcement con-

sisting of closely spaced re-bars.

85



Bibliography

{1] ACI 318-89, "Building Code Requirements for Reinforced Concrete,”

American Concrete Institute, Detroit, Michigan, 1939.

2] Ahmad,S.H., and Shah,S.P., "Stress-Strain Curves of Concrete Con-
fined by Spiral Reinforcement,” ACI Journal, Vol.79, 1982, pp. 484-
490.

[3] Bresler,B., and Gilbert,P.H., "The Requirements for Reinforced Con-
crete Columns,” ACI Journal, Vol.58, No.5, Nov.1961, pp. 555-569.

[4] Canadian Standards Association, "Design of Concrete Structures for

Buildings,” National Standards of Canada, CAN3-423.2.M84.

[3] Chan,W.L., "The Ultimate Strength and Deformation of Plastic
Hinges in Reinforced Concrete Frameworks,” Magazine of Concrete

Research, Vol.7, No.21, Nov.1955, pp. 121-132.

(6] Fafitis,A., and Shah,S.P., "Prediction of Ultimate Behavior of Confined
Columns Subjected to Large Deformation,” ACI Journal, Proceedings
Vol. 82, No.3, July-Aug.1985, pp. 423-433.

86



£
{

(9]

[10]

[11]

[12]

(13]

14]

Hognestad.E.; Hanson N.W., and McHenry,D., " Concrete Stress Dis-
tribution in Ultimate Strength Design.” ACI Journal, Vol.52, Dec.1955

pp. 433-479.

Iyengar,K.T.S.R., Desayi,P., and Reddy,K.N,, "Stress-Strain Charac-
teristics of Concrete Confined in Steel Binders,” Magazine of Concrete

Research, Vol.22, 1970, pp. 173-184.

Karasan,I.D., and Jirsa,J.0., "Behavior of Concrete Under Compres-
sive Loadings,” ASCE, Journal of Structural Division, Vol.95, ST12,
Dec.1969, pp. 2543-2553.

Kent,D.C. and Park,R., "Flexural Members with Confined Concrete,”
ASCE, Journal of Structural Division, Vol.97,pp.1969-1990.

Mander,).B.,Priestley, M.JLN., Park,R.,"Theoretical Stress-Strain
Model for Confined Concrete,” ASCE Structural Journal, Vol.114,
No.8,1988, pp.1804-1826.

Ozcebe,G., and Saatcioglu,M, "Confinement of Concrete Columns
for Seismic Loading,” ACI Structural Journal, Vol.84, No.4,July-
Aug.1987, pp. 308-315

Park,R. and Sampson,R.A., "Ductility of Reinforced Concrete Column
Sections in Seismic Design,” ACI Journal, Proceedings, Vol.69, No.9,
Sept. 1972, pp. 543-551

Park,R. and Paulay,T.,”Reinforced Concrete Structures,” John Wiley
& Sons, New York, London, Sydney, Toronto, 1975, 769pp.

87



3]

(16]

[18]

19}

[20]

(21]

Park,R., Priestly,M.J.N._ and Gill.\WW.D_," Ductility of Square Confined
Concrete Columns,” Proceedings, ASCE. Vol.10S, ST4, April 1982
pp-929-950.

Pfitser,J.F., "Influence of Ties on the Behavior of Reinforced Concrete
Columns,” ACI Journal, Proceedings, Vol.61, No.5, May 1964, pp.521-
537.

Razvi,S.R.,and Saatcioglu,M., "Confnement of Reinforced Concrete
Columns Reinforced with Welded Wire Fabric,” ACI Journal, Pro-
ceedings Vol.86, No.5, pp.615-623

Razvi,S.R.,”Behavior of Reinforced Concrete Columns Confined with
Welded Wire Fabric,” Thesis submitted to the University of Ottawa
in partial fulfillment of the requirements for M.A.Sc., 1988.

Richart. F.E. Brandtzaeg, A., and Brown, R.L..”A Study of the Fail-
ure of concrete under Combined Compressive Stresses,” University of

Nllinois, Engineering Experimental Station, Bulletin No. 185, 1928.

Richart,F.E.,Bradtzacg,A ., and Brown,R.L.,” The Failure of Plain and
Spirally Reinforced Concrete under Compression,” Univ. of Illinois En-

gineering Experimental Siation, Bulletin No. 190, 1429, p.74

Roy,H.E.M., and Sozen,M.A., "Model to Stimulate the Response of
Concrete to Multi-Axial Loading,” Civil Enginecring Studies, Struc-
tural Research Series No.268, University of Illinois, Urbana, 1963,
227pp-



2

b
L

2

(23]

[24]

[25]

(28]

Saatcioglu, M., and Razvi,S.R. "Analytical Model for Confined Con-
crete,” Research Report, Department of Civil Engincering, University

of Ottawa, 1990.

Sakai,K., and Sheikh,S.A., "What Do We Know About Confinement
in Reinforced Concrete Columns,” ACI Journal, Proceedings, Vol.86,
No.2, Mar.-Apr.1989, pp. 192-207.

Sargin,M.;Ghosh,S.K., and Handa,V.K., "Effects of Lateral Reinforce-
ment upon the Strength and Deformation Properties of Concrete,”

Magazine of Concrete Research, Vol.23, 1971, pp. 99-110.

Scott,B.D., Park,R., and Priestley M.J.N., "Stress-Strain Behavior of
Concrete Confined by Overlapping Hoops at Low and High Strain
Rates,” ACI Journal, Proceedings, Vol.79, No.1, Jan.-Feb.1982, pp.13-

27.

Shah,S.P., and Rangan,B.V., "Effects of Reinforcement on Ductility of
Concrete,” Proceedings,ASCE, Vol.96, ST6, June 1970, pp. 1167-1184

Sheikh,S.A."Effectiveness of Rectangular Ties as Confinement Steel in
Reinforced Concrete Columns,” Thesis presented to the University of
Toronto in 1978, in partial fulfillment of th. requirement for the degree

of philosophy.

Sheikh,S.A.,and Uzumeri,S.M.”Strength and Ductility of Tied Con-
crete Columns,” Proceedings, ASCE, Vol.106, ST5, May 1980,
pp-1079-1102

89



30]

(32]

[33]

. Sheikh.S.A. "A Comparative Study of Confinenment Models.” ACI

Journal, Proceedings, Vol.79, No.4. July-Aug. 1982, pp.296-306.

Sheikh,S.A., and Uzumen,S.M.,” Analytical Model for Concrete Con-
finement in Tied Columns,” Proceedings, ASCE,

Vol.108,5T12,Dec.1982, pp.2703-2722.

Sheikh,S.A., and Yeh,C.C.,”Flexural Bechavior of Confined Concrete
Columns,” ACI Journal, Proceedings, Vol.83, No.3, May-June1936,
pp-389-404.

Soliman M.T.M., and Yu,C.W., "The Flexural Stress-Strain Relation-
ship of Concrete Confined by Rectangular Transverse Reinforcement,”
Magazine of Concrete Research, Vol.19, Dec.1967, pp. 223-238.

Vallenas,J., Bertero,V.V., and Popov,E.P.,"Concrete Confined by
Hoops and Subjected to Axial Loads,” Report No. UCB/EERC-77/13,
Earthquake Engineering Research Center, University of California,
Berkeley,1977, 114 pp.





