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Abstract

Concrete when sub jected to lateral pressufe exhibit:.s increase in strength
and ductility. In case of reinforced concrete columns, lateral pressure can
be provided by transverse reinforcement. At a high axial strain level, trans-
verse strain in concrete increases due to progressive internal cracking. In
the presence of lateral reinforcement, the expansion tendency of concrete is
' resisted by restraining pressure ;ml;plied by the reinforcement. This limits
further internal cracking in the concrete and improves its ability to sustain.
hig}ier stresses and strains. The main variables a.ﬁ'ectix'lg the shape of the
“stress-strain relationship for confined concrete are: lateral préssure applied ,
by steel, spacing of ties, longitudinal steel distribution, concrete?trength

and rate of loading.

In this investigation, thirty four small scale columns were tested under.
monotonic axial compression. The objective of the research program was
to study concrete confinement by a cage which consisted of hoops and/or
closely spaced reinforcement in both longitudinal and transverse directions ‘
in the form of Welded Wire Fabric. The main variables studied in this
program were: tie spacing and amount of lateral reinforcex;l\ent, tie hooks,
location and size of WWF in the reinforcement cage, and possibility of

using WWE as lateral reinforcement without the ties.

The test data were evaluated. The axial load axial strain relationships

for columnns, and core concrete were studied. Significant improvement in



strength and ductility was observed when WWF was used along with ties
with 135 degree hooks or ties with 90 degree hooks welded at the ends. An
analytical proce'dure was ‘Elevelopéd to determine stress-strain relationship
of concrete confined with Welded Wire Fabric. Cfm_lpa.risons‘ between the

A

éxperimental and analytical behaviors were found to be good.

¢
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Notations

Ay = area of bound concrete under compression. l

A, = area of concreté under compression.

A = area of the core bounded By the centerline of the outer tie.
4, = gross area of column cross section.

Age9e = cross sectional area of a wire in WWTF.

.-1., + = area of longitudinal steel.

Al = area of longitudinal wires in WWF

AY = . area of tie steel. |

A = total cross sectional area of ties including cross ties.

a, = cross sectional area of spiral or hoop.

B = width of concrete core. ‘

& . = width of confined core measured to outside of hoops.

o * = center to center distance between longitudinal bars.

c = center to center distance between longitudinal wires in WIVF.

d = diameter of core concrete,

d. = equivalent diameter,

E. = modulus of elasticity of plain concrete.

fi fo = concrete stress. &

See = ' strength of confined coacrete.

feos fo = strength of concrete in plain specimen.

b = ultimate étrength of plain concrete obtained from standard cylinder test.
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fr = yield strength of WWF.

fe = confinement index.
fi = useful stress in lateral steel. .,
fy = vyield strength of longitudinal steel.
fons £y, = yleld strength of lateral tie.
fowws = yield strength of WWF.
fo = peak stress of concrete. |
Fy = stress in steel corresponding to 4% strain.
H = short side dimension of the core.
K = ratio of strength of confined concrete to the s.trength of plain concrete.
kd = depth of neutral axis from extreme compression fiber.
(kd)o = depthof neutral axis in Sargin’s tests (125mm)
K, = ratio of strength of confined concrete to the strength
. of plain concrete id the specimens of similar size and sh-ape.
s, = ratio of maximum stress in the confined core concrete to cylinder stress.
K, = ratio of maximum stress in the plain concrete to cylinder stress.
L = tﬁtal length of ties at tie level : :
m = number of regression coefficient.
N = gdumber of data points.
n = number of spacing between longitudinal bars.
p’ = ratio of volume of hoops to volume of concrete corg measured t6

outside of hoops.

Paa = extra load carrying capacity of the concrete due to confinement.
P.mez = maximum load carried by concrete.
P = total load carried by column.
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Peone = load carried by concrete.

P, = theoretical capacity of column.

P, = theoritical capacity of column concrete.

Poce = theoritical capacity of core concrete.

Py = load carried by longitudinal steel.

Pio = maximum load carried by column as observed in test.

P, = theoritical capacity of column concrete. |

q" = parameter reflects the efféctiveness of transverse reinforcement
in concrete confinement.

s = tie spacing.

R _ = longitudinal spacing at which lateral reinforcement
is not effective in confining the concrete. )

WWF = welded wire fabric.

€, € = average longitudinal strain in concrete.

€ce: €51, € = minimum average longitudinal strain corresponding to the maximum
stress in conéi‘ete.

€cf = longitudinal strain of confined concrete corresponding to 0.8 of peak
stress on the falling branch of the curve. -

€csy €52, €2 = maxXimum average longitudinal strain corresponding to the maximum
stress in concrete. ,

€co = average longitudinal strain in column c.orresponcling to maximum load
carried by the column.

€c3s = average longitudinal strain in column corresponding to 0.85 of maximum

load carried by the column on the falling branch of load-strain curve.
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€0y €00 = strain corresponding to maximum stress in plain concrete.

€oc = strain corresponding to maximum stress in confined concrete.

€ = strain corresponding to peak stress in concrete. \
€, v = strain 1o longitudinal steel. -

€185, €85 =

average longitudinal strain of confined concrete corresponding
to 0.83 cf peak stress on the falling branch of the curve. |
© €200 = longitudinal strain of confined concrete corresponding

to 0.20 of peak stress on the falling branch of the curve.
€504 = longitudinal strain of unconfined concrete corresponding

to 0.50 of peak stress on the falling branch of the curve.
€s0c; €30 = longitudinal strain of confined concrete corresponding

to 0.50 of peak stress on the falling branch of the curve.

€504 = E50c — €50u

¢ P = drop in load carried by column between €., and (€., + 2%).

A = ratio of area of effectively confined concrete to the core area at tie level.
A” = ratio of area of effectively confined concrete to the

core area at critical section midway between the ties.

O = standard error.

Peore = ratio of area of longitudinal steel to core area of columa.
Pyross = ratio of area of longitudinal steel to gross area of column.
Ds = ratio of v‘olﬁme of tie steel to volume of concrete core

measured center to center of outer tie.

P, - = ratio of volume of lateral wires in WWFE. to volume of concrete core.
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Chapter 1

Introduction

1.1 General

During the last decade, structural engineers have been paying more atten-
tion to the behavior of structures subjected to earthquake excitation. A
natural outgrowth of the life threatcning and property damaging earth-
quakes is to conduct further research to establish safe and reliable design

techniques for structures situated in seismically active regions.

The importance of ductility and associated energy absorption capacity of
a structure in resisting earthquakes has long been recognized. The need
for ductility was emphasized in recent years in light of the damages sus-

tained by ductile buildings subjected to severe earthquakes. The previous



research has shown that the required ductility can be attained relatively
easily if the member behaves essentially in the flexure mode. Therefore, in
earthquake resistant frame structures, the moment capacity of columns at
a joint are made higher than the adjoining beams. The rationale behind
this restriction is to en.ure that plastic hinges, which absorb earthquake
induced energy, occur in the flexure domiﬁant beams rather than the ax-
ially compressed, columns. However, this restriction may not be sufficient
to prevent column hinging. Recent carthquakes showed that hinging of
columns might take pla(_:e even if they were designed following the strong
column weak beam concept [12]. Moreover, it is difficult to prevent column

hinging at the base of a multistory structure.

Conmpression failure in reinforced concrete members is a britt_lc failure. It
1s evident that special design and detailing techniques must be employed to
improve ductility of a column, which is a compression member. Previous
research has. demonstrated that confinement of column concrete improves

ductility very significantly.

1.2 Research Needs

In order to have columns capable of behaving in a ductile manner, it is
essential to understand the behavior of concrete in columns at high com-
pressive strain levels, higher than that corresponding to peak compressive

strength. It has been well established that the strength and ductility of

o



concrete increase when subjected to lateral pressure {11]. The lateral pres-
sure in the case of reinforced concrete columns can be provided by-lateral,
reinforcement. Concrete under high axial compression develops transverse
strains due to progressive internal cracking. In the presence of lateral re-
inforcement it starts applying pressure on the steel which in turn applies
rcactive pressure on the concrete [11]. This limits further internal crack-
ing in the concrete and improves its ability to siistain higher stresses and

strains.

The main factors affecting concrete confined by reinforcement, as concluded

by various rescarchérs, are as follows:

1. Confining pressure applied by lateral reinforcement. This pressure is

a function of two parameters:

e The ratio of volume of lateral steel to the volume of core concrete.

¢ The yield strength of lateral reinforcement. !

Lo

Spacing of transverse reinforcement.
3. Distnbution of longitudinal steel.

4. Tie configuration.

5. Concrete strength.

6. Rate of lo;'lding.

7. Amount of longitudinal reinforcement.



Researchers recently showed that both longitudinal and transverse rein-
| forcement are éffective in confining concrete if they are designed to satisfy
specific requirements[2]. Therefore it is reasonable to assume that concrete
confinement will be increased if the concrete is placed in a cage which con-
sists of closely spaced reinforcement in both longitudinal and transverse
directions. Welded Wire Fabric (WWF) appears to satisfy this require-
ment. However, no attempt has been made in the past to investigate the

effect of Welded Wire Fabric on concrete confinement.

Welded Wire Fabric has the following favorable features for concrete con-

finement :

1. Spacing is small between transverse reinforcement. Researchers found
that reduction in spacing between transverse rcinforcements results in
higher strength and ductility, even if the same amount of transverse

steel is used.

b2

. Welded Wire Fabric provides longitudinal reinforcement which is ef-

fective in concrete confinement.

3. The longitudinal reinforcement is well distributed around the core

perimeter.

4. ‘The unsupported length of longitudinal reinforcement is small,

" There is a clear need for research in this area.



1.3 Objective and Scope

The objective of-the research program reported here is to study the effect
of Welded Wire Fabric reinforcement on the behavior of square reinforced
concrete columns. The objective includes establishment of a relationship

between Welded Wire Fabric and concrete conﬁn;:ment.

The scope consists of experimental and aﬁalytical investigations of column
response. The experimental program includes testing of thirty four small
scale square columns (160 x 160 x 460 mm). lColurnns were tested un-
der monotonic axial compression. Testing was performed in the concrete

laboratory of the University of Ottawa.

To study the effectiveness of Welded Wire Fabric on concrete confinement,

the following cases were considered in this p-rogram :

1. WWF placed between longitudinal steel and wélded ties with 90°

hooks.

™o

WWTF placed inside longiEudinal steel and welded ties with 90° hooks.
3. WWF placed inside longitudinal steel and ties with 135° hooks.
4. WWF placed between longitudinal steel and ties with 90° hooks.

5. WWF and longitudinal steel without any ties. Three types of Welded

Wire Fabric connections were considered:

(w41



e Welded at overlaps.
¢ Mechanically connected.

s Connected with wires.

6. Columns with different size welded wire fabric.

To quantify the findings of the aforementioned cases the following key vari-

ables were used:

Concrete strength.

Amount of .longitudinal steel.

¢ Tie spacing

Tie hooks (135° versus 90°) ’
k4
‘The analytical program includes evaluation of test data and establishment

of concrete stress strain relationship for columns confined by WWF.

I

e
1.4 Prev.ious Research

‘A number of experimental and analytical research has been conducted in
the past to investigate confinement of concrete by rectilinear ties. A com-

prehensive bibliography of this work has been compiled by Sheikh {1] in
1978.



Most of the previous rescarchers tested small scale specimens with four
corner longitudinal bars and simple tie configurations. The researchers
prior to 1975 ignored the effect of longitudinal steel distribution around the
core perimeter and the resulting tie configuration {1]. The main variables

considered in these tests were :

¢ ‘Ratio of lateral steel volume to the volume of concrete core.
o .Lateral steel spacing,.

o Size of lateral reinforcement.

Other variables, considered in some of the previous investigations include:

Concrete strength and type.
¢ Cross section shape and dimensions.

¢ Characteristics of lateral steel (yield strength and heat treatment).

I

Rate of loading.
¢ Response to eccentric loading,.

¢ Response to cyclic loading,

Work done with reference to the above mentioned variables can be found

elsewhere [2,3,5,8,9,10].

-1



Following are the main conclusions drawn from the tests conducted until

1977, that has relevance to the current project:

1. Stiffness of concrete does not change as a result of the use of rectan-

gular lateral ties. ~ :

-

2. The effect of ties on concrete core strength seetns to be controversial
issue among many researchers. The reason for the disagreement might
be due to the fact that in most of these tests, the ratio of concrete
core area to the gross area of the specimen was small. After spalling
of concrete cover the capacity of the confined core would not exceed

the capacity of unconfined specimen based on gross concrete area [7].

3. Ductility increases significantly by reducing tie spacing and increasing

~amount of lateral reinforcemoent.,

4. The behavior of large scale columns is different than equivalent small

scale columns.

5. Longitudinal steel improves the cfficiency of confinement provided by

lateral steel.

The analytical models, proposed by different researchers, were based on
specific test results [1}, and limited in their scope of application. A com-

prehensive discussion of various models have been made by Sheikh[6] in

1982.



The effect of longitudinal column reinforcement on concrete confinement

was discussed by Paulay [11] in 1975 and Vallenas, Bertero and Popov [16)

in 1977. However, it was not until 1978 when Sheikh and Uzumeri demon-
the substantial improvement achieved in column strength and duc-
tility by distributing the longitudinal steel around the core perimeter and
providing a support for each bar by means of cross ties and/ or hoops [2]. At
the University of Toronto, Sheikh and Uzumeri tested twenty four columns
with 305 x 305 x 2000 mm dimensions under monotonic axial corﬁpres-
sion {1,2]. Column reinforcement included four different t-ie configurations
and eight to sixteen longitudinal bars. The following main variables were

considered in their tests :

¢ Distribution and amount of longitudinal steel around the core perime-

ter.

¢ Volumetric ratio, spacing and characteristics of lateral steel.
The following conclusions were made based on the test programgfg) :

e The strength of concrete increased up to 70% when confined with
rectangular ties and well distributed longitudinal steel. Significant

improvement in ductility was observed.

o Well distributed longitudinal steel and resulting tie configurations

increased both strength and ductility. Enhancement of strength and



ductility was observed when tie spacing was reduced, even if the same -

volumetric ratio was used.

e Strength and ductility were improved by increasing the amount of
lateral steel. The incremental improvement was less than the incre-

mental increase in lateral steel content.

e The amount of longitudinal steel, within the range of 1.7% to 3.7%,

had small effect on concrete confinement.

In 1982, B. D. Scott, R. Park and M. Priestley, tested twenty five columns
having 450 x 450 x 1200 mmn dimensions, at the University of Canterbury in
New Zealand [3]. Each column contained either eight or twelve longitudinal
steel bars. The tests were conducted under high and low strain rates.
Among the variables considered, the effect of longitudinal steel distribution
on enhancement of concrete strength and ductility, was also examined. The

following conclusions were reported:

e Properly confined concrete showed significant improvement in com-

pressive strength.

¢ Increasing number of longitudinal reinforcing bars, while maintaining
a constant longitudinal reinforcement area, showed improved. confine-

ment. This was manifested by reducing the longitudinal bars spacing.

s Increasing the amount of lateral reinforcement increased the peak

stress for concrete core and decreased the slope of the falling branch

10



of the stress-strain relationship for concrete core. Increasing spacing
of lateral reinforcement resulted in reduction of confinement efficiency

for the same amount of lateral reinforcement.

In 1985, Fafitis and Shah developed simple equatilons to predict the stress—
strain relationship of confined concrete [5]. Although they recognized the
importance of tie spacing, distribution of longitudinal steel and the resulting

tie configuration was not included in their equation.

In 1987, Ozcebe and Saatcioglu reported results of column tests conducted
under constant axial load and Iater‘al load reversals [4]. One of the variables
studied was the effectiveness of longitudinal reinforcement in confining the
core concrete under bending moment reversals. They concluded that longi-
tudinal bars could improve the confinement efficiency under inelastic load

cycles only if they were properly supported by lateral reinforcement.

It can be concluded from the results of previous research, that both longitu-
dinal and lateral reinforcement are effective in confining the core concrete.
Reduction in longitudinal and lateral reinforcement spacings increases con-
crete confinement, due to the increase in the area of effectively confined
concrete core. In the light of this conclusion WWF was used in this re-

search program as confinement reinforcement.
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Chapter 2

Experimental program

2.1 General

The experimental program was designed to investigate the effectiveness of
, Welded Wire Fabric in conﬁning'reinfdrced concrete columns. It included
testing of thirty four small scale square columns, under monotonic axial
compression. Although the tests were made under monotonic axial com-
pression, the results could be useful to predict the behavior of the same
columns under cyclic loading. Researchers showed that the envelop curve
of the axial load versus strain under cyclic loading is almost the same as

that cbtained from monotonic compression[17].

Details of the test specimens, test set up, instrumentation and test proce-
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Figure 2.1: Geometry of a typical test specimen

dufe are described in this chapter. In addition, the material properties and

4

2.2 Test specimens

The test specimens were cast vertically in three sets. The first set contained
ten columns, the second and third sets cgnta.ined twelve columns each. All
columns were 160 x 160 x 460 mm. Figure 2.1 illustrates overall geometry
of the specimens. Different reinforcement configurations were considered

in the test prégram. The specimens were labelled on the basis of their re-

13



inforcement configurations, and concrete strength. Therefore specimens
throﬁgh 18 represent eightéén different reinforcement arrangement and/or
conerete strength. Two specimens were tested for each réinforcement con-
figuration with the exception of columns 17(a) and 18(a). The subscript
(a) and (b) assigned to each test specimen distinguish the specimens in a
given pair. This applies to all the columns except columns 17(a) and 18(a)

in set number three.

All colur?ms contained four longitudinal bars, one at each corner, spaced
12O mm center to center. The longitudinal bars were either 16 mm diameter
(No.15) or 11.3 mm diameter (No.10). The ties used were 6.53 mm diumeter
plain bars with hooks extending ten times the bar diameter. The provided
percentage of longitudinal steel was 1.562 for specimens with No.10 bars
and 3.125 for specimens with No.15 bars. Reinforcement details for each
column are presented in Figures 2.2 and 2.6. Tables 2.1 to 2.3 provide a

summary of all test specimens and their properties.

Each set was cast from the same batch of concrete. A number of cylinders\
were cast along with each set, to determine the properties of unconfined
concrete. After casting columns and cylinders, they were covered with
. burlaps and plastic sheets for two days. Curing of specizicns continued till

the required strength was reached.
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" COLUMN_I. , COLUMN 2
4-15M 5 4-15M
TIES 6.5mm AT 70mm | TIES 6&.5mm AT 70mm
{

WWF 127 X 127 X 1.45 i i : WWF 254 X 25.4 X 1.B9

(a 2\ | - f_—_l_—\\

COLUMN 3 COLUMN 4
4-15M 4-15M
TIES 6.3mm AT 35mm . TIES 858mm AT 7O mm

e =~ ~
® C C)

N

\ ® \ 9

Figure 2.2: Reinforcement detail of column pairs 1 - 4
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COLUMN 3

COLUMN &
4-I15M 4-10M
TIES 6Smm AT 70mm . TIES €Smm AT 35mm

® e ®

COLUMN T
4-I10M
TIES 65 mm AT 70 mm

, COLUMN 8
: 4-10M
WWF 254 X 508 X 342 (WELDED)

(\ .\ " . v .‘

& o) o . 9

Figure 2.3: Reinforcement detail of column pairs 5 - 8
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COLUMN 9 .
PO Y COLUMN O

4-|0M .
WWF 254 X 50.8 X 3.42 4 - 10M .
{ MECHANICALY CONNECTED) WWF 254 X 50.8 X 3.42 { WIRED }

IR o

N 12
COLUMN 1| COLUMN 12
—_— 4 - I15M
4-10M TIES 6.5mm { WELDED ) AT 70mm
WWF 12.7 X 12.7 X 1.48 { WIRED ) WWF 28.4 X 25.4 X 1.89

A
Figure 2.4: Reinforcement detail of column pairs 9 - 12

’ 17



COLUMN |3

4-I5M

TIES 6.5mm ( WELDED ) AT 70 mm

WWF

12.7 X 127 X 145

COLUMN

4~ ISM

TIES 65mm AT 70mm

COLUMN |14

4 -{5M

TIES 6.5mm ( WELDED) AT 70mm
WWF 12T X (2.7 X |48

/

COLUMN 18
4 -16M
TIES 6.5mm AT 35mm

/ -
P \

R

Figure 2.5: Reinforcement detail of column pairs 13 - 16
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COLUMN |7 COLUMN 18

4-15M 4-15M .
TIES &€.5mm AT 70mm TIES &.5mm AT TOmm
WWF (2.7 X 12.7 X 1.45 WWF 25.4 X 25.4 X |.89

S

Figure 2.6: Reinforcement detail of columns 17(a) and 18(a)

2.3 Material Properties

2.3.1 Concrete

Three batches of concrete were used to cast the specimens. Column pairs 1

to 5, 6to 11l and 12 to 18 were cast from batches 1, 2 and 3 respectively.

Following are the concrete specifications for each batch:

1. Batch 1

e Concrete was mixed in lab.

o Mix design 1 :2.5 :4 (cement:sand:aggregate)
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Column No. 1 2 3 4 5
Longitudinal 4No.13
steel
f,(MPa) 470
Poross(70) 3.125
Peore( %) 3.938
fI (MPa) 32
Lateral ties
Bar Size(mm) 6.53
fi(MPa) 373
Spacing® d/2 d/2 d/4 | d4/2 | d/2
p+(%) 1.34 1.34 268 | 1.34 | 1.34
Hook 90° 90° 135° | 135° | 90°
Welded wire
fabric
#
Spacing (mm) | 12.7 x 12.7 | 25.4 x 25.4 N.A. | N.A. | N.A.
Gage - 16 14 - ‘
frwws(M Pa) 300 375
0 (%) 0.35 0.30
Length(mm) 600 600

Table 2.1: Details for specimens in set 1

leffective depth (d) = 140 mm
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!
Column No, .G 7 ) 9 10 11
Longiiudinal 4No.10
steel
fy(MPa) o 480
Paross( %) 1.562
Peore(%0) 2.105 -
FL(MPa) 39
Lateral ties
Par size(rmnm) | 6.53 | 6.53
fo(M Pa) 373 | 373
Spacing’ d/4 | d/2 N.A. N.A N.A N.A
po(%) 2.78 | 1.39 X
_ Hook 135° | 135°
Welded wire
fabric
Spacing (mm) | N.A. | N.A. | 25.4 x 50.8 | 25.4 x 50.8 | 25.4 x 50.8 | 12.7 x 12.7
Gage | 10 10 10 16
Fruws(MPa) 500 560 500 300
P3(%) 1.071 1.071 1.0%1 0.391
Length(mm) 600 600 600 600

Table 2.2: Details for specimens in set 2

leffective depth (d) = 140 mm
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Column No. 12 | 13 14 15 | 16 17 18

Longitudinal 4No.15

steel

f/(MPa) 470

Paross( %) 3.125

Peore( ) 3.938

fi(MPa) , 29

Lateral ties

Bar Size(mm) 6.53

fi(MPa) | 373

Spacing ! d/2 d/2 d/2 d/2 | d4/4 d/2 d/2

0(%) 1.34 1.34 134 | 1.34 | 268 | 1.34 1.34
_ Hook a0° 90° . 90° 1356° | 135° 135° 135°

Welded wire

fabric

Spacing (mm) | 25.4x25.4 {2.7x12.7 12.7x12.7 | N.A. | N.A. | 12.7x12.7 l“%5.4x25.'4

Gage 14 16 16 16 14

fywws(M Pa) 375 200 300 300 375

(%) 0.30 0.35 0.35 0.35 0.30
| Length(mm) 600 600 600 600 600

Table 2.3: Details for specimens in set 3

leffectiv2 depth (d) = 140 mm
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¢ Type 10 Normal Portland Cement was used.

4]

e Slump: 90 mm

W/C = 0.72

Concrete strength = 32 MPa (on the day of column tests) .
2. Batch 2

¢ Ready mix concrete was used.
o Type 20 High Early Strength Cement was used.
e Slump: 100 mm

¢ Concrete strength = 39 MPa (on the day of colunn tests)
3. Batch 3
¢ Concrete was mixed in lab.

o Mix design 1:2.5 :4 {cement:sand:aggregate)

» Type 10, Normal Portland Cement was used.

W/C = 1.0

Slump: 100 mm.

Strength = 29 MPa (on the day of column tests)

To insure that concrete was able to pass through the smallest spacing of
wire mesh, which was 12.7 mm, a maximum aggregate size of 10 mm was
used in all columns. The concrete was vibrated very well, and high water-

cement ratio was used to avoid any possible placement problems.
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‘Type number | Spacing(mm) | Gage | Agage(mm?) | fruws(Mpa)

1 12.7 x 12.7 16 1.65 300
2 25.4 x 25.4 14 2.826 375
3 25.4 x 50.8 10 9.160 500

Table 2.4: Details for welded wire fabric

Stress—strain relationship obtained from cylinder tests for each batch of
concrete are shown in Figure 2.7. It should be noted, that the strain is

based on 300 mm gage length in all cylindefs.

2.3.2 Steel ‘

Deformed reinforcing bars with 11.3 mm diameter (No.10) and 16 mm
diameter (No.15) were used as longitudinal steel for the columns. Plain
bars with 6.53 mm diameter bars were used as lateral ties. The stress-

strain relationship for each type of reinforcement is given in Figure 2.8. ‘

2.3.3 Welded wire fabric

Three different types of welded wire fabric were used. Table 2.4 summarizes
the properties of these types. Few samples of WWF were tested for each

type «f WWF. Figure 2.9 shows the stress-strain relationshiﬁ for WWF.
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Figure 2.7: Stress-strain relationship for plain concrete
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Figure 2.8: Stress-strain relationship for steel
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No clear yield point was observed. The yield strength was assumed to be

67% of the ultimate strength.
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g
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Figure 2.9: Stress-strain relationship for WWF

2.4 'Test Setup

All the columns were tested using a Forney concrete compres;sion testing
ri;.aclline with a 1335 kN load capacity. The overall test setup is illustrated
in Figure 2.10. The columns were externally confined in the top and bottom
regions, where the load was applied, by means of steel braciets. Each

bracket «onsisted of four pieces of steel angles that were bolted together.
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Figure 2.10: Overall test setup

Figure-2.11 illustrates the end region of a test specimen.

A thin layer of cement paste was placed at the top of the specimen whenever
it was necessary to make it smooth and level. In addition, picces of plywood

were provided at the top and bottom of the specimens to ensure uniform

* distribution of load. Ball joints could not be used due to the limitation

of clear space between the heads of the testing machine. Shims were used
at column ends to ensure concentric loading. The location and thickness
of the shims were decided through a tria;l-. and - error procedure and by
loading and unloading the columns in the elastic range, prior to the actual
testing. During this process, the axial strain measured on each side was

monitored until they produced approximately the same reading.
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Figure 2.11: Confinement arrangement for top and bottom of the specimen

2.5 Instrumentation

Axial deformations of columns in the longitudinal direction were measured
using linear variable differential transformers (LVDTs). Three LVDTs with
150 mm stroke and one LVDT with 10 mm stroke were used, one on each
face. The LVDTs were held by plastic clamps which were attached to alu-
minum plates (165 x 70 x 2 mm). The aluminum plates were connected to
columns by the help of the steel angles used for confinement of the extreme
top and bottom regions of columns. Figure 2.12 shows the instrumentation

and typical arrangerﬁent of the LVDTs.

LVDT readings were used to compute the average strain of the test region;
The gage length used for this purpose was the portion between the exter-
nally ccfined end regions, i.e., 240 mm. It is to be noted that, in the

\
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Figulje 2.12: Typical arrangemént for LVDTs

low strain range (i.e. less than 0.005), the gage length was assumed to be
350 mm, which was the distance from center of top angles to the center
of bottom angles, tu account for the movement of concrete under the steel
angles. Beyond 0.005 strain, the deformation at the top and bottom of the
column was assumed to be negligible due to the confinement provided by
the steel angles. The total shortening recorded by LVDTs was assumed to

take place in the test region.

Strains in ties were measured using electric strain gages. The central tie
ﬁ had four strain gages, while the ties above and below had two strain gages
each. Hence a totzill of eight Syain gages were used in one, column of each
pair. Strain gages were placed in the center of the outer face of the ties, as

shown in Figure 2.13.

Steel strains and axial deformations of columns were recorded from the \



'Fig;urc 2.13: Strain gage locations
\

strain gages and LVDTs by an HP Data Acquisition System which consisted
of Desktop Computer (HP 9845 B) and Control Unit (HP 3497 A). However,
the load was recorded manually because there Was 1o room in the testing

machine to provide an additional load cell.

It is to be noted that the instrumentation used for some of the specimens in
the first test was different than the arrangement just discussed. In columns
1(a) and 2(a) two pins were inserted into each face of the column, one at
the top and the other at the bottom, to support the LVDTs as shown in
Figure 2.14. Later it was found that the aluminum plates connected to the

angles, provide a better support for the LVDTs.

Some of the earlier columns in the first set were tested using three LVDTs

rather than four,.
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Figure 2.14: Test setup used for columns 1(a) and 2(a)

2.6 Test procedure

The same steel brackets were used for testing all the specimens. Upon
fixing these brackets, each column was placed in the center of the testing
machine. LVDTs were connected to the column carefully, to ensure that the .
pin for each LVDT could move freely. An initial load of 90 to 180 kN was
applied. Column strain was recorded by all four LVDTs. If the reacings
were far from each other, the test was then stopped to adjust the head of
the machine after unloading the column. This procedure of trial and error

was repeated to minimize the effect of eccentricity.

The load was recorded manually at the same time when the strains were

31
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recorded by the computer. In the high strain range, the test was stopped

to adjust the 10 mm LVDT, to allow for a higher range of measurements.

Specimens were loaded until one of the following conditions occurred:

e Excessive spalling of concrete cover which could damage the LVDTs,

* The load was dropping fast.

¢ The bottom plate of the testing machine was rotating, due to excessive

deformations which disturbed tI{(;"LVDT readings.
e

?

Figure 2.15 shows column 3(a) in the testing machine before and after the

- test.



Figure 2.15: Column 3(a) before and after testing
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Chapter 3

Observed Behavior and Test
Results

This chapter provides the rationale behind the design of columns in each
set. Test results, in terms of axial load-axial str%l relationship, and the
observations made during testing are presented in détajl. Specimen propet-
ties can be found in table 2.1 to 2.3. The analysis of test results is discussed

. in Chapter 4.

The specimens were cast in three sets, which represented the staging of
testing. The observed behavior and test results in a given set was a con-
structive step towards the design of the next set. The specimen design, test

results and observed behavior, discussed in this chapter, follow the same

sequence as the test program.
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3.1 General Observed Behavior -

+ - ‘ . . 3
The columns showed similar response under increasing concentric compres-

sion. The peak strain and the behavior after the peak load varied somewhat

‘depending on the confinement characteristics of the specimens. First set

of cracks appeared on column faces at a strain of approximately 0.2%.
These cracks propagated vertically and increased in width before ultimate
strength was reached. At ultimate load, concrete cover was spalled off in
most of the specimens. It was noted however that columns with closely

spaced ties and those reinforced with WWF continued resisting load in-~

crease even after the cover concrete has totally spalled off. This observation

shows that the drop in strength due to the reduction of effective concrete
area was balanced by the enhancement of strength due to confinement. The
load started dropping, in most of the columns, when buckling of one or more
of the longitudinal bars took place. At this time LVDT readings started
deviating substantially from each other. This inciicated load redistribution,
which resulted in eccentric loading. Thisﬁ behavior could be attributed to
uneven ;.spalling of the concrete cover and buckling of longitudinal bars at
different times. Once all the longitudinal bars have buckled, it was observed
that the loading was nearly concentric. The reduction in load resistance
continued at different rates until the end of testing, depending on the test

variables.
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3.2 Set one

3.2.1 General

This set was designed for pilot tests to investigate the possibility of using
WWF as confinement reinforcement in columns. Column pairs 1 and 2 were
designed to have lateral ties spaced at d/2 center to center. In addition,
they were provided with WWF placed between the longitudinal steel and
the lateral ties. WWF was overlepped with a 90 degree bend and extended
a distance of d/2. The 90 degree tie hooks, were extended ten times the
tie diameter. It was not possible to provide 135 degree tie hooks due to
the presence of welded wire fabric. It was anticipated that the presence of
welded wire fabric would reduce the pressu‘re on the ties and hence become
effective even with the 90 degree hooks. The orientation of the hooks in
plan was such that the overlap corner was diagonally opposite to the WWF

overlap corner. This arrangement would insure that both corners would not

‘open simultaneously.”

Column pairs 1 and 2 differ only in the WWF size in order to examine its
effect on concrete confinement. Column pairs 3 was designed according to
the code requirements for structures located at seismically active regions,
forming part of a ductile moment resisting frame[18]. Accordingly lateral
ties were spaced at d/4 center to center with 135 degree hook-s, without the

WWFE. These columns were used as a reference for comparison purposes.

.
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Column pair 4 was designed to have the same reinforcement as that for
column pair 3, except that the lateral ties were pro‘vided at d/2 center to
center. Column pair 5 was designed to have the same reinforcement as

column pair 1 and 2, but it did not contain WWF.

Comparison between the behaviors of column pairs 4 and 5 provides infor-
mation on the effect of hook angle. Comparison of column pairs 5 and 2

or 5 and 1 shows the effect of WWF on concrete confinement.

, " 3.2.2 Observed Behavior

ey

Columns l(a) and 1(b)

Columns 1(a) and 1(b) were prepared with 4 No.15 longitudinal bars. Ties
with 90 degree hooks were placed at d/2 spacing. WWF (12.7 mm x 12.7
mm x 10 gage) was placed between the longitudinal and transverse rein-

forcement.

Figure 3.1 illustrates the axial load versus axial strain relationship obtained
during the test. Columns behaved in a ductile manner till ties started
opening. WWF started tearing off only after the ties have opened, and
generally within the same corner of tie overlap. Once ties have opened,
the load started dropping at a steep rate with respect to the longitudinal

strain. Results of strain gages showed that most ties did not yield neither.
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before nor after the peak load. However few strain gages indicated yielding
after the peak load. This indicates that full capacity of ties was not utilized
and WWF was participating in sustaining the lateral pressure. Buckling of

longitudinal bars took place gradually while the ties were opening.

Although columns 1(a) and 1(b) were identical in design, their test setups
were different. Column 1(a) was the first column tested under the old setup
where pins were used to connect the LVDTs. Moreover, in this setup small
range LVDTs with 10 mm stroke, were used, compared to the 150 mm
stroke LVDTs used in column 1(b). Hence it is anticipated that the results

of column 1(b) are more reliable than those of column 1(a).

Columns 2(a) and 2(b)

Columns 2(2) and 2(b) were provided with 4 No.15 longitudinal bars. Ties
with 90 degree hooks were placed at d/2 spacing. WWF (25.4 mm x 25.4

mm x 14 gage) was placed between the longitudinal and transverse rein-

forcement.

Figure 3.2 shows the results for columns 2(a) and 2(b). The observed be-
havior was similar to column pair 1. Before opening of ties the columns
behaved in a duqtile manner, showing.a well developed yield plateau. How-
ever, while ties were opening, longitudinal bars were bending gradually
tea,nng the WWF and causing the load to drop at a fast rate. Results of
straxn gages showed that the ties were not yielding at peak load. This indi-
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Figure 3.1: Load vs. average strain for columns 1(a) and 1(b)

39



LS

cates that full capacity of ties was not utilized and WWF was participating
in sustaining the lateral pressure. Buckling of longitudinal bars took place

gradually while the ties were opening.

Itis t:) be noted that three 10 mm stroke LVDTs were used for column 2(a), .

whereas three 150 mm stroke and one 10 mm stroke LVDTs were used for

column 2(b).

Columns 3(a) and 3(b)

Columns 3(a) and 3(b) were designed to have 4 No.15 longitudinal bars.
Ties with 135 degree hooks were placed at d/4 Spacing. WWF was not

used in these specimens.

Figure 3.3 illustrates the axial load-axial strain relationship recorded during
the test. The columns behaved in a ductile manner. The slope of the falling
branch of the load - strain relationship was small, approaching horizontal.
Ties were observed to open at a very late stage of loading. All strain gages
indicated yielding of tie bars at or shortly before the ultimate load. This

indicated that the lateral reinforcement was fully utilized.
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Figure 3.2: Load vs. average strain for columns 2(a) and 2(b)
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Figure 3.3: Load vs. average strain for columns 3(a) and 3(b)
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- Columns 4(a) and 4(b)

Columns 4(a) and 4(b) were provided with 4 No.15 longitudinal bars. Ties
with 135 degree hooks were placed at d/2 spacing. WWF was not used in

these speci{nens.

Figure 3.4 shows the test results for these columns. The load started drop-
ping at a fast rate immediately past the peak load. All the strain gages
showed yielding of tie steel when the peak load was reached. At a high

strain level the lateral ties were observed to open.

In an effort to improve the loading mechanism, a different technique was
utilized for testing column 4(b). A small piece of plywood, covering most of
the core area, was placed on the column and the load was applied through
the plywood. This procedure was not successful. Significant eccentricity
was observed accompanied by a substantial drop in strength. Therefore the

results for column 4(b) are not used in the analysis.

Columns 5(a) and 5(b)

Columns 5(a) and 5(b) were provided with 4 No.15 longitudinal bars. Ties
with 90 degree hooks were placed at d/2 spacing. WWF was not used in

these specimens.

Figure 3.5 illustrates the recorded test results for columns 5(a) and 5(b).
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Figure 3.4: Load vs. average strain for columns 4(a) and 4(b)
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Beyond the pe.ak load, the load started dropping at a fast rate as the ties
were opening. Yielding of tie steel was observed in_the tie legs opposite to
the hooks. Gradual buckling of longitudinal bars was observed, as the ties
ceased t6 provide the necessary support. It is to be noted fhat only three

10 mm stroke LVDTs were used for Column 5(a).

“

3.3 Set Two

3.3.1 General

o

Specimens in this set were designed based on the conclusions drawn from
the test results in set one, which had indicated that WWF improved the
behavior of columns at high strain range. The rationale in testing columns
of set two was to investigatéand quantify the influence of WWF on conerete’
confinement. )

Column pair 6 was designed according to the code requirements (i.e., lateral
ties were spaced d/4 center to center with 135 degree hooks). Column pair 7

was similar to column pair 6, but the spacing between the lateral ties was

d/2.

Column pairs 8, 9 and 10 were prepared with WWF but without the tics.
All WWF was bent 90 degrees at the corners, enclosing longitudinal corner

bars. The overlap of WWF extended along the full column face. The only
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difference between these three columns was the manner in which the WWF
overlaps ‘were tied. In column ph.ir 8, WWF was welded to the overlap
la.yel.:. In column pair 9, mechanical connectors were used to ensure that
WWF would not open at tl}e overlaps. In column pair 10 the overlaps wete

tied together by means of 1.5 mm diameter wires.
Column pair 11 was similar to column pair 10 except for the WWTF size.-

1t is to be nqteci that the building code requires the diameter of lateral ties
to be at least 30% of the longitudinal bar diameter. In order to comply
with this requirement, bar No. 10 was used as longitudinal reinforcement

m this set instead of No. 15 which was used in the previous set.

Y

3.3.2 Obser ed Behavior
Columns 6(a) anhdJG(b)

Columns 6(a) and ng) were prepared with 4 No.10 longitudinal bars. Ties
with 135 degree hooks were placed at d/4 spacing. WWF was not used in
these specimens.

oF
Figure 3.6 illustrates the axial load—axial strain relationships recorded dur-

ing the tests. The columns behaved in a ductile manner, showing relatively
high deformations with a little drop in the axial load. Most of the strain

gages indicated yielding of the tie steel before the column reached its ulti-
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mate capacity. Concrete was properly confined even after yielding of the
ties. Ties iwere observed to open towards the end of testing. Sévere buckling

. of longitudinal bars between the ties was observed at the end of testing.

Columins 7 (a) and 7 (b)

Columns 7(a) and 7(b) were prepared with 4 No.10 longitudinal bars. Ties
with 135 degree hooks were placed at d/2 spacing. WWF was not used in

these specimens.

Figure 3.7 illustrates the axial load-axial strain relationships recorded dur-
ing the tests. A gradual reduction in load resistance can be seen immedi-
ately after the peak load. This indicates incffectiveness ::;f tics as confine-
. ment reinforcement when the spacing was too large. At the end of the test,

opening of ties was observed, accompanied by buckling of longitudinal bars

between the tles.

Columns 8 (a) and 8 (b)

Columns 8(a) and 8(b) were prepared with 4 No.10 longitudinal bars.
WWF (25.5 mm x 50.8 mm x 10 gage) was provided as transverse rein-

forcement without ties.
&~

Figure 3.8 illustrates the axial load-axial strain relationships recorded dur-

§
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1

ing the tests. Columns behaved in a brittle manner. Sudden drop of load
was observed immedia‘./tely after reaching the peak load. The drop in load
was attributed to premature bending of longitudinal bars and rapture of
the WWF. It was observed that WWF did not open at-overlap locations.
Instead, it tore along one of the vertical corner bars due to the pressure
applied by these bars. A particular behavior of column pairs 8 and 9, ob-
served during the test was stepwise drop in load after the peak. This can be
explained by a gradual rupture of the WWF. Slight buckling of longitudinal

bars was observed at the end of the test.

Columns 9 (a) and 9 (b)

Columns 9(a) and 9(b) were prepared with 4 No.10 longitudinal bars. Me-
chanically connected WWF (25.5 mm x 50.8 mm x 10 gage) was provided

without ties.

Figure 3.9 illustrates the axial load-axial strain relationships recorded dur-
ing thle tests. The behavior of these columns was similar to that of column
pair 8. The columns behaved in a brittle manner showing a sudden drop
in load immediately after reaching the peak load. The stepwise drop in
load was observed after the peak. The mechanical connection used in these
columns was effective in preventing WWF from opening at overlap loca-
tions. Due to the pressure applied by longitudinal bars, WWF was observed
to tear along one of the longitudinal bars. Slight buckling of longitudinal
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bars was observed at the end of the test.

Columns 10 (a) and 10 (b)

Columns 10(a) and 10(b) were prepared with 4 No.10 longitudinal bars.
WWF (25.5 mm x 50.8 mm x 10 gage), was connected with wires at the

overlap location,

\
Figure 3.10 illustrates the axial load-axial strain relationships recorded

during the tests. The columns behaved ih a brittle manner. WWF was
observed to tear at one of the corners. Slight buckling of longitudinal bars

was observed at the end of the test.

Columns 11 (a) and 11 (b)

Columns 11(a) and 11(b) were prepared with 4 No.10 longitudinal bars.
WWF (12.7 mm x 12.7 mm x 16 gege) was connected with wires at the

overlap location.

Figure 3.11 illustra}:es the axial load-axial strain relationships recorded
during the tests. The behavior of these columns showed the same trend
observed in the previous three pairé of columns without tie reinforcement.
A sudden drop was cbserved in load resistance immediately after the peak

load. The drop in load was attributed to gradual buckling of longitudinal
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reinforcement and accompanied rapture of the WWF,

3.4 Set three

3.4._1 General

It was observed in rset one, that the WWF was effective in confining the
concrete till the lateral ties started opening. Observations from set fwo
indicated the brittle behavior of columns without any lateral ties even if
the WWF was used. Hence most of the columns in set three were designed
to have both WWF and lateral ties. Ties were prevented from opening -

either by welding them or by providing 135 degree hooks.

Column pairs 12 and 13 were designed to have lateral ties spaced at d/2
‘with 90 degree hooks welded at the ends. WWF was placed inside the
reinforcement cage, located in the concrete core, inside both the tie and

longitudinal reinforcement. The only difference between column pairs 12

and 13 was WWTF size.

Column pair 14 was the same as column pa.ir'13, but WWF was placed
between the longitudinal steel and lateral ties with welded 90 degree hooks.
Column pair 16 was designed based on the code requirements, as a referc;' ce
for all columns in this set. Column pair 15 was the same as column pair 16

but having twice the lateral tie spacing. Columns 17(a) and 18(a) had
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lateral ties at d/2 with 135 degree hooks and WWF placed in the same
fashion as in column pairs 12 and 13. Furthermore WWF in these two

columns were different in size:

3.4.2 Observed Beha}vior

Columns 12(a) and 12 (b)

Columns 12(a) and 12(b) were prepared with 4 No.15 longitudinal bars.
Ties with 90 degree hooks, welded at the ends, were placed at d/2 spacing.
WWF (25.4 mm x 25.4 mm x14 gage) was placed between the longitudinal

bars and the welded ties.

Figure 3.12 illustrﬁtes the axial load-axial strain relationships recorded
during the tests. The columns behaved in a ductile manner showing high
axial deformations with a small drop in the axial load. After the peak load,
it was observed that WWF started tearing off at a load corresponding to
approximately 756% of the peak load. Tests continued till the middle tie
was ruptured at a load of about 55% of the peak load. Ties were observed
to rupture at the weld locations. Sudden drgh in the load was observed
immediately after the rupture of the midg(le ie accompanied by buckling
of longitudinal bars. All strain gages showed tRnt ties were yielding at or

shortly before the peak load.
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Columns 13(a) and 13 (b)

Columns 13(a) and 13(b) were prepared with 4 No.15 longitudinal hars.

~ Ties with 90 degree hooks, welded at the ends, were placed at d/2 spacing.

WWF (12.7 mm x 12.7 mm x 16 gage) was placed inside the longitudinal

bars and the welded ties.

f’ig‘,ure 3.13 illustrates the axial load-axial strain relationships recorded
during the tests. The columns behaved in a ductile manner showing high
axial deformations with a small drop in the axial load. The falling branch
of the load deformation curve was almost a horizontal line. After the peak
load, it was observed that WWTF started tearing off at a load corresponding
to approximately TO,%‘ of the peak load. Test continued till the middle tie
\.vas ruptured at a load of about 55% of th:; peak load. Ties were observed
to rupture at the weld locations. Sudden drop in the load was observed
immediately after the rupture of the middle tie, accompanied by buckling

of longitudinal bars. All strain gages showed that the ties were yielding at

or shortly before the peak load.

-
Columns 14(a) and 14 (b)
Columns 14(a) and 14(b) were prepared with 4 No.15 longitudinal bars.

Ties with 90 degree hooks, welded at the ends, were placed at d/2 spacing.
WWF (12.7 mm x 12.7 mm x 16 gage) was placed between the longitudinal

-
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bars and the welded ties.

¢

Figure 3.14 illustrates the axial load-axial strain relationships recorded
during the tests. The columns behaved in a ductile ma.nne‘r. WWEF started
tearing off at the corners of the column at a load corresponding to 85% of
the maximum load carried by the column. Middle ties Avere observed to
rupture at 60% of the peak load, near the corner.The WWTF tore off at the

same location. Sudden drop in load was obscrved after the rupture of the

middle tie. )

Columns 15(a), and 15(b)
K .
Columns 15(a) and 15(b) were prepared with 4 No.15 longitudinal bars.
Ties with 135 degree hooks were placed at d/?. spacing. WWEF was not

used in these specimens.

Figure 3.15 illustrates the axial load-axial strain relationships recorded dur-
ing the tests. Gradual decrease in load resistance was obser;'ed immediately
after the peak. At high strain levels the lateral ties were not capable of pre-
venting longitudinal bars from buckling. Opening of ties was observed at -
the end of the test. |

. <
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Columns 16(a), and 16(b)
Columns 16(a) and 16(b) were prepared with 4 No.15 longitudinal bars.
Ties with 135 degree hooks were placed at d/4 spacing. WWF was not

used in these specimens.

Figure 3.16 illustrates the axial load-axial strain relationships recorded
during the tests. The columns behaved in a ductile manner due to the -
lngh confinement efficiency of closely spaced ties. Ties were yielding at
- the ultimate load, and they were observed to open at load corresponding-to
50% of the maximum load resisted by the columns. Buckling of longitudinal

bars was‘observed at the end of the test.

It is to be noted that due to excessive deformation of column 16(a) the

bottom plate of the testing machine was twisted, and affected the LVDT

readings. . 7

Column 17 (a)

Column 17(a) was prepared with 4 No.15 longitudinal bars. Ties with 135
degree hooks were placed at d/2 spacing. WWF (12.7 mm x g? mm x 16

gage) was placed inside the longitudinal and transverse reinforcemertt.

Figure 3 17 illustrates the axial load—axial strain relatmnshlp recorded dur-

ing the test. In spite of the reduction of the area’confined by WWF! the
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column behaved in a fairly ductile manner. WWF was observed to fracture
after the peak at a load corresponding to 75% of the makimum load. Ties
were yielding when maximum load was reached and started opening at 45%

of the maximum load following the peak load.

Column 18 (a)

. { ;V
Column 18(a) was prepared with 4 No.15 longitudinal bars. Ties with 135

degree hooks were placed at d/2 spacing. WWF (25.4 mm x 25.4 mm x 14

gage) was placed inside the longitudinal and transverse reinforcement.

Figure 3.18 illustrates the axial load-axial strain relationship recorded dur-
ing the Itest. The column behaved in a ductile manner, showing the same
trend observed in column 17. WWF was observed to fracture after the
peak at a load corresponding to 80% of the maximum load. Ties were
yielding when maximum load was reached and started opening at 45% of

the maximum load following the peak load.
1
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Chapter 4 j

Analysis of Tesf Results

This chapter outhnes the techmques used to evaluate test results It pro-
vides comparison of test results and discussions of the effects of cufferent
test variables considered in thé program. Analyticzﬂ'pgedictions of columns

are presented in chapter 5.

4.1 Evaluation of Test Data

o -

The test data was evaluated to show two fundamental mechanical properties

of confined concrete namely, the strength and ductility. In order to study

the characteristics of confined concrete, it was necéssary to separate the

contribution of steel to the behav1or of test specimens. This would provide -

| S S
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information on strength and ductility increase due to confinement. The
following procedure was followed to obtain concrete axial load versus axial

strain relationship from the recorded test data:

1. Experimental load carried by concrete was calculated as follows :

Pconc = el — Pst (4-1)

2. It was assumed that the longitudinal strain in steel is equal to that of
the surrounding concrete. Experiments showed that t_@is assumption
is quite accurate before yielding of steel. However, after yielding of

steel this equality may not be valid [1].
€ =€, (4.2)

3. Three separate models for stress-strain relationship of longitudinal
steel were used. These models are shown in Figure 4.1. The strain
hardening of steel was not considered in model 2. A gradual reduc-
* tion of stress, carried by longitudinal column steel, was assumed in
model 3. This was felt essential in the light of experimental observa-
tions. Longltudmal Ba@ were observed to start bending sliortly after
the ultimate load was exceeded. Bending of bars was not always in
the form of buckling between the ties. Columns with closely spaced
ties, with or without WWF, showed gradual bending with bending
spaﬁning a distance longer than the tie spacing. This is shown in Fig-
ures 3.1 through 3.18. Similar figures were shown by other researchers

[1] indicating bending of bars starting shortly after peak load.
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During the tests as bending of bars took place, unloa.dinght.)f steel fol-
lowed. When one or more longitudinal bars started bending, severe
eccentricity was indicated by the substantial deviation in the LVDT
readings. As bending of all four bars was underway, the LVDT read-
ings approached approximately the same value. While the ecéentric
behavior of columns can be attributed to nonuniform‘column proper-
ties and uneven spa.liing of concrete, the behavior at high strain levels
is influenced significantly by the behavior of rcinfor-cement. Appendix

A contains the indiviual LVDT readings for columns.

Analyses of columns in set one, based on the thrée steel models dis-

cussed above shows that:

e Steel mpdels 1 and 2 overestimate the load carried by steel at
high strain range. This can be seen by examining the load defor-
mation rcla.tionshi.p of column 5(b) which is the least confined
column in set one. Figure 4.2 shows the load carried by con-
crete alone, and was obtaiﬁed by separating the steel contribu-
tion based on the previously discussed steel models. If models 1
and 2 repfesented the true‘behavior of steel, the concrete in the
column would have carried negative axial load beyon;i 3% and
3.5% axial strain levels respectively. Because this is not realistic,

models 1 and 2 do not represent the actual behavior of steel in

the column.
¢ Model 3, on the other hand, underestimates the load carried by

steel. Column 3, which has the best confinement among the
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columns in set one, was analyzed using this model. It showed

that concrete resistance to axial compression continued to in-
A

crease even at a strain of 4%. This was not realistic. Figure 4.3

illustrates the analysis results.

In the absence of sufficient test data to establish the behavior of steel
stress-strain reIationship' in a column, it was not possible to estab-
lish the_ concrete stress-strain relationship accurately. However, in
predicting member responge, concrete and steel contributions are su-
perimposed. Consequentrlj,\eenkif thé behavior of steel in concrete
is not known accurately, provided the same material broperties are
used in seperating the concrete response from the member response,
and superimposing the two material responses to f‘iPd the member
response, no error is intfoduced in the procedure. Previos researchers
adopted model 1 as the correct representation of steel stress- strain
characteristics in a column. To be consistent with the previos re-
search, and to be able to compare the results of this investigation
with those of the others, Model 1 was also adopted here to evaluate
the test data.

. Based on the previous research [1,8], which confirms the observed

behavior in the present test program, it was assumed that:

o Cracks started appearing on concrete cover at longitudinal strain
of 0.2%7 Therefore total concrete area, including the covhr, was

assumed effective in resisting the load up to 0.2% of axial strain.
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¢ Concrete cover was assumed to be spalled completely at a strain
of 0.4%, although the actual value varies between 0.4 and 0.5%.
Consequently, only the core concrete was taken as effective con-

crete resisting the load beyond 0.4% of axial strain.

e For the strain range between 0.2 and 0.4%, a gradual transition

was assumed between the gross concrete area.and the core area.

.The. above procedure was followed to establish the load resistance
by concrete under increasing axial strain. .These relationships for

columns in set three are given in Appendix B.

F
The peak loads carried by concrete in differeént columns are tabulated and

compared with analyti;al predictions based on u_ncoﬁﬁned concrete. Table
4.1, 4.2 and 4.3 present the results for set one, two and three reSpect.ively.
It is to be noted however that the values presented in these tables are the
average values for each pair of columns with identical test parameters. In
some cases, if one of the columns in a pair did not show reliable results, this

set of results was not included and the other companion column results were

used. In such cases the actual column specimens, whose results were used,

are indicated in the tables as (a) or (b). The load parameters presented .

in these tables aée"deﬁned as follows:

Po = f;(Ag - Aa) + Aafy (43)
P = fi(A, —A) ‘ (4.4)
Pocc = fé(-Aca - A_.,) (45)
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Column'No. | 1(b) 4(a) | 5(b)
P(kN) | 1191 | 1193 | 1170 | 1170 | 1170
Po(kN) | 791 | 791 | 794 | 794 |- 794
Po(kN) | 622 | 622 | 625 | 625 | 625
Pro(kN) | 1217 | 1161 | 1141 | 1023 | 968
Pones(kN) | 817 | 760 | 765 | 647 | 592
Pru/P, | 1.022 | 0973 | 0.975 | 0.870 | 0.827
Ponaz/Pace | 1:313 | 1:222 | 1.224 | 1.036 | 0.948
0% . |0.718 | 0.730 | 0.550 | 0.380 | 0.540
% | 1.670 | 1.730 | 2.420 | 1.400 | 1.370
§P(kN) | 416 | 503 | 147 | 315 | 425

~Table 4.1: Results for columns in set one

Column No. | 6 7(b) 8 9 10 | 11(b)
P(EN) | 1175 | 1195 | 1225 | 1225 | 1225 | 1195
P (kN) | 983 | 983 | 978 | 978 | 978 | 980
Poe(kN) | 722 | 722 | 721 { 721 | 721 | 681
Prewt(kN) | 1148 | 1084 | 1032 | 1099 | 1138 | 1170
Poac(kN) | 9564 802 | 785 | 852 | 81 | 054
Prese/P, | 0.977 | 0.922 | 0.842 | 0.895 | 0.928 | 0.978
Pemaz/Poce {1.324'] 1.235 | 1.089 | 1.182 | 1.235 | 1.400

€% 0.521 | 0.325 | 0.308 | 0.337 | 0.347 | 0.325
€cas %o 1.94 |0.715 | 0.640 | 0.655 | 0.670 | 0. j
SP(kNY | 230 | 420 | 495 | 600 | 560 | 770

Table 4.2: Results for columns in set two

i




Column No. | 12 13 | 14 15 |16(b) | 17 18
P,(kN) | 1119 | 1117 | 1117 | 1095 | 1095 | 1117 | 1119
Po(kNY | 717 | 717 | 71T | 719 | 19 | 717 | T17
P..(kN) | 564 | 564 | 564 | 566 | 566 | 564 | 564
P (kN) | 1201 | 1104 | 1124 | 1028 | 1117 | 1203 | 1181
Pemaz(EN) | 799 | 704 | 724 | 652 | 741 | 803 | 780
Pryt/P, | 1.073|0.988 | 1.007 | 0.940 | 1.020 | 1.076 | 1.056
Ponaz/Poce | 1.416 | 1.248 | 1.282 | 1.150 | 1.310 | 1.420 | 1.380
% 0.700 | 1.227 | 0.548 | 0.404 | 0.908 | 0.788 | 0.521
EcasTh 2.44 | 4.02 | 2.94 | 1.46 | 3.96 | 2.67 | 2.72
§P(kNY | 196 | 123 | 154 | 217 | 84 | 175 | 167

Table 4.3: ‘Results for columns in"set three

In columns where WWF was used, loads are defined as follows :

Po = fiAs— A, —A)+ Afy + A fyus (4.6)
Poe = fiA;—A,—-4) (4.7)
Pocc = fé(Aco - Aa - A:) (48)

It is important to note that, in the above expressions, the cylinder strength
of concrete is assumed to be the same as th;e concrete strength in the spec-
imen. This assumption was made because of the similarities in specimen.—
size and a standard cylinder. |

- /'/ -
Strength enhancement in core concrete due to confinement is indicated in

Tables 4.1 through 4.3 by the ratio P.,../FP,.. However, if the concrete
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+ cover was not spalled completely at peak load, this ratio overestimates the

strength enhancement.

The second important characteristic of confined conérete is the increase in

ductility. Ductility in a general sense, is defined as the ability to deform

without a significant loss of strength. This is indicated by the slope of the

load strain lrelationship of the concrete. To quantify ductility of concrete

the following techniques were used:

¢ Strain at 85% of Peak

f

In_this procedure the straiﬁ corresponding to 85% of the maximum
load, within the falling branch of the load strain curve, was found.
An increase at this strain level would indicate an increa;se in ductility.
These values are also tabulated in Tables 4.1 through 4.3 f/oﬁr\».éach

column. These tables also include strains at.peak load. The ratio of

the strains at 85% of peak and peak loads éives the ductility ratio. . _

Slope of Unloading Branch of Load—-Strain Diagram

The rate at which the falling branch in the load strain diagram’ is
droPping may be used as another measure of column ductility. Ta-
bles 4.1 through 4.3 include the-drop in load between the peak and

the strain corresponding to peak plus 2% strain. These values are

indicated as 6P in the tab_les.

Energy Absorption

/Energy absorbed by the specimen during deformation ;:é.n also be

2
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used as a measure of ductility. Here one has to integrate the area
under the load strain curve at different strain levels. The absorbed
energy versus strain diagram provi(ieé a general idea about the co}umn
d&ctility for comparison purposes. The absorbed energy versus strain

is shown in Figures 4.4, 4.5 and 4.6.

It is important to note that although the above three techniques provide
some measure of ductility, these measures do not quantify the overall col-
* umn ductility in an absolute term. Hence, one should exercise some engi-

neering judgment in describing the overall column ductility.

4.2 Effects of Test Variables

" Variables affecting concrete confinement, which were considered in this ex-
perimental study, are discussed in this section. The following main variables

were studied in the test program:

\

1. Tie spacing and amount of lateral reinforcement.
‘ 1

‘2. Tie hooks. ‘ -

3. -WWF as confinement steel when placed between the longitudinal and

transverse reinforcement. -
4

<
4. WWF as confinement steel when placed in the concrete core.
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Figure 4.6: Absorbed Energy vs Strain for set three

5. WWPF as lateral reinforcement without the ties.

In addition the following variables were considered within some of the main

variables:

o WWEF size.
¢ WWTF hook details.

o Welding of tie steel.
N

4.2.1 Tie Spacing and Amount of Lateral Reinforce-

ment

-

The combined effect of tie spacing and amount of lateral reinforcement

was studied in each of the three sets of test specimens. A total of 12
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columns were tested for this purpose with ties having 135 degree héoks

Six columns had d /2 tie spacing while the companian six had d/4 spacing?
Comparisons of representative pairs are shown in Figures 4.7 through 4.9.

The results confirm the findings of prevxous 1nvest1gators Reducing tie
spacing increases the area of the eﬁ'cctwely corgi.ned core concrete and hence
increases bot_h strength an ductility. The increase in the amount of lateral
reinforcement incz?cases the lateral pressure on concrete provided by tie steel.

and hence improves concrete strength.and ductility.

4.2.2 Tie Hooks

Previous investigators ha‘ve' reported that 90 degrec hooks perform poorly
under lateral pressure and tend to open up early in response. Hook angle '
was an important consideration in the test program since it affected the de-
-ta.ilir;g of the WWF to be used as confinement reinforcement. Four columns
with d/2 fie spacing were tested for this purpose. Two of the columns had
90 degree hiooks, while the other two companion columns had 135 degree
hooks. The-results are compared in Figure 4.10 for two columns. As can
be observed from this figure, columns with 135 degree hooks, well anchorcd

into the core concrete behaved superior to those with 90 degrec hooks.

The effect of tie hook was further studied in conjunction with the other
variables. Generally, it was observed that, at closer tie spacing, the effect

of hook angle becomes more pronounced. This is illustrated when columns
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Figure 4.7: Axial load vs. strain for columns 3(b), and 4(a)
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Figure 4.8: Axial load vs. strain for columns 6(a), and 7(b)
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with WWF and tie;.s are discussed.

4.2.3 WWF as Confinement Steel When Placed Be-

tween Longitudinal and Tie Reinforcement

The cffect of WWF as confinement reinforcement was investigated exten-
sively. Two pairs of columns were prepared in set one with WWFI placed
between the longitudinal and tie reinforcement. Each pair had a different
size of WWF. Tie spacing was d/2. The ties had 90 degrec hooks and
the WWF haci a 90 degree overlap at the opposite corner of the columns.
One column from each pair is compared with a column without the ‘N\NF.,
Colum 5(b), in Figure 4.11. The ultimate strength for columns with WWF
( 1(b) and 2(b) ) was increased significantly as compared to column 5 (b)
with ties alone. In addition, higher strain was achieved at peak loads. This
behavior was due to the' effect of WWF which confined the core concrete
and reduced the pressure on the ties. Once the ties opened, WWF lost the
support and started tearing off, due to the concrete and longitudinal steel
pressures. Hence confinement became inefficient. The slope of the unload-
ing branch of load - strain diagram for columns 1(b) and 2(b) is about the
same for column 5(b). This indicates the inefficiency of WWF once the ties
were opened. Although the column behavior was improved using WWF,
Figure 4.12 shows that this improvement did not produce a column as good
as a column with 135 degree hooks at d/4 spacing, which is required by the

current design practice.
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Figure 4.11: Axial load vs." strain for columns 1(b), 2(b) and 5(b)
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Figure 4.12: Axial load vs. strain for columns 1(b), 2(b) and 3(b)
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Two sizes of WWF were used as confinement steel in set one. Column pair 2,
although had approximately the same percentagel of transverse steel, had
coarser mesh' size compared with column pair 1. The re;ponses shown
in Fxgures 4.11 and 4.12 illustrate that the coarser size mesh produces a

shghtly higher loss of strength at high strain region.

~ An additional pair of columns were prepared in set three with WWF and
ties at d/2 spacing, where ties had 90 degree hooks welded at the overlaps to
prevent opening under lateral pressure. These hooks were used to substitute -
for the 135 degree hooks which could not be used due.to the presence of
WWF. |

One of the columns in the pair; column 14 (a), is compared in Figure 4.13
with column 15 (a) which had ties with 135 degree hooks spaced at d/2.
The results indicate an improvement in strength and ‘ductility with the use
of WWF as confinement steel. Furthermore the improved response due to
WWF is comparable to the response of column 16 (b) without the WWF
but with twice as many ties spaced at d/4. This is shown in Figure'4.14.
Since column 16 (b) represents the current design practice, the achievement .
of similar strength and ductility response with half as many ties at twice
the tie spacing, attributed to WWTF, is regarded as a favorable indication

of possible use of WWTF as confinement steel.
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Figure 4.13: Axial load vs. strain for columns 14(a) and 15(a)

1.2

1.0

0.8

© 0.6

LOAD (MN)

0.4

0.2 f ——  COL.14 (@), s=70 mm, with wwf
_______ COL.16 (b), s=35mm, without wwf
0‘0 IS P | NI PEETE E I R [ |'| AT

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

STRAIN (%)
Figure 4.14: Axial load vs. strain for columns 14(a) and 16(b)
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4.2.4 WWPF as Confinement Steel When Placed 1n

[

the Concrete Core

The failure mechanism of the columns with WWF placed between the lon-
gitudinal and transverse reinforcement indicated that the longitudinal bars
would exert pressure on WWF, causing tearing along the corners. This
would limit the usefulness of WWF as confinement steel. Therefore an-
other reinforcement arrangement was tried where WWF was placed inside
the longitudinal reinforcement to confine the core concrete while the ties

were providing lateral support to the vertical bars.

Column pairs 12 and 13 were prepared with ties at d/2 spacing, having
90 degree hooks, welded at the overlaps. The responses of one column
from each pair are éompa.red with that of column 15(a) with the same tie
spacing but without the WWF. This is shown in Figure 4.15. The results
" indicate a significant improvement in strength and ductility with WWF.,
The comparison of the same two columns with column 16(b), with twice
as many ties at d/4 spacing, indicates a similar response. This is shown in

Figure 4.16:

Th‘t.a same WWEF arrangement was repeated in set three with ties having 135
“degree hooks, instead of the welded 90 degree hooks used in column pairs 12
and. 13. The responses of these columns are compared with columns 15(a)
and 16(b) in Figures 4.17 and 4.18 respectively. The same improvements

noted in column pairs 12 and 13 are also noted in column pair 17 and 18.
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Figure 4.15: Axial load vs. strain for columns 12(a), 13(a) and 15(a)
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F1gure 4.16: Axial load vs. strain for columns 12(a), 13(a} and 16(b)
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‘This further substantiates the idea of confining concrete using WWF while

preventing lateral ties from opening.

Two sizes of WWF were used in the four pairs of columns discuséed above.
In genex;al the behavior of WWF of 12.7mm x 12.7 mm x 16 gage was
better than that of 25.4mm x 25.4mm x 14 gage. This may be attributed
to the redu}:ed spacing of wires. However the behavior of these two sizes in
columns 17(a) and 18(a) were almost similar. The effect of WWF size can

be seen by examining Figures 4.15 and 4.17.

4.2.5 W‘WF as Lateral Reinfo:cement Without Ties

-

The possibility of using WWF as lateral reinforcement without ties was
considered in set two. Four sets of columns were tested for this purpose.
The first three pairs had the same WWEF. The results are compared to
that of column 7(b) which had ties at d/2 as lateral reinforcement. Figure
4.1¢ shows the comparison. From the test results it can be concluded
that WWF can not replace the use of ties as lateral reinforcement. Figure
4.19 indicates a brittle response immediately after reaching the peak load.
It was observed that WWF could not provide sufﬂcient lateral support for
longituainal bars to prevent them from buckling, TTIC concentrated pressure

applied by longitudinal bars caused them to rupture suddenly»

" Three types of connections were used at the overlap locations to connect

the WWF. Column pair 8 was welded at the overlap to prevent opening
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Figure 4.17: Axial load vs. strain for columns 15(a), 17(a) and 18(a)
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Figure 4.18: Axial load vs. strain for columns 16(b),17(a) and 18(a)
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of the mesh. This pair of columns developed the least strength among
the group. The exposure to heat during weIdiné may explain the shght
rcdu;tion in strength. Column pair 9 had WWF mech;mically connected
at the overlaps. This column developed ‘apprbximately ‘tl_;e same strength
as that of the column with ties at d/2 spacing having 135 degree hooks.
Column pair I'LO had WWEF simply lapped in the corner wi.th 1.5 mm wire.
This pair of columns developed the highest strength in the group. The
behaviors of the three types of columns are almost similar in terms of
ductility. This was expected since the WWF fracture preceded opening at
the overlaps. Another size WWTF with finer mesh size but 60% less total
steel area was used in column pair 11. The response ‘of column 11(b) is
compared in figure 4.20 with that of a column from the previous g_r:aup
with different W‘NF size. The results indicate that while both show brittle

response, the one with less i)ercentage of lateral steel shows a higher rate

of strength drop after the peak load.
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Figure 4.19: Axial load vs. strain for columns 8(b), 9(b) ,10(b) and 7(b)
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Figure 4.20: Axial load vs. strain for columns 10(b) and 11(b)
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Chapter 5 |

Analytical Predictions

In addition to the experimental research reported in the previous chap-
ters, column confinement was also studied analytically. Available models
for concrete conﬁned by rectilinear ties were reviewed. A comparison be-
tween the experimental behavior of tied columns tested in this program and
the predicted behavior by two analytical models'was made. "An analytical
procedure is recommended for modeling the stress - strain relationship of

concrete confined by welded wire fabric and/or rectilinear ties.
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5.1 Avaiiable Models

5.1.1 Chan (1955)

Chan’s model consists of a trilinear curve as shown in Figure 5.1 (a). In -

the figure, OA and BC represent the elastic plastic ranges respectively.
The slope of BC is controlled by the volumetric ratio- of lateral steel and

the modulus of elasticity of concrete (i.e. slope = AME. , where A\, is a

function of lateral steel content). For plain concrete the slope of BC is-

negative, while for confined concrete the positive slope reflects the addi-
tional strength and ductility due to confinement. The model considers the
volumetric ratio of lateral steel to be the only factor affecting the strength

and ductility of confined concrete. The proposed relationship between the

ultimate strength, ultimate deformation and lateral steel content can be |

found elsewhere [13].

5.1.2 Roy and Sozen (1964)

The bilinear stress-strain relationship prc;posed by Roy and Sozen , which
is sh%wn in Figure 5.1(b), assumes no enhancement of concrete strength
due to confinement. The concrete is assumed to reach its peak stress at a
strain of 0.002. The descending branch of the bilinear curve is defined by

the strain corresponding to 50% of the maximum stress(eso)- According to
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this model the ductility of concrete is affected only by the volumetric ratio

of lateral steel and tie spacing.

5.1.3 Soliman and Yu (1967)

The stress-strain relationship proposed by Soliman and Yu consists of a
parabola and two straight lines, as'shown in Figure 5.1(c). The model
considers the following variables to be effective in strength and ductility of |

confined concrete [14]:

¢ Spacing of ties.
¢ Ratio of confined area to total area.

s Size of ties.

Stresses and strains required to define the complete stress-strain relation-

ship are: .
¢ = (1'4:%—0’45).4’;3.44!{({.)3?0522952 (5-1)
fee = 0.9f41+0.054") (5.2)
€. = 0.55f x 10~° (5.3)
€, = 0.0025(1+¢") 7 (5.4)
€r = 0.0045(1 + 0.85¢") (5.5)

It is to be noted that this model ignores the effect of tie strength. It does

not distinguish maximum stresses in gross and core concrete areas.
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Figure 5.1: Confined concrete models
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5.1.4,, Sargin, et al. (1971)
Sargin et al. proposed a continuous stress-strain aurve to predict the behav-
1or of confined concrete as shown in Figure 5.1(d). Strength and ductility
enhancement are assumed to be related to the following variables:

.

o Lateral steel content, spacing and yield strength .

\-

e Concrete strength.

¢ Strain gradient.

Based on a regression analysis of test results, Sargin et al. proposed the
following equation to estimate the ratio of maximum stress in confined

concrete core to cylinder strength: a,

G 12.05p, f!
K3 = K3, ¢ 14 [0.007 -(id)—" +0.015 (1 — 0_25i> 2400 fy (5.6)
kd B \/f—c'

Two other equations were suggested for estimation of Kz, based on theoret-
ical studies and previous research. These equations can be found elsewhere
[15]. The strain corresponding to the maximum stress was given by the

following equation:

: 12,05, f |
0.25,/ Do 1 0154 (1 - 0.73)] —”-—f—”} (5.7)

kd B \/f—é

€oc = €oo {1 +
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Figure 5.2: Kent and Park’s Model

5.1.5 .Kent and Park (1971)

Based on experimental evidence, Kent and Fark proposed a model which
combined many of the feat.res of previously proposed curves. The as-
cending portion of the stress-strain curve, which is shown in Figure 5.2,
was assumed to be a parabola, and was not affected by confinement. No
strength enhancement due to confinement was considered. Furthermore,
the strain corresponding to the peak stress was assumed to be 0.2%. Re-

gion AB of the curve, shown in Figure 5.2 was defined by the following

fo=f {ii - (j—)} (5.8)

equation:
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Where

€0 = 0.002 (5.9)

The falling branch of the curve ( region BC ) was assumed to be lincar and

its slope was specified as follows:

o For unconfined concrete, the strain when concrete stress has fallen to

50% of maximum stress (i.e. €50, ) Was used to determine the slope.

_ 340.002f
€50u. —— fé _ 1000 (5.10)

» For confined concrete region BC was defined by the following equa-

tion:
fo = fi{l—z2(e—¢)} (5.11)
z = 05 (5.12)
€50 + €506 — €0 ‘
€50 — gpﬂ b”/s . (5.13)

Region CD was defined by a horizontal line starting from a stress corre-
sponding to 0.2f! to infinity.
r

5.1.6 Sheikh and Uzumeri (1978)

An anelytical model was developed by Sheikh and Uzumeri based on ex-
tensive test data[7]). The proposed relationship representing the behavior of

confined concrete is shown in Figure 5.3. The curve consists of three parts:
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fec = Ks fep

LY €32 <408

Figure 5.3: Sheikh and Uzumeri's Model

e Part OA is a second degree parabola, in which point A is defined by

fcc and €41~
o Part AB is a straight lir:e, in which point B is defined by f.. and e,,.

e Part BC is a straight line, in which point C is defined by .85f’ and
€,85- Beyond point C the curve continues with the same slope till

point D where the stress is dropped to 30% of f...

¢ Beyond point D the curve continues as a horizontal line.

The model uses the concept of effecti;.rely confined core to predict strength

enhancement due to confinement. The variables considered in this model

are:;
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¢ Tie configuration.
o Tie spacing.

¢ Confining pressure as governed by the volumetric ratio and yield

strength of transverse steel.
The use of the model requires the following steps:

1. The ratio of the area of effectively confined concrete to the core area
at tie level, can be calculated from the following equation:

b2 2
=1 Cn‘

A=l T

(5.14)

2. The ratio of the area of effectively confined concrete to the core area _

at the critical section between ties can be found from the following

N 0.5s tand 0.5s tanf
A¥ = A (1 - T) (1 - —H—) - (5.15)

equation:

3. The extra load carrying capacity of the concrete due to confinement

(Pa4q) is calculated as follows:
Padd = /\*Acoﬁ (psf;)’y (516)

4. K, and f.. can be found as:

P4
e (5.17)

fo = K.fsp | (5.18)

K, = 1+




()

5. Strains €,;,€,2 and €,55 are defined below:

€a = 80K,fl x 107" (5.19)
€52 _ 248 2\ £sf, 20}
2= 1+ {1-5(s/B)"} 7 (5.20)
€5 = o.zzsp,\/ng en (5.21)

~

From regression analyses the following coefficients were obtained:

o =550=45 =05, 8= 0.0071.

5.1.7 Modified Kent and Park (1982)

‘To account for the strength enhancement in confined concrete, the Kent

and Park model was modified to introduce factor K . Factor K is given

by:

p”fvh
f

TL'e modified model is shown in figure 5.4 and defined as follows:

Region AB (ec < 0.002K)

fo=Kp 2 —( e )2 (5.23)
== e\ 0.002K ~ \ G002k

Region BC (e. > 0.002)

K=1+ (5.22)

fe=Kf{{l = 2z, (¢. — 0.002K)} > 0.2K f! (5.24)

But not less than 0.2X f!, where;

0.5
2 = (5.25)
340,291 "
Tl + T5p,/E — 0.002K
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Figure 5.4: Modified Kent and Park Model

5.1.8 Fafitis and Shah (1985)

Fafitis and Shah developed a model for confined and unconfined concrete
in spirally reinforced columns[5]. Their model is shown in Figure 5.5. The

following expressions define the model: For the ascending part
. e\ A
f=rh [1 - (1 — -) ] (5.26)
€p
For the descending part
f= foexp [-—k (e — ep)”s] - (5.27)
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STRESS

STRAIN

Figure 5.5: Fafitis and Shah Model

The values of A and k are given below

Where

fo=

Gp =

Ee,

4=

ko= 0.17f, exp (—0.01f,)

2a, f,
sd
i+ (1.15 + 3(}%8) fr

1.027 x 1077 f/ + 0.0296

i + 0.00195

[

(5.30)
(5.31)

(5.32)

The stress-strain curve for the cover concrete is predicted by substituting

fr = 0 in the above equations. The model was simplified to be applicable

to squarc columns. It was assumed that the square column is equivalent to
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a circular column with an equivalent diameter equal to the core dimension.
The modified f+ for a square column is calculated as follows:q

A—'shf;

fr= d.s

(5.33)

where .A,h is the total cross sectional area of the ties.

It is to be noted that the model treats cross ties in the same way as perime-
ter ties. In doing so the model overestimates p,. Furthermore it ignores the
effect of tie spacing (for a constant p,), effect of longitudinal reinforcement

distribution and.the resulting tie configuration.

5.2 Application of Previous Models to
T Ottawa Tests

In this section the behavior of tied columns, without WWF, is compared
with the predicted behavior by two models. The models considered are
the Sheikh and Uzumeri and Modified Kent and Park Models for confined
concrete. These models were studied in detail prior to their use to predict

the observed response.

Both models were developed for column concrete were the longitudinal
" column reinforcement was assumed to be capable of developing stresses in
the strain hardening region. However, the column tests performed in this

investigation indicated that the longitudinal column reinforcements bend
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under concentric axial loading. The actual behavior of steel is such that
the reinforcement starts unloading beyond certain level of inelastic axial
strain. This puts burden on the concrete to resist the applied axial load.
-However, because the previous models are based on the assumption that the
steel stress-strain relationship observed in tension te’sts, can be developed
in the column, this relationship for steel is used in predicting the concrete

response.

The standard error involved in determining the additional load due to co‘n—
finement, in the Sheikh and Uzumeri model, appears to be too high for the
accuracy implied in the computational procedure. Based on thg results of
24 columns tested by Sheikh and Uzumeri, the standard error in estimating

(I, — 1) was found to be 0.0629, using the following equation:

y 2
n (Padd)pred=(Podd)erp
i=1 Poge
e = .

N.—m (5:34)
For 99.9% confidence
Padd (Padd)
= [ F 30, 5.35
Pocc Pocc pred ( )
Hence for a value of %:: =0.3
P (Pﬂdd) . 0.1887
= (== 5.36
Pocc Pocc pred 0.3 ( ] )
Paa
F 63% (5.37)
Pocc pred
Similarly for £24 = 0.6
Payq Padd)
= 31.5 5.
POCC (POCC :F % ( 38)

pred
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The Sheikh and Uzumeri model predicts the behavior of well confined con-
crete reasonably well. However, if the spacing of ties is equal to 45% of the
column .core dimension E_B) or more, the model z':ssumes €52 < €, which is
.ot realistic. On the other hand it is assumed that the concrete carrying
capacity increases even if the spacing is equal to B, which appears to be
contradictory. Furthermore, researchers showed that the enhancement of
the compressive strength due to confinement depends on the compressive
étrength of ’unconﬁned concrete, which was not considered in the Sheikh

and Uzumeri model.

In the modified Kent and Park model the proposed equation to calculate
strength enhancement is sirnple: However it does not include the effect
of tie lspa.cing and distribution of longitudinal reinforcement. The model
assumes that the descending branch starts immediately at the peak, while

experiments showed that there is almost always a yieid plateau.

The comparisons of the experiinental results with those predicted by the two
models discussed above are showﬁ in Figures 5.6 through 5.11. Generally
the agreemeut between the predicted and the observed responses is good
for well confined columns. However for those columns where the tie spacing

was d/2, the analytical predictions are poor.
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5.3 Proposed Analytical Model

In this section a model is proposed to predict the stress-strain relationship
for confined concrete. The model is based on experimental data and the

equations previously proposed by different researchers.

Variables considered in this model are:

1. Lateral pressure provided by ties and WWF.

b2

Spacing of ties.
3. Spacing of longitudinal column reinforcement.

4. Grid size of WWF. (Horizontal and Vertical)

5. Concrete strength.

Unlike the previous models, which dealt with one type of lateral reinforce-
ment, in this model the concept of equivalent lateral steel was used to
account for the two types of lateral reinforcement, namely ties and WWF. _

These equivalent parameters are defined as follows:

Pequiv,. = P.1+Pf, (539)
©p.dE ! d2
i, = & “;ﬁ” ] - (5.40)
equiv, ~my
Ascquiu L T
equiv, — * ; 41
Sea . Acapcquiv. (5 )
a .+ :, ww
fycquiu. = pfyp p_fy ! (542)
equiv.
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Where

Pequiv.
Ptie i
p:ic
dcquiv.
dt.‘c
dw:uf

Sequiv,

Ascqufu..

fycquiv.

cquivnlen-t volumnetric lateral steel ratio
volumetric ratio of lateral tie stecl.
volumetric ratio of lateral wires in wwf
equivalent lateral steel diameter

diameter of tie steel A
diameter of wire in WWF

equivalent spacing of lateral steel

equivalent cross sectional area of lateral steel

cquivalent yield strength of lateral steel
B

Among the different shapes of stress-strain curves reported in the litera-

ture, the one proposed by Soliman and Yu in 1967 and later used by Sheikh

‘and Uzumeri in 1978 was found to be the most representative of the ob-

served response in column tests. Therefore this shape was adopted for the

proposed model. Figure 5.12 illustrates the gencral features of the stress-

strain curve adopted in the model. It is evident that only three independent

points are rcquired to completely define thC'I‘ClﬂtiOI’l.;Sh'lp for the confined

concrete. These are the beginning points of the flat and ascending portions

of the curve and the strain on the ascending portion corresponding to 85%

of the peak siress,
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Figure 5.12: Proposed stress-strain curve for confined concrete

Strength Enhancement Coeficient (I)

Most of the previously proposed expressions for predicting strength en-
hancement ignore the effect of tie spacing and/or distribution of longitudi-
nal reini"orcement. In the Sheikh and Uzumeri model, these variables are
included in determining the strength enhancement coefficient. However,
the expression suggested is quite involved and implied accuracy mé.ir‘ not
be warranted. In fact if this equation is to be modified to include the
combined effect of WWF and lateral ties, then it would become even more

complicated and consequently impractical for use.

A regression analysis was performed using the results of 26 column tests
116 .
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conducted by two different groups of researchers[1,3] along with the results
of 10 columns tested in this program. A relationship was established be-
tween the additional load carried by confined concrete and the following

parameters

o Lateral steel content, strength and spacing.
¢ Spacing of longitudinal reinforcement.

¢ Concrete strength.

The following test data were used in the regression analysis:

-

. Ottawa tests (five pairs of columns).

o~

. Scott and Kent (two columns).

(9]

. Sheikh and Uzumeri (twenty four columns).

The resulting equation may be written as follows:

' 0.5
) (paf;) B2
K = 1.0246 -+ 09 {W ln S—C— (543)

L4

In which f] and f, are in ksi. Or

0.5
. (euft) B2
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Figure 5.13: Best fit curve for the test data
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Figure 5.14: Experimental K vs. predicted K by proposed eqn.

In which f! and f, are in M Pa.

The coeﬂicié.r\l‘t of correlation was found to be equal to 85.4%. Figure 5.13
shows the propgr.ged equation and the test data. The value of K predicted
using the proposed model versus the experimental value is depicted in Fig-
ure 5.14. Figure 5.15 shows the same relationship using K as predicted
by the Sheikh and Uzumeri model. It is evident that both equations are
suitable in é.stimating strength enhancement. However the\;‘(mposed equa-
tion has the advantage of being simpler while maintaining approximately
the same accuracy. The data used in the above mentioned figures are tab-
ulated for reference purposes in Tables 5.1 through 5.3. The proposed
equation may be limited to confined columns with maximum tie spacing of

B/2, since none of the tested columns had a larger tie spacing. Further-
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Figure 5.15: Experimental K vs. predicted J by Sheikh model

more, equation 5.44 was modified to be applicable to WWEF as follows:

n
(fé)l'ls Sequiv.C

. ' 0.5
equiv.J yequiv. Bz
K = 1.0246 + 1.892 { (peasiv Fyein) 1 } (5.45)

Where ¢ is the spacing of longitudinal wires.

5.3.1 Minimum Strain at Peak Stress (¢;)

The étrain corresponding to peak stress can be calculated from the equation
proposed by Soliman and Yu and later used by Sheikh and Uzumeri. This

equation was found to be suitable for both cases of concrete confined by
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Column Designation Tested | Experimental K Analytical K
at University of Ottawa Proposed | Sheikh and Uzumeri
3 i.22 1.32 1.27
6 AY 1.32 1.25 1.20
7 1.1 1.11 1.10
15 : 1.15 1.15 1.16
16 1.31 1.35 1.30

Table 5.1: Comparison between experimental values obtained at the Uni-

- versity of Ottawa and predicted values of K

lateral ties with or without WWF.

€1 = fo. X 80 x 107 (5.46)
" But
fe=Kf, (5.47)
Hence
e =Kf x80 %107 ‘ (5.48)

5.3.2 Maximum Strain at Peak Stress ()

~ef
The maximum longitudinal strain in concrete at peak stress is based on

the equat.on proposed by Sargin e{ al. equation. The original equation
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Column DesighatiOn Tested

Experimental K

Analytical I

by SCOtf; and Kent Proposed | Sheikh and Uzumeri
2 1.53 1.5 1.59
6 1.50 1.46 1.50

9

Table 5.2: Comparison between experimental values obtained by Scott and

Kent and predicted values of K

proposed by Sargin et al., for concentric loading, can be written as follows:

B

12.05p, f/
Coe = Eqp {1 +0.154 (1 - 0.73) —%}

e

(5.49)

The above equation does not include the effect of longitudinal steel distri-

bution. It was derived based on tests of la.terally reinforced columns 125

x 125 x 510 mm in- dimension, without longitudinal reinforcement. Sheikh

and Uzumeri found that the equation proposed by Sargin et al. predicted

the strain for columns with longitudinal stee! spaced at a distance equal

to the core dimension in Sargin’s tests. The equation was later modified

by Sheikh and Uzumeri to account for longitudinal steel distribution (sce

equation 5.20).

In the present program the core dimensions of the test specimens were

approximately equal to those tested by Sargin et al. The original equation

proposed by Sargin et al. and the modified equation by Sheikh and Uzumeri

were used to predict the maximum strain at peak stress for columns tested

in this program. Both equations predicted the strain fairly well in cases

F
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‘Column Designation Tested | Experimental K Analytical K
by Sheikh and Uzumeri Proposed | Sheikh and Uzumer:

1 1.18 1.23 S 1.22
2 1.26 1.18 1.17
3 1.21 1.32 1.31
4 1.20 1.25 1.24
5 1.65 1.62 1.60
6 1.53 1.46 1.44
7 1.28 127 1.28
8 1.37 1.36 1.32

.9 1.23 1.27 1.29
10 1.31 1.42 1.39
11 1.27 1.28 1.29
12 1.46 1.47 1.43
13 1.30 1.29 1.28 .
14 "1.38 1.40 1.41
15 1.47 1.52 1.47
16 1.36 1.40 1.38
17 1.36 141 1.41
18 1.70 1.69 1.66
19 1.43 " 1.33 1.35
20 1#52 1.52 1.50
21 1.54 1.53 1.53
22 1.44 1.32 1.34
23 1.54 1.55 1.51
24 1.63 1.54 1.53

Table 5.3: Comparisons between experimental values obtained by Sheikh

and Uzumeri and predicted values of K
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where concrete was confined by lateral ties spaced at d/4. However, in
cases where ties were spaced at d/2, the equation suggested by Sargin et
al. predicted the strain much better than the modified equation by Sheikh -

and Uzumerni.

The effect of WWF was introduced into the equation proposed by Sargin

et al., as folluws:

22 140154 (1 +0.4ln

€oo

B2 12-05pcquiu.fycqu!lv.
f!

Seguin,C

Where ¢ is the spacing of longitudinal wires.

5.3.3 Strain at 85% of Peak Stress (eg5)

The strain corresponding to 85% of peak stress can be calculated from the
equation originally proposed by Kent and Park in 1971 and later modified

by Sheikh and Uzumeri in 1978. The equation is given below:
f

B
€85 = 0225,0,\/;-{- €o (5.51)

It was found that this equation is applicable to concrete confined by lateral
ties with or without WWF. It is to be noted that pe,ui, and s.qqu:. should
be used instead of p, and s in the above equation for the case of lateral ties

with WWF.
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- 5.34 Comparison of Experimental and Analytical Be-

havior Based on the Proposed Model

Figure 5.16 to 5.20 shows comparisons between the experimental and an-
alytical stress strain relationships for concrete confined with WWF and
ties. It is evident from these figures that the proposed model predicts the
behai'i.or fairly well. However, due to (;he limited test data available, the
model does not include the effect of location of WWF with respect to ties
and longitudinal reinforcement. This might explain the reason for the dif-

ference between experimental and predicted behavior of column pair 14.
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| Chapter 6

Conclusions

%
8
Based on the results of the experimental and analytical investigations car-

ried out in this research program, the following conclusions can be made:

1. The use of WWF for concrete confinement in reinforced concrete
columns improves both strength and ductility. The load carrying
capacity of concrete alone was observed to increase by up to 40%.
These improvements were observed in columns laterally reinforced
with ties having 135 degree hooks or 90 degree hooks welded at the
ends. The improvement in response vbtained by the use of WWF
with ties was equivalent to that obtained by using twice as many ties

(2t one half the spacing) without the WWF.,
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. WWF placed between the longitudinal and transverse steel showed

less confinement effic.iency than those placed inside the lohgitudinal
.
and lateral reinforcement. Tle pressure applied by longitudinal bars

on WWE Limits its usefulness at high axial strain levels, rupturing

the WWF,

3 Columns confined with WWF without lateral ties were observed to

have brittle behavior regardless of the type of connector used to splice

the WWF,

. For approximately the same area of steel, finer mesh (12.7 X 12.7

mm X 16 gage) showed a better confinement efficiency than a coarser

mesh (25.4 x 24.4 mm x 14 gage). .

. The conventional stress — strain relationship of longitudinal bars in

the plastic region was found to be unrealistic. Bending of longitudinal
bars was observed in the inelastic range prior to the expected buckling
between the ties. The stage at which bending takes place seems to

depend on the size of longitudinal bars, spacing and stiffness of ties.

6. Columns designed in accordance with the A23.3 - M84 CSA code

requirements showed yielding of lateral ties at around the peak load.
Hence it is reasonable to assume, for the purpose of modeling the
behavior of confined concrete, that J;ielding of ties occurs at about

the peak load.

. Increasing the amount of lateral reinforcement and reducing tie spac-

ing has significant effect on enhancement of both strength and due-
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10.

11.

12,

A7

tility.

Ties with 90 degree hooks showed poor behavior, compared to ties

with 135 degree hooks. Opening of ties was obTetved 'shortly after
reaching the peak load. —

The behavior of tied columns without WWF, tested in this program,
was compared with the predicted behavior by the Sheikh and Uzumeri
and the Modified Kent and Park models. Good agreement was found
between the experimental and predicted behavigr for concrete con-
fined with ties spaced at d/4. However, poor agreement was found

for concrete confined with ties spaced at d/2.

In contrast to the findings of King [19] in 1946, analytical models
for large scale columns were applied to predict the behavior of small
scale columns tested in this program. The results did not indicate a

significant scale effect.

Strength enhancement of confined concrete can be evaluated using the
proposed equation. The advantage of this equation, in comparison to
the other available equations, is that it is simple to use and also,

includes the influence of all the relevant parameters involved.

The mathematical model developed in this investigation provides a

good agreement with the test results.
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Appendix A

Experimental Data
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Figure A.9: column 5 (a)
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Figure A.10: column 5 (b)
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Figure A.11: column 6 (a)
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Figure A.12: column 6 (b)
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Figure A.13: column 7 (a)
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Figure A.14: column 7 (b)
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Figure A.16: column 8 (b)
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Figure A.17: column 9 (a)
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Figure A.18: column 9 (b)
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Figure A.19: column 10 (a)
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Figure A.22: column 11 (b)
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Figure A.23: column 12 (a)
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Figure A.24: column 12 (b)
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Figure A.25: column 13 (a)
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Figure A.27: column 14 (a)
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