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ABSTRACT

The effectiveness of two common arrangenents of
over |l appi ng hoops, the di anond-shaped and the
rectangul ar overl apping hoops, is studied in relation
to the single rectangul ar overl appi ng hoops
arrangenent. Short reinforced concrete colums are
used for this purpose. The tests are divided into

three parts.

In the first part, the relative effectiveness of
the two arrangenents of overlapping hoops to the
si ngl e hoops arranagenent is studied. In the
second part, the dianeter of hoops is changed and
its effect on ductility studied. The third part
deals with the study of the effect of concrete

grade on ductility of confined concrete.

To determne the ductility of each arrangenent,
stress-strain curves are drawn. From theory, it
is knowmn that the ascending part of the curve has
no effect on the ductility of confined concrete. But
the angle of slope of the falling branch determ nes
its ductility. This angle is therefore cal cul ated
and used as a neasure of the ductility of each
speci men. The snmaller the angle, the nore ductile

is the confined concrete col um.

The Universal Testing Machine is used to carry
out these tests. Concrete Cube Strength Test and
and Tensile Test for Steel are carried out. The strains

are neasured by Dial Gauge and Electrical Strain



SYMBOLS AND NOTATIONS

Ab - Cross~sectional area of bound or confined concrete
AL - total croéé—sectiénal area of concrete under
compression. _
.As - total cross-sectional area of longitudinal
reinforcement in tension.
L cross-sectional area of Nth bar of longitudinal
reinforcement in tension
A's ‘total cross-sectional area of longitudinal
reinforcement in compression.
A”S total cross-sectional area of transverse
reinforcement,
b breadth of the speéimen
'b" breadth of the confined concrete cross-section
Ce Resultant of Compressive force due to concrete
d the effective depth of the column cross-section
a" the depth of the confined concrete cross-section
dn the distance of the centre of .th bar from the
neutral axis
fo the compressive stress in concrgte
f'C the cukbe strength of concrete
-f“c the maximum stress achieved in confined concrete
= Kfé
< the tensile stress in steel
i the stress in the reinforcement bar
y the yield strength of steel used
the ratio of neutral axis depth to the effective

depth



cm

cs

20c

S0c

the ratio by which the strength of comcrete

increased as a result of confinement
the theoritical force of resistance in the

column

a measure of the effectiveness of transverse
reinforcement (hcops)

the spacing of hoops in the column
maximum spacing of hoops for which confinement

is effective.

a parameter used in determining the stress at

ahy glven strain in the Kent and Park Stress-
Strain Curve.

ratio of effective concrete stress to the

‘maximum ccnhcrete stress.

ratio of the depth of the resultant Compressive‘
concrete force to the effective depth.

the compressive strain in concrete

the compressive strain at which the maximum
stress is just attrined

the strain at which the stress has fallen down

to 85% of maximum stress in the curve proposed

by Soliman and Yu (5},

the maximum extreme fibre compressive strain
attained. -

the strain at maximum stress just before the
curve begins to fall in the Scliman and 0§ Yu

curve
the confined concrete strain at which the stress

has fallen down to 20% of maximumw stress in

the Kent and Fark curve,

the confined concrete strain at which the stress
has fallen down to 50% of maximum stress in the
Kent and Park curve



‘ESO - the unconfined concrete strain at 50%
of maximum stress in the Kent and Park

curve.

'€50h — the differernce in strain at 50% of maximum
stress between the confined and unconfined

concrete.

F» - the ratio of the area of longitudinal
reinforcement to the cross-secticnal area

of cclumn

P" - the volumetric ratio of hoops (transverse)
reinfoercement to the confined concrete.

(xiii)



CHAFTER ONE

INTROBUCTION

In the design of structures, many factors are
taken into consideration. These include safety,
economy and aesthetics, among others. To the
Engineer, the primary criterion is safety. He is
not only to ensure that the structure is safe for
everyday use, but alsc gives adequate warning

before collapse in the case of failure.

A structure is uéually desiéned to withstand
some perceived characteristic maximum load during
its Iifespan. To guard against overloading, the
load is ajso-multiplied by a factor of safety.
Unfortunately, despite these precauvtions. cases
of collapse of structures do occur, either as a
result of unforseen natural forces or when in
some rare cases, the design load is exceeded.
There is never a 100% cuarantee that the best
designed structure will reach its estimated lifespan.
Thus, it is essential for the design encineer to
see that in the event of failure, the structure
does nct collapse abruptly. He can do this by
recommending the use of ccnstruction materials

with adequate ductility.
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Cne of the principal materials used for
construction of structures is concrete - a
composite of gravel or crushed rock, sand, cement
and water. It dces not possess the required
ductility needed to give adequate warning in
case of failure. As a remedy, the concrete is
confined using transverse reinforcement in the

form of spirals or 'ties. This transverse

reinforcement alsoc serves as the shear reinforcement

in the structural members.

Previous works have shown that circular
spirals are the best in enhancing the ductility
of cenfined concrete., However, rectangular'hoops
{or stirrup2lare more commonly used because they
conform with the shape of most structural members.
Single rectangular hoops are usually adequate for
lightly loaded structwmres in non-earthguake
regions. But when the structure is heavily
loaded or is designed to withstand stronc
earthquakes, overlapping hoops will be required,
A lot of research has been done on the single
rectangular hocops, whereas Jlittle has been done
in the case of rectangular coverlapping hoops as

pointed out by Park and Paulay (1).



.3
It is therefore the object of this study to
investigate the effectiveness of overlapping hoops

relative to single hoops. To do this, two
common arrangements of overlapping hoops are
chosen, In addition, the influence of hoop
diameter and strength of concrete on the ductility

of confined concrete are also studied.
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CHAPTER TWO

LITERATURE REVIEW

2.1 DUCTILITY OF CONCRETE

A ccncréte structure is said to be ductile when
it takes considerable time to collapse even after
the design load is reached, This is because the
structure is abhle to transfer excess bending moment
to cther sections where the ultimate mcment is not
attained through the rotaticn of plastic hinges
formed at this section. The structure collapses
only when sufficient hinges are formed as to turn

it into a mechanism.

To guard against sudden collapse of structures,
mest design cedes consider the ductility of structures
as an important design factor. This is particularly
so in areas prone to earthgquake where the structure

is subjected to repeated seismic loading.

The ductility of a given concrete secticn is
measured by the ratio of ultimate curvature to the
curvature at yield of steel (QU/QY). Alse, the
angle of slope of the falling branch of the stress.-
strain curve (after reaching the maximum load) can
be used as a measure of ductility. The smaller the

angle, the more dut¢tile is the material.



~ 2.2 CONFINED CONCRETE

Concrete is said to be confined when it is
restrained in the directions at right angle to the
applied stress. Reinforced concrete may be confined

by hoops, spirals or lateral reinforcement.

At stresses below the uniaxial compregsive
strength of concrete, the compressive stress is
carried almost entirely by concrete, But as stresses
approach the uniaxial strength, progressive internal
_cracking forces the core;concrete to bear on the
transverse reinforcément, which then applies a
confining'feaction.to the concrete, As a result;
the strength of core concrete increases beyond thé
uniaxial compressive strength, At higher strains
the cover concrete, which cannot carry strains
higher than that corresponding to the uniaxial
strength, begins to spall and 1s ccnsidered not to
contribute to either the strength or ductility of
the confined concrete. Spalli.g is most rapid when
the Thoops are closely spaced since they provide a

plane of weakness between the core and ccver concrete,

Confinement is most effective in circular

spirals because the axial hoop tension around
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the circumference provides confining pressure.
This pressure is, however, only present at the
corners in case of rectancgular hoops. The
unsupported length of the hocps cnly contributes
when the bar dimeter is thick enough to prevent

buckling at high stresses.

2.3 Stress-Strain Curves for Concrete Confined by

Rectangular Hoops

In order to determine the ductility of a given
confined concrete member, it 1s necessary to know
the stress-strain curve of confined concrete.
Towards this end, various investigations have
proposed siress-strain relationships for concrete
confined by rectangular hoops. Some of the

important ones are:

(a) Chan (2):- He propcsed a trilinear curve

for confined concrete (see Fig. 1a). Region CAB
is the same for both confined and unconfined
concrete while region BC depends on the content of
transverse steel, He considers only the effects
of spacing and diemeter of transverse steel

before arriving at his curve. It therefore does
not fit very well with experimental resulis. He
assumes the outer fibre compressive strain at

ultimate strain to be ¢.0135%.



Blume et al (3),also adopted a similar curve in

which OA represents the curve for unconfined cecncrete

'
up to 0.85fc and ABC depends cn the transverse

reinforcement.

|
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b) Baker and Amarakone (4):—- The OAB section of

Chan's (2)

curve now hecomes a parabola. This

is followed by a plateau at constant stress. This
1

stress has an upper boundary cf fc and 1s dependent

on the strain gradient and transverse reinforcement,

They proposed the maximum compressive strain to

. be:
.1 "
€ = 0.0015 {hlSOQ + (0.7+100 ) £ €0.01... (1)
_ ) kd
in which
f) = volumetic ratio of transverse_reihforcement
to bound concrete. ‘
d = effective depth of section
kd = neutial axis depth

However, they limited the maximum strain toc 0.01;
thus making it more conservative than Chan's

approximation.

c) Soliman and Yu (5):~ Their curve has three
'
regions: a parabola upto a stess of fc and a
t
strain of 'ece’ followed by a flat region &t fc

put with the strain increasing to E.s and a final

falling section which includes the point (O.Bfé,‘erf),

up to the peoint of failure.aece is given as:

Ece = ch/EC » . - ww (2)



”Tf;“‘;MT and'ecq,'etf depend on tre spacing of binders.

EC = concrete modulus of elasticity.

The maximum compressive strain is given as

€CU = 00003 (1 + C'os-q") - om - (3)

for which the qguantity g" is a measure of the

effectiveness of transverse reinforcement.

q" = (1.4 %E ~ 0.45) Ag (SO— S)

c 1] 2
As + 0.0028BS

e (4)

where Ap = area of bound concrete under compression
Ac = total area of concrete under compression
t
Ag = Cross-sectional area of transverse
steel
s = maximum longitudinal spacing after which
Q
transverse reinforcement is not
effective in confining concrete,
5 = actual longitudinal spacing of transverse
reinforcemeit.,
B = b" - breadth of confined concrete . y whichever
r g" ffecti lepth of fined ) 1s
o - effective dep of confine y greater

concrete

This ultimate strain was found to be closer to

(2}

experimental results than those ¢f Chan and

Baker (4).



.. 'd) Roy and Sozen

10
.' .
{6}, '
:-= They suggested a curve
in which the ascending branch is a straight line
from the origin to a point with the stress fé
and¢ a strain of 0.002. The falliry i n. .s also

i L]

a straight line containing the poinl 0-.5f c, €gt)-
Contrary to previous investigators, threv found

out that the confinement of concrete dpes not

increase its strength.

e) Sargin, Ghosh and Handa (7):- They propo.

a continvous parabolic curve with a maximum st «28s

1
at a value layer than fc.

|
';f S ED .
< 1 Qﬁcoﬂ%&dmrwo—wk
!
\ Conbngd Soendy
i
osfl Lf_ 1 \_
b \
\ 1
1} L 1
eag L LN N 5
1 1] 1 |
. { ' !
i'. ‘1 l t
-~ Lee Coou o e e

Fig. < Kent and Park Stress-Strain Curve
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Kent and Park (8) have proposed a stress-strain
curve for confined concrete {(Fig.2) that contains
most of the features of previously proposed curves.

It has the following features:

Region AB: - This is an ascending second degree
parabola, in common with curves
proposed by Baker (4}, Soliman and Yu,
(5} and Sargin et al (7). This curve
is common to both the confined and the
unconfined concrete. At the peak B,

the stress is assﬁmed to have reached

1
f ¢ and the strain to be = 0.002.
Increase in strength due to confinement
is ignored. The stress at any poiht

is given by:

S 7 €.\ 72
fe=feol & € ) e (5)
€ce ﬁce
Region BC: - This is a falling straight line

similar to that suggested by Roy and
Sozen (6). 1Its slope is specified
by the strain at which the maximum
stress is reduced to half., For

the uvnconfined concrete, this strain
is

t
€ . 3+0.002 f¢ (e
Tou

]
fc - 1000
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1
in which fc is measured in pounds per square

inch (PSI). For tnc wonfined concrete, the

strain is

- €
i ' €5OC TEou +eSoh T (7)
. lf-L

where €oop = %" |2 (e)

Thus, equations 7 and & can be used to evaluate
the confined strain, £, .. The equation for

the confined concrete stress is
f_ = ' A
f 'fC ( 1- £ (e-c ece)) .0.¢ (9)

where ) : . :
O.S . - & & (10)

€50u +€oon - €

ce

The effect of strain gradient is igncred

here.

Regior CP:~- In this region, the confined ccncrete
1
is assumed to sustain a stress of 0.2fc

from the strain € to the point of

20c

rapture. No such region exists in unconfined -

concrete,
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2.5 The Modified Kent and Park Stress—Strain Curve

£
K -
oL

modificd Vet and
T Pavk CUnVe

T

o5l

) !
I
|

Kéo ) K‘egoc,' ’ ) 'e'Ca

Fig. 3: TIbe Modified Kent and Park Curve:

The Kent and Park st_ress-stréin curve dild not
take into consideration the increase in concrete
strength due to confinement. To redress this
shortcoming, Scoitt et al (9) proposed that the

cylinder stress be multiplied by a factory ..

where K - 1 + g" Iy vee wae (11)
£e

Thus for ecé0.00Z‘ K,

. ; |
f = ».’f' .?EE.... - { & -
o ol .o {12}
c 0.002 0.062

. ]
with f ¢ and fy in MPL.

For €C>/'0.OO2;1

. ) ' | .
fo - xfc)1-2 (€, - 0.002%) [ ... (12)
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where
Q0.5
Z = '
3+O.29fC o TN L
- + %@ /B - 0.002k ... (14)
145fé - 1000 5

Equations 11 to 14 are applicable only for low
rates of strain application. The authors also
suggested that the maximum concrete compressive strain

at ultimate be given by

. [4}
G—CU = 0.004 + 0.9 Q _‘f’_z}_o

sen eaw (15)

with fy in MP,.

This curve was found to be more in agreement with
experimental results than the original Kent and Park

curve,

2.6 Factors affecting The Strain-Strain Curve of

Confined Concrete

Based on the result of previous investigaters,
Park and Paulay (1) have identified the following
facteors as affecting the behavicur of ¢ stress-strain
curve of confined ccncrete,

The ratio cof tramsverse reinforcement to the
volume of concrete core ( Q"). A high ratio of
transverse steel gives high confining pressure. This
is the most important factor icentified by most

investigators.
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2. Size of transverse reinforcement - For high
cross—sectional dimensions, smal)l diameter bars
merely act as ties between corners. when the strain
is high, they buckle out rather than confine the
concrete. However, according to Soliman and Yu (5)
this factor is of less importance than the spacing

of transverse reinforcement.

3. Spacing of transverse reinforcemen£ to the
dimension of core concrete (S/b" or S/d") - As
the_spacing is reduced, concrete 1is confined

more effectively. For widely spaced binders, the

effect is minimal.

4, yield strength of transverse steel - this gives
an upper limit to the corfining pressure. However,
due to strain-hardening, the steel does not fail

.immediately after yielding. Mjild steel provides a
- .

jarger elongation for strain hardening than hioh

yield steel, which is more brittle.

5. Content of iongitudinal steel - confinemeﬁt

by longitudinal cteel is enhanced by smaller spacing
and larger diameter of the bars. However, for
effective confinement, the longitudinal bars

rust be placed tightly against the transverse hocps

that prevent them from buckling.
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6. Strength of concrete - Ductility reduces with

increase in strength of concrete.

7. Rate of loading -~ Since both stress and
strain vary with time, the rate at which load is
apnlied affects the shape of the stress-strain

curve.

2.7 THE STRESS BLOCK PARAMETERS

Fig. 4 shows the possible concrete compressive
stress blocks for the stress-strain curve as
given by Park and Kent (8). The concrete compressive

force is

bk d cas o (16)

and is acting at a distance\gkd from the

extreme compression fibre.

L

fe = maximum stress in the stress-strain curve
= Kfc

k¢ = neutral axis depth

b = breadth of the effective cross section

/- iy

E !
% Go €,4 €& €40, Ecr €z0c

STRAIT STReSS Blockd SReSS BlrK 2 STes Bla s

wem T Y - LR -~ . -
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| and 3 are known as the stress block parameters.
They determine the magnitude and position of the

compressive concrete force.

";‘( = - .. -» (‘17)

©
n

1- € ecm d LR . (18)
: : -

“Values of c(and\ghave been tabulated by Kent
and Park (g) for different values of Z and
Ecy using the original Kent and Park Stress-—
Strain Curve. For the Modified Kent ancd Park

Curve, the valives stould be evaluated using

equations 11 to 15 as well as 17 and 18.

2.4 THE THEORITICAL LOAD AND MONMENT

STRAN

- F16.5 '
(RDSS SECTIONAL, PROPERTIES (F THE (OLWMH
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The force equilibrium equations for an

eccentrically loaded column as shown in Fig. 5

are:
n
P =o(f2 bkd + 2 fSl ASl *es sy (;9)
i =1
n
and M :e(f::' ckd (h/2 ~Y¥ka) +§ fsi Asi di"‘ (20)
i=1
where

A . denotes the cross-sectional area of each
si
of the n number of bars in compression and di is
the corresponding distance from the centre of the

bar to the centreline of the column cross-section.
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CHAPTER 3

EXPERIMENTAL PROGRAMME

3.1 General

Twenty-~one (21} short columns of the size
150 x 150 x 750mm were tested. The tests were

divided into three parts.

In the first part, the aim was to find out the
relative ductility of different arrangements of
cverlapping hoops in comparison to single rectancgular
hoops. Fnr this, three basic arrangements were
chosen and numbered A1l to A3, They are the
diamond-shaped overlapping hoops, the single
. rectanguliar hocps and the rectangular overlapping
hoops. For each arrangement, three columns with
identical properties were prepared and tested to
ensure consistency, Details are provided in Table

1.

In the second part of the test, the effect of
hoop diameter on ductility was studied. To do this,
the diamond-shaped overlapping hoops and single
rectangular hoors were chosen. The hoop diameter
was changed from émm to 4mm., All other properties
were kept constant. As in the first pari,

three jdentical columns were produced for each hoop



TABLE 1: DETAILS OF TEST SPECIMEN

CONZTANTS:
Volumetric ratio of hocp reinfercement,
. )
f'= 0.0161

Hatio of main longitudinal
reinforcement, . P = 0.0179

fverpee ¥ladd strepgth of reinforcement, steel, _
£, - 301, 7 34k /m?
Dimenciong of specimens = 150x150x750mm

Cover to e teinforcement = 10mm
Area cf core cencrete = 14,B84mm

UNIT ARRAN- LONGITUDINAL STEEL TRAE.‘;VERSE DESIGN
NUMEER  GEMENT BEL CONCRETE
“Eérgf Dia- Area Dia- Spacing STREHQTH
 meter nme  meter - mm (ER/m"3
N S mm mm
.' e
- . = [ £
A1 LE*_A_:J 6 B 402.124 6 100 ! 25
AQ v B & 402.124 € . 9C 25
4] :
A3 e ] e E 402.724 6@ 56 25
ey '
'I L]
Bl r & £ 402.124 4 44 25
[ead
B PR 8 ¢ 402
2 ' .124 4 26 25"
23] -
¢ LS £ f 4C2.124 6 100 26
J_J__Lll
€2 vy 402,326 6 56 20
-
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arrangement. The arrangements were numbered Bl

and BZ.

The third part of the experiment entails
the study of the effect of concrete grade on the
ductility of overlapping hoops. This involved
changing the concrete strength from 25 to 20 NN/mz
for both the di&monashaped and single rectangular
arrangements. All other factors remained constant
as in the first part. Here alsc, three columns
were produced for each arrangement and the

arrangements were marked C1 and C2 respectively.

"To bé able to.identify'the columns after
casting;-stéel-plate tags were tied to the main
reinforceméht before casting. The three identical
columns for each specimen were numbered 1 to 3.
Thus, for the diamond-shaped overlapping hcops
arrangement in the first test, the columns were
tagged A11, A12 and A13, Similarly for all other

specimens,

It may be noted that the seiection of hoop
arrangement, bar diameter and concrete grade is
in nc way exhaustive. The choice was limited by
considerations of finance and time. Similarly,
the limitation of the study to only three factors

was informed by the same factors.
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3.2 MATERIALS

In the first and second part of the experiment,
the concrete was designed to provide a nominal
strength of 25 M’N/m2 after 28 days. In the third

part, the design concrete strength was 20 FN/m<

Crushed stones aggregates with a maximum size
of 10mm, together with ordinary Portland cement
and river-bed sand were used in mixing the concrete.
8mm mild steel bars were used as main reinforcemenf_
while the hoop reinforcement consisted of 6mm and

4mm mild steel rods.-

3.3 INSTRUMENTATION

Electrical resistance ggunes were tied to the
main reinforcement for the measurement of strain
in the reinforcement. Due tc the shortage of these
gauges , only two were used per column; one at the
top, the other at the bottom see Fig., 6 for detaill.
Dial gruces were also assembled to record the
concrete strains at the extreme fibres., This
was in addition to the automatic plotting of the

load~5train diagram by the compression machine used,

3.4 PREPARATION QF SPECIMENS

The columns were cast in horizontal position
vsing partitioned timber formwerk prepared for

eight (8) coliumns., Before this, the reinforcement
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cages were prepared separately and labelled. The
electrical resistance guaces were also altached to
the reinforcement, Flat crushed stone aggregates
abocut 10mm thick were then used as biscuits at

the bottom and sides so as to provide the required
concrete cover of 10mm. The concrete mix was then
designed and the designed proportions mixed in

a rotary concrete mixer., The mixing was docne in
three parts of two batches each. In the first
part, the design strength was 25MN/m2 and enough
mix for 8 columns and 4 cubes were prepared and
cast. All the columns were among those in the

- A-series. The last column in this series was cast
the following day, together with the 6 colUmné in
the B-series, Finally, the & columns in the
C-series were cast on the third day with a concrete
of design strength of 20 MN/mz. A slump test was
carried cut toc ensure that the water content was
within the specified limits., The concrete was
then compacted using a vibrating table. The-
casted columns, together with the concrete cubes
prepared were left untouched for 24 hours on the
vibrating table. Thereafter, the formwork was
removed and the columns taken into the curing
rocm. After 28 days, the column were brought

out of the curing room, painted and prepared for

Fl

testing.
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3.5 TEST PROCEDURE

The columns were placed vertically in the
Universal Testing Machine. Twoc dial guages were
placed 168cm from the centreline of the column,
each on either side of the column as shown in Fig.7 ..
The expected fallure load was calculated from the
Modified Kent and Park stress-strain equations.
Compression load was then applied instalmentally
at 50%, 70%, 80%, %90% of this load and the locading
was continued until failure was achieved. At
each interval, the dial gaugeSreadings as well és
~the strain gaugesreadings were noted.

l .

£

4

(i:\'\ ’ « T~ PIAL @AU&&

A A e
!

C - COWMN SPeCIMET

Fig. ?: The Set-up Befcre Testing
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Also, thegauges and load readings at the

appearance of the first crack anc at failure were
recorded. In addition, the avtomatic graph
plotter of the Testing Machine was used to plot

the load-strain curves for each column.
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CEAPTER FOUR

OBSERVATIONS AND RESULTS

4.1 OBSERVATIQONS

Originally, the tests were to be conducted
with the applied lcoad at a4 uniaxial eccentricity
of 10mm. But when one of the columns, Ale was
‘tested using this eccentric loading, the mode .
of failure was not only one-sided but the columh
only failed at the fop-most 10cm. At this time,
only about 50% of the design load was reached.

In addition, the column crushed do@n immediately
after failure, almost causing an .accident. JSince
it was observed that very little meaningful data
would be obtained by this mode of loading, it was

cdecided to load all other columns axially.

The point of intersection of the lines drawn
from cne corner to the fartherest corner was
taken &S the central point of loading. This
approximate method was used since it-was almost
‘impossible to locate the exact centre of the
~core concrete. During the test, it was observed
in virtually all the specimens that there was
a difference in dial Ggauges readings between the
rigﬁt—hand side and the left-hand side dial
géuges. See results.in Table 2. The average

strain was taken as the strain in the column.
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It was also observed that the dial gaﬂge'
pointer moved very fast as the failure load was
approached to the extent that it became impossible

to record the dial qasuge reading at failure,.

The straingéuge readings ;ere obtained using
a Linear strain meter and reccorded in Table 3. In
almost all the cases, the sfeel started yielding
before the ultimate lcoad was reached, Thus no
readings were obtained for higher lcads. Alsc, some

of the strain gaugéﬁ were found to be faulty.

in fhe columns with rectangular overlapping
hoops (A2), it took a higher load for the steel to
yield.than in other columns. Socome cof the columns
started to fail from the top while others began
failing from the bottom. No column was able to

carry higher lcad after spalling of concrete began.

4.2 POSSIBLE SOURCES OF ERRORS

11.: Size of Columns - The size of columns casted
was much smaller than normal. There WwWas an
apparent difficulty in bending the reinforcement
to exact size. This increased the margin

of error.
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2. Casting of columns - Although care was taken

to ensure quality contrel, some lapses did
occur during casting. Some of these include
the shifting of the reinforcement cage while
vibrating the concrete and the tendency for
the formwork to bulge even after bracing. It
was in an effort to reduce these lapsed that

the columns were casted horizontally.

»

Appliéation of Load - The cross-séctional area
of the column on which the compressive load
was applied was uneven.l Thus the initial
measurements of stréip were much higher_tﬁaﬁ

the actual.

Instrumental Errérs - The-gadges5; used in
measuring strain as well as the iocad meter
attached to the Universal Testing Machine were
all prone to malfunction. In fact some of the
strain gauges malfunctioned while some other

did not function at all.

Human Errors - These include human errors in
measurement and the inability tc¢ take down

the exact readings at the right time.



TABLE 4:

FIRST BATCH - Design Strength = 25HN/m2
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RESULTS OF CONCRETE CUBE STRENGTH TESTS

Cube No. Weight, kg Crushing Load Strength
kN MN/m2
Al 7.85 530 23.6
A2 7.40 500 22.2
A3 7.55 520 23,1
Average = 23,0 NN/mz'

SECOND BATCH - Design Strength = 25 MN/m°

Cube No. Weight kgq. Crushing Load Strength
e kN N/
B3 7.58 440 - 19.56
.BZ - 7.58 480 21.33
Bl 7.60 510 22,67
Average = 21.19?:NK/m2

-

THIRD BATCH - Design Strength = 2OiMN/m2

Cube No Weight,kqg. Crushing Load Strength
KN MR/me
c1 - 7,70 450 20,00
c2 7.80 440 19.56
c3 7. 70 440 19,56
Average 12.71 Kx;mz



37

TABLE 5: RESULTS OF THE TENSILE TEST FQOR STEEL
Bar Diameter, | Yield |Failure | Ag fy
Identify mm load load &
KN KN m® Mt/
A gmm 14.7 25.2 50.265 292,45
B " 14.7 23.8 50.265 292.45
C " 16.1 24 .4 50.265 320,30
Average = 301.?3%N/€
D 6mm 7.6 £.9 28,274 268,80
E " 7.0 2.0 28.274 247.58
F " 7.0 9.1 28,274 247,58
Average= 254.65!MN/m°
G 4mm 10.0 16.00 12,266 815.2¢6
H " 10.4 11.0 12,266 £47.89
I " 10.5 10.5 12.666 815.26

Average =

826. 14N /m*
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4.3 DISCUSSION OF RESULTS .. ... oo

4.3.1 General

Tables & and 7 are the calculated average strains
from the dial guage and siraiHSgauge.readings
respectively., It is decided to take the average
strains since it is assumed. that the load was

acting axially.

In Table 7, there is a marked differehce between
the strain at the top and that at the bottom of the
column. As the loading increases, either the
top strain increases while the bottom diminishes or
vice-versa. By the time the steel starts yielding,
the gap between the top and bottem strains has been
considerably reduced, The initial difference may be
due to the uneveness of the column surfaces being

~compressed; thus leading to uneven pressure. The

cstrain values from electrical strajin Qauge-readiﬁgs'

- terminate at the vield of steel. They seldom exceed
0.00250. They are therefore not reliable. for use

e

in evaluating the performarce of the columns.
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4.3.2 load-Carrying Capacity - It can be deduced

from Table 6 that the overlapping hoops arrangement
has higher load-carrying capacity than others.

This is followed by the diamond-shaped overlapping
hoops arrangement and lastly, the rectangular
single hoops arrangement. This can be explained by
the fact that the area of the largest loop formed
by the hoops is smallest in the rectangular
overlapping hoops and highest in the rectangular

single hoops. This is further explained in Fig. 8

Alsc, the results have shown that the columns
with 4mm hoops diameter (B series) carry more load
than those of similar arrangement but with 6mm
hooprs diameter. This is because the hoops are

more closed spaced in the B-series,

P K\Q\ ﬂ Nl ﬂ RN

CA=Iz0 éf aap) O oA lé.oﬁ

\ \\\

6 \x‘e‘}v I SN Em,\\&\#

(i) DIAMOND-SHAPED (i) RecATIGUIAR (ill) RecrAHEUIAR
OVERIAPAIHG VERLAPAING SWeLE

%,

K-SHRDEY ARCAS SHow THE [ARLEST LooP
M EXCH ARRANGEMENT

fie. 8
COMPARISON OF LARGEST LOOFS IN TTHE HOOP ARRANGEMENTS
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4.3,3 Straip. Values ~ Also, locking at Table 6,

- . one realises that of the three arrangements, the

Al~series (diamond-shaped) provides the highest
values of strain at failure. This is followed by

the rectangular overlapping hoops (A2) and finally,
the rectangular single hoops (A3). This suggest that
 the concrete is able to bear more strain when l
closely-spaced hoops are used despite the lardger
diameter of the widely spaced hoops. Similar

conclusion can be drawn by comparing columns Bl and

B2 as well as C1 and C2,

Comparing the strain values in columns with
similar arrangements but different hoops diameter or
concrete grade {e.g A1, B1 and C1), it is observed
that no clear trend is manifested. This may be beéause
the advantage offered by c¢loser spacing is more or
less neutralised by the smaller diameter of bars

oI weakness of the concrete used,

4;3.4 Ductility - To be.able to study the relative
ductility of each column, the stress-strain curve

is drawn using strain values from dial gauge readings
for the ascending portion. These are found in

Annex B. For the descending pertion, the only
alternative was to fall back on the automatically
plotted lcad-strain curves of the Universal Testing

Machine. Since the test was terminated at different
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stages for each column, it was decicded teo terminate
the descending curve when it comes down teo half the
maximum stress recorded. As has Lbeen explained
earlier, the test Qas not continued until the

core concrete disintegrated in order toc avoid

nasty accidents., It is also realised from the first
column tested (A12), that the horizontal portion

of the Modified Kent and Park Stress-Strain Curve,

may not be very long or may even be nonexistent.

In the absence of the horizontal branch, we may
concentrété our 'studies of ductility on the falling
branch. Téble B shows the range of strains for the
stress in the column to fall down to haiflfrom the
‘maximum value. The'angle of slcpe Of't;e'falling branch
is taken as a measure of ductility; the smaller the
value, the higher 1is the ductility of the column.

It is pertinent to note that the following Coluﬁns
had no falling branches: A22, A23 and A31. A
possible explanation for this is that the operator

of the testing machine may have taken off the

load from the column immediately after failure.

A close lock at Table 8 shows that of the three
arrangements, the diamond-~shaped overlapping hoops
cffers the most ductility. The least is the
rectangular overlapping hoops arrangement, Howevér,
this may be because the falling branches of two
out of the three columns in this series are not

recorded.
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TABLE 8: RELATIVE DUCTILITY OF THE COLUMNS
Maximum |Strain at Strain at|] Angle of Average
Column
stress, |max. stress|50% max. slope of value of
MN/m stress falling angle
branch x40 N/
A1l 15, 70 0.00510 0.00660 79, 18° 69, 38°
A13 17.00 0.00670 0.01210 59.57°
A21 17.80 0.00400 0.00570 r79.19°
- o
A22 19,20 0.00430 0.00430 /9,19
A23 17.70 0.00430 0.00430
A31 14,20 0.00280 0.00280
A32 | 13,90 | 0.00280 0.00520 | 77.82° 73,39
1 -
A33 15,60 0.00300 0.00600 68.96°
B11 17.00 0.00530 0.00700 78.69
B12 17.60 0.00530 0.00870 : 68.89 69.98°
B13 14,90 0.00570 0.00960 62.37
B21 13,90 0.00260 0.00550 67,38
B272 17.10 0.00500 0.00970 61.21 68.65°
B23 17.40 0.00540 0.00930 77.36
c11 14,00 0.00530 0.01000 56.12
}
c12 20,40 0.00450 6.,01020 ¢  60.40 65.48°
c13 18.00 0.00760 0.00920 79.91
|
c21 21.00 0.00600 0.00850 76,61
c22 17.00 0.00410 0.00700 71.16 77.24°
c23 17.00 0.00780 0.00870 83,95
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It.may be noted fhat the averagé éngle of slope
in the A-series is higher than the correspcending
value in ihe B-series (compare Al a with B1 and A3
with B2). It can therefore be concluded that reducing
the hocops diameter while maintaining the volumetric
hoop reinforcement ratio increases the ductivlity of
the column, 1In other words, the spacing cof hoors
has to be reduced to accommodate the same

volumetric ratio.

To determine how the grade of concrete affects
ductility comparison is made between A1 and C2Z2 and AZ
and C2, In the first case, it 1s clear that the
_average angle of.slope-is lower in the C1 series than
in the Al. However, this is not the case between
C2 and A3 due largelf té'fhe tnusually high value
of the C2 column. In fact, minus the 3 éolumﬁs
which had no falling branches, this column has the
highest angle. If this column is therefore discarded
as faulty, the average value for C2 comes down to
73.880, which is almost the same ast the
73.39° recorded for A3. We can therefore conclude
from the comparison of A1 and C1 that reducing

the grade of concrete enhances ductility.
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CHAPTER FIVE

CONCLUSION

This project seeks to find out the effectiveness
of two types of overlapping hoops arrangement
relative to the single hoops arrangment. 1In addition,
effort is made to investigate twe other factors that
are likely to affect the ductility of confined
concrete, namely: the hoops diameter and concrete
grade. To achieve this, small-size columns (of the
size 150 x 150 x 75Cmm) are used as specimens. This
size is chosen both for economy and ease of |
hancdling. 1In the same vein, the main reinforcement
is limited to 8mm diameter bars only while the hoop
reinforcement consists of émm and 4mm cdiameter bars.

b 78
The design concrete grades are 25 and 20Wh/m .

Unfortunately, the columns so produced prove too
weak to support any load after spalling of.cgéer concrete,
The main reascon for this is that the spacing of |
hoops is too far apart, relative to the size of thé
column, 1In the absence of any data on the final
horizontal portion of the stress-strain curve, the

falling branch of the curve is used as a criterion
fcr comparing the relative ductility of the columns.
This is so because the effect of confining concrete

begins to manifest itself only after the maximum

lcad has been attained.
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Based on these curves, the following conclusions

can be drawn:

1. The diamond;shaped overlapping hoopSarrangement
is more effective in confining concrete than both
the rectanqgular overlapping and the rectangular
single arrangements. The results also show that the
rectangular single, is in turn more effective than
the rectangular overlapping. However, this needs
further investigation since the conclusion is based
éﬁ the results of one column only. The other two
columns of the rectangular overlapping arrangement

have no falling branch recorded.

2. Reducing the hoop diameter while maintaining

the volumetric hoop ratio enhances the ductility

of confined concrete. This is so because the concrete
will now be confined at more places than when the

larger diameter hoop is used.

3. A weak concrete grade offers more ductili£y to
confined concrete than a strong one. However, because
6f its weakness, it requires more longitudinal
reinforcement to be akle to sustain the same maximum

load,
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5.2 Sucggestions for Further Research

To be able to appreciate the interplay of
various factors on the ductility of ccre
concrete, it is suggested that future researches
should be carried out using'full-size columns.
This will also minimise such errors as the cone
due to inaccurate location of the centre of

loading.

in addition, the effectiveness of other
arrangements of overlapping hocps should also
be studied. Such arrangements may include the
star-shaped, the overlapping spirals among

others. .
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APPENDIXA

STRESS - STRAIN TABL

ES BASED ON DIAL GUAGE

fe

4,44 0.00133
£.89 0.00263
12.44 0.00360
14.22 0.00413°
15.64 0.00507
7.82 0.00680
4.44 0.009323
8.89 0.00280
12.44 0.00400
14,22 0.00467
1€.00 0.00560
17.42 0.00667
8.71 0.01210

A32Z

A21

READINGS

4,44

8.89
12.44

- 14.22

A22

4,44

8.829
12.44
13.9¢6

€.98

16.00
17.78
8.89

4.44

8.89
12.44
14.22
16.00
17.78
19.20

0.00093

0.00167

0.00253
0.00313

0.00373

0.00400
0.00573

0.00107

0.00187
0.00247
0.,00300
0.00327
0.00367
0.00430

0.00100

0.00193
0.00300
0.00360
0.00533

C
4.44 0.00133
£.89 0.00200
12.44 0.00287
14.22 0.00333
16.00 0.00387
17.78 0.00433
A31 4.44  0.00027
£.89 0.00107
12.44 0.00200
14.22

0.00280
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A3 f_
4.44 0.00033
e ee 8,89 0.00100
12.44  0.00207
14,22  0.00233
15,73  0.00300
7.86 0.00600
B11 4.44 0.00120
8.89 0.00200
12.44 0.00293
1 14.22  0.003240
16.00 0.00400
16.98 0.00533
8.49 0.00707
B12 4.44 0.00133
8.89 0.00253
12,44 0.00347
14,22 0.00380
16.00 0.00460
17.60 0.00533
8.80 0.00867

.54

B13 f

4,44

g.89
12.44

13.91
6.95

B21 4.44

8.89
12,44
14,22
14.93

7.46

B22 4,44
8,89
12.44
14,22
16.00

17.16
8.58

0.00133
0.00267
0.00440
0.00507
0.00867

0.00020
0.00040

0.00080
0.00140
0.00173
0.00547

$.00116
0.00227
0,00300
0.00353
0.00427
0.00493
0.00973

C11 4,44
£.89
12.44
14.22
7.11

C12  4.44
L J

8.89

12.44

14,22

- 16.00

. 17.78

19.56

20.44
10.22

0.00100
0,00240
0.00320
0.00387
0.00460
0.00480

0.00933

0.00060
0.00173
0.00330
0.00433
0.01000

0.00120
0.00160
0.00227
0.00267
0.00307
0.00333
0.00387

0.00453
0.01030
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C13

c21

cez2

fC
4.44 .0.00160
8,89 0.00267
12.44 0.00480
14.22 0.00547
16.00 0.00600
13.04 0.00760
9.02 0.00867
ey 4,44 0.00133
8.89 0.00273
12.44 0.00360
14.22 0.00400 |
16.00 - 0.00453
17.78 0.00493
.19.56 0.00553
21.16 0.00600
10.58 0.00840
4.44 0.00080
. 8.89 0.00153
12.44 0.00240
14,22 0.00293
16.00 0.00373
16.89 0.00507
8.44 0.00707

5

c23

c

4.44 0.00147
8.8¢9 0.00180
12.44 0.00440
14.22 0.00507
16.00 0.00573
17.07 0.00670
8.53 0.00867
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XA
APPENDIX DESCENDING CURVE

Load Stress Strailn : load Stress Strain

Al 300  13.33 0.00523 811 350 ~ 15.56 0.00567
250  11.11 0.00587 - 300 13.33 0.00607

200 .89 0.00640 250 | 11.11 0.00687

7.82 0.0068 8.49 0.00707

A13 350 15.56 0.00797 B12 350 15,56 0.00680
200  13.33 0.00902 300 © 13.33 0.00720

250  11.11 0.01023 250 - 11.11 0.00773

200 8.89 0.01183 200 8.89 0.00867

8.71 0.01210 ~ B8.8C 0.00867

rel 350  15.56 0.00447  B13 550 13.33 0.00583
300  413.33 0.00483 250 o111 0.00770

250 11,11 0,00513 | 200 . 8.89 0.00860

~ 8.89 0.00573 6.95 .  0.00867

- B21 200 : 13.33 0.00233
A23 350 No falling branch ESO 11.21 0.00427
r31 | : 200 8.89 . 0.00493
7,46 0.00547

A32 B22 :

300  13.33 0.00400 350 15.56 0.00613

250  11.11 0.00413 | 300 13,33 0.00713

200 8,89 0.00507 , 250 11.11 ¢.00820

: ' 200 . 8.89 0.00933

8.58 0.00973

Ass 300 13.33 0.00367 B23 350 15.56 0.00640

250  11.11 0.00407 300 13.33 0.00747

200 8.89 0.00580 250 11.11 0.00820

7.86 0.00600 200 8.89 0.00913

8.66 0.00933
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Cc12

C13

cz1i

c22

300
250

200

350
300
250

350
300
250

350
300
250
200

350
300
250
200

13,33

11.11
8.89
7.11

15.56
13.33
11.11
10,22

15.56
13.33
11.11

9.02

15,56
13,33
11,11

10.58

15.56
13.33
11.11
8.89
8.44

¢y
M
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™

70.00583

0.00723
0.00990
0.01000

0.00780
0.00853
0.00967
0.01030

0.00806
0.00853
0.00880
0.00886

0.00767
0.00780
0.00840

0.00&40

0.00453
0,00833
0,.00&00
0.00¢&8

0.00707

23

350

300G
250

200

15.56
13.33
11.11

8.8¢%
8.53

0.00816
0.00830
0.00840

0.00867
0.00880
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