b
S
By
i A
.
PrV S e
S o .
#i ;
& e
v .
e
s
|

ISBN 0-7727-7025-5 B=2 UNIVERSITY OF TORONTO

i o . . . .
- Publication No. 81-08 %\K%\///;Z Department of Civil Engineering

CIRCULAR REINFORCED CONCRETE MEMBERS
SUBJECTED TO SHEAR

Jameel U. Khalifa W\
and

Q
MP.Colins | \%Q’ @

&
SNy
O FVo &
N ST
S \}' Q‘G&\‘.’xo« q
N\ A\\ .\Q_.\® c§ ﬂ.:'?«f‘isg

December 1981



CIRCULAR REINFORCED CONCRETE MEMBERS

SUBJECTED TO SHEAR

by

JAMEEL U. KHALIFA *

and

M.P. COLLINS **

Publication No. 81-08, December, 1981

* x5
Graduate Student Professor

Department of Civil Engineering

University of Toronto



ABSTRACT

This report describes an experimental investigation of circular
reinforced concrete members loaded monotonically in shear. Five full
scale specimens were tested. The prime variable was the amount of
transverse reinforcement, which varied from no transverse reinforce-

ment to almost the maximum allowed by the ACI provisions.

The results indicated that the shear strengths of circular members
were typically about 207% greater than the strengths predicted by the
ACI code equations. The shear strengths predicted by the expressions
suggested by ACI-ASCE Committee 426 and the suggested expressions for
the CSA code were closer to the experimental values than the ACI
predictions. The Compression Field Theory predicted the behaviour
of the specimens reasonably well with both the predicted shear strengths
and the predicted strains being in good agreement with the actual test

results.

KEY WORDS: axial load; beams; building codes; circular members;
Compression Field Theory; flexure; reinforced concrete;

research; shear.
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IX

NOTATION

gross area of concrete cross-section
area of longitudinal reinforcing bars
area of tension reinforcement

cross—sectional area of shear reinforcement within
distance s

width of assumed strips
web width (for circular section the diameter)

distance from extreme compression fibre to centroid of
longitudinal tension reinforcement

overall diameter of section
outside diameter of hoop

tangential deviation of one end of specimen with
respect to other

total displacement in testing system
modulus of elasticity of steel

cylinder compressive strength of concrete
specified yield strength of reinforcement
moment at section

axial load at section

spacing of shear reinforcement in direction parallel
to longitudinal axis

basic shear stress

nominal shear stress carried by concrete
nominal total shear stress

shear at section

shear force carried by concrete

shear force transferred by stirrups
total applied shear force at section

angle between measured diagonal strain and longitudinal
axis of member

strain corresponding to maximum stress in a concrete
cylinder




S = gngle of inclination to longitudinal axis of member
(in degrees) of diagonal compressive stresses
SS = angle between hoop and vertical axis through section
for the assumed concrete strips in section
Py = effective transverse reinforcement ratio in each concrete
strip (= Ay CosBs/b'")
= A /b d
Py s/ 4
o) = strength reduction factor defined in Section 9.3 of

ACI 318-77




-------------------Ar

CHAPTER 1

INTRODUCTION

1.1 Problem Description

Many structures contain reinforced concrete members with circular
cross-sections. Usually these members are columns. For example, the
columns of multi-storey buildings are often circular, as are many of
the piers supporting bridges. These circular members can be subjected
to considerable shear forces arising from wind or earthquake activity.
It is therefore desirable to be able to predict the behaviour of
circular reinforced concrete members loaded in shear. This is the

problem discussed in this report,

1.2 Previous Work

A study of the literature available on shear in reinforced con-
crete members shows that the amount of work done on members with circu-
lar cross-sections is very limited when compared to the work on members
with rectangular cross-sections.

One study involving circular members was carried out at the
Autonomous National University of Mexico in 1965 by Faradji and
Diaz de Cassio [6]. 1In their program they tested twenty-one 250 mm
diameter specimens. However, only four of these specimens contained
web reinforcement.

Some work on circular members was conducted at the University of
Toronto in 1974 by Aregawi [3]. He tested four specimens 460 mm in

diameter. An attempt was made to measure hoop and longitudinal strains,




but because of the difficulties he encountered measuring strains over
curved surfaces, much of the strain data was unreliable.

A study involving five spirally reinforced concrete columns, octa-
gonal in cross-section, was carried out by Priestley, Park and
Pontangaroa [7]. The study was, directed towards investigating
the ductility of the columns under reversed, cyclic lateral lcads.

Other than the aforementioned studies, the authors were unable to
find any experimental work which addresses specifically the problem of
the shear strength of circular reinforced concrete members.

The current American Concrete Institute (ACI 318-71) [1] treats
the design of circular members under shear, in a manner similar to the
design of rectangular members, with 'bw' taken as the overall diameter
of the member and 'd' as the distance from the extreme compression
fibre to the centroid of the longitudinal reinforcement in the opposite

half of the member.

1.3 Objectives of Current Work

The current work represents one phase of the research being con-
ducted at the University of Toronto, aimed at developing rational
design procedures for reinforced concrete members subjected to shear
and torsion. These methods are based on '"The Compression Field Theory"
(CFT) [4][5}. The theory assumes that a cracked reinforced concrete
beam resists shear by means of compressive stresses in the concrete
and tensile stresses in the reinforcement.

The main objective of this study was to obtain reliable

experimental data for circular reinforced concrete members loaded
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monotonically in shear. Hopefully this data will enable the CFT to
be extended to predict the response of such members,

A secondary objective of the investigation was to compare the
predictions of the shear strength by the CFT and by the ACI expression

with the experimental results.

1.4 Outline of the Report

First the experimental setup is explained. Detailed descriptions
of the geometric and material properties of each specimen are then
presented. Chapter 3 describes the testing of each specimen. Load-
deformation curves and photographs of the crack patterns at different
load stages are also presented.

The experimental results obtained are then discussed in Chapter 4.
The shear strengths of the specimens are compared with the predictions
of various suggested techniques. Detailed strain analysis is also
presented and the actual strains are compared to the strains predicted
by the CFT. Chapter 5 presents the conclusions drawn from the test
results.

Appendix A contains the calculations for the predicted shear
strengths for the various approaches; and the measured strains and the

calculated principal strains are presented in Appendix B.




CHAPTER 2

EXPERIMENTAL PROGRAM

2.1 Objective of the Tests

To achieve the objectives outlined in Chapter 1, five specimens

were tested under simulated column loads (Fig. 2.1).

%

EXTERNAL SHEAR MOMENT
LOADBS

Fig. 2.1: Loading simulated during test.

Although the shear strength of reinforced concrete depends on
many factors, probably one of the most critical is the amount of trans-
verse reinforcement. Hence this was the prime variable; ranging from
no transverse steel to about the maximum allowed by the ACI. As far
as possible, all other variables were kept constant. All specimens

were designed to fail in shear rather than flexure.
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2.2 Test Apparatus

The test rig developed by Sadler [8] was used. This rig
(Fig. 2.2) was designed to introduce the transverse load into the
specimen in a reasonably uniform manner. The transverse load was

applied to the specimen through

Fig. 2.2: Rig used for testing the specimen

two yokes holding the flared ends of the specimen as if they were fixed
ended. The two side plates of each yoke were clamped to each end of
the specimen by twenty-four high strength bolts threaded through the
ends of the specimen and the plates (Fig. 2.2).

The axial load was applied to the specimen by post-tensioning a

65 mm high-strength steel rod threaded through a 76 mm diameter hole




G

located along the longitudinal axis of the specimen. A 300 ton jack
was used for applying the axial load.

The transverse load was applied by a 1000 kN MTS testing machine.
This produced a constant shear over the test length of the specimen.
The self weight of the specimen and the rig (56 kN), however, produced
a dead load shear which varied from one end to the other. The varia-

tion of shear over the test length was only 5 kN and was small compared

to the applied loads. However, the dead loads did cause a significant
difference in moments at the two ends. The orientation of the specimen
and the applied loads are illustrated in Fig. 2.3. The moments and

shears used for analysis are shown in Fig. 2.4

2.3 Test Specimens

2.3.1 Geometric properties.

The overall dimensions of all specimens were identical and are
given in Fig. 2.5. There was a hole 76 mm in diameter through the
centre of all specimens running the entire length. (As mentioned
before, this was used for applying the axial load). The test section
was 1270 mm long and 445 mm in diameter. The longitudinal reinforce-

2

ment consisted of twelve 25 M bars, each with an area of 500 mm“,

placed symmetrically around the circumference (Fig. 2.6).

The transverse reinforcement consisted of welded hoops. These
hoops were fabricated from 10 M bars and for one specimen from special
#2 bars imported from Sweden. The welded joint in the hoop was placed

in the compression zones of the specimen whenever possible. The
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12-25M BARS
HOOP

HOLE {d=78m

——======5

Fig. 2.6: Typical cross-section
spacing of the hoops and their diameter for each specimen are listed
in Table 2.1. Specimen SC4 was constructed with effectively no cover,

to investigate the effect of cover on the ultimate shear strength.

TABLE 2.1: TRANSVERSE REINFORCEMENT DETAIL

SPECIMEN | BAR SIZE | NOMINAL AREA | SPACING | HOOP DIAMETER1 CLEAR COVER
(mm”) (mm) Dy, (mm) (mm)
SCO - -- -- -
SC1l #2 34 150 400 22.5
SC2 10M 100 150 400 22.5
SC3 10M 100 100 400 22.5
SC4 10M 100 150 430 7.5

1 measured out-to-out.




The test span tapered out to two end blocks 560 mm x 610 mm in
cross-section. These end blocks were heavily reinforced. It was
observed that the part of the end blocks (confined by the two yokes)
of the first specimen tested (SC2) were uncracked after the test.
Subsequently the end block reinforcement was reduced for the other
specimens. The end blocks contained twenty-four 32 mm ducts (to
accommodate 25 mm high strength bolts). Figure 2.7 shows a typical

reinforcing cage for the test section and the end blocks.

Fig. 2.7: Typical reinforcing cage for the test specimens.

OO
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2.3.2 Material Properties

2.3.2(a) Reinforcing Steel: The longitudinal reinforcement

consisted of 25 M bars (area = 500 mmz) with a yield strength of

516 MPa. The transverse reinforcement consisted of 10 M bars (area =
100 mm?) and #2 bars (area = 34 mm?). The hoops made from the 10 M
bars were heat treated after being welded. The #2 bars exhibited a
very flat yield plateau so the hoops made from this steel were not heat
treated. Two sets of hoops were made from the 10 M bars and were heat
treated at different times, therefore they have different characteris-
tics. Figures 2.8 and 2.9 give the typical stress-strain curves for

the reinforcing steel.

2.3.2(b) Concrete: A local ready-mix plant supplied the

concrete. The strength specified for the concrete was 25 MPa at 14
days having a slump of 200 mm to facilitate the vertical casting of

the specimen. Pea gravel aggregate with a maximum size of 10 mm was
used. Figure 2.10 gives the stress-strain curves for the concrete used
in constructing the specimens. The ultimate strength of the concrete

ranged from 19.3 MPa to 26.5 MPa.

TABLE 2.2: SPECIMEN MATERIAL PROPERTIES

CONCRETE PROPERTIES | LONGITUDINAL : HOOP REINFORCEMENT
SPECIMEN f' (MPa) e (10_3) REINFORCE}{ENT Size Yield, fy Avfy/s
c o YIELD, f_(MPa) MPa (N/3m)
SCO 23.4 1.75 516 - - -
SC1 19.3 1.65 516 #2 410 187
SC2 23.0 2.00 516 10M 510 680
SC3 24.5 1.90 516 10M 510 1020
SC4 26.5 2.15 516 10M 430 573

1Longitudinal steel consists of 25M bars (area = 500 mmz)
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Fig. 2.10: Stress-strain characteristics of concrete.



The material information is summarized in Table 2.2.

2.3.3 Constructicn

The reinforcing cage was made first. This was then transferred
to a prefabricated steel form (Fig. 2.11). All specimens were cast

vertically as is the normal practice for columns.

Fig. Z.11: Reinforcing cage placed in the
prefabricated steel form.

Concrete was vibrated by a form vibrator and an immersion

vibrator (Fig. 2.12).



n

DT

Fig. 2.12: Specimen being vibrated during casting.

A standard slump test was conducted and ten standard 12" x 6" ¢

cylinders were cast for each specimen.

2.4 Specimen Instrumentation

2.4.1 Strain Measurement

To measure strains a grid was formed using brass targets attached
to the hoops. Each instrumented hoop had eleven targets placed as sho
in Fig. 2.13. Each specimen had three distinct grids on both the East
and the West sides (Fig. 2.14). The two grids at the ends of the test
section consisted of two instrumented hoops each, and the grid in the

centre of three instrumented hoops.
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Fig. 2.13: Typical instrumented hoop.

A
LEVEL 1 N TEST SECTION

LEVEL 2 T——
<

Fig. 2.14: Position of instrumented hoops in the specimen.
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The gauge length along the length of the specimen depended upon
the spacing of the hoops. Strains were measured along the lines
between the gauge points (Fig. 2.15). The targets were numbered
stérting from the bottom on the North side because the tensioh face
is on the bottom on that side, and it was expected that the strain
variation would be more pronounced in that region. As specimen SCO
contained no hoops, strain readings were not taken.

Strains were measured along straight lines although the actual

surface was curved (Fig. 2.16). It was estimated that the actual

- ZURICH GAGE TARGETS

\\\ ////// HooP

LINES ALONG WHICH
STRAINS MEASURED

Fig. 2.16: Difference between true and measured
strain.

strains on the surface would be about five per cent different from

the measured strains. So for the purpose of this study, it was assumed
that the measured strains were equal to the actual strains.

Zurich gauges were used for measuring strains. These gauges had
a least count of 0.01 mm. The gauge length depended upon the spacing
of the hoops. At every load stage 99 gauge readings were taken on

each face of the specimen, making a total of 198 readings.

s . -
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2.4.2

Deformation Measurements

Only the two deformation measurements shown in Fig. 2.17 were
taken.

One was the total deformation in the system which included

. s e > o e i e D < e .

; \
. \
/ ! \ CHANGE
! / / \ HERE @
!
é \ K / \
\ A
/ \
) : \
? q[ / \
CHANGE po=—=——--
HERE @)

Fig. 2.17: Deformations measured during Lest.

the deformation of the loading rig as well as the specimen; the second

was the tangential deviation of one end with respect to the other end
of the specimen.

Both these deflections were plotted against the trans-
verse load on X-Y plotters.

2.4.3 Load Measurement

The transverse load was monitored by a load cell built into the
MTS testing machine.

The axial load was monitored during the test by
a load cell mounted on the post—-tensioning bar.
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2.5 Test Procedure

After the test specimen was placed into the machine, initial
readings were taken with both ends of the specimen temporarily sup-
ported to reduce the deal load moments. These readings were considered
as the zero readings for data analysis. Axial load was then applied by
tensioning the high strength steel bar to 1000 kN. The transverse
load was then applied in stages, strain readings taken, and the crack
patterns photographically recorded. At each load stage the machine

deformation was held constant while strain readings were taken.
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CHAPTER 3

EXPERIMENTAL OBSERVATIONS

3.1 Introduction

This chapter contains the description of the five tests conducted.
The information is presented in tabular form. The second column of
the table contains the shear force on the specimen which was assumed
constant over the test region and equal to the shear at the centre of

the test region. Load deflection-curves and photographs of crack

il

patterns at selected load stages are also presented.

During the test, the machine deformation was kept constant at
each load stage for about 30 minutes while strain readings were taken.
Typically it took about 4-1/2 hours for each test to be completed
except for SCO for which no strain readings were taken and the whole

test took only about 45 minutes.
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Fig. 3.1: Load-displacement curves for specimen SCO.
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NORTH SOUTH

Fig. 3.2: Crack patterns at selected load stages for SCO.
(Note that load shown include dead load
i.e. Shear=Load-28 kN)
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SPECIMEN: SC1

3

10. 0 20.0 30.0
HEAD DISPLACEMENT (MM

TANGENTIAL DEVIATION PLOT NOT POSSIBLE
FOR SC1 AS LVDT READINGS WERE DISTORTED
BECAUSE OF CRACKING OF BOTTOM FACE OF
SOUTH END BLOCK .

Fig.

3.

3:

Load-displacement curves for specimen SCI.
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Fig. 3.4: Crack patterns at selected load stages for SCI
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Fig. 3.5: Load-displacement curves for specimen SC2.
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Specimen SC3
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Fig. 3.7: Load-displacement curves for specimen SC3.
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SPECIMEN: SC4
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Load-displacement curves for spccimen SC4.
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i SPECIMEN: SC4 1
(LOAD REVERSED)_

o 20.0 40.0 60.0 80.
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TANGENTIAL DEVIATION PLOT NOT POSSIBLE
FOR SC4 (LOAD REVERSED> AS LVOT READINGS
WERE DISTORTED DUE TO CRACKING OF BOTTOM
OF SOUTH END BLOCK.

Fig. 3.11: Load-displacement curve for specimen SC4
(load reversed).
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Fig. 3.12: Crack patterns at selected load stages for SC4

load reversed.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Ultimate Strength

The most important results of the investigation were probably
the observed shear strengths of the test specimens. The shear
strengths of the specimens have been plotted against the amount of
transverse reinforcement in Fig. 4.1. Both parameters have been
non-dimensionalized. The same figure also contains the ACI predic-
tion and the CFT prediction of the shear strengths. There are two
plots for the CFT; one for no moment on the section simulating the
centre of the test region, and the second for moment equal to 635V
(N-mm) which simulates the end of the test region. The CFT calcula-
tions were based on a procedure developed by Vecchio [9]. The pro-
cedure, based on a modified version of the CFT, also accounts for the
tensile stresses in the concrete between cracks, in a cracked rein-
forced concrete beam. During the tests, it was observed that at
failure the average axial load on the different specimens was about
1050 kN. Hence the predictions were based on an axial load of
1050 kN. An average concrete cylinder strength of 23.3 MPa was used.
Details of the prediction for the CFT and the ACI are given in Appendix A,
The shear strength predicted using the actual concrete cylinder strength
for each specimen is given in Table 4.1.

A study of Fig. 4.1 indicates that the experimental values are about
20% higher than the ACI prediction. It is to be noted that the ACI

prediction was based on the formulae as given in the code, with 'bw'
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TABLE 4.1: SHEAR STRENGTH PREDICTED USING
ACTUAL MATERIAL PROPERTIES

SHEAR STRENGTH (kN)
SPECIMEN EXPERIMENTAL ACI CFT CFT
M=0) (M =635V)

SCO 326 174 267 200
SC1 324 215 356 311
SC2 478 399 507 454
SC3 578 524 601 489
SC4 456 356 498 445
SC4 378 - - -

(Reversed

Loading)

and 'd' as previously defined. If, however, the rationale behind the
ACI formulation (assuming a 45° failure crack crossing the stirrups)

is used, the contribution of circular hoops would be less than that

of stirrups with their legs parallel to the shear force. Considering
only the appropriate component of the force in the circular hoops leads

to the following expression for the steel contribution

Af d
A
s

<
i
ERINY

The above expression is used by a number of engineers (e.g. Priestley

[7]D) in calculating the ACI shear capacity of circular members. Using

this interpretation of the code would lower the values of VS by about

36%. This would make the ACI predictions even more conservative., It was
expected that the experimental values would be bound by the two CFT predic-
tions, as the actual specimens were subjected to a moment, varying over

the test region from 0 to 635V, in addition to the shear. It can be

seen (Fig. 4.1 and Table 4.1) that all specimens except SCO did lie

within the two bounds. Specimen SC4 was observed to have failed near



=TT

the end of the test region with extensive concrete crushing. Thus the
fact that its failure strength was closer to the M=635V prediction, is
explainable. However, as SC4 had larger hoops (meaning a larger spalled
section area), it was expected that it would have taken more load than
it actually did. The end block on the South side was significantly
cracked at failure. This could be a reason for the premature failure

of SC4. Specimens with low transverse reinforcement ratio (especially
SC0) exhibited a higher failure shear compared to the CFT prediction.
The possible reason could be the strengthening effect of the end blocks,
which would be more pronounced for low transverse reinforcement ratios.

It was also observed that the CFT prediction for shear plus flexure
was below the ACI prediction for high transverse reinforcement ratios.

In actual structures high flexure could be present in addition to high
shear, and the ACI predictions might be unconservative.

Fig. 4.2 contains plots of predicted shear force versus amount of
transverse reinforcement (both non-dimensionalized) for the ACIT equation,
the suggestions of the ACI-ASCE Committee 426 [2], and the proposed rec-
ommendations for the Canadian Code [4] in addition to the observed failure
loads. The suggestions of Reference 2 and 4 are much closer to the actual
points than the ACI prediction. They are, however, still conservative for
low transverse reinforcement ratios.

After failure, the transverse loading on specimen SC4 was reversed.
It was observed that the specimen took about 83% of the monotonic failure

load under the reversed loading. The specimen was also much more flexible.

4.2 Strain Analyses

The strain measured on the East and West sides were averaged and
these average strains were used in all strain calculations. Six strain

readings were taken on each of the rectangles shown in Fig. 4.3(a). These
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A
LEVEL ! iTB\TEST SECTION
— - C

Fig. 4.3(a): Grid elements on which readings
were taken.

y
A383 [ EY=(A3A4+B3B4> /2
A3B4
. - N -EX=(A3B3+
Q % E = 7 A4B4> /2
o A
A4B3
X
A4B4 e2-a4Ba] L E1-A384

Fig. 4.3(b): Strains measured in a typical
grid element.

strains were assumed to act at the centre of each rectangle (Fig. 4.3(b))
and were used to calculate the shear strains and the principal strains.

These strains are listed in Appendix B.

As specimen SC2 was the first specimen tested, some difficulties

were encountered taking readings on curved surfaces and as a consequence

not all the mentioned readings were taken. The problem was, however,

resolved and most strains were measured for the remaining specimens.
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4,3 Hoop Strains

Three sets of hoop strains were plotted. The first was the strain
distribution around the hoops. Typical strain distributions for regions
AB and FG (subjected to high shear and moment) and region CDE (low moment
region) are shown in Figures 4.4 through 4.7. The plotted strain distri-
butions were the average of the hoops in that region. It is observed
that for region AB the strains are more or less uniform around the hoop
until hoop yield. After hoop yield, however, strains are higher at
mid-depth of the beam. In the central (CDE) region the strains are
observed to be generally higher at mid-depth as compared to the top and
bottom of the specimen. Hoops in regions G were lightly strained as the
dead load moment and shear was lower in this region.

The second set plotted (Figures 4.8 through 4,11), shows the vari-
ation of hoop strain (at mid-depth of the beam) along the test length.

It is observed that the strains were usually higher in region AB. This is

_is because during the test, the dead load moment and shear was higher in

this region. In specimen SC2, at failure almost all hoops had yielded
at mid-depth and the strains were quite uniform over the test length. 1In
specimen SC3, however, only hoops A and B had yielded at failure. A
possible reason could be the fact that for heavily reinforced concrete,
failure would occur by the crushing of concrete, rather than steel yield.
Only hoops A, B and C had yielded (at mid-depth) at failure in specimen
sCl and for specimen SC4 only hoops F and G had not yielded.

The third set (Fig. 4.12) shows the variation of hoop strain
(again at the mid-depth of the beam) with increase in the shear on

the specimen. The strains have been plotted for the centre of the
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test section (i.e. hoop D). On the same plot hoop strains predicted
by the CFT (Using Vecchio's model) are also given. It is observed
that the CFT predicts the strains reasonably well, except for

specimen SC4.

£

4.4 Shear Strains

R

The variation of shear strain with applied shear is shown in

RN G R T DR AR 3

Fig. 4.13. The shear strains at mid-depth at the centre of the test

section were plotted. Again it is observed that the CFT predicts the

strains with reasonably accuracy.

4.5 Longitudinal Strains

Figures 4.14 through 4.17 show the longitudinal strain variation
across the depth of the specimen for the different regions. The

strain distribution was not linear near the end of the test section

(subjected to high moment) but the strains reduced near the top and
the bottom. As the strains were not measured directly on the longitud-
inal steel but across the hoops, this peculiar strain distribution
could have been caused by relative slip between the hoops and the
longitudinal steel. Figures 4;18 and 4.19 show the predicted (by CFT)
and the actual measured longitudinal strains at failure. Strains
in regions AB and FG were averaged for the plot showing the strain
variation for regions subjected to high shear and moment. The correl-
ation is not very good. However, as the longitudinal strains were
generally quite low, there was a greater possibility of an error in
the measurement. This could partly account for the discrepancy in

the measured and predicted values.




-suowtdods 9Uyl JI0J SOAIND

E (g 01> NIVYLS ¥V3HS
0's oy 0€ o2 ot 0
P T 0
- “dX3 o+ 0ol
s 143 —
- 73S INIWID3AS -1 002
- + 4 00E
L - 4
- + - oor
+
+ +
- -{ 00S
n " A L i U | i A i i " A A 1 " A " 80
|
e8]
(Ve
|
(g 01> NIVYLS dY3HS
0°s oy 0'€ a-e ot 0
e S Y [ T 0
o ‘dX3 + oat
143 —
€3S *NIXIIAdS
- 4 ooz
s -1 ooe
B - oor
- 4 oo0s
+
P 009

(D 3304 YVY3HS

(N> 3J¥04 YV3HS

(g 01 NIVYLS ¥V3IHS

$SS9J13S JIB3YUS-UTBIIS JIBIUS

eI

0°s o‘r [ 3 0°e 0°t 1}
—— . T ———r——
- dXx3 o+
i 143 — 1
23S 'NIHII3dS .
- -1
-
4 i ' . . 1 A 1 e A A
C ¢01>) NIVYLS dY3IHS
0°S o'y 0°€E 02 [/ § 1]
Ll L) — T T — - L d T Al T
- ‘dX3 « .
i 143 —
§JS *N3IWII3dS
]
-+
B + .
- ;.
[ 1
i i i i A 4 i A 1 2 A i

008

324804 ¥Y3IHS

(N

(N> 33304 ¥YVY3HS




"so8els PBOT 31USISFJFTIP 3B [DS I0F UOTINQTIISTIP UTBIIS TeuipnitduoT :y1*p -S14

. (000T1*) NIBUYLS "ONDT (000T*) NIUHYLS "INDT
00°€ ] coww oo”- 00°0 cc._., cc.w- 00°¢- 00°t co“~ 8“- 00°0 00°1- 00°2- 00°¢-,
+ + + $ m + + {- + m
o0 o
w ,
. y.l. =< ~< ] y.l.
=< < e — — o
— — oM m m o
m D r r 3
m r Q (@] =
] o q&¥ 8=
ox ox
.rﬂ.u S.O
4029 1°o
orm om
v O
— -4
[B= _x
4 18
94 NOI93Y |63 03 NOIOJY |o%
13S :NJIWII3dS b( ! 13S '*NIWI33IJS e(
| i ,
o 8 8
n (=] e
1
. (0D01=INIUHYLIS "9NDT (0001») N “OND
(1110 ccnm 8.__ SHQ cc.__- 00°¢e- 00°€-, 00°€ 00°¢ 00°1 00°0 :um:ow._wt 00°¢- 00° €~
¥ Ll T T + R + t m .. 0 R
P=) : o
PN o} , Py o)
y 0 |
= < =’ < < Az
' — uﬂc — i (I nuw
@] ) O 148 @] | o | b
ax ox
o o
18! 48
o Po
om om
) R
— v -~
. I
H4a 18-
30 NOI93Y WW i\ 8v NOI93d |=F
[3S *NIWIJ3dS - w 13S :NIW133dS -
n | th
[=] o

Bl o i it . ; . . e " s




"sodpls peOT IUSIDIFTP 2B DS I0J UOTIINQTIAISIP UTBIIS T[euIipnitduoT :qT 'y 814
) (0001 NIBYLS "IND] (0001 NTHY1S “IND1
00°€ ccnm 8“_ ocwc 8&- co.w‘ 00°€- 0°€E ocnm 8“_ 00°0 ca.m- 00°¢- 00°¢t-
t + t t + r m T + + } + m
Mum =0
(82]
- @
s ey a —_—t
< \ ~ & m.A. m.A. s
— — o
m m °3 E ! E S
i — G () () 1 G
- 0O A mnw -1 w;.:un
o3 oX
S ) =
oy w gy
484 1°o
om 03
5 =
1)
-y N -
\ 94 NOI93d |75 a3 NOI93Y |23
20S NIWIIAdS |2 23S N3IWIJ3ds | =
I - -
o S s
Ne] o (=]
! . . (000 1) NTYYLS "IND) (000 1%} NIHYLS “9NDT
00°¢ oc.m Qoh_ 00°0 cc._,- gc.w... 00°E-, )'E 602 00°! 00°'0 00°1- 00°2- 00°E-
T T + t % 1 + 4 “ " R
[~} o
=) N
! < & < &
= < |s < < |
m ¢ m |°3 m m |°3
r I~ Q r r L9
(@] | 0 mw O O A ax
ox ox
'y o
1°o -1°a
014_.“ am
2 A =
30 NOI9S3Y 135 125
295 sNaNI0ads | = . 8Y NOI93d o3
" 23S *NIWIJ3dS |,
[V,
[=] [=]

w.-j - e me | | - -




- 61 -

*so8elsS PROT JUSISFFIP 1® §DS I0F UOTINQIIISIP UIeIIS Teurpnitduonq

(0001 XIN1HULS "ONDT

€3S ININWIJ3AAS

0705 0°0S!  0°0S2
HL430-0IW WOWd4 "1SI0

0°0S-

0°0Si-

(WW)

0-0S2~-

6°0S5- 0°0Sl- D 0S2-
*1s10

0°0s
H1d30-0IW WOHYJ

[TI Y Qm“_ 00°0 ] om._.u eo.W: om.—..- 00°9-
~< ~<
m m
m
m
- - ]
94 NOI93Y
€3S NIWIIIJS
(000 1%) NIBY1S "9ND1
00°'¢€ cm“_ co“a om._.u co.m- cmé..- 00°9
< ~< .
— 4
m m
. [
o (] |
30 NOIS3Y |

0°0s!

(HWH)

‘ose

91y 814
(000T*) NIYYLS “INDT
00°¢ em“_ 00°0 am._.- cc.m- cm._”.- ec.ox.._..
. q . . S
o
= < {é
- (=)
—.—1— -
~ m =
O (]
18
o
E
a3 NoIO93M |2
E3JS INIFWIIJ3dS
n
8
(0001*) NIBYLS "9NDT
10°€ 0S°1 c@.c 0s°i- 00°€- 0S5 h- 060°9-y
+ + + + 0
o
< < H&
— - M
m m e
r r
(@] =) 438
o
da
gv NOIS3Y M
€3S NIWII33dS

- O - . -

H1d30-0IW WOY3

H1d30-01W WOY4 °1SIQ

(W)

"16810

(WW)




"so8els pPBOT JUBILIITIP 1@ vDS 10y UOTINQTIISTP UTBILS TeuTrpnitduo] :/T-¢ ‘314
(000T=) NTBYLS "INDT (000 T=) NIHYLS "INDT
00N 00°€ 00°2 00°1 000 00°1- 00°e- 00'h 00°€ 00°2 00°1 000 00°1- 00°2-,
t + + 4 4 & + + + t ;
oY) PN
{5 "N i O
D- IA %-
- °3 m >3
M =1 r~ LS
mu le=x (] dox
ox ox
1 O3 o
8L 18%
ofm om
Y U
— —
i . s =
44 18-~
34 NOI93d oX d3 NOI93N oX
¥35 SNIWI133dS ¥3S INIWII3IJS -
! o G
o e 2
=] [=] o
! (Q00I*) NIYYLS "ONDT (000 T*) NIYYLS "INOT
| 00°h 00°¢ 00°2 00°1 00°0 00"1- 00°2-, 10°h 00°¢ 00°2 00°1 00°0 00°1- 00°2-,
t ' ' ' 5 e t t } m
=0 20
X% &
- - A -
=< & a.
— o o
Z 2 2
(W] - M._N - m..nw
ox ox
a (e
48/ 48/
fo fo
om om
R 0
— —
I _x
-~ 0 -~ un
[ = JP. [~ .
30 _NOI93Y e av NOI93 N S
ot u
(o] Q




"ZDS Pue DS 10F (PINTTeJ 3B) SUTRBIIS [BUIPNITSUOT] painseauw pue pa3dIpaxd :81'¢v - 814

(000T>*) NIVYLS °O9NOT (000T>) NIVYLS “9NO1
oe 02 ot ) o1~ 02 0~ oe 0% o1 0 0°1- 0e- 0'%e-

| L T v L 4 | T T L4 L4 1 3 v T v v T L] T ¥

:

‘dX3 @ .
14—

‘dX3 =« *

v
1
knd
!

| o

*
o

¥
]
1
8
uwy H1430-0IA WOMS "LSIa

i » 235 |

—@I%4v 90 SAV) NOIS3E W H5IH

(000T>) NIVAMLIS "INOT 00T NIVHIS ‘ONOT
oe L 0"t 0 0°t1- 02 0%®- 0E 02 ot L) 01- 0% 0°e-

¥ T 4 T 4 H L T v ] v ¥ Y L4 T 14 ~T T T T v

" °dX3 = * %%

| 13s ‘_. 1 oo
2 1 . 1 , N 1 N 1 .
(9438Y 40 "3AYINDIO3N W, HOIH

(WHH H1d30-0IN WO¥H “LSIa

- 63 -

1
1
[}

[ 14—
L s - 001~

T
t ]
1
8
-e
!

s
o

(U H1d30-0IN WOMd "1SIg
)

(U H1d30-0IW WOoMd "1SIg

8

cJS .

Y i ] Py [ 1

. 13S rl ] 002

¥
1

3 3 '] Y 1 2
(G3>NOI93Y W, MO

(Q3>NOIS3Y W, MO




- 64 ~

‘6T°

*$0S pue ¢)S I0F SINTIBI 3B SUTBIIS JBUIPNITI3UO] polnsedw pue pajldIpald y 3813
C(000T>) NIVMIS °“INOT (CO0T>) NIVYLS °“9NOT
{0 ]y o4 {5 ] c°t Lo} 0°t~- g e~ [0 e -0 g€ g c°t o 0g°t- g2~ 08~ O0°%- OG-
T ¥ L A 1 o0z (=] T ¥ ¥ T B T
ol = ] -
e ﬁﬂmxm % * - s i'mxm » * IOON
-4
149 — s 1493 —
- I l8ﬁ.l b pe -
% M * 0.0} 4
k<
T 0 X ]
~4
7
. % 400t m R * Joot
|
I % ¥3S Jooe I i X €IS o
1 N . R ] ' 2
Od3avy 40 "3AY)NOIO3Y ,W, HOIH 3 —— sV 30 IAVS NOTAIY R, HOTH™
(0001 NIVYIS °9NOT C000T>%) NIVYLS °9NOT
08 o2 o°t o] [+ Rt £ g2~ 0 e~ o B -4 O.N ...- .o.«l O.Nl o8- O~ 0%~
i | M L L] L4 c | v
v& (020>
o . - oo2- - 4oo2-
‘dX3 » o - "dX3 »
143 — n 140—
- * l8ﬂ'w = I8ﬂl
X
' s = o
Q
g
L * 4oot M L 4oor
O
-
* I
- » y3S 002 ..mu L €3S Joo2
1 [ 3 1 Y 'y
A3>NCIS3N W, MO v ¢ a3 vzonumm LW, MO

e p—

Quuy H1d430~-0IN WO¥H °1SId

() Hld30-0IN WO¥d °1SIg




E— . T W

B |

- 65 -

4.6 Angle of Principal Strains

The variation of the angle of principal strains with applied shear

is shown in Fig. 4.20. The angles have been plotted for the centre of

the section (M=0) at mid-depth of the section. The CFT prediction for
these angles is also plotted. Figure 4.21 shows the change in the
angle of principal strains at failure with the change in the amount of
transverse reinforcement. These angles have again been calculated

at the centre of the specimen at mid-depth, at failure. The CFT

prediction follows the observed trend.

4.7 Shear Stress Distribution

The shear stresses predicted by the CFT are presented in Figures
4.22 through 4,24, Plots for only SC3 are given as these weré typical
of the other specimens. Figure 4.22 shows the predicted shear stress
distribution on the Cross-section at different load stages. The high
peak stress at mid-depth is partly due to the presence of the 76 mm
¢ central hole. Figure 4.23 gives the predicted shear stress distribu-
tion on the cross-section at failure under shear as well as moment
(M=635V). The distribution for the section subjected to shear only is
similar to the one subjected to shear and moment. Figure 4.24 shows the
predicted shear stress distribution on a section subjected to shear only,
at failure. This figure also gives the nominal shear stress predicted
by the ACI for the same shear force. The ACI nominal shear stress is

about 607 of the maximum shear stress predicted by the CFT.

4.8 Effect of Cover

Specimen SC4 was constructed with a minimal cover of about 8 mm.

It was therefore expected that SC4 would take a higher load than
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its companian specimen SC2 which had a normal cover. The specimen,

however, failed at a lower load. This was partly due to the lower

yield strength of the hoops used in SC4 and in addition may have

been due to the weaker end block reinforcement used in this specimen.

It was observed that at failure the cover for almost all specimens
had separated from the core at the mid-depth of the specimen. Near the

top and the bottom of the specimen the cover was, however, still

intact. This would tend to indicate that for predicting the shear

strength, spalled section properties should be used.

_——
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CHAPTER 5

CONCLUSIONS

The results obtained in this investigation indicated that the
shear strength of circular reinforced concrete members was generally
about 20% higher than predicted by the ACI code. The predictions
based on the suggestions of the ACI-ASCE Committee 426 [2], and the
recommendations for the Canadian Code [4], were better than the ACI.
However, in low transverse reinforcement regions, these were again
quite conservative. When‘load was reversed on a specimen after it
has failed, it showed a very ductile behaviour and took about 83% of
the original failure load.

The Compression Field Theory predicted the shear strength of the

specimens fairly accurately, except for specimen SC4, for which it
somewhat overestimated the strength in the M=635V region. It was
observed that for high transverse reinforcement ratios the CFT predic-

tion was quite close to the ACI prediction.

Detailed strain analyses showed that the strain variation around
hoops was non-uniform. In regions subjected to shear only, the strains
at the mid-depth of the specimen were quite high as compared to the
top and bottom. At failure most of the hoops in the specimen had
yielded at mid-depth whereas near the top and the bottom strains were

below yield. 1In regions of high moment and shear the strains were

more or less uniform around the hoops and at failure, in most cases,

the hoops had yielded all around the circumference.
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Longitudinal strain distribution across the depth of the section
in high moment regions appeared to be non~linear. The observed strains
at the top and the bottom were lower than the strains near the centre,

The Compression Field Theory predicted the hoop and shear strains
reasonably well right up to failure. The angles of principal strains
predicted by the CFT followed the general trend of the angles calculated
from the measured strains. For a given shear load the ACI nominal
shear stress was found to be about 60% of the maximum shear stress predi
predicted by the CFT.

At failure the cover in all cases, had separated from the core of
the section at mid-depth, so the spalled section properties should be
used for strength predictions.

Summarizing, it could be concluded that the Compression Field
Theory predicted the shear strengths as well as the local strains with
reasonable accuracy for the five circular reinforced concrete members

tested in this investigation.
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APPENDIX A

STRENGTH PREDICTION DETAILS

A.1 Average Material Properties Assumed in Calculation

CONCRETE: f(': ='23.3 MPa STRESS
e, = 2.34 x 10° Y —
STRAIN
i €o
' Fig. A.1l:
' Typical Stress Strain Curve

for concrete

Longitudinal Steel: fy = 516 MPa, E = 200,000 MPa

Hoop Steel: SC1 fy = 410 MPa, E = 200,000 MPa
SC2, SC3 fy = 510 MPa, E = 200,000 MPa
SC4 f_ = 430 MPa, E = 200,000 MPa
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A.2 ACI Prediction
. 12-25M BARS
HOOP "’ji"llgk ~
, ‘ 7,; X 7/,\
2, (/,
HOLE (d=78m Z
d=331 mm

Y

[ ——— CENTROID OF
TENSION STEEL
(CROSS HATCHED)

HOOP DIAM. ———»
G 445 wm ——————P

Fig. A.2: Section Properties

Take ¢ = 1

b =D = 445mm
w

d = 33lmm (Fig. A.1)
A f
v
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For members under axial load,

N
2(1 + 0.0005 Eé') [£1 (psi units)

V —
(o4
Nu = 1050 kN = 236 kips
Ag = 155528 mm2 = 241.0 in?
£! = 23.3 MPa = 3385 psi

236 x 103

S Ve 2( 1 + 0.0005 41 ) J3385

<
]

173 psi = 1.20 MPa

Af
bd (—L +1.20)

1V=
U bS
w
v Af
The plots are between K_%T and ;%?¥ , therefore equation (1) may be
g ¢ c
written as:
v _ Dd ( Avfy + 1.2 bw )
[ 1 1
AEl Ag " SDE] £7D
or
v Avf
AT = 0.947 ( ;ﬁ?X + 0.0514 )
C ¢

The upper limit on (2) is found as follows:
v -v < 8J§Z~ (psi units)

or

v -v_< 8 43385*é 465 psi = 3.2 MPa
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, VumaX = 445 x 331 (3.2 + 1.2) = 648100 kN (from Eq. (1))
- Vu ,
So the upper limit on Afr in Eq. (2) is
g ¢
648100 < 0.179

155528 x 23.3

A.3 Recommendation for the Canadian Code [4]

For members under axial load

Vo= 0.7 VBT 1+ 2% g g (MPa units)
C g ¢ w

e 1050000
0.17 J/23.3 (1 + 3 x 155328 % 23,3 ) bwd

= 1.53 b.d
Vu = ¢ (VS + Vc) ; take ¢ =1
Avf d
Thus V = + 1.53 b d
u w
and Vu = Dd ( Avfy + 1.53 bw )
A f' Ag sDT £'D
g cC C c
or Vu Avfy
re il 0.947 ( e’ + 0.0658 )
g c c
= '
Now Vu ¢ (0.84 bwd }fc)
max
= 0.84 x 445 x 331 /23.3 = 597600 N
v
The upper limit on Kgfnin Eq. (3) is
g c
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597600
155528 x 23.3

0.165

A4 ACI - ASCE Suggestion [2]

For members under axial load,

(0.8 +120p ) /€1 < 2.3/f!  (psi units)

A
Ay 3000 _
Py = bd ~ 331 x 4b5 0.00204

<
]

(0.8 + 120 x 0.00204) (3385 = 189 psi

N - N N G N B ==
<
L]

b
but Yy = 2.3 (3385 = 134 psi
3 max
P 3N
. ’ = -—-ll-—
mj, , v, = v, (I+ )
gC

_ 3 x 236000

= 134 (0 + 53355 )

= 250 psi = 1.72 MPa

vV =¢ bwd Vo take ¢ = 1

u
A £
. Vu = bud ( b s + Vc)
w
v, s f v _bw
T TR (FFE
Af Ag sDf £'D
g c c
or Vu Af
L FT = 0.947 (—Z=F + 0.074)

sDf'
c
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= 8bd £ = 8x228.3385 = 106 kips = 473 kN
smax W C
= 473000 + 1.72 x 331 x 445 = 727000 kN
umax
also  V = 0.2bd £ =0.2x 331 x 445 x 23.3 = 686000 kN
umax w C
' v
Upper limit On'ZT%T'in Eq. (4) is
g C
686000 - 0.189

155528 x 23.3

A.5 Compression Field Theory Prediction

A computer program called SMAL, developed by Vecchio [9], was
used for the CFT predictions. The procedure assumed that the beam
section was made up of a number of strips and the equations of equili-
brium, compatability and the stress strain characteristics were satisfied
for each strip. The program gave local strains and stresses for each
strip for a given loading (a combination of axial load, shear and
moment). The axial load was assumed to be equal to 1050 kN for all
calculations.

As the program was developed for rectangular members, the following

provisions were made for using this program for circular sections.

1) The section was divided into strips and each strip was assumed

to be rectangular (Fig. A.3(a)).
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[( 14 AR
L ]
) 7
. 1
L ]
{ |
L T

L___r___T__J

ASSUMED CONC. STRIPS

Fig. A.3(a): Section Divided Fig. A.3(b): Angle of Transverse
into Strips Reinforcement in a
Typical Strip

2) Only the vertical component of the transverse steel in each strip

was considered effective (Fig. A.3(b)). Thus the effective

- Av Cosfs
pt b'

Spalled section properties were used for the calculatiomns.
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APPENDIX B

STRAIN DATA

B.1 Measured Strains

The following pages contain the measured strains on both East

and West sides for the four specimens. All reported strains have been

multiplied by 103. Tensile strains are positive.
Strains are identified by giving the names of the two targets
between which the strain was measured. See Figs. 2.14 and 2.15 for

location of targets. Note that the three types of strains are:

Longitudinal Transverse Diagonal
AlB1,A2B2,A3B3,A4B4, AlA2,A2A3,A3A4 ,ALAS, AlB2,A2B1,A2B3,A3B2,
A5B5,A6B6,C1D1,C2D2, A5A6,B1B2,B2B3,B3B4, A3B4,A4B3,A4B5,A5B4,
C3D3,C4D4,C5D5,C6D6, B4B5,B5B6,C1C2,C2C3, A5B6,A6B5,C1D2,C3D1,
DIE1,D2E2,D3E3,D4E4, C3C4,C4C5,C5C6,D1D2, €2D3,C3D2,C3D4,C4D3,
D5E5,D6E6,F1G1,F2G2, D2D3,D3D4,D4D5,D5D6, C4D5,C5D4,C5D6,C6D5,
F3G3,F4G4,F5G5,F6G6. E1E2,E2E3,E3E4,E4ES, D1E2,D2E1,D2E3,D3E2,

E5SE6,F1F2,F2F3,F3F4, D3E4,D4E3,D4E5,D5ES,
F4F5,F5F6,G1G2,G2G3, D5E6,D6E5,F1G2,F2G1,
G3G4,G4G5,G5G6., F2G3,F3G2,F3G4,F4G3,

F4G5,F5G4,F5G6,F6G5.

—— .

- T——
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B.2 Principal Strains

The following pages contain the calculated principal strains.
The strains are indicated in Figure B.l. Strains on the East and
West sides were averaged for calculating the principal strains.
The strains have been multiplied by 103. The grids identifying the

strains are shown in Fig.4.3(a).

EMAX EX .
\‘_______’,’——— PRINCIPAL RAINS r__ S P
\
\ EY x f
€2 f GMAX /2
GXY s
¥ -EMIN 20 l
- \

Fig. B.1l: Strains in a typical grid
and the Mohr's circle of strain

Shear strains (GXY) were calculated from El and E2 as follows:

GXY

(E2 - E1) / Sin 20y

Principal strains were then calculated using standard Mohr's

circle analysis.

_
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