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ABSTRACT

The research work reported in this thesis is devoted
primarily to the investigation of the effect of axial loading
on the shear strength of rectangular reinforced concrete
beams with web reinforcement.

The behaviour of concrete members subjected to shear
and Dbending stresses is described at different stages of
londing; and their resistances against shear failure predicted
by some of the existing theories are checked with test
resultss Most of these empirical theories based on limited
test evidence are found to be unsatisfactory.

The experimental part of beam tests consisted of testing
of %1 beams with and without axial forces. The magnitude
of axdal forces was varied systematically during this invest-
igation, while other parameters are not varied.

The different failure modes are treated separately. The
first theory is concerned with shear cracking/diagonal
tension failure of rectangular beams, which is based on
principal tensile stress criterion of failure.

The second theory deals with shear failure of beams
following shear cracking, the failure mode of which is shearing.
The ultimate resistance against shear failure is given by
the summation of shear carried by the concrete compressive
zone and the web reinforcement.

The third theory predicts strengths of beams failing
in shear compression. It is based on the "arch! theory;
and the compatibility conditions are employed to evaluate

the depth of neutral axis at failure.



3
A few tests were carried out to study shear transfer
across a preformed crack due to interlock.
A separate theory is put forward to predict strengths
of beams failing in bond. |
On the whole, the proposed equations are found to
predict results in good agreement with the test values and

a full comparison is given in Chapter 7.



ACKNOWLEDGEMENTS

The author is grateful to Professor A.L.L. Baker, DsSc., FuaI.C.E.,
F.I.Struct.Ei, under whose supervision the research work of the thesis
was carried out.

The author would also like to extend his grateful thanks to
Dr. P.E. Regan for his valuable suggestions and guidance throughout
the work.

A further debt of gratitude is extended to Dr. CeW. Yu, Ph.De,
DaIoCey M.T.CiE., M.A.S.C.E., for providing the laboratory facilities.
Thanks are also due to the laboratory staff of the Concrete Structures
and Technology Section, Imperial College, for their help in the
experimental part of this investigation.

The Construction Industry, Research and Information Association
(CIRIA) also deserves gratitude for the assistance afforded by their
contract with the Imperial College.

The author acknowledges with gratitude the financial grant given
by the Government of Agsam, India, and also by the Sir Ernest Cassel
Education Trust, which made the research work possible.

Thanks are also due to Miss E. Bridgman and Mrs. J. McGregor
for typing the manuscript.

Finally the author would like to express his deep gratitude to

his parents for their encouragement to him all the work through.



CONTENTS

Abstract

Acknowledgenments

Contents

List of Figures

IList of Tables

Nomenclature

CHAPTER 1: INTRODUCTION.

CHAPTER 2: STUDY OF THE BEHAVIOUR AND MODE OF SHEAR

261

2.2

243
‘2-3.1

2e3e2

2.4.2
2.["'.3

2650

2.6

FATILURE

Introductione.

Types of shear failure.

Behaviour of rectangular beams without web

réinforcement.
Beams with long shear span to cffective
depth ratios.

Behaviour of beams with short shear span

. to efféctive depth ratios.

”‘Behavibﬁr of rectangular beams with web

reinforcement. -

Beams with long shear~épan to effectiye
depth ratios.

Beams with short shear spans.

Beams with very short shearESpans.
Description and inclination of failure
plane.

Parameters affecting the shear capacity

of reinforced concrete beams.

12
19
25

26
30

30
30

31

31

35

35

36

37

37

38



2.61

2.6.2
2.6.3
2.6.4
2.6.5
2.6.6
2.6.7
2.6.8

Influence of shear span to effective
depth ratios.

Influence of concrete strength.
Effect of ratio of tensile steel.
Influence of web reinforcement.
Effect of compression reinforcement.
Influence of manner: of loading.
Effect of axial forces.

Conclusions.

CHAPTER 3: STUDY OF PREVIOUS WORKS ON SHEAR

3e1
3a1a1
a)
b)

c)
a)
e)
3.1.2
a)
b)

3.2

3-201
a)
b)

c)

e)

AND REVIEW OF THE EXISTING THEORIES.

Shear cracking theories -

Empirical shear cracking equations:
Classical theory.

shear cracking equation of ACI-ASCE
Committee (326).

CEB equation.

Empirical equation of Mattock.
Empirical equation of Petersson.
Analytical shear cracking equations.
Kani's shear cracking equation.
Regan's shear cracking theory.
Theories predicting ultimate strength of a
section in shear.

Empirical equations.

MBrasch Truss Analogy.

Pin-jointsd truss (Boker and Ahmed).
LCI-iSCE Cornittee (326) equation.
CEB cquation.

Mattock's equation.

,38

4o
40

ko

I
Il

L8

49

L9

61

66
66



3.2.2 Shearing failure theory.
3.2.3 Plane of minimum strength method.

a) Russian Code Method.

b) Hillerborg's equation.

3.2.l4t Shear-compression Theories.

a) Empirical shear compression equations of
Laupa, Kani, Lownds (Modified Smith's
equation).

b) Analytical shear-compression equations

of Bjuggren, Regan, Walther.

CHAPTER 4: EXPERIMENTAL INVESTIGATION:

BFAM TESTS.
L, Introduction
4.2 Test specimens.

4o,2.1 Features common to all beams.
h.2.2 Description of specimens.
he3. Materials and fabrication.
4.3.1 Concrete.

L,3.2 Reiﬁforcement.

4,3.3 Casting and curing.

bk Testing Arrangements.

b,4h,1 Test rige

hot.2 Support conditions.

4.4.3 Loading arrangements.

4.5 Instrumentation.
L.6 Testing procedure.
L,7 Behaviour of test beams.

4h,?7.1 Restrained beams with axial tension.
L,7.2 Restrained beams with no axial load.

4.7.3 Restrained beams with axial compression.

86

98

98

99

99
100
107
101
105
105
108
108
110
110
121
122
122
122
124

124



Lke7.4 Simply supported beams with axial tension. 125
k.7.5 Simply supported beams with no axial load. 126
L4.7.6 Simply supported beams with axial compression. 126
L8 Test results. S 126
k.9 Examination of test reasults. 126

CHAPTER 5: INVESTIGATION AND STUDY OF PAST WORK

ON AGGREGATE INTERLOCK, DOWEL ACTION 160

AND BOND FAILURE:

Se1 Aggregate Interlock. 160

5.1«1 Mechanism of shear transfer by Aggregate

interlock. 160
S5e1s2 Factors influencing aggregate interlocking. 160
5.1+3 Past work on aggregate interlock, 161

Mattock, Taylor, Fenwick and Paulay.
5.1.4 Experimental Investigation; 168
5¢1.5 Estimate of shear carried by aggregate

interlock. 175
5.2 Study of dowel theories.

R. Jones, Krefeld and Thurston, Regan,

Bauménh; Arroyo. 183
5.3 Bond failure. 193
CHAPTER 6: THEORETICAL INVESTIGATION: 203
61 Introduction. 203
6.2 Development of shear cracking theory. 203
6.2.1 Failure criterion. 203°
6e2.2 Assumptions. 203
6e2+3 Derivation. 205

6.3 Bquilibrium conditions of the shear span after

shear cracking. | N 212




6.4
6ol

6.hk.2
6.5
6.5.1

6-5.2

6.5.3
6.6

6.7

6.8
6.9

Development of shearing equation.
Evaluation of concrete contribution in
carrying shear.

Evaluation of contribution of web
reinforcement.

Development of shear-compression equation.
Introduction.

Assumptions for the development of shear-
compression equation.

Solution for ultimate neutral axis depth.

Shear carried by dowel action of tensile

" steel.

Transition from diagonal tension or shearing

failure to shear compression failure.
Proposed theory on bond failure.
Treatment of a section at the point of

contraflexure when subject to axial force.

CHAPTER 7: COMPARISON AND DISCUSSION OF TEST

7e2

73

7k

75

RESULTS WITH DIFFERENT THEORIES:

Shear cracking of simply supported, point-

loaded rectangular beams with a/d1 > 2.5.

Shear cracking of restrained and Knee frame

M

point-loaded rectangular beams with — > 2.5.

Qd,

Shear cracking of knee frame members

with M/Qd1 < 2.5.

Shear failure of Knee frame members without

g
web reinforcement, M/Qd1 < 2.5.
(Shear-compression failure).

Shear failure of restrained and simply

supported rectangular beams with vertical

. M
stirrups, /qu > 2.5 (Shcaring failure)

21k
221
222

222

22k

228

239

2l
246

251

25k
26k
269

272

283



7.6 Shear failure of simply supported and
restrained rectangular beams with web
reinfercement and axial force.
a/d,I < 2.5. (Snear compression failure).

7a7 Shear failure of point-loaded, simply
supportced and Restrained T-beams with
web reinforcement,

7.8 Discussion of Cemparisons.

7:8.1 Scale and shape effects.

7.8.2 Corparison of test results of rectangular
beams with shear cracking equations.

7.8.3 Comparison of test results of rectangular
bcams without web reinforcement and
M/Qd,I { 2.5. ©Shear compression failure.

7.8.4 Comparison of test results of rectangular
beams with web reinforcement and

‘QAQdA > 2.5. Shearing failure.

7.8.5 Comparison of test results of rectangular
bcams with web reinforcement. (Shear compression
failure).
7.9 Comparison of test results of beams failing
in bond. (Secondary failure mode).
CHAPTER 8:

Conclusions and proposals for future research:

8.1 General conclusions.

8.2 Influence of the parameters affecting the
shear strength of a beam.

8.2.1 Influence of axial force.

8.2.2 Influence of shear span to effective depth
ratio (/ad, or */a).

8.2+.3 Influence of concrete strength.

288

292
295
295

295

298

298

298

299

301

301

303
303

30k
305

10



8e2alt

8e2.5
8.2.6

853

Influence of ratio of tensile steel

Ast)
bd1

Effect of Aggregate interlock.

(rst =

Effect of web reinforcement ratio

AYs).
Proposals for future research.

References

305
305

306
306

308



e
2.
. Se
b
5.

6.

9-

10.
1Me
124

13

e

15.
6.
7.
18.'

19,
20.
21,

224

LIST OF FIGURES

Beam75howing diagonal tension failure.

Beam showing shéaring faiiure.

Beam'showing shearAcémpression failure.

‘Beam showing pure shear failure.

Effect of a/d{ ratio on the shear strength
of beams without web reinforcement.

Influence of concrete strength on the shear
strength. “

Influence of percentage of vertical stirrups
on shear strength of rectangular beams.
Effect of axial force on vc/bd1 for different
a/dﬂ ratios of reinforced concrete beams.
Peeling off of teeth in beams without web
reinforcement.

Internal forces in a beam cracked in flexure.
Dowel action of tensile steel.

MBrsch Truss Analogy.

Figure showing number of stirrups c;ossed

by a shear cracke.

Arch Analogy. Stirrups provide hanging

~supports to secondary arches.

AModified Trﬁss Ahalogy.

.Free_body diagram of shear span.

‘Teét. ~ frame.

Loading Arrangements of beams.

Details of holes and reinforcemént in Nib.
Detail§‘éf,reinfbrCément of Test beans.
Reinforcement detail$ of Test beams.

Details of reinforcement of Test beams.

12

Page
33

33
33
33

39

L

Lz

k5

62
62
62
67
67

70
70
70
109
111

112

113

114

115



250
2le
25.
26.
27.
28.
29.
30.
3.

32
33
3h.

35.
36.
37.
38.
39.
4O,
11,
h2.
L3,
.
L5,

46.
k7.
489

Details of reinforcement of Test beams.
Details of reinforcement of Test beams.
Stress-strain curves of concrete.
Stress-strain curves for steel.
Stress-strain curvés for Mild steel.
Figure shows strain in top steel of beam B12°
Figure shows strain in bottom steel of beam B12.
Figure shows strain in stirrups of beam B12.
Plot of “***%/ba_ vs "/ba, for different

M/Qd1 ratios.

Plot of vertical force against displacement.
Plot of vertical force against displacement.
Influence of shear span/Effective depth ratio
on inclination of diagonal cracke.

Plot of Qult/bd1 vs Tan € »

Figure shows strain in top steel of beam BEH'
Figure shows strain in bottom steel of beam BZH’
Figure shows strain in top steel of beam B24°
Figure shows strain in stirrups of beam BE#'
Figure shows strain in top steel of beam B

25°

Figure shows strain in bottom steel of beam B,..

25

Figure shows strain in stirrups of beam B25.

Figure shows strain in top steel of beam Bé6'
Figure shows strain in bottom steel of beam B26°
Plot of strain in steel against span at different
loads (2 x shear) of beam Boge

Typical strain diagrams of beam’B27.

Crack.pgtterns of test beams B,, B7 and Bqé'

Crack patterns of test beams B1, BH’ BS ahd BB'

116
117
118
119
120
130
131

132

133
134
135

136
137
138
139
140
141
142
143
1l
145
146

147
148
152

153

13



Page

49. Crack patterns of test beams Bog BBO’ B17 and B,g- 154
50. Crack patterns of test beams B23, B,g: B15 and B, 155
51.  Crack patterns of test beams B, , B25, B27 and B299 156
52. Crack patterns of test beams Bg, Bg, B, and B13. 157
53. Crack patterns of test beams B, B9, B,, and B19° 158
5k Crack patterns of test beams B31, B,gs By, and Byge 159
55. Details of push-off specimens for interlock

Tests. (Mattock). 162
56. Details of specimen with test rig for interlock

Tests. (Taylor). 162
57« Details of specimen with test rig for interlock

Tests. (Fenwick). 165
58. Aggregate interlock action. 165
59. Displacements across flexural crack in beams.

(Taylor). 165
60. Shear stress vs shear displacement curves.

(Fenwick) . 167
61. OShear stress vs shear displacement curves.

(Fenwick) « 167
62. Details of beam FA),. (Fenwick) . 167
6%. Specimen for Aggregate interlock test.

Group 1. 170
6L4. Specimen for Aggregate interlock test,

Group 2. 170
65. Plot of shear stress against crack width.

(Group 2). 177
66. Plot of vertical force vs crack width,

(Group 1). 178

67. Plot of vertical force vs slip.

(Group 1). ‘ 179



68,

69.

70,

71

72

730

7he

a)

b)

76o

77

78.

79.

80.

81,

82'

Plot of shear force vs crack width.
(Group 2).

Plot of shear force vs slip.

(Group 2).

Plot of shear force vs slip.

(Group 2).

Equilibrium conditions used by Jones.
Specimen for dowel test (Jones).
Dowel action of tensile steel. (Regan).
Details of specimens for dowel tests.
(Krefeld and Thurston).

Dowel specimen.

beam specimen.

Details of specimens for dowel test.

(Baumann) «

Details of beam specimens for tests on

bond failures. (Mathey and Watstein).
Details of pull-out specimense.
(Mathey and Watstein).

Details of beam specimens for tests on

bond failures. (Ferguson and Thompson) .

Effect of bar cover on bond stress.
(Ferguson and Thompson).

Effect of stirrups on bond resistance.
(Ferguson and Thompson).

Specimen for tests on bond failures.

(Ostlund) .

Effect of web reinforcement on stecl stress.

(Ost1lund).

180

181

182

185

185
185

188

188

195

195

197

198

198

200

200



83

8.

850

86.

87n

88.

89.

90n

91,

92,

9k,

95.
96.

98.
99.

Plot of steel stress vs lap length.

(Losberg) »

Plot of steel stress vs Concrete strength.
(Losberg) »

Plot of steel stress vs bottom cover/bar diameter.
(Losberg) »

Effect of stirrups on steel stress.

(Losberg) »

Plot of steel stress vs side cover/bar dianeter.
(Losberg) »

Plot of steel stress vs lzop length.

(Losberg) »

Section subjected to axial force.

Equilibrium of shear span after shear cracking.
Shear stress distribution in compression zone.
Relation between uniaxial Tensile and compressive
strengths of concrete.

Failure criteria expressed as failure envelopes.
(Walther and Guralnick).

Failure criterin expressed as limiting shear
stresses. (Ut/Ucyl = 0.1)e

Stresses above flexural cracks due te bond force.
Free body diagram of internal forces after shear
cracking.

Strain diagram for flexural neutral axis depth.
Stirrups crossed by shear crack.

No earching in beams with long shear spans.

("/d1 > 2.5).

201

201

202

202

202

202

207

207

207

211

218

218

218

219

219

219

225

16



100,

101,
a)

b)
102
103,
104,
105,
106.

107«

108.

109,

110,

1110

1124

113

114

1156

Transverse force carried by inclined
compression after chear cracking.

(*/a, < 2.5).

Concrete stress blocks.

CEB stress blocks

Assumed stress blocke.

Ultimate moments of over-reinforced beams
failing in flexurc.

Statically determinatc model beam.
Particular solution diagrams.

Flexibility eocefficient diagrams.

Stress-strain curve used for estimation

of Ec value at ultimate stage.

Stress in concrete due to dowel shear at
the level of tensile steel. (Baumann).

Dowel action in short beams.

Internal forces of a beam with stirrups

after cracked in flexure and shear.

Transition of the failure modes for varying

"/0a, ratios.

Plot of Qcalc/Qtest Vs M/Qd,I ratiose.
Shear cracking of rectangular beams.
Plot of °1%/gtest vs M/Qd1 ratios.
Shear cracking of rectangular beams.
Plot of °%/gtest vs Ucyl.

Shear cracking of rectangular beams.
Plot of ¥°%%/gtest vs Ucyl.

Shear cracking of rectangular beams.
Plot of 2°%gtest vs rstd

Shear cracking of rectangular beams.

225

225

231

2k

241

2k

2ks

275

276

277

278

279



116

117

118,

Plot of Qcalc/Qtest vs rst%.

Shear cracking of rectangular beanms.
Plot of %81/ gtest vs N/bd1°

Shear cracking of rectangular beams.
Plot of %°%1¢/gtest vs N/bdq.

Shear cracking of rectangular beams.

280

281

282

18



To

2a

8.

100

11,

12

130

1he

15-

LIST OF TABLES

Mix proportion by wecight.

Details of test beams.

Group A. Restrained beams.

Details of test beams.

Group B. Simply supported beams.
Concrete_strengths.

Properties of reinforcement.

Test results of beams.

Test resultsa

Group A. Restrained beams.

Test results.

Group B. Simply supported beams.

Test results of interlock specimens.

Group 1.

Test results of interlock specimens.

Group 2.

Effect of cover on steel stress. (Ostlund).
Statistical comparison of Qcalc/Qtest values
of Simply supported beams without web reinforcement.
Shear cracking/diagonal tension failure of simply
supported single-point loaded rectangular beams
with %/d, > 2.5. (Mattock).

Conmparison of Qcalc/Qtest values of simply supported

single point loaded rectangular beams with a/d,I > 265

(Mattock) .
Shear cracking/diagonal tension failure of simply
supported two-point loaded rectangular beams with

a/d1 > 2.5. (Mukhapadhyay).

102

103

104

106

107

127

128

129

174

174

200

258

259

260

261



16,

170

18.

195

20,

21,

22.

25,

2k,

25,

Page

Cémparison of Qcalc/Qtest values of simply supported
two-point loaded rectangular beams with a/d1 > 2.50
(Mukhapadhyay) » . 262
Shear cracking/diagonal tension failure of simply

supported single point loaded rectangular (stub)

beams with /d, > 2.5. ' 263
(De Cossio and Siess).

Comparison of Qca1C/Qtest values of simply supported

(stub) beans subjected to single point load.

(De Cossio and Siess). 263
Statistical comparison.of *°®1%/Qtest values of

Knee frame and restrained beams. 26k
Shear cracking/diagonal tension failure of

restrained (Knee frame) point loaded rectangular

beans with '/Qd, > 2.5.

(Morrow and Viest). 265
Comparison of Qcalc/Qtest values for Knee frame

rectangular members . M/Qd1 > 2.5 266
Shear cracking/diagonal tension failure of

rectangular restrained beamse. M/Qd1 > 2.5

(Sayani) . 267
Comparison of Qcalc/Qtest values of rectangular

restrained beams. M/qu > 2;50 (Sayani). 268
Statistical comparison of Qcalc/Qtest (shear

cracking) values of Knee frame members. M/qu < 2.5, 269
Shear failure of Kne¢ frame members with no web
reinforcement. M/Qd1 < 2450

(Morrow and Viest). 270

20



26.

27

28.

29e

31

32»

335

3o

Shear failure of Knee frame members with no web
reinforcement, M/Qd1 < 2450

Baldwin and Viest.

Comparison of Qcalc/Qtest (cracking) values of
Knee frame members with no web reinforcement.

M/Qd1'< 25 (Morrow and Viest).

Comparison of Qcalc/Qtest (cracking) values of Knee

frame members with no web reinforcenent.

rd/Qa1 < 2454 (Baldwin and Viest).
Statistical comparison of *°®1%/Qtest (ultimate)
values of Knee frame members with no web
reinforcement. M/Qd1 < 2.5a

Comparison of QcalQ/Qtest (Wltimate) values of
Knee frame members without web reinforcement.
Yqa, < 2.5.

Statistical comparison of Qcalc/Qtest values of
rectangular beams with web rzinforcement.
(shearing failure).

Shear failure of restrained and simply supported
rectangular beams with vertical stirrups.
(shearing failure).

Comparison of Qcalc/Qtest values of shear failure
of restrained and simply supported rectangular
beams with vertical web reinforcement.

(shearing failure).

Statistical comparison of Qcal?/Qtest values of
simply supported and restrained beams with
vertical web reinforcement. (shear compression

failure) .

270

271

271

275

274

285

286

287

289

21



350

360

37

38.

39,

Shear failure of rectangular simply supported
and restrained beams with vertical web
reinforcement. (shear compression failure).
Comparison of QCalC/Qtest values of rectangular
simply supported and restrained beams with
vertical web reinforcement. (shear compression
failure).

Shear failure of simply supported and
restrained point-loaded T-beams with web
reinforcement. (shear-compression failure).
Statistical data-from comparison of shear
cracking theories of rectangular beams.
Comparison of QCalC/Qtest values of beams
failing in bond calculated by the proposed

equation.

290

291

293

296

299

22



23
NOMENCLATURE

The following is the summary of the symbols used repeatedly
in the thesis. Any other symbols used than those below are defined

in any part of the thesis where they appear.

A Total area of cross-section of a member.

Ag Area of one member of shear reinforcement.

As Total area of longitudinal stecl across a
section = (Asc + Ast).

Asc  Area of compression reinforcement.

Ast Area of tension reinforcement.

a shear spane.
b breadth of rectangular beam.
c Length of horizontal projection of shear

(inclined) ecrack.

d Overall depth of eross-section of a member.
d1 Effective depth of cross-section of a2 member.
Ee Modulus of elasticity of concrete.

Is Modulus of clastieity of steel.
Coc Concrete compressive strqin.

st Tensile strain in steel.

Fec  Longitudinal compressive force in conerete.
Fst  Longitudinal force in tensilc steel.

fs Steel stress.

fx Stress in concrete.

fy Yield or proof stress of steel.

fyq Yield or proof stress of shear reinforcement.

j Elastic lever arm factor (7/8)°

L Anchorage or bond length.



la

M

Qe
Qcr
Qd

Qsc

Ueyl

Ut

Uw

Span of member. 2L
Internal laver .anm.

External bending moment.

Modular ratio (%E§°

Axial forces

Flexural neutral axis depth factor.

Elastic neutral axis depth factor.

Ultimate neutral axis depth factor.

Ultimate neutral axis depth factor,

without axial load.

External shear force.

Shear force supported by concrete.

Shear force causing shear crackinge

Shear force carried by dowel action of tensile
steel.

Shear force in shear compression failure
minus the dowel shcar.

Shear force at failure.

Shear force supported by shear reinforcemente.
Shear stress.

Ratio of longitudinal steel (*/ba).

Ratio of compression steel (Asc/bdq).

Ratio of tension steel (ASt/bd,]).

Ratio of shear reinforcement (Aq/bs).

Spacing of shear reinforcement measured

along the axis of tension steel.

StandardA(6” x 12") cylinder crushing strength
of concrete.

Uni-axial tensile strength of concrete.
Standard (6') cube crushing strength of concrete.
Inclination of shear reinforcement to the axis

of the tension reinforcement.



>

st

Deformation of concrete.
Tensile steel deformation.
Angle of inclination of shear
to the axis of tensile steel.

Diameter of reinforcementa.

(critical) cracks

2>
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CHAPTER - 1

INTRODUCTION

Although the primary concern in the design of reinforced concrete
is one of flexure, the effects of shear. cannot be disregarded as is
demonstrated by the significant proportion of struptural failures
that can be attributed to shear .

Flexural stresses can be evaluated relatively accurately by
classical methods - elastic theory before cracking and cracked section
theory thereafter. However similarly rational approaches are not
available for calculations for members failing in shear , partly
because of the large number of parameters influencing such failures.

Shear failure is preceded by the formation of an inclined
crack (or cracks). The formation of the inclined cracks necéssitates
radical changes in structural behaviour. If a beam is not capable
of supporting the redistributed forces collapse occurs immediately.

In beams, with shear cracking resistances higher than their
flexural failure loads, there is no problem of shear failure, but
web reinforcement has to be provided in most beams with shear
cracking loads lower than their flexural capacities if shear failure
is to be prevented. Some short beams do not fail at their shear
cracking loads even if web reinforcement is not provided but such
reinforcement is none the less generally necessary if full flexural
strengths are to be attained.

Though the field of research in shear is fertile and a large
number of investigators has been attracted to it in the last twenty
years, relatively little work was done in the preceding thirty to
forty years.

Before 1900 two schools of thought existed regarding the

mechanism of shear failure. The first be¥ieved that shear failures
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were caused by horizontal shear stresses. The second, which was
proved to be reasonable and is generally accepted today, believed
the cause of failure to be diagonal tension, which view was first
advanced by Ritter as early as 1899. From this understanding there
grew the realisation that the function of web reinforcement is to
replace concrete in tension, rather than to act as a series of
""shear keys''.

It was MBrsch in Germany who clarified the problem of diagonal
tension failure, with the argument that, if a plane is subjected to
pure shear, then another plane at 450 to it is subject to pure tensile
stresses of the same magnitude as the shear stresses, and since
concrete is much weaker in tension than in shear it is on the latter
plane that failure will occur. He developed an equation for
diagonal tension cracking, which is still present in many Codes of
Practice, and also developed the now classical truss analogy, which
is even more widely used though often in a modified form.

A new approach to shear design was introduced in the Soviet
Union during the second world war and this method, which is reviewed
in chapter 3, was the first ultimate load analysis, but had little
influence outside Russia. However a number of investigators,
notably Clark whose work was published in America in 1950, was
realising the considerable defects of the MBrsch methods, particularly
their failure to take account of the influence of span/depth ratio
on shear strength,

Since 1950 a great deal of work has been done on shear and many
different theories and equations have been proposed, but very little
of this effort has been concemed with members subjected to axial
loads other than prestress.

It appears that no work at 211 had been done on members subjected
to axial tension before the occurrence of p shear failure in a ware-

house at Wilkins Airforce depot, Ohio. The cause of the warchouse
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failure was investigated in 1956 by Elstner and Hognestadtawho
concluded that it was due to the combined action of stresses arising
from external loads, shrinkage and temperature effects.

Although this failure gave new impetus to research on shear
very little of the ensuing work was concerned with the effects of
axial loading. Nevertheless the recommendations of a joint ACI-ASCE
Committee, which served as the basis of the shear clauses of the
1963 ACI code, inciuded an equation for members subject to axial
forcea (tension or compression). The current Soviet code also has
recommendations for such members, based on apparently rather limited
experimental work in Russia, and the 1970 CEB code contains scparate
equations for tensioned and compressed members, the derivation of
which is not explained.

The published experimental data on axially loaded members is
very limited and only three authors (Lownds, Mattock and Sayani)
appear to have done work on tensioned members, in spite of a general
belief that tension should reduce resistance and is frequently present
due to temperature and shrinkage effects. Less frequently in for
example Vierendeel girders tension due to external loading can be
a dominant effect. Somewhat more work has been done with compression
presumably out of interest in portal legs and multistorey buildings
in earthquake regions.

Theoretical work on axially loaded members is restricted to
modifications of code equations for members free from axial loads
(noteably by Mattock) and a modification of a shear-compression
equation wade by Lownds.

The object of the research reported in this thesis was the
development of an analytical approach to shear including the effects
of axial forces and the provision of experimental data, for beams

with web reinforcement, to accompany it. Different failure modes
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are treated separately and three different equations are developed
to predict failures.

Chapter 2 offers a general discussion of shear failure including
the modes of failure and the parameters influencing them. Chapter >
is a review of existing theories on shear and, although biased
towards methods taking account of axial load effects, includes thcories
in which no reference is made to axial loading. Chapter Lk is devotecd
to the main experimental part of this research, and the results of
tests on beams with axial tension and compression are presented.

Chapter 5 reports experimental work on aggregate interlock
across cracks, and a study of works on interlock effects, dowel action
by tensile steel and secondary failures of anchorages.

In chapter 6 three separate equations are developed to predict
failure loads in shear. The first is a shear cracking equation based
on a principal tensile stress criterion of failure. The
second is a "'shearing'' equation developed along the same lines as
one proposed by Placas, but making allowance for the effects of axial
loads. The third and final one is a shear-compression equation
developed from considerations of strength and deformation compatibility
for a model of a beam containing flexual and shear cracks. The
effects of axial forces are considered, and dowel action by the main
steel is taken into account in short spans.

A separate equation is also presented in this chapter to evaluate
the strength of a beam against bond and anchorage failure.

Chapter 7 presents comparisons between test results and the
predictions of the author's and other theories. The test results
are those from chapter 4 and those of other investigators.

In the final chapter 8, conclusions are drawn regarding shear
failure, particularly in the presence of axial loading. Part of

this chapter is devoted to a few proposals for further research.
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STUTY OF THE BEHAVIOUR AND MODES OF SHEAR FAILURES IN REINFORCED

CONCRETE BEAMS PARTICULARLY RECTANGULAR BEAMS WITH AND WITHOUT

AXTAL LOADING:

2.1 Introduction:

This chapter is entirely devoted to the study of the different
modes of shear failure and the behaviour of reinforced concrete beams
at different load stages. Other modes, such as flexure and secondary

bond failure are not discussed.

Shear failure is different from flexural failure in that it
occurs after or at the breakdown of beam action. Shear stresses are
believed to be partly responsible for the premature failure, even
though it is difficult to say exactly what stress combinations caused
failure.

The modes of shear failure of beams are dependent on a number
of variables. By varying the parameters, it is possible to achieve
different failure modes in beams., The purpose of this chapter is to
study the problem of shear in general and to depict failure modes of

beams in shear.

2,2 Types of shear failure:

a) Diagonal tension failure:

Shear affects the behaviour of a beam without web reinforcement
by the formation of a diagonal crack. This diagonal crack is belicved
to form along a plane where a critical stress condition exists arising
out of shear and longitudinal stresses. So long as the diagonal crack
is not formed, the effect of shear on the behaviour of the beam is of
little significance. Collapse of beam is obtained generally immediately

after the formation of the diagonal crack.
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This type of failure is generally observed in beams without

web reinforcement and with relatively long shear spans (a/d1 > 2.5),

b) Shearing failure:

With the inclusion of web reinforcement, the equilibrium
conditions of the shear span are modified, and a redistribution of
the internal forces takes place. The beam does not collapse at the
shear (diagonal) cracking load, but fails only when éhearing of the
compression zone above the inclined crack takes place.

This failure mode is frequently observed in beams with long

shear spans (a/d1 > 2.5) and with web reinforcement.

¢) Shear compression failure:

In relatively short beams, the above mentioned modes are not
observed. A diagonal crack may be formed, but the formation of
this crack is not sufficient to cause failure of the beam. The
propagation of the diagonal crack is slower, but it grows towards
the load point with each increment of vertical load. Even when the
crack is of considerable width the beam can sustain more load. The
crack penetrates into the compression zone. Finally, failure can
occur due to crushing of the concrete compression zone. This type
of failure is referred to as ''shear compression' failure.

This mode of failure is predominent in beams with short shear

spans (a/d1 < 2.5) with and without web reinforcement.

2.5 Behaviour of rectangular beams without web reinforcement:

2.3.1 Beams with long shear span to effective depth ratios:

Until the formation of the flexural cracké, all beams behave
almost identically and the stresses at different load stages can
be predicted sufficiently accurately by elastic theory. But this
analysis is of no use as soon as the cracks appear. Due to bending
upon application of transverse load, tensile stresses are produced

in the tensile zone of the beam and once these stresses reach the



tensile strength of concrete, flexurai cracks are produced. These
flexural cracks first appear near the position of maximum moment
and as the transverse loading is increased, the vertical flexural
cracks propagate upwards. Upon further loading more similar cracks
appear away from the position of maximum moment.

This process continues until the shear cracking load is attained.
At this load stage, an inclined (shear) crack starts appearing either
as an extension of an existing flexural crack or independently, and
travels in the direction of increasing moment. The appearance of
the shear crack (cracks) marks the end of the beam action.

The inclined cracks which form generally near the middle or the
neutral axi® position, propagate more rapidiy towards the tensile
zone than the compressive zone. The inclination of the crack in the
tensile zone is more or less constant and is nearly 450; But the
inclination varies as the crack penetrates into the compressive zone.

If any further load can be sustained, the shear crack progresses
more inside the compression zone and the width of the crack is
increased. As a result the concrete loses its capacity to carxry
shear either as its intrinsic capacity or by aggregate interlocking.
Thus the unbalanced vertical component of shear subjects the tensile
reinforcement to a downward pull which in turn compresses the concrete
below it and starts to tear away the concrete cover upto the support.
The compressive zone, at this stage, being incapable of carsrying all
the portion of unaccounted vertical shear gives way.

This mode of failure is designated as “"Diagonal tension failure"
end is illustrated in fig. 1. In this case, the increase of load

after the formation of shear cracks is very small or even non-existent.

24342 . Behavjour of beams with short shear span to effective depth

ratios:

In short beams it is possible'for the first shear cracks to form
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independently of flexural cracks. After shear cracking the failure

is never achieved so quickly as is the case in long beams. Even

after the widening of the shear crack, the compression zone is capable
of sustaining further load. The beam action is destroyed at this
stage and due to redistribution of stresses, truss or tied arch action
is developed inside the beam. But the development of arch action is
restricted by the manner of application of vertical loading.

After shear-cracking, the above-mentioned action develops
invariably in a short beam provided it is loaded directly on the
compressive zone and supported on the opposite face.

From the physical behaviour of directly loaded beams and the
appearance of failure in them, it is apparent that the failure is
different from the one already described, and is alsc different from
flexure. TFirstly, it is different from flexural failure in that the
beam no longer behaves like a true beam. It can be described as a
tied arch, the tensile reinforcement acting as tie. Secondly, the
depth of the compression zone at the tip of the inclined crack can
not be equated to the flexural neutral axic depth. Strain readings
in concrete and tensile steel indicate that flexural theory cannot
be applied to the analysis of this typs of structure. The load is
directly transferred to the support through an inclined thrust.
Mcasurements of strains along the nusuried line of thrust show the

existznce of inclined compression and thereby support the arching theory.

The arch action is responsible for the residual strength of the
beam. It is predominant in short span beams, because while the
inclined crack penetrates into the compression zone, its growth is
restricted to the face of the vertical load point (in case of a
point load).

Finally, failure in such cases is attributable to the failure
of the compression zone (crown of the arch) in compression and is

referred to as '"shear compression failure" (see fig. 3).
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This above mentioned failure mode may not be present if the
manner of loading is changed from direct to indirect, with the help
of cross-beams. Failure may occur immediately after the formation
of the shear crack (cracks) as the inclined crack is no longer
restricted in its growth inside the compressive zone (due to the
vertical compressive stresses resulting from the direct vertical
loading). Secondly, if the supports and load points are away from
the surface of the beam, the development of arch action is improbable.
So in such cases, even in short beams, without web reinforcement, the
failure mode is diagonal tension and not shear compression. However
the manner of loading is of little significance so far as shear
cracking load is concerned.

A different failure mode can also be achieved by applying axial
loads to a beam. If axial tension is applied to a beam which would
otherwise fail in shear compression, it may fail in diagonal tension.
(ref. 48). Similarly, upon application of axial compression, the
failure mode can be changed from diagonal tension to shear compression

in beams without web reinforcecment.

2.4 Behaviour of rectangular beams with web reinforcement:

2.4.1 Beams with long shear span to effective depth ratios:

In the presence of web reinforcement, the equilibrium equations
of the shear span are modified, though web reinforcement does not
appear to influence the flexurel and shear cracking loads appreciably.

From strain readings on stirrups, it appears that they are
practically unstressed until they are crossed by an inclined cracke.
(see chapter - 4). The primary function of the web reinforcement
is to bind together the two pieces of concrete already crossed by
a crack, and as a result, when the crack width increases the stirrups

are stressed in tension. As expressed in Kani's theoryzq, they
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provide supports by which the concrete below a crack is hung on to
the compression zone. The progress of the inclined crack is considerably
arrested and the tearing action at the level of tensile steel is
reduced which helps the tensile steel to transfer shear across the
crack by dowel action.

When the diagonal crack is fully formed, redistribution of
internal forces takes place. To achieve this redistribution web
reinforcement helps considerably. If sufficient web reinforcement
is provided flexural failure may be obtained instead of shear failure.

The possibility of shear transfer across a shear crack by aggregate
interlock was thought of no significance in the past. But experiments
(chapter ~ 5) on aggregate interlock show that a considerable portion
of shear in a beam can be transferred across a crack by aggregnte
interlock, provided, of course, the crack width is small. Taylor 54,55
Fenwick ** 199434 Hofbeck, Tbrahim and Mattock ® also found similar
results based on their experimental work. The web reinforcement which
holds the two faces of the shear crack together thus increases the
possibility of shear transfer due to friction.

The principal shear cracking actions which develop in a beam
with web reinforcement are described above. When vertical loading
of the beam is continued, the web reinforcement yields. At this stage,
the compression zone, which is unable to sustain the extra unbalanced
load, gives way. In this case, failure of the compression zone is
due to shearing.

The above-mentioned failure mode is observed in beams of long

shear spans (a/d1 > 2.5) with web reinforcement. (fig. 2).

2.4.2 Beams with short shear spans:

The shear carrying mechanism in this type of beams is the same
as described in the previous section. But the final failure is

different in that collapse is caused by crushing of the compressive
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zone instead of shearing near the load point (sece fig. 3).

2.4.3 Beams with very short shear spans:

Failure is believed to be caused by pure shear in beams with
very short shear spans. The vertical load is directly transf~rred to
the supports by inclined thrusts, so that other than arching, the
above mentioned shcar cerrying actions may not be present in this case.
Even web reinforcement may not be of much use to increase strength.

(fige 4).

2.5 Description and inclination of failure plane:

Shear failure does not occur along a vertical plane as in case
of flexural failure. It occurs always along an inclined plane,
having in general an irregular shape. The initiation of the diagonal
crack starts near the middle of the beam section and approximately at
a distance of d1 from the position of maximum moment. Then it propa-
gates both ways until the critical condition is reached.

Since. in the shortest beams the inclination of the crack
is not uniform in the tensile and compressive zones, the failure
surface is not plane. The inclination inside the tensile zone is
nearer to 450, But when it penetrates into the compressive zone its
inclination is reduced. This is reasonable, because the compressive
stresses vary across the depth from a maximum value at top to zero

at the position of neutral axis. A reasonable overall value for

the average slope seems to be 1 : 2 ( %- = 2) (see chapter -~ L).
/]

Although the inclination inside the compressive zone is never
uniform and is alweys smaller than 45°, the inclination of the failure
plane at the neutral axis and below is in substantial accord with
the truss analogys Ohjahq assumes that the failure plane has two
inclinations and on this assumption develops equations to predict

average inclination of the failure plane.
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2.6 Parameters affecting the shear capacity of reinforced concrete beams:

There are quite a numler of variables which are believed to
influence the shear strength of a concrete beam subject to bending
and shear stresses. During the last decade, much work has been done
throughout the world to determine both qualitatively and quantitatively
the influence of each of them on the shear capacity of a beam. But
the problem of shear as such has remained unsolved. The influence of

some of the parameters known so far is discussed below.

2.6.1 TInfluence of shear span to effective depth ratio:

Shear span is the distance measured along the axis of the beam
from the section of maximum moment to the nearest section of zero
moment. This amounts to the distance between the load point and
the support of a simply supported beam loaded with two symmetrical
loads or one point load. Similarly, in case of a uniformly loaded
beam, shear span is onc half of the distance between the two supports.

In the past, it was thought that shear span to effective depth
ratio had only a minor influence on the shear strength of beams. But
the research works reported so far from many parts of the world suggest
that shear span to effective depth ratio has considerable effect on
the shear strength of a concrete member. It is such an important
parameter that it nearly controls the behaviour and mode of failure
of beams. Fig. 5 shows the influ-nce of shear npan to effective depth
ratio on the shear capacity of rectangular beams with two symmetrical
point loads reported by Kani23° It seems probable as Kani suggested
that 2 transition ratio of a/d,‘ exists which could be considered to
be about 2.5 for beams with practical tensile reinforcement. If the
a/d,] ratio is smaller than 2.5, beams fail in shear compression while
with greater ratios than that they fail by other modes. However this

transition ratio is not strictly a constant, but is dependent on a

number of parameters (see fig. 5).
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2.6.2 Influence of concrete strength:

Concrete strength influences appreciably the ultimate load of
beams failing in shear compression. The shear strength of a beam
is increased with the increasing concrete strength, but the rate of
increase is reduced with increasing concrete strength. Fig. 6 shows
the influence of concréte strength on the ultimate load carrying
capacity of beams. The beams were loaded directly with two symmetrical

point loads. For comparison, other parameters were not varied.

20.6s3 Effect of ratio of tensile steel:

With increasing ratios of tensile steel, the shear strength of
beams is increased. Tensile reinforcement has various roles to play.
After the formation of flexural cracks, it controls their growth as
well as widths. Secondly, after the formation of the inclined crack,
when a beam is transformed to an arch, the tensile reinforcement acts
as a tie.

Another poésibly important function of tensile reinforcement is
that it transfers shear across a crack acting as dowel.

The ultimate load is not affected by the yield stress of the
reinforcement so long as the failure is not caused by yielding of the
reinforcement.

The influence of main steel ratio is much more prominant than

concrete strength which is illustrated in fig. 5.

2.6.4 Influence of web reinforcement:

rom the comparison of shear forces carried by reinforced concrete
beams with and without web reinforcement, the influence of web
reinforcement on the ultimate load is found to be considerable. The
shear reinforcement not only influences the load carrying capacity of
the beam but also changes the failure mode. Web reinforcement further
restricts the growth and widths of cracks.

The shear strength of a beam is increased with increasing ratios

of web reinforcement, but below a certain amount of web reinforcement,
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its effect is negligible and as a result the beam does not gain in
strength as expected. Similarly, web reinforcement cannot possibly
go on increasing the shear strength of a beam indefinitely. The
ultimate strength of a beam is at the same time dependent on other
parameters. Fig. 7 shows the effect of web reinforcement on the
ultimate shear strengths of beams.

It is evident from the graph that the rate of increase i® shear
strength with increasing web reinforcement is greater at low values of ratio of

web reiaforcement (rqfyq = %% fyq) than at high ones.

2.6.5 Bffect of compression reinforcement:

The effect of compression reinforcement on shear is still
obscure. Some investigators (Wilby)39, found that with increasing
ratios of compression steel, the shear strength is decreased. He
argued that it was due to the high horizontal shearing stress in
the concrete at the level of compression reinforcement, with rapid
consequent horizontal splitting of concrete at that level and releasc
of bond. His conclusion was that the influence of compression
reinforcement is either non-existent cr harmful to the shear strength
of a beam. Similar findings were reported by other researchers.

Since compression reinforcement affects the depth of neutral
axis and strength of the compressiﬁe zone, if the failure is dependent
on the strength of the compressive zone, then compression steel chould
have some bearing on the shear strength. This may be the reason why
another school of thought exists and the investigators do take into
account a beneficial effect of compression reinforcement. In some cascs,
it may be possible for compression reinforcement to account for the
loss of concrete area, offsetting the harmful effect alrecady memtioned,
and provide a slightly higher compressive resistance.

Compression reinforcement resists failure of a sccondary nature
when a beam is subjected to axial tension. With a lesser amount of

compression (or rather top) stecel, the ultimate strength of a beam
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subjected to axial tension is reduced.

2,646 Influence of manner of loading:

Generally, in tﬁe laboratory; testing is done by directly applying
the load on the top surface of a beam. In practice; such ideal
condifions hardly exist. Loading is commonly through secondary members
or in other words the beams are loaded indirectly. Test results
obtained with indirect types of loading suggest that manner of loading
has some bearing on shear strength of a beams If beams are loaded
through cross-members the increase of shear strength with decrease
of shear span to effective depth ratio is found to be less than in case
of beams with the dire “ type of loading.

The influence of manner of loadgng on beams failing in diagonal
tension is of little significances. But its influence is remarkable
in case of some beams without shear reinforcement failing in shear
compression. This indirect type of loading leaves little ¢hance for
the beam to develop arch or truss action and as a result in the
absence of these two actions the beam fails prematurely in diagonal
tension and not in shear compression. This phenomemon is attributable
to the fact that a direct load induces vertical stresses below it
inside the beams These stresses restrict the growth of the inclined
crack in case of direct loading and extra strength is added to the
beam by the uncracked comprecssive zone left over the crack. Alsd,
it helps in the development of the arch action. In this casey; failure
is by shear compression and not by diagonal tension.

Similarly, in beanis with web reinforcement; the failure mode may
be changed from shear compression to shearing if the loading is
indircet instead of direct.

2.6.7 Effect of axial forces:

Axial force influences the shear strerigth of reinforced concrete
beams. Sometimes the failure mode is also affected. If axial

compression is applied, in addition to bending momernts and shear
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forces, the shear strength of bcams increases while on the other
hand, with the application of axial tension, the sheér strength is
decreased. The effects of axial forces on shear strength are
illvstrated in fig. 8 for beams without shear reinfoféément. Axial
tension does not affect thelshear cracking load mugh,.but'éxial
compression affects it édnsiderably.

An axial force affects £ﬁe’compatibility and equilibrium
conditions of the shear span of & beam. It does not affect the
equation of verticél equilibrium.as éﬁéh. But its:effect on the
neutral axis depth‘influgndés‘thé,sheéf capacity of the beam.

The effecfvbf éxial fofce on the mode of failite of a beam is
interesting. Axial'compression can change the mode from diagonal
tension to shear cdmfréssion while axial tension can have the reverse
effect.

The effect of axial forces on the shear strength of a beam is

illustrated in fig. 8 for beams without web reinforcement,

2.6.8 Conclusions:

The shear cracking load is that at which the inclined crack is
fully developed. A beam cannot fail in shear before the formafion
of an inclined shear crack. So for a beam to fail in shear, the
pre-requisite is the formation of shear cracks. All beams show signs
of distress at the shear cfadking load, because this is the stage at
which true beam action is destroyéd. if 2 beam is capable of sustaining
more load by other actions it continues to do so. Under these
circumstances; it is logically necessary to devise some means of
predicting the shear cracking load of a beam.

After the formation of shear cracks, the behaviour of a beam
is changed, which warrants a separate analysis in order to predict
the ultimate load it can sustain. This analysis'is vélid only when

the beam has some residual strength. Otherwise, it fails at the
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shear cracking load.

In such an analysis, the effects of all the parameters
discussed in the previous sections need to be considered. Any
analysis made neglecting the effect of some of them would not

be generally valid.
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CHAPTER - 3

STUDY OF PREVIOUS WORKS ON SHEAR AND REVIEW OF THE EXISTING

THEORIES ON THE SHEAR STRENGTH OF BEAMS SUBJECTED TO BENDING MOMENT,

SHEAR FORCE AND AXTAL LOAD.

Shear failure is not a single failure problem and any fheory
based on a single type of shear failure cannot depict the true
failure mechanisms; From the physical behaviour and modes of
failure of be;ms, it is apparent that different theories and anaiyses
are needed to predict the strengths of beams of differing types and
load configurations, Many of the theories do not take account of
this and consequently predict erronous results.

ﬁeiﬁforced concrete beams failing in shear undergo transformations
from one load carrying mechanism to another when loaded to failure.
The first and the important change in behaviour of a beam takes
place following shear cracking. This change in behaviour is also
dependent on shear reinforcement if present, and the failure mode
is found to be different with and without the presence of shear
reinforcement in beams with long shear spans. Beams with short
shear spans do not fail at the shear cracking loads even in the
absence of shear reinforcement, and the failure.mode is not diagonal
tension but shear compression.

A large number of theories exist which can be employed to

predict strength of reinforced concrete heams failing in shear.
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The theories that are put forward so far by researchers can

broadly be classified into two categories :-

1e Theories predicting shear cracking loads or failure loads
in case of diagonal tension failure ; and
2. Theories predicting ultimate strengths of members with

shear cracks.

3+1 Shear cracking theories:

3.1.1 Impirical shear cracking equations:

a) Classical theory:

This famous theory is due to MUrsch and has until recently been
widely accepted as the basis of design in the codes of practice of
many countries.

He propounded that shear failure in beams was due to diagonal
tension rather than to horizontal shear, and he developed an equation
for a nominal shear Stressa. His argument is based on the fact that
if a state of pure shear stress exists, then tensile stresses of the
same magnitude must exist on a plane inclined to the shear plane at
450 angle. If in any section, the tensile stress is very small
compared to the shear stress, then the nominal shear stress can be
regarded és the measurer of diagonal tensile stress. His equation

- |
1 = a 3e101

is intended to predict the diagonal tensile stress at a section of

a beam on the following assumptions -

a) Concrete and steel are homogenous and isotropic.

b) Stresses do not cxceed the proportional limits.

c) Beams have constant cross-sections.

d) The distribution of the shearing stresses is upiform across

the widths of beams.



e) Concrete carries no flexural tension below the neutral
axis but carries a uniform (and maximum) shear throughout

the tensile zone.

If the shear stress q is equated to the tensile strength of
concrete the method gives very unsafe predictions of shear resistance

in many casesS.

b) Shear cracking equation of ACI - ASCE Committee (3 2 6)2.

The collapse of a warehouse roof due to the shear failure of a
beam without web reinforcement prompted the research conducted in
the field of shear in America during the last decade; and as a
result many empirical equations predicting the first shear cracking
load were presented to the Committeec.

The Committee finally accepted the following equation to predict

shear cracking loads -

d .
Qer d,
bd1 = K,I Ucyl + K2 rst T Ze1e2

Before the acceptance of the zbove equation by the Committee,
I.M. Viest2 made an attempt to develop an equation for diagonal
cracking loads based on the principal tensile stress theory.

The following are the assumptions -

1« Variations in the lever arm factor may be neglected.

2. Diagonal tensile cracking occurs when ft(max) exceeds the
tensile strength of concrete.

where ft(max) = maximum principal tensile stress.

3. The tensile strength of concrete is proportional to the
square root of the cylinder strength of concrete.

L, The modulus of elasticity of concrete is constant.

5. The”ﬁodulus of elasticity of concrete is proportional to

the square root of the cylinder strength.
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The equation of principal tensile stress gives -

ft(max) = 3ft +f(%ft)2+ q2 30103

where ft = magnitude of longitudinal tensile stress and

q magnitude of shear stress in a section under

consideration.

The magnitude of tensile stress in the concrete is difficult to
determine once flexural cracks are formed. Hence Viest made a
further assumption that the tensile stress in the concrete is
proportional to the tensile stress in steel computed by cracked
section theory.

This gives -

ft = c1 X is
m
= C M 3 314
m rst bd1 la
where - c1 and ¢ are constants
M = External bending moment.
m = modular ratio.
. . Ast/
rst = Ratio of tensile steel to area of concrete ( bdq)
la - = lever arm.

Neglecting variations in the moment lever arm and changing the

constant,

M
£t = F,] — 3.1e5
m rst bd1

where ¥, is a new constant.
1

Similarly, in absence of any direct method to find it, the

magnitude of the shear stress was assumed proportional to the average
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shear stress in the cross-section.

= For _Q_ 36166
q 2 o3
1
where F2 = constant
Q = shear force

Substituting the values of ft and g in equation 3.1.3, a

relationship for the critical external shear force is obtained as:

Tt (max)
%— = 3'1°7

1 %F1 "o rst Qd, + \/C% 1 M rst Qd,])2 + F22

From assumptioms (2), it follows that

ftlmax) = Ut ,
. Es .
and with m = To the above equation can
be rewritten as
_9_ !

bd, Ut = 3.1.8

Ec M Ec M 2 2

C1 Es rst qu * \/(C1 Ts rst qu) * C2

where C1 and C2 are new constants.

The above equation is dependent on two parameters composed of

: - _ 9 Te M
groups of variables - namely /bqut and (ES rst) (qu)

The parameters can again be simplified on basis of assumptions

3, 4 and 5. Thus the above two parameters become -

Q/bcl,1 Jiey;  and Ty, ()

¥BL qu

Experimental values of the parameter Q/bd1,U¢y]_ and the inverse

dUeya

of the parameter ilones

.(6%—0 were plotted and the graph was represented
1



by two straight lines giving the following relationship.

Qc > st Qd

—_—ca— = 1.9 + (2500) x = < 3.5 3.1.9
bd Uey1 U JTayl

in 1bf and inch units.

where Qcr

external shear at diagonal tensile cracking load.
Ucyl = Cylinder strength of concrete in psi.
JUcyl is also in psi unit.

M = External bending moment at the section considered.

The committee further put restrictions on the section to be
analysed by the equation. The equation should be applied to any

section subject to the following limits -

1 If the shear span 'a' > 2d1, the equation shall not apply
within a distance d1 from either the load point or the
support.

2. If 2d1 a2 0.75 dq, the equation shall be applied only
at the section located in the middle of the shear span.

3. If a < 0.75 d1, the equation shall not apply at all.

In all cases, the upper limit to Qor/bd,], of 3.5/ Ucyl must

be retained.

Effect of axial force on shear strength:

If, in addition to bending moment and shear, an axial force
is applied to a section, the shear strength of the section is
affected. The committec took account of the effect of axial load
on longitudinal stresses considering only the moment equilibrium
equation .

If a section is subject to a bending moment M and an axial

force N, then they may be replaced by an eccentric load N acting
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at a distance 'e' from the centre of the tensile reinforcement;
where e = %-+ (d1 - d/2)
Using the conventional straight line theory, the equilibrium

of moments about the centroid of the internal compressive force in

the concrete gives the following expression for steel stress

fs - N(e - 1la)
Astla
d/
Also, N(e - la) = M+ N, - la - 2)
la d
= M+Nd,|(’1— T - 2_(1_)
1 1
And Astla = larst bd,
. M + BNd
e e s -———1——, whereB=(’I—%—2%
rst bd1 la 1 1
N = +ve for compression.

Thus, thc committec belicved that if the bending moment at
any section were corrected, the previous equation should be applicable

to members with axial load.

rst Qd

XL - .9 e + 2500 L 3.1.10
1 M + BNd1
The upper limit of %%E without axial load is 3.5/ Ucyl. This
1

jmplies that the diagonal tensile strength is independent of the
longitudinal tecnsile s£trcsc when the bending moment is very small.
On this assumption the committee assuned that whenM = O, the effect
of axial load would be its effect on the principal tensile stresses.

If a portion of a member is uncracked, then the longitudinal
stress = = N/bd1 (or more correctly %%)

Zrom the priacipal stress equation -

o) = -3/, +/(-%N/bd,])2 + @, Yia)?,



which gives

Qor _  ftmax) [, N
bd, F, bd, £t (max)

Assuming that principzl tensile stress is equal to ft(max) = 7.5;Ucyl,

to evaluate F2, when there is no-axial load, and M = O,

%%5 = iféﬁézl x 1 = 3.5/Ucyl (the umper limit of
1 2
ch)
bd1
50 Qer /f / N
S AR AV W A Til7a
9r Lo/, o
va, /0yt - 22 1 ed, UGy 2e111

0.133
JUcyl

varies between 0.0015 and 0,003« So the committee replaced the term

For the practiéal range of concrete strengths the term

ééééé by a constant value of 0,002, Accordingly, the upper limit
“Jcyl
to diagonal tensile strength of members with axial load becomes -~

Qer [1 ,0-002N
bd, Ueyl = 325 [ + bd, 3.1.12

Thus, the Committee's equation to predict shear cracking (diagonal
tension failure) load of members subjected to combined bending moment,

-hear force and gxial load is

%gzjﬁETI” — 1.9 + 2500 rst Qd,
(AR M + BNd N/ Ucyl

< 3.5/ 1 +0;%%§H 3.1.13
1

In general, the ACI equation is fairly safe for beams with normal

shear spans and percentages of tensile steel. Only the influence of
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high ratios of tensile steel is underestimated in comparison with
test results. On the otherhand, beams with higher concrete strengths

45

and low percentages of tensile steel may be unsafe .

¢) CEB Equation :

The CEB1O does not recommend in principle, the design of any beam
type member, without shear reinforcement and suggests that the limit
state should not be reached by failure of the coﬁcrete.

The CEB design method is based on the Ritter-M8rsch lattice,

and the design tangential (shear) stress is calculated from the equation -

*

™= gzh 3u1e1l
where T; = Design value of tangential (shear)
stress in the web of a member.
Trf = Reduced design shear force.
& bo = Width of web
h = Effective height (depth) of the member.

The CEB has not formulated any shear cracking equation as such.
For comparison, it is advisable to use the equation for beams with web
reinforcement ignoring the contribution of the web reinforcement to
ultimate load. (see section 3.2.)

Thus, the CEB shear cracking equation would be

Ast
%Zr - 0.1875/ Ucyl (0.5 + 33 Ei%g without any axial
1 1
load.
3.1.15

In the presence of axial compression -

/ia
Qer 1 Ast
Tif; = 0.1875/Ucyl (1 + 2 ‘63539(0‘5 + 33 55:) 3.1.16
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and in presence of axial tension -

Qer N/bd1 Ast
od, = 0.1875/Ucyl (1 - 6 ”ﬁE;I)(O'5 + 33 35; 341017
in N and mm units.
Ast
where (0.5 + 33 SE—J { 1 for both cases.
1

In all cases N is positive.

These equations have been transformed from design equations as
explained in section 3.2. The equations appear preferable to the ACI
equation in that the effect of tensile reinforcement is taken in a
better way. So far as long shear spans are concerned,'this equation
does not predict any change in strength for varying shear spans. If
the tensile reinforcement term is neglected, the strength predicted
by the above equations is about half that predicted by the ACI equation.
Thus it altogether avoids the prediction of any unsafe results arising
out of overestimation of the concrete's contribution and underestimation
of the tensile reinforcement's contribution. So far as axial loads
are concerned, they predict a rapid decrease in strength with axial
tension, and a slower increase in strength with axial compression.

As & result, though they predict strengths of beams without axial loads
in good agreement with test results, yet are found to be conservatite
in the other two cases. Since the equations are completely empirical,
these inherent drawbacks could be rectified by replacing the present

constants by more suitable ones.

d) Empirical equation of Mattock:

A recent empirical equation taking the effect of axial force into

36

account is due to A.H. Mattock”  who tried to develop a method of
design which would be applicable to prestressed as well as reinforced

beams with or without axial forces. He tested 31 rectangular beams
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with varying shear spans, percentages of tensile reinforcement,
concrete strengths and axial forces. These beams were without wed
reinforcement.

He observed that axial loads affected the flexural cracking loads
but apparently did not affect the increment of shear between flexural
cracking and shear cracking.

So he made an attempt to revise the ACI 318-63 equation for

prestressed concrete beams -

Qr = 0.6bd, fUcyl + Mer — , qa 3,1.18
L
I
where Mcr = (~§ ) ( 6]E;;i+ fpe - fd), in F.P.S5. units.
Qd = dead load shear
fpe = extreme fibre stress due to prestress, psi
fd = extreme fibre stress due to dead load, psi
Ucyl = cylinder strength of concrete, psi
I = second moment of area of section about its centroid.
y = distance from centroid to extreme fibre in the

tensile zone.

8o that it could be used for predicting shear strengths of
reinforced concrete beams.

His object was to replace the term 0.6 deE;;i'by one dependent
on the flexural reinforcement as well as the concrete strength.

By examining his test data, he found out that the increment of
shear force between flexural cracking and shear cracking was dependent

on two parameters -

1. the percentage of flexural reinforcement, and

2. the modular pptio (%_S.
(o]
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He thought it better to correlate the increment of shear between
flexural cracking and shear (diagonal) cracking with the product of
the modular ratio and percentage of tensile steel instead of correlating
with them separately.

From the plot of his data he arrived at a relationship -

Increment of shear stress

= 1.25 + 5-0 mr 3‘1.19
JUcyl st
. Es
where m = modular ratio = Fe
= 29,000,000/, 1.5 33 fToyl
w = unit weight of concrete. (walght/cu ft)
rst = ratio of tensile steel to concrete area.
As
= b d1
Ucyl = cylinder strength of concrete in psi
fUcyl = also in psi
The equation for diagonal (shear) cracking becomes ¥
Ser  _ (1.25 + 5 m rst) JUcyl + Mer + ad 2,1.20
bd, HE_diy) pa, P
g - /2 Py

in foot poumds units

He found that the above equation did not give satisfactory
results so0 far as the rectangular bonded prestressed beams of Sozen,
Zwoyer and Sieséﬁbere concerned. Therefore for these beams he

adopted another equation to fit the test results -

shear stress increment _ (4 o5 0.0%6 4.0 m rst) 3,1.21
- * 7 mrst ° T

JUeyl e

Thus the equation becomes -

%ﬁz = (1.75 - 036 + 4,0 m rst) /Ucyl + Hor +
mrst M d bd
1 ('Q - 1/,) bd, 1

3e1.22



The applicability of equation 3.1.20 is dependent on the
percentage of tensile steel. He limited its applicability to
rst% > ¥, whereas equation 3.1.22 can be used for any amount of
flexural reinforcement.

The upper limit of these two equations is

%ﬁi = 3.5 /Uyl + 0.3 V/a 3.1.23

1
If there is prestress, then N/A is replaced by fpc, the average
stress due to prestress, N = axial force

A area of concrete (bd)

Equation 3.1.20 as it stands is not strictly reducible ifvst= O.
But as is obvious when rst = 0, the increment of shear stress between
flexural cracking and shear cracking is zero, which is not the trend
of the equation.

Comparisons of test results with Mattock's equation are given
in chapter 7.

Since his equation is applicable only for beams without web
reinforcement, the shear cracking load is compared. But as Leonhardt29
observed that test results of beams without web reinforcement are not
sufficient as a guide to develop design equation, it was not possible
to examine thé equation thoroughly in terms of results for beams with
web reinforcement without modification.

However, the attempt to develop one equation to predict the
shear cracking strengths of prestressed and reinforced beams deserves

appreciation.

L5

¢) Empirical equation of Petersson:

Petersson proposed an empirical equation of the form -

4
Qc/bd1 = 1.3 Uw /?rst% )% 31,24
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where %% and Uw are in Kg/cm2 unit.
1 1z
and also Uw 5in Kg/cm2 unit.

This is a shear cracking equation and is not applicable for
the shear compression type of failure. Petcrsson considers the
limiting value of a/d,! for the two types of failure is equal to 3.5
for point loaded beams.

In case of T-beams, b is replaced by bw, the web breadth.

This equation predicts the influence of tensile reinforcement

on shear nearer to reality than the ACI and CEB equations,

%01e2 Analytical shear cracking eguations:

22,45

a) Kani's shear cracking equation:

Kani assumes that after the formation of flexural cracks, the
block of concrete in between any two cracks behaves like a plain
éoncrete cantilever. The block of concrete is assumed to be rigidly
connected to the concrete compression zone and loaded at its end by
the bond force (fig. 10). Shear cracking is assumed to be the flexural
failure of the concrete cantilevers.

Using simple bending theory the flexural resistance of each tooth

= R bx2/6 391025
where R = modulus of rupture strength of concrete
x = distance between two flexural cracks.

If the tooth is loaded with a vond force F

b then the moment at

the fixed end

= F._ h 3.1.26

when h = depth of penetration of flexural cracks measured
from the centre of tensile steel.

Equating the above two equations for failure of the cantilever -

R bx2
Fb = T 3e1s27
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For a simply supported beam loaded with one central or two

symmetrical point loads -

. af X _ 8
v =% * 12 = 1a 3.1.28

From ecquations 3.1.27 and 3.1.28,

x _ R bx2
la ~ 6h
Rbla x
or Q = —n 3e1.29

where @ is the shear cracking load,

X

It is obvious that the value of o

is not easy to determine. Thus,
the equation developed by Kani to predict shear cracking load is not
as simple as it appears to be. A crack pattern is to be assumed
first. Also to find the minimum strength, the minimum value of-%
is to be found out. Moreover, the flexural cracks are not always
parallel, and the physical appearance of a beam at the time of shear
cracking does not suggest the failure of the concrete cantilever
envisaged by Kani.

In his theory, Kani completely neglected the effect of dowel
action of tensile steel and shear transfer by interlock.

Even neglecting the effect of interlock, dowel action of tensile
steel alone produces a couple opposite to that produced by the bond
force.

The writer belicves this may be the reason why his thecpy does

not agree with lesgt results.
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4S5, il

b) Regan's shear cracking theory,

Regan made an attempt to analyse theoretically a section failing
in shear depending on physical behaviour. He developed three different
equations for different types of shear cracking conditions -

1. shear cracking of rectangular sections already cracked in

flexure.

2. shear cracking of Ty L, and I sections cracked in flexure.

Derivation of equation for case a).

He assumes that in the presence of flexural cracks at a section,
the shear is carried by the inclinatibn of the thrust (%52 in the
concrete. His assumptions are -

1. At:a section containing a flexural crack, the bond between

- concrete and steel is destroyed.

2. 1In order to calculate the shear stress distribution above
the crack, he uses the condition of horizontal equilibrium
of the longitudinal stresses. The strain profile across the
section is assumed to be lineéf and the stress-strain curve
to be parabolic.

3. He useé a-biaxial failure criterion for Concrete obtained from
the Mohr's circles for uniaxial tension and compression with

'_a common tangent.
. Tor shear cracking of a section alféa&y~cracked in flexure, his

simplified equation is

Qer = Gep MO bd1 34130
"where dgp = critical average shear stress.
C2

- Ucyl °, both are in _lbf/inz.
no = neutral axis depth factor for fully
~ developed stress block with extreme fibre

strain of Eéc = .003%5.
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The equation for no is given by

E_ rst E!
8 cC

~ne - —_—
1 - no 2/3Ucyl
or no = %-‘T—\y +/(P2 + LI'LV]

Derivation of equation for case b).

In this case he considers Kani type concrete '"teeth" of the web
between flexural cracks. It is assumed that flexural failure of the
teeth is avoided due to redistribution of bond and also due to couples
caused probably by aggregate interlockimg forces across the cracks.
The failure of the teeth is assumed to be in shear or combined bending
and shear.

His equation is

Qer = 0.6 q . b, d, %.1.31

Derivation of equation for case c).

The equation is obtained from principal tensile stress analysis

and then as a numerical approximation

M
ch = (1 - Oas "Q"d_"]') qcr bd1 3.1-32

where 6%— is to be considered at a distance d1 from the load
1

point.
This equation is also applicable to flanged beams by substituting
br (web breadth) for b when the value of Qcr given by this equation

is gramter than. those given by equations 3.1.30 and 3.1.31.

c) Attempts have been made by a number of other researchers to
produce theoretical work in this field. Among them are Lorentsen,
Krefeld and Thurston and Jones. A full account of their work is givenm
in reference L5.

The Regan theory of shear cracking is based on study of physical
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behaviour of beams and would be more realistic than other theories,
except for its complete neglect of interlock. (see chapter - 5).
His approach of connecting equilibrium equations with compatibility
conditions is new in this field. The empirical validity of this
theory is supported by more than 1000 test resultsus’u? Hie proposed
equations can be used to predict the shear cracking load of a beam
subject to axial loads provided the effect of axial load is taken
account of in calculation of neutral axis depth (no d1). But his
equations go wrong when applied to a section at the point of

contraflexure of a continuous beam, subject to axial tension in which

case no and thence Qcr become zero which is far from correct.

2,2. Theories predicting ultimate strength of a section in shear

3.2.1. Empirical equations:

a) MBrsch Truss Analogy:

The behaviour of a reinforced concrete beam with web reinforcement
may be assumed to be similar to a trussa. The compressive zone of
the beam acts as the top chord and the tensile steel as the bottom
chord of the model truss (fig - 12). The web reinforcement and the
concrete in the tensile zone are the web members. The basic assumptions
are -

1) The tensile reinforcement carries only horizontal flexural

tensile stresses.
2) The concrete compressive zone above the neutral axis carries

only horizontal flexural compressive stresses.

3) All ineclined and vertical tensile stresses are taken care
of by the stirrups and bent-up bars.
In order to develop a general expression for the stresses in

the stirrups, the stirrups are assumed to be inclined to the axis of

the beam at an angle a and the inclination of the crack to be €.
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s =%Zcot@ +Zcot «

~ _p 5in o cot @ + cos

s5in o
e = ssina = Z (sin o cot® + cos a)

where e

n

épacing of stirrups in direction perpendicular to
the stirrups.
o = angle of inclination of stirrups with respect to

the axis of the beam.

© = inclination of diagonal crack.
la = lever arm.
Aq fyq = Area times the (yieId) stress of one stirrup.

The total vertical force carried by stirrups (only those crossed

by the diagonal crack). AR

= Aq x fyq sin a n - 3.2.1

Number of stirrups crossed by the diagonal crack

n o= ia la(sin o cot @ + cos a)
h Z -
e

External shear force carried by stirrups

la(sin o cot & + cos a ).

Aq fyq sin o x

e

= Q
Qe

or Aq fyq -
sin o (sin o cot® + cos a) 1la

3.2.2

If the stirrups are vertical, o = 90° and in addition, if the
inclination of the diagonal crack o = 450, then the equation 3.2.2

becomes -

Ag fygq = %S (e.;_sl_

Again if area of web reinforcement is expressed as Aq = rq bs,

then,
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- 2
or rq fyq = e . 34205

For inclined stirrups,

i}

(sin o cot & + cos a) sin « K

Efficiency factor

and 9 =
NP K rq fyq 3e2elt

K has a maximum value of 1.2 for o = 67.5°, when o = 45°

The nominal form of the classical theory assumes that the
inclination of diagonal cracks is k5°, which is not supported by test
observations.

So long as the crack angle does not change, axial load, tension
or compression, will not affect the shear strength but in reality,
the effect of axial loads in shear strength is observed.

Finally, the reduction of stiffness of the compression chord due
to the penetration of the diagonal crack is ignored as is all shear
carried by the compressive zone.

In comparison with test data the classical truss is extremely

inaccurate,

b) Pin-jointed truss (Baker and Ahmad)6

The original analogous truss used for the design of web reinforce-
ment in many countries has been elaborated by several researchers. An
important contribution to this end was made by Baker and Ahmad. The
statically indeterminate truss proposed by them is shown in fig. 15.

If the proper stiffnesses for the different members of the truss can
be ascertained with due regérd to the c?ack pattern and if suitable
limits to their strengths can be predicted, a useful model can be
constructed. But the problem of finding the proper stiffnesses and
the limiting strenghhs under different loading conditions remains

unsolved.
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c) ACI - ASCE Committee (326) equation2

The Committee's equation for the shear strength of beams with

web reinforcement but free from axial load is

Qzé: = 1.9J/Ucyi + (2500 psi) rst 8;1 +Kr fyg 325
in 1bf. in units
where Qult = Ultimate shear force.
r, = ratio of shear reinforcement ( *%/bsin «
fyq = yield or proof stress of shear reinforcement.
s = spacing of web reinforcement along the axis of
main reinforcement.
K = Efficiency factor of web reinforcement.
= (sin o cot @ + cos a) sin a.
o = angle between shear and tensile reinforcement.
2 = angle of the inclined (critical) crack with

the axis of main reinforcement.

The contribution of web reinforcement to the ultimate shear
strength is thus a term additive to the shear cracking load.

Analysis carried out on the basis of this equation is subject
to the following limitations -~

1. o« shall not be less than 300.

2. For rectangular or I-sections with verticd web reinforcement

only, Qult/bd

q» shall not exceed 8/Ucyl.

3. For T-sections, for rectangular sections or I-sections in
which the angle o is less than 700 or for rectangular sections or
I-sections having combined vertical stirrups and bent-up bars,

Qult/bd1 shall not exceed 1Qj5;;i:
L. K Ty fyq shall not be less than 0.41 N/ i (60 psi).
5. fyq shall not exceed 414 N/mrn2 (60,000 psi) for the calculation

of Kr fyg.
q ya
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Two more points regarding detailing of the beams may be mentioned
here.

1. Longitudinal reinforcement shall be extended a distance
equal to the effective depth of the member and a further distance
equal to the nominal anchorage length (12 ¢ ) of the bar beyond the
section where it is no longer needed to resist flexural stresses.

2. Web reinforcment shall be continued a distance equal to the
effective depth of the member beyond the length over which it is
theoretically required,

The upper limits of Qult/bd1 and fyq are intended in order to
avoid any premature failure prior to the yielding of the web reinforce-
ment.

In presence of axial load, the committee's ultimate equation

becomes -
rst Qd
Qult . i
ba, = 1.9/Ucyl + (2500 psi) 'TT?TENEA + K T fyq 3.2.6

Although Viest made a theoretical approach based on principal
stress theory for the prediction of shear cracking strength, in the
author's opinion, the final equation is a semi-empirical one. It
may rightly visualise the variables involved in the shear strength of
a beam, but it is hard to see the validity of the assumption that
after the formation of flexural cracks, the normal tensile stress in
the concrete is proportional to the flexural tensile stress in steel.

The contribution of the concrete compression zone is only
marginally dependent on tensile steel and on the M/Qd1 ratio,
which means even if rst is zero, the beam is predicted to be able
to carry load, thus under-cstimating the effect of tensile reinforce-
ment in resisting shear. No mention is made of compression steel in

the Committee's equation.
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Comparison of test strengths with those calculated by the
ACI-ASCE Committee equation shows that it ié always fairly conservative
and more so when axial compression is present. Also Qith high axial
tension, the contribution of the concrete compressive zone being
totally ignored, it gives a very high factor of safety. (See chapter 7).

With the addition of the contribution of shear reinforcement, the
equation is transformed into one predicting ultimate strength. In
fact, this equation predicts a strength which is the summétion of
the concrete strength (shear crackimg strength) and the additional
contribution of web reinforcement. In other words, it can be said
that the Committee believes the contribution of the concrete compression
zone is constant at any stage of loading, which in the author's opinion
is a doubtful conclusion.

Lastly, the effect of M/Qd1 ratio is grossly underestimated which
can be seen from the test results of short beams. (See chapter'7).

The analysis of stirrup forces in this equation is based on the

MYrsch truss analogy already commented upon in the previous section.

d) CEB equation:

_?he CEB10 recommends a minimum percentage of web reinforcement
for any member but this minimum percentage of web steel is not necessary
for certain members such as wide beams, lintels and slabs. The
maximum inclination of web reinforcement to the tensile steel is 90O
and the minimum is 450. The relative volume of stirrups should not
be less than 0.25% for mild steel and 0.1h% for high quality

deformed steel.

Other limitations so far as the ultimate strengths are concerned

1« With vertical stirrups, bent-up and orthogonal bars used

as web reinforcement, the maximum ultimate strength governed by the
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concrete is the lesser of the following two but may be increased by

10% in favourable circumstances -

5 ¥%m® or 0.20 R,

where Ré* = design compressive strength of concrete.

2. With 450 inclined stirrups the ultimate value can be increased
to 6 /mm® or 0.25 R'* and may be increased by 15% for favourable
conditions.

The following are the equations proposed in the CEB recommendation

for the shear strength of reinforced concrete beams with web reinforce-

ment.

1) without axial load

1l
Y
)
J
&

*

¥ =n, 3.2.7

in N/cm2 units

M1

2) with axial compression

M R+

1 - .05 VRIBE g 5 Sloyy 3.2.8
b
in N/cm2

and ~
3) with axial tension -

*®
R'bk !
o= 1-nesdREE (o6 L9y 329
%o b
in N/cm2
where Rbk' = characteristic strength of concrete
T; = design value of nominal shear stress.
*
= Y/ba,
*
60 = design value of N/bd1
= axial force (compression or tension)
Ré* = design strength of concrete
_ Beyld
15
Ast
Y = 05+335) <1

1
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and _ amount of shear reinforcement to be used
TL1 ~  amount of shear reinforcement by MYrsch

r
= —23 - (fyq*) (sin « + cos o) sin «

*
1.15 To
r fyqg*
or ’TL = J—_ 3.2-10
1 1.15 13
when o = 90o
oo from 3.2.8 and 3.2.10,
r fyq* /R ¢ o
K R AL G B R
1%
1.15 L T Rb
: r fyq 6'*
or T = Sy 5 R (1422 Yo 3.2.11
o bk
1.15 Ré*

Assuming Rbi represents a tensile resistance of concrete and a
partial safety factor of 1.5 is intended to be applied to the tensile
strength.

Equation 3.2.11 becomes in ultimate load conditions =

N
r fyg /bd
Qult/bd1 = S 1.25 x 1.5/ Ucyl (1 + 2 1)(0-5 + 23 %gi)
1,15 Ucyl 1
Ny
or bd
Qult/bd1 = 0.87 r fyq + 1.875/Ucyl (1 + 2 1)(0'5 + 33 ﬁ;t
q Ucyl 1

in N and cm units 2e2.712

Similarly the other equations 3.2.7 and 3.2.9 become -

Qult _ Ast
, /bd1 = 0.87 r, tya + 1.875fucyl (0.5 + 33 35:) 3.2.13
and Qult N/bd1 Ast
/bd1 = 0.87 r fyq + 1.875/Ucyl (1 - 6 ) (0.5 + 33 gg-ﬂ
9 Uecyl 1
in N and cm units 3.2.14

for conditions with no axial load and with axial tension

respectively.
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1f ¥4 < 2, Q~ult/b¢11 is to be multiplied by °/2d in all cases,
to take account of the effect of a/d1 ratio, apparent in beams with
short shear spans when the failure mode is shear compression and large
shear forces can be sustained. It seems quite reasonable with respect
to the concrete term but not so for the shear reinforcement term.

In the case of uniformly distributed loads, the shear force for
oalculation may be taken at a distance of d/2 from the support.

The CEB equation as already explained ig preferable to ACI equation
with test results of beams with and without axial forces (see chapter 7),
than ACI squation. Moreover it accounts for the increase in strengths
of beams with short shear spans, although the analysis has no

theoretical basis like the ACI's.

36,18

e) Mattock's equation :

Mattock studied the effectiveness of web reinforcement in the
presence of axial loads18° His work mainly comprised of T-sections,
though some of his test beams were restrained P-beams, with their
flanges in tension in parts of the span. He did not observe any reduction
or gain in strength from shear reinforcement for axial temsion or comp-
ression with the same amount of web reinforcement.

Based on his test results and working on the ACI 318-63 equation,
he proposed two equations to take account of the effect of web rein-

forcement in predicting ultimate strength of a beam.

Qult/bd,l - Qc/bd,l(ACI) + 1.75 rq £yq 3.2.14

in psi
for rq fyq (min) ( r fyq £ 0.06 Ucyl/%i [994
r M

where b width of the flexural compression zone

1

o’
1]

width of web
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]Qd
= S }L -1
and Qu:n_t/bd1 " b, (ACI) + 0.5 % fyq + 0.075 Ueyl{g= [~

in psi 3e2e15
b Qd1
for rq fyg > 0.06 Ucyl’?sz-ii-

The above two equations were intended to apply to T-beams, but
if the ratio %% is set equal to unity, they can be applied to
rectangular beams.

As already discussed in section 3.1., Mattock proposed a shear
cracking equation for rectangular beams with and without axial forces.
Thus to compare the ultimate loads, his shear cracking equation will

be used instead of the ACI - 318 - 63 equation. The equations, then,

can be written as

Qult/rs = 88 (Mattock) + 1.75 r_ fyg 3.2.16
1 bd1 q
, 2&;:
for rq fyq (min) ¢ Ty fyq £ 0.06 Ucyl ~T
in psi
and Qe Qd,
Qult /bd1 = %-51 (Mattock) + 0.5 Ty fyq + 0.075 Ucyl J—5
%ele17
Qd,
for *y fyq > 0.06 Ucyl = in psi

Comparisons with test results and a discussion of these equations

arc given in chapter 7.

3.202 Shearing failure theory:

Beams with web réeinforcement do not fail at the shear cracking
load. The failure mode is different from that of the diagonal tension
and is often not one of shear-compression. During the investigation
of rectangular beams with web reinforcement, a mode of failure was

observed which is believed to take place by shearing of the compressive
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zone above the inclined crack. The same mode of failure was observed
by Placas ~ and is referred to as ''shearing failure' of the compression
zone by Regan and Placash6, This is similar to the ''plastic! shear
failure mode for concrete described by Letchtenberg31n Regan and Placas
developed an equation using a Cailomb type failure criterion to predict
the ultimate load of reinforced concrete beams in shear.

According to this theory, the shearing mode of failure is governed
by the equation of vertical equilibrium.

They proposed two equations for the shear force resisted by concrete

alone.
c d1 1
a) 2L 12.5 (rst Ucyl ~—) /3 3.2.18
bd1 a
for rectangular beams in 1lbs and inch units
and b) Q¢ = 25 Ucy173(br + 6Mt 3.2.19

in 1lbs and inch units
for T-beams

The portion of the shear carried by web reinforcement is additive
in both cases and is equal to -

Qw = Db rq fyq o

where @ is the horizontal projection of the critical inclined crack.

The full derivation of the shearing equation is available in a
departmental reporth6 and also in reference Lh.

In principle the assumed failure criterion is of a Coulomb type,
but as a result of a number of approximations, the equation practically
loses the essence of its theoretical valuc.

On the whole, the idga of shearing failure is quite new and
realistic, and therefore Placas and Regan deserve full credit. The
idea of drawing a separation line between diagonal tension failure
and shearing failure scems more realistic than the ACI, CEB approach
of taking the contribution of the concrete to the shear strength of a

beam with stirrups as being equal to the diagonal tensile strength of
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a plain webbed beam.

3.2.3 Plane of minimum strength Method:

Unlike the ACI-ASCE Committee2 or CEB10 methods this method is
based on a physical analysis at the limit state and does not predict
the strength of concrete and web reinforcement independently. It is
reasonable that when the shear crack increases in length, the number
of effective stirrups increases, but on the other hand, the depth of
concrete compressive zone contributing towards the shear strength of
the beam decreases. This fact is completely ignored by the ACI-ASCE
or CEB analysis.

In practice, shear cracks are never straight, but for analysis,
they are idealised to straight lines. A beam is free to fail in
shear along any such plane when loaded to failuree The minimum strength
of the beam is obtained by finding the weakest plane and hence this
method is called the "Plane of Minimum Strength'.

Since this method of predicting strength in shear tends to give
overestimates for all but shorter beams failing in shear compression,
it can virtually be regarded as a shear compression equation so far
as the prediction of shear strength of a beam is concerned.

a) Russion Code Methodg:g’2

The Russign method is due to Borishansky. He approached the
problem of shear from the angle of limit analysis. He made use of
the‘equilibrium equations. The contribution of flexural and web
reinforcements (bent up beams) in carrying shear as dowels was neglected.
The horizontal projection of the inclined (shear) crack was assumed to
be variable and the resistance of the concrete along the plane of
failure was assumed to be inversely proportional to the horizontal

projection of the shear crack '¢'s
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Based on the above assumptions, the concrete strength Qc can be

written as

2
Qe = 0.15 Pop bd1 3e2.20

/c

where Pyp = design compressive strength of concrete in bending

and the constant 0.15 was determined empirically

The shear carried by web reinforcement is

Qu = gF ; sina+3F - 3.2.21

where Fwi force in one stirrup inclined at angle o to the axis
of the beam

F = force in one stirrup inclined at right angles to

the axis of the beam

Qw is also dependent on the horizontal projection of the shear

crack '¢', and Qw can be written as

Qw = cq

" 3e2422

where q, is the vertical force carried by the web reinforcement

per unit length of the member.

In the calculation of Q0 the design stress of web reinforcement

is reduced by a factor of 0.8 to avoid the assumption of all stirrups

yielding.
q, = m mS fs Aw n/s,
where mo= coefficient to take account of the possibility
that web reinforcement does not yield always
prior to failure. (0.8)
ms = coefficient for uniformity of steel
fs = design stress of web reinforcement
Aw = area of one leg of a vertical stirrup
n = number of legs of stirrups in one section of

a member.

5 = spacing of stirrups along the axis of the member.
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The combined resistance of the member against shear failure is

2
Q = Qc + Qw = 0.15 Pob bd,]/c +cq 362023

A certain plane exists along which the resistance of a member

is minimum and the minimum strength is obtained as follows -

1s By differ-ntiating Q with respect to the variable 'c' and
then equating the differential tozerofor minimum condition, an expression
for 'c' is obtained.

2. Substituting the value of 'c¢' in equation 3.2.23, the minimum

strength is obtained and is

q = /0.6 P,y bd,]z Q, 3.2.24

This value of Q is again multiplied by another factor which is
in general equal to unity and is of little significance so far as the
present analysis is concerned.

Equation 3.2.24 is applicable to beams with web reinfercement.
In absence of web reinforcement, and in a beam subject to central point

load, @ is equal to the minimum value of Qc.
d

Q = constant x p_, bd, 62}) 56225

Equation 3,2.20 is based on experimental results apd is empirical
in nature. But, the method adopted, thereafter, in the calculation
of concrete and web reinforcement contributions is interesting,
especially as the Russian Code was the first to adopt an ultimate
design approach. One main drawback of this analysis is that the
influence of the tensile reinforcement is completely unrepresented
which is quite contrary to known test results.23

The assumption that all the stirrups crossing the inclined plane
are active is hard to believe since the stirrups inpide the compression

zone may not be stressed at all. This may be the reason which led

to the adoption of a factor of 0.8,
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In the derivation of equation 3.2.2k, the stirrup forces are
considered to be providing a uniformly distributed force q,. But
if the stirrups are widely spaced, a considerable error might be
committed in the estimate of Q. which can be seen from the following

sonsideration.
If ¢ = 2s, then q, ¢ = 2 q, S

But the crack may cross only one stirrup instead of two if the
crack starts just beyond a stirrup.
The above consideration led to modification of equation 3.2.24

to the following form -

Q = .j6,6 Py, bd,]2 Q, - 9,5 302426

If transverse reinforcement is fairly uniform and the longitudinal
steel is heavy, the above correction is unnecessary .

Equation 3.2.25 suggests a shear compression type of failure and
predicts a constant bending moment; and not constant shear at the time
of failure. This may be true so far as shear compression failure is
concerned. Other shear compression theories also predict constant

moments and not shears.

Application of the Russian Method to beams subject to Axial

load, bending moment and shear force:

1o Beams subject to axial compression, bending and shear8°

In this method, the beneficial effect of axial compression on the
shear strength of a beam is completely ignored and no extra analysis
is made. This conclusion is based on undescribed experimental studies
alone and it is stated that the beams can be treated as if they are

not axially loaded.
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2. Beams subject to axial tension, bending and shear8:

The effect of axial tension on the shear strength of beams is
taken into account only when the '"eccentricity o# the head of the
inclined crack is less than ‘I,Sd,l"n This conclusion is based on test
results of beams without web reinforcement. With the above condition
being satisfied, the observed reduction of shear strength was between
20 and 30% due to axial tension. Thus a reduction factor K is intro-

duced in the calculation of Qc, and Qc is given by -

0.15 Pop bd12
QC = K ° 362027
c
where K = =2 - 0.5 £ 1
a N
1
and e, = eccentricity of the resultant tensile force in the

section at the head of the inclined cracke.

It is evident that when

€o
T = 95

1

K = 0, which means Qc¢, the concrete's contribution in

carrying shear is zero.
Under these circumstances, the whole of the external shear is to

be supported by web reinforcement.

Treatment of a section at the point of Contrsflexure

As already mentiongd, if %9- is less than or equmal to 0.5, concrete
is not cooperatingin carrying s;ear° The external moment at a section
at the point of contraflexure is zero theoretically. In that case
eo = 0 and hence no contribution of concrete can be accounted for,
as such all the shear is to be carried by stirrups. This leads to

further problems in that a vertical section can cross no stirrups at '

all. But test evidence shows that even under these circumstances, the
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stirrups become operative and carry loads This resulted in a further

assumption that -

when %9, £ 0.5, the whole of the shear is to be carried

by stirrups crosse; by a plane inclined at an angle o% 60° to the axis
of the member and no dther plane needs to be considered.

The available explanation of the Russian Code Method does not
present any theoretical analysis nor any argument in considering the
effect of axial forces. The equations are apparently entirely empirical.
It seems unreasonable to say that the calculated and test values are

in good agreement as stated in reference 38 with axial compression.

This is far from generally true. So long as gg is greater than 2,

1
the calculated and test values are in goodaggreement,but for values of
£o L 2, Qtest is higher than Qcel. T maximum value of %%E%E is 130
1

for go 1e7e

d1 =

Similarly, the equation with axial tension is unsafe for %2 =2

1
and 1.30, whereas it is conservative for values of (—‘;3 < 1. Thus, it
1

seems, the effect of axial force considered is not correct and can
causSe serious errors.

The above mentioned equations are compared, with other theories,
with the author's test results and further comments are made in

chapter 7.

b) Hillca:borg'sbr5 equation:

This method can be considered a slight improvement on the Russian
one in that the effect of tensile reinforcement is taken into account
in the analysis.

The shear force carried by concrete across an inclined plane is

d
Qc = L.2 (UW)VB [rst% —cl bd, 3.2.28

vhere all the quantities are in Kg/cm2 units
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and the contribution of web reinforcement
Qi = br fyg €/2 %.2.29
The total shear force is obtained by addition of Qc and Qwe.

Qult = Q¢ + Qu 322430
and the minimum strength is obtained as in the previous method for

the critical ratio of C/d1 y Where

L _ 1/ / 9
d,‘ = \/8’4’0 UW 3 rst/é rq%) (fyq) 302.31

Substituting this value of °/d, in equation 3.2.30,

Quit = J0.08% v /3 /<rst%)<rq%)fyq bd,
or WL fo,081+ u "/ 3,/(rst%)(rq%) fyq 3e2.32
1

When no minimum value of (Qc + Qw) cxists within the shear span
or in other words 'c¢' > 'a', the minimum strength is obtained by
substituting 'a' in place of 'c'.

This method is preferable to the Russians' in that it takes into
account the effect of longitudinal steel in carrying shear. Secondly,
the overestimate in the claculation of the contribution of web
reinforcement is avoided by considering just the half of the Russian
value. This is reasonable, because the stirrups in the tensile zone
only are operative so long as the inclined crack does not progress
into the compression zone; But it would have been more reasonable to
consider (1 - n) d, cote as the crack length, where6 is the inclination
of the failure crack to the axis of temsile reinforcement and ndis the
depth of uncracked concrete above the failure crack. Hillerborg also
stated that his equation should be applied only to the direct type of
loading. If a member is loaded through cross-beams, sufficient rein-
forcement must be provided in order to transfer the load to the assumed

load position.
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The general criticism applicable to both the Russian's and
Hillerborg's methods is that the transverse force equation should not
be used in ultimate load analysis if failure is not of the transverse
(shearing) type.

Hillerborg did not consider the effect of axial load in his equation

and for this reason, his equation could not be checked with test results

of beams with axial load.

3.20.l4 Shear Compression Theories:

a) Empirical shear compression equations:

L5,

1e lLaupa's shear compression equation

The most important empirical shear compression equation is that

of laupa. He expressed his equation in the following form -

1 .
Ms /vaq 2 -
bd,“ Ueyl = a (1 - kZED ky Ky
where n = ultimate neutral axis depth factor above the critical
cracke

Then assuming n to be related to the elastic neutral axis depth

factor n,

M 1
5 /bd12 Ucyl = nF(Ucyl) 3.2.33

for beams without compression reinforcement;

and 1

5 /‘bd12 Ucyl = (n+mr_) F (Uoyl) 32434

for beams with compression reinforcement

where m

modular ratio

19%%%% y when Ucyl is in lbsf inch units

1l

5+
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Then the function F(Ucyl) is evaluated from test results as
F(Ucyl) = 0.57 - 4.5 Ueyl/ 5

1

Thus M
S 2
/bd Uyl = (n+ mr_)(0.57 - b5 Ucyly,,5)  3.2.35

in lbsf inch units

He observed that the above equation and the equation of the ultimate
moment for a member failing in flexure are similar and comparing them,

he obtained the relationship

no= 11 - _j1.23 - 0.926 n

Laupa's equation gives good agreement with test results of beams
of shear span to effect depth ratios between 1.17 and 4.80.

His equation for beams with web reinforcement is

=

5
T T+ 2T a0 32436
where Ms = ultimate shear compression moment of a beam
with web reinforcement.
qu = ultimzate shear compression moment of a beam

without web reinforcement.

Laupa's equation is to bec applied at the true section of failure
for a uniformly loaded beam and not at the section of maximum moment.

A full discussion on his method is available in reference 45.

His equation predicts that the ultimate moment of a beam with
web reinforcement does not depend on 5%_ ratio and as a result constant
web reinforcement is necessary if the QE: ratio is less than the
critical one; but if @%: ratio is greater than the critical, no web
reinforcement is necessary. In other words, there would be abrupt
change in the regunirement of web reinforcement which is unlikely.

Though empirical in nature, Laupa's equation can be made use of

as a design method and is by far the best of all the empirical shear

compression equations.
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L5

Other empirical shear compression equations are by Zwoyer
and Moody, Viest, Elstner and Hognestadhs. Zwoyer's was the first
published shear compression equation. Moody's equation is the second
and in general, his approach is similar to Laupa's and comments on

45

his method are available sl sewhere ~.

2o Kani'saa’égéar compression theory:

The most common belief among almost all researchers is that
after the breakdown of the beam action, a beam behaves like a tied
arch, the tie being the tensile reinforcement of the beam. It is
of interest that the behaviour of the beam after the formation of
the diagonal crack is completely different from that pertaining
previously. The concrete above the crack is subject to a thrust
action. The compressive force is transfered from the load point
to the support by the arch action. The stirrups (if any) are assumed
by Kani to act as hanging supportsoaq He considered the stirrups
to transfer the vertical components of the interior arch reactions
to the outermost arch (see fig. 14). The number of interior arches
is dependent on the number of inclined cracks. Kani assumed that
the blocks of concrete in between inclined cracks form interior
arches,whereas other researchers recognise only one primary arch above
the diagonal cracks and look at the blocks as parts of a lattice system
formed with the web reinforcement. Kani's idea of interior arch is
a new development in this regard, but this is largely a matter of a
new terminology rather than a new theory.

Kani made use of the arching theory in his empirical approach
in deriving a shear compression equation for beams without shear
reinforcement.

He assumed that all the cracks are formed as shown in fig. 9, and
they are directed to a point '0' on the extreme fibre of the compressed

surface. He gave the expression for ultimate neutral axis depth as -
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nd1
— = d 30237
nd 1
1 /Ea-s*+nd1]
where 361 = the neutral axis depth at the head of the
inclined crack (at the crown of the residual
crack) .
nd1 = the neutral axis depth when there is no shear
cracke.
s* = the distance between the support and the last
cracke.

to be equal to n,d, (flexural

In his expression, he considered nd 194

1

neutral axis depth when tensile reinforcement yields).

Then on the assumption that s* and nd, are generally very much

1
smaller than 'a!
nd1 . El
nd1 T a
and if nd1 = n,‘d1
Mouit, d,
MFult = - 3.2.38
a
where Msult = uwltimate bending moment at the time of shear
failure.

ultimate flexural moment.

and Mpuit

Another factor K is introduced in the above equation to take care

of the jnfluence of vertical stresses in the vicinity of a point load

applied to the top surface of a beam.

Then
M d
-I\_.S..u_‘li = .i;_ 3.2.39
TFu1t

From the above equation, it is evident that shear compression

moment is directly dependent on 8/4_ ratio which is not substantiated

1



by test results. The use of the yield stress of tensile steel in
calculation of nd1 is proved to be wrong, because shear compression
failures are not necessarily preceeded by yielding of tensile steel.
His recent idea regarding the function of web reinforcement in carrying
shear as described above is available in reference 21. But he did

not put forward any eq:ation and hence no real comment can be made on

this most recent theory.

3) Lownds' eqpationh8 (Modified Smith's equation):

Lownds' equation is & mndified form of Smith's shear compression
oquation for beams without axial loads and web reinforcement. Lownds
introduced a factor in the wbove-mentioned equation to take the effect
of axial load into account while predicting the shear strength °
of a beam subject to shear, bending and axial load.

The modified equation is given as

d
Qecr _ 1 N
va = (Jpge = OO - Fgrg) 320
vhere f% = tensile strength of concrete (modulus of rupture)

= 9.5f{Ucyl in 1bsf inch units.

In fact, the modified Smith equation is a shecar compression
equation and thus agrees well with test results of beams with axial
tension so long as the failure mode is shear compression; but when
failure is not by shear compression, Lownds' equation is found to be
conservativehS. The equation is completely empirical and not very
satisfactory because of its peculiar way of taking the effect of tensile

reinforcement into account.

b) Analytical shear compression cquations:

All the analytical shear compressiuv. theories assume that failure
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is caused by crushing of the reduced compressive zone above the head
of an inelined crack.

This type of failure is é5verned-£5 the rotatiénal equilibrium
rather than vertical equilibriums- |

The general equation used for shear compression mode of failure is

. 2
T c
M o= F,(1-%, ?Dd1 + T, fya v 5 3.2.141
when M = moment about the level of tensile reinforcement
'at.the section of loading.
45,50

1, Bjugpren

Equation 3.2.41 is useful only when EH can be determined reasonably

1
accurately. Byuggrén’é'épproaCh was to calculate the exfrémevédmpressed
fibre defofﬁatianhénd the deformation of the tensile steel and then to .
find out the dépth of compression gone.

His assumffibis were -
a) Total deférmaéioh of the extreme compressed fibre of concrete along

the length of the shear crack can be obtained by integrating the top-

T e

fibre strains calculated for linear distributions of strains in the

uncracked concrete and a parabolic stress—strain curve.

b) Thé»deformation is assumed to be independent of the crack length 'c'.
c) The deformation is assuwmd to be influenced by the shape of the
thrust line in the concrete.

d) The deformation of the tensile steel is influencgg by the crack

length 'c' and the web reinforcement.

The expression for nd, is given by

1
- F by
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where cp 2 rst Es 8&(_/)//4* U

coefficient for deformation of concrete

~
1

1
= Ecc where ! _ concrete compressive strain.
Acc N Eicc p

0.06 d, cotp, for a straight thrust line above the

<=

cracke.

= 0.02 4, (2 cot B + cot ﬁo), for a parabolic thrust line

<l
|

or two straight lines, the point of intersection being
at a distance of less than 1.2 561 from the compressed
surface.

where f angle between the thrust and the compressed surface at

the head of the crack.

ﬁo = corresponding angle at the other end of the shear crack.
Deformation of steel Ast = 4y ¢ fst/pg
Ast la
where b= 3 [1 * ®st* 1a + S Aqn Xn]
where Ast = Area of main steel at the head of the shear
cracks.
Ast* = Area of main steel at the head of the other

end of the shear crack.

la = lever arm of tensile steel at the section
considered.

Agn = Area of shear reinforcement crossing crack.

Xn = 1lever arm of the stirrup- force about the

centre of compressive force.

If the yield stress of web steel is lower than that of tensile
steel, the area of web reinforcement is reduced in the ratio of the
yield stresses.

After determining the critical section, the depth of ultimate

neutral axis ’5&1' is found by an iterative method.
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L
2o Regan'5’50’51:

Regan's approach is similar to Bjuggren's, but his simplifications
make his theory more useful. He calculated the deformation of the top

fibre of compressed concrete

— '
Ace “Afcc
where /A = coefficient, dependent on the slope of
the thrust line.

and steel deformation -

c fs?/Es

4 st

vhere fst

steecl stress at the cracked section.

In his analysis, he neglected the influence of stirrups on the
deformation of concrete and steel on the grounds that it increases.4CC
as well asdst. The factors causing the change of shape of the thrust
line i.e. loads along the crack length are ignored because, most of
the deformation of concrete is concentrated at the sections near the
head of the crack.

His compatibility condition is independent of the ultimate load

and his equation for the ultimate neutral axis depth is

n = ot 3.2.43

where no is the reference (flexural) neutral axis depth and is

given by
2

no _ S rst Es€'ce

1 - no 2 Ucyl
Q = IExternal shear force
M = External moment at the section under

consideration
and ' = 0,003

CcC
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Regan believes that the minimum strength crack need be considered
only when the shear force acting on the concrete at the head of shorter
shear cracks is greater than or equal to the shear resistance of the

uncracked concrete calculated from the following equation -

¢ = Q. - Ty fyqabe 3 q_. Ebd1 Bo24 4l
The sign of inequality is applicable when 'c' cannot increase
physically or when the concrete at the head of the crack crushes before

'c' reaches the length given by an equality signe.

After finding the value of n from equation 3.2o43 and then by
simultaneous solution of equations 3.2.41 and 3.2.44, the solution for
ultimate moment is obtained.

If the value of 'c' given by the solution of the simultaneous
equations is greater than the length 'c' corresponding to a minimum
strength according to the moment equation, then the minimum value is
used.

If the calculated value of 'c' exceeds the length available, the
solution for the ultimate moment is obtained upon substitution of the

available length"c' and the corresponding 'n' into equation 3.2.41.

Qult

He presented his solutions graphically relating EB‘ﬁE;i‘SE
1

Qd
1

to 3 for different values of r fyq/Ucyl.

3, Walther 2270180,

Walther believes the deformation of the concrete compressive zone
is due to rotation about the head of the crack combined with a deform-
ation of the web.

He assumed the total shortening -of the top compressed fibre
Qece =£c’:c d'lﬁ’

where‘géc = the ultimate strain of concrete (when sﬁbject to

shear and compression).
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The ultimate strain is thus assumed to be independent of the crack
length.

In calculating the deformation of the steel, he took into account
the bond conditions and web distortions which made the analysis more
complicated than the other theories.

His equation for ultimate neutral axis depth is given as

- [ Ec':c \PB ret ES} 2/3 3.2.45
K, K Uy
where & éc = 0.003 against Regan's value of’&éc =0 .0035
R KU 4
f Upr 1+ 362{8% (1 -YL)] 2

"degree of shear safeguard"

=
1

shear reinforcement provided
shear reinforcement required by M8rsch Truss
Analogy

The amount of shear reinforcement required by MYrsch Truss analogy

is

_ Qult
ro e = 33

Kq

Coefficient for deformation of web due

to shear for vertical shear reinforcement.

WL =8 (1 - 0,759

Qcr = O.65’Uw in Kgf and cm units.
Kb = bond coefficient,

[009 + 30 ;—Zi]l& '[;f;-

where Upr is in Kgf and cm units

Kr = surface roughness coefficient for temsion

reinforcement

1.0 for deferred bars and

1.5 for plain barss
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diameter of tension reinforcement.

¢
Po

reference diameter = 26 mm.

Regan and Walther assume the stirrup stress to be either the yield
or proof stress whereas Bjuggren considers it to be the same as that
in the tensile steel crossed by the cracke.

It is quite likely that stirrups very near to the compressive
zone may be lightly stressed not reaching yield stress, but the contri-
bution of stirrups towards the ultimate moment is not considerable and
so is of little significance.

These theories differ considerably in estimating the horizontal
projection of the crack 'c'.

None of these theories is simple enough to be used for design
purposes as such. But with the help of design charts for various
parameters provided by Regan, his method is the simplest. Bjuggren's
method needs a trial and error process for calculation and hence is
very time consuming. IWalther‘s analysis is systematic but not simple
to use for design purposes because of a number of coefficients involved
which needs to be evaluated.

None of these theories considers the effect of axial load on
the shear strength of beams failing in shear compression. So their
validity could not be checked with test results of beams subject to
axial load. Regan's theory is checked and discussed fully in a Ph.D.
thesis. submitted to the University of London by H!.acas"”+ with test
results of beams without axial load.

Under these circumstances, the number of theories that could be
checked with author's test results is limited. Only those theories
which take into account the effect of axial load on the shear strength
of beams are checked and discussed in detail.

The following are the theories used for further checks and discussion -

1. ACI-ASCE Committee's equation (326)
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CEB draft code equations
Mattock's empirical equation, based on ACI-ASCE committee
equation for prestressed beams.

Method of the Russian code (Borishonsky).
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CHAPTER L4

EXPERIMENTAL INVESTIGATION: BEAM TESTS

ks1se Introduction:

This chapter is devoted to the experimental part of the research
carried out in order to support the theoretical investigation.
Relatively little work has so far been done in this field and with
the test results available from it, it is impossible to draw conclusions
regarding the influence of axial force on the shear strength of rein-
forced concrete beams.

A test programme was, therefore, designed and thirtyone rectangular
reinforced concrete beams were tested. The investigation was restricted
to rectangular beams with web reinforcement, the axial load being ‘
externalf

The main variables were the axial forces and the ratic of shear
span to effect depth. To study the effect, if any, of axial forces
on the behaviour of web reinforcement, the web reinforcement was varied
in a few beams. (It was thought that with axial tension steeper crack
might form and a less number of stirrups would then cross any one
crack). Although in the majority of the beams the top and bottom steel
were equal, a few beams had less compression than tension steel. One

beam was cast with a lower concrete strength than the others.
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h.2. Test specimens:

The beams were divided into two groups -
A. Restrained and
B. Simply supported in order to study the effect of axial loading

on beams with different support conditions.

Again groups A and B were further subdivided according to the
nature of the axial loading to which beams were subjected in addition

to bending and shear.

series 1. Beams subjected to axial tension.
series 2. DBeams subjected to no axial load.

series 3. Beams subjected to axial Compression.

4L,2,1 Features common to all beams:

The overall dimensions of the cross-section were the same for
all the test specimens and were 152 x 305 mm (6" x 12"). It was
intended as far as possible not to introduce any scale effect and
the adopted cross-section was believed to be not too far from a
practical size.

A1l beams had similar types of reinforcement. KS60 steel was
used for tensile reinforcement. The percentage of such steel was fixed
in such a way that shear failures could be achieved. Most of the beams
had %%E ratio (rst) of 1.46%, which is also very close to practical
conditiols° In the majority of the beams the tension and compression
reinforcement were identical, while in the remainder the compression
reinforcement was nominal and comprised approximately of 0.4% of plain
round mild steel.

A1l the beams were reinforced in shear with mild steel stirrups.

The percentage of web reinforcement was varied in only three beams.
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L,2.2 Description of Specimens:

GROUP A: Rzgirained Beams:

The geometry of the beams under this category was the same for
2ll. All the beams were 3.960 m (13'.0") long and were tested with
shear span to effective depth (a/dq) ratios of 2.8. The percentage
of tensile reinforcement was 1.46 except in beams B., and B

29 30°

these two beams, the percentage of tensile reinforcement was varied

In

to 0.97% and 2.0% respectively. In beams B5 and B23 the compression
reinforcement at the top (see fig. 20) was cut at a distance of 0.457 m
(1'6") from the point of contraflexure with the intention of etudying
the effect of curtailment of bars when a beam is subjected to axial
loads.

With the existing test set-up, it was not possible to test beams
with a/d1 ratios other than 2.8, but it was believed that if a
substantial number of tests were donc with this shear span to effective
depth ratio, a fair idea of the effect of axial forces on the sﬁear
strength of beams could be obtained.

All the beams had nibs (sce Fig. 19) on both sides of them and
the centre to centre distance between the nibs was 1.524k m (5'.0™),

The axial loads were applied to the beams through these nibs.

All the beams except B25 and B26 had equal shear reinforcement.

In beams B25 and B26 the shear reinforcement was varied to study the

effect of axial load on shear carrying capacity of web reinforcement.

The main details of the beams in this group are given in table 2.

GROUP B: Simply Supported Beams:

All the beams in this group except B6 were tested with two
symmetrical point loads. Beam B6 vas tested with one central point
load. In this group beams of varying shear span to effective depth

ratios were tested.
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As in the previous group, the tensile reinforcement ratio was
1.46% for all the beams. Compression reinforcement was varied from
1.146% to 0.34%

Shear reinforcement was generally 5.5 mm (7/32”) diameter stirrups

at centres of 152 mm (6"). Only in beam B , was the shear reinforcement

3
different, being of 6 mm (V/41y aiameter stirrups at 100 mm (4")

centres,

The main features of the beams are given in table 3.

4,3, Materials and fabrication:

4.3,1. Concrete:

The concrete mix adopted for this investigation was intended to
give a cube strength of LO N/mm2 (6000 psi) at 28 days. Only in one
beam was the concrete mix varied to give a 28 day strength of about
20 N/mm2 (3000 psi). The object of switching over to another mix
was to study whether the effect of axial load on shear strength of
beams is uniforme.

The reason for adopting a LO N/mm2 mix was that concrete of this
strength is widely used these days in construction works.

The concrete was made of Thames Valley river gravel of maximum
size 19 mm (5/h”), send and ordinary portland cement. The mix
proportins by weight for the different components are given in table 1.
The sieve number referred to in the table correspondsto British
Standard (Imperial) specifications.

The different components of the concrete mixes were batched dry
and the eoncrete wasmixedin a 0,113 m3 (4 cuft) cafacity Eirich counter

rotating pan mixer.

Control Specimens:

From every mix of concrete two 152 x 152 mm (6" x 6'") cubes for

crushing and one 152 x 228 mm (6" x 9") cylinder for splitting were



Table 1. Mix proportions by weight.

Maximum size of aggregates

9]

11
19 mm /"
, 2.¢ ] 2
Items Sizes 41.0 N/mm~ (6000 psi) 20.5 N/mm
Mix proportions by (3,000 psi)
weight Mix proportion
by weight.
Coarse Aggregate 9.5-19mm 2.21 2.75
(3/g= 3/,"
Fine Aggregate 5-9.5 mm 1ol 1.90
(3/4673/8"
Coarse Sand 25~-5 mm 1.39 2.20
(25 = 374"
Fine Sand 100-25 0.61 0.95
Crdinary Portland - 1.00 1.00
Cement .
Water - 0.61 0.95




Table 2.

Details of test beams.

GROUP A RESTRAINED BEAMS:

103,

SERIES 1 b = 152 mm, d = 305 mm, d1 = 272 mm.
Beam Reinforcement fsy Q%— dia of web sracing fyq
No. rst% rsc% N/mm2 1 reinforcement Ofr:§§f° N/mm2
B1 1.46 1.46 630 2.8 5.5 . 152 316
B2 1.46 1.146 630 2.8 55 152 2316
Bh 1.46 1.h6 630 2.8 5.5 152 2316
By . | .46 - 630 | 2.8 5.5 152 316
57 1.46 1. 46 630 2.8 5.5 152 316
B12 1.46 1.46 630 2.8 5.5 152 216
SERIES 2 b = 152 mm, d = 305 mm, d = 272 mm
Beam Reinforcement sy E%%— dia of web spacing fyq
- N/ 2 1 . of web N 2
Noe rst% rsc% mr reinforcement ) /mm
reinf.
B3 12146 1.46 630 2.8 5.5 152 316
1 SERIES 3 b = 152 mm, d = 305 mm, d1 272 mm
d, for B}O is 264 mn.
Beém Reinforcement sy —%—- dia of web spacing | fyaq
/ Ny, 2 Q 1 . of web N/ 2
rst% rsc% /mm reinforcement . mm
reinfe.
315 1.46 1.46 630 2.8 5.5 152 316
B17 1.46 1.46 630 2.8 5.5 152 216
B.g 1.46 1.46 630 2.8 5.5 152 216
Bog 1.46 1.46 630 2.8 5.5 152 316
522 1.46 1.46 630 2.8 5.5 152 216
523 1.46 - 630 2.8 5.5 152 316
Bzu 1.46 1.46 630 2.8 5.5 152 216
525 1.46 1.46 630 2.8 6.0 100 258
327 1.146 1.46 630 2.8 6.0 100 258
B28 1.46 1.46 630 2.8 5.5 152 316
B29 0.97 0.97 630 2.8 5.5 152 %16
B . 2.0 2.0 630 2.9 5.5 152 316
30
Note :- Main steel - 16 mm (2/8”) dia KS60 steel
Compress " 16 am (/8") " KS60 steel
Stirrup " - 5.3 mm (1/52") : S
6.0 mm (/4m) v Mg
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Table 3, details of test beams

GROUP B SIMPLY SUPPORTED BEAMS:

compression- 16 mm (5/8“) dia KS 60 *
steel 9.5 mm(3/8”) dia webond steel
" 5.5 mm(7/32")dia M.S.
6.0 mm(/44) dia M.S.

stirrups

SERIES 1 b = 152 mm, d = 205 mm, d1 = 272 mm
Beam Reinforcement M Dia of web spacing fyaq
No. fsy Qd1 reinf. of web N/ 2
rstf rsc% N/mm2 mm reinf, mm
mm
Bg 1.46 1. 46 630 3.9 5.5 152 316
By 146 0,34 630 1.96 5.5 152 316
310 1.46 1.46 630 1,96 565 152 316
313 1.46 146 630 145 5.5 152 316
B_]L+ 1.46 0.3k 630 1.5 5.5 152 316
SERIES 2 b = 152 mm, d = 305 mm, d1 = 272 mm
Bean Reinforcement M |Dia of web spacing fyq
No. fsy Qd1 reinf. of web N/ 2
rst% rsc N/mmZ mm reinf. mm
mm
B, 1.46 0.3h 630 1.96 5.5 152 376
B, 4 1.46 1.46 630 105 5.5 152 316
SERIES 3 b = 152 mm, d = 305 mm, d1 = 272 mm
Beam Reinforcement M |Dia of web spacing fyq
No, fsy qu reinf. of web N/ﬁmZ
rst% rsc% N/hmz mm reinf,
: mm
B16 10146 1o 46 630 1.96 5.5 152 316
319 1.46 Tok6 630 1.96 5.5 152 316
B, 1.46 0.34 630 1,96 5.5 152 316
Bog 146 1.46 630 2.8 5.5 152 316
331 1.46 146 630 2.46 6.0 100 258
Note: Main steel - 16 mm (5/8“) dia KS 60 steel
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cast and cured under identical conditions with the beams. Moreover,
152 x 305 mm (6" x 12") cylinders for crushing were also cast from
some nixes. °

Cylinder crushing strengths of concrete and sﬁlit cylinder
strengths, all cbtained on the day of testing of the beams, are shown

in table 4. The cylinder crushing strengths quoted are 0.8 times the

cube strength, which ratio was found to be reasonable in the cases
where control cylinders were taken.
Fig. 25 shows the stress-strain curves of the 41.5 N/'mm2 (6000 psi)

concrete at 36 and 28 days.

L.%3.2 Reinforcement:

Particular attention was paid in detailing the beams in order to
avoid any premature flexural failure. In view of this, high strength
Ks 60 deformed steel was used with a practicable percentage of tensile
steel. In most cases, the same steel was also used as compression
reinforcement, but in a few cases welbond (420 N/mma) deformed steel
was used for compression reinforcement.

For other secondary and shear reinforcements mild steel and
plain bars were used.

The particulars of reinforcements are given in table 5. TFigs 26

and 27 show the stress-strain curves for the different steels.

44%.3. Casting and curing:

All the beams were cast in steel moulds placed horizontally.
When the reinforcing cage was made to the required dimensions, it
was placed inside the mould and plastic spacers were attached to give
sufficient cover. Generally,three batches of concrete were required
for each beam but in the shorter beams two batches were sufficient.
The beams had nibs 1.52 m (5'.0") apart, In those to be tested

with axial tension, 38 mm (13") diameter vertical holes were made



Table 4 Concrete strengths
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GROUP A GROUP B
Beam |Age in | Uw Ucyl Ut Beam |Age in | Uw Ucyl | Ut
No. days | N/mn2 | N/mm® | N/m? |  No. | days | N/mn® | N/mm® | N/mn
B, 21 41.8 335 3.2 Bg 21 L.l 3%.1 | 2.48
B, 19 41.1 32.9 3,10 Bg 20 39.0 | 31.2 | 2,37
B, 20 43.9 | 35.10 | 2.95 B 20 42.8 3.3 | 2.75
By 20 40.9 | 32.70 | 2.62 B3 21 37.7 | 30.2 | 2.89
B, 20 h0.2 | 32.2 2.68 By, 21 36.2 | 29.0 | 2.6k
B.o 21 38.7 31.0 2.9
By 21 45.7 | 36.6 2.9 By 21 39.2 | 3.4 | 2.65
B 20 39,7 31.7 | 2.86
Bis 22 40.5 3204 2.58 B.g 18 36.9 29.5 | 2.56
Bo 18 36.9 | 29.5 2.79 B.g 25 3745 20,0 | 2.56
B,g 20 36.6 29.3 2.86 B, 19 371 29.7 | 2.20
320 20 %5.6 28.5 2.16 Bz6 19 38.0 30.4 | 2.54
B,, 20 3ol | 27.5 2.48 Ba 21 39.3 | 31.5 | 2.97
By 25 37.9 | 30.3 2.70
B, 18 38.5 30.8 2.70
325 20 37.8 30.2 2.49
327 21 35.8 28.6 2,54
B.g 26 17,4 13,9 1.83
Bog 27 Lh.2 | 35.h4 2.6k
Boo 21 39.1 31,3 2,70



Table 5. Properties of Reinforcements:
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Type Particulars Diameter Yield Ultimate
{mm) Stress | Siress
2
N/mn® | (N/mm)
Tensile High Tensile 16 630 910
Reinforcement deformed K750
High Tensile 16 630 910
Compression de formed KS60
Reinforcement Deformed 9.5 (3/8") n 675
Welbond -
Web
Reinforcement | Mild steel 5,5 (7/30m) 216 1426
Mild steel 6.0 (/1m) 258 229
Mild steel 9.5 (°/8m) 107 177
Reinforcement | Mild steel 12.5 (V/am 335 L7
in Nib

N.B. Yield and ultimate stresses are

areas. Equivalent stresses are then given in metric units.

calculated based on the actual
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in each nib on both sides of the beam and were afterwards used to
accommodate the rods for vertical loading.  In beams to be tested with
axial compréséion horizontal holes were .made for the application of the
axial compressioﬁ thfbughfhoriZOntal bars. The details of these holes
are shown iﬁ‘fig. 19. To avoid any practical difficulty at tne‘time-of
stripping, 9;5 mﬁ (3/8") thick'polystyréne'pieces were stuock. té thé
mould on both sides of the nibs.’ The same moulds were used throughputv
and the lengths of the beams were .adjusted according*tangquiyemggtS‘
by a wooden end block: .

After péu}inéfe;éh ﬁix evenly along the length of the beam, the
the concrete was vibratéd with'a 25 mm (1") diameter internal poker'
vibrator until full compaction was attained. When the beam was fully
cast  the top of it was levelled and finished with a trowel;

All the beams were cured under the same conditions as far as
practicable. 3 to L hours after casting, the beams were covered with
wet sacks and polethene sheets. After thrce days, the beams were
stripped of the moulds and again cured by covering with wet sacks and
polethene sheets for another 3 days. Then the beams were uncovered
and left in therlaboratory atmosphere until the day of testing. The

same procedure was adopt.d for curing the control specimens.

Y.Lk, Testing Arrangements:

Lolt.1 Test rig:

Fig. 18 shows the loading arrangements of the beams. In order
to make testing programme simpler, a. testing rig was designed (fig. 17)
for testing of the beams in group A.- . Both vertical and horizontal
loads were applied to the beams with the help of load cells.

The testing rig was of 3.96 m (13'.0") length, the distance
between the two supports positions being 2.29 m (7'6"). On one end

there was an over hang of 1.22 m .(4',0").
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bolt.2 Support conditions:

The support systems at the two positions consisted of rollervand
rocker bearing arrangements, the rocker being at the end and the
roilers at the intermediate position. The beams were supported directly
on their soffits on 100 x 150 x 25 mm (4" x 6" x 1") mild steel plates.
The rocker consisted of two 100 x 150 x 25 mm (4" x 67 x 1") mild
‘steel plates with a central groove to accommodate the 25 mm (1")
diameter roller. At the intermediate position, the beam was supported
through the cross-members by two roller bearings, consisting of two
100 x 150 x 25 mm (4" x 6" x 1") M.S. plates and 25 mm (1'") diameter
rollers. In both cases the bottom plates of the bearings were welded
to the testing frame. The same type of support arrangements were
adopted fbr the testing of beams in group B. These beams were tested
in an all purpose rig with two movable pedestals, i as the
spans of these beams did not permit their being tested in the original

frame.

L.to3 Loading Arrangements:

While testing the beams in group A, both vertical and horizontal
loads were applied to the beams with the help of jacks and load cells.
Three different types of jacks and load cells were used depending on
the capacity required. Before testing all the load cells were
calibrated. Tor convenience two hollow cells were used for the testing
of the beams in series 3 of both groups. The jacks were manually
operated and of 300 KN capacity. In a few cases for loading the beam
horizontally on both sides, one pump was used to operate the two
horizontal jacks coupling together. On other occasions; two:-separate
pumps were used.

For Joading the beams horizontally in series 1 two small frames

were used, one on each side of the beam. The frames were put inside
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the two nibs of the beams. On one side of the frame and nibs, there
was a load cell (100 KN) and other side of the frame and nib a jack
(100 KN) to apply axial tension to the position of the beam between
the two nibs. To keep the loading concentric, ball bearings with two
100 x 100 x 25 mm ( 4" x 4" x 1'") plates were used on the inside faces
of the nibs.

Similarly, vertical load was applied with the help of jacks and
load cells., Similar typeé of loading arrangement (two plates and a
ball) were adopted for the beams in group A. But for the application
of vertical loads in case of beams of group B, a 500 KN jack having
ball joints top and bottom was used, mostly as a central point load.
For vertical loading in this case, no extra ball bearing was used and
the jack bore directly on a 100 x 150 x 25 (4" x 6" x 1") mild steel
plate. The arrangement of two symmetrical point loads was achieved
using a spreader below the jack, supported at the required loading
positions. In all cases, 25 mm (1") thick 100 x 150 mm (4" x 6") M.S.

plates were used as bearing plates.

4.5, Instrumentation:

Because of the large number of unknowns involved in the shear
failure of beams, attempts were made to measure some of them directly
by instrumentation.

To measure the concrete strains on the surface at various load
stages; mechanical strain gauges (Demecs) were used. No embeded
electrical strain gauge was used, but surface concrete strains were
measured in few occasions by electrical resistance gauges.

Steel strains in both longitudinal and transverse (stirrup)
steels were measured with electrical resistance gauges. To measure
accurately the main steel forces, strain gauges were stuck one on top

and one on the bottom of the bar at each instrumented section. The



122,

gauges were protected by three coats of water proofing material.

L,6 Testing Procedure:

The testing procedure in general was the same for all the beams.
Loads, both vertical and transverse to the beams in group A were
applied with the help of mannually operated jacks and load cells.
Except on one occasion, axial loads were applicd first in increments
of 20 to 50 KN. Strain readings were token and then the cracks (if

any) were marked on the beams after each increment. Only beam B, was

i
subjected to axial and vertical loads simultaneously.

In cases when axial load was applied first, it was held constant
with its desired magnitude throughout the experiment. Then vertical
load was applied. As before strain readings were taken for each
increment of vertical load. In all cases the major vertical load
(2 x shear force) was initially increased in increments of LO KN, but
near the anticipated failure load this increment was reduced to 20 KN,
In the more instrumented beams, near the failure load, the load was

increased by 10 KN only so as to record the strain readings more

accurately near failure.

4.7, Behaviour of test Becams:

L.7.1 Restrained beams with axial tension:

Six beams (Bq, B, Bh’ B5, B,7 and B12) were tested with axial
tension and vertical load. The test results are given in table 6.

The behaviour of these beams were observed at each load increment.

As anticipated, when axial load was applied through nibs to the beams,
vertical cracks were formed in the span at intervals of about 150 mm.
These cracks first appeared sometimes ot the top and sometimes at the
middle of the depth. When the axial load was high (170 KN), the cracks

were really wide enough to see through. After the formation of the

vertical cracks, about 9/10 of the axial load was transferred to the
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top and bottom steel evenly at sections between cracks. This
information was obtained from the steel strain readings of beam B12'
(see figm. 28 and 29). Stirrups were practically unstressed.

When vertical load was applied, fhe crack widths in the compressive
zone were reduced while those in the tension zone increased. Sometimes
in the compressive zone existing vertical cracks became invisible.

The beams did not show any sign of distress at all. Only a few new
flexural cracks were formed. Then when the shear cracking load was
attained, inclined cracks were formed. The stirrups were practically
unstressed until the shear cracking load was attained.

After the formation of an inclined crack, the physical behaviour
of a beam was changed, and it started showing signs of increasing
distress at each load increment.

From the strain readings (see fig. 30) on the stirrups it was
apparent that the stirrups picked up load very rapidly after the
formation of the inclined crack. They continued tc carry increasing
loads until their yield stresses were attained.

The critical inclined crack penetrated further into the compression
zone with increasing load, and ultimately failure took place in a mode
which was different from both shear-compression and diagonal tension.
Though the crack patterns in the beam were very similar to those in
beams failing in diagonal tension at the initial cracking stage (see
figs. 47 and 48), the addition of web reinforcement affected the ultimate
failufe mode iﬁ these beams. All the beams in this geries behaved
identically and it is believed that final failure occurred due to
shearing of the remaining compression zone at the head of the inclined
crack, the failure mode is referred to as "shearing failure'".

The inclination and horizontal projection of the critical
cracks were observed in each beam of this series. Fig. 3L shows the
plot of the inclination against a/d1 ratios for all the beams tested

during this investigation.
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In beam B51

of 0.457 m (1'6") inside the compression zone from the point of contra-

the compression reinforcement was cut at a distence

flexure. When axial load was applied, a big vertical crack was formed
at this section. So in order to avoid local failure, axial load was
kept constant as low as 70 KN. Then vertical load was applied. With
the application of vertical load, the crack width reduced considerably
and before failure it was hafd to believe that there was any crack at
all. The interesting thing wns that the beam did not show any sign of
distress until the formation of an inclined crack. The critical crack
crossed through the existing vertical crack. This leads to the belief
that considerable shzar forces can be transferrgd across a crack if

the two surfaces in contact are subjected to compression. In comparison

to other beams, this beam carried a little less load.

Lo,7.2 Restrained beams with no axial load:

Only one beam B3 was tested without axial load. The behaviour of
this beam was very similar to those tested with axial tension. The
only difference was the absence of vertical cracks. Even so the behaviour

at different load stages and the ultimate failure mode were the same

as in the previous series of beams.

L.7.32 Restrained beams with axial compression :

Twelve beams were tested in this series varying the magnitude of
axial compression from 100 KN to 200 KN; while most of the other
parameters were kept constant. As axial compression was applied first
in all cases, the flexural cracking load was increased. Upon further
loading, inclined cracks appeared, but the inclination of such cracks
was smaller than in the beams of the previous series. Also the number
of cracks was very limited as can be seen from the photographs (see
figs 49, 50 and 51). Before failure, a considerable depth of compression

zone was available which supports the contention that axial compression
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should increase the depth of the neutral axis.

The most outstanding effect of axial compression was the increase
in failure load and the change in mode of failure of some of the beams
(see table 6). From the table it is evident that the failure load
was increased in all cases. As a result of the increase in shear
capacity, some of the beams showed signs of failing in bond. Splitting
occurred at the level of top reinforcement in the tensile zone near
the end of the inclined crack and then towards the point of contra-
flexure. Becausc of the problem of bond failure, no beam was tested
with an axial compression of more than 200 KN. However, the experi-
mental results leave no doubt about the effect of axial compression
on the shear capacity of reinforced concrete beams. The number of
flexural cracks, their growth and widths were reduced due to axial

compression. The beams were comparatively stiffer.

4l7.4 Simply supported beams with axial tension:

Five beams with varying shear span to effective depth ratios

were tested in this series. The behaviour of all the beams was the
same as that of the previous group until the formation of a shear
crack. Beam B6 was tested with a central load and a shear span/
effective depth ratio of 3.9. Its behavilur and strength were _
similar to those of the restrained beams with similar axid tensile loads.

- The other four beams with shorter shear spans behaved differently
as was anticipated. Their shear span to effective depth ratios were
1.96 and 1.5 in beams Bgy B,y and B13, B,, respectively. These beams
were much stronger so far as ultimate load carrying capacity was
concerned. In each the inclined crack penetrated into the compressive
zone, thereby reducing the ultimate neutral axis depth. But the growth
of this crack was halted below the¢ load and ultimate failure was
caused by crushing of the reduced compressive zone. The failure mode

is believed to be shear compression.
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4,7.5 Simply supported beams with no axial load:

Only two beams Bgand B,1,1 were tested in this series and their
shear span to effective depth ratios were 1.96 and 1.5 respectively.

The behaviour and mode of failure of these two beams were similar to

those of the beams in the previous series with axial tension.

4,7.6 Simply supported beams with axial compression:

As expected, the addition of axial compression delayed the flexural
cracking and thereby increased the shear cracking loads. All the beams
except B26 appeared to fail in shear compression. Beam B26 failed in
bond. Bond cracks appeared well after shear cracking and only just
before the last load increment. It was rcalised that bond failure was
not so much of a problem in the case of simply supported beams as in
the case of restraiped beams, but in order to avoid bond failurc the

axial compression was rastricted to 150 KN except in B 6" Beam B26 was

2

subjected to 200 KN of axial load and as is evident bond failure resulted.

4.8 Test results:

It is very difficult to say exactly at what load the inclined
crack is fully developed. But from observation of the beams during the
test programme, it scems that shear cracking lond con be recorded fairly
accurately by ordinary visual inspection. In the case of beams with
web reinforcement, the formntion of a visible inclined crack is a bit
delayed. Table 6 shows the chear cracking londs and ultimate loads
at failure of the beams.

The average inclination and horizontal projection of the inclined

cracks causing failure are listed in table 6.

L.,9 Exomination of test results:

Fig. 31 shows the plots of QCI‘/bd,] and Qu:I't/bd,1 against < N/bd1

(compression +ve). From the trend of the curve, it is evident that
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Table 6. Test Resulis of beams

Beam N/bd a/d;I ch/bd1 Qult/bd1 Inclination Horizontal c | Mode of
No, N/ﬁmg N/ om® N/ m? e proj. of 47| Failure
averg. crack after
fajilure
(¢)mm

B, |-2.41] 2.8 1.20 2.28 23° 560 2.06 S
B, |-4.09 | 2.8 1.20 2.08 22° 585 2,15 s
B, |-2-41 | 2.8 1o lily 2.28 22° 585 2.15 S
By | -1.68 | 2.8 1oLk 1.92 24° 560 2.06 s
B, |-k.09 | 2.8 1.20 2.28 22° 585 2.15 s
By, |=-4-09 | 2.8 1.20 2.23 22° 535 1.97 S
B, 0 2.8 1Lk 2.05 23° 585 2.15 s
B |82 | 2.8 2.41 3,13 17° 610 2.24 B(SC)
B, |+3.67 | 2.8 1okl 2.29 21° 560 2.06 S
B,g |+3-61 | 2.8 2.41 3.01 21° 535 1.97 B(SC)
Byy |+2:41 | 2.8 1.92 2.41 21° 535 1.97 sc
By, |+4-82 | 2.8 1.92 2,13 22° 510 1.88 B(SC)
B,z |+3.61 | 2.8 1.92 2.89 20° 585 2.15 B(SC)
By, |+4-82 | 2.8 1.92 2.89 21° 610 2.2k SC
Byg | +he82 | 2.8 2.1 3,37 20° 610 2.2k B(SC)
By, |+k.82 | 2.8 1.92 3.37 22° 585 2.15 sC
Bog | +3-61 | 2.8 Tl | 1.93 20° 182 1.77 B(SC)
By |+4-82 | 2.8 2,141 2,41 23° 560 2.06 F
Byy | 4241 | 2.9 1.92 2.73 38° 381 1oLtk sC
B |-2-88 | 3.9 1420 2.10 21° 610 2.24 S
Bg | -2.41 | 1096 | 1.k 2.76 38° 381 1.40 sC
B.y | -2:41 | 1.96 1okl 2.97 35° 381 1,40 sC
By |-2.41 | 1.50 | 1.92 3,71 40° 356 1031 sC
By, |-2e%1 | 150 | 1.92 3,26 43° 305 1.12 SC
B, 0 1.96 | 1.92 3.3k z7° 407 1.50 sC
By, | O 1.50 | 2.41 3.95 10° 330 1021 sC

' Byg |+3.61 | 1.96 | 2.88 L.10 32° 330 1.21 SC
Big |+2:41 | 1.96 | 2.4 3,72 29° 356 1,31 SC
By, |+3:61 | 1.9 | 2.88 %472 27° 381 1.40 SC
By | +4.82 | 2.8 2.88 3.37 20° 610 2.2k B(SC)
By, |+2-1 | 3.6 | 1.k 2.3k 23° 685 2.52 S

shearing failure

B = Bond failure
SC = ©Bhear compression failure ,
F = Flexural fajlure -~ Beam B failed ncar the cantilever e

29



Table 7. Test Results:
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GROUP A: Restrained beams.
Series 1. Beams with axial tension:

Beam Age in Ucyl Ut rst% rsc% rquq M/Qd N/pa quit/),
No. days N/mma N/mma N/mn2 N/mm§ Ny 2
B, 21 33.5 3.2 1.46 1.46 0.66 2.8 2.41 2.28
B, 19 32.9 3,10 1a146 1.46 0.66 2.8 4.09 2.08
Bh 20 35.10 2.95 1al6 1.46 0.66 2.8 2.41 2.28
35 20 32.70 2.62 1.46 - 0.66 2.8 1.68 1.92
37 20 32.2 2.68 1.46 1.46 0.66 2.8 4,09 2.28
B,s 21 31.0 2.91 1,146 1.46 0.66 2.8 4,09 2.27%
Series 2. Beams with no axial load:

Beam Age in Ucyl Ut rst% rsc% rquq M/Qd N/bdg Qult /.
No. days N/mmZ N/mmZ N/mm2 N/mm N/mm2
B3 21 26.6 2.9 1.46 1.46 0.66 2.8 0 2.05
Series 3. Beams with axial compression:

Beam Age in Ucyl Ut rst% rsc% rquq M/Qd N/va Qult/y
No. days | Ny 2| W/ .2 N2 N/mmé Ny 2
B,s 22 32,4 2.58 | 1.46 | 1.46 | 0.66 2.8 | 4.82 2,13
317 18 29.5 2.79 1.46 1.46 0.66 2.8 3.61 2.29
318 20 29,3 2.86 1.46 1,46 0.66 2.8 3,61 3,01
BZO 20 28.5 2.16 1.46 1.46 0.66 2.8 2.41 2.41
322 20 27.5 2.48 1.146 1.46 0.66 2.8 4,82 3.13
323 25 30.3 2.70 1.46 - 0.66 2.8 3.61 2.89
Bah 18 30.8 2.70 1.46 1.46 0.66 2.8 L.82 2.89
325 20 30,2 2.49 146 1.46 1.05 2.8 .82 3437
327 21 28.6 2.5 1.46 1.46 1.05 2.8 L.82 3437
328 26 13.9 1.83 1.46 1.46 0.66 2.8 3,61 1.93
329 27 35.4 2.6k 0.97 0.97 0.66 2.8 L.82 2,41
BBO 24 31.3 2.70 2,00 2,00 0.66 2.9 2.41 2.73




Table 8. Test results:
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GROUP B.Simply supported beams.
Series 1. Beams with axial tension:
Beam Age in| Ucyl Ut rst% rsc% rquq M/Qd N/bd Qult/bd
Noa days N/mm2 N/hmZ N/mmZ N/mmé N/mm2
B, 21 33.1 2.48 1.46 1.46 0.66 3.9 2.88 2.10
BS 20 312 2.37 1.46 0. 34 0.66 1.96 | 2.41 2.76
qu 20 34,3 2.75 1.46 1046 0.66 1,96 2.41 2,97
313 21 30.2 2.89 1.46 1.46 0.66 1.5 2.41 3.7
B, 21 29.0 2.64 1o 146 0.3k 0.66 1.5 2.1 3.26
Series 2. Beams with no axial load:
Beams { Age in| Ucyl Ut rst% vrsc% rquq M/Qd N/bd Qult/bd
No. days N/mmZ N/mmZ N/mm2 N/mmg N/mm2
B9 21 314 2.65 1.46 1.46 0.66 1.96 0 3.3h
B, 20 317 2.86 1,46 1,46 0.66 165 0 3495
Series 3. Beams with axial compression:
Bean Age in| Ucyl Ut rst% rsc% rquq M/Qd N/bd Qult /g
No. days N/mm2 N/mm2 N/hma N/mmé N/mm2
B, 18 29.5 2.56 1.46 1.46 0.66 1096 | 3.61 L.10
B19 25 30,0 2.56 1.46 1.46 0.66 1.96 2.4 2.72
B,, 19 29.7 2.20 1.46 0.3kL 0.66 1.96 | 3,61 3,72
B¢ 19 304 2.54 1.46 1.46 1.05 2.8 L4.82 3037
B31 21 31.5 2,97 1.146 1.46 0.66 3. 46 241 2430
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FIGURE SHOWS STRAIN IN TOP STEEL OF BEAM Bj2 FIG.28.
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FIGURE SHOWS STRAIN IN BOTTCOM STEEL OF BEAM Bip, FIG. 23.
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FIGURE SHOWS STRAINS IN STIRRUPS OF BEAM B4, F1G.30
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FIGURE SHOWS STRAIN IN TOP STEEL OF BEAM Boyg FIG. 36.
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the detrimental effect of axial tension on the shear strength of
reinforced concrete beams with web reinforcement is not large,

.contrary to expectation and ~lso contrary to various existing theories.
Axial compression however, does incrense the shenr capacity of reinforced
concrete beams with web reinforcement.

Axial compression affects the mode of failure of rectangular
bemams. It transforms the mode from that of shearing to shear compression
provided the magnitude of axial compression is adequate.

Examination of the test results in table 7 shows that axial
compression in all cases increased the shear cracking load and aleso
the ultimote shear copacity of the benms. On the other hand axial
tension has less influence on both the shear cracking and ultimate
loads depending on the type of failure. Where the failure mode is
shear compression, the cffect is quite considerable but axial tension
has a negligible influence on shear strength of beams if the failure
mode is either shearing or diagonal tension.

It is observed that shear strength is considerably increased with
decreasing ratios of shear span/effective depth. Increase in shear
strength is also achieved with an increase in the ratio of tensile
steel (see table 7). The same is of course true for increasing ratios
of web reinforcement.

As regaurds the ultimate behaviour of the two groups of beams
(Group A and B), it scems that there is practically no difference in
strength though physically the crack patterns were not the same in
the restrained and simple spans.

From the test results it is obvious that the influence of axial
force is not dependent on other parameters such as concrete strength,
tensile steel ratiq-web reinforcement ratio and exists although to
varying extents at all shear spon to effective depth ratios.

Recorded strain readings on both the tensile and compression steel

confirm that axial compression is shared both by concrete and steel,
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whereas axial tension is carried mostly by compression: and tensile
steel after the formation of pure tension verticd cracks in the
concrete due to axial load. (see beam B12).

Web reinforcement does not carry any load until it is crossed
by an inclined shear crack. This fact was obscrved in several beams,

B,5y By, and B25. (figs. 30, 39 and 42).

All the stirrups crossing the critical inclined cracks yielded
prior to failure. This statement is mnde on the assumption that the
strain at failure can be found by extending the line of the strain/load
curve from the léast recorded strain.

The force carried by web reinforcement ie net¢ }pf;aqugd-by the
addition of axial force.

Just before fnilure, tensile strains were produced in the
"compressicn" steel of benm B12 presumcbly due to the propagation of -
inclined crack inside the compressicn zone.

The sections at points of contraflexurc did not show any signs
of distrege in shear when subjccted tc axial tension and shear. The
section was found to be stronger in shear than sections further intc
the shear span.

The measurements of crack widths across a shear crack show that
before frilure the verticol displacement is much greater than the
horizontal movement(sece fig.32 and 33).

The surface strain readings (demec) show that a linear stress-
strain relationship exists until flexural cracking. Between flexural
cracking and shear cracking, the presence of cracks causes some
deviation from linearity, and when the inclined shear cracks are formed,
the behaviour of the beam {g completely changed.

The strain readings in the tensile steel suggest that the strain

in the steel is almost uniform frcm the load point upto the tail of

the inclined crack, which is consistgnt with the arch acticn developed
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in the beam, (BZQ’ B25, B26).

Further examination of the test rescults in table 6 shows that
the inclination of the failure crack is constant when a/d1 > 2.5 but
the inclination inecreases rapidly when a/d1 is smaller than 2.5,
(sce fig. 34). Axinl tension seems to increase the inclination of
the critical crack while axial compression does the reverse. The

. . . Qult/ . . . S oA
plot of inclination vs bd1 (with axial tension only) indicates
that a linear relationchip may exist between them. (see fige 35).

Further detailed observations from these tests are presented in

the following chapters in the context of the development of a theory

of shear failure in axiz2lly loaded beams.



























CHAPTER 5 160,

INVESTIGATION AND STUDY OF PAST WORK ON AGGREGATE INTERILCCK,

DOWEL ACTION AND BOND FATILURE

5.1 Aggregate Interlock:

In the past, the subject of shear transfer by aggregate interlocking
received little attention. Only récent research (Fenwicqu, Taylbrss,
Hofbeck, Ibrahim and Mattockqg) work in this field has made it possible to
understand how important this shear carrying mechanism can be. All of them
deserve credit for devising methods and techniques to measure the portion
of shear carried by this mechanism. In the present investigation an attempt
was made to'add to their work by measuring quantitatively the shear that can

be transferred across a cracked section with the help of few specimens and

by explaining how shear is being transferred.

2211 Mcchanism of shear transfer by Aggregate Interlock:

Before going into details of shear transfer by aggregate interlocking,
it would be wise to examine what are the ideal conditions for this action
to develop. The aggregate interlock force comes into play across a
vertical crack only when the two blocks of concrete have a vertical
displacement. When this condition is satisfied, the bigger aggregate parti-
cles act aa dowel and are -capable of transferring shear acroés the crack.

The vertical movement is accompanied by a horizontal displacement
at the crack and if this is sufficient the ability of the aggregate
particles to contact one another can be impaired, thus in order to create
ideal conditions for interlocking this horizontal displaccment should

be small,

50102 Fac?%rs influencing aggregate interlocking:
(a

It is believed that the shear force that is carried by aggregate
L3

interlocking is dependent on a number of factors =~ and those known to date
are given below:

a) Area of contact between the two rough surfaces with projecting

aggregate particles,
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b) Quality of concrete and aggregate particles in the vicinity of the area
of contact,
¢) Inclination of the crack to the direction of loading.

Again, the area of contact between the two surfaces depends on the
following parameters.

1. the grade of aggregates.

2. the shape of particles, round or angular.

3., width of the crack.

k. reinforcement (if any) crossed by thc crack.

In presence of reinforcement, the following parameters affect
considerably the magnitude of shear transferqg.

a. Bond properties.

b Yield stress of bars.

5.1.3 Past work on aggregate interlock:

Recently, a number of investigators was attracted to the ficld of
shear transfer due to aggregate interloék. A paper by Hofbeck, Ibrahim
and Mattock19 describes tests carried out in this regard using push off
specimens as shown in fig. 55, which were forced to fail along the plane
indicated. Tests were done on specimens with and without preformed
cracks. The preformed cracks were obtained by applying line loads along
the plane in a hydraulic testing machine.

Their aim was to investigate =

1 the influencc of preformed cracks on the shear transfer along
the shear plane.

%. the effect of reinforcement - detailing and strengths

3. the effect of concrete strength. |

L. the contribution of reinforcement to shear transfer by dowel
action.

5. the applicability of "shear friction theory" to sheer transfer

in presence of a preformed crack along the shear plane.
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Their conclusions, based on test evidence are -
1 the presence of a preformed crack along the shear plane reduces the
ultimate shear transfer and increases slip at all stages of loading.
2. Shear transfer strength is dependent on rsfsy, where r_= As/bd,
As = total area of stirrups. crossing the planc.

fsy = yield stress value of steel.

Changes in strength, size and bar spacing do not affect the shear
transfer strength as long as rs‘fsy is not altered.
3. The upper limit of rsfsy is governed by concrete strength but below
the 1limit, the relationship between 9 and rsfsy is not influenced by
concrete strength. Beyond the limit any increase in a9, with rsfsy is very
small.
L, Dowel action of reinforceing bars is significant only when they are
crossed by a continuous crack.
5. Shear friction theory is found to give a conservative estimate of
shear transfer in normal weight concrete in the case of specimens with

preformed cracks. The strength calculation is based on the equation

q, = rsfsyhﬁ< 0.15 Ucyl
or < 600 psi
and tan @ = 1.4 (as proposed by Mast).
6. Zia'sG’l envelope may be used to estimate the shear transfer strength

in case of uncracked specimens.

Taylor54’55

b e

In his bapers he describes the techniques adopted to measure separately
the contributions of the three main actions towards shear strength of a
concrete member prior to shear cracking, namely - the concrete compressive
zone, interlocking of aggrcgate g and the dowel action of tensile rein-
fercement. His work on aggregate interlock is coafined to flexural cracks
only. His conclusion is that the contribution of each of these factérs
is significant. In this section, only his findings regarding aggregate

interlocking across a flexural crack are discussed in detail.
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Taylor carried out two types of tests. The first was a &isplacement
controlled test on an unreinforced concrete block, (fig. 56) and the
second was a beam test with initiated cracks. His idea was to simulate
the beam displacements in the displacement controlled blocks and measure
the interlock force for a particular value of beam displacement.,

With each load increment, the cracks in the specimens open up not
only vertically but also horizontally. Taylor found out that the ratio
of vertical displacement to horizontal displacement at any position under
consideration (AV/AH; was a constant for a particular crack and could
be related to the shape of a cracks

So he devised the test rig shown to facilitate the conduct of tests
so that the ratio AV/AH could be maintained during testing of a particular
specimen and at the same time it could be varied between tests.

He investigated the effect of the following parameters on interlock:-
1. Displacement ratio AN/AS i.e. the ratio of Normal displacement to
shear displacement across a cracke.

2. Concrete Strength.
3. Aggregate size.
4, Aggregate type.

He presented a number of curves, showing the cffect of the above
parameters. |

Taylor's final conclusion was that about 33% to 50% of the total
shear force is carried by interlock. His conclusion is entirely based

on test results and relates to flexural cracks only.

Fenwick and Paull.ay,m’q3

Fenwick carried out direct tests on interlocking of aggregates and
studied mainly the effect of crack width. In a few specimens he studicd
the effect of concrete strength as well. His spccimen for study of
aggregate interlock forces is shown in fig. 57 and had a saw-cut (6 mm)
at the centre so as to help in forming a crack along the desired planc.
During his investigation, he kept the width of the crack constant through-

out cach test.
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In series 1, the specimens had varying crack widths while the concrete
strength was kept constant. His findings are represented in fig. 60,
and the graphs suggest that the aggregate interlock force is drastically
reduced as the crack width is increased. His specimens had maximum
crack of 0.381 mm (0.015"). 1In series 2, he studied the effect of
concrete strength on shear transfer with a constant crack width. A
number of graphs representing his results were plotted and are shown in
fig. 61, Unlike Mattock, he plots curves of shear stress against shear
displacement and from the graphs it is clear that sheartransfer is
increased with increasing strength of concrete.

Fenwick observed that his test blocks did not fail as a result of
breakdown of the aggregate interlock action. He found that the specimens
failed either in diagonal tension or flexural tension (according to Fenwick).

His idea was to establish a stress-displacement relationship for
shear transfer across a crack due to interlock and then this relationship
could be used in his beam specimens to evaluate the shear carried by
aggregate interlock action.

With this idea in mind, he cast a beam FAL (see fig. 62), on one
side of which were crack initiators, spaced at 150 mm (6") . The
crack initiators were inside the tensile zonec of the beam and cracks
could form freely in the remaining 100 mm (4') depth of compression zone.

The other side of the beam had no crack initiators and hence cracks
could form even in the tension zone freely. This beam had the same
concrete, reinforcement and overall dimensions as other beams without
crack initiators. From the measurement of tensile stress in steel, he
concluded that nearly perfect beam-action developed at all stages of
loading. He minimised the dowel action of the tensile steel by wrapping
it with foam plastic. From his beam test he believed that interlock is
of major importance so far as shear transfer is concerned.and at the last
load stage, over 70% of the bond force nceded to develop beam action was
carriced by interlock action, althoﬁgh he concluded that in normal beams,

the percentage may be less because some portion of the bond force will
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be equilibrated by dowel action of the tensile reinforcement(maxm 15%
according to Fenwick).

Mattock's work on interlock is different from other investigators
in that he provided reinforcement at right angles to the shearing plane.
He did not as such study the effect :of initial crack width and in his
type of test, it seems that initial crack width is of least importance.

Taylor's work is confined to flexural cracks only. Thus it seems in-
correct to draw conclusions from his tests as to whether similar results
could be obtained with a shear crack, as our main concern is shear
transfer across a shear crack and not flexural one, excepting in
connection with diagonal tension failures.

As mentioned earlier, Fenwick maintained a constant width for a
particular specimen from beginning to end of the test. 3But this seems
to be contrary to the behaviour of'beams where crack widths are never
constant at different stages of loading. Crack widths grow bigger with
each increment of load. Thus keeping the crack width constant, he is
increasing the possibility of more interlock and this would result in
erronous results.

5.1.4 Experimental Investigation:

The resistance of concretc surfaces in contact when loaded vertically
is limited by the fact that spalling of the area in contact takes place
as the resistance of the concrete is overcome. In such a case there
exists an upper limit to strength. This is more importamt in the case
of specimens with reinforcement which provides compression between the
two surfaces, and Mattock's criteria should be acceptable.

In order to obtain other useful information quantitatively a test
programme was designed in such a way that the shear force carried by
interlocking of aggregate could be measured independently with the
elimination of the compatability problems present in beam type specimens.
The idea was to study interlock with preformed cracks and no reinforce-

ment was provided across the cracks.
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As mentioned earlier, interlock itself is a function of a number
of variables and each should be investigated systematically. However,
in the limited timec available, it was not possible to investigate the

effects of all of thenm.

Test specimens:

Two differcent types of specimens were used in this investigation,
as shown in figs. 63 and 64,

CGroup 1 - concrcte blocks with notches so as to initiate preformed

cracks.

Group 2 - Prisms with central notches.

The specimens were cast with the samc type of concrete mix used for
the beams (19 mm max" size of aggregate) under identical conditions of
curing. ILike the beams, they were tested after 3 weeks.

The specimens of Group 1 were cracked along the shear plane applying
line loads in a hydraulic testing machine (Amsler) and those of Group 2
by bending in both directions, with complete failure prevented by an

cxternal longitudinal bar.

Testing Apparatus:

The stecimens werc tested with variable axial loads and hence could
be separated into 3 series:-

a) specimens tested with axial compression and shecar.

b) specimens tested with axial tension and shear.
and c) specimens tested with purc shear.

Specimens in Group 1 consisted of series a) and b) only.

The testing of specimens in series a) of group 1 did not present
any difficulty. All the specimens were tested in a uniaxial compression
testing machine. Vertical load was applied with the help of a jack
which was calibrated before testing. It is evident from fig. 63 that
the shearing plane is inclined, so vertical loading caused normal
(compressive) and shear stresses to develop along the shearing plane;

the ratio of which was dependent on the inclination.
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The group 1 specimens in series b) were tested in a tension machine,
applying vertical pull so that shear and tensile stresses are produced
along the failure plan- -

A separate test rig was devised for the testing of all the specimens
of group 2. In order to apply axial compression, a 22 mm (7/8") diameter
hole was cast at the centre of the specimen, while axial tension was
applied through a small frame manufactured for this pvrpose and bolted
to the ends of the specimen. Loads were applied through jacks and strains

recorded with tho help of load cells.

Test procedure:

As described earlier, the spccimens were precracked along the desired
plane by applying line loads in an Amsler machine. The line load was
cpplied with the help of two 10 mm diameter bars placed one at the top
and one at the bottom of the spccimens along the shearing plane. The
specimens tcre Innded in such a way that the two halves did not fall
apart, and had variable initial crack widths. Because the technique
adopted for cracking did not premit the control of crack widths from
spccimen to specimen, loading was stopped only when the crack was visible

with the naked eye.

Testing of specimens in group 1:

The specimens were placed horizontally while the cracks were formed.
But to investigate the shear transfer across the cracks, they were placed
vertically in the testing machin: so that shear and axial stresses were
procuced across the shearing plane. With each increment of loading the
opening of the cracks normal to it and the vertigal slips were measured.

Tne specimens were loaded monotonically until failure.

T2sting of specimens in group 23

After cracking the specimens at the plane, they were placed horizon-
tally on the testing plane (see fig.6hk ). In all cases in series 1
axial compression was applied first and then held constant dnring the

testing. For each load increment, crack widths and vertical displacement
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across the cracks were measured with the help of a microscope (crack

measureT ) and dialgauges respectively. The same procedure of recording
the crackwidths and displacements was followed when vertical load was

applied.

Test results:

The test results of this investigation are presented in tables 9
and 10. The plot of the crack widths against shear stress transferred

across the preformed crack at different load stages are shown in fig$.6§,68-

Shear transfer across cracks in the presence of axial compression:

The findings of this test programme prove without doubt that a
considerable amount of shear can be transferred across a preformed
crack if the two surfaces are compressed. With increasing compression
the magnitude of shear transfer increasés° In a few specimens with
higher compression (in group 2) diagonal shear cracks (independent of the
preformed crack) formed, but failure was always due to breakdown of
interlock.

In the specimens of group 1, the ratio of axial compression to
shear was constant. During testing of these specimens, no inclined
cracks were observed. Only spalling of the surfaces took place just
before failure. Two specimens were subjected to eccentric loads in
this group. With this little eccentricity (76 mm), a reduction in
shear transfer strength was observed. This is because of the tensile
stresses produced due to eccentric loading.

The effect of axial compression on interlock can be viewed from a
different angle. Physically, axial compression reduces the crack width
and thereby incrcases interlock. Internally, beccause of compression,
frictional force is developed and is responsible for transferring shear.
Unlike the forces due toc reinforcement, in this case, the axial compression
was an external load (group 1 and 2) and was constant throughout the
test (in group 2) irrespective of vertical load. Thus the effect of

external compression is two fold -
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a) reduces the width of preformed crack and increases the possi-
bility of interlock.

b) creates frictional resistance to carry shear.

Shear transfer across cracks in the presence of axial tension:

Unlike axial compression, axial tension increases fhe crack width
and hence reduces interlock. Secondly, there can be little frictional
resistance between the two surfaces when they are separated by the
applicatbn of axial load. Thus the two actions responsible for shear
transfer are much reduced in this casc and so little shear can be
transferred across a crack if normal tensile stress exists. Once the
limiting value of crack width is reached there can be no shear transfer,

as found in tests.

Shear transfer across preformed crack when there is no axial force:

In this case, shear transfer is possible only by the first action
upto a certain value of crack width considerably less than the aggregate
size. As soon as the limiting value of the crack width is attained,

failure is inevitable.

Analysis of Test Results:

The test results are analysed and plotted. From fig. 65 it is
evident that the possibility of shear transfer reduces with increasing
crack width. This is true whether there is axial load or not. Secondly,
when the crack width is small, axizl tension if applied, will increase
the crack width and appreciable shear transfer is unlikely. On the
other hand, axial compression increases the possibility of shedr transfer
by holding the two blocks together. Also shear transfer increases with
increasing magnitude of compression even for a constant crack width.

Test results are summarised in tables 9 and 10.
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Table 9. Group 1 - Test result of interlock specimens

Specimen| Dimension in Max" Initial |Eccentricity |Axial load Q/Ed
No. mm size of crack N/Ed

b a Aggregate |width mm mm N/mm2 N/ﬁmz
G 1 152 340 19(3/u") 0.08 0 +5,06 10.12
G 2 152 | 30 | 1937w | 0.06 0 ol 8.82
G 3 152 1 340 | 197w | 0.6 76 +3429 6.58
G' 4L 152 3L0 19(3/4") 0.28 76 +3.03 6.06
G 5 152 340 19>/ 1ym) 0.40 0 ~-0.08 0.16
G- 6 152 | swo | 19¢3/umy | 0.60 0 £0.03 0.06

Table 10. Group 2 - Test results of interlock specimens

Specimer] Dimensions of [Max™ Initial | N/ . |crack width after|Q/4
No. Specimen size of |crack N/me application of N/hmz
Aggregate| width mm axial force mm

b d Area_ 2
mm

mm mm

G 7 90 |95 8162 19(3/4") O.h4 +0.612 0.12 4.08
a8 |90 {95 | 850 | 19(3/um| 0.12 0 0.12 0.975
@ 9 |90 |95 | 8550 | 19C3/un| o0.k0 0 0,40 0.195
G110 {90 {95 | 8162 | 1943/um| 0.80 +1.83%6 0.32 470
@11 |90 |95 | 8162 | 19¢37um| oo | +1.224]  0.76 3,77
G12 |90 |95 | 8162 | 19¢3/umy| 0.12 11,22 0.0k 6.5%
@13 loo |95 | 8162 | 19¢3/um! o.n0 +1.836 0.12 7.55
a1 |90 |95 | 8550 | 19¢3/um| 0.36 0 0.36 0.195
15 {90 |95 | 8550 | 19(3/umy| 0.12 0 0.12 0.78
c16 {90 |95 | 8550 19¢3/um| 0.16 0 0.16 0.78
a1 |90 {95 | 8550 19¢3/um| 0.28 0 0.28 0.39
a8 |90 |95 | 8550 { 19(3/um| 0.12 0 0.12 0.585
G19 (90 [95 | 8550 19¢>/um| 0.80 0 0.80 0

concrete : cube crushing strength &1 N/ om® (6,000 psi)
compression +ve,

Tension -ve.
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5.1.5 Estimation of shear carried by aggregate interlock:

In the previous sections various possibilities were discussed under
which interlock is most effective. Generally in beams,; the ideal
conditions for interlock hardly exist and asva result it is difficult
to estimate in a rational way the force carried by interlock, especially
when a beam is approaching failure conditions. It is impossible to take
account of all the parameters mentioned in this chapter while formulating
an equation.

From the study of the effect of crack widths, it appears that crack
width has considerable bearing on the shear transfer capacity of a
preformed crack. From fig. 65, it is evident that hardly any shear can
be transfered when the initial width is greater than 0.5 mm, whereas with
smaller crack widths some shear can be transfered. This is attributable
to the fact that increase in crack width means a reduction in surface
area in contact and hence a lesser possibility of interlock.

The other parameter studied during this investigation is the effect
of axial load on interlock. Interlock force increases with increasing
magnitude of axial compression. But interlock force dies down with
axial tension, so that practically no shear transfer is possible im the
presence of tension. (see tables 9 and 10).

It was not possible to study the other parameters and hence an
empirical relationship developed on the findings of this investigation
may be of limited applicability.

The ‘effects of the variables, concrete strength, size of aggregates
and grades of aggregates are not treated individually but represented
altogether by the tensile strength of the concrete. This is reasonable,
as the mortar or aggregate whichever fails earlier, will decide the
strength in interlock.

From the plot of test results of specimens in group 2 - without
axial load, an empirical relationship has been developed in order to

predict shear transfer as a function of crack width -



The equation is

% g =093 [ooT

el K(1 ~ Cw) Ucyl S5¢121
where Qg = shear carried by interlock

K = constant

Cw = crack width in mm.

Ucyl cylinder strength of concrete in N/ﬁm2

and ’Ucyl is also in N/mm2

From the curve, the value of the constant K is found to be 0.28 for

a concrete cylinder strength of 33.0 N/ﬁma. This is the mix used during
this investigation.

Thus after evaluation of the constant, equation 5.1.71 becomes -

se 1 - Cuwy3
=3 = 0.28 [Ucyl (1 — Cw) 5102

In the presence of axial force:

Equation 5.1.2 needs modification if it is to be used when axial
load is present. As explained before, axial force has an effect on the
crack width and axial compression creafes frictional resistance.

So, firstly the crack width is to be modified, which means the crack
width in equation 5.1.2 be that after application of axial load. To take
account of the frictional resistance, a coefficient of friction will be
introduced and with the help of shear friction theory (used by Mattock
mentioned earlier), the magnitude of shear that can be transfered in the

presence of axial compression is

e _ 1.= Cwy> N
e, - 0.28 JUcyl (357 + tand /ba 5.1.3
where Cw = crack width after application of axial load in mm.

coefficient of friction

ot
5

-5
1

=
o
fo )
1]

Magnitude of normal stress across the plane of

failure in N/}nm2
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Ma5t25 proposed that tan:# could be taken to be 1.4 which is in fact,
the slope of the failure envelope adopted for the development of shear-.
ing - equation if Ut = 0.1 Ucyl. This seems reasonable and a value of
tan $> = 1.4 is adopted, which from test results is found to be on the safe
side.
Thus the final equation to predict shear transfer in the presence of

axial load becomes -~

Qg 1 - Cwy3 N
o, - 0.28 [Ucyl o)+ ek /ba 5.1.4

In case of tension, there will be no frictional resistance and if

the crack width is modified, the original equation 5.1.2 will be valid.

5.2 Study of dowel Theories:

Another important action believed to carry shear in conjunction with
the concrete compression zone, web reinforcement and aggregate interlock
is dowel action of the tensile reinforcement. Investigations by a number

7, Tayldr57, Krefeld and Thur5t0n26, Jonesao, and

of researchers (Baumann
Paylay and Fenwicqu) envisage that a considerable portion of the total
shear is carried by this action. Their findings were based on tests of

model beams or special small specimens.

Concept of "Beam on elastic foundation'ls

This concept was used by Jonesao, Krefeld and Thurstonae,and Regan’+5
to evaluate the amount of shear that could be carried by the dowel action
of the tensile steel.

R. Jones was the first to apply theconeept of '"beam on elastic found-~
ation" to estimate the shear carried by the tensile steel. The same
concept was used by the other investigators with minor alterations.

Jones assumes that the end of a beam is held in position and direction

and the support (see fig. 71)
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His second assumption is that the forces acting on the block are
capable of keeping the top surface of the beamlhorizontal.

Now with the application of load Qd on the tensile steel, the whole
block will try to deflect but as its top is held horizontal the whole of
the deflection of the tensile steel caused by Qd will appear as tensile
strain in the concrete down to the level of tensile steel. Jones thus
considers that the structure is combosed of a dowel element of the tensile
steel and the concrete below it, supported from the top by the concrete

in tension. Thus the loading conditions may be expressed as -

dh
BI, =L = Ky 5.2.1
2 g b
x
where E12 = flexural rigidity of dowel element.
K = modulus of elasticity of concrete foundations:constant
N = vertical deflecction; transversal deformation of

dowel element.

After the application of proper boundary conditions and simplifications,

he arrives at the following equation

Qd = 2 EIa 233’ 592.2
where z = L K
n E12

Equation 5.2.2 can be applied to beams to find Qd, provided the concrete
cracks, as follows.

If yd be the distance from the centre of the compression steel to the
top of the tensile steel, he considers that the upward force per unit length

is

Eyb1
Y= 5T
Eb1
o o K =W 50203
where b1 = Net breadth of the section
= b—n¢,
n - = No. of bars

q) = diameter of bars
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From the last assumption it appears that he considers the average
tensile strain in concrete in order to estimate the upward resistance
offered by concrete. But in fact, tensile strain at the level of tensile
steel will be maximum the net breadth being a minimum, although in practicd¢
terms the effect of his simplification is small.

Horizontal cracking will occur when the magnitude of the wvwrincipal
tensile stress exceeds the limit value. The principal tension is caused
by a combination of vertical stresses resulting from dowel force and

longitudinal steel due to external loads.

o = Ky = b,l fu
) Eb1
= ————yd y
ago y = E%‘ll' 562-4
wherc fu = the¢ limiting vertical tensile resistance as reduced

by the other stresses.
After substitution of values of K and y,

Equation 5.2.2 becomes -

Q. = 2FL 5/, Eb, . ydfu
max §yd B, E

or Qd(max)

0.7 fu U /yd I, bf 5.2.5

where the value of fu will depend on the horigzontal, shcar and the
limiting value of principal tensile stress.
Jones carried ocut tests on specimens as shown in fig. 72.

From test results of loads causing splitting, Jones calculated values

of gq-= —2 and corresponding values of fu = f)a - (Elsél
b,la t i%
1
where q = shear stress
Q@ = shear force causing cracking
b1 = net breadth of specimen

la = lever arm
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Substituting values of fu obtained into equation 5.2.5, theoretical
dowel forces were obtaiﬁed.

From test results of beams with web reinforcement Jones concluded
that longitudinal_steel functioning as a dowel contributes a substancial
part of resistance at shear failure.

Krefled and Thurston26

Their test specimens are shown in fig, 74.
Like Jones they applied the theory of beams on elastic foundation

and derived an equation for the dowel cracking load.

Qd = blUcyl [1.3 1+ 3%%?%3) ¢+ dé] iL 5.2.6
1
-H
where Qd = dowel cracking load
X, = distance of the tail of the inclined crack from the
support.
¢ = goncrete gover

- distance from the centre of a single layer of bars

to the bottom surface.

In fact, the equation derived from the theory of beams on elastic
foundation did not include the effect of distance of the diagonal crack
from the support.

The above equation is a modified one taking account of the influence
of this factor found in their tests of beams with preformed cracks.

The following are the most important points emerging from their
tests on dowel specimens -

1. Dowel forces decreased with increase of the distance between

the diagonal crack and the support.

2. Dowel forces increésed with larger concrete cover below the

bars.

3, From the tests on their specimens, they found that dowel

resistance is about one-third of the total shear.
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In order to confirm the fraction of shear carried by dowel action,
Krefeld and Thurston performed a test on a beam with an artificial crack
(see fige. 74b). They measured the strains in the concrete and longitudinal
steel and estimated the shear carried by the concrete compressive zone
and the tensile steel separately. The results of this beam test, they
found, agreed with those obtained from the dowel beams.

Their main conclusions are summarised below -

1o After sheér cracking, longitudinal steel carries external shear with
a dowel action.

2. The shear resistance of the longitudinal bars depends on the size of
the bars, depth of cover below the bars and the concrete strength.

ReganbrS

assumes that the point of contraflexure of the tensile steel
is at the middle of the crack, which means the bending moment are equal
at the two Sidés of the crack. (fig. 73).
Thus the bendingmoment in the reinforcement ét the section x', Mx' = Qdx' - Ty'.
Then converting the above equation into differential form and
working out Heteny's solutions for the deflection profiles‘of members
supported on elastic foundations and subject to axial and transverse

loads, after simplifications, he arrives at the following equation for

transverse deformation of the dowel beam -

1 1
y = Qd f[fz_ (E%E) z +a (-E—LISB) /2] / ko  5.2.7
2

Then at critical stage -

Ut = koy ' and thus equation 5.2.7 becomes -

b1
1 1/
~ Ut koy '/l ko, /2
W = b, / {2 (57 +a () 5.2.8
2 2
where Qd = shear force in reinforcement
EI2 = stiffness of "beam" (reinforcement and concrete

cover).
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ko = modulus of support, stress exerted by foundation
per unit displacement of "'beam'.
y = transverse deformation of "beam" (dowel) from

its unloaded position at the section considered.

a = half of the crack width at the level of tensile
steel.
b1 = net breadth of concrete (overall breadth minus

the sum of the diameters of the bars in one layer).

He simplified his equalion further on the assumption that 'a' is
small and hence the last term of equation 5.2.8 can be neglected.

He obtained the value of modulus of elastic foundation on the
assumption that stresses disperse at 450 angles in both directions inside
the concrete,

Finally, considering plasticity of concrcte even under tensile

stresses, he reduced his equation to the following form -

4
ko ly
@ = Kb, .Ut/(E—Ia) 5429

The stiffness of the dowel element E12 is calculated on the basis
of uncracked section theory. The equivalent area of steel in terms of
concrete is to be considered.

Regan's theory differs from that of Jones' in that the latter
assumes the foundation modulus is inversely proportional to the depth
of thc beem, whereas Regan believes the stresses at the level of tensile
steel are dissipeted towards the concrete compression zone and hence
the effective depth is of little significance.

Baumann'é7test specimen (fig. 75) was similar to those used by
Krefeld and Thurston26 and Taylor57, Only the tensile zone of a simply
supported beam was loaded. This part of the tensile zone was separated
by an artificial crack from the rest of the beam. Thus, if any load

is carried by the beam, it is by dowel action, other actions being

deliberately eliminated.
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He studied the effects of a large number of variables, the most
important of them were - width of preformed, crack, thickness of bottom
cover, distance from preformed crac@%ﬁupport, diameter of main reinforce=-
ment, number of layers of bars and concrete strength. He also studied
the effect of stirrups supporting the dowel.

After analysis of his test results, he proposed two equations for
dowel cracking loads, one for a single layer of bars and the other for
two layers of bars in a beam.

Boumann's equation for vertical equilibrium is

Qd = KUt bn lc 5.2.10
where Qd = dowel cracking force in Newton.

K Ut = average vertical tensile stress in concrete
at the level of bars along a primary bearing
lengthe.

Ut = uniaxial tensile strength of concrete
= 0.245 Uwa/3 in N/mm2
Uw = cube crushing strength of concrete (N/mmz)
bn = net breadth of beam at the level of main
reinforcement.
= total breadth - sum of the diameters of bars
in one layer.
lc = primary bearing length of dowel.

From his test results, he found

lc = 6.6 P /uw/3 - 5.2.11

for a single layer of main reinforcement.

where ¢> diameter of reinforcement

and lc

LO + 0,032 Ju 5e2.12
for two layers of main reinforcement.
where Ju = moment of Inertia of dowel bars + concrete

cover directly below the bars.



192,

Upon substitution of the values of 1lc into equation 5.2.10, he
arrived at the following equations -

]
Qd = 1.62bn P Uw /3 5.2.13

for a single layer of reinforcement

2
and Qd = 0.245 Im TUw /3 (40 + 0.032 Ju) 5.2+ 1k

for two layers of reinforcement.

where Qd is the dowel force causing dowel cracking.

It seems from these equations that the dowel force is not dependent
on the distance between load and supports, which the author believes
is true only when the distance is large. When the distance is small
the dowel force increases inversely as the distance between the support
and the dowel load, (ref. 3).

Baumann gave no equations for the effects of web reinforcement,
but there is ecvidence in his work that web reinforcement improves
the dowel action of the tensile steel,

Arroyo'sBWOrk was completely experimental and the following
information was obtained from his test results -
1. Dowel force increases with an increasing percentage of tensile
steel, the increase being considerable in specimens without stirrups.
2. Dowel force increases with decreasing distance between the tail
of the diagonal crack and the support when the distance is short.
-5. His information regarding the type of reinforcement is inconclusive
but he believes that it may have a considerable effect.
L, Dowel force increases with an increase in concrete cover below
the bars, at least when the distance to the support is short.
5. Dowel shear resistance is increased with the amount of stirrup
put in the specimens, but this increase is dependent, at the same

time, on the distance of the stirrups from the preformed crack.
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Other investigators, the names of whom are worth mentioning

59

in this regard are LorentsenBz, Acharya and Kempq, Taylor, R."7,

AshdownLL and Taylor, HeP,J.57, A full description of their work is

available in reference 3.

5.3 Bond failure:

Mostly bond failure is not much of a problem in reinforced
concrete structures and that is why it is often forgotten. But some-
times with poor bond properties or inadequate cover, failure can be
by bond before either flexural or shear failure.

In a beam with web reinforcement, the shear carrying action is
due partly to arching action with the tensile reinforcement acting
as a tie and partly to truss action in the presence of web reinforcement,
again using the main steel as a tie.

The reduction of stress in the main steel in the direction of
decreasing moment is due to bond. After the formation of inclined
cracks the ability of the web to transfer bond forces is partly
destroyed, which means the rate of reduction of the force in the main
stecl is decreased. This implies that the force to be anchored
towards the end of the span is greater and if no appreciable bond
length is available, bond failure may follow. Thus shear cracking

increases the possibility of bond or anchorage failure.

2,15,28 suggest

To avoid failure of this type, most theories
that the main steel be extended a distance equal to the horizontal
projection of the shear crack beyond its permissible cut-off point
(by flexural theory).

Even then considerable differences exist between the suggestions
as to what extent the cut-off position be extended.

Another type of anchorage failure (not strictly a bond failure)

is caused by splitting of the concrete cover at the level of tensile

reinforcement. This type of failure is observed in tests of beams
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with deformed bars (KS 60 steel). Unlike the previous type of

failure, splitting failure not only depends on the anchorage length

but also on concrete cover.

Past work:

The parameters which are believed to influence bond or anchorage

failure are -

a) concrete strength

b) diameter of main steel

¢) type of bar

d) concrete cover

e) web reinforcement (if any)

f) anchorage length.

Not much work has been done on bond or anchorage failure in
beams. The limited amount of work done is described below -

Mathey and Watstein35

They performed tests on 18 beam specimens and 18 pull-out specimens
with deformed reinforcing bars, varying the embedment lengths from
7" to 17" for 3" bars and 7' to 34" for 1" bars. Their test-specimens

are shown in fig. 76 and 77. The following are their main conclusions -

1« The bond strength per unit length decreased with the increasing
length of embedment for a bar of the same s'ze. For a given ratio
of length to diameter of a bar, the bond strengfh decreased with
increasing bar diameter.

2. Ultimate bond stresses in pull-out specimens agreed in
general with those in beams with %”<b bars. But their test values
on pull-out specimens with 1”zpbars were higher than those of beams,

presumably because the 1" q>bars could split the cover.
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2. A linear relationship exists between the critical bond stress
and the ratio of bar diameter to embedment.length (j%? for 3" & bars;
but they were not satisfied with the test results of 1% #bars.

L4, Increase of loaded-end-slip in the beam as well as in the
pull-out specimens was observed with the stress in the bar, but it
was found to be independent of the length of embedment for a particular
bar. The relationships of loaded-end slip and stress in the bar were
dissimilar for pull-out specimens and beams.

5. Based on their test results, they suggested two criteria
of failure to define critical bond stress.

a) loaded-end slip of 0.01% and

b) free-cnd slip of 0.002",
Failure will occur whichever condition is reached first.

6. Another striking result emerging from their tests was that
the max" bond stress developed in all beams with %"CP bars was
greater than twice the max" allowable bond stress of ACI 318-56,
350 psij but the load stress in beams (six out of nine) with T'q)

bars was less than 350 psi.

The critical bond stress in the case of pull-out specimens with
1"(P bars was less than twice 350 psi except the bar with only 7"
of embedment. Four out of nine specimens with %”(b bars failed to

develop bond stress of twice 350 psi.

17

Ferguson and Thompson

Ferguson and Thompson defined bond failure as a failure caused
by the excessive slip at the free-end of the bars. Their investigation

consisted of a study of the parameters which are given below -

1. concrete strength
2. clear cover

3. Specimen width
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Lk, web reinforcement and

5. bond length (development length).

Fig. 78 shows the beam specimen used during this investigation.

So far as the effccts of the above-mentioned parameters are
concerned, they reported that bond strength was found to vary as
./Ucyl, but a non-linear relationship exists betwecn clear cover and
bond strength. Bond strength was found to increase with increasiné
cover (fig. 79). The incrcase reduced with increase in clear covers.
They concluded that a large amount of data might indicate a curved
line.

Bond strength was found to increase with increasing ratio of
web reinforcement, which is indicated by fig. 80.

From fig. 80, it is clear that the rate of decrease of bond
stress with increasing bond length is less for longer lengths.

They found that narrower beams failed at bond stress of 7 to 20%
lower than those of other beams. They attributed this to the devel-~
opment of higher diagonal tension resulting from lesser lateral
resistance to splitting.

In the case of multiple cut-offsy stirrups improve bond strength.
Their conclusion w~as that heavy stirrups can offset the loss of

strength due to multiple cut-offs.

O.stlund's)+2 test specimen is shown in fig. 81. His findings
suggest that steel stress at failure increases with clear cover.
(see table 11).

During his tests he varied not only the clear cover but also
the amount of web reinforcement and the lap lengths (fig. 82).

33

Losberg”” carried out a number of tests, the results of some

of which are plotted and shown in figs. 83-88.
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CHAPTER 6

THEORETICAL INVESTIGATION:

6.1 Introduction

As discussed in Chapter 2, shear failure is not a simple
failure mode like flexure. Sthidy of -the behaviour of rectangular
beams at the time of frilure suggests three main modes which
have to be dealt with separately.

6.2 Development of shear cracking theory

6.2.1 Foilure criterion

Concrete at the head of a flexural crack is subject to
longitudinal and transverse direct stresses as well as shear
stressese.

If failure is believed to occur due to the combined action
of these flexural and shear stresses, a failure criterion for
biaxial stresses is necessary. It is assumed that shear cracking
is the result of excessive principal tensile stress and hence
the analysis to predict shear cracking load will be based on
the equation representing the magnitude of principal tensile

stress at a point, namely

f1=%ft+/(%ft)2+q2

6.2.2 Assumptions

The following are the assumptions made in the context of
the development of ‘the shear cracking equation.
a) Shear crscking starts after the formation of flexural cracks.
b) Shear cracking is caused by the combined action of tensile
and shear stresses in the tensile zone of the cross-gection

of the beam.
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¢) The shear stresses at different load stages and at

different heights over the depth of the beam are proportional

to the average shear stress.
d) The tensile strain in the concrete above the flexural
crack is proportional to the steel strain in that section
of the beam. The existance of the tensile strain can be
explained with the help of fig. 95. A similar type of
stress distribution is assumed by Kania?'u The dependance on
steel strain arises because crack widths are proportional to
steel strains, and when the flexural cracks widen the interlock
action diminishes (see Chapter 5) and an increasing proportion
of the moment on a tooth caused by bond must be resisted by
flexure in the tooth.
e) The stress-strain relationship of both concrete and steel
is linear.
f) The tensile strength of concrete is assumed to be a function
of cylinder strength.
g) Variations in the lever arm factor are neglected.
h) Since, unless it is inclined, web reinforcement does not
carry any shear until the formation of shear cracks (with
vertical stirrups) its contribution is neglected in the
present analysis.
i) The effect of small longitudinal stresses in the vicinity

of the neutral axis is negligible.
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6.2.3 Derivation

The equation governing shear cracking loads of beams

is

£,= % £t +j(% £t)° + ¢° teeeenes 60241
where f,l = The principal tensile strcss

ft = the tensile bending stress

g = the shear stress.

Cracking occurs when f,1 exceeds Ut’ the tensile strength of

concrete and so f,1 can be taken equal to Utn

Therefore, equation 6.2.71 can be written as

U, =%ft+\/( ££)° + ¢

or U7 s (3 re)° - U £t = (3 e)° 4 g0
or © = uf (- )
£

or ¢ =10, [ 1- (%E cevnees 62222
£

Again the above equation can be simplified for small

values of (——) to the following form

q = Ut [1 - % (%] csesess 0.2.3

From assumption c)

- L
a = K bd,

900008000000 A0 6020""

where K1 is a constant.
From assumptions d) and e), in the absence of axial loading,
M

lamrst bd,1

ft = +K.!

5 (+ve sign is for tensile stress)

where K2' is a constant.
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Neglecting the variation in lever arm factor, and
considering a beam free from axial loads,

ft = K i

2 mrst bd12 203080000 6,2,5

where K2 is a new constant.
As is evident, in the presence of an axial force, the steel

~

stress is affected,
Fig. 89 (a) shows a section of a beam subjected to a

bending moment M and an axial force N. The combination of

the bending moment and axial force can be replaced by an axial
force of magnitude N with an eccentricity 'e! from the centre
of the tensile steel.

Then the eccentricity of N from the centre of the tensile

steel :

e =2 4 (a - , where N is +ve for compression.
N 17 /5)
Considering moments about the centre of the compressive

force, =N (e - 1a)

Fstcla

where e > 1la

Also Fst = rst bd1 fs

or r_, bd, fs » 1la = N (e-1a)

or fs ‘gig_:_lﬂ% asase 0a2.6
st bd, 2

Again considering cxternal moment equilibrium about the line

of action of the compressive force Fcl’

Mexte. = N (e - 1a)

M - N[la - (a, - dé)]
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Replacing N(e~la) in equation 6.2.6 by
M-N(la-d, + / ),

M - N (la - d, + /2)

Tst bd 1a
d

1
2d

fs =

M - Nd, (i +
= 1

rst bd1 1a

- 1)

The two assumptions d) and e) give
M-Nd, (S - )
ft = +K2' 1
m rst bd1 1la

where Ka' is a constant.

Neglecting the variation in lever arm factor and writing

d
k = (j+ 53 - 1)
1
£t o= g, - KN .
2 — where K2 is a new constant.
r m bd
st 1
_ M Q 1 N 1
or £t = K, ['Qd1  6d, c mEe T K /fod, . mrst] reeenen 62227

Substituting the values of q and ft in 6.2.3

M Q 1
q ; K2(Qd bd, ° mrst kbd . mrst 1
K, 5y = Ut [1 -1 1 J
1 Ut
K
M € 1 2 N 1
— i -— _— — — — L
=Ut -2 K, (Qd1 bd, mst) t 3K bd, mrst
M N
%E [ K, + 3K, /8d, ] T e
1 mrst 2 nrst
K N/bd
P 1
Or _ Ut + -‘2 k mrst Y0 0GACO0OSE0OS 602.8
- I 4Y
bd, K, + 2 M/Qd'l
2 mrst
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Equation 6.2.8 predicts the shear cracking load of a
section already cracked in flexure. Since beams without web
reinforcement and with long shear spans ( a/d1 > 2.5) fail
following shear cracking, this equation can be used to predict
fhe ultimate strength of such beams failing in shear.

The above equation is useful when axial force is independent
of external moment. If the magnitude of axial force is
dependent on the external moment, it can be modified to the

following form :

g Ut
ba'1 = KZ (M/Qd _ }C-I\l) Coeeaveoo o 6.2.9
K1 + 5= 1 Q'

mrst

The use of the shear cracking equations requires the
following additional limitations and data :
a) The equation is applicable to a section at a distance of
d1 either from the load point or from the support, and hence the
M/Qd1 ratio at that section is to be used. This is reasonable
because the first shear crack occurs at a distance approximately
equal to d, (effective depth) from the load point. The ACI-ASCE
Committee ’5262 also based their equation on the assumption that
first shear cracking will occur at a section at least a distance
d1 awvay from the load point. Sections closer than d1 to the
support remain uncracked in flexure.
b) When d, L a {2d,, the equation can be applied at the section
located in the middle of the shear span.
c) Vhen a <_d1, nominal elastic theory distributions of stresses
can be applied based on an uncracked section.

When the shear span becomes short (a < d1) the flexural

stresses will not be able to cause flexural cracks in positions
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which can initiate shear cracks. So the elastic theory can
be applied.

d) The modular ratio (m = %%) is given by the relationship

70
U cyl’

10,000 .. .
and m=5+ ﬁ-z§i- when U cyl is in psi.

m=>5+ when U cyl is in N/mm2 unit.

This relationship is suggested by Laupaus.
e) The tensile strength of concrete (split cylinder strength)
Ut is already assumed to be function of cylinder strength is
equal to

Ut = 0.47 [T eyl

where both Ut and U cyl are in N/mm2 unit. This relationship
is obtained by plotting test results of Mattock s, Moayer>?,
Narasionhanuo and author's own which is shown in fig. 92.
f) Evaluation of the constants by test results gives
K, = 1.35 and K, = 0.08.

Upon substitution of the values of the constants, the

equation becomes :

N/ba1
q _  Ur¢ 0.0k k —— veovoaee 642.10
bd1 - M/Qd1
1.35 + 0.0k4 ——
and Q — Ut N 00008 OBES 6‘2.11
bd'] - L M/Qd1 -k /Q
1.35 + 0.0 ——

With the values of m and Ut as given above. The validity
of these above equations has been checked with a number of test
results for varying percentages of main steel, concrete strengths
and moment shear ratios. A full account of the comparison is

given in Chapter 7.
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6.3 EBquilibrium conditions of the shear span after

shear cracking

Fig. 90 shows the forces acting in a shear span after
formation:of an inclined crack. The equations of equilibrium
for the shear span can be written as

considering vertical equilibrium -

Q@ =Qc +Qd +Qw+ QGSiné) ceeee 52301
considering horizontal equilibrium -

Fcc =F_, +N - Q

St cos & ceses Bs3.2

G
and considering moment equilibrium about the centre of the
tensile steel at the section of vertical loading

Qa=TF Ja-N(d -d,)+Qqu % +QqC + Qgz e0ee6.303

Now, in the tests of beams reported in Chapter &4 it was
observed that the width of the critical inclined crack grows
sufficiently wide that the possibility of the aggregate interlock
force carrying any appreciable shear can be ignored. Tests
on small blocks (see Chapter 5) show that a little amount of
shear can be transferred across a narrow preformed crack even
in the absence of compression, but this dies down rapidly with
increased crack widths.

Bammann's' tests have shown that for dowél action of the

tensile steel to develop beyond one stirrup near the tail of

the crack, a large vertical displacement is needed, which is
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much larger than those occurring in normal beams. Thus
if ¢/s is taken as the effective number of stirrups carrying
shear, then the dowel action of the tensile steel is of
negligible consequence in beams failing in diaganal tension
and shearing. Dowel action of the tensile steel in the case
of shear-compression failure will be discussed later.

Thus the three equations of equilibriﬁm of the shear

span become :

Q QC +QW ceeceecos 6.3.4

F..= F +N coesssans D35
and Qa = F_ la - N(d; - d,) + Q. cosseases 65346
so far as diagonal tension and shearing failures are concerned.
In general these are the principal equations governing
the shear failure of beams,

nation 6.3.4 governs the failure mode if it is vertical
g

failure e.g. shearing failure.

6.4 Development of shearing equation

Shear distress in a beam starts after the formation of
shear cracks in the web. In absence of any additional component
to replace the web, the failure of a beam is imminent after
shear cracking with long shear span/effective depth ratios
[a/d1 > 2.5 for normal tensile steel ratios and concrete
strengths] . At this stage if web-reinforcement is present
it can cooperate to carry loads and vltimate failure is caused
by shearing of the compressive zone,

Unlike shear-compression, this type of failure is governed
by the conditions of vertical equilibrium. Moreover, failure

of the compression zone is not precegded by crushing of the
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concrete as is the case in shear compression failure.
The sHear stress plays a dominant part in failure of
beams by this mode. Referring to equation 6.3.4, the critical

condition is given by

Qult = QC + Qw ececasocoe 601*'01

where Qult is the maximum load that can be carried by a
beam with stirrups of long shear spans (a/d1 > 2.5). To
evaluate Qult’ the individual magnitudes of Qc (concrete contrib-

ution) and Q, (stirrup contribution) must be known.

6.4.1 Evaluation of concrete's contribution in carrying shear

In order to estimate‘the amount of shear carried by’fhe
compressive zone of concrete, the depth of the compressive zone
must be known. Then a distribution of shear stress across the
compressive zone can be assumed,

The propagation of the shear crack is partly dependent
on the web reinforcement ratio. As the crack propagates further,
more stirrups become operative and thus the contribution of
concrete is partially replaced by that of stirrups. |

Shezr cracks are formed from the existing flexural cracks
due in a sense to the action of interiock. After this some
shear is transferred across early shear cracks by interlock,
Then presumably when only negligible shear is transferred by
interlock, the formation of new inclined cracks is halted and
the crack widths increase considerably until failure.

If failure is assumed to take place due to lack of vertical
equilibrium, and the components of resistance are the concrete
compression zone and web reinforcement, either of them may

fail first. Generally, it is assumed that web reinforcement
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attains yield stress at failure and that failure takes place
when web reinforcement is unable to carry more shear, as 1is
the concrete which has been in a critical condition from the
cracking stage onward. Yielding of web reinforcement is
supported by strain readings on it during this investigation
(see Chapter 4).

After shear cracking, with each increment of load, the
inclined crack propagates both ways. As a result, the depth
of compressive zone is reduced, and the depth of concrete at
the section at the head of the inclined crack is smaller than
the depth of flexural neutral axis. If web reinforcement is
present, the growth of the inclined crack into the compressive
zone is restricted. Until today no theory has been developed
to estimate analytically the actual depth of compressive zone
above the crack but since there is no dominant arch action it
must be close to the flexural value (see fig. 99). As already
mentioned, a small reduction of the depth of compressive zone
will result in a reduction of concrete contribution to shear
capacity but on the other hand, with the increase in crack length,
more stirrups.will become operative and increase the stirrup
contribution. Thus in absence of any rational approach to find
out the depth of compressive zone at the head of an inclined
crack it is reasonable to assume that the depth is proportional
to the flexural neutral axis depth. This will mcan overestimation
of the concrete contribution and underestimation of the contrib-
ution of web reinforcement, but will have very little effect on
overall accuracy in what are in any case partially empirical

equations,



If a distributicn of shear stress in the compressive zone
at the time of failure is assumed, then the total shear force
carried by the concrete can be evaluated.

Taylor52+ computed the shear stress distributions in the
compressive zones of 6 beams above flexural cracks from strain
readings on the surface of the concrete. His beams were not
reinforced in shear. TFig. 91(a) shows his shear stress block.
The shear stress distribution above an inclined crack may not be
exactly the same as that above a flexural cr;ak. Moreover, web
reinforcement if present, will affect the distribution, but the
shape of the upper part of the stress block should not be very
different from that computed by Taylor.

In the presence of web reinforcement, a shear stress
distribution is assumed, which is shown in fig. 91(b).

The magnitude of shear stress at the level of neutral
axis follows from the following analysis of the frce body
diagrams of a shear spaon.

From the free body diagram (fig. 96) it is evident that
the magnitude of shear force at the depth of neutral axis is
r-quqbs Cot .

» » Shear stress at the position of neutral axis,

r fyq cot o bs
bs

r fyq cot © when bs is the area of the
q shear plane.

The parabolic shear stress distribution inside the

compressive zone is theoretically correct provided the distribution
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of longitudinal stress isi:linear and not much in error for other
distribution of longitudinal stresses.

Taylor's stress block though it is above a flexural crack,
suggests thot the maximum value of shear stress is not at the
level of ncutral axis but above and well inside the compressive
zone. So far as the estimation of shear force carried by the
compressive zone is concerned, only important point is the
magnitude of maximum shear stress.

From the failure envelopes suggested by Guralnick and

45,60

Walther (fig. 93), when plotted in terms of the stresses

on a vertical plane, (fig. 9%) it appcars that a maximum shear
stress is a valid criterion for a wide range. This magnitude
of maximum shear stress is little influenced by longitudinal
stress within the practical range of ratios of stresses.

The magnitude of maximum shear stress for Ut/U cyl = 0.1
is approximately 0.16 U cyl or in terms of Ut,

q = 1.6 Ut (Gurgalnick's envelope)

max
In the present theory, Ut = 0.47 U cyl, which means the
reclationship between Ut and U cyl is not linear and is varying
for different concrete strengths. 1If calculated, the concrete
of practical use, the relationship gives Ut = (% to %é) U cyl.
As the ratio changes, the magnitude of e N will change in terms

of Ut. For simplicity, g in the present analysis is assumed

max

to be equal to 1.6 Ut.

Thus total shear force carried by the compression zone

becomes :

Q bn d,,

c = Kq max o 1

where K is a constant

=K Ut bn_ d,, vhere K, = 1.6K.
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The value of K1 is evaluated for a parabolic shear stress
distribution where K = £, and is equal to 1.067.

Upon substitution of the value of Ut, and the constant
K,y Q, = 1,067 ®0.47 fU cyl b n, d,
= Oes U Cyl b n.o d1 -.oooa.o6u4n2

Evaluation of the depth of flexural neutral axis (h o)

From fig. 97, assuming linear strain distribution

“cc _ ®st
nd -
o1 (1-no)d1
n e
or 10 = ‘CC coc000ec0o0e 604-3
- 8o Uge,

Agnin, equating the compressive force to the tensile force
at a section subject to axial compression of magnitude N,
rs’cbd,lestES = Hpd x2.2U cyl% =N ceee Babol
in N and mm units.
The above equation is based on the assumed compressive
stress block in the following section.

Eliminating e, from 6.4.3 and 6.4.4 and solving for n,

t
ey €
xccrstES | N/bd,I > ccrstES
(————%,— 2) +-.4x———-—§-
n 2.2 U cyl 2.2 U cyl’ 2.2 U cyl
2
CoerstE N/bd
s 1
(— - — 2 )
2.2 U cyl” 2.2 U cyl cesocoasablta5

where ‘cc = 0.0035
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6.4.2 Evaluation of contribution of web reinforcement

To evaluate the amount of shear carried by stirrups, the
number of effective stirrups must be known. As mentioned earlier
stirrups become operative only when they are crossed by a
crack and so only the stirrups which are crossed by the critical
inclined crack will be effective. Thus, the number of effective
stirrups is calculated on this hypothesis.

If s be the spacing of stirrups along the axis of the
longitudinal steel and ¢ the horizontal projection of the
inclined crack, the number of effective stirrups crossed by an

inclined crack could be as high as

ne =2 + 1
s
This is truec so long as detailing and formation of the inclined
crack are as shown in fig. 98(a).
Another type of crack formation and detailing as shown
in fig. 98(b) suggest that the number of effective stirrups

could be as low as

=)
o
1]
nlo
1
—_

Thus, though ¢ = 2s, the actual number of stirrup crossed
by the incurred crack can vary.

In general, number of effective stirrups crossed by an
inclined crack is taken equal to gm This is considered to take
account of the dowel action of the tensile steel in cases
where ne = C% - 1). When the tail of an inclined crack approaches
a stirrup not crossed by it, dowel action of the tensile steel
will stress that stirrup. A4s a result, if-g is taken as the
number of effective stirrups, the dowel action of the tensile

steel is also taken care of.
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The length of the horizontal projection of the crack
is dependent on its inclination. So far as beams with short
shear spans are concerned (a/d1 < 2.5), the whole
shear span is crossed by the inclined crack. But the same
is not true in cases of shearing failure in beams with
a/d1 > 2.5. From test results (see Chapter 4) the critical
slope is found to be 1:2 approximately.

Thus the force carried by web reinforcement is

Q

, = rafygbe  and ¢ = 2(1 - ny)d,

2rqfyab d1(1—no) cacece Doleb

Upon substitution of values of Qc and Qw in equation 6.4.1.

Qg = 05 no/ U cyl bd, + 2rafyq ba, (len ) ooeolta?

in N and mm units.

Q
or alt 0.5 n_ [Ucyl + 2rq fyq (1-n)  .ecee 6.4.8

bd1

in N 2nd mm units

6.5 Development of shear-compression equation

6.5.1. Introduction

When beams without shear reinforcement are tested with
varying shear spons, 2 critical value of shear span to effective
depth ratio is observed. Beams with a/d1 ratios smaller than
the critical one shows a marked difference not only in behaviour
but also in strength when they fail in shear. This critical
ratio of a,/d1 is about 2.5 for beams with normal percentages
of tensile reinforcement. But it can be somewhat higher with
increasing percentages of tensile steelzB.

Below the critical value it is generally acknowledged that

shear strength increases with decreasing a/d1 ratio, but the
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degree of increase of shear strength with decreasing a/d1
ratios is still a debatable point. If this type of failure is
assumed to be governed by the rotational equilibrium condition,
then this implies that the ultimate moment remains constant
so long as a/d1 is below the critical value. Another theory
is that the ultimate moment does not remain constant but increases
to reach the flexural value when a,/d1 = 1a

Based on the above findings, differing design proposals
have been extended to predict shear strengths of short beams
with web reinforcement. Even in the estimation of stirrup
forces differences of opinion exist. In fact, there are three
schools of thought :
T The ultimate moments are varying but stirrup force is
remaining cowst; that is, independent of the shear span2'50’51.
2. The ultimate moment provided by the concrete above the
crack, at the time of failure remains constant but the stirrup
force decreases with decreasing a/d1 ratios, on the ground that
number of effective stirrups crossing the critical crack will
depend on the length of the shear span (or crack length)47.
3« The last pr0posa130 allows both the concrete and stirrup
forces to increase with decreasing a/d1 ratios so that the
total ultimate moment remains constant.

So far as the present analysis is concerned, the -equation
of rotational equilibrium will be used to predict failure loads, in
this mode.

Because of the rotation taking place prior to failure,
aggregate interlock forces will not be of much importance in
this type of failure. On the other hand, the tensile steel

can develop a considerable amount of dowel force. This is due
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to the extention of the inclined crack to the edge of the support
plate causing the dowel force to be resisted by compression in
the concrete cover between the reinforcement and the plate rather
than tension in the concrete above the steel. This action can
transfer a relatively large portion of shear but a first analysis
can be carried out ignoring ﬁhe contribution of dowel action
which can be superimposed subsequently. This will not affect

the analysis at all, because the line of action of the dowel
force is almost the same as that of the reaction (shear force).
So the load calculated from the cquation of rotationzl equilibrium
ignoring the dowel action is (Q ult - Qd), when Qd is the shear
carried by the dowel action of the tensile steel.

6.5.2 Assumptions for the development of shear-compression

equation

1s Shear-compression failure is believed to take place due

to excessive compressive stress in the concrete. The effect of
shear stress cmbe neglected since the transverse load is
carried almost entirely by inclined compression (fig. 100).

2. The possibility of any shear transfer due to aggregate
interlocking is neglected.

3. The dowel action of the tensile steel is recognised and so
its effect will be superimposed subject to the condition that
the crack extends to the edge of the support plate and the beam
is loaded and supported directly on the top and bottom respectively.
k. So far as the contribution of the web reinforcement is
concerned, the problem is simple so long as ¢ = a. If ¢ is
smaller than a, the valie of ¢ must be ascertained. An

expression is developed to find the value of e/dq.
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5. The compression reinforcement in a beam contributes to its
moment of resistance. But the effect of compression reinforcement
on the ultimate neutral axis depth cannot be estimated with any
theory once shear cracking has occurred and thus its effect is
not known. It is likely that due to the presence of compression
steel, the neutral axis depth is reduced. On the other hand, the
equivalent steellaren may offset the loss and thus only be
self-balancing. However, hecause of the complexity involved
in any analysis considering the effect of compression steel, the
effect is totally neglected in the following and a beam is
assumed to be singly reinforced.
6. Failure is caused by crushing of the compression.zone° Thus
to calculate the horizontal force, a stress distribution is to
be assumed. The assumed stress block is shown in fig. 101(b).
Where U cyl and U cyl§ are in N/mm2 unit and U cyl = 0.8 Uw’

where Uw is cube crushing strength of 100 x 100 mm cube; also

in N/mm%

Again most theories assume that the horizontal compressive
force Fcc is proportional to the cylinder strength of concrete,
which means shear-compression failure strength is much more
dependént on cylinder strength and assume stress blocks as shown
in Fig. 101 (a)

The stress block adopted is based on the consideration that
stronger concretes are less ductile than weaker ones with
the result that the stress block factor Fcc/ b 1A d1 U cyl is lower
when U ¢yl is higher. This observation is supported not only
by tests of simple concrete specimens but also by the values of
ultimate moments recorded in tests of overreinforced beams failing
in flexure. Figure 102 shows the correlations obtained with the

test results of such tests by using on the one hand the proposed
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stress block and on the other the CIB version.

6.5.3 Solution for ultimate neutral axis depth

From the observed behaviour of the bsams tested (see
Chapter 4), it is evident that the depth of neutral akis
prior to failure is very much less than the flexural neutral
axis depth. This reduction of the neutral axis depth is more
important in the case of beams failing in shear-compression
already described in Chapter 2. Another important factor in
the behaviour of short beams is that arch action predominates
in carrying the load after the formation of the inclined crack.
In other words, when the beamlaction is destroyed, the arch
action continues to carry further load.

Considering these factors a model of a rectangular beam’
is adopted for analysis. In it the influence of web reinforcement
on the depth of the neutral axis is taken into account considering
the force carried by the reinforcement to be known and assuming
it to act in the middle of the shear span when a = ¢, In the
cases when a :> c, the stirrup force is assumed to act at the
middle of the crack length.

If o beam with two point loads is considered the flexural
cracks in between the two point loads do not rise beyond the
flexural neutral axis (see beams B8, B9, B10 etc.) and as a
result the stiffness of the part of beam between the two loads
is much greater than that of the section at the head of the
inclined crack, and thus only conditions in the shear spans
need be considered. Thus the loading system becomes a2 beam
with a single point load as in fig. 703,

Although the slope of the inclined crack in fact, is not

truly uniform for simplicity of analysis it is assumed to be
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uniform and it can be seen later that it hardly =ffects the
analysis.

In cases when the inclined crack does not extend over
the whole of the shear span, ‘then 1 is not equal to 2a, but
is equal to 2c.

The above model is one time statically indeterminate,
and the steel force, Fst can be treated as the unknown
redundant action.

If the crack does not extend over the whole of the shear

span, the beam model will be as shown in fig. 103.

Properties of the sections

ECa = Modulus of elasticity of concrete at section
a-a (at support section)
Ia =  Second moment of area of the section a-a

Ecb =  Modulus of elasticity of concrete at section

b-b (at a distance of a/2 from the support).

Ib = Second moment of area of the section b-b.

on = Modulus of elasticity of concrete at the loaded
section - c1 - c,1

IX = Second moment of area of the section c1 - c1

The particular solution diagrams and the flexibility
coefficient diagrams are given in figs. 104 and 105 resp-
ectively.

Using Simpson's rule and neglecting the axial force energy

of the concrete,
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the flexibility coefficient :

2
d d, d
1 a 1 1 1 1 -2
f11 =3 X3 [ 2 =X XTE Tt 4 42 (3-n)° x
a ca
2, 142
1 + d1 (1-‘-2-) ‘}] + é
EcbIb chIx s E Ast
—_ n
a.° d 2(3—n)2 ua,° (1-”—;)2 2c
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°F 111 T3 |TE E L E_ 1 s st
a ca cb cx X

Now, in the right hand side of the above equation the first
two terms are negligible compared to the third and fourth terms,
because Ia and Ib are much greater than Ix’ and hence, for all

practical purposes, those two terms can be neglected,

Thus 3 2 (1 _.3)2 2c
£ = 2y 1 2 +
11 3 Ecx IX Esrstbd1
2 n\2
_a d, 1 2) . x
3 Ecx x 1 bad > 35 Esrst bd1
12 1
a3
where Ix = 3 bd1 n
ba (1~ 2)2 x
= _:23_ + m ssaceece 6'501
E kdn s st 1
cx 1
Similarly,
a d1 a 0'2 1
_ 3 2 _ 2 e
ch
02 .
— i - b f —
pa(-BH T Taxe2 1
1 P E I )

cX X
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d,(3-n) qu . (1- g> Nd,

4,8 [ {4 x L* (1 - 1) 1 2 (1 n)}]
++ X = 2 - +
2L Lcb Ib Ecx Ix

Again neglecting the first two terms inside the brackets,

——d ._...1__.... i3 a - £
Uy =*3 Xax g5 X d1(1 - 2)(Q brqfyq > )+
exX x
1\1c112 = _
ax —s (1 ~-§)(1 - n)
3 By Ix
a(1 - %& 2 Ny 2
°r %Mo 3B I [ (Qa - brof 37 - 21 (1 - n)1
o
bstituti lue of T =4 bd - 7
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a(1 - 3) x 12 2 1\1c112 _
u = - d.(Qabr f =) - — (1 - n)]
10 3 Fc x bd13 n3 { 1 T yq 2 2
ba (1 - &) Qw
N -—
L"]O = . 3 [Q% — 'é-'% —E(" - n)J 000.69502
Ec x bd.n 1 1
where Q‘w br f c
1
’].’hu.'sFJc = - _f’I_O_
s 11 _
ba (1-3) . o, o
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e s F = 1 1 2 1
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B xbd,‘n Esrstbd’l
a-2 Q2 Sog Yau-m
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Equating for horizontal equilibrium -

2
F,+N=F - and F__ = 2.2 U cyl® n bd, from the
st ce cc 1

assumed stress block

o
1t el & e Ny
—3 a, 2 4, 73 2
L + N=F =2.,27Ucyl’nbd
(1_2)2 cC 1
2 . c/a
35 2rSt Es
i3
CcxX
n
-2 O NI BT
=3 q, 2 d, " 2 2 _
or — =2.2Ucyl’ n bd, - N
(1-5°
2 N c/a
;5 2r t fg
SV E
cxX
a Qw c N —
T -3z 3 -~z -m - -~
or  — ! - (-, eax
22Uc1‘§""bd - N 2 £ n
2 0 et o, gt (-3
CX

1 ; N - £ -
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From the equation of rotational equilibrium
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Bs 1
N 2rstf_ (’I-E')
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Since the modulus of elasticity of concrete is varying,
and at the ultimate stage is much smaller than at earlier
stages, and considering the secant modulus at a strain of
0.002 (an "elastic' one) and at strain of 0.0035. (fig. 105)

E _ at vultimate stage
cx

3 o
_2.72 Ueyl® | 2,72 U cyl 0.002
= =0.00%5 = 0.002 ~ X 0.00%35 = Too X 0:571

Substituting value of Ecx

\/ 0.18 Es <2 4 1x N/bd1
2
0.571 st E co © 2.2 U cyl?

N/bd1
0.31C: X - +‘% X — 2 coeensces 6.5-5
2.2 U cyl’ ‘

=

where m

n
mlm

» 5 + ﬁ-byl s Ucyl in N and mm units

In the above expression, unless the value of ¢ is known n
cannot be estimated. So in order to find an expression for c,
the equation of moment equilibrium will be differentiated with
respect to 'c' so that the plane of weakest resistance is
ascertained.

The equation of moment equilibrium gives -
2
_ £ - c 4 N
M=2.2Ucyl° n bdqla + brqg ﬁyq 5 - N(d1 - 2), considering

moments about the centre of tensile steel below the point load.

Substituting the value of .

» E o N/bd1

M=2.2Ucy13[ 315 rst 4 X=+ 3 x ,a]
s C 3
co 2.2 U cyl

2
c d
bd, la + brafyq 5 - N(d,l - 3)
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Assuming the lever arm to be independent of 'e' and

differentiating the moment with respect to 'c' and equating the

derivative to zero for minimum strength -
E 3
2
%% = 2.2 U cyl’ [\/°315 rst-EE ax (-%cdgv]bdqla + brgfygc = O
co
2 E %
or 2.2 U cyl’ bdla [.315 rst z= a x § x ¢ © = brafyq c.
co
3/2

Multiplying both orders by ¢ and cancelling b from both sides

E
2.2 U cylg d,la \/.315 rst EE a x4 = rqgfyq c5/2
cO

E
T o 2.2 U oyl® d,la \j,315 rst 3= a

o a c = (vav)

2 rafyq

E
4 la S a
2.2 Ucyl® =— x J.315 rst — x =
or O% )5/2 = d1 Eco d1
1

2 rq fyq

diving both sides of the equation by d?/a.

.|

£ 1a Es
1 2.2 U cyl” T «315 rst T X
= 0.b 1 co g oseb05.6

1 /\\\\\ 2 rafyq

ajo

The increase of neutral axis depth due to axial load
predicted by equation 6.5.5 is inadequate in comparison with the
results of beams tested during this investigation. As a result
it is found that the ultimate loads predicted by the above

equation of neutral axis depth are conservative with axial
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compression while beams with axial tension 2r¢ found to be
unsafe.

In fact, with the application of the axial tension -
vertical cracks frrm along the beam at certain intervals.
These cracks definitely reduce the stiffness of the beam. 1In
a section, when a vertical crack due to tension is fully
formed, the only means of shear transfer across the crack
are due to interlock and dowel action of tensile steel.

On the other hand, beams with axial compression are
stiffer and without any vertical cracks.

So equation 6.5.5 is modified empirically so as to fit
the test results.

Thus the equation oflneutral axis depth taking the effect

of axial load into account becomes :

_ ES a N/bd1
n = 00315 I‘St _E:— -E + % scoe 6.5.7
co 2.2 U eyl
If the crack extends over the whole . ~ shear span, then

¢ = a, in that case

[ E_ N/bd,
J 0.%315 rst T +

o8 o 6.5.8
co 2.2 U cylg

n =

when N is +ve for compression

6.6 Shear carried by dowel action of tensile steel

There is sufficient evidence that dowel action of the

tensile steel can be significant if the distance between the
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tail of the diagonal crack and the support is very small.

7

Bavmann’ carried out a large number of tests which are
described in Chapter 5. His dowel cracking equation
Qdcr = K Ut bnlc

based on test results cannot be accepted for the prediction
of maximum dowel forces when the inclined crack extends to
the support plate, which is the case in beams with short shear
spans. However, his values of the bearing length lc can be
taken to be applicable.

When shear compression failure takes place, the tail of
the inclined érack extends to the face of the support plate.
Thus the reaction from the support and the downward force due

to the dowel action cause the concrete inbetween to crush and

not to fail in tension. (see fig. 108). The bearing area = nflc,

where lc = dis the bearing length
n = number of bars in one layer
@ = diameter of bars.

After evaluation of Q neglecting the dowel force, the

ultimate load can be found out by adding the dowel force

i.e. G ult = Qgg Qd.
The compressive stress due to dowel force on the concrete
. &
—I@Ie 000000.6000.060601
Assuming at the time of failure, the compressive stress

in the concrete is equal to K Uw,

where K is constant,
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Fc2 J o Cross section of
dowel beam

(a)

STRESS IN CONCRETE DUE TO DOWEL SHEAR AT THE
LEVEL OF TENSILE STEEL (BAUMANN )
FI1G.107.

Concrete in compressicn
Support plate

DOWEL ACTION IN SHORT BEAMS. FIG. 108-

- - - T- - T -1
: | | : :
!
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1 1 I
-1 Nl i
1 {critical crack \ ?
l— ¢ — fqlyq
a — concrete thrust
Fst

INTERNAL FORCES OF A BEAM WITH STIRRUPS AFTER
CRACKED IN FLEXURE AND SHEAR. FIG. 109.
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then n%%e = K Uw

or Qd = Kanﬁ lC eeo00pO0ecGO0 RO 6.6-2

.
Substituting the value of 1¢ = 6.6 @/Uw>, (after Baumann)

a
Qd = KUvn®x 6.6 8/Uw

Qd g 2

bd1 = K, ij n g /bd1 » where K, is a constant

K2 U cyl§ n ﬁz/bd1 where K2 is a new constant,

and U cyl = 0.8 Uw.

A

2 I
=a 3 St =
or = K, Ucyl” x bd1 X T

bd 2

=K, U cyl§ rst
3
where K3 is a constant and is found to be $.0 in N and
mm units (from beam tests by considering differences between

Q ult and Q sc) giving

Qd/bd1 = 5.0rst U cylg cecccnecane DbB.3

Equation 6.6.3 is applicable for a single layer of
reinforcement and only in case of shear compression failure
where the inclined crack extends to the edge of the support
plate. The members must be supported on the bottom faces.

An estimate of Qd with reinforcement arranged in more than
one layer can be made provided the bearing length lc is modified

according to Baumann's equation.
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After evaluation of Qd/bdq, the strength of a beam
failing im shear compression with the inclined crack extending

over the whole shear span,can be obtained from the following

equation
0 ult = Qsc + Qd
or Q ult/bd =22Ucy1%-£ 2B, £ . N
1 * a q ya de- 1
d
(4, - =) Qd
-."‘L__Z‘- + bd .ooooo.oo.o6o6-q’
a 4

Equation 6.6.4 is applicable to beams failing in shear
compression subject to axial load and with or without web
reinforcement.

If the inclined crack does not extend to the support
even though the failure is by shear compression the above
analysis for dowel force will not be valid. As mentioned
earlier, in that case, the over estimation of the effect of

web reinforcement will account for the dowel force.

6.7 Transition from diagonal tension or shearing failure

to shear compression failure

a) Diagonal tension failure to shear compression

Equation 6.6.4 is based on'the assumption that arching
must take place in beams; and ~rching becomes important after
the breakdown of beam action i.e. after shear cracking. 1In
order to predict shear strength of a beam, the first step is

to calculate its shear cracking load applying equations 6.2.10
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and 6.2.11. Then applying equation 6.6.4k. Ultimate strength

of the beam can be found out. If the strength predicted by
equation 6.6.4 (based on arch action) is less than the shear
cracking strength, the beam would fail at shear cracking load.
This implies that arching is not possible in this particular
beam. Similarly, if the ultimate strength predicted by
equation 6.6.4 is higher than the shear cracking strength, the
beam would sustain additional load after shear cracking implying
that arching is possible in this case.

So in order to predict shear strengths of beams without
web reinforcement, the strengths by both these equations
should be calculated and the higher predicted strength be
considered as the true strength.

¥) Shearing failure to shear compression

In beams with web reinforcement, it is believed loads
at different stages are carried by a number of mechanisms,
firstly, by the beam action until shear cracking, following
shear cracking by the truss action comprising of the web rein-
forcement and concrete compressive thrusts. In the short beams,
the load is transferred to the support, primarily by the arch
action. Beams with long shear spans fail after the breakdown
of the indeterminate truss action following yielding of the
web reinforcement. Since thereis little scope for the arch
action to develop, the beam fails by stearing of the concrete
compressive zone. On the other hand, in the beams with short
shear spans, arching can take place and additional loads can
be sustained.

In order to predict ultimate shear strengths equations
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,Equation 6.6.4.(Shear compression Failure)

Equation 6.4.8,
(Shearing Failure)

b S
— e e -

Equation 6.6.4 without web reinforcement
(Shear compression Failure)

Equation 6.2.10.or 6.2.11.

TTm s —— o O\ (Shear cracking/Diagonal Tension
T~ o Failure)

M/Qd, ratios

TRANSITION OF THE FAILURE MODES FOR VARYING
M/Qd, RATIOS. FIG. 110, ‘
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6.4.8 and 6.6.4 can be applied within the limitations laid down.
As already explained, the true shear strength of a beam will

be the maximum value of the two predicted by the equations.

This again does not imply that shear compression strength in
long beams is less than shearing strength but it implies that
arching cannot occur in such beams as the load which can be
carried by this action is smaller than the applied load and
this is the reason why failure is sudden.

6.8 Proposed Theory on Bond Failure

When a beam is loaded the longitudinal steel is stressed
and the resulting forces must be transferred to the surrounding
concrete by bond or mechanical anchorage.

According to flexural theory, bond force per unit length

f Q

b = Ta covooeneos 608u1

Equation 6.8.1 does not consider the effect of shear
cracking and thus suggests a rectangular bond stress distribution
when @ is constant, which is not true once shear cracking occurs.
Because of the formation of the shear crack, the ability of
the web to transmit bond to the compressive zone is lost.

A separate annlysis is presented below considering the
effect of shear cracking on bond,

Considering only a part of a beam, already cracked in
shear, and from the observations during the investigation
presented in this thesis, it is assumed that near the load
the flexural and shear cracks tend to radiate from a point
close to the load point as shown in fig. 109.

In a beam with web reinforcement the variation in steel

stress is due to the inclined compressed struts of concrete



27,

in the web.
Thus the bond force per unit length

:'-br f COt Q on-o-nu-ooosoguz
9 yq

where © is the inclination of the shear cracks.

In the calculation of stirrup forces, the yield stress
is used on the assumption that stirrups will attain yield stress
prior to bond failure (B25 - fig. L42).

Now the steel stress at a distance of 'c¢' from the
support (¢ = distance between the tail of the inclined crack

and the end of the radial zone)

Fue . & ¢
St —_ 151 - brquq 21a o®coDd 60803

The above equation is obtained considering moments about
the C.G., of the compressive force.

So the net teonsile force left over at the section of zero

moment o
FstanCh = Fstc - .ji: brafyg Cot ©
5 a
or FstaDCh = -%% - brafyq 5, - ;E;'brquq Cot ©  easoab.8.l
c

The value of Cot © is determined on basis of test evidence
and it secems reasonable to assume Cot © = 2 for the present

analysis, ie. ¢ = 2d1

Hence equation 6.8.4 gives

q 2

anch _ Qa 1
F, =3= - 2brafyq 3 - 2brafyg (a—2d1) cacocs 085
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The above equation predicts the tensile force to be
anchored beyond the section of zero moment. The bond strength
of a beam depends on a number of wariables, such as anchorage
length, concrete strength, concrete cover, web reinforcement
and diameter of the bérs if well-deformed bars are used,

Plain round bars might develop only smaller anchorage forces
and fail by pull-out in which case the parameters would not
include cover and web reinforcement.

From equation 6.8.5 the anchorage force can be equated
to the resistance (in case of well-deformed bars only).

F anch = F [ n 8, U cyl, cover, L, stirrups]
.acoo.6-806

From the tests reported in Chapter 5, the following
information can be used,
1. Bond strength increases with increasing concrete strength;
and is found to be proportional to the square root of cylinder
strength of concrete (U cyl K 50 N/mma).
2. Bond strength also increases with increase in concrete
cover, the increase in strength is marked until about<% = 2.
The plot of-% suggests that bond strength is proportional
to the square root of-% N
‘3. Bond strength is improved with increase in anchorage length.
But it does not go on increasing for a very long length, which
means there is a 1limit to the anchorage length. Test results
show that if an anchorage length is increased beyond about
30 @ , the gain in strength is negligible. Thus, the limit

to useful anchorage length may be assumed to be 30 g °
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4, Stirrups have a beneficial effect on the bond strength.
5. With increasing bar diameter, the magnitude of the
anchorage force is increased.

Using this information and'assumptions equation 6.8.6

can be written as

% " 1 1=L
F anch = K [n'ﬂ’ B U cyl®L (5)2 + Z brquq:l cosebeBa7

1=0
where @ = Diameter of bars
n = DNumber of bars
U cyl = Cylinder strength of concrete L 50 N/mm2
L = Anchorage length $'30 o}
¢ = Concrete clear cover Q( 28
rq = Ratio of area of stirrups (Ag/bs)
fyq = Yield or proof stress of stirrup steel.
K = Constant

Equating Fst to be anchored and the resistance offered by
equation 6.8.7 the ultimate load corresponding to bond failure
can be obtained.

Evaluating the constant K from test results of beams failing
in bond, K is found to be 0,55 in N and mm units (see Chapter 7).

Thus resistance against bond failure offer-ed by concrete

and web reinforcement

1=L
1 1 <
Fonch _ 0.55 [n'ﬂ U cylﬁL(%)z + Z brquq] aeessb.8.8.
1=0

Equating equations 6.8.5 and 6.8.8
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% " 1
1= - 2brafyq g - 2 brafyq (a-2d4,) = 0.55 [nmé U cyl?_L(B)e

1=L
Z brquq] .
1=0
d 2d
& _ . 2 C%] [ 1 —
or 7= = 0.55[n1r;z5 U cyl®L (5) + rofyq | 2 bd, 3 + 2ba (1 - ) +
0.55 bIJ
Therefore, average bond stress
Q brgofyg 2d
—_ . . 2 (= 3 — - —_
O —055Ucyl()x() —‘LV;L[eax +2 (1 )+
)
0055 a coeececoeo 60809
and when ¢ = a,
Q - 2L % brof [ .E]'
S = 055 U eyl?(Dx(7 + ZLIL [ 2 4055 2 2+26.8.10
where ¥0 = perimeter of the bars
= nffy

and la = internal (flexural) lever arm.
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6.9 Treatment of a section at the point of contraflexure

when subject to axXial force

A section at the point of contraflexure appears to be most
vulnerable in shear with axial tension, if the transference of
shear across the vertical crack by interlock and dowel action
of the tensile steel are.not recognised. In fact in such a
case aggregate interlock becomes most effective depending on
the width of the crack. Due to the presence of the longitudinal
steel at top and bottom, compressive force is induced between
the two cracked surfaces as soon as any slip occurs. This is
due to the tensile stress produced in steel when loaded. This
fact is recognised by IVlzrttock’]9 and he suggested that under
similar circumstances the shear-friction theory can be used
to predict shear transfer across preformed cracks by interlock.

The maximum amount of shear that can be transferred is
governed by three criteria
1) magnitude of Asfy;
where As = area of longitudinal steel crossing the crack at

right angles.

fy = yield stress of longitudinal steel,
2) concrete strength, and
%) the external axial load.

Since after the formation of the vertical crack, the

cohesive strength of concrete is zero, @ can be written as

Q = (Asfy + N) 'tal'l ﬁ 000000609.1
where § = External shear force
As = Area of longitudinal steel perpendicular to crack.



and Tan ¥ = Coefficient of friction.

Mast 0 proposed that tan @ be taken equal to 194, and Mattock
also used this value of tan @ for predicting shear transfer across
cracks. Test results (sce Chapter 5) suggest an even higher value
of tan @ than 1.4, but this value is retained to be on the safe
side.

Failure may occur before the longitudinal steel attains yiela
stress if the ratio of reinforcement is high. For this reason,
Mast put a limit to the value of %% fy tan @ = 0.15 U cyl,
for members without axial forces.

Mattock believes shear-friction theory gives a conservative
estimate of the shear that can be transferred across a preformed

crack if tan @ is assumed to be equal to 1.4. His limit to the

value of ﬂ%%l tan @ is 0.15 U cyl or 4.2 N/mm2 (600 psi) whichever
is less.

So long as there is no web reinforcement, shear transfer due to
dowel action is of little significance, But if web reinforcement
is present, dowel action is considerably improved provided there
are shear and dowel cracks. The shear and dowel cracks will stress
the stirrups and thus eﬁable the dowel action to pick up more load.

Besides, in the early stages, most of the shear force is
transferred by interlock. When the external load is high, an
inclined crack may form independent of the preformed crack and
thus brings the stirrups into action. In fact, in none of the
beams tested with axial tension were any inclined cracks formed.

Even neglecting the dowel action of the longitudinal steel,

a much hiéher strenéth of a section aﬁ the point of contraflexure

can be attained if one recognises the shear transfer by interlock.
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Mattock's limit of strength of a section at point of
contraflexure of 4.2 N/mm2 (600 psi) or 0.15 U cyl is
found to be much higher than that of any other section
predicted by other theories. Hence, the possibility of
failure at the section at point of contraflexure is remote.
Thus, the strength of a section at point of contraflexure
of a beam when subject to axial tension can be obtained from

the following equation based on shear friction theory

9 s 2 .
SE: = Gz fy+ N) tan § , K 0.15 U eyl or 4.2 N/mm” (600 psi)

% fy + N) x 1.4, £ 0.15 U cyl or 4.2 N/mm2 (600 psi)

whichever is smaller.
where N is +ve for tension

So far as axial compression is concerned, the section at
the point of contraflexure can be said to be the strongest
section without reservation since the whole of the section is
effective in resisting shear. This is supported by test
evidence as not a single sign of distress was observed at such
sections during the testing of beams with axial compression.
-So an analysis at the section so far as shear is concerned

is believed to be unwanted.
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CHAPTER 7

COMPARISON OF TEST RESULTS WITH DIFFERENT THEORIES:

7.1 Shear scracking/diagonal tension fmsilure of simply supported

point-loaded rectangular beams with a/d,I D 2.5

In this chapter, only those theories taking account of axial
load in addition to bending and shear are considered.

Four equations including the author's are compared with the test
results of a number of investigators and the results are given in
tables - 12~18.

A1l four equations have been mentioned earlier.. The author's
equation to predict shear cracking/diagonal tension failure loads
is given in Chapter 6, whercas the ACI-ASCE Committee (%26) equation,
Mattock's modified ACI-318-63 equation and the CEB method are
reviewed in Chapter 3. All these four equations predict shear
cracking loads and failure loads in the case of beams failing in

diagonal tension.

Author's equations:

The proposed approach gives the shear cracking load

N/
Ut + 0.0h k —3a
r mrst N
%g_ - M/ , where the /Q ratio is
L 1.35 + 0.0 %4
mrst

not constant.

In cases when N/Q is constant,

Ser _ Ut
M/Qd1 _ N/Q)

1
mrst

®

o

1.35 + 0.0k (
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where
Ut = tensile strength of concrete = 0.47/Ucyl in N/hm2
and N is +ve for compression.

All other parameters are as explained in Chapter 6.

~0
m = 5+ - in N/hmz units
Ucyl
_ d . . _ 7/ .
k = (Ea— +3 -1 and j = /8 (imternal lever arm factor).
Jl

The M/Qd1 ratio is to be considered at a section of distance d1

from the loaded section if a 2 2d1,

ACI-ASCE Committee (326) equation:

The equation proposed by ACI-ASCE Committee =~ ~ to predict

shear cracking loads is

ad,

N/
ﬁ—:—ﬁﬁa: 6 2,5 [Ucyl(1 + 0.002 bd?

e _ 4,9fUcyl + 2500 rst.
bd,

in 1bs and inch units.

The value of M/Qd1 at a section distance d1 from the loaded

section is to be used in the equation so long as a > 2d1.

Mattock's (modified ACI-318-63) equation:

The original ACI equation for prestressed beams is modified by

Mattock and is given as

N d
(6f/Ucyl + /ba - %a-)

0,036 I

Qer | _ L
bd, " (1.75 ==+ 4.0 mrst)/Ucyl + (y . —
('Q - 3 bd,

& (3.5fcy1 + 0.3 Vo)

in 1bs and inch units.
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where m = 29’000’000/(w1'533]ﬁz§i)
w = unit weight of concrete
I = Second moment of area of the section.
y = distance from the C.G. of the section to the

outer most fibre.
N = axial force, +ve for compression

Qd = Dead load shear.

u ratio is at the loaded section.

Q
Although Mattock considered the M/Q ratio at the edge of the
loading plate, because of the complications arising from the unknown
loading plate dimensions, the M/Q ratio is here considered at the
loaded section.
The contribution of dead load shear is ignored in all cases.
Mattock's other equation is not compared because of the condition

imposed on it regarding ratio of tensile steel.

CEB equation :

The last equation is that of the CEB. In fact, the CEB does
not recommend the design of any beams without web reinforcement.

For comparison, the ordinary ultimate equation of the CEB is
modified by ignoring the contribution of web reinforcement, on the
assumption that after shear cracking, the additional shear is carried
by web reinforcement. Thus neglec¢ing the web reinforcement term,

the CEB equation becomes -

8 5.1875fUcyl (1 + 2 N/bd1)(o Ast
od, - O 75f Uey * 2T 00 T PP e,

for beams with axial compression, in N and mm units.

N/

bd

and Qer 1 Ast
od, = 0.1875]Ucy1 (1 -6 ToyT ) (0.5 + 33 va,

for beams with axial tension, in N and mm units.
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In both cases (0.5 + 33 §E§i K 1 and in both the constants

have been increased from "design' to ultimate values.

Tables 13-18 summarise the test results of a number of
investigators (Mattock,'Mukhopadhyay, De Cossio and Siess) of 63%
simply supported beams giving the ratio Qclac/Qtest for each of the
four equations considered for comparison. Only results of series
of beams without web reinforcement and subjected to axial loads
(tension and ccrpression) are considered. Because of the uncertainty
of assessing the shear cracking load of a beam with web reinforcement
accurately, no such test results are included in the comparison.

None of the beams had compression reinforcement. |

A1l beams excepting those of Mukhopadhyay had widths greater
than or equal to 152 mm (6"). Mikhopadhyay's beams had a width
equal to 127 mm (5").

" The beams were .loaded directly on the top and supported at the
“bottom. In no case was any tensile reinforcement curtailed.

The statistical analysis of the comparisons obtained for test

resilts of each investigator and then for all beams together are given

in the following table 12.
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Table 12. Statistical comparison of QcalC/Qtest values of simply

supported beams without web reinforcement.

Name of Values of No. of | Proposed | ACI-ASCE| Mattock's| CEB
Investigator test theory equation| equation equation
results
Qcalc
Mean of »@Eggt 31 0.89 0.76 0.90 0.72
Mattock Standard - 0,101 0.153 | 0.124 0.1l
deviation
Coefficient of
Variation - 0,113 0,201 0.137 0,200
Mean of 32228 | 23 0.99 0.77 | 0.99 0.80
Qtest ) i
Hukhopadhyay Standard - 0,11 0.086 | 0.126 0.125
deviation
Coefficient of 6
Variation 0.111 0.112 0.127 0.15
Mean of 2C2LC [ 4 0.87 071 0.90 0.76
Qtest
. Standard
De Cossio and deviation - 0.105 0.087 0.142 0.137
Siess "
Cocfficient off  _ 0,120 0.122 | 0.157 0.180
variation
Mean of S521C | ¢, 0.92 0.76 0.9% 0.75
Qtest ° ° °
ALl Standard - 0. 11k 0,126 |  0.133 0.140
deviation
together
Coefficient oi
Variation - 0.124 0. 165 0. 143 0. 187




Table 13: Shear cracking/Diagonal tension failure of simple supported

single~point loaded rectangular beams with a/d,| > 2.5.

(AeHo I‘Tattock) ° 36

= 254 mm (10")

b = 152 mm (6"), = 305 mm (12")
Beam Ucyl é/d rst% N/bd1 Qtest/bd
No. iy 2 ! Ny 2 Ny 2
1 17.1 3 1.03 0 0.9%4
2 15.5 3 1.03 +1457 1,06
3 6.9 3 1,03 0 Tol41
b 46.2 3 1.03 ~0.74 1,15
5 16.1 3 2,07 ~067k 0.86
6 184 3 2.07 +1.57 1039
7 1745 > 2,07 +3431 155
8 43,7 3 2.07 +1.57 2.39
9 418.0 3 2.07 +3.31 2.72
10 18.6 3 3,10 0 10145
11 15.3 3 3,10 ~1.57 1,09
12 16.2 3 3.10 +1.57 1.60
13 49,80 3 3.10 +1,57 2.30
Y 49.0 3 3,10 +3.31 2.87
15 25.9 5.4 1,03 0 0.80
16 30.40 S5elt 1.03 ~1.2h 0.72
17 27.80 5.k 1.03 +3.31 0.98
18 18.10 5.4 2,07 0 0.92
19 18.50 5okt 2,07 -0.7k 1.03
20 48.30 5.k 2.07 -0.74 1,49
21 50.60 5.4 2,07 -1.57 1.47
22 16.10 5okt 3,10 0 1.03
23 18.50 5ol 3.10 -0.74 1.09
2k 29.2 5.4 3410 0 1036
25 27.6 5.4 3.10 1.2k 1032
26 28,9 Solt 3.10 -2.06 1.09
27 30.6 5.k 3.10 +1,66 1.38
28 2h.3 5.k 3410 +3031 1036
29 53.20 5.k 3210 -0.74 1.72
30 55.20 5.4 3,10 +1.57 172
31 527 5.4 3210 +3431 1.72
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Table 1k Cémparisqn of-Q¢§lc/Qtest values of simply supported

single point loaded rectangulér beams with_a/d1 > 2.5.

(A.H. Matt_ock)36

A
-

ale/orest | :
Beam Pfoposed-theory ACI-ASCE Mattock's equation ‘CEB equation
‘No. equation ‘ '
1 0.93 0.79 0.88 0.69
2 0-94 0.72 0.87 0.70
3 0.88 0.83 0.81 0.77
4 1.02 1.00 0.94 0.84
5 1420 0,91 1,10 0.63
6 0.88 0.66 0.85 0.68
7 . 0.84 0.66 0.8 0.70
8 0.72 0.52 0.64 0.56
9 0.70 0.49 0.64 0.54
10 0.85 0.66 0.84 0.56
1 0.99 0.75 0.68* ; 0.63
12 0.77 0.61 0.81 0.56
13 0.86 0.63 0.79 0.61
14 0.70 0.51 0.70 . 0.52
15 0.8k 1.05 1.03; 1.00
16 0.86 1.25 1ok 0.91
17 0.93 0.91 1,ob 1.05
18 0.9k 0.82 1.0 ' 0.87
19 0.81 0.73 0.90 0.60
20 0.80 0.79 0.85 0.80
21 0.79 0.81 0.86 0.74
22 0.94 0.7k S 1.0k 0.73
23 0.91 0.77 1.00 0.56
2L 0,88 0.72 0.94 0.75
25 0.85 0.71 0.92 - 0.55
26 1,02 0.87. 0.95* 0.53
27 - 0.93 0.73 0.99 0.83
28 0.92 0.69 0.99 0.87
29 0.87 0.74 0.88 0.73
30 0.9k 0.76 0.95 0.86
0.97 : 0.89

* upper limit onc‘r/bd1

0.7

~0.98



Table 15. Shear cracking/Diagonal tension failure of simply supported

two-point. loaded rectangular beams with a/d,l > 2.5

(M. Mukhopadhyay)a g
b = 1272 mm (5"), 4 = 254 mm (10"
Beam lNo. Ucyl d, | /4, rstd N/bd1 Qtest/, o

N/ﬁmZ man N/mmZ N/ﬁmZ

A 22.6 218 3,27 2.8 o) 1432

ALy 25.2 218 3027 2.8 1.08 1,64

A13 21. k4 218 327 2.8 1,80 1,37

By 22.5 218 3,27 2.8 2.53 1a52

B, 21.6 218 3.7k 2.8 0 1,05

B, 18.0 218 3,74 2.8 1,08 0.97

By 22.80 218 3e7k 2.8 1.80 1436

B, 16,70 218 37k 2.8 2.53 1.01

Co1 21,40 218 4,90 2.8 0 1.28

3 17.30 218 4.90 2.8 1.80 0.93

Co 24.30 218 4,90 2.8 2.53 1,29

B, 18.30 220.7 3,46 2.09 0 1.06

B, 16.10 220.7 | 3.46 2.09 1.07 0.99

By 17.00 220.7 3.46 2.09 1.78 1.11
B), 16,40 220.7 | 3.46 2.09 2.49 1.11
C, 17.90 220.7 L4s61 2,09 0 1.27

C, 19,70 220.7 he61 2,09 1,07 1.10

Cy 18.60 220.7' 4,67 2,09 1.78 1,03

C, 19.40 220.7 L4e6 2,09 2.49 0.99

A, 1730 220.7 | 2.76 2.09 0 1.15
A, 17.30 220.7 2.76 2.09 1,07 1034
Ay 14,30 220.7 | 2.76 2.09 1478 1419
A, 14,80 220.7 | 2.76 2,09 2.49 1637
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Table 16, Comparison of Qcalc/Qtest values of simply supported two
point loaded rectangular beams with a/d1 > 265

(M. Mukhopadhyay)39

Qoale/otest |
Beam Proposed theory ACI-ASCE Mattock's equation CEB
No, equation equation
Alq 0.97 0.73 0.92 0.68
A12 0.85 0.63% 0.82 0.62
A13 0.97 0.74 0.97 0.74
.Aqu 0.92 0.70 | 0.92 0.72
qu 1.1 0.87 : 1612 0.83
B, 1.19 0.92 1.2 0.92
313 0.96 0.72 0.96 0.76
B1u 1617 0.9k 1023 0.99
Ci1 0.84 0.67 0.89 . 0.68
013 1.4 0.88 1423 1,01
c,]br 0.96 0.73 0.98 0.87
B, 1.01 0.78 0.96 0.76
B2 1,08 0.83 1.05 0.86
B3 1.02 0.77 0.99 0.84
Bu ' 1.03 0.80 1,02 0.89
C, 0.74 - 0.60 . 0.75 0.62
C, 0.92 0.7k 0.94 0.8L
03 1,Qo 0.78 1.02 0.94
Cu 1.09 ' 0.86 1.13 1,05
A1 0.99 0.75 0.91 ; 0.68
A, 0.89 0.68 0.84 0.65
A3 0.96 0.78 0.95 0.75
Au 0.88 0.72 0.88 0.70




Table 17.

Shear cracking/Diagonal tension failure of simply supported
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single point loaded rectangular (stub) beams with a/d1 > 2.5

(De Cossio and Siess)qq.

b = 152 mm (6"™), d = 305 mm (12") and d, =

Beam Ueyl rsto */a, N/ba T/ va,
No. N/mm2 N/mm2 N/}Ilm2
B-2 28.5 1.0 3 +2.3 1470
B-3 26.3 1.0 L +2.3 1.25
| B4 28.3 1.0 5 +243 1.09
B-12 27.1 3.33 3 +2.3 194
B-13 27.9 333 i +2.3 1,60
B-1lL 29.3 3.33 5 +2.3 1e37
B-15 28.4 3.33 6 +263 1.21

Table 18. Comparison of Qcalc/Qtest values for simply supported (stub)

beams subject to single point load.

(De Cossio and Siess).11

Qealc/ny oot
Beam Proposed theory ACT-ASCE Mattock's CEB
No. equation equation equation
B-2 0.71 - 0.57 0.68 0.57
B-3 0.82 0.71 0,81 0.75
B-4 0.81 0,83 0,87 0.88
B-12 0.81 0.6l 0.82 0.59
B-13 0.91 0.68 0.93 0.72
B-1h4 0.99 0.76 1.05 0.86
B-15 1.03 0.81 1013 0.96

254 mm (10')
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7.2 Shear cracking/DiagonaiQféﬁsibn failure of restrained and knee

frame point-loaded rectangular beams with M/Qdd > 2450

T

The four équations uSéﬁvtq‘predict shear cracking/Diagonal

tension faildréhloads in th?*@réceeding-section can be. applied to

the members of this sectionf@ithout modification ?xcept that the

cross-section to be

conside?ed is atﬁgédiétance d, (or d1/2) from

the support instead of the load.

Table 19 gives

the different equations.

.a comparison of a number of ﬁesf'results with

Table 19. Statistical comparison of QCalC/Qtest values of knee

rame and restrained beams.

Investigeor Values of [No. of |Proposed [ ACI-\SCE |[Mattock's | CEB
test theory |equation }equation | equation
results

Qecalce
Mean of +2F1 18 0.99 0.79 0.93 0.82
M 4 Standard
orrow an deviation - 0.090 0,070 0,098 0.127
Viest Coeff. of
(knee frames) variation - 0.091 0.090 0.106 0.154
gpalc 1 6
Mean of QEEEE 15 1.07 0.88 0.9 - 0O. L
Sayani Standard
(Restrained |deviation - 0.101 0.16 0.085 0.157
Beans) Coeff. of
variation - 0.094 0.182 0.093 0.245
) gcalc
Mean of Qtest 33 - 1.02 0.83% 0,92 0.74

Morrow and Standard

Viest and deviation - 0,103 0.127 0.093% 0.167

Sayani Coeff. of

_variation - 0.101 0.153 0.101 0.226
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Table 20. Shear cracking/Diagonal tension failure of restrained (knee

frame) point loaded rectangular beams with M/Qd1 > 2.5

(Morrow and Viest)38,

Beam | b | 4, | a fveyl | ety |Mea | Vo |
No. mm mm mm N/mm2 N/hm2
F38B2 305 262 | 419 | 12.4 1,91 2.71 1.0 1.01

38E, | 305 | 368 [ 419 | 11 | 0.50 | 2.66 1.0 0.88
F38Bh 305 375 | 416 | 3.4 1.84 2.62 1.0 1.52
38D4 305 381 1 k16 | 26.9 1.32 2.57 1.0 | 1.k
38E4 305 378 | 419 | 32.2 0N 2.60 1.0 1.28
F28Ac | 205 | 356 | 419 | 45.6 | 2.91 | 2.76 1.0 2:19
3836 305 381 | 419 | 41.6 1.81 2.57 1.0 1471
F55B, | 305 | 368 | 419 | 11.9 | 1.88 | 3.83 1,0 0.84
F55A), | 205 | 372 | 419 | 26.4 | 1.98 | 3.80 1.0 1.32
55B, | 305 381 | 419 | 29.5 1.81 371 1.0 1.08
55D, | 305 3811 410 | 25.6 145 3.7 1.0 1.08
558, | 305 387 | 429 28.4 0,94 3.6k 1.0 1.10
F55A¢ | 305 | 350 | 419| 42.0 | 3.32 | L.Ok 1.0 1.77
55Bg | 305 368 | 419 u43.7 1.88 3.83 1.0 1.26
F70B, | 305 362 419 bok 1.91 4.9 140 0.81
708, | 305 | 362| W10[ 29.0 [ 2.16 | k.91 1.0 1.25
70A¢ | 305 368 419 38.7 303k L.83 1.0 15k

F8uBu 305 375 b16| 29.7 1.8k 5,70 1.0 Te 1k




Table 21. Comparison of QCalc/Qtest values for knee frame
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rectangular members. M/Qd1 > 245
(Morrow and Viest)38.
Qeale/  vest
Beam Proposed theory ACI-ASCE Mattock's § . CEB -
No. equation equation equation
388, 1,02 0.79 0.99 0.76
38E2 0.86 0.75 0.77 0.60
388, 1,02 0.76 0.89 0.76
38D4 0.95 0.71 0.81 0.70
38E), 1,02 0.81 0,84 0.70
P38, 0.89 0.66 0.82 0.63
388 1,03 0.76 0.86 0.77
F55B, 1,06 0.8 1.03 0.88
F554,, 0.93 0.73 0.85 0.80
55B), 1016 0,92 1,07 1,01
55D), 1,02 0.85 0.91 0.53
55E), 0.87 0.83 0.83 0.79
F55, 0.95 0,70 0.94 0.75
55B¢ 117 0.93 1.09 1.0k
F70B, 1,05 0.86 1.10 1.00
704, 0.92 0.76 0.9k 0.88
70A, 0.98 0.75 0.98 0.82
F8L+BLP 0.86 0.82 0.95 0.97
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Table 22. Shear cracking/Diagonal tension failure of rectangular

Restrained beams with M/Qd1 > 2.5,

(Sayani)”8
b = 152 mm, d, = 272 mm, d = 305 mm.

Beam Ucyl M/Qd1 rst% | rsc% N/bd1 Qult/bd1
No. N /mma N /mma N /mm2
N, 31,44 2.8 1.46 1.46 0 1021
Ny 32.9 2.8 146 146 | -2.90 1,02
N, 3o bt 2.8 1.h6 1.46 -2.17 1,02
N5 32.0 2.8 1,46 146 -Teltlt 1.15
Ng 32.8 2.8 1.46 1.b6 ~1.68 1.21
N, 35.8 2.8 1.46 1.46 -3.13 1.08
Ny 311 2.8 1.46 1.46 -2.05 1.02
N, 33,4 2.8 0.97 | 0,97 | -1.81 0.91
Ny 31.6 2.8 1.46 - -0.97 1.26
N5 32.5 2.8 1.46 - -0.49 121
N.g 31,0 2.8 1.46 1.h6 -1.4 1,08
Nig 29.2 2.8 1.46 1.46 -1.92 0.97
Nog 46.2 2.8 1.46 1.46 ~1ohtlt 1,02
N, 4.7 2.8 1.46 1.46 ~1hl 0.97
Ny, 22.5 2.8 1.46 Toli6 | =1ahh 0.91
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Table 23. Comparison of QCIac/Qtest values of rectangular restrained

beams. M/Qd1 > 2.5.

(Sayani)®®
Qenle/prost
Beam Proposed.theory ACI-ASCE Mattock's CEB T 5
Noe. equation equation equation .
N, 1.07 0.85 0.93 0.85
N3 1,06 0.66 0.88 0.49
N, 1215 1,00 0.96 0.66
No 1.03 0.89 0.88 0.66 ’
N 0.98 0.84 0.83 0.60 (
N, 1,03 0.49 0.84 0.48
N, 1.10 , 0.96 0.93 | 0461
N, 1.04 1,08 0.94 0.66 -
Ny 0.97 0.80 0.83 0.66 .
N5 1,05 0.85 0.91 0.79
N.g 1,09 0.91 0.92 0.68
g 1013 0.98 0.97 0.62
Nog 1.35 1.15 1ok 1.00
N, ., 0.88 0.73 0.76 0.30
Noy, 1,13 0o 9k 0.98 10.59 -
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ilﬁQB Shear cracking of'knee frames with M/Qdﬂ { 2.5°

-

So far as shear cracking is éoncerned, all four equatibhs"
mentioned in the earlier two sections are applicable in tﬂié’casé
also. The proposed theory is nthapplicable to predict ultimate
loads. of members failing in modes other than diagonal.tension.

The remaining three equations are presumably intended to be so.

Tables 27 and 28 give a comparison of the test results of

Mérrow and Viest and Baldwin and Viest with all the equations.

Table 2k, Statistical comparison of Qcalc/Qtest (cracking) values

of knee frame members.

. i g «T'
Investigator Value of No. of | Proposed | ACI-ASCE | Mattock's | CEB
Jtest theory equation | equation | ¢quation
results
Mean of X22LC| 44 0,86 0.82 0.91 0.83
Qtest
Morrow and )
| Standard - | o.ouy 0.085 0,058 0.069
. deviation
Viest
Coeff. of - 0.051 0. 10k 0.06lk 0.083%
variation
Qealc 0.91 0.88 0.
Mean of Qtost 7 0.92 9 73
Baldwin and Standard
. deviation - 0.120 0.168 0.086 0.071
Viest , .
Coeff. of
variation - 0.131 0. 184 0,098 0.097
Mean of SSBLCI 48 0.89 0.86 0.90 0.79
: Qtest
Morrow and
Standard
- L3 ° ° OoO
Viest deviation 0.087 0. 142 0 Q72 8t
and Baldwin
Coeff. of
- o L3 o IS 1
Wand‘Viest . vgriation. 0.098 0.165 0 O§O 0.106
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Table 25. Shear failure of knee frame members with no web
reinforcement. M/Qd1 < 2456
(Morrow and Viest). d = 419 mm (16.5")
Bean | b | d4, {Ueyl |wsty| Vaa | Vo |aory, | euty,
No. N/ 2 N, 2 | N, 2
F21B2 305 | 368 | 10.74| 1.88 | 1.49 1.0 1.18 1.83
21B2R 305 | 368 | 14.101 1.88 | 1.49 1.0 1.54 2.52
21B4 305 | 368 | 29.701! 1.88 | 1.49 1.0 2.22 3,30
21B4R 305 | 368 | 29.20) 1.88 | 1.49 0 2.10 3.64
2104 305 | 368 | 26.60] 1.59 | 1.49 .0 1496 2.50
2104R 305 | 375 30.90| 1.56 | 1.49 .0 2.20 3.88
21D4 305 | 368 | 31.50| 1.22 | 1.49 .0 1096 3.96
21E4 305 | 381 | 30.70} 0.80 | 1.49 .0 1.86 3.2
21F4 205 | 368 | 30.00|0.75 | 1.49 .0 1.95 3.06
21A6 305 | %68 | 48.501 2.36 | 1.49 .0 2.52 5.61
21B; | 305 368 | 45.00{ 1.88 | 1.49 1.0 2.52 5.55
Table 26. Shear failure of knee frame members with no web
reinforcement. M/Qd1 < 2.5,
(Baldwin Jr.,Viest). = 406 mm (16")
Beam b d1 Ucyl | rst% M/Qd N/Q ch/bd Qult/bd
No. N/ 2 1 N/ 2 'l N, 2
mm mm /mm /mm /mm
2F28 205 | 368 | 28.45 | 1.86 | 1.93 0.3%3| 1.53 2.78
3F28 305 | %368 | 25.80 | 1.86 | 1.93 0.50 | 1.63 3.29
LF28 305 | %68 | 27.50 | 1.86 | 1.93 0,67 | 1.90 2.60
6F28 305 | 368 | 21.20 | 1.86 | 1.93 1.00 | 1.60 2.52
9r28 305 | 368 | 23.70 | 1.86 | 1.93 1,50 | 1.40 2.82
12F28 305 | 368 | 23.90 | 1.86 | 1.93 2,00 | 2.08 3.36
18F28 305 | 368 | 26,00 | 1.86 | 1.93 3.00 | 2.4k 2.94
12F21 305 | 368 | 30.80 | 1.83 | 1.45 2,00 | 3.39 .25
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Table 27, Comparison of QcalC/Qtest (cracking) values of knee frame

members with no web reinforcement.

(Morrow and Viest)38

M/Qd1 < 265,

Qcalc/Qtest(cracking)

Beam Proposed theory ACI-ASCE Mattock's }|r ~CEB (

No. equation equation equation

F2’IB2 0.9k 0.90 1004 0.95
21Bp 0.81 0.8k 0.95 0.85
anh 0.80 0.85 0.88 0.81
21BhrR 0.8 0.90 0.92 0.84
21Cu 0.86 0.86 0,90 0.86
21CAR 0.82 0.77 0,87 0.81
anh 0.91 0.79 0.9 0.82
21Eu 0.90 0.69 0.86 0.73
21F), 0.85 0.65 0.81 0.68
21A6 0.91 0.9k 0.97 0.88
21B6 0.86 0.82 0.90 0.85

Table 28. Comparison of QcalC/Qtest (cracking) values of

members with no web reinfacement. M/Qd1 { 2.5

(Baldwin Jr. and Viest)5.

knee frame

Qeale/niest (cracking)
Deam Proposed theory ACI-ASCE Mattock's CEB
No. equation equation equation
2F28 1.03 0.80 0.88 0.77
3r28 0.94 0.75 0.8k 0.71
LF28 0.84 0.68 0.76 0.65
6F28 0.9 0.83 0.87 0.71
oF28 11k 1025 1.06 0.88
12F28 0.80 1.02 0.85 0.68
18F28 0.78 1.07 0.93 0.70
12F21* 0.59 0.79 0.79 0.48

* Not included for statistical analysis.
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7.4 Shear failure of knee frame members without web reinforcement-

M/Qd4 < 205 Shear compression failure.

Since the ACI-ASCE and Mattock's equations are primarily
intended for the prediction of shear cracking loads, their deliberate
neglect of strength after shear cracking makes them conservative if
failure is by shear compression. Their application to the present
class of members is justified by their authors' view that post
cracking resistance is unreliable.

The proposed equation for this type of failure is given in

chapter 6. For beams without web reinforcement the equation becomes -

N d
2/ /vd (a, - %/2)
Qult/bd,l - TWx2.2Ucyl 72 11 + W,
a

as already

The value of the dowel cracking shear Qd/bd1

emphasised, will be of any significance provided the beams is
supported directly on the bottom surface.

For comparison 19 test results of knee frame members are used
and the contribution of dowel action (Qd/bd1) is neglected as the
members were not supported on their bottom faces.

Table 29 gives the test results and QCalc/Qtest values of 19

knee frame members by the four equations.
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Table 29. Statistical comparison of Qcalc/Qtest values of knee

frame members without web reinforcement.

M/Qd1 < 2.5,

Shear compression failure.

Investigator Value of No. of |Proposed | ACI-ASCE| Mattock's| CEB
test theory equation| equation | equatio
results

Mean of Qealc 11 0.93 0.49 0.61 0.53
Qtest
Morrow and
Standard - 0.119 0.098 0.075 0.091
. deviation
Viest _
Coeff. of - 0.128 0.200 0.122 0.172
variation
Qcalc
Mean of Otost 8 0.85 0.61 0.62 0.49
Baldwin and
Standard - 0.091 0.175 0. 11 0.057
. deviation
Viest
Coeff. of - 0,107 0.287 0. 177 0.116
variation
Qecalc a 1
Morrow and Mean of Qtest 19 0.90 0.54 0.62 0.5
Viest Standard - 0.115 0.148 0.091 0.082
deviation :
. rry

and Baldwin Coeff. of - 0.128 0.27}4 0.147 0.160

variation

and Viest
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Table 30, Comparison of Qcalc/Qtest (U1t) values of Knee frame members

without web reinforcement. M/Qd1 { 2.5. Shear compression failure.

Qcalc/Qtest (ultimate)

Beam No. Proposed theory ACI-ASCE Mattock's CEB
EE T equation equation equation
Morrow and Viestoo |
F,, B, 1.07 o.é1 074 0.68
21 Bop 0,94 . 0.56 0.65 0.58
2q By 1,03 0,57 0.66 0.58
21 Big 0.95 052 0.61 0.53
21’04 1.1§ 0.67 0.75 0.69
21 Cun 0.87 - 50,44 0.58 051
51 Dy 0.81 ;039 10.55 0,46
5q By 0.78 [ 0.38 ; 0.56 0.43
;21.34 0.84 : O.42 ¢ 0.59 0.46
|21 4 0.98 0.k2 0.5k 0oLk
21 Bg 0.82 - 0.38 0.52 0.43

Baldwin Jr., J.M. and Viest I.M.”

-:éFzg 58 | 0.k 0.5 0.4l
. BféS 0.68 0.37 ' 0.45 0.2
' hF g 0.85 0.50 0.58 0.49

6F28 0.86 0.53 0.60 0.49

IF,g 0.88 0,62 0.63 0.50
12F 9 0.80 0,73 0.62 0.49
18F28 : 0.97 0.95 0.81 0.62

12F21 0.98 0.71 0.75 0.43




Mattock -
= Makhonadhya

R T i

FIG. 111.
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7.5 Shear failure of restrained and simply supported rectangular beams

with vertical stirrups: (shearing failure)

In this section, the results used, are the author's own as no other
test results of beams with web reinforcement and axial forces are
available.

Five equations including the author's are used to predict failure
loads. |

With the addition of the contribution of web reinforcement, the
ACI-ASCE Committee and Mattock's equations are applicable in this case
also.

Thus the ACI-ASCE equation becomes

Q%%E = 1.9Jueyl + 2500 ﬁzfzﬁﬁa“ + Krq fyq in 1bs and
1 _ 1 inch units

Qd,
and for vertical stirrups and 450 cracks
K = 1

Mattock's equation for ultimate load becomes -

d N/
Q%%E = (1.75 - 0.036 + L4.Om rst)JrE;;i + X [ 63 Ucyl + /bd
1 m rst y M
bd, (= - 2)d

1 Qd1 1

+ 1.75 rq fyq in 1bs and

inch units

Mattock suggested upper limits to the contribution of web rein-
forcement and based on those limits, 1.75 is applicable so far as the
beams used for comparison in this section are concerned. The limits
are explained in chapter 3.

The CEB proposed two different equations, one with axial tension
and the other with axial compression. The following are two equations

used in comparison.
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N

A/
a) g%%E = 0,87 rq fyq + 0.1875.}Ucy1 (1 +-2'~—32&)(o.5 + 33%§3>
1 | Ucyl TP
0 g . LYK S 3 3 N/ 2 - . ‘
when axial compression is applied, in /mm~ units.
. -
d b ult T /
an ) 333- = 0.87 rq fyq + 0.18754 Ucyl (1 - 62294 (0.5 + 33%%3)
a4 AU A Ucyl 1

when axial tension is applied, in N/mm2 unitse.

and in both cases (0.5 + 33%%20 < 1.

Quit
{2
1 ' bd1.

o . a
3 is to be'multlp;led by;zaa
The Russian code equation is

2
Qult = K. 0.15 bd1¥ Pcb

+ ¢ qw
¢

where K = %9 - O.5I$ 1. and is a reduction factor to.take account
1

of the effect of axial force. K is equal to 1 iﬁvcases when axial force

is zero or compressive.

and eo .= eccentricity of the resultant temsile force in the section
at the head of the inclined crack.
When ¢ found by differentiating the above equation for minimum

strength is less than a, the equation becomes -

Qult ='J/O.6 K pcb bd.,‘2 qv and with a conservative

estimate of web reinforcement,

Qult = \/0.6 K pcb bd,” qu - aqus

and if ¢ is greater than a, ¢ is put equal to a.

2 2
0.15 bd?> pcb + agy - qus = K 0.15 bd1 -pcb

a a

so Qult = K. + qw(a-s)

In the: comparison these equations have been applied to the section
at which failure occurred although in many cases the Russian Code .would
predict failure at the section of contraflexure and give extremely.

conservative results.
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The proposed equation is given in chapter 6 and is

2%%3 = O.5ndJUcyl + 2(1 - no) rq fyq in N/mmz units.
1

The follwoing table gives the statistical comparative values of the

test results by each theory.

Table 31, Statistical comparison of gg:iz values of rectangular

beams with web reinforcement.

Valucs of No., of Proposed ACI-ASCE CEB Russian Mattoc#l
test Theory equation|{ equ. codc eque
results equntion

Qcalc

Mean of g 8+2 0.9k 0.62 0.59 1o 3k 0.94

Standard - .060 .206 0.169] 0.110 o142

deviation

Coefficient - 064 0332 2871 0,082 »151

of variation
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Table 32, Shear failure of Restrained and Simply Supported

rectangular beams with vertical web reinforcement. (Shearing failure)

Beam | Uw Uyl | Mypq | st | ra fyq ¥/pa Qults, .

No. N/mm2 N/mm2 N/mm2 N/mm2 N/mm2

a) Restrained beams

B1 41,8 33.5 2.8 1046 0.66 -2.41 2.28
B2 1.1 32.9 2.8 1.6 0.66 -4,09 2.08
By 45.7 36.6 2.8 1.46 0.66 0 2,05
B, 43.9 351 2.8 1. 46 0.66 =241 2.28
B5 40.9 3267 2.8 146 0.66 -1.68 1.92
B, Lo.2 | 32.2 | 2.8 146 | 0.66 -4,09 2,28
B, 38.7 31.0 2.8 1.46 0.66 -4.09 2.23
317 36.9 29.5 2.8 1.46 0.66 +3.61 2029

b) Simply supported beams

B6 b4 33.1 3.9 1.46 0.66 -2.88 2,10

31

B 59.3 3145 336 146 0.66 +2.41 2034
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Table 33. Comparison of QCalC/Qtest values of shear failure of restrained

and simply supported rectangular beams with vertical web reinforcement.

(Shearing failure).

a) Restrained beams:

Qéalc/Qtest
Beam No. -
Proposed theory ACI-ASCL CEDB Russian Code Mattock's
equation | equation equation equation
B, 0.89 0.69 0.52 1,30 0.91
B, 0,96 0,32 0. 41 1.35 0.76
B, 1.04 0.85 0.32 1,53 1.13
B, 0.90 0,71 0.54 1.34 0.92
B5 1.05 0.87 0.68 1.53 1.11
B, 0.87 0.29 0.36 1.27 0.75
B,o 0.87 0.30 0.35 1.27 0.75
B17 0.91 0.76 0.80 1.20 1.10
b) Simply supported beams:
B6 0.96 0.63 0.63 1.40 0.96
Bay 0.90 0.74 0,76 1,22 1.00

a
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7.6 Shear failure of simply supported and restrained rectangular beams

with web reinforcement and axial force. (Shear compression failure).

Bxcepting the author's equation mentioned in section 7.5 all
other eguations will be applicable for prediétion of ultimate loads

in this section as well.

The proposed equation is derived ihfchaﬁter 6 and is

N a/
2/ /od, x (d,-92) 2
Qult _ - 3 1la- (R N c Qd
bd1 = 2.2 n Ucyl X = T f_gd{qu_fyq + bd,

‘in N/mm2 units

and if c = a,
d/
2/ d,~-72
Qult 3= 1la a _ N 1 Qd
ba, = 2.2 Ucyl n ==+ ——2d1 rq fyq /bd’l (—— = ) + bd,

in N/mm2 units

where the contrﬁbution of aowel is

a 2/

3g = 5 Ucyl rst ; in N/mm2 units
S
_ N/bd.,]
n = no + _—_2/_3
2.2 Ucyl T -
- a
R 193".}5'“_1._?.’.5,"[-‘.: ° v
S la
and c  _ &7 33, J Es _ &
E: = O] 2.2 Ucyl 7 71 » 315 Too * dq
2 rq fyg
In the expression for %-, the value of the lever arm factor
i
can be assumed to be 0.9 i.e. %ﬂ = 0.9, errors hqre are of little
4
importance so far as the value of'g is cohcerned.

1
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The following table gives the statistical comparative values of

the test results by each theory.

Table 34. Statistical comparison of Qcalc/Qtest values of simply

supported and restrained beams with vertical web. reinforcement.

(Shear compression failure).

Loading Values of |[No. of |Proposed [ACI-ASCE | CEB - Russian {(Mattock's]
condition ' test theory }equation |equation | equation| equation
results
, g‘ii’llc‘)f 10 0.92 0.52 0.53 0.96 0.7%
Simply /Qtest
supported g
tandard
beams deviation - 0.074 0.060 0.067 0.132 0.105
Coeff. of
, Variation - 0.080 0.115 0.126 0.138 0.1k
Mean of '
11 0.8 0.64 0.67 1.01 0,96
Qeale/niest
Restrained
beams Standard
- . . . .1 «103
deviation 0.069 0.070 0.066 0. 114 0.103
Coeff. of
- . L] L] - 1 .
variation 0.082 0.110 0.099 0.113 0.107
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Table 35. Shear failure of rectangular simply supported and Restrained
beams with veb reinforcement.

(Shear compression failure).

| , 0
Beam | Uy Uoyl st | /Qd, Tq fyq V/oa, qulty,

No. ; N/mm2 N/mm2 N/mma N/mmé N/mma 1

a) S.mply supported beams:

Bg 39.0 31.2 1.46 | 1.96 0.66 2.1 2.76

By 39.2 314 1.46 | 1.96 0.66 0 3.3k
Byo 42.8 3.3 1.46 | 1.96 0.66 ~2.41 | 2.97
By, 397 | 317 1.46 | 1.5 0.66 0 ? 3.95
B13 237.7 30,2 1.46 | 1.5 0.66 -2.141 1 3.71

By, 36.2 29.0 1.46 1¢5 0.66 -2.141 | 3.26
Big 3649 | 29.5 | 1.46 | 1.96 0,66 | +3.61 " 410
Byg 37-5 | 30.0 1.46 | 1.96 0.66 | +2.41  3.72
By,  37.1 | 29.7 | .46 | 1.96 0.66 | +3.61 . 3.72
B,g 38.0 3145 1.46 | 2.8 1.05 +14.82 | - 3,37

b) Restrained beams:

Byg | 405 32.4 | 1.46 | 2.8 0.66 | +4.82  3.13
B,g 36.6 29.3 1.46 | 2.8 0.66 +3.61 | 3.01
By | 35-6 | 28.5 146 | 2.8 1 0.66 1 +2.41 | 24141
By, | 3Bl | 27.5 1,46 | 2.8 0.66  +4.82 2 3.13
Bys 37.9 30.3 1.46 | 2.8 0.66 +3.,61 ' 2.89
Boyy 38.5 30.8 1.46 | 2.8 0.66 +4.82 | 2.89
Bos, 77.8 30.2 1.46 1 2.8 1.05  +4.82 1 3.37
Bor 35.8 28.6 1.46 | 2.8 1.05 +4,82 | 3.37
Bg 174 13.9 .46 1 2.8 0.66 +3.61 1 1.93
Bog hly.2 5.4 0,97 2.8 0.66 +4,82 { 2.1
By | 39-1| 313 2.0 | 2.9 0.66  +2.41  2.73
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Table 36. Comparison of Qcalc/Qtest‘values of rectangular simply

supported and restrained beams with web reinforcement.

(Shear compression failure).

a) Simply supported beams.
Qeale/piest
Beam Proposed ACI-ASCE CEB . Russian Code "~ Mattock's
No. theory equation equation equation equation
|Bg 0.96 0.60 0.47 1.13 0.77
39 0.96 0.5k 0.55 0.94 0.73
B 0.95 0.54 0.46 1.13 0.73
B, 0.94 0.48 0.61 0.93 0.66
B3 0.78 0.42 0.45 0.95 0.57
B, 0.87 0.47 0.49 1.0k 0.64
B¢ 0.920 0.47 0.51 0.73 0.70
319 0.97 0.51 0.5k 0.82 0.73
By 1.01 0.53 0.56 0.81 0.77
Bog 0.79 0.63 - 0.67 1.08 0.99
b) Restrained beams:
315 0.82 0.57 0.62 0.93 0.86
B.g 0.78 0.57 0.60 0.91 0.85
B 0.91 0.70 0.72 1.12 1.0
B, 0.76 0.55 0.60 0.85 0.84
Bos 0.82 0.60 _0.63 0.97 0.89
By, 0.85 0.61 0.66 0.98 0.92
Bos 0.77 0.63 0.67 1.08 0.99
327 0.75 0.62 0.66 1.05 0.98
Bog 0.90 0.78 0.84 0.93 1.20
329 0.97 0.7k 0.72 1.28 1.07
B 0.89 0.65 0.66 1.0h 0.98
30 ~ -
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7.7 Shear failure of point-loaded Simply supported and Restrained

AT—beams with web reinforcement.

Although the author has not developed any equation to predict

~

shear strengths of T-beams with or without shear reinforcément,

~

névertheless, the equation below developed for rectangular beams is

compared with available results of tests of T-beams.

: N/.
_ 2/ bd (d,-d/.,) 2
Q%%E = 2.2 n Ucyl 3-%? - Ta 1.2 P —— rq fyq in N/'mm2
1 2d1

neglecting the contribution of dowel shear as in all cases
C/d1 is smaller than a/d,]. The comparison of the Qcalc/Qtest values'
is given in table 37. This, of course, is based on the total neglect

of the effect of the flange and the tensile reinforcement ratio is

Ast

brd1

caibulated assuming the beam to be a rectangular one and so rst =
- where br = breadth of rib of a T-beam.

The équation gives a conservative esfimate of the shear strengths
of T-beams witﬁinva range of 30%; and average value of QcalC/Qtest
is 0.71 for simply supported beams. |

The behaviour of restrained beams at the support is similar to
rectangular beams, as such the equation can be made use of without
reservation and is found to be satisfactory. The average value of
Q"calc/Qtest for six beams is 0.82.

Under the circumstances, no attempt has been made to compare
the Qcalc/Qtest values given by the aufhor's theory with those given
by other theories. The author's intention is to show that the same
equation developed to predict shear strengths of rectangular beams
is safe under all circumstances when applied to T-beams.

The following table 37 gives the comparison of Qcalc/Qtest

values of 59 T-beams tested by Mattock.
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Table 37. Shear failure of Simply Supported and point-loaded T-beams

o>

with web reinforcement. (Shear compression failure). (Mattock).
Beam | Ucyl M/Qd1 rst% | rsc% | rq fyaq N/va Qult, . - Qcalc Qcalgi
No. N mm2 N/mm2 N/ﬁmg N/mm2 “ Nbd12 Arest
. /mm.
Series T. Simply subported beams.
A, 29.2 2.5 3.80 | 0.42 0.66 0 2.87 2.95 1.03
A3c 3k4.0 2.5 3.80 | 0.42 1.45 +3.h .86 3.98 0.82
A3 3041 2.5 3.80 | 0.42 1.45 0 .30 3.42 0.80
ABT 29.2 2.5 3.80 | 0.42 1.45 ~2.12 | 3.6 3.10 0.86
A, |28k |.2.5 |3.80 | 0.k2 | 2.71 +3.4 | 5.75 | 4.00 | 0.70
Au 28.6 2.5 3.80 | 0.42 2.71 | O 5.05 3.69 0.73
AuT 29.6 2.5 3.80 0.42 2.71 -2.121 5.10 3.51 0.69
5¢ 27.10 | 2.5 3.80 | 0.42 L.35 +3. k4 6.90 L.22 0.61
5 26.3 | 2.5 3.80 | 0.k2 | L4.35 0 5.71 | 3.88 | 0.68
5f 27.5 2.5 3.80 | 0.h2 L.35 -2.12 | 5.98 3.73 0.62
Ag 25.6 2.5 3.80 | 0.42 6.20 0 5.75 .06 0.71
BBC 27.7 3.3751 3.80 | 0.42 1.45 +3.h4 L3l 2.88 0.66
B3 27.7 | 3-375 3.80 | 0.hk2 1.45 0 4.0 2.67 0.67
. B3T k.1 3.375| 3.80 | 0.42 1.45 =2.12 | 3.59 2.36 0.66
Cog 28.0 L.25 | 3.80 | 0.42 0.66 +3.4 2.99 2.23 0.75
C, 27.8 L.25 | 3.80 | 0.42 0.66 0 2.56 | 2.04 0.80
Comp 30.3 L.25 | 3.80 | 0.h2 0.66 ~2.12 | 2.71 1.99 0.73
CBC 26.7 L.25 | 3.80 | 0.42 1.45 +3.4 4.05 2.141 0.60
CBC, 27.3 L.25 | 3.80 | 0.42 1.45 +1.7 3.87 2,140 0.62
03 24.10 | 4.25 | 3.80 | 0.42 1.45 0 3.8k 2.19 0.57
Cap 29.30 | 4.25 | 3.80 | 0.42 1.45 -2.12 | 3.5h4 2.2h 0.63
CBT, 27.60 | 4.25 | 3.80 | 0.h2 1.45 -2.55 | 2.81 2.15 0.77
Chre 26.30 L.25 | 3.80 | 0.L42 2.71 +3. 4 Lo4y7 2.57 0.58
Cy, 25.70 | k.25 | 3.80 | 0.h2 2.71 0 4.59 2,48 0.54 |
Chymp 27.80 | k.25 | 3.80 | 0.42 2.71 -2.12 | k.29 2.45 0.57 |
05 30.40 | 4.25 | 3.80 | 0.h2 4,35 | 0 5.29 2.88 0.55
Dye | 29-90 6.0 | 3.8 |o0.k2 | 1.45 1 +3.4 | 3.34 1.96 | 0.59 |
D3 29.20 | 6.0 3.80 | 0.42 1.}5 0 3.56 1.88 0.53 g
D3T 26.20 | 6.0 2.80 | 0.h42 145, -2.12 | 3.20 1.71 0.55.§




Table 37 (cont.) Shear failure of point loaded simply supported and

2?4.

restrained T-beams with web reinforcement. (Mattock). Shear compression

failure.

Series I1 Simply supported beams:

Beam | Ucyl M/Qd1 rst% | rsc% |rq fyg N/bd1 Qult/bdq Q;iic gz:iz
No. N/mma N/mma N/hmE N/mma N/ﬁma

E, 15.2 | 2.5 | 3.8 | o.b2 | 0.66 | O 2.5 2.25 | 0.90
E3c 15.45 | 2.5 3.8 0.42 1.45 +3.4 3.45 2.79 0.81
E3 13.65 | 2.5 3.8 0.42 1.45 0 2.80 2.47 0.88
EBT 1%4.70 | 2.5 3.8 0.42 1.45 -2.12 2.93 2.27 | 0.78.
E, 1314 2.5 3.8 0.42 2.71 0 o 37T 2.75 0.7k
Eg 17.10 | 2.5 | 3.8 0.42 L.35 0 - h.54 3.22 0.71
FBC 40.55 | 2.5 3.8 0.42 1.45 +3.4 5.19 . 4.27 0.82
Fy 45.0 2.5 3.8 0.42 1.45 0 4.87 4.1 0.85
Fam 40.0 2.5 3.8 0.42 1.45 -2.12 3.89 3.57 0.92
G, 31.8 2.5 3.8 0.42 1.91 +3.h 6.07 4.00 0.66
G3 26.2 2.5 3.8 0.42 1.91 0 k.92 3.38 0.69
GBT 29.4 2.5 2.8 0.42 1.91 -2.12 4.68 3.27 0.70
Gy, 25.2 2.5 3.8 0.42 2.87 +3.4 5.60 2.81 0.68
RN 26.8 2.5 3.8 0.42 2.87 0 5.66 3.65 | 0.65
Gy 28.1 2.5 3.8 0.42 2.87 -2.12 | 5.55 3.47 0.63
) Gsc | 27.85 | 2.5 2.8 0.42 L.78 +3.4 6.8l L.25 0.62
GS 26.15 | 2.5 2.8 0.42 4.78 0 6.32 3.93 0.62
G5T 26.65 | 2.5 3.8 0.h2 4.78 ~-2.12 5.83 3.73 0.6l
Hi, 20.5 2.5 1.90 | 0.h42 1.45 +3.4 4.8 3.4 0.65
H, 29.2 2.5 1.90 | 0.42 1.45 0 4.19 - 2.65 0.63
Hom 32.3 2.5 1.90 { 0.42 1.45 ~-2.12 3.46 2.40 0.69
H,, 30.1 2.5 5.7- | o.hk2 1.45 +3.h 4.8 L.21 0.88
H, 28.2 2.5 5.7 0.42 1.45 0 h.7 3.82 0.81

Hoyp 31.5 2.5 5.7 0.42 1.45 -2.12 3.78 3.75 0.99
Mean = 0.71

standard deviation= 0.117

Series I1I Restrained beams: i coeffo of variation= 01164
Tye |309 1 2.5 3.80 1 3.80 | 1045 | +3.4 .40 3.82 | 0.87
J3 304 2.5 3.80 | 3.80 1.45 0 3.88 2.4k 0.89
JBT 28.5 2.5 3.80 | 3.80 1.45 -2.12 2.77 3.05 1.10
Iyt 2703 2.5 3.80 | 3.80 2.71 -2.12 L7l 3.40 0.72
J5 32,5 2.5 3.80 | 3:80 1 k.35 0 6.40 4.26 0.67
Is 3147 | 2.5 3.80 | 3.80 4.35 2,12 5.1C 2.98 0.65
Mean = 0.82

standard deviation= 0.175

coeff. of variation= 0,213
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7.8 Discussion of Comparisons:

7.8.1 Scale and shape effects:

Because of the limited laboratory facilities, test specimens
are generally smaller in size than real structural members. Thus
a scale effect is introduced which influences the test results,
Tests reported on small specimens show that smaller specimens are

found to be relatively stronger for the following reasons -

1« The possibility of a weaker section coinciding with the
critical section is less in smaller specimens, and

2. The strain gradient across the compressive zone is steeper
in smaller specimens and as a result a smaller specimen can sustain

larger strains.

Regan gives an elaborate discussion of scale and shape effects
in reference 45 and concludes that the scale effect is important if
d1 is less than 380 mm (15").

In fact, no test results are available with d1 greater than
380 mm (15'), the largest balue of d, being 268 mm (Morrow and Viest38
and Baldwin and Viest5) and the smallest 254 mm. The range of scale
is thus small and although there may be a general scale effect, it

will not influence the comparison muchx

7.8.2 Comparison of test results with shear cracking equations:

All the available test results with axial forces are compiled
and verified with the theories mentioned earlier. The test results
are of rectangular beams subject to point loads.

The following table summarises the statistical data obtained
in the previous sections from comparison of theories of rectangular

beams.



296,

Table 38. Statistical data from comparisons of shear cracking theories

of rectangular beams.

Type of Values of Proposed | ACI-ASCE | Mattock's|] CEB
Test theory equation | equation equation
" Qcald N
Simply supported | Mean of EEEE% 0.92 0.76 0.93 0.75
a
beams, */d; > 2.5 Standard 0. 11k 0.126 0.133 00140
deviation
61 beams
Coeff. of
. o ol 0.18
variation 0.124 0.165 0.143 7
Qecalc
Restrained and Mean of Qtest 1.02 0.83 0.92 0.74
Ifontinuous beams 2tagdi?d 0,103 0.127 0.093 04167
/Qd1> 2.5 eviation
Coeff, of 0.101 0.1 0.101 0.226
3% beams variation -1 - 153 * *
Qcalc
Restrained and Mean of Qtest 0.89 0.86 0.90 0.79
Continuous beams iti?di?g 0,087 0. 142 0.072 0,084
/Qdf_E.S eviation
- Coeff. of
18 beams variation 0.098 0.165 0.080 0.106

From the above table, it is seen that the coefficient of variation by
the proposed theory is about the same in all cases and the mean value
is near to unity. The theory gives unsafe results so far as knee
frame memberssand restrained beams are concerned, mainly for the test
results of Sayani which are of beams supported by cross beams. If
the influence of the manner of loading on shear strength and the
porosity of concrete at the top of a beam are recognised, then the
unsafe prediction by the theory is explained.

The ACI-ASCE and CEB equations are conservative in general,
though on a few occasions the ACI-ASCE equation predicts unsafe
results.

Mattock's modified ACI-318-63 equation is found to be satisfactory

although its coefficient of variation is higher than the author's in

the case of simply supported beams.
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The values of'%g——— by the theories-are plotted (see figs. 111-118)
agalnst the varlable Qd ,‘rst% Ucyl and N/bdqo

gealc against‘-ilf ratio, from

Qtes Qd,
the trend of the plot,‘it is evident that the proposed theory is the

Figs. 111 and 112 show the plot of

: : . M/,
best in correctly estimating the effect of‘an ratio on the shear
cracking strength of bcams. The ACI-ASCE Commlttee equation is also
found to be satlsfactory in this regard, whereas the other two theories

M
are more conservative for smaller QE‘ ratlos.
: 1

So far as concretc strength is concerged, figs. 113 and 114 shcw
that within the practicable limits of concrete streagth, its effect
is adequately taken into account by all four methods.

The effect of the next important varlable, the ratlo of tensile
steel is taken care of by all the theorles the ACI-\SCE Committee
equation predicts more conservative results with higher percentages
of tensile steel. Judging from the scatter in the plot, (figs. 115 and
116) the proposed theory is again found to be the most satisfac#ony.

Figs. 117 and 118 show the plots of-%%%%% against T\I/bd,l.' The. I
ACI-ASCE Committee equation predicts conservative results with higher
magnitudes of axial compression. Generally it is nct far out so far
as axial tension is concerned, but because cf its ﬁpper limit of
shearlstrength with high magnitudes of axial tension, it becomes
oversafe for N/bd1 greater than about 2.0 N/mma. The proposed theory
on the cther hand, dcesvnot limit the strength in this way and so is
found -to be in good agreement either with a&151 tension or axial
compression. Mattock's and CFB équat;i.ons have a trend to be conSer-
vative with axial tension, the:trend being more pronounced in the

latter case.
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7.8.3 Comparison of test results of beams without web reinforcement

and éL { 2:5. Shear compression failure.
1

Table 38 gives the statistical data obtained from the comparison
by different theories. Except the proposed theory, all are found to
be conservative. This is attributable to the total rejection of
strength after shear cracking by the theories. Although Mattock's
theory gives a satisfactory magnitude of coefficient of variation,
the mean value is very low. The same is true for CEB equation as well.
The ACE-ASCE equation is not only conservative, but also gives the

highest coefficient of variation.

7.8.4 Comparison of test results of beams with web reinforcement

and;% > 2o5. Shearing failure:
1

As no other test results arc available, only the test results
of the author are compared with the various theories. From the
statistical comparison of the %%%é% values in table 31, the proposed
theory is found to give the best mean value with the lowest standard
deviation and coefficient of variation. The second best is undoubt-
edly Mattock's although the coefficient of variation is higher than
that of the Russian method. Both the ACI and CEB equations are found

to be conservative while the Russian method is found to predict very

unsafe results.

7.8.5 Comparison of test results of rectangular beams with web

reinforcement: Shear compression failure:

The statistical data for the different theories are presented in
section 7.6 and from all considerations, the proposed theory is found
to be preferable. Although Mattock's equation is satisfactory in
the case of restrained beams, but it predicts conservative results
for simply supported beams. The Russian code equation is also found

to be satisfactory, but gives higher coefficients of variation.
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The other two theories are found to be conservative in both cases,
of them the CEB equation is to be preferred as it gives a lower

coefficient of variation than the ACI's.

7.9 Comparison of test results of beams failing in bond (Secondary

fsilure mode)

The proposed theory on bond after shear cracking gives the bond

stress at failure as:

2
2 d 2d
9 _ Ly (Cy b rg fyq [ 1 1 L]
fo1n °© 0.55fUcyl (a) (?) + = T 2 =y 2(1 ~ ) + 0.55 =
where la = internal (flexural) lever arm.

Although the results of all the restrained beams subject to
compression are compared in the previous section with the shear
compression equation and found to be in good agreement, in fact, a
few of them showed signs of bond failurc. (see figsh9, 50 and 51)
and so it is reasonable to compare the strengths of those beams with

the proposed equation to predict failure in bond. The following

Qcalc
Qtest

table gives a comparison of the values of the beams fajiling

in bond.

Qecalc

Table 29. Comparison of Qtest

values of beams failing in bond calculated

by the proposed ecquation.

Beam No. | Ucyl |rst% |'/Qd, | rq fyq | "/ba, inzt ggiiz
N/mm2 N/mm2 N/mm2 N/ 2
mm
Bis 32k 146 2.8 0.66 | +ho82 | 3.97 | 0.93
B.g 2943 146 2.8 0,66 | +3.61 3,90 0.92
B, 27.5 1.46 2.8 0.66 | +4.82 be13 0.85 f
B, 303 .46 | 2.8 0.66 | +3.61 | 3.72 | 0.97
B ! 30.2 1.46 | 2.8 1,05 | +4.82 | L4l | 0.99
By ©30.4 1.46 | 2.8 1.05 | +4e82 | Lol1 | 0.99
‘Bog ﬁ 13.9 1.46 | 2.8 0.66 | +3.61 | 2.66 | 1.09
X = 0.95
s = 0.070

coeff. of variation
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From table 39 it is evident that the proposed theory on bond
is in good agreement with the test results, coefficient of variation

being as low as 0.074.
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CHAPTER 8

CONCLUSIONS AND PROPOSALS FOR FUTURE RESEARCH

8.1 General conclusions:

Shear failure is influenced by a number of variables, such as,
concrete strength, ratio of tensile steel, shear span to effective
depth ratio, web reinforcement and axial force. The influence of
compression reinforcement is not precisely known.

The behaviour of a beam changes after shear cracking and the
shear carrying mechanism following shear cracking is composed of the
following actions -

a) Shear cnrried by the concrete compfessive Zone,

b) dowel action of the tensile steel.

¢) Aggregate interlocking if possible.

and d) Web reinforcement if any.

It is observed that in short beams a modified arch action is.
developed after shear cracking. In long bemms there is less or no
scope to develop arch action. From a study of physical behaviour
three different major modes of shear failure are observed.

a) Shear cracking/Diagonal tension failurc.

b) Shearing failure.

and c) Shear compression failure.

The initiation of a shear crack(cracks) is a precondition for a
beam to fail in shear by any one of these modes, and thus shear
cracking is the first step towards shear distress of a beam;

After shear crecking a beam may fail in either of the last two modes,
depending primarily on Q%: ratio if it does not fail in diagonal
tension.

The contribution of dowel action of the tensile steel and aggregate

interlock towards shear strength of a beam is recognised to be significant.
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The dowel action of the tensile steel when the diagonal cracks
extend up to the edge of the support plate is considered in the
analysis. Although interlock forces are significant in the presence
of compression, little shear can be transferred across a crack in
the presence of tension.

An important secondary mode of failure considerably influenced
by the action of shear is bond failure. From the available data on
bond failures of concrete beams, bond or anchornage resistance is
believed to be influenced by the following variables -

a) Concretc strength.

b) Diocmeter of bars.

c) Concrete cover.

d) Anchorage length.

e) Web reinforcement if present.

Two different types of bond failures are commone.
1) Pull~-out frilure
and

2) Splitting failure (of concrete cover).

In the present investigation, the latter type of failure was
observed. Such failure is determined by the physical behaviour of
the beam and not by any criterion of bond failure.

The main experimental work of this investigation was comprised
of tests of 31 beams with axial loads. During testing of these
beams, surface strains on the beam measured by demec gauges showed
linear elastic behoviour at the initial stages although after flexural
cracking and then after shear cracking, the readings showed increasing
non-linearity of strain distributions.

Strains both on tensile and compression steel were measured
with electriccl resistance gauges and were found to be useful.s In

none of these beams tensile steel yielded prior to shear failure.
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Stirrup strains recorded showed that the stirrups were apprecicbly
not stressed until shear cracking. Thereafter the shear carried by
web reinforcement was found to be unaffected by axial loading.
Similar results were observed by Mattock in T-beams.

Although axiel forces influenced the inclination of the critical
crack to the axis of the tensile steel, its horizontal projection
remained more or less unaffecteds The inclination was found to be
the same for beams with axial tension and for beams without any axial
force, but it decreased with the application of axial compression.
This is explainable, as in the case of axial compressionm the thrust
line is flatter.

None of the beams subjected to axizl tension showed any sign of
distressat the section at contraflexure. The section in question is
believed in gencral, to be the most vunerable in shear when subjected
to axial tension. The presence of tension cracks as wide as 0.8 mm
did no harm and thus indicates the strength of shear tronsfer by
interlocking of aggregates and dowel action of the tensile steel.

The magnitude of the external moment [Qultn - N1la - d1 +d/2)J
about the point of action of the compressive force Fcc i obaerved to
be approximately constant for varying axial londs when failure is
duc to shear compression. The same is not trucwhen failure is due

to shearinge.

8.2 Influence of thc parameters affecting the shear strength of a beam.

8.2.1 Influence of axial force:

Shear strength is found to be affected by axial forces, decreased
by tension and increased by compression. This increase or decrease
is not very pronounced when the failure mode is shearing, but
is significant for shear compression failures. A contrary finding
is reported by Morrow and Viest whose conclusion was based on a single

test in which one beam failed without &hswing any substancial increase
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in ultimate shear strength (3.2% increase). In other cases, the
increase is more or less similar to that reported by the author.
Mattock's findings confirm the conglm$ion of the author for beams
with both axial tension and compression. Sayani's test results
also show a similar trend.

The effect of axial forces on the shear strength is attributable
to the following -

a) axial compression increases the neutral axis depth thereby
increasing the shear carried by the concrete compressive zone.

b) axial compression reduces the effective M/Qd1 ratio at a part-
icular scetion and hence increanses the shear cracking load.

c) In both cases, axial tension does the reverse.

The effect of axial tension may be more significant if the ratio
of compression steel is small or the compression steel is cut beyond
the point of contraflexure. A beam is weakened due to the curtailment
of compression steel. Since, after the formation of vertical cracks,
almost whole of the axial tension is carried by longitudinal steel
and thus in absence of any longitudinal steel, failure would be
immediate after vertical cracking. A slight excess of 'compression'
stegl is required to ensurc the safety of points of contraflexure

as discussed in chapter 6.

8.2.2 Influence of shear span to effective depth ratio (M/Qd4 or
&/a.)

—

The effect of shear span to effective depth ratio on the shear
strength and behaviour of a beam is considerable. With normal per-
centages of tensile steel and normal concrete strengths, different
failure modes can be caused by varying only M/Qd1 ratios. Diagonal
tension or shearing failures of such beams can occur with M/Qd,](or a/dq)
ratios > 2.5 depending on whether web reinforcement is present or

absent. In shorter beams, failure is generally by shear compression.
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The effect of the M/Qd,I (or a/d1) ratio on strength is more prominent
in short beams whereas its influence is of little consequence when

the M/Qd1 (or a/d,]) ratio becomes large enough.

8+2.3 Concrete strength:

The effect of concrete strength on shear resistance was not
studied in the present investigntion. However, from a study of the
test results of previous investigators, it can be concluded contrary
to Kani that concrete strength does have some bearing on the shear
strength of a beam. Shear strength is found to increase with increasing
concrete strength, and this increase is morc pronounced in weaker

concretes,

8.2.4 Influence of ratio of tensile steel: (rst = ASt/bd1_)_:

The ratio of tensile stcel was varied in only two tests but its
effect was found to be significant. The beam with 2% tensile stecl
ratio showed an increasc while the beam with 0.97% showed o reduction
in shear capacity as compared with the remaining beams with 1.46%
of tensile steel. The influence of tensile stegﬁ‘gn shear strength
is widely rccognised and a large amount of experimental evidence by

other investigntors is available to support this.

8i2.5 Effect of aggregate interlock:

A considerable amount of shear can be transferred across a crack
by the action of interlock due to the compression induced by the
longitudinal steel and the effect is most pronounced if the other actions
(esge. shear in the concrete compressive zone) are absent, as is the
case at the section of contraflexure of a restrained or continuous
beam, when axial tension is opplied to it. Although its effect is
recognised qualitatively, for the simplicity of analysis, it is not
taken into direct quantitative account owing to the number of variables

involved influencing its magnitude.
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8.2.6 Web reinforcement ratio: ( Aq/bs)

The shear strength of beams is found to increasc with increasing
web reinforcement. In the present tests the value of Aq fyq/bs was
varied from 0.66 N/mm2 to 1.05 N/mm2 and the increcase of strength
exhibited by the beams was independent of the axial forces applied

to them.

8.3 Proposals for future research:

The research work reported in this thesis is limited. The
experimental work comprised tests only of rectangular beams subjected
to point loads. Because of the limited laboratory facilities and
time the effect of variable cross-sections, higher ratios of M/Qd1
etc. could not be systematically studied. Owing to the limitations
of test data the author believes that the following subjects should

be thoroughly investigated before drawing final conclusions.

a) The effect of the axial loads should be further studied in T-beams
with both point and uniformly distributed lozds.

b) The test results of rectangular beams with uniformly
distributed loads and subjected to axial loads are rather limited,
and so more tests are needed to support any theoretical or semi-
empirical equations using M/Qd1 ratios to define conditions at any
section.,

¢) The contribution of interlock in carrying shear is recog-
nised by a number of investigntors across flexural and shear cracks.
The problem however still remains to measure quantitatively the
magnitude of interlock forces. Without the knowledge of the various
paramcters and their influences it seems impossible to draw any
definitive conclusions, so the author would like to emphasise on
more experimental evidence regarding the influence of all the

parameters lieted in chapter 5.
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Lightweight aggregate concretes are of special interest here
since if cracks go through rather than around the aggregate the
capacity for interlocking could be seriously reduced. This could
lower shear cracking/diagonal tension resistance very considerably
and could affect the contribution of shear reinforcement if failures
occurred at steeper cracks.

@ Bond failure of reinforced concrete beams should be thoroughly
re-investigated in the light of current practice using deformed
bars and the new methods of design for shear. During the experi-
mental part of the author's work, bond failure occurred in a few
beams. Although a theory to predict the bond strength of a beam
after shear cracking is put forward in this thesis, the authenticity
of it could not be checked with a large number of test results,

except thc author's own, because of the lack of available data.
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