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Ultimate Shear Tests of Prestressed Concrete I-Beams

Under Concentrated Loading

1. Introduction

When a prestressed concrete beam is subjected
to an ultimate strength test, the behavior of the
member may be described with refrence to the
uncracked and cracked range. In the uncracked
range the response to load is approximately
linear. However, at cracking a funda-
mental change takes place in the way

in which the beam resists load. Two

By Shunji Inomata*

reinforcement. Only the principal results of these
tests are presented herein. In addition, the test
results are compared to the provisions of ACI

318-63.

2. Test Specimens
Elevations and cross sections of the test beams,

Fig. 1 (a) Test Beams
$4.8(Series C only) $5.9

important cases should be considered.

When flexure action predominates,
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the strain distribution remains linear
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up to the point of failure in case of

bonded tendons. But, when shear is g
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significant, inclined cracks develop,

and in the region of inclined crack-
ing the strain distribution becomes
non-linear. If shear is critical, the
inclined craking leads to a shear
failure. |
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been elucidated.
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mechanism has been studied exten- P 200

100

sively, both in reinforced and prest-

ressed concrete’™'). Very often con-

clusions are too limited to be suffi-

1?0
i
ciently valid to define design criteria '

[
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which will satisfy the overall problem |
embracing all types of beams and all
conditions of loading.

A study of the overload behavior of sixty-two
pretensioned prestressed I-beams was completed.
This work led to an investigation of the basic

shear strength of I-beams without and with web
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Fig. 1 (b) Test Beams (Web Reinforcement)

Series Beam No. S (cm) n I 7nS (cm)

1, 2 6.0 7 42
3 12.0 4 48
4 18.0 3 54
5 6 8.0 8 64
7 13.0 5 65
8 18.0 4 72

C
9 10.0 9 90
10, 11 14.0 6 84
12 18.0 | 5 90
13 14.0 8 112
14, 15 16.0 7 112
16 18.0 6 108
3, 4 11.0 9 99

D 7, 8 8.0 13 104
11, 12 6.0 17 102
1, 2 8.0 8 64

B 3 4 12.0 5 60
5 6 16.0 4 64
7, 8 18.0 3 54

referred to as A, B, C, D and E Series,
In case of A, B and C Series

lengths of shear span were changed to inspect

are

shown in PFig. 1.

the effects of shear span to height ratio on the
shear failure of I-beam without web reinforce-
ment. In D Series, the effects of the prestressing
force on the shear failure were investigated and
in E Series the effects of a moving load were
verified on the beams having different amount of
web reinforcement.

Table | shows the calculated prestress in each
series beam assuming that creep factor ¢, amount
of shrinkage ¢;, and relaxation of prestressing
steel are equal to 2.0, 20x10~° and 5 percent,
respectively.

All the beams were manufactured by preten-
sioning process. Prestress was slowly transferred
to the test beams on the fourth or ffth day after

casting, after which the specimens were stored in

Table 1 Calculated Prestress (kg/cm®)
. T erIlgiicE;ailn . Effective Prestress
Series Beam No. Stress of i
Tendon Top | Bottom
A No. 1~No. 15 10 600 + 9 +120
B No. 2~No. 12 11 900 -3 146
C Nn. 1~No. 16 11 900 -3 +146
No. 1~No. 4 11 370 +16 +126
D No. 5~No. 8 5 640 +60 + 60
No. 9~No. 12 950 -1 + 5
E No. 1~No. 9 11 370 +16 +126
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the laboratory until the time of testing.
Compression tests were conducted on concrete
cylinders to determine the compressive strength
of the concrete associated with the test beams at
the time of prestress transfer and at the time of
test. Splitting tests on concrete cylinders were
also carried out to determine the tensile strength
of the concrete. The results of these tests are
presented in Table 2. The values are an average

of three or more tests.

Table 2 Properties of the Concrete (kg/cm®)

At Transfer At Test
2. 2.z
Series Beam No. Age %‘ég Age §§g "é ‘éo
(days) | £5 | (day9) | £5 | &2
ays g(;)d ays 5:}—5 E—-—((‘,)—’
O O
No. 1~No. 6 4 341 140 462
A No. 9~No. 9 4 343 136 480
No.10~No. 12 4 336 125 433
No.13~No. 15 4 326 120 473
No. 2~No. 4 4 316 149 489 39
B No. 5~No. 8 5 327 137 456 39
No. 9~No. 12 5 336 132 460 40
No. 1~No. 4 5 333 141 477 39
C No. 5~No. 8 5 319 133 473 44
No. 9~No. 12 5 334 129 455 39
No.13~No. 16 5 333 123 478 39
No. 1~No. 4 4 355 120 435
D No. 5~No. 8 4 363 115 453
No. 9~No. 9 4 370 110 455
No. 1~Ne. 3 4 352 120 446 | 38
E No. 4~No. 6 4 348 120 428 39
No. 7~No. 9 4 364 120 433 39
Table 3 shows the characteristics of the steel

employved in this test.
In order to improve bond strength of wire,

special deformed prestressing wire was used. This

Fig. 2 Load-Strain Curves for Steel
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Table 3 Characteristics of the Steel

beams No. 1~No. 11 (a/h=0~3.0) and

Prestressing Steel | Web Reinforcement No. 12 (a/h=4.0), respectively. One
T 1 T concentrated load was applied at the
Cross-sectional area 22.7 21.1 18.1 27.3 mm midpoint of the span length of the
Proportional limit (0.02%)| 125 143 47.5 61.6 kg/mm? =50
Proof limit (0.2%) 153 167 54.0 6.6 | kg/mme Deams No. 13~No. 15 (a/h=5.0).
Tensile strength 176 176 58.5 73.0 kg/mm? The test resulte are shown in Table
Used in Series A,B,C| D, E c D, E 4.

wire was manufactured by cold roll process and
has the evenly projected deformations on its sur-
face. Stress-strain curves for the steel used are

shown in Fig. 2.

3. Procedure and Resusts

Loading tests were carried out applying one
concentrated load or two symmetrical point loads
on simply supported beams. In every test the
distance between each end of the beam and the
nearest support was more than 20 cm to avoid the
support being within the region of the trans-
mission length of the tendon employed.

The development of cracks, especialy inclined
cracking, was carefully observed.

(1) Series A

No web reinforcement was provided for the
beams, as shown in Fig. {. Shear failures were
observed in this series on the beams tested on
shear span (a) to height of beam (&) ratios vary-
ing from zero to five. The distances hetween two
concentrated loads were 50 cm and 40 cm for the

Table 4 Test Results of Series A

Span Length ! Toad (t)
Beam No. alh Uy 1
{cm) | I?:?;&e{d Ultimate

1 24.5 ’ 41.2

0 50
2 22.4 34.7
3 22.7 30.1

0.3 62
4 J 17.5 30.0
5 15.0 21.7

0.6 74
6 14.6 21.7
7 1.0 80 13.0 14.5
8 1.5 110 6.7 11.0
9 2.0 130 5.0 7.5
10 2.5 150 4.8 6.3
11 3.0 170 4.7 5.0
12 4.0 200 3.7 3.9
13 3.2 4.0
14 5.0 200 3.4 4.0
15 3.6 3.9
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In case of the beams having the
ratios less than 0.3, a vertical crack occured in
the middle part of the web at the support section
and developed vertically in both directions with
increased load. Under ultimate load the crush of
the concrete was observed on the web or upper
flange at the support section. Horizontal crack
along the tendon situated in the web was also
observed between the support and the nearest end
of the beam.

For the beams having the a/h ratio less than
2.5 and greater than 0.6, the inclined cracks oc-
cured in the web resulting in crushing the web
concrete with a little increase of load after incli-
ned cracking. These inclined cracks appeared
suddenly on the line connecting the support and
the loading point in the regions of the test beam
where were as yet uncracked. In some instances
only a single diagonal tension crack would form,
however, more often two cracks would form al-
most simultaneusly for the beam having greater
the a/h ratio.

For the test beams having the a/h ratio greater
than 4.0 flexural cracks occured in the region of
higher moment but, because of the presence of
these cracks turned and inclined

The di-

agonal tension cracking would first appear, directly

shearing forces,

in the direction of increasing moment.

above the flexure crack and would quite often be
followed by the development of adjacent diagonal
tension cracking in the test beams with the a/k
ratio 5.0. Under maximum load the crush of the
web concrete would be observed.

Typical developments of the cracks after failure
are shown in Fig. 3.

(2) Series B

Span lengths of the test beams were 200 cm
for beam No. 2~No. 4 and 280 ¢cm for beam No.

5~No. 11, respectively. All the beams were not

JTUVALVAL VT Y—F



Fig. 3 Test Beams after Failure (Series A)

No. 8 (a/h=1.5)

No. 10 (a/h=2.5)

Close-up of Crushed Web Tension Cracks in Top Flange

No. 15 (a/h=5.0)

Pz e

No. 10 (a/h=2.5) Table § Test Results of Series B
provided with web reinforcement. Test results Ream No. 2k Load (t)
are indicated in Table 5. Inclined Crack Ultimate
: - 2 1.5 7.52 12.14
Two or mor ngonal tension cracks would
ore diagonal tensi racks wou 3 20 6.03 951
form in the region of shear span after flexure 4 2.5 5.44 6.44
cracks would be cbserved in the region of higher 5 3.0 5.7 6.19
. 6 4.0 4.34 4.89
bending, except beams No. 2 and No. 3. For 7 } { 3.24 3.49
) ] 5.0
most of the test beams with the a/h ratio greater 8 3.3 4.24
. . . . 9 2.92 3.24
than 3.0, the inclined cracking which finally was 10 } 6.0 { 280 3.06
associated with failure was diagonal tension crack- 1 } 70 { 2.62 3.12
. . .. 12 ’ 2.74 2.88
ing which appeared to be precipitated by the
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Fig. 4 Test Beams after Failure (Series B)

No. 11 {a/h=7.0)

Close-up of Crushed Web

No. 8 (a/h=5.0)

No. 11 (a/h=7.0)
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Fig. 5 Load-Deflexion Curves (Series B)
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initial formation of flexure crack. The diagonal
tension cracking would first appear directly above
the flexure crack and be followed by the develop-
ment of adjacent diagonal tension carcking while
still at the same shear. In most instances with

higher a/h ratio the failure developed from this
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inclined crack initially forming at a horizontal
distance from the load point greater than twice
The failures

generally appeared to start near the intersection

the total depth of the test beam.

of an inclined crack in the web and the top
flange of the beam. Tension cracks in the top
flange were evident in every case after failure.

Typical formations of the cracks after failure
are shown in PFig. 4. and load deflexion curves
are indicated in Fig. 5.

(3) Series C

In this series the principal variables were the
amount of web reinforcement as shown in Fig. 1
and the shear span to total depth ratio.

All the test beams having 280 cm span length
were subjected to two symetrical point loads.

The test results are indicated in Table 8.

So far as the development of inclined crack
was concerned, no difference was obserbed bet-
ween the test beams with and without web rein-
forcement. Almost all the test beams failured in
bending following the crush of the top flange

concrete.

] =

Table 6 Test Results of Series C

Beam Spacing of Web Load (t)
N alh Reinforcement Inclined
0- {(cm) Iécrégi Ultimate
1 6.0 { 5.74 13.02
2 20 5.84 12.64
3 ’ 12.0 5.94 10.51
4 18.0 4.54 11.14
5 8.0 { 5.68 8.86
6 3.0 4.74 8.32
7 ’ 13.0 4.38 6.92
8 18.0 4.84 7.76
9 10.0 3.88 6.04
10 3.54 6.08
. 14.0
1t 4.0 { 3.71 5.86
12 18.0 3.14 6.00
13 14.0 2.76 4.62
14 50 16.0 2.72 4.65
15 ’ 16.0 3.34 4.80
16 18.0 2.92 5.05

But in the beams No. 3 and No. 7 the lower
end of an inclined crack extended into the low
flange of the beam and the complete disinte-
gration of the low flange was observed in the
region of shear span. For the beam No. 8, crush-
ing of the top flange concrete occured in shear

span showing shear-compression type failure under

Fig. § Test Beams after Failure (Series C)

No. 2 (a/h=2.0, $=6.0cm)

No. 4 (a/h=2.0, S=18.0cm)

Pasy ™

o R OB
L e

o e
5

No. 6 (a/h=3.0, S=8.0cm)
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#H #
the ultimate load. and load-deflexion curves are shown in Fig. § and

Typical development of the cracks after failure Fig. T, respectively.

Fig. 8 (Continued)

S

No. 7 (a/h=3.0, S=13.0cm)

No. 9 (a/h=4.0, §=10.0cm)

No. 13 (a/h=5.0, S=14.0cm)
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Fig. 8 (Continued)
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. No. 14 (a/h=5.0, S=16.0cm)

Fig. 7 Load-Deflexion Curves (Series C) (4) Series D

12000 . . . . .
o In this series the principal variables
f— N
10000 3o were the amount of web reinforce-
=
/
L /// s ment and of prestress.
LT e
8000 = ad o All the test beams of 240 cm span
A L N No7 lengtl biected i
Ll » / ’/ L //.:%%:/'wos ength were subjected to two point
5 6000 Ho. . .
2 / / R o loads having a constant a/i ratio of
Z) / / T L T | __tRenel0
=1 000 / = L] il L e eyl 4.5
i . ‘/’(; - . . .
/ / / / / ‘g /jzfﬁ/ T The test results are indicated in
oo A1 //?/”}/‘ Table 7.
A shear compression failure occur-
0
200 400 690 red in the test beam without web
Deflexion at Midspan {1/100mm)
reinforcement at ultimate load. The
Table 7 Test Results of Series D lower end of an outmost inclined crack would
g Load (t) extend horizontally into the lower flange of the
5 g ) . ;
Beam | £S B |=wdg N beam and the separation between the web and the
‘38 ER RN © B] 2
No. | B85S |Hise| 5Y 23 g lower flange would be observed.
Qu — 8 5R IR 5 ) ]
§§ & ok £° ) All the test beams with web reinforcement
1 Non 3.38 4.50 5.12 failed in bending resulting in the crushing of the
2 Non 6.8 3.10 4.60 4.68 concrete in the top flange of the region where the
3 s=11.0 3.20 4.60 6.36 moment was maximum'
4 §=11.0 3.40 4.80 6.54 . .
Typical crack patterns and load deflexion cur-
5 Non 2.44 3.20 4.52 . g . . .
6 Non 235 3.20 5.05 ves are indicated in Fig. § and Fig. §.
8.4 .
7 5=8.0 2.20 3.20 6.32 (3) Series E :
8 5=8.0 2.15 3.00 6.35 The span length (150 cm) of each beam was
9 Non 1.16 2.20 3.11 divided into equal six parts, designated as point
10 Non 1.12 2.00 2.53 . .
1.4 A,B,C,D,E, F and G as shown in Fig. 10.
11 5=6.0 1.14 2.20 6.17 . .
12 $=6.0 0.98 2.40 5.83 One concentrated load was applied in increas-

ing load increments of 4000 kg up to a previously

Beams after Failure (Series D)

Fig. 8 Test

Vol. 11, No. 4, Sept. 1969
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No. 1 Pi=16.8t (Without Web Reinforcement)

No. 3 (Pi=16.8t, S

B

=11.0 cm)
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Fig. 8 (Continued)

S EL LR &
No. 10 Pi=1.4t (Without Web Reinforcement)

No. 12 Pi=1.4t, §=6.0cm

Fig. 9 Load-Deflexion Curves (Series D) Fig. 10 Loading Points (Series E)
T T P il | ® ® © 0 6 O O
e = o %1 o5 | 25 | 25 | 25 | 25 | 25
‘ ’ \i/ // ) //
A - - l
I ViR e E 150 I
i : ] N9 200 cm
’ / / L loading on the test beam. After finishing
Lo [//f/ one cycle of loading, the maximum load to
)// / [[ be applied was increased by 800kg and the
RETTEs same loading process was repeated. The
Defleesin o1 Mitsan {1/ Mpen maximum load of each loading cycle is
fixed value and then was Table 8 indicated in Table 8.
reduced to zero. After Maximum Load The test results are shown in Table §.
having finished this loading Cycle Max('tL)oad All the test beams failed in bending except
and unloading, the load : beams No. 3 and No. 6 which failed in shear
was moved to the next g:::nd 23 compression.
loading position. Moving Third 4.8 Typical crack patterns are shown in Fig. 11.
the load from point A to ??:C:h Z:Z (8) Observed modes of shear failure on the
point G and coming back Sixth 7.2 test beams without web reinforcement.
from point G to point A, ;f;;’;ih zg In the beams tested, inclined cracks occurred
the same loading process in two different ways, which were discussed by
was repeated at each position. This loading pro- several authors in their literatures.
cession was refered to one complete cycle of In beams with high prestress and short shear
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Table 9 Test Results of Series E spans the principal tensile streses in the web may
Spacing of Load (t)* exceed the tensile strength of the concrete before
Web . .
Beam No. | Reinforcement! Initial Flexure Ulsi flexure cracks occur in the shear span. An inclined
(em) Cracking timate . .
crack which occurs in the web before flexure
1 4.80 (3-C 8.10 (8-D N
8.0 8-C) ®-D) cracks appear is refferred to as a web-shear crack.
2 4.80 (3-E) 8.01 (&D)
In beams with moderate prestress and relatively
3 12.0 4.60 (3-C) 7.30 (7-E) 1 I q ] 0 R 1
4 . 440 (3-D) 8.00 (8-D) ong shear spans, flexure cracks will occur in the
shear span before the principal tensile stresses in
5 4.40 (3-C) 8.03 (&-D) .
5 16.0 460 (3-E) 7.31 (8-D) the web are high enough to cause web-shear
cracks. If an inclined crack does occur in such
7 18 4.40 3-D) 7.20 (6-C)
8 0 4.60 (3-D) 7.15 (6-E) a beam, it is either the extension of a flexure

. . ; ] a 1 1 ; r be-
Figures in parenthesis show the order of loading crack in the shear span or 1t occures Over o be

cycle and the loading position when as initial flexure side such a flexure crack. This type of inclined

crack is observed or failure of the test beam occurs. . .
crack is reffered to as a flexure-shear crack, since

Fig. 11 Tests Beams after Failure (Series E)

Vol. 11, No. 4, Sept. 1969 27



£

Off

Fig. 11

(Continued)

Close-up of Web Cracks

the flexure cracks in the shear span contribute to
the development of the inclined crack, is referred
to as an initiating crack.

Beams with web-shear cracks The actual me-

chanism of failure in shear depended on the type
of inclined cracks which had developed in the
beam. A web-shear crack causes a redistribution
of the stresses in the shear span and beam action
ceases and the beam carries load as a tied arch.
The compression thrust line over the inclined
crack is generally close to the crack and almost
parallel to it. FHence, the thrust acts with a con-
siderable eccentricity on the portion of the beam
over the crack near the reactions. This was evi-
denced by tension ctacks in the top flange as il-
lustrated by beam No. 10 in Series A. These
cracks were followed immediately by crushing of
the web.

flexure-shear cracks After a

Beams with

flexure-shear crack develops, the linear relation-
ship between concrete and steel strains ceases to
exist since the concrete strains are concentrated
above the end of the inclined crack while the
steel strains are distributed over a length at least
equal to the horizontal projection of the crack.
When the concrete strains reach a limiting value,
crushing occurs, destroying the beam. This type

of failure is know as a shear-compression failure.

If the prestressing steel becomes unbonded by
separation of the tension flange from the rest of
the beam, this may constitute the primary failure

before a shear-compression failure occurs.

28

In a number of beams, the inclined crack and
the splitting along the prestressing steel shortened
the anchorage zone so much that a secondary failure
occurred in the tendon anchorages. This occurred
after the inclined cracks had formed and the in-
clined cracking load was not affected by the

failure of the anchorage bond.

3. Discussion

(1) Strength of test beams without web
reinforcement
The ultimate load for the beams without web
reinforcement was either equal to or only slightly
than the inclined cracking load in case of rela-
tively large value of shear span to height ratio
in Fig. 12. TFor a/h>2.0 the test

bheams can carry some additional load beyond in-

as shown

clined cracking but the increase is about 13
percent on the average, therefore it may safely
be said that the useful capacity of the beam cor-

respondes to the inclined cracking load. For a/h

Fig. 12 Relation between V,/V, ratio and a/h

1.8 T T
' |
: |
° © Scries A
1.6 £od " < Series B
< o Series C
ViUltimate Shear
“E 1.4 © V. Inclined Cra“cking S'::e;:u‘
- ° 2 ! :
= ;
» |
1.2 = :
T T = |
> Y
L0 T ‘% a | J T
0 1.0 2.0 3.0 4.0 5.0 15.1) w0



< 2.0 relatively large increase in the load can
be observed but the scatter in the magnitude is
also large. This could be attributed to the local
strengthening effects caused by load and reaction
concentrations.

In the case of web-shear cracking, and only
in this case, the principal tensile stresses computed
for an uncracked section will approximate the
stresses in the web of the beam at the time of
inclined cracking.

For biaxially stressed concrete subjected to
combined compressive and tensile stresses a simple

criterion can be used expressing in the form,

G, G,
e e ] et re e et 1)
7 T (1:

where f,. and f; represent the uniaxial com-

pression and tensile strengths respectively. This
equation gives an acceptable representation of the
envelope in the compression-tension zone for plane
state of stress. The principal stresses are con-

verted into the normal and shear stresses.

=«/(ﬁ§“)—~ e | (2
Then Eq. (1) gives
) «/< Wﬁ) o
~ o (G ) =1 S
e S TR CRPY
ot 0n 00} danay oo (3

or,

<%>z:(f{0f}z) - <G}G} >§

) o

The strength of the concrete in pure tension

may be derived from the compressive strength by

the following simple formula.

Jrm= T 40,06 fi coernrvvreeesammniienaiiinn. (4)
Eq. (4) gives the following values.

Fo kglem®) | fo Gglewd | fulfe | fefd(Fer o
350 28 0.080 0.0686
400 31 0.077 0.0668
450 . 34 0.075 0.0653
500 { 37 0.074 | 0.0640
MeEamn e errereeeaens 0.076 0.066
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In the range of the compressive strength being

considered, the values of (f3/fe) and fof:/(fe+Se)?
seem to be constant. Using those mean values,

Eq. (8a) can be written as follow;

()=o)
s (3 2) -0

The relations between o4/f;, o,/f: and </f;

If it is assumed that the

are shown in Fig. 13.
critical shear stress in the web can be determined
as shown in Fig. 13 then it should be possible

to compute the web-shear cracking load.

Fig. 13 Envelope for Failure

0.4

0339

o % /=020
a7

=210 \0318 /ﬁ’ﬁ“/—— 0.2589y/f =0.10
0.194 0.208 9, /[, =0.0%

e |

| 0162 0.138 0, /[ =0
T

Tio1l G132 0057
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The constantly changing combinations of
shearing stress and flexure stress and near the
loads and reactions, bearing stress, make it di-
facult to determine the location and magnitude of
the maximum principal tensile stress in a beam at
the time of inclined cracking. Thus the inclined
crack may originate at, above, or below the
elastic centroid, and anywhere along the length
of the shear span where the stresses are large
enough. It could be assumed that in beams with
short shear spans and thin webs, the maximum
principal tensile stress along the potential inclined
crack occurs at the centroid. As the shear span
gets longer or the web thickness increases, flexure
stresses have a greater effect on the magnitude of
the principal tensile stresses and the point of
maximum stress tends to move toward the tension
flange. At the same time, however, the properties
of the beam become such that flexure cracks de-
velop in the shear span before inclined cracking,
and the computed stresses in the uncracked web
cease to have any significance. Thus, in beams
similar to those tested, it can be assumed that the

web-shear cracking load can be determined by



E

A
=)

considering only the principal tensile stresses at
the elastic centroid of the uncracked section.

The shearing stress at the centroid under web-
shear cracking shear V., can be computed by the

following elastic formula.

T — Vchg
cw bDI
1
Vi By =T oo et eerrereeseemennsnaees (5)
w 0 Qg cw

where @, =statical moment of the cross-sectional
area above (or below) that level

about the centroidal axis

T.p=critical shear stress

There must, however, be one important reser-
vation, in calculating the principal tensile stresses
account has to be taken of the compressive
stresses acting on the horizontal planes near the

By

using the data from theoretical studies and also

points of application of loads and reactions.

the results of deformation test on beams, the
effect of o, could be neglected in case of higher
alh ratio than 2.0. It is generally difficult to
estimate the exact distribution of the vertical
stress, o,, and some part of the applied load will
be transmitted directly to the nearest support by
a strut being formed in the web. Considering
the above-mentioned facts, the eflective shearing
force of which should be taken account in the
calculation of shearing stress ¢ could be sssumed
to be 2¢V. This reduction factor 2¢ could be

given as follow;

1/ a
= —| —— .
= < )< 10
Therefore web-shear cracking shear V,, is given

by the following formula.

In applying the above formulas, the character-
istic compressive strength f,, of the concrete is
defined by the following relations, adopting the
5% probability level.

Jer=Ffem(1—1.640)
d=dispersion coefficient=5%

The calculated web-shear cracking shear is
given in Table 10.

An inclined crack which develops after flexural
cracks have formed in its vicinity in the shear
span is defined as a flexure-shear crack. Tests
show, however, that cracking under bending and
shear is extremely complex and that the so-called
flexure-shear crack can only be indentified when
it forms and develops clearly and independently
of other cracking. But this happens only in short
shear spans. In large shear spans and on the less
prestressed beams it is difficult to ascertain the
stage at which an existing crack transforms itself
into a potencial failure crack. In such cases con-
siderable cracking will precede formation cf the
fatal diagonal crack. The difficulty of precise re-

congnition and identification of the potential
flexure-shear cracking stage is accentuated by the
fact that it is practically impossible to predict ac-
curately the location of the flexure-shear crack
and the accompanying mode of failure.

Various attempts have been made to express
this flexure-shear cracking phenomenon in terms
of a rational theory based on the ordinary theory
of flexure, but they have not yield any solution
of general applicability; from conventional rein-
forced concrete to fully prestressed concrete.

Tt is assumed, in this paper, that an inclined

crack starts from a point where axial concrete

1 I
Vo e B e T eaeerieeeraeiaeaae s 7 . .
T 9 TP Q. €7 strain attains fy/E. at the flexural cracking section.
The analysis for the cracking
Table 10 Calculated Web-shear (Cracking Shear) . .
moment is carried out by ado-
C i Effecti . . .
gﬁg;‘;ﬁ:ve Pfiesct revs . 1o Vew (£) pting the following assumptions
Series (kg/em?) (kg/cm®) cw g alh (Pig 14 (a)
Fom | Sar | e |EEEmD ™ Pano | s | 10 | 06 (1) The tensile sirain of the
A 476 437 60 48 14.9 2.50 3.33 5.00 8.33 ot . limited t the
B 465 427 63 48 14.9 | 2.8 | 3.8 | 5.72 | 9.53 concrete 1s i °
C 471 432 63 48 14.9 | 2.8 | 3.81 | 5.72 9.53 maximum value of 2.5 times
435 399 70 47 15.0 3.53 4.71 7.06 11.76 : . :
the elastic tensile strain
D { 453 416 34 41 15.0 3.07 4.09 6.14 10.23
475 436 3 32 15.0 | 2.40 | 3.20 | 4.80 | 8.00 JHlE..
E 436 400 70 47 | 15.0 | 3.53 | 4.71 | 7.06 | 11.76 (2) The tensile stress dia-
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gram of the concrete can be Table 11 Calculated Flexure-shear Cracking Shear
(Beams without web reinforcement)
replaced by a rectangular
diagram determined by the Series| Beam No. | a/k (kgfc"mZ) (em) (t{‘{:; d f”“%{‘;&f i (&/}Iﬁ;) E’ &
value of the constant tensile 11 3 2.35
stress ft and its depth is A 12 4 33 6.4 111 30 141 1.76
13, 14, 15 5 1.41
taken to be equal the zone
] 5 3 2.90
subjected to elongation. 6 4 2.18
(3) The stress diagram in B 7, 8 5 33 6.4 141 33 174 1.74
9, 10 6 1.45
the compressive zone is a 11, 12 7 1.24
triangular diagram and the 1, 2 31 5.6 164 43 207 2.30
stresses are calculated with D 5 6 4.5 32 77 105 58 143 1.9
9, 10 33 10.9 54 30 84 0.94
the same modulus E..
The calculated shears (V,,, V), plotted in

Fig. 14 Analysis for Cracking State
(a)

by

[ /E 27 0de]
P ’—;
P
25 TE,
An inclined crack is assumed to initiate from

point C at the cracking section A~A and have an
inclination & (Fig. 14 (b)). Just before a formation
of this inclined crack CD, the constant tensile
stress f; is likely to act normally to this diagonal
section.

the

0.6 v)/sin¢ and the effect of tensile force acting

Considering the facts that the length of

diagonal section is nearly equal to (h—
on the part of the upper flange upon the moment
about the centroid of the compressive force at
section B-B can be neglected due to its short
lever arm, the bending moment at section B-B

can be obtained as follow.

3 bofi (h—0.60)°
Mp=Me, -+ 2 sin «

The inclination o depends upon the shear span

lengths, the magnitude of prestress and the mode
of loading, but the value of ¢ is assumed to be
45 degrees in this paper. Therefore initiating
cracking moment M,; and the corresponding shear

can be obtained by the following relations.
Moi=M_ ,+ f; by(h—0.6 v)?
Vei=Mci/a
The calculated flexure-shear cracking shear V,;

is given in Table 11.
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Fig. 15 for the beams without web reinforcement
for which a/h >5, have a good corelation with
the test values.

So far as the inclined cracking shear, V., or
Vi, is concerned, the provision of ACI 318-63 is
always on the safe side giving 10 to 15% smaller
inclined cracking shear than the observed ones
and does not apply to the beams for which a/h <
2.0.

applicability of this provision from conventional

There is no continuous gradation of the

reinforced concrete to fully prestressed concrete.
In

Series D, the observed flexure-shear cracking de-

the case of the beams No. 9 and No. 10 of

velops under a shear about 4595 over the calculated
value by the provision.
Fig. 15 Comparisen of Author’s Equation

with Test Evidence
5.0 .

Series Ao e 15%
Series Broweeet
Series Creeen0

4.0

15%

[

Ve (Test) (1)

Y 1.0 2.0 3.0
V, {Calewlated} {1}

4.0

(2) Strength of test beams with web

reinforcement

The web reinforcement provides a means of
transferring shear force across the crack and tends

In ad-

to restain rotation at the cracked section.
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f==
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dition, the development of splitting along

Table 12 Calculated Ultimate Shear Capacity

: : 3 : _ : Beam S Ayfsydls 14 v, vV, B*
the tension reinforcement is restrained, pre Series o alh | () s (19 0 )
venting failures due to the separation of 1 2 6 4.31 2.86 | 7.17
the wires from the beam. The fact that 3 2.0 12 2.15 2.86 | 5.01 | 5.76

. R 4 18 1.44 2.86 4.30
the web reinforcement only becomes leffective
after the f G f inclined k 5 6 8 3.23 2.86 6.09
r ormation of an inclined crack ac- 7 3.0 13 1.99 085 | 485 | 3.8
rossing the web reinforcement (Fig. 16) is c 8 18 1.44 2.85 | 4.30
widely recognized'®. And it is also reported 9 10 2.58 2.18 | 4.76
. A=0.36 | 10, 11 | 4.0 14 1.84 2.18 | 4.02 | 2.8
that e 3 . . . . .
hat the observed increment of the steel (em) 12 18 14 218 | 3.62
stress has almost the same value calculated d=18
. (em) 13 14 1.84 1.74 3.58
by the classical truss theory. Therefore the u, 15 5.0 16 1.61 174 | 3.35 | 2.30
amount of web reinfocement required to 16 18 1.4 174 | 3.18
prevent shear failure in a beam with D 3, 4 1 L.77 2.80 | 4.07 | 3.09
. . A=0.27 7, 8 4.5 8 2.43 1.59 4.02 3.12
straight wires can be assumed to be pro- d=18 1, 12 6 3.24 0.94 | 4.18 | 3.14

portional to the difference between the in-
clined cracking load and the flexual failure

load as shown in the following equation.

Fig. 16 Relation between Shear & Steel
Stress in Reinforcement

Steel Stress

| Shear

Ve Vm= Vg verveneemiieinninneanesns e,
where V,=ultimate shear capacity of the
section
V,=shear at inclined cracking:load
V=shear carried by the web reinfoce-
ment
Assuming that the horizontal projection of an
inclined crack is equal to the effective depth of
the beam the shear which is carried by the web

reinforcement can be expressed in the following

equation.
A
V= Aufsg e (12)
S
where A,=cross-sectional area of one stirrup

Jfsy=yield strength of the steel used
S=spacing of stirrups
From those equations (11) and (12), the ulti-

mate shear capacity of the section is given as

follow.
V=V -+ __ALgi‘l__d ........................... (13)
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* V,B: Ultimate shear corresponding to the calculated flexural failure

load

Table 13 Comparison between Calculated Shear
and Observed Shear at Failure

Shear at Failure
Series %zfn () \\;Zslt Mode of Failure
Veal. Vtest
1 5.74 6.51 1.13 Flexure
2 5.74 6.32 1.10 Flexure
3 5.01 5.26 e Bond Failure
4 4.30 5.57 1.30 Crush of Web
5 3.84 4.43 1.15 Flexure
6 3.84 4.16 1.08 Flexure
7 3.84 3.47 e Bond Failure
c 8 3.84 3.88 1.01 Flexure
9 2.88 3.02 1.05 Flexure
10 2.88 3.04 1.06 Flexure
11 2.88 2.93 1.02 Flexure
12 2.88 3.00 1.04 Flexure
13 2.30 2.31 1.00 Flexure
14 2.30 2.33 1.01 Flexure
15 2.30 2.40 1.04 Flexure
16 2.30 2.52 1.10 Flexure
3 3.09 3.18 1.03 Flexure
4 3.09 3.27 1.06 Flexure
D 7 3.12 3.16 1.01 Flexure
8 3.12 3.18 1.02 Flexure
11 3.14 3.09 0.99 Flexure
12 3.14 2.92 0.93 Flexure

Equation (13) coincides with that given by

ACIT 318-63.

The ultimate shear capacity, as shown in
Table 12, is calculated by equation (13) for each
beam of Series C and D. The steel stress fs, is.
to 4000 kg/cm?® be-

cause of uncretain effectiveness of the end an-

limited, in this calculation,

chorage of stirrup.

APV RE ATy — b



These calculated values show that the ultimate
shear capacity of the section is alway greater than
that is necessary to bring about the flexural
failure, expect the beams No. 3 and No. 4 of
Series C. The calculated shear is compared with
the observed shear in Table 13.

Fach beam for which the calculated shear
capacity is greater than the shear to produce the
flexural failure, is capable of withstanding safely
the calculated flexural failure load.

(3) Strength of test beams subjected to a

moving lead (Series E)®

Shearing force at which an inclined crack
occurs is calculated as shown in Table 14.

Ultimate shear capacity of the section is shown
in Table 15.

Table 14 Web-shear or Flexure-shear
Cracking Shear

aem) | Vey (£) | Ve (t) | feclined Cracking
25 5.65 8.29 5.65
50 3.53 4.14 3.53
75 3.53 2.76 2.76
100 3.53 2.07 2.07
125 3.53 1.66 1.66

Table 15 Calculated Ultimate Shear Capacity

N i
Y@ | Vet Aofaydls (1)
S (em) 8 12 16 18
\\ SR

25 8.00 7.29 6.87 6.74
50 5.98 5.17 4.75 4.62
75 5.21 4.40 3.98 3.8
100 4.52 3.71 3.29 3.16
125 41 3.30 2.88 2.75

The flexural ultimate load acting at loading
point D is obtained using the ultimate moment

capacity M, =278x10° kg-cm.

4
P,=—s 278 10°=7 .41 t

%ﬁ e
=1
Fig. 17 Shear Diagrams & Shear Capacities
@ ® © ©) ® ® ©
i
56— Ultimate Shear
5 b Capacity e ,g
4 e - _//S; >
— | ey
) L=
> b= | R Load at(©!
N 0
Load at(®
~t 1=
Tio
g
o) e fEeda®) )
2:’___ | Load at®! i
3= Load at® |_——
~oad at{L
4b= S -1
[ - g -
4.95 ,/,,—;M Shear Canac
- — Ultimate Shear Capacity
[ pr
o
i

always greater than the shear produced by the
load P,, for the beams having the spacing of
stirrups less than 12 cm. Flexural failures are ex-
pected for these beams. But the ultimate shear
capacities are little less than the shear due to the
load P,

stirrups greater than 16 cm and shear failures are:

for the beams having the spacing of

expected.

The test results are comparied in Table 1§
with the calculated values, with the exception of
the beams No. 3 and No. 6 which clearly show
the modes of failure due to ineffective anchorages.
of stirrups.

The test results on the beams with different
amount of stirrups are clearly explained by the

calculation applying the previous formulas.

4. Conclusions

For the range of beams tested, it appears that

the ultimate shear capacity of a section can be:

Table 16 Comparision between Calculated & Cbserved Values

(F : Flexure, S : Shear)

150 B Calculated Observed Observed V,,
eam
Fig. 17 shows shear dia- No. (em) Load Mode of | Load . Mode of
Point Vi () Failure Point Ve () Failure Calculated Vi
grams under the calculated
16 . 1 8 D 3.71 F D 4.05 F 1.09
ultimate load P, acting at each N 8 D 371 F D 4,00 F 1.08
loading point and the diagrams 4 12 D 3.71 F D 3.95 F 1.06
£ 1l 16 ¢ b 5% 16 D 3.71 F D 4.02 F 1.08
o1 the ultimate shear capacities 7 18 C.E 4.62 S c 4.90 s 1.06
of the sections. 8 18 C,E | 4.62 S E 4.76 S 1.03

Comparing these curves, it *

is clear that the ultimate shear

For Beam No. 5 the calculated shear capacity of section C (or E) is almost equal
to the shear due to P, acting at this section.

Therefore it is assumed in this Table that the flexural failure will be expected

capacities of the sections are
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under load P, acting at point D.
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obtained by adding the shear producing an incli-
ned crack to the shear carried by the web rein-
forcement.

The shear to produce an inclined crack, either

web-shear can be estimated

or flexure-shear,
applying the formulas previously given in this
paper.

The formula to evaluate the ultimate shear
capacity of a section can also be applied to the
beam subjected to a moving load and provided
with several crosswise inclined cracks in its web
due to the reversed action of shear. But the ulti-
mate shear capacity of the beam subjected to a
repeated moving load may be reduced by the ex-
istence of such crosswise inclined cracks in the
web, because of their weakening the diagonal
compressive struts in the cracked region.

The comparision between the calculated shear
and the observed shear on the beams tested in the
thes paper, shows a fairly good correlation be-
tween those two values.

Because of the limited tests reported here, the
shear failure still eludes

exact mechanism of

authors grasp. The main stumbling block is the
large number of interdependent parameters which
influence the behaviour and mode of failure of a
beam under bending and shear. To define design
criteria which will satisfy the overall problem
embracing all types of beams and all conditions
of loading, the mechanism of shear failure should

be more intensively investigated.
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