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SYNOPSIS

A laboratory investigation was undertaken to determine
the effectiveness of shear reinforcing devices in thin rein-
forced slabs. Results obtained for ten slabé tested by the
_ author are reported.

All specimens tested were 3 ft. 2 in, square and 33} in.
thick, The'prihcipal varigbleé were: the effect of concentra
tion of tensile reinforcement across the column, the effects of
a 9x9x3/8 in. plate at the column.slab interface, the effects
of a éhearhead of £ in. smooth reinforcing bar, and the effects
of.a'sheér device of bent up No. 3 deformed'bars. Two slabé
were tested without a shear reinforcement .

The validity of existing equations for ultimaté shear

strength were checked with the test results and a comparison

of test results to the currently used specifications was made, :




iii

ACKNOWLEDGEMENTS
I wish to acknowledge the assistance received from
the Nationai Research Council in providing the funds for the
laboratory testing, and Professor G. Morris under whose dif-

ection this investigation was carried out.




TABLE OF CONTENTS

CHAPTER

I

ITT

INTRODUCTION
1.1 Background
1.2 Object

1.3 Scope

REVIEW OF EXISTING RESEARCH AND DESIGN SPECIFICATIONS

2.1 General

2.2 Existing Research

2.3 Deéign Specifications

. EXPERIMENT AL PROGRAM

3.1 Description of Test Slabs
3.2 Materials |

3.3 Fabrication

3.4 Support Frame

3.5 Instrumentation and Testing

EXPERIMENTAL RESUITS

* Lol General Behavior

VI

" L2 Individual Behavior

Le3 Analysis and Comparison of Experimental:Reéults
Lol Summarj

SHEAR FATLURES IN FLAT SLABS

5.1 Introduction  . |

5.2 Evaluation of Test Results

CONCLUSION |

BIBLIOGRAPHY

APPENDIX - A

iv

PAGE

10
11

12

12

26
27.
30
35

59
53
55
56



LIST OF FIGURES

FIGURE
1 Typical stress-strain curve for No. 3 bars
‘2 Typicsel stress-strain curve for é standard
| 6 in, x 12 in. concrete cylinder at 7 days

3 Detail of Slab No., 1 and 1A
L4, ' Detail of Slab No, 2
5 Detail of Slab No. 3
6 Detail of Slob No. A
7 Detail of Slab No. 5
8 ADetail of Slab No, 2A
9 Detail of Slab No. 34

10 Detail of Slab No. 4A

11 Detail of Slab No. 5

12. Load deflection curve for Group.I ‘

13 Iload deflection curve for Group IA

14, Load deflection prbfiles for Group I

15 Load deflection profiles for Group IA

16 Stress distribution in the column stubs of -

lGroup I |
‘,17‘ Typical flexural crack patterﬁ as observed-

8

 ‘in the holes of Moe's tests

‘Schematic illustfation of the arching action.

PAGE

14

215

16
17
18-
19
20
21
22
23
39
4O

42

L3

52
52




TABLE

II

IIT

LIST OF TABLES

- Description'of tests and test results

<

Test results compared to the equations of

_ Elstner and Hognestad

Test results compared to the equations.of

Moe and the N.BOC.

PAGE
36

37

38



PLATE

© ® 9 6w oW N

T T T
5 & FL& B B 8B

LIST OF PLATES

Shearhead reinforcement of Slabs L4 and LA

* Truss bar reinforcement of Slab 5

Loading frame and typical test assembly
Form and reinforcement on' vibrator beams
Close-up of shearhead ﬁsed in Slab 4 and LA
Exposedkfailure cone of slab 1 -

Exposed failure cone of Slab 2

Spalling effect of Slab 3

. Exposed failure cone of Slab ik

Bottom view of Slab 5 after failurs
Exposed failure cone of Slab 5
Exposed failure cone of Slab 34

Bottom view of Slab 3A after failure

Location of gauges on column stubs of Group 1

Bottom view of Slab 1 after failure
Bottom view of Slab 2 after failure

Bottom view of Slab 4 after failure

vii

PAGE

N
=~

2l
25
25

Ly

L5

45
L5
L6
L6
L6
L7
L7
'L?



a -
Av-
b =
b, =
d =
Ec_;a.
Es «
fi, =
fg =
fy =
fy =
i -
Pcalc
Priex
Ptest
P =~
S
Sy =
T «
V =
Vv o=
Vy =
w -
Vg =
8 -
b -

o viii

LIST OF SYMBOILS

width of slab

area of shgar reinforcement

perimeter of shear area at a distance d from the loaded area
perimeter of shear area at a distance d/2 from the loaded area
average effective depth of compreésion reinforcement

modulus of elasticity.obtained from staﬁdard 6 in, x 12 in.
concrete cylinders

modulus of elasticity of steel

compressive strength of 6 in. x 12 in, in concrete cylinders

stress in the tensile reinforcement

yield point of réinforcing steel

» yield point of shear reinforcement

ratio of internal moment arm to effective dépth, assumed
equal to 7/8

- calculated ultimate shear load

-~ calculated ultimate flexural load by "Yield Line Theory"
- measured ultimate load - |

average percent of tensile feiﬁforceme#t

side dimension of square loaded area

vertical component of tensile force in slab reinforcing
internal tensile force in slab reinforcing

shear force

shear stress

ultimate shear force

ultimate shear stress

centre deflection of the slab

angle of inclination of shear reinforcement

"ratio of the ﬁltimate strength to the allowable flexural

strength as computed by the yield line theory, (taken to
be 0.667.) - -



CHAPTER I | ‘ 1

INTRODUCTTON

1.1 Background '

The design of reinforced concrete flat slabs with respect
to shear is based on a limited amount of factual knowledge, The
‘current A.C.I, Codg does not recognize shear reinforcing devices
and design methods used in héndling problems of excess shear at-
column slab connections differ considerably;

The shear problémvhas becéﬁe even more pronounced with -
modern architectufa making more use of siim colums and thin
floor slabs without drop panels or column capitals. The struc-
‘tural systeﬁ has practical\advanﬁages alsoj the ovefail amount
of material is reduced and forming becomes easier .and less expen-
sive,

Thus the slab column connection is a critical area for
design. High bending moments and shear forces are concentrated
thére so that the size of all main strucﬂuralvmembers become
governed by the degree to which the strength at this point can
be devéloped and accurately prediciede ‘

| © Current specifications such asvthe National Building Code
of Canada and the A,C.I. Code, give values of sheér strength that
‘can be used for different percentages of slab reinforcement; but
for connections in which the allowable shear stress is exceeded
the designer is obliged to increase his member sizes or use his
own‘judgement in making some type of reinforced conneétiono

, Test programs réported by Elstner and Hognestad(l) in
1956 and Johannes Moe(z) in 1961 contain pilot investigations

" ‘into the effects of shear connectors to relieve excess shear in



colum-slab connections. However both programs were undertaken
to study the different variables which affect shear strength and
to study modes of failure so that equations now used to determine

allowable shear could be improved upon,

1.2 0b leCt
It is the object of this thesis to investigate and compare

the behavieur in shear of reinforced concrete slabs with and withe
out shear reinforcement. Existing empirical approaches to deter-
mine the ultimate shearing eapacity are applied and compared to
the test results.

1.3 Scope

The effects of concrete strength, flexural capacity,
eccentricity of load and‘column size have been documented in the
reports by Elstner and Hognestad(l) and by Johannes Moe,(z) No
attempt hes been made to present a complete and detailed review
of their findings but reference is made to those aspects which
are peftineht to this investigation, ‘ |

To compare the shear connectors the tests were divided
into fwo series, The slabs in each series were identical except
g for the shear reinforcing device,

Two slabs were tested without shear reinforcement and two
siabs were tested with a concentration of tensile reinforcement
across the colum. Six specimens Qere made to test some special
~types of shear reinforcement,

The test specimens were all square slabs with column stubs
‘at the centres and with simple supports at the edgesD The arrange=
" ment approx1mates a flat slab extendlng from the column to the

points of contraflexuree-_




All specimens tested were 3 ft. square and 33 1ncﬁes thick
with a 6 in. square colum stub loaded axially. The specimens
were necessarily small because consideration had to be given to

laboratory space, loading capacity and material quantities.



CHAPTER II I

. REVIEW OF EXISTING RESEARCH AND DESIGN SPECIFICATIONS

2.1 General

Many attempts have been made to formulate a general theory
of failure that will predict the strength of concrete ﬁnder diffa-
erent combinations of stress. Despite the numerous failure theories
that have been advanced, a completely rational approach to fhe pro=
blem of ultimate stress in concrete still does not exist, Thé
‘problem becomes even more pronounced when considering the complex-
S ity oflthe mechanisms of failure of different structural components,
It is evident then that a method for predicting the ultimate shear
strength, of reinforced concrete slab-column connections can only
be found by applying empirical abproaches to the results of labora
tory fests. A discussion of existing specifications and research
is given below,

2.2 Existing Research

_ Elstner and Hognestad(l) in 1956 reported on tests of thirtye
eight-6 ft. square slabs which were loaded throﬁgh a column stub at
Athe centre and simply supported at the four edges,

As a result of the test program, it was"condluded that;

1) The ultimate shear strength of slabs without shear reinforcement

could be expressed as o
Ve T233340,006 o (1)
7/8bdf¥ f“c ' ¢o
and for slabs with shear-reinforcement' as
= 33340 g, # (y=0.050) ' (2)
'7/8bdf' £1e : '
where qv sin 8

778bdf'
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(By observing equation (2) it is seen that the shear reinforcement
was not totally effective.)f
2) A concenkration of tension reinforcerent directly over a column
did not increase tﬁe shear capacity but did lessen the strains in
the tensidn-reinforcemeﬁto |

In 1958 Lin, Scordelis and May(3) presented a report on
shear strength in reinforced and pre-stressed 1ift slabs, It was
observed that the equaﬁions of Elstner and Hognestad for reinforced
flat plates gave good co~relation with test'resultso

Johannes Moe'2) in 1961 reported tests of forty~three 6 ft.
~ square slabs which were similar to the test specimens of Elstner
and Hognestad. His report 6bntains studies iﬁto the effects of
concentration of tensile reinforcement in narrow bands across the
column and the effectiveness of special types of shear reinforce-
ment . | | |

Ffom these tests some of the important conclusions of in-
terest to this report are:
1) The ultimate shear strength of slabs is predicted with good
accuracy by the formula | |

“

y};% = 15(1-0.075 r/d) - 5.25 p, \/fi, | (3)

'.and for slabs with shear reinforcement, as

¥ = (6.23-1.12 r/d)bd \/Fv: ¢ Avfy sin © | (4)
- (Formula (4) should only be applied for.ratios of.r/d less than
2:5.)

2) Cbncentration of flexural reinforcement in narrow bands across

the column did not increase the shear strength. However such con-
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. centrations increased the load at which yielding began in the ten-
sion reinforcement.
3) Anchorage of shear reinforcement seemed to be problematical,

2¢3 Desipgn Specifications

The limited knowledge available regarding the mgqhanism of
failure in shear of slabs is clearly reflected in the various
specifications. Quite different rules are applied to determine the
critical shear.or inclined tensile stress, and the allowable streéées
" differ considerably., ‘

The current Canadian National Building Code(s) (1960) sti-
pulates that the shear stress should b9 éomputed by

v:%a_' ‘ .. | (5)
J

in which bvis the periphery at a distance d beyond the loaded area.
The shear stress computed by equation (5) is limited to
a) 0.03ff; 100 psi if more than fifty percent of the tensile
reinforcement required for the bendihg passes through the periphényq
b) 0.025£%, 85 psi when ﬁwentyhfive percent of the tensile reine
foreement passes through the periphery. . | |
The current A.C.I. qode(7) (1963) stipulates that the crit-
ical section for shear as a measure of diagonal tension shall be
perpendicular to the plane of the slab and located at a distance
d/2 out ffém the periphery of the concentrated load or reaction
area. The nominal shear stress shall be computed by

v V. . ' , (6)
Bod , ~

in which V and b, are taken at a section d/2 out from the loaded



. area. The'shéar stress, V, s§ computed shall not exceed 2 £t
unless shear reinforcement is provided, in which case V shall not
exceed 3 f'c,. The use of shear~r'einforc¢ment consisting of bars,
rods or wires shall not be considered effective in members with a
thiékneés less than 10 in, 4

In Germany a completely differeht.approaéh to the deéign ~
problem of shear in slabs has been practiced. In determining
shear as well as flexural stress, slab strips of certain widths
are assumed. The widths givgn for shear computations are different
frémlthose in moment, and the widths also vary with the position
of load on the slab. The German Specificétion DIN 10&5'of 1943
- glves the follow1ng formula for the effective slab width in shear _
b = r f 2s and by = 1/3 (L - ——é—gi) | (D

where s is the thickness of a load-distributing layer on top of the
slab and 1 is the span of the slab. The larger of the values by
and by can be used., |

. The Norwegian Standard Specification of 1939 assumed the
4shearing stress to be evenly distributed around the loaded area
at a_distance of 2d/3 from the periphery. It is however, élso

.necessary to consider a strip of the slab of a certain specifled

©  width as a beam and check the shearing stress in this beam stripe

In the British Code of Practice (CPllh) the shear stresses
in flat slabs are computed at a distance d/2 from the periphery
- of the loaded areas

A report published by A.C.I.-A.5.C.E. Comittee 326(8)
wésﬂbased primarily on the work of Johannes Moeo After reviewing

his and other test programs they made the following recommendations;
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1) The concentration of tensile reinforcement over columns in slab
design should be encouraged since it increases the slab stiffness,
~ and decreases the deflection and slab reinforcing strain,
"2) With very little test results available no design procedure'
could be recpmmended for shear reinforcement, however anchorage .

of the reinforcement seemed to limit the effectiveness.



CHAPTER III

EXPERIMENTAL PROGRAM

3.1 Description of Test Slabs

The ten test slabs were‘divided into two groups. All speci-
mens were 3 ft. 2 in. square with an overall thickness of 3} in.
The column stub in each case‘was 6 in. square’and 8 in. high rein-
forced with four No. 4 bars. The slab reinforcement was in the
form of mats welded at the eitreme edges.
~a. Groupl g

A The five slabs of this series are shown in figures (3, 4y
5, 6 & 7). Slabs 1, 2,‘h and 5 were reinforced wiﬁh thirteen No,
- 3 bars spaced at 3 in. c-c in each direction.. _

Slab 1 was not furnished with any type of shear reinforcing
device. A detail is given in figure (3).

Slab 2 was provided with a 9 in. x 9 in. x 3/8 in. steel
plate designed to distribute the load from the‘cplumnoner a larger

‘area of slab, The plate was cast into the condrete, its top sur-
face flush ﬁith thg concrete surface as shown;in figure (4). The
column steel was continuous through four 1 in, diameter holes in
the plate. |

Slab 3 was not furnished with any shear reinforcemént but
‘the tensile steel spacing was changed to-provide a concentration
of 50 percent of the tensile reinforcement in the periphery of the
column as shown in figure (5). This wés used because of the NeB.C.
specification, which provides for an increase in shear stress when

50 percent of the tensile reinforcement passes through the column

‘periphery.
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Slab 4 was reinforced with a shearhead of the type éhcwn.in
figure (6) and plate (1). It was made of % in. reinforcing rod
welded into a sturdy grid. Such devices have been used in flat
plate floor slabs to some extent in Canada and the United States.
Slab 5 was reinforced for shear with a system of bent up'
‘bars as shown in figure (7) and plate (2). Such a methoa is pop-
- ular with some desiéners and especially so in European countries,
The design proéedure for such a device is oﬁtlined in "Shearhead .
" Reinforcement for Flat Plate Floors" by the Portland Cement Associag
tion. | |
The five slébs of thié series are shown in figures (3, 8,
| 9, 10 & 11). The reinforcing steel in‘slab 1A was the same as in
slab 1 but in slabs 24, BA,'AA and 5A were stiffened with four extra
No; 3 bars as shown in the figures mentioned above,
Slab 2A was provided with a 9x9x3/8 in. steel plate resting
on the slab as shown in figure (8).
| Slab 34 did not have a special reinforcing device but was
furnished with the more heavily reinforced slfb‘of this series as
shown in figure (9). |
Slab LA had the shearhead identiéal to slab 4 but -with the
stiffer mat of this series. See figure (10).
| Slab 5A had bent bars similar to slab 5. The embedment of
~ the bent bars was extended in this case as shown in figure (11)
to overcéme‘any tendency of a bond failure. |
3.2 Materials
High early strength Porthnd cement was'usedvthroughbut the
test program. The concreﬁe mixture was designed to give a minimum

compressive strength of 3000 psi at seven days. The water cement
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.ratio was 0.57 and the cement factor was 6.7 sacks per cubic yard

. of concrete, Thé maximum size of aggregate was % in. Tﬁe relative
proportions by weight of cement, sand and gravel were approximately
1:3:3. This produced a 2iin. to 3% in. slump.

. Two standard 6 in. x 12 in. cylinders were cast with each
test slabo The cylinders were cured in the same manner as the slabs
aﬁd tested on the same day as the corresponding slab., A typical
‘stress'strain curve for a 6 x 12 in. cylinder is shown in figure (2)0
" An avefage modulus of elasticity ofvapproximately 2.6 x lO6 was
found,

Intermediate grade deformed reinforcing bars were used
throughout the tests. A typical stress-strain curve fér'a No. 3
bar is shown in figure (1).l
3.3 Fabrication

Each slablwas cast on avsheet‘of 5 in. ﬁlywood with wooden
side forms. Reinforcing bars were spot welded at the outside edges
to form a sturdy mat. Tie wiré was not ﬁsed because it was felt
that the spacing could not be controlled accurately. The tension
reinforcement was supported on 3/8 in. chairs at four points along
the bottom bars. A photograph of the reinforced slab just prior
to casting is shown in pléte (4).

Two batches of concrete mixgd in a 3 cubic foot mixer were
nécessary to cast each slab, The forms were placed on two vibrg—

. tor beams and vibrated extérnally° The cblumn stub was poured
separately, approximately eight hours-éfter the slab_pour whenvthe

concrete had reached its initial set.
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Forms were stripped twenty-four hours after casting. The
specimens were cured fof six days under damp burlap and left to
air dry until testing at seven to nine days.v The slabs were white-
washed on the bottom solthat cracks could be observéd‘more clearly.

' 3.4 Support Frame

To approximate the conditions existing in continuous struc-
. tures a simble sﬁpport at the perimeter of the test slabs was used.
The loading frame was self contained and consisted of a welded 3 |
ft. square support frame fabricatéd from 12 inch channel section,
Four 3 x 3 x £ in. angles connected this frame to two 8 in. wide
flange sections against which the jacking was done, Details of
the frame are shown in plate (3). A one inch strip of white pine
was glued to tﬁe support frame to allow some flexibility of the
supporfs'and help'insure a uniform'bearing at the start of each.
test.. The slab corners were allowed ﬁo deflect upWafd in each case,
The frame ﬁas located over a pit in the laboratory floor so that |
the underside of the slabs was accessible and initial cracking
4cou1d be observed,

3.5 Instrumentation and Testing

In each test concrete strains were measured with six SR-4
type A-3 strain gauges. Gauge locations are shown on the detail

dréwing for each slab,
'C6-141-B metafilm gauges were used on the reinforcing bars

as shown in the appropriate figureé, Standard practice was. used

: in‘mqgnting all gauges.,
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The Budd Digital Strain recorder was used for the first
foﬁr tests. Due to a malfunction in thevsystem the full range of
- readings could not be obtained and the manually operated Baldwin

SR-4 strain indicators were used to complete the testing program,

Deflections were measured with three 0,001l in. dial gauges

at the quarter points of the slab and the column centre.

| Loads were applied with a 200,000 pound hydrauvlic jack and
the load readings were taken from a strain indicator connected to
| a Baldwin SR-/ load cell. Th¢ slabs were loaded in 2000 pound |
increments to 30,000 pounds and then in 5000 pbund increments to
failure. ‘Strains and deflections were taken after each'increment.
Plate (3) shows the‘testvassembly énd instrumentation,

After failure, each slab was removed from the loading frame

and the crack pattern observed and photographed. It was then
- placed 5ack on the frame and loaded to observe the mat or membrane
étrength of the reinforcing steel, The failure cone wasvpushed_out
'with‘the Jack and the reinforcingbbars cut with an oxy=-acetylene

torch so that the failure plane could be exposed.
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PLATE NO. 1.

Shearhead reinforcement
of slabs 4 and 4A.

PLATE NO. 2.

Truss bar relnforcement
of slab 5,

ELATE NO, §

Loadlng frame and t;pical
test assembly.




Form and tensile relnforcement seated on
the v1brator beams prior to casting.

PLATE NO. 5.
Glose~up of shearhead used in
' - slabs 4 and 44,
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" CHAPTER IV

EXPERIMENTAL RESULTS

L.1 General Behaﬁior

The slabs were designed by the elastic method for an allow-

abie load of 15 kips. The ultimate floxural capacity as computed
by the Yield Line Theory(5) was found to be Qp kips. Load-deflection
profiles and centre deflection curves are shownziﬁ figures (12, 13,
14 & 15). Similar plots were made of stéel and concrete strains
to help analyse the test results. Pertinent data for the ultimate
étrength analysis are given in Table 1. Comparisons to equations
1; 2 3,‘h and 5 are giVen in Tables 2 and 3.

‘V All slabs were loaded to ultimate failure which occurréd
by a final punch out of the column stub throﬁgh the slab, In each
case the.sequence of events was generally as followéz
1) The first visible flexural crack appeared at approximately one-
half the ultimate load. They first formed at the centres and spread
.to'the'edges@ °
: 2) At 75 to 85 percent of the ultimate load 1ift in the corners was
evident although not measured and the yield line patterns were
distinguishable. Vertical cracks appeared randomly along the edges
of the slab,
'3) At ultimate load the colum stub punched through violently. The
load near failure was difficult to maintain. |
" 4) The failure cone varied in size and shape dependihg on the type

of shear device used. Upon release of the load, noticeable rebound

occurred in each cass.
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5) The strain measurements taken on the column stub verified the
fact that the load was coﬁcentrated at the corners near thc slab
surface. . | |

v TheIStrains recorded in the tensile reinforcement of the
. specimens are not believed to be‘exact measures of ﬁensile strain
in the bars for the following reasons:
a. The bending action of the slab introduces a bending stress in
the bars. Since the gauges are located on the bottoms of the bars,
their strain'feadings are slightly greater than the average strains
in the bars. |
be Thé cracking of the concrete :an the tensile zone of the slab
'introduces slight stress concentratipns in the bars at thé'érack
zones.
.These,unpredictable and unmeasureable occurancés were not. considered
v.in the evaluation of the resulis. |

L.2 Individual Behavior

-Slab No. I (No Shear Reinforcement )

Initial hair line cracks were observed at a load of 20 kips.
A distinguishable yield pattern had developed at 35 kips} Final_
failure occurred at 45 kips. The failure plane sloped away from
the colurm stub at about h5 degrees. See plate (6). |

Difficulty was encountered in running this first test. The
loading apparatus unexpectedly interfered with the céntrally located
| deflection diél and its readings were of no value. The Budd Digital
strain recorder failed to read the strain gauges on the tension
reinforcemént beyond an axially applied load of 15 kips, This.tesﬁv

was run at load increments of 5 kips and it was decided to change
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~ in the subsequent tests to load at 2 kip increments to 30 kips and
then at 5 kip increments to failure.

Slab No, 2 (Embedded 9 in. x 9 in. x 3/8 in..steel plate)

Initial cracking was observed at an applied load of 25 kips
~ and extended toward the élab cdges. as load was applied. Failure
 occurred at 40 kips and fhe steel plate punched.through the slab.
© No bending‘was épparent‘in'the steel plate, but at‘hiéh load spall-.
ing was seen to_develop at‘the steel plate~slab interface. The
failure surface sloped away from £he bottom edge of the platé at
an angle of approximately 20 to 30 degrees as shown in plate (.
Slab No, 3 (Concentration‘of Tensile Reinforcement)

No appareﬁt cracks could be seen until thé applied load had
reached 25 kips. Final failure occurred at 4O kips and the failure
plane 510ped away from tﬂe column stub at approximately 45 degrees.
Severe spalling at the column slab interface began after the applied
load had feached 30 kips. This observation was unique to this test
and is showh in pléte (8).

‘Slab No. 4 (Shearhead)

First cracking appeared at 20 kips and failure occurred at
L5 kips. The yield pattern was well defined, spreading from points
directly under the column corners toward the slab edges. The final
failure was a violent punch out, not through the shearhead, bqt
beyond it as shown in plate (9). The failure slope was at appfox—
'.imately 20 to 30 degrees and began at the top tie of the shearhead.
Sllab“_No° 5 (Truss Bars)

" Hair line cracks firét appeared at an applied load of 1.4
- kips ﬁnd by the time failure occurred at 47 kips a somewhét ran-

dom crack pattern had formed as sﬁown in plate (10). The failure
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_plane sloped from the column faces at approximately 45 degrees,
passing through the diagonal portion of the truss bars. Sec plate
(11).
Slab No. IA (No Shear Reinforcement)
| Slab IA was the same as Slab I and the behavior was simi-
lar. Final failure occurred at 40 kips and the failure plane
sloped at 45 degrees td the plane of the slab. After failure,
load was again applied and the specimen'was able to support an
‘vapplied force of & kips; |
Slab No. 2A (9 in. x 9'in4 x 3/8 in. steel plate)
Initial cracking formed at a load of 28 kips. The yield
pattern was very irregular. Faiiure occurred at a load of 52
kips vith a punch out of the plate. The failure plane sloped at
approximately 20 to 30 degrees-from the edge of the plate, The '
strength of the féiled specimen was measured to Ee g kips, |
Slab No. 3A (Concentration of Tensile Reinforcement)
| First cracking oécurred at 26 kips, The yield pattern

became clearly distinguishable at 35 kips and failure was at an

applied load of 45 kips. The failure plane was irregular as shown

in plaﬁe (12), sloping at 45 degrees on two opposite sides and
approximately 20 degrees on the other sides, | |
 31ab No. LA (Shearhead in Stiffer Slab)

First cracking was noticed at 2. kips. Failure occurred
at 51 kips and‘ﬁhe failure plane formed beyond the shearhead gt

an angle of 20 to 30 degrees with the slab surface.



30
Slab No. 5A (Truss Bars in Stiffer Slab)

Initial crackiﬁg waé observed at 24 kips. Failure occurred
at Lk kips and the failure cone sloped at 45 degrees, passing
through the diagonal of the truss bars. After failure the specie
| men could still withstand an apﬁlied,load of 17 kips.

L.3 Analvsis and Comparison of Experimental Results

Load defleétion profiles and load deflection graphs are

shown in figures (12, 13, 14 and 15). The load-deflection graphs
. geem to indicate that full yieldings of the specimens under load
| never occurred., In the elastic range, slabs IA and 5 deflected
noticeably more than slabs 2, 3, and 4. It is seen that the con-
centration of tensile reinforcement, thé steel plate and thc shear-
head reducfd the deflection; The extra ténsile reinforcement . of
slabs 2A, 3A, LA and 5A caused these specimens to behave similarily
" over all ranges of load. |

| The distribution of stress on the column stub sﬁrfaces was
detefmined for the slabs of Group I and Slab IA. The gauges were
attached.to the stub on one face only, & in. above the slab as
shown in plate (L4). Figure (16) shows the stress distribution
at an applied load of 24 kips. The stress concentrations were
| evident in all slabs through all ranges of load and did not tend
to redistribute near féilure as Moe(z) indicated in his report.
‘The slabs with a-sﬁear reinforcing device had higher stress con~-
centrations than the slabs without such reinforcement. It was
noted that the steel plate caused the highest corner concentrations.
In -practice such stress conceﬁtrétions could céuse locél spalling
in column corners directly under a flét plate slab which has an

initially high axdal load,
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Tensile reinforcement strainstin slab 1A and 3 were of
'particular interest when compared. The concentrétion of tensile
steel in slab 3, although‘reducing the deflection, did not reduce
the strain in the tensile reinforcement. The stress was consistent-
ly pigher by approximately 12,000 psi in the reinforcement under
the column stub of slab 3 than in slab IA, The concéntration thus
did not reduce the steél gtrains as Moe(z) and Elstner-Hognestad(l)
found in their tests., It is felt that the concentration of ten-
' si1e'reinforcement only causes a concentration of stress.

In no case did the shear reinforcing devices leésen the
strains on the tensile recinforcement. In each case the tensile
stresses'in the ¢olumn stub area were raised above the stresses
found in a slab withou£ a ‘shear reinforcement.

Whén deflection has occurred under load, part of the load
is carried through extension forces in the plane of the slab by
tensile reinforcement. The resistancé is known as membrane action
"and increases with.increésing déflecﬁion, Moe(z) developed the
following equation for membrane action by assuming it équal to the
total vertical'component of the forces in the’tensile reinforcement:

Sy EAT 2w where T = pydf, (8)

a-r
He estimated that at maximum deflection, this resistance was never
larger than 6 percént of the ultimate load for the specimens of
his test program.

Table 1 gives values of resistance obtained for the speci-
mens of Group IA after failure. In all cases the pércentage of

ultimate load resisted by the membrane action of the reinforcing
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, mat;was approximately 20 percent, well above that predicted‘by
Moe's equationol Consideration of course must be given to the
fact the deflection just prior to failure was smaller than that
just after failure, but it is felt that the membrane action pre-

dicted by equation 6 is conservative. -

Slab 5A with the truss bar reinforcement, resistéd 17 kips
after failure. Thié load is actually higher than the original
- design load. Good anchorage of the truss bérs in the compression"
R sone of the slab added to the membrane resistance. In practice,
‘this type of shear device would,prdbably prevent a total collapse

if a\local shear failure occurred,

Strain gauges were attached in.two locations on the diagonal
bars of the shearheads in’slabs L and LA. One gauge was placed in
the corner area of the shearhead and the other near its centre.
Figures (6) énd (10) show their location. The corner diagongi bar
was consistently under much higher stress than the diagonal bar
1§éated'at the centre. In slab 4 at an applied load of‘lé kips,
the corner bar was stressed to épproximately 7200 psi and‘the cene=
tral bar to 4000 psia‘ In slab LA the same effect was recognized,
However the stresses were smaller due to the extra tensile rein-
forcement . .The shearhead was effective in moving the periphery
.of failure beyond its influence, however no appreciable'increase
in strength was attained. The high corner stresses in the diagonal
bars seem to indicate that high shear stresses were very much é
local condition of the coluﬁn corners.

The strain was measured on the diagonéls of‘the truss

bars in slab 5 and 5A. At an applied load of 16 kips the stress
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~at the gauge locations of slab 5 was approximately 12000 psi,
substantially higher than in the shearhead at the same load. The
length of embeddment of the truss baré in the compression zone was
6 in. more in slab 5A than slab 5, as it was first thought that
the ultina;e failure was precipitated Sy.a bond failure of the truss
-bars. The strain readings were however so similar that this theory
was discounted. It is difficult to explain fhe behavior of the
truss bar reinforcemenﬁ. It was effectivea in that its-ioad carry=-
ing capacity was developed, hoﬁever the ultimate strengths of the
specimens were not extended, A possible explanation would be
that the concrete under the truss bar bends was crushed as the bar
"stresses increased, thus allowing the failure cone to develop even
 though a high percentage of force was resisted by the reinforcment.'
This explanation seems to be borne out by two observations. First,
the punch out failure was not as noisy or violent as in the other-
tests and secondly the load carrying capacity of the specimen re-
v,mained very high even after féilure.

The conétruction of slab 2A was revised after the results
of slab 2 had been studied. The failuré load of slab 2 was 4O
xips, 5 kips lower than for slab l‘which had not beén‘reinfdrced
| for shear. The plate in»sléb 2A was not embedded in the slab but
'fested on its surface. See figure (8). The ultimate load in this
' cése was 52 kips, 12 .kips ﬁigher than for slab 2. The 3/8 in.
- difference in shear area at the loaded section seems to be critical
for developing the load capacity. Timoshehko(é) explains that
the shear near a loaded section does nﬁt follow the parabolic law
but.is concentrated very much at the top surfacea’ This fact seems

to be borne out for a reinforced concrete slab,
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The strains invtﬁe concrete slab were measured at various
locations. In all specimens the highest readings were taken in the
region of the column area and the strains were proportionately
smaller as the distance from thé column increased. The shear dev-
ices tend to reduée the compression in @he slab surface at low
loads, but at high loads no ﬁrend was established from which con-
clusions could be drawn. The concrete surface at the column in all
specimens became stressed‘in.compression beyond 1500 psi at the
design load of 12 kips. In actual flat plate floors it is possible
that the bending méments at the column location are such that the
allowable compressive sﬁress in the slab is exneedédo In all cases
. except for the two slabs without shear‘reinforcement, the highest
compressive stresses in the slabs were found in theiimmediate'
vicinity of the column corners at all range of applied load. The-
two exceptions had highef moments at the centre of the column
sﬂub and perpendicular to it.
| Tables 2 and 3 have the test results compared to equations
1, 2, 3, 4 and 5. The predicted vélués of ultimate strength by

(1)

Elstnér and Hognestad were higher than actually obtained by
tests for all slabs with some form of shear reinforcement. For
slabs with shear reinforcement in the diagonal tension zoné, (4,
‘hA, 5 and 5A) the results indicate that it is not as effective as
the equations predict. Close agreement between the calculated and
'the test ultimate loads was found for slabs without a shear device

in the diagonal tension zone. Moe's equations yield higher pre-

dicted ultimate loads for the slabs of Group I. However for group
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iA the predicted values are in good agreement with all but slab
5A. The factor Qf safety as determined by the current A.C.I.
Code ranged from 2465 to 3.40. As determined by the N.B.C., the
factors of safety'were cpnsiderably higher, ranging from 2.80 to
heZOorv
lh.h Summary

. Shearing stresses were found to be a local COnditioﬁ of
the qolumn corner and slab surface, This effect seems to make
the proper placing of shear reinforcément problematic.

The shearheads of slabs 4 and LA cau;ed the failure plane
to pass around rather than through the shear reinforcement. A
étudy’of the failures revealed no signslof poor anchoragé;

Bearing streéses seem to be an acute problem with truss
bar reinforcement in thin slabs. High bearihg stresses on the con=~’
:creﬁe under ﬁhe bar bends probabl& result in the initial cfushing :
of the concrete and thus msking the reinforcement ineffectual
across the diagonal tension ZOAee

The only apparent advantage tovconcentrating thé‘tensilé
reinforcement within the éolhmn périphery is to reduce the de-
flection. However the steel strains in the tensile reinforcement
are increased and at high loads sp#lling is noticeable at the

colum-slab interface.
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Description of tests and test results.
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Slab Type of Angle of | Center Strength.
No. Shear fé Rupture Defln., Progt| after
Device (degrees) | @35 kips Kips Failure
1 NOWE 5000 45 - 45
. PLATE o
2 | oxoxs/s 1m, | 3850 | 20-30 0.307 40
iy ° _in.
COWCENTRA- ~ '
3 TTow | 4000 45 0.250 40
4 SHEARHEAD | 4450 | 20-30 0.212 45
5 TRUSS BARS | 4100 45 0.300 47
1A NONE 2800 45 0.320 40 | 8 kips
24 PLATE 2950 | 20-30 0.360 52 | 8
“ 9X9%53/8 in. | © . ° :
CONCENTRA= | =nn
34 ONCERTES= | 3000 45 0.225 i5 |9
44 | SUZARHEAD | 4100 | 20-30 +0.270 51 8.5
5A | TRUSS BARS | . 7500 45 0.258 24 | 17,




Tabie 2

Test results compared to equations (1) and (2)

by EBlstner and Hognestad,

Slab Type of - test
No. Shear e £ P P . | ST
. c y test calc .
Device Kips Kips calce
1 NONE 3000 | 50,000| 45 41,0 1.10
2 PLATE 3850 " 40 56,5 0.83
9X9%3/8 in.
5 CONCENTRA=- | 4000 | o 40 41.5 0.98
TION
4 SHEARHEAD 4450 " 45 57.0 0.79
5 TRUSS BARZ| 4100 " 47 63,0 0.74
1A NONE 2800 " 40 36,0 1.11
24 PLATE 2950 " 52 5.0 0.98
9X9X3/8 in.| ﬂ ° 7
3A CONCENTEA 5000 " 45 46,0 0.98
T105
44 | susaRHEAD | 9100 " >l 56.0 | 0.9
5A TRUSS 3AHES| 3500 " 44 62.5 0.70
Yoo -oz3m o4 0.046
778baf? f ?
44 C (e}
v N
u - 27:2 0.0é6 - o
sbar! = “I° + T, + (gy - 0.050)

Ava gin 8

where gy =-

i ¥
i/8 bdfc




Table 3

Test results compared to equation ( 3 ) and ( 4 )
by Moe end to the allowable design loads.

51lab Type of £t P P _Lest| HsB.GCoFfactor
o Sheay ¢ test| “calc| | Allow of
: Device xips kirs kips calc “iDé. Safety
1 NONE 5000 45 39.7 1.13 18,7 4,2
2 9xoxs/8 i, 3850 | 40 54.5 | 0.73 | 13.8 | 2.9
! CCHCENTRA~ 40C0 40 46.5 0.86 14,2 2.8
TION
4 SHoARHEAD 4450 45 50.3 | 0.90
5 TRU3S BARS 4100 47 55.5 0,85
1A HOWEB 28C0 40 39.0 1.C3 1C.0 4,0
FLATE aXatoy; g > -~
2A 9X9X3/8 in. 2550 52 51.5 1.01 13.5 348
3A COpCrtTRA= “AA
ZIOI“? ,/(\.O 45 4‘003 1012 1208 305
44 SHEARHEAD L1000 51 49,1 1.04
54 TRU33 BARS 5500 44 54,2 0.81
) e
3 L t
— = [15 (1 - 0.075%) _ 5.250\]f"
bd _ :
: I ? $
4y v = (6.23 - 1.125) bdﬂfc + AL sin ®
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CHAPTER V
SHEAR FAILURES IN SLABS

5.1 Introduction

While it is generally recognized that the commonly used
equations for computing shearing stressecs give only nominal stress
values of no physical éignificanée, it should also be realized
that present knéwledge of the actual behaviér of slabs, subjected
to concentrated load, is Very liﬁited, Elstner—Hognestad(l) and
Moe(z) felt that shearing stfength of slabs is vefy much related
to the flexural behavior. The équations developed in both cases, .
although eméirical,-take into account the flexural beﬁavior of the
slabse .

To properly study the failure mechanisms, Moe tested slabs
with square and circular holes in them at the critical‘sectiono
His explanatibn of the mechanism of shear failure can be stated
as follows: ' |
1) Initial cracking develops at approximatelyVSO percent of the
‘ultimate load and extends rapidly.to the neutral axis. See figure
1n. |
'2) From the neutral axis cracks extend rather slowly until only
" a very narrow depth of coﬁpression zone remains intact at loads
near ultimate,

3) The ultimate strength in shear is then governed by the strength
of this very narrow compression zone above the top of the inclined
ceracks. |

L) ‘The periphery of the loaded area is the critical zone for fail-
ure andbthe vertical shearing strquth of this area increases as

the lateral biaxial compression increases,
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5.2 Evaluation of Test Resulté

In this investigation, corresponding tensile ana com=-
pressive strains were recorded at various locations in the slabs’
of all the test specimens. The vaiues of strain ﬁere transposed
to stréss and diagramatically plotted in an attempt to'épproximate
the position of the neutral axis.

A reasonably accurate position for the neutral axis however
could not be located., At any given applied load and at different
. locations on the slab, the magnitudes of the tensile stress could
in no wéy be co;related to the corrcsponding compreésive stress in
'the slab surface. The difficultyvarose in trying to assume the
stress distribution in the compression zone of the slab. The two-
Qay compressive stress also complicated such a co-relatioho |

However, when the test résults were examined more genérally,
a definite trend in the behavior of the. slab became apparent. The
strains in the tensile reinforcement passiné under the periphery
of the loaded area, varied only slightly in eéch case at a given
- applied load. At a distance of 7.in. from the loaded area the strains
in the same reinforcemént,were still of approximately the same
magnitude as at the loaded area. In the slab surfaces however,
the highest strains were found at the column corners and face,
diminishing proportionately as the distance from the loaded area
inci'easedo A study of the test results indicated that thié trend
| was established at very low applied load (8 kips), whiéh seemed

to eliminate the possibility of a bond failure.
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Such uniform stress in the tensile reinforcement as compared

to such varying stress on the slab surface, scems to indicate that

although the slabs were acﬁing in bending, they were also reacting
to the‘applied load very much és a tied arch would resist a con-
centrated load at its centre. This explanation is represented
schematically in figure (18)..

If this was the case the fiexural cracks in the slabs at
the critical section, although advanced well abové the heutral
axis at applied loads near ultimate, did not interfere with the

'arching action and thus did not necessarily initiste final fail~

(2)

!

ure as indicated by Moe
Although too little informetion is available to completely .
justify the arching effect, the following observatibns of the test
~specimens after failure seem to indicate that the possibility
does exist}
i) The failure planes were almost horizontal and very_cldse ﬁo the
slab surface at the critical secﬁiono
2) The failure planes were curved in a-slightly concave manner over
their full width,
3) Flexural cracks at the slab edges‘in some cases extended to the
. slab surfacé, indicating tensile stresses over the complete depth
of the slab along the edges.
The arching action possibly could explainlthe ineffectiveness
of the shear reinforcement. Although in the diagonal tension zone,
the shear reinforcement was not actually in the région of maximum ‘

stress. It is doubtful that the shear reinforcement could be placed
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properly and be of any value in increasing the shearine strength.
It is suggested that further experimental studies be under-
taken in order to determine the extent of the arching action in

resisting applied concentrated loads or reactions.

v
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CHAPTER VI
CONCLUSIONS

On the basis of test results reported herein, the following

conclusions are advanced:

1) The use of shear reinforcing devices in the diagonal tension

- 2)

3)

L)

5)

[y

zone of thin reinforced concrete slabs cannot be considered

effective in raising the shearing strength.

Concentration of tensile reinforcement across the column peri-

phery does not raise the ultimate shear capacity. It is

questionéble if this practice has any advantage other than

reducing the deflection. Stress in the tensile reinforcement

concentration is increased, indicating that a concentration
of reinforcement only causes a concentration of stress.

Shear stresses are concentrated in the vicinity of the column

corners and the slab surface. It is not distributed uniformly ‘

around the column periphery or in a parabolic manner over the

ﬂ‘depth of the compression zone.

An arching action develops internally in a slab under concen-

trated load. Final failure is believed to be initiated by

the high shearing stress of the arching action, horizontal to,
and at the slab face,_ana not by the continuation of the flex-
ural craéks into the compression zones

The membrane sﬁrength of the tensile reinforcement after the
initial shear failufe of the concrete is approﬁimately 20 perw=

cent of the ultimate strength, For slabs. in which bent up

bars were used, the reinforcing steel will support the design

load, even after the concrete has failed in shear.,
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6) The equations develoﬁed by Moe and by Elstner-Hognestad for
slabs vithout shear‘reinforcement, predict values of ultimate
shear strength which are in good agreement with test results,
However, for slabs with shéar reinforcement, the equations -
._yield values'for ultimate load which‘are higher than actually
found. | | .
7) Values for the factor of safety varied from 2,65 to 3,40 when
the test results of thefslabs without shear reinforcement were
compared to the ailowablé shear capacity as computed by the

currént A.C.Io.Code;
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