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SYNOPSIS.

Simply supported deep reinforced concrete beams, span to depth
of approkimately 2, were investigated. - The aim was to study behavior and_
strain distribution and suggest patterns of reinforcement to provide
‘ductility.

Three patterns of reinforcement were studied in two test series.
The first series of tests were used té study load deflection characteristics
and cracking patterns. The behavior of the first tests was then used to
establish tﬁe critefia for the procedure of the second test series.

The second test series involved strain readings on the face of
the concrete. These readings were taken using Demec gauges. The final two
beams of this series were iﬁstrumented also with rosettes of Demec gauges
and the web reinforcement was instrumented with electric resistance stréin
gauges.

Test results are presented, the tied-arch analogy discussed and

a pattern of reinforcement is suggested.
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1., INTRODUCTION

1.1 THE DEEP BEAM PROBLEM

Throughout the history of moderﬁ design and analysis of reinforced
concrete members in bending one of the basic assumptions has been a linear
distribution of strain througﬁout the deptﬁvof the member. Analytical methods
based on this assumption such as the '"Working Stress Method" or mofe recently
the "Ultimate Strength Method" have proved to be satisfactory as long as the
depth of the beam has been small in relation to the span. .As the span to
depth ratio decreases howevei the strain distribution.does no£ remain lingar
with depth. This change from almost linear to a noticeably non-linear strain
distribution takes place between span to depth ratios of 6 to 2.

This non-linearity of strain complicates an elastic analysis of a
homogeneous isotropic beam. -Thus the analysis of a non-homogeneous, no&—
isotropic material such as concrete, which also has a non-linear stress-
strain relationship, becomes more complex.

The deep beam, however, has been used more often recently as shear
walls in wind, earthquake and blast resistant buildings. Foundation and
bearing walls in buildings, short span beams in grillages, bins and hoppers

also behave as deep beams. Thus there is a practical need for an understanding

of the behavior of deep beams of reinforced concrete.

1.2 DUCTILITY AND THE DEEP BEAM

. Often a structure can be subjected to a sudden overloading over a
short period of time. Such an overloaa can be in the form of natural phenomena
such as earthquakes, tornados or even hurricanes. Man-made blast loads such
as nuclear bombs, dynamite blasts or natural gas explosions have the same

effect., If a structure does not have the ability to absorb the large amounts



of energy associated with this type of loading, disastrous collapses can
take place. | |

A structure that possesses the ability to deform greatly without
loss of load carrying ability, that ista'spfucture that posses ductility can
absorb a gréat deal of energy. Recent earthquakesl,2,3, have shown that even
if members do not carry enough load to cause'collapse of a structure tﬁeir
fracture causes falling debris that takes a large toll of lives,

Even more frightening is the prospect of the results of a small
blast load such as a Rownan PointA, where the sudden overload and brittle
failure of supporting members caused loss of life and considerable damage. .

With a great deal of care a reinforced concrete structure can be
designed to possess enough ductility to prevent failure due to sudden over-
loading. Deep beams have shown a tendency to fail in shear and usually in a
brittle manner when reinforced using conventional practice. A better under-

standing of deep beam behavior could lead to an unconventional reinforcing

to force a ductile type of failure.

1,3 'REVIEW OF RESEARCH ON DEEP BEAMS

A great deal of research has been carried out both analytically and
experimentally on deep beams. In the current work only that research which
is of direct interest to this study will be reviewed.

a) ANALYTICAL

To date most analytical studies have involved elastic
studies of homogeneous deep bgams. The first major analysis by

Dischinger8 of continuous deep beams showed the non linear strain

distribution and led to the Portland Cement Association report on

"The Design of Deep Girders"g.




Since then the researchers have continued elastic studies
to find the stress distributions of different types of loading in
Deep Beam. These references are reviewed by Maluss, Geir6 and
Austin7. Unfortunately the ;ools have not been available to shed
light on the actual stress distribution in deep reinforced concrete
members, particularly after cracking has taken place. With the
advent of computer analysis and fhe finite element technique hope-

fully such studies will be forthcoming.

b) . EXPERIMENTAL - ANALYTICAL

Some experimental studies have confirmed these analytical
studies on strain distribution in‘deep beams. Coker and Filon used
photoelastic methods to study strain in deep beams 10. Karr used
small scale aluminum and steel models instrumented with electric
resistance strain gauges to study strain distributionll. Saad and
Hendry used photoelastic methods to study strain distributionlz.

Early tests on reinforced concrete deep beams were performed
by Klingroth13 and by Nylander and Holst14 in 1942, More insight
was given iﬁ tests by Benjamin and Williams in 195915. These tests
involved full sized, plain and reinforced concrete shear walls
subjected to shear forces applied in the plane of the wa-1. Attempts
to-study stra-ns in these tests were hamepred by the cracks formed |
in testing.

Further studies were carried out at the University

Illinodis by Untrauer16, Dill17 and de Paivals. These studies along

with later studies by Cri\st‘19 and by Ramakrishnan and Ananthanarayana20

were mainly concerned with predicting the ultimate load of deep re-
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‘inforced éoncrete beams and do not study t@e post yielding behavior
closely enough to give insight into ducéile behavior,

These studies did bring forth é number of interesting
points: i. The pfesencejof vertical reinforcing does not have

a significant effect on ultimate load although the
deflection is affected.

ii. The studies at Illinois point out the tied arch
behavior of a deep beam after cracking. The beanm
appears to become an arch of concrete tied by the
main reinforcing bars.*

These studies have at least in part led to an attempt to
recognize more rationally deep beam behavior in the Proposed Revision
in the ACI 318 - 63 Building Code21. These proposals mainly involve
shear provisions for deep beams. \

Since shear is an integral paft of the problem of deep
beams the series of papers by Kani shed some light on the problem.
The first of the series describes in detail not only the tied arch
analogy. but also describes a theory of the cracking mechanisms in
diagonal tensionzz. The second is an extension of ideas on shear
failure23. The third sheds more light on the problem of beams of
greater depth. Kani's findings showed considerable loss of safety

factor with increase in depthza.

1.4 APPRAISAL OF EXISTING RESEARCH

The efforts of those involved in analytical approaches have establish

ed the basic nature of the problem. These studies have established non-linear

# This analogy is described in more detail in section 5.1.



strain distribution as well as a shear strain that i$ maximum in the com-
pressive zone and not at the neutral agis. These approaches found solutions
that apply only to ideal materials and these results cannot be directly
‘ applied to concrete which is far froﬁ:ideal.

ﬁxperimental research has involved mainly the study of the ultimate
load carrying capacity of various deep beams. A number of methods were de-
veloped for predicting cracking ioads, ultimate loads and other behavior.
Very little effort has been given to the thought of trying to change the

behavior or failure mode by changing the reinforcing pattern.

1.5 AIM OF THE INVESTIGATION

This study is a part of a continuing investigation carried out at
the University of Manitoba. The aim of this investigation is to find out if
a deep reinforced concrete beam can be forced to fail in a more ductile )
manner than one containing a conventional reinforcing pattern.

Two previous studies have been performed. The first, a prelimi-
nary investigation to evaluate beam size, test procedure and give some in-
sight into the type of failure expected 25. The object of the second investi-
gation was to develop a réinforcing pattern that would provide a maximum
range of ductile behaviors.

The results of Malus'-work5 showed that it is possible to establish
a ductile mode of failure by changing the reinforcing pattern. More inform-

ation must be obtained to understand the basic behavior of deep beams and

changes in behavior affected by changes in the pattern of reinforcing.

1.6 THE SCOPE OF THIS STUDY
Malus5 found there was reason to believe a ductile mode can be

established. The scope of this present study is to investigate in more



detail the most successful of Malus' reinforcing patterns and try to establish
by more detailed investigation if the reinforcing pattern caused this ductile
failure, Unfortunately, Malus5 did not study more cases of standard types
of reinforcing to coméare'to the unorthodox reinforcing he used. |

This study will compare the web reinforcing patterns which produced
éhe best résults to a standard reinforced beam (vertical web reinforcing)
with the same percentage of tensile reinforcing., In this series, strain
measurements were taken for both concrete and reinforcing steel in an
attempt to evaluate the performance of the different reinforcing patterns.

At the same time the experiments will be used in an attempt to gain a

greater understanding of the failure mechanisms.



- 2. EXPERIMENTAL DETAILS

2.1 INTRODUCTORY REMARKS

As this study is part of a continuing investigation, the size and
shape of the beam, the mix proportioné of concrete and the loading apparatus
- . . , 2 .
were kept similar to those used in previous studies 5,5. Drawing from the

experience of these studies small changes have been made to improve the per-

formance of the testing without affecting any comparisons to the previous studies,

2.2 SELECTION OF BEAM SIZE AND FORMS

The criteria for the selection of the beam size are as follows:
1. Length of the machine bed.
2, Horizontél distance betweén loading screws.
3. The vertical distance between loading heéd and test bed taking
into account supporting apparatus and deflections.
4, Capacity and stiffness of the test machine.
Based on these criteria, the final specimen had'the following
dimensions:
Overall lemgth - 74 inches
depth - 22 inches
widt£ - 4 dinches
At each end and at the midpoint columns or pilasters were formed by
increasing tﬁe thickness to 10 inches (See Figure 1). These pilasters were
added to provide bearing for the load and reactions, and to reduce stability
problems. For this test series the length of ;he outside of the centre pilaster
was reduced to 6 inches to reduce the effect of sharp"corners at the pilaster.

The size of the test beam approximates to quarter scale a one story

wall panel when each 22-inch panel of the test beam is considered.



The forms used were those built by Malus® with a fresh 4% inch thick
masonite hardboard lining. Prior to each casting the forms were coated with

shellac then lightly oiled.

2.3 REINFORCEMENT

| In order to study the effects of reinforcing arrangement on the be-
havior of deep reinforced concrete beams in more detail, only the patterns found
by ialus' studyS were used. These patterns were compared to a beam with
standard vertical web reinforcing and the same percentage of main steel.

This "standard beam' was tested in series #1 and is shown in Figure 1.
The best results previously.attained contained 2 #3 bars for main tensile
reinforcement. This practice was followed for all the tests in this series.
The web reinforcement conformed with the design requirements for minimum shear
reinforcement for a standard beam in section 1703 of the 1963 ACI Code

26 .
Requirements . There were 2 #3 bars used for compressive reinforcing.

From the two previously mentioned studies, two reinforcing patterns
with some potential have been found. The most favorable was a criss-cross web
reinforcing used by Malus in Beam A3 of his test series. The #2 test series
was based on this arrangement (See Figure 2). The main tensile reinforcement
was 2 #3 bars. The compression zone was designed as a column. The web rein-
forcing was a number of 3/16 inch stirrups placed at 45° . The extent of these
bars was reduced since some of the bars appeared to affect the cracking pattern
adversly, if placed in the direction of the cracking. The percentage of web
reinforcing was kept approximately the same. A herizontal bar near the neutral
‘axis was left out to examine its effectiveﬁess. The central pilaéter was
- designed as a column to prevent it from disintesrating under high loads.

The second promising pattern of web reinforcine took the shape of
P g1 g I
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parabolic strands of steel as in Malus' beams C2 and C3. The #3 test series
was based on this pattern (See Figure 3). Again.z #3 bars were used for main
tensile reinforcement and 4 #3 bars were tied to form a column for the com-
pressive zone. In order to find a more ductile material for the parabolas, %
inch hot rolled bars were used. A nominal vertical reinforcing was used to ré-
duce vertical'movement. As in series #2, thé horizontal bars af tﬁe neutral
axis were left out and the pilaster was designed as a column.

Test couponé from each test series were sampled from the reinforcing

used. Each coupon was tested for yield point, ultimate load and percent elong-

ation per 8 inch length. The results of these tests are shown in Table 1.

2.4 MIX DESIGN, CASTING AND CURING OF CONCRETE

In order to be consistent with the previous tests in this series, the

25
concrete mix design was that used in these previous studies™ ’ >, High --
early -- strength Portland Cement was used to speed the curing of the test
specimens.

Owing to the narrow beam width and tight bar spacing (often less than
1 inch clear), a 3/8 inch maximum coarse aggregate was used. This coarse
aggregate was crushed granite passing a 3/8 inch sieve but retained by a #4
sieve.

The fine aggregate was well graded with a fineness modulus of about
2.95 and 100% passing a #4 sieve. |

The mix was designed to yield a compressive strength of 3000 pounds

per square inch at 18 days. The batch proportions were:

High-Early-Strength Aggregates
Portland Cement Fine Coarse Water
43,7 1bs. 185 1bs.  64.4 1bs, 30.8 1bs.

(dry basis)
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STEEL REINFORCEMENT TENSILE TEST DATA

TABLE 1

Ultimate

Beam Type Diameter Sectional Average Yield Average Average
Sampled - of (inches) Area Load Tensile Load Yield Elongation
Bar (sq. ins.) (pounds) (psi) (pounds) Point in 8 inch
(psi) Length
(per cent,;
, .11 8775 6250
1A 1B #3 deformed .375 .11 8750 78,800 6100 56,100 19.7
nominal .11 8750 6150
.186 0272 2490
1A 1B #6 guage wire .187 .0275 2450 90,000 - - 4.0
(stirrups) .185 .0269 2400
w11 8750 6150
2A 2B #3 deformed .375 11 8700 79,300 6200 56,400 19.0
nominal .11 8750 6250
.185 .0269 2500
2A 2B #6 guage wire .187 .0275 2475 91,000 - - 2.3
‘ : .187 .0275 2475
.129 .0130 685 460
2A 2B #10 guage wire .130 .0133 690 52,300 490 35,600 22.6
.129 .0130 680 450
' 11 8750 : 6150
3A 3B #3 deformed .375 .11 8760 79,600 6200 56,300 20.6
nomninal .11 8780 6250
.259 .0526 4050 3250
3A 3B 4" plain .256 .0513 4150 80,500 3200 63,500 22,7
round .250 .0490 4100 3250

€1



TABLE 1 (continued)

Beam Type Diameter Sectional Ultimate Average Yield Average Average
Sampled of (inches) Area Load Tensile Load Yield Elongation
Bar (sq. ins.) (pounds) (psi) (pounds) Point in 8 inch
(psi) Length
(pexr cent
! , .187 0275 2450
3A & 3B ##6 guage wire .186 0272 2500 91,600 - - 3.3
' .187 .0275 2550
. .130 .0133 670 450
3JA & 3B #10 guage wire .130 .0133 665 51,300 465 34,700 22.0
' .129 .0130 690 460

71
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This batch yielded 2% cubic feet of concrete. Usually three batches
per beam were required, using é mixing time of approximately 10 minufes in a
rotating horizontal-tub Eirich machine. (See Figure 4). The slump was measured
for each batch and varied from'4% inches to 6% inches.

The concrete was placed by hand and each 1ift was vibrated using a

high-frequency internal vibrator with a 3/4 inch head to consolidate placement.

FIGURE 4

EIRICH CONCRETE MIXER USED FOR
CASTING THE BEAMS

The concrete was cured for seven days by covering with wet burlap sacks

then polyethylene sheets. The forms were stripped and cleaned after one day
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splitting tensile tests werc taken. The comnressive tests were nerformed in

accordance with ASTH specifications C 39-64 for “Compressive Strencths of .
27 . _

Ylolded Concrete Cylinders™ ', The tensile tests were performed in accordance

with ASTM designation C 496-64T for "Splitting Tensile Strength of 'lolded

-

' . 28 .
Concrete Cylinders”” . The results of these tests are shown in Tables 2 and 3.

2.5 BEA'1 TESTING ARRANGEMENT AND PROCEDURE

a.) A" SERIES .
For each type of reinforcing a preliminary test was per-
formed to study the behavior and load-deflection characteristics. Par-

ticular attention was placed on the downward portion of the load-

deflection curve. The information gathered from this test series was

R E s g g

FIGURE 5

RIEHLE TEST MACHINE




TABLE 2

CONCRETE COMPRESSION .TEST DATA

Average
Beam Cylinder Average Cross=Sectional Maximum Compressive Compressive Age
Sampled Number Diameter Area Load Strength Strength (days)
(inches) - (square inches) (pounds) (psi) (psi) :

1 6 28.3 135,000 4,750

1A 2 6 28.3 129,000 4,560 4,633 46
: 3 6 28.3 130,000 4,600
1 6 28.3 130,000 4,600

1B 2 6 28.3 148,000 5,230 4,960 63
3 6 28.3 142,000 5,050
1 6 28.3 126,000 4,450

2A 2 6 28.3 123,000 4,350 4,466 50
3 6 28.3 130,000 4,600
: 1 6 28.3 127,000 4,500

2B 2 6 28.3 119,000 4,200 4,290 70
3 6 28.3 118,000 4,170
1 6 28.3 124,000 4,380

3A 2 6 28.3 138,000 4,880 4,536 36
3 6 28.3 123,000 4,350
1 6 28.3 135,000 4,750

3B 2 6 28.3 141,000 4,980 4,986 69
3 6 28.3 148,000 5,230

LT



.TABLE 3

CONCRETE SPLITTING TENSILE TEST DATA

Size of Specimen Average i
Beam Mould ' Splitting Tensile Tensile Age.
Sampled Number . Diameter - Length Load Strength Strength (days)
(inches) (inches) (rounds) . (psi) (psi)
1 3.98 4,11 . 14,100 865
1A 2 4,00 4.00 11,000 688 776 46
1 3.99 4.02 13,900 867
1B ' 2 4,02 4.02 11,000 624 746 63
1 4,01 4.10 14,700 898 _
2A 2 4.03 4.01 14,500 903 900 50
o 1 4.01 4.03 15,000 930
- 2B 2 3.99 3.99 14,900 935 933 70
1 4.00 3.99 12,500 783
3A 2 4.05 4.02 13,100 812 798 36
3B 1 4.00 4.10 15,200 930 930 69

.","

81
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used to plan the closer stu&y in the "B'" series of tests.

The machine used to test the beams was a 200,000 pound
capacity, screw loading, gear driven, balance beam Riehle testing
machine as shown in Figure 5.

Before testing each beam was lightly coated with a white
flat latex to improve crack detection. Then a one inch grid was
drawn to locate cracking.

The beam was placed in the test machine and "Mercer' dial
gauges were attached as shown in Figures 6 and 7. The beam was then
given initial load of 1 kip. All dial gauges were set and read. In

this test series only gauges 1 to 5 inclusive were used.

FIGURE 6

TEST SET UP FOR BEAM 1A
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The beam wasthenloaded at 5 kip intervals until initial
cracking took place.' After this initial cracking the load interval
was often sméller to facilitate study of the crack pattern. At the
end of each increment all gauges were read, cracks were studied and
often photographs were taken.

In the yielding and plastic ranges the increments were
taken by equal deflections of approximately 0.1 inch. During this
period the machine's balance beam was kept balanced at all times.

For these tests in an attempt to further study the
characteristics of the beams motion pictures were taken of one of

the panels, often at very slow shutter speed.

BEMM kB
CAST 8-6-¢D

TEST 10-69

FIGURE -8

DEMEC GRID
FOR BEAM 1B .
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b.) !B" SERIES

A specimen of each type of reinforcing was retested in this
series with close attention to strain and deformation characteristics.

For beam 1B a 2 inch grid of Demec points was placed on
one panel as shown in Figure 8 and Figure 9. Points were affixed
with a fast drying epoxy, "Hysol Epoxi Patch Kit'". Using the
calibrating bar they were placed as close as possible to the middle
reading of the 2 inch Demec gauge shown in Figureylo.

The beam was set iﬁ theitest machine as shown in Figure 11
and 12. Additional dial gauges 6, 7 and 8 were used to study the

movement of the panel,

FIGURE 10

DEMEC GAUGE AND
CALIBRATION BARS
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FIGURE 11

BEAM 1B TEST SET UP

FIGURE 12

BEAM 2B TEST SET UP
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An initial load of one kip was nlaced on the beam and all Demec and
dial gauges werc read.

Drawing on the exnerience of beam 1B, beams 2B and 3B not only had-
a grid of Demec points on one nanel but also a number of rosettes of Demec
noints were placed in the compression zone to find principal strains and their

N

directions. See Figures 13, 14 and 15.

BEAM 2-B
CAST 20-g-¢9
TEST 23-(0«_63

FIGURE 13

DEMEC LOCATION
ON BEAM 2B

In addition Intertechnology 'Micro-ileasurement’ L[A-06-125 BB-120
electrical resistaﬁce strain gauges were placed on sone of the web reinforcing
of Beéms 2B and 3B to study the effectiveness of these reinforcement patterns
as shown in Figure 16. The strain gauges were affixed to a gmooth location

on the bar and water-proofed with-Gagekote #5 silicone coatine and nrotected

»
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with piastic tape. They were read using a "'Datran Digital Strain Indicator"
model A111D.

Beams 2B and 3B were loaded as beam 1B with an initial reading of 1
kip and all gauges and Demec points were given initial readings. Then the
load was apnlied in § kip intervals until cracking.

At the ends of these increments the dial gauges and strain gauges
were read. The times at which the Demec rééﬁihgs wefe taken were carefully
selected due to the length of time required for reading. These times were
éelected by study of the test results of test series A.

For beam 1B the gauges were read at loads of 10 kips, 19 kips, 25 kips
and 28 Rips. At each set of Demec readings, which usually took from 2 to 5
hours, the drop off of load was found on the balance arm of the machine,

For beam 2B fﬂe grid was only read at 30 kips. The beam failed -
suddenly and unexpectedly before the second_set of readings could be taken,
More frequent rosette readings were taken once these.vélhés were felt to be
more significant. Rosettes were read at loads of 20.7 kips, 30 kips, 40 kips'
and 45.6 kins and at 41.3 kins on the decreasing load-deformation curve. Again
the load was read throughout the Demec readings and the electric resistance
strain gauges were read during the Demec reading period.

For beam 3B the rosette readings were again giveﬁ more attention
since the time involved in taking these feadings was only 30 to 45 minutes.
The grid was read at loads of 30 and 72 kips. The rosettes were read at loads
of 20 kips, 30 kips, 40 kips, 65 kips, 72 kips, 74.8 kips (crushing impending)
and at 75.4 kips. Again during these Demec readings the load and strain -

gauges were read at various times.
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2.6 Reduction of Experimental Data

The data from the experiments was collected, transferred
to punch cards, and reduced by IBM 360 computer for tabulation
and plotfing.

a.) Calculations of Moments

The total moment at midspan is made up of

the following: M y=a y2y4 (2. /}_
' P Z =l
<+
where: ”Za = Moment due to applied load in kip-inches.
P =Applied load in kips. 4

L

T

Span length in inches.

N

Length of load plate.

/VZ = /CZ ' «(CZ'ZZ)’
wheres - _ /é3+ é5)~(62¢64) -/Zg)__

S

increase .in moment due to movement of

supports.

;7 = applied load.
(See Figure 7 for gauge locations)

<;£?== Reduced reading of gauge 2.
C;:g = Reduced reading of gauge 3.
G;éL = Reduced reading of gauge‘ 4.
G5= Reduced reading of gauge. 5.

Therefore total moment = /kej

Mz= P(lzc) - 24 ~(2-4)-
7 &
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b.) Calculations of End Rotations
Let G2 and G3 be the reduced readings of gauges
2 and 3 respectively. Then the total relative movement

of points 2 and 3 is where:

D3y

- (2. 5)~
Dsz= C3- 62 (z5)

If H is the vertical distance between points
2 and 3, then the rotation of this end of the beam is &,

where? e o = 63 _ 62 _ /2 é)"‘
| N

The same holds true for the gauges 4 and 5
and the other end of the beam. Therefore the rotation
at the other end of the beam 622 is found by: .

Ton Os = C5-C¥ —-r2.7)-

The total rotation &, is found by: :

Or= S, +E2 - /2")0)

c.) Strain Calculations

The Demec gauge measured the distance between
two points on the concrete before and after the load.
The reduced Demec reading_multiplied by a factor of 2,48 x
lO-'-5 is then average strain across the 2 inch gauge 1length.
Therefo;e
4i.) Deformations are
Strain x 2.
ii.) Total deforﬁations are the sum of the deformations
in each grid line.
iii.) Principal strains and their directions

6=0°

. . Ll . o
Strains were measured with o= A5 o, /55

Q= 90°
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Therefore if the measured strains are

60 ') 6—415) 630
Then éz‘ - éo

Ey= Ego
and i O, _ Lo Cos’E # J;? S é’CosQ— (2.9)-
| »%6} S/z26 '
E= 457
o Eys - é_’%% Z/z/%_gj _ 2./0)-

2 4
; 255/5 Ex - é’y ”(Z’//)h

if Co é/.—?gjé

are measured

hen €570 Ex  ZF
’ & -

Z

ooy . &y

Then the prinmcipal strains are:
/2" /g)cf@) \/éz 67)*(//7 /?//7[/

and the direction is found by Mohr's circle and

Iz
Jarn26 = (éz%é) - @r5)-
- ,.
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3. TEST RESULTS

3.1 INTRODUCTORY REMARKS

During the six tests performed in this study a large amount of in-
formation was gathered. In order to nromote easier readingz of these test
results, the results have heen tabulated, plotted or shown in diagrams. If
further study of the original test reéults is required they may be found in
the University of Manitoba Denartment of Civil Enginecering Report ST-2-70,

- . 3 ’ Q
"A Report on the Testing of Six Reinforced Concrete Deep Beans, "%

3.2 REINFORCING PATTERN #1

Beam 1A was cast on August 8, 1969 and tested on Sentember 23, 1969.
The load-deflection curve is shown in Figure 17 and moment-rotation curve is
shown in Figure 18. Photographs of the test are shown in Figures 19 to 27.

Initial cracking took place at 12 kins at the nlace where the pilaster
and panel meet. Cracks soon appeared in each face and the cracks moved towards
the load. The load held well under large deflections until the main steel
fractﬁred juét as the compression zone started cracking. There were few cracks
in the panels however these cracks became very wide as the deflection in-
creased through large values.

Beam 1B was cast on August 8, 1969 and tested on Octocher 10, 1969,
The load-deflection curve is shown in Figure 17 and the moment rotation curve
is shown in Figure 18. Photographs of the test are shown in Figures 28 to 34.
Demec readings reduced to average strains are shown in Figures 35 to 39. The
measured total horizontal deformations are shown in Table 4 and the vertical
deformations are shgwn in Table 5. These values represent the total defor-

mation of 10, two-inch Demec points or the deformation in a 20 inch section

of the beam.
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Beam 1B behaved as expected, in a manner quite similar to 1A. There
was some more extensive cracking of the ﬁanel. The beam held load well over
1arge deflections until failure of the main. tensile bars. There was more
indication of compression cracking on ﬁeém 1B however, with the accompanying

slight drop off of load.

3.3 REINFORCING PATTERN #2

Beam 2A was cast on August 20, 1969 and tested on October 9, 1969.
The load-deflection curve is shown in Figure 40 and moment-rotation curve in
Figure 41. Photographs of the test are found in Figures 42 to 48.

Initial cracking took place at 15 kips with cracks in the panels.
As the load increased more cracks appeared across the panel faces. These
cracks did not appear to open up and eventually the compression zone begun
to crush with an accompanying drop off of load. Then the beam failed sudéenly
due to a fracture of a main tensile bar.

Beam 2B was cast on August 20, 1969 and tested on October 29, 1969,
The load-deflection curve is shown in Figure 40 and the moment-rotation curve
is shown in Figure 41. Photographs of the test are shown in Figures 49 to 58.
The Demec readings for the grid are shown in Figure 59 in the form of average
strains. The principal strains are shown for the compression zones in Figures
60 to 64, The strain gauge readings for the web reinforcing is shown in
Figure 65. Total horiiontal deformation measured by Demec gauges are shown in
Table 6 and total vertical deformation is shown in Table 7.

Beam 2B behaved much the same as Beam 2A through most of the loading
but failed suddenly due to a fracture of the tensile steel. This fracture

came at 65% of the deflection attained in Beam 2A.



3.4 REINFORCING PATTERN #3

Beam 3A was cast on September 8, 1969 and tested on October 14, 1969.
.The load-deflection curve is shown in Figure 66 and the moment-rotation curve
in Figure 67. The vnhotographs of the test are shown in Figures 68 to 77.

The initial cracking took place at 18 kips and as the load increased
very extensive cracking took.placc. The ultimate load was considerable
‘larger than Beams 1A and 2A. The cracgs climbed slowly to the compression zone
with very little increase in crack width. Near ultimate load the compression
zone began to crack and the load began to drop off rapidly. As the compression
zone disintegrated showing buckled comnressive reinforcing tﬁe load dropnpred to
very low values at low deflections.,

Beam 3B was cast on September 8, 1969 and tested on November 16, 1969.
The load-deflection curve is shown in Figure 66 and moment-rotation curve is
shown in Figure 67. The photographs of the tests are shown in Figures 78 to
86. Demec réadings for the grid are shown in the form of average strains in
"Figures 87 and 88. The principai strains for the compression zone are shown
in Figures 89 to 95. The total horizontal deformations for the grid are
found in Table 8 and the verfical deformations are found in Table 9. The
results of strain gauge readings on the web reinforcing is shown in Figure 96.

Beam 3B behaved much the same as.Beam 3A. The nanels were cracked

extensively and failure was due to disintegration of the compression zone.
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5" to load point n__;»
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5" to load point [—>
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TABLE 4

TOTAL HORIZONTAL DEFORMATIONS

BEAM 1B
LOCATION DISTANCE TO DEFORMATIONS
‘ PANEL TOP (inches)
(inches) 10 kips - . 19 kips 25 kips 28 kips 0 kips

L 1 -0.00180 -0.00350 -0.00475 -0.00875 -0.00635
M 3 -0.00135 -0.00225 -0.00240 -0.00495 -0.00415
N 5 ~0.00105 -0.00125 ~0.00130 -0.00185 " -0.00260
o 7 -0.00110 -0.00080 -0.00070 -0.00205 -0.00270
P 9 -0.00090 -0.00070 -0.00040 -0.00195 -0.00235
Q 11 0.00005 0.00iOO' 0.00120 0.08380 . 0.08315
R 13 -0.00020 0.00260 0.00290 0.08340 0.08300
s 15 | 0.00040 0.00470 0.00600 0.08535 0.08445
T 17 0.00075 0.00755 0.00905 0.08575 0.08440
U 19 0.00030 0.02035 0.09195 0.17480 0.17360
\Y 21 0.00060 -0.02110 0.08475 0.33290 0.34480

0¢



TABLE 5
TOTAL VERTICAL DEFORMATIONS

BEAM 1B
LOCATION DISTANCE TO DEFORMATIONS
LOAD POINT (inches)
(inches) 10 kips 19 kips 25 kips 28 kips 0 kips
A ~0.00155 0.00170 0.01690 0.06545 0.09005
B -0.00065 0.00330 0.00850 0.07450 0.08405
C 10 -0.00050 0.00350 0.00430 0.04925 0.05010
D 12 0.00010 0.00590 0.00685 0.08280 0.08325
E 14 -0.00025 0.00025 0.00030 0.01950 0.02330
F 16 -0.00030- 0.00120 0.00155 0.00135 0.00090
G 18 -0.00030 -0.00040 -0.00030 ~0.00250 -0.00285
H 20 -0.00055 -0.00025 -~0.00035 -0.00215 -0.00230
I 22 -0.00040 -0.00035 ~0.00065 ~0.00170 —0{00205
J 24 -0.00040 -0.00045 -0.00040 -0.00210 -0.00215
K 26 ~0.00055 ~0.00070 -0.00060 0.00255 —0.00215'

16
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BEAM 2A
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FIGURE 42

LOAD = 33 K. .
DEFL. = .174 in.
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FIGURE 43

LOAD = 33 K.
DEFL. = .174 in.
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FIGURE 44

41 XK.
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FIGURE 45
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FIGURE 47
CLOSE UP OF FRACTURE

FIGURE 48
FAILURE
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BEAM 2B
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‘ FIGURE 49

LOAD = 40 K.
. DEFL. = .240 in.
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FIGURE 50

LOAD = 40 K.
DEFL. = .240 in.




BEAM 2B
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FIGURE 51

LOAD = 41.3 K.
DEFL. = .666 in.

i

FIGURE 52

LOAD = 41.3 K.
DEFL. = 666 in.




BEAM 2B

FIGURE 54

DEMEC GUAGES
LOAD = 41.3 K.
DEFL. .666 in.
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FIGURE 53

DEMEC GUAGES
LOAD = 41.3 K.
DEFL. = .666in.
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DEFL.

FIGURE 56
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FIGURE 57

FRACTﬁRED TENSILE BAR
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5" to load point
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FIGURE 60

PRINCIPAL STRAINS
(microinches per inch)
scale: 1"=2"
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FIGURE 61

PRINCIPAL STRAINS -
(microinches per inch)
scale: 1"=2" '

BEAM 2B LOAD =30 kips

%9



< G N G s

. ' FIGﬁRE 62

) o , ' PRINCIPAL STRAINS
' ‘ ‘ (microinches per inch)
scale: 1"=2"
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FIGURE 63

PRINCIPAL STRAINS
(microinches per inch)
scale; 1"=2"

BEAM 2B LOAD =45.6 kips

370

99

e —/' T h =~ - -



< G e 5 —

— |

FIGURE 64

PRINCIPAL STRAINS

(microinches per inch)
scale: 1"=2"

BEAM 2B LOAD =41.3 kips
(decreasing)
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TABLE 6

TOTAL HORIZONTAL DEFORMATIONS

BEAM 2B

¥io]

LOCATION DISTANCE TO DEFORMATIONS

PANEL TOP (inches)

(inches) 30 kips

L 1 -0.00405
M 3 -0.00210
N 5 0.00365
0] 7 0.00695
P 9 0.00950
Q 11 0.01210
R 13 0.01410
S 15 0.02250
T 17 0.03055
U 19 0.03370
v 21 0.03665:



TABLE 7

TOTAL VERTICAL DEFORMATIONS

BEAM 2B

7C

LOCATION DISTANCE TO DEFORMATIONS
'LOAD POINT (inches)
(inches) 30 kips
A 6 0.01000
B 8 0.01105
C 10 0.00380
D 12 0.00675
E 14 0.00435
F 16 0.00285
G 18 0.00375
H 20 0.00450
I 22 0.00080
J 24 ~0.00065
. K 26 0.00000
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FIGURE 70

LOAD = 50 K.
DEFL. = .832 in. '
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FIGURE 71

LOAD = 62 K.
DEFL. = 1,159 in.
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FAILURE
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BEAM 3A

e ehrnamas i s sye et
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FIGURE 75

BEAM AFTER BROKEN CONCRETE REMOVED
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BEAM 3 A

FIGURE 76

FAILURE

FIGURE 77

FAILURE
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BEAM 3B

FIGURE 80

LOAD = 75.4 K..
DEFL. = .694 in.
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FIGURE 81

DEFL. = .694 din.
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FIGURE 84
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CLOSE UP OF BUCKLED COMPRESSIVE BARS
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BEAM 3B

FIGURE 86

FAILURE
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—15" to load point
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5" to load point
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PRINCIPAL STRAINS A
(microinches per inch)
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TABLE 8

BEAM 3B

TOTAL HORIZONTAL DEFORMATIONS

92

LOCATION DISTANCE TO DEFORMATIONS
PANEL TOP (inches)

(inches) 30 kips 72 kips
L 1 -0.00480 -0.01265
M 3 -0.00215 -0.00825
N *5 -0.00065 0.00140
0 7 0.00105 0.00705
P 9 0.00290 0.02695
Q 11 0.01245 0.05960
R 13 0.01460 0.07010
S 15 0.01825 0.07570
T 17 0.02000 0.08955
U 19 0.02170 0.09405
v 21 0.02425 0.10265



TABLE 9

BEAM 3B

TOTAL VERTICAL DEFORMATIONS

93

LOCATION DISTANCE TO DEFORMATIONS
LOAD POINT {inches)

(inches) 30 kips 72 kips

A 6 0.00100 0.01370
B 8 0.00205 0.00745
C 10 0.00270 0.01060
D 12 -0.01610 0.01355
E 14 0.00410 0.01720
F 16 0.00250 0.01320
G 18 0.00280 0.01235
H | 20 0.00315 0.01190
T 22 0.00220 0.01145
J 24 0.000890 6.00545
K 264 ~0.00010 0.00250



Squares to the Inch
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4, DISCUSSION OF TEST RESULTS

4.1 DEMEC READINGS

In a repért on-anchor 510ck s;resées by Zielinski énd Rowe27, Demec
gauges were used to study stress patterns. A statistical study for the
accuraﬁy of the 2 inch Demec gauges showed an}accufacy'df 9.3 x 10-6 strain.

A short study of accuracy of the Demec gauges showed this value to be recason-
able. For all strains shown the egpected acturaéy.with the *10 x 109 strain.

Very early in the test of Beam 1B it became obvious that with this
accuraéy the strains in the tensile zone would be hard to read before cracking.
The gauges did give a useful picture of the movement patterns of the panel.

After the test of Beam 1B the attention of the study was focussed on
the compressive zone close to the load. At this point more reliable strain
readings could be obtained in a shorter time. The compression zone was also
.A the centre of attention since past studies had shown that the failure is
often initiated by the cracks entering the cémpressive zone.

~The rcédihg of the Demecvpoints was slow and tedious, often taking
2 to 5 hours. The load dropped during this period as shown in Figure 97.

The load regained its value as soon as ldading'wag.ieéumed and since the test
machine.used was Qery rigid this period of time had little effect on the out-
come of the test. | |

In spite of the problems of ‘the Demecc gauges discussed in this section,
the Demec gauge proved to be quite versatile. Even after cracking had taken

place, information could be gathered.

4.2 DISCUSSION OF RESULTS QF DEMEC READINGS
While the results obtained from the grid of Demec péintsvare not as

analytically useful as a rosette of Demec points, interesting information is
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brought to light by these readings. Since the Demec g}ves change of length over
2 inches of the concrete, both average strains and deformation information can
be gathered.

For Beam 1B the results were quite valuable. Strain distribution
across the depth of the beam is hard to plot as the accuracy of the readings
at low 10a&s does not allow this. At higﬂér loads the cross section is cracked
causing large, inconsistent values.

Once the cross section had cracked however, the rate at which the
cracks open can often be measured by using Demec gauges to measure deformation,
These readings, in particular the total deformations of 10 gauge lengths, give
insight into the panel movement. For Beam 1A the horizontal deformations of
the compressive zone became very large. A close study of the deformations in
this zone shows that the tenéile steel is deforming over most of its length.

At the same time there is little movement in the upper corner of the panel
which is furthest away from the load.

" In Beams 2B and 3B large deformations do not appear to take blace,
although not enough information was gathered on Beam 2B due to the sudden failure. .
The first set of readings showed very little deformation over the extent of
the panel. At the same time the readings of 3B tend to show some compression
in a line from the load to the reaction which tends to support the tied-arch
analogy.

Thé results of the rosette readings, when principal strains are
_ célculated and plotted, are of great value. In general, except where in-
fluenced by cracking, the principal compressive strains are inclined._ to the
horizontal, often by as much as 30° to 45°. This fact tends to be consistent
with the tied-arch analogy. There is also a tendency for cracks and principal
strains to take the same line of action. These will be discussed later in

Chapter 5.
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There was a tendency, however, to a lack of symmetry on either side
of the lbading head. This could be due to a lack of preﬁision in placing the
beam in the test bed. The load may not have been exactly centered in the
pilaster in spite of the care taken. The faﬁlure was then concentrated on
one panel. 'In general, the side that had a more inclined pfincipal strain was
vthe side more affected by incliﬁed cracking..'The other side of the load then
became the centre for crushing and compressive failure.

Another discrepancy in these fesults was the principle strains found
at location N4 of Beam 3B. Here there was a tensile strain at an angle of 42°
to 50° in the direction of the.load and a high compressive strain at right
angles. This is contrary to what is expected by tied-arch analogy and other
readings found in the test. A check of readings showed no obvious error in-
volved in reading or reducing the readings. The best explanation is that a

parabolic reinforcing bar near this point is in compression and influencing the

concrete strain at this point, causing compression in the direction of the bar.

4.3 STRAIN GAUGE READINGS

The main purpose for placing electric resistance strain gauges on
the web reinforcing was for qualitative study of the effectiveness of this re-
inforcing. A great deal of care was required to ensure that the gauges were
not damaged by the water or aggregate during-the placing of concrete. As a
result of this care 8 out of 10 of the .gauges worked properly. Unfortunately,
the only two gauges that failed were placed 8 to 10 inches from existing
Agauges in an attempt to show strain differentials in the same bar, or the
effect of bond on these web reinforcing Bars.

In Beam 2B the reinforcing showed little increase in strain as the

load increased in the uncracked state. As soon as the first crack appeared

there was a sudden increase in strain (approximately 10 to 30 times the value
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just before cracking). The reinforcing strains then increased as the load but
did not reach their yield points. The conclusion drawn is the position of the
reinforcing is gffective for the purpose intended. The reinforcing became too
effective in hblding thé panel together and does not allow general deformation
of the tensile steel, possibly due to too high a percentage of web reinforcing.
In the case of Beam 3B the reinforcing did not show a definite

strain increase at cracking but a general increase over the loading of the
beam. The reinforcing did reach yield values efen before the ultimate load.
This type of reinforcing appears to have too much influence on the tensile ca-
pacity of the beam, as the parabolas are affected as much by bending as by

crack progression.

4.4 DISCUSSION OF REINFORCING PATTERNS

a).. REINFORCING PATTERN #1

.

Since the reinforcing of Beams 1A and 1B are used only
sténdard‘vertical stirrups these beams were expected to fail in shear.
Using the 2 #3 bars for main steel as Malus did5,the beams were
extremly under-reinforced. The ultimate moment capacity was thus
reached before the 'diagonal tension' capacity, hence a tensile
failure occured.

One interesting point that follows from the results of
the tesf of Beam 1B, was the large deformation of the panels in the
plastic range. The large cracks formed throughout the central area
of the beam afforded the optimum use of the full length of the
tensile reinforcement. Thus a large amount of energy was ébsorbed.
Thq‘ultimate load was quite small for a beam this size yet a type

of "plastic hinge" was formed.
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b). REINFORCING PATTERN #2

L

When compared with reinforcing #1 it becomes obvious that
not only does the inclined reinforcing prevent the shear cracks from
‘opening it also increases the tensile capacity of the beam. The
ultimate load was increased by 15 kips, however the final deflection
was reduced to half that of Beam #1. -There was a start of a com-
pression failure followed by-a sudden unexpected tensile failure.

This sudden tensile‘failure.can be attributed to the web
reinforcing being so effective that a local failure of the main steel
was fofced. The Beam 2B however, may.have failed due to a local
deficiency in the steel as there was very little necking of the bar

which broke.

c). REINFORCING PATTERN #3

.

The parabolic web reinforcing carried almost 90% more load
than even the 45° web reinforcing which testifies to the utility of
the parabolas not only as ""shear" reinforcing but as moment
reinforcing.

The strength of this type of reinforcing led however to
a compressive type of failure with the accompanying rapid fall of
load and vast destruction of the compressivé zone. Such a faiiure
is no more desirable than a shear failure. This failure did pro-

vide the opportunity to study a compressive failure quite closely.
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5. SUMMARY AND CONCLUSIONS

5.1 COMPARISON OF TEST RESULTS TQ PAST RESEARCH

As discussed in the Introduction, the past research has mainly in-
volved prediction of cracking and ultimate loadé. These studies have produced
further understanding of the behavior of deep reinforced concrete beams, At
the same time a number of thought provoking theories on the failure mechanisms
have been introduced. |

One of the most interesting developments in the attempt to understand
the failure mechanism is the formation of the tied-arch analogy. This analogy
has often been used to explain shear behavior or deep beam behavior. This
analogy was often referred to in the series of tests at the University of

16, 17, 18

Illinois Although Kani was mainly dealing with shear behavior, he

. . . . . . .22
used the tied-arch analogy in an enlightening discussion on shear mechanism

FIGURE 98

TIED-ARCH ANALOGY
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Briefly, Kani suggests after initial cracking the beam can be con-
sidered to act as a tied-arch as shown in Figure 98., ‘The remaining uncracked
concrete carries the compression as if it were an arch. In this state the load
carrying éapacity of the beam is not'impaired by the cracking.

The load carrying capacity of the remaining arch can be reduced in
" the following ways. If the tie reaches the poiht &hen it can no longer carry
load, that is the tensile steel yields, the beam deflects in a ductile manner
until a fracture of one or more of the tensile bars. Often before the tensile
capacity of the bars are reached the arch may fail. This failure of the arch
may take the form of a splitting caused by a progression of the cracks across
the arch, or a shear failure. If these cracks are not allowed to split the
compressive zone, it is pbssible the compressive forces can increase until a
cracking of the arch takes place, with loss of load carrying capacity.

At present, at least with beams of normal depth, the action of the
tensile and crushing type of failures are fairly well understood. The shear
mechanism has not been fully discovered as yet. The resulfs of the test per-
formed in this study tend to confirm the arch analogy. The compressive tra-
jectories shown for Beams 2B and 3B tend to follow the line of this arch. Un-
fortunately the extent of the zone studied was not enough to draw firm con-
clusions. Future studie; should include beams with the possible'line of the
arch instrumented in an attempt to confiym the presence of high compressive
strains and the direction of the compressive trajectories.

In the same paper Kani attempts to examine the diagonal tension

cracking mechanism?2

. He suggests the diagonal cracks line up with the com-
pressive trajectories. In studying the results of Beams 2B and 3B one can see
a definite tendency for the principal compressive strains and the cracks to

follow the same direction. Further study of this phenomenon is warranted.
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5.2 DISCUSSION OF THE DUCTILE BENAVIOR OF REINFORCING PATTERN #1

<

Although Beams 1A and 1B failed at a relafively low ultimate load,

they failed in an extremely ductile manner. These beams contained a very low
percentage of tensile steel, and their_behaVior is quite consistent with the
results of PePaival® who found that deep beams with a low percentage of tensile
" reinforcing failed in a ductile manner. Those beams with larger amounts of
reinforcing failed in shear. The placing of web reinforcing to prevent the
shear failure will often lead to such an increase in moment capacity that the

beam then fails in compression.

5.3 RECOMMENDATIONS AND CONCLUSIONS

At present little can be suggested for practical use in design of
‘deep beams. If a ductile beam is desired then the reinforcing percentage should
be kept low even at a reduction of ultimate load. Since the cracking load
does not vary appreciably with the amount of tensile reinforcing the working
load range of the structure will not be adversly affected. Unfortunately,
there is a lack of conclusive knowledge of what percentage of reinforcing will
insure a ductile behavior of a deep beam. DePaiva used varying percentages
of reinforcing in his tests and his results can be helpful. To follow this
jdea, -a number of tests on different sizes of beams, and different amounts of
reinforcing would be required. At the same time analytical approaches would
be desired.

To increase the ultimate load a number of lines of investigation can
" be followed. The first could involve intensive tests of a conventionally re-
inforced concrete deep beam with enough main tensile reinforcing to cause a
shear failure. The experiments could involve beams instrumented with Demec
poihts or evén electrical resistance strain gauges. Such a procedure could

hopefully give more insight into the mechanism in a shear failure of a deep

-
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reinforced concrete beam. .

‘This test series could be coupled to an extensive ghalytical stﬁdy’
involving the finite element technique.. With the help of some knowledge of
fracture mechanics of concrete a series bf analyses could be carried out in-
volving concrete deep beams with different stages of cracking. Coupled with
thé experimen&al test series a great deal of insight could be gained in the
failure mechanism for a decep beam.

As suggéstéd in section 5.1, the ultimate load of the ductile beam
could be increased by increasing the strength of the remaining arch. At the
same time the tie must be allowed to be effective over its length. One possible
method of accompnlishing this would be to allow the initial cracks ﬁo move to
the neutral axes to allow the tensile reinforcing to be éffective. These axis
must not be .allowed to enter the compressive zone. At the same time the com-

LY

pressive zone must be prevented from cracking.

NN N7 ViV

AN

.FIGURE 99

SUGGESTED PATTERN OF REINFORCEMENT



105

The results of the experiments presented herein have shown the
effects of different reinforcement patterns on the behavior of a deep re-
inforced concrete beam. While the basic tensile reinforcing has been kept
constant,‘changes in web reinforcing have brought about differences not
only in ultimate load but mode of failure,

The beams containing reinforcement pattern #1 failed at low load
but in a ductile manner. When changes were made to this basic pattern such
as found in patterns #2 and #3, the ultimate 16ad increased but a ductile
mode was not established. The reinforcement patterns, while proving
effective iﬁ retarding or preventing a shear type of failure, proved to be
detrimeﬁtal to other aspects of the beam's behavior.

These results point out that in considering possible patterns

*

of web reinforcing for deep beams all aspects of deep beam behavior must be

considered. ‘
One possible pattern of web reinforcing is shown in Figure 105.

A horizontal bar is placed near the neutral axis to prevent or slow cracking

from entering the compressive zone. The compressive is tied heavily as a

column and then tied again at 30° to meet stress tragectories. While tests

involving this web reinforcing would be interesting, the answer to the

problem likely lies in the solution of the failure mechanisms.
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