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ABSTRACT

A total of fourteen brick aggregate reinforced concrete
deep beams have been tested in this study in order to investigate
the effect of the flexural and the horizontal shear reinforcements
on the strength of such beams. The test beams were single span and
simply support8d type. The beams were divided into two series
according to "heir span to depth ratio (LID = 1 and 2). The
first beam of each series was designed and detailed as per the
recommendations of AClI Building Code (ACI 318-89). 1In the other
six beams of each series, the amount of either the flexural or
the horizontal web reinforcement or both were increased in
relation to those of first beam of the corresponding series.

The nominal cross section of the Ffirst series of test
beams was 6"x21" and that of the second series was 6"x12". The
effestive span lengths for two different series of beams were 21"
and 24" respectively.

The test beams were subjected to uniformly distributed
loads. The effects of the variations of different horizontal
reinforcements (flexural and web reinforcements) and span to depth
ratio on the cracking load, ultimate load, crack pattern, and the
mode of failure were IiInvestigated.

It was observed in the study that the amount of both the
flexural and the horizontal web reinforcements influenced to some
extentthe diagonal cracking load and the ultimate load capacity of
test beams. It was also found that the change 1in the amount of
either the flexural or the horizontal web reinforcement
alonecould not bring about a significant change 1in the Iload
carrying capacity of test beams.
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Certain modifications are suggested in five of the several
available formulas (e.g. ACI 318-89 Singh, Ray and Reddy
Ramakrishnan and Ananthanarayana : Selvam and Kuruvilla ; and Mau
and Hsu) in order to compute the ultimate Iload of deep reinforced
brick aggregate concrete beams. It was shown that all of the five
formulas with the suggested changes can be used efficiently to
estimate the ultimate load capacity of deep beams.
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NOTATIONS

Cross sectional area of flexural steel

Ay = Cross sectional area of individual vertical web steel
Ah - Cross sectional area of individual horizontal web steel
Ay - Cross sectional area of individual inclined web steel
a, X = Clear shear span (unless otherwise specified)

ar - Equivalent rectangular stress block

- Inclination of the web steel with the horizontal
(unless otherwise specified)

b = Width of beam

= Angle of inclination of potential diagonal crack
with the horizontal (unless otherwise stated)

= Cohesion of concrete

- Co-efficient of variation 1in percent

- Effective depth of beam

c

C

D = Overall depth of beam

d

E - Modulus of elasticity of steel
E

Modulus of elasticity of concrete
Normal stress 1iIn the direction of length of beam

[<}}
>
1

ay = Stress in the direction perpendicular to the length
of the beam

fc' = Compressive strength of standard cylinder specimen

£~ = Split cylinder strength of concrete

L - Tensile stress in concrete

fy - Yield stress of flexural steel

Thy = Yield stress of horizontal web steel

fvy - Yield stress of vertical web steel

G - Shear modulus of concrete

| - Moment of inertia of concrete section

K = Splitting coefficient

L - Effective span of beam

Mg - Moment developed at the critical section of the beam

at the initiation of diagonal crack



Mu = Maximum moment developed 1in the beam at fTailure

MuF - Flexural capacity of the beam

n - Modular ratio = Es/E.

Pf = Flexural steel ratio

Ph - Horizontal web steel ratio

Py - Vertical web steel ratio

P = Measured Iload at the initiation of arch-action

Per = Measured load corresponding to diagonal cracking

Pg = Measured load corresponding to flexural cracking

Py = Measured ultimate load of beam

Qu - Resisting shear force after Singh, Ray, and Reddy

S - Spacing of the vertical web steel

s2 = Spacing of horizontal web steel

Ve - Contribution of concrete on ultimate shear

Vi = Nominal shear force at the critical section at the
initial diagonal cracking

vCr - Critical shear stress at the initial diagonal cracking

Vu - Ultimate shear force at the section of M,

vy = Ultimate shear stress

<pp 6nh - Multiplying factor for contribution of total (flexural

plus web) horizontal steel on ultimate load
<py,6y = Multiplying factor for contribution of vertical web
steel on ultimate load

"1' llg.jl., = Empirical constants
W - Applied load per unit length upon the beam
0 - Total deflection at mid-span of beam

o

M = Deflection of beam at mid-span due to bending only



C-H_APTER L
INTRODUCT ION

1.1 GENERAL

Some concrete members have depth much greater than
normal in relation to their span, while the thickness 1In the per-
pendicular direction 1is much smaller than either span or depth.
The main loads and reactions act in the plane of the member, and
a state of plane stress in the concrete is approximated. Members of
this type are called deep beams. They can be defined as beams
having a ratio of span to depth of about 5 or less, or having a
shear span less than about twice the depth and which are loaded
at the top or compression TFface onlyl!ll.

According to CEBI21, when span to depth ratio of simply
supported beams is less than 2, or less than 2.5 for any span of
a continuous beam, it @s customary to define these beams as deep
beams.

Deep beam structures are encountered in transfer
girders, foundation walls, parapet walls, raft beams, walls of
rectangular tanks and bins, hoppers, floor diaphragms and shear
walls, as well as iIn folded plate roof structures. The behavior of
a deep beam is significantly different from that of abeam of more
normal proportions, vrequiring special consideration in analysis,
design and detailing of reinforcements.

1.2 NEED FOR STUDY

Cement concrete is one of the seemingly simple but
actually complex material. Many of its complex behaviors are yet to
be identified to employ this material advantageously and
economically. ASCE-ACl shear committee reportIJl gave a selective
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list of about 200 recent papers on shear which indicates clearly
the intensive research effort 1In this regard during the last two
decades. Yet, the progress in the understanding and quantitative
assessment of the behavior of members subjected to Fflexure and
shear has been less spectacular. This has been acknowledged by the
ACI-ASCE Committee 426(11 in their concluding remarks as, "It has
been emphasized that the design procedures proposed are
empirical because the fundamental nature of shear and diagonal
tension strength 1is not yet clearly understood. Further basic
research should be encouraged to determine the mechanism which
results in shear TfTailures of reinforced concrete members™.

There are quite a good number of research papers on the
stresses and behaviors of stone aggregate reinforced concrete
deep beams. On the other hand, only a limited study has been
directed to understand the stresses and nature of such beams when
made of brick aggregate concrete. Brick aggregate concrete 1is
widely used iIn Bangladesh and i1t is generally felt that studies are
needed to understand the behavior of structural members including
deep beams made of such concrete both in working and ultimate load
level. Attempts should be made to correlate their behavior with
those made from stone aggregate concrete.

No accurate theory exists for predicting ultimate shear
strength of deep reinforced concrete beams. The greater number of
parameters affecting beam strength has led to a limited
understanding of shear Tfailure. These parameters include the
proportions and shape of the beam,loading and support conditions,
amount and arrangement of tensile, compressive and web

reinforcements, as well as the concrete and steel properties.

In Bangladesh, only a few series of test have been
carried out so far to investigate the Important properties of brick
aggregate concrete deep beams. All the variables mentioned earlier
can not be included 1in a single test program. Therefore it is
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instructive to study systematically the effect of a few variables
at a time on the ultimate strength of deep reinforced concrete
members made with brick aggregate concrete.

1.3 OBJECTIVE OF THE STUDY

The basic objective of this research was to investigate
the strength and behavior of brick aggregate reinforced concrete
deep beams by varying the amount of flexural and the horizontal
shear reinforcements. The results of this iInvestigation may help
in preparing the proper Code provisions for the flexural and the
horizontal shear reinforcements in brick aggregate concrete deep
beams.

The main objectives of this research work on brick
aggregate reinforced concrete deep beams subjected to uniformly
distributed load are as follows

(a) To investigate the influence of the amount of
the longitudinal flexural reinforcement on the
shear strength of deep reinforced concrete beam.

(bl  To investigate the influence of the amount of
the longitudinal shear reinforcement upon the
shear strength of deep beams.

(c) To investigate the initiation and subsequent
propagation pattern of cracks.

(d) To investigate the nature of failure at ultimate
load.

(e) To study the load-deflection characteristics of
deep reinforced concrete beam.
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(F) To correlate the findings of the present study with
the behavior of conventional aggregate concrete
deep beams and to suggest, if needed, the
necessary modifications 1in the design procedures.

1.4 SCOPE AND LIMITATIONS OF THE STUDY

In this study the amounts of flexural & horizontal shear
reinforcements, and the span to depth ratio (LID) were varied and
these are the two among the large number of variables affecting
deep beam strength. The maximum span length (24') and maximum
depth (21') of test beams were provided considering the dimension
of the anvil and the vertical space for loading respectively of
the universal testing machine used. To make the test beam simply
supported, one of it"s end was rested upon roller support while
the other end-support (considered as hinge) was a 3" wide, 1"
thick steel plate covering the width of beam. This 1is not an
ideal hinge mechanism. But considering practical situations, it
is believed that the width of support would provide little
resistance to rotation at this end.

The uniform loading was achieved with a four-point
loading system where the gap between two point loads was small
enough compared to the width of loading plates. The yield strengths
of steel used iIn test beams were different for different bar sizes.
This variation was unintentional. The concrete strengths varied
between 2510 psi and 2930 psi.



CHAPTER 2
REVIEW OF LITERATURE

2.1 GENERAL

A review of literature reveals that significant attempts
have been made to investigate the behavior and strength of deep
reinforced concrete beams in shear. Most of these efforts,
however, concern deep beams having crushed stones as coarse
aggregates and having subjected to concentrated Jloads. A very few
number of studies were performed on deep beams either having
brick chips as coarse aggregates or having subjected to uniformly
distributed loads during tests.

2.2 DEEP BEAMS WITH BRICK AGGREGATE CONCRETE

Two studies concerning the behaviors of deep beams
made of brick aggregate concrete were performed in Bangladesh. All
of the beams of these researches were single span and simply
supported. The 3tudy done by KabirPl was with the beams subjected
to mid-span concentrated load and that of Alifl was related to the
deep beams under uniformly distributed 1load. The above mentioned
two studies and the findings are described in brief in the
following

2.2.1 Brief Descriptions of Tests

In 1982, Kabir reported the results of iInvestigations on
the shear strength of deep reinforced concrete simply supported
beams with crushed brick as coarse aggregate. In this study two
sets of beams, Ffive iIn each set were investigated. One set had
span to depth ratio (LID) of 1 and the other had LID ratio of 2.
The applied Qload was a midpoint concentrated 1load 1in all the
cases.In each set of beams, only the amount and arrangement of web
reinforcements ( both vertical and horizontal ) were varied.
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In 1985, Alil reported the results of investigations on ten
brick aggregate reinforced concrete deep beams having san to depth
ratios of 1 and 2. The applied load was a uniformly
distributed load for all the beams. In all of the beams the
flexural reinforcements were Kkept the same but the amounts of web

reinforcements were varied.

2.2.2 Findings of the Studies

From the test results both Kabir® and Alifl made some
remarks and then gave some suggestions on some spec~fic properties
of deep reinforced brick aggregate concrete beams. But their
findings and suggestions were not verified by Tfurther study till

now. These findings are as follows:

2.2.2a Cracking Strength of Deep Beams

In his study Kabir found that the different web
reinforcement arrangements had no appreciable effect on the
formation of initial diagonal crack in a deep beam under mid-span
concentrated Uload. The observed diagonal cracks were usually the
first cracks in the clear shear span of a deep beam, on some
occasions they were simultaneously accompanied by flexural cracks.
He also mentioned that the Diaz de cosiol’l equation for predicting
the nominal shear stress at initial diagonal cracking may be used
fairly reliably for deep beams under mid-span concentrated loading.

All reported that diagonal cracks develop Tfirst in
relatively deeper beams (L/D=1) and flexural cracks develop first
in the shallower deep beams (LD=2) subjected to uniformly
distributed 1load. He also commented that the AClI 318-77 Code(8)
underestimated the diagonal cracking shear stress. However, the
upper limit of shear stress causing diagonal crack set by ACI
318-77 Code was 1in conformity with his test results. He said that
the Diaz de Cosiol!71 equation was unconservative for calculating
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diagonal shear stress for deep beams having lower span to depth

ratio.

2.2.2b Ultimate Strength of Deep Beams

Kabir -~eported that the difference in web steel spacings
had no significant influence over the ultimate shear strength of
deep beams and the percentage of flexural reinforcement had some
positive bearing upon the nominal stress at failure. He presented
that the ACl 318-77 Code provisions for determination of ultimate
shear strength was conservative and he suggested that the limit of
IT; for maximum shear stress as suggested in the Code might be
raised to 10/f~. He also said that the Singh, Ray and Reddyl!1method
of computing ultimate shear of deep beams could be used
effectively providing the contribution of dowel force be limited to
one-fourth of the total tension Tforce developed in the fTlexural
steel at yielding. He suggested to raise the splitting coefficient
*K* of Ramakrishnan and Ananthanarayana,sliOl formula for abetter
prediction of ultimate load of deep R.C. brick aggregate concrete

beams.

Ali published that the wupper limit of 8./f( for the
ultimate shear stress suggested by ACI 318-77 Code was a fTairly
conservative estimate for brick aggregate concrete deep beams and
the upper Tlimit of 6 ./f~for the contribution of concrete in
ultimate shear stress was also conservative for deep beams

subjected to uniformly distributed Iload.

2.2.2c Moment Characteristics of Beams
In his report Kabir mentioned that the maximum moment at
mid-span was about 50% of the ultimate Tflexural capacity of the

test beams when the diagonal cracks fTirst appeared.



2.2.2d Deflection of Beams

In his report Ali stated that the deflections of beams
with span to depth ratio of 2 was Tairly accurately predicted by
the ordinary shallow beam formula using uncracked section. For
the lower values of span to depth ratio (L/D=1) this Tformula
grossly underestimated the actual deflections of beams. It was
also mentioned that the ordinary shallow beam theory using cracked
sections predicted the deflections of all the test beams Tfairly

accurately.

2.2_.2e Stresses 1in Reinforcements

All published that ordinary shallow beam theory as well as
Holmes and Meson®"sllliapproach predicted the stresses in vertical
and horizontal web reinforcements properly. Also steel stresses
in flexural steel was predicted Tfairly accurately by the ordinary
shallow beam theory using cracked section only when the load level
is close to the ultimate load capacity of the deep beam.

2.2.2Ff Cracking Pattern and Mode of Failure

For deep beams under mid-span concentrated Jload Kabir
stated that the principal mode of failure in the beams having
adequate web steel was the diagonal tension cracking and the
concrete “"strut®™ between two parallel diagonal cracks might
sometime be formed but in general. the failure of a deep beam was
not due to the compression fTailure by crushing of such a “strut-.

But in Ali"s study shear compression Tailure was found 1in
relatively shallower deep beams (L/D=2) whereas in the deeper beams
(L/D=1) diagonal tension Tailure was predominant.

2.3 STRENGTH AND BEHAVIOR OF STONE AGGREGATE R C DEEP BEAMS
The behavior and strength of deep flexural



9

members exhibit certain differences in failure mechanism and this
has drawn attention of some researchers 1in this field. The length
to total depth ratio (LiD) of a member is used as an index of its
deepness. Flexural members having L to D ratio below 2 are usually
considered deep and L to D ratio between 2 and 8 are considered
moderately deep members(21. The behaviors of deep beams under
different types of loading as were found by some researchers
are stated below

2.3.1 Study of de Paiva and siess/ll

In 1965, de Paiva and Siess reported the results of
tests on nineteen simply supported deep beams. They asserted that
there 1is a gradual transition from shallow beam behavior to deep
beam behavior. The transition range appears to be span-depth
ratio between two to six. The major variables involved 1iIn the
study were the amount of tension reinforcement, the concrete
strength, the amount of web reinforcement, and the span-depth
~atio. In all the beams reported, well developed iInclined cracks
were observed at failure and the beams behaved essentially as
tied arch. They have designated the failure of "tied arch” as a
flexure fTailure either by crushing of concrete rib at the ™"crown™
or by rupture of the tension bar. Such type of TfTailure was
usually accompanied by large inelastic deformation. For the beams
that failed in shear, a second inclined crack was formed, which
extended from the load point to the support outside the Tfirst
inclined crack giving the beam a "strut like" appearance. The
failure of this strut In compression was accompanied by the
shearing of the unloaded part of the beam outside load block and
unbonding of the tension steel over the support. Some of the test
beams failed in a manner 1identical to that described for shear
failure but had undergo extensive deformation like Tlexural
failure before its final collapse. Such failures are described as
flexure-shear by the authors.
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During their 1investigation de Paiva and Siess observed
that concrete strength had a negligible effect on the flexural
capacity of the beams but can have significant iInfluence on modes
of failure of beams failing 1in shear. Some of their test beams
changed from fFflexure-shear mode of Tfailure to flexure as concrete

strength was iIncreased. Increasing the percentage of tension
steel increased the moment capacity of beams and tended to change
the mode of failure from flexure to shear. In their concluding

remarks they have said"™ The addition of vertical and inclined
stirrups have no effect on the formation of inclined cracks and
seemed to have little effect on the ultimate strength of beams
failing in either flexure or shear."

2.3.2 Study of Fritz Leonhardt!!3)

In 1966 Fritz Leonhardt 1iIn his paper titled ,.Strength
and Behavior of Deep Beam in Shear™ made some remarks upon the
properties of deep beams. He reported, with the help of the
principal stress trajectories of deep beams with span to depth
ratio equal to one (L/D=1), that a distribution of horizontal tie
bars over approximately 115 to 1/10 of the depth from the bottom
of the beam will be helpful against the propagation of inclined
cracks. He also presented that the beam with LID < 2 always
failed because of the concrete crushing near the bearing where
the principal compression stress became critical giving the upper
limit of carrying capacity, 1if the tie bars were well anchored
and distributed.

2.3.3 Study of Ramakrishnan and Ananthanarayanal!Ol

In 1968 Ramakrishnan and Anathanarayana reported the
results of the investigations on 26 single span rectangular deep
beams. Depth-span ratio and type of loading were the main
variables considered. Effect of both single concentrated load and
distributed load were investigated. Based on the observed behaviors
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and strengths of beams they presented an equation
the ultimate shear strength of deep beams. They
the mode of shear Tailure

for predicting
presented that

in deep beams were nearly the same as
those in shallow beams under Jlower shear span-depth ratio ( aiD

<2 ) and this type of fTailure in deep beam was always initiated
by splitting action of concrete without any sliding action.

2.3.4 Study of Kong, Robins, and cole(llJ

In 1970 Kong, Robins, and Cole investigated the effects

of various types of web reinforcements on ultimate and cracking

strengths, crack widths, crack spacing and deflections. 35 simply
supported deep beams of span-depth ratio (LID) ranging from 1 to
3 and shear span - depth ratio (aiD) from 0.23 to 0.7 with seven
different types of web reinforcements were tested. The loads

applied were two point loading applied at top or

compression face of test beams. They reported that for the
control of deflections and crack widths the preferred arrangement
of web reinforcement depended very much on the
ratio and shear span to depth ratio, and only

reinforcement placed near the bottom at a fTairly close spacing
was effective. Where LID ratio is higher than 1.5 and

span to depth
horizontal web

aiD ratio
higher than 0.35 vertical stirrups could be used and where LID was
3 and aiD was 0.7, vertical stirrups were preferable to
others.

They concluded that in general. the primary cause of

failure was diagonal cracking; crushing of concrete at the

bearing blocks was usually only a secondary effect, and failure 1In

compression of the concrete®™ strut. between diagonal cracks

occurred a few times only.

2.3.5 study of Manuel, Slight, and SuterI151
In the year 1971, Manuel. Slight, and Suter reported the
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effect of the variation of span to depth and shear span to depth

ratios on the behavior of deep

beams. They investigated 12
reinforced concrete deep beams

in which the variables aiD and LID
were systematically varied and other

major variables were Kkept
constant. The effects

of changes in aiD and LID on
diagonal cracking, steel strains

widths, and

failure,

at the supports, maximum crack

mid-span deflections were observed. They published

that the ultimate strength of reinforced concrete deep beams were
influenced significantly by aiD ratio and

insignificantly by LID
ratio. And the value of aiD ratio

influenced the mode of failure.

They also reported that the diagonal

cracking capacity
of deep beams was not

influenced significantly by LID
tendency for the diagonal cracking
increase in aiD ratio from 0.3 to

action for beams
at any load Ilevel was reduced

increased. The effect of aiD

ratio; there was an overall

capacity to iIncrease with an

1.0 . The extent of arch of constant shear span

as the length of beam

ratio on the extent of arch action
at any load level was not apparent.

They concluded that the

maximum Fflexural and diagonal
crack widths were not

influenced by aiD ratio, but were reduced
slightly with the increase in LID ratio for a constant aiD
ratio.They also suggested to consider the influence of diagonal

racking Tfor the deflection computations.

2.3.6 Study of Singh, Ray, and Redd-91

In 1980 singh, Ray and Reddy
rational equation for the shear
concrete beams.

developed a somewhat

strength of deep reinforced

The results of 11 reinforced concrete

deep beams
tested under four-point

loading condition simulating approximately

the distributed loading, were reported.

The proposed equation is based on the identity of the
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states of stresses In diagonal cracking mode of failure and
rupture phenomenon in Mohr-Coullomb fracture criterion. It was
assumed that the diagonal mode of failure, frequently encountered
in problems involving deep beams was a state of failure akin to the
rupture phenomenon i1n the Mohr-Coulomb failure criterion with
straight line envelopes. Equilibrium equations involving cohesion
c, and tangent of angle of internal friction ta~ of the Mohr
diagram had been developed with normal and tangential forces
acting on the ruptured inclined plane at failure of the beam.

In 1ts simple final form the ultimate shear force at
failure had been shown to be made up of contributions from three
distinct shear resistance mechanisms. The Ffirst term represents
the contribution of concrete, the second represents the
contribution of tensile steel while the third represents the
contribution of inclined web reinforcement to the ultimate shear
strength of the beam. certain modifying factors were proposed to
account for the shear-span to depth ratio and other web opening
parameters. Finally, using there proposed formula, the ultimate
loads were computed for deep beams reported 1in the recent
literature and a good correlation between the computed loads and
the observed loads were shown.

2.3.7 Study of smith and Vantsiotis|161

In the vyear 1982 Smith and Vantsiotis reported the
results of tests on 52 deep reinforced concrete beams under
symmetrically placed two equal point loads. The objectives of the
Iinvestigation were to study the effect of vertical and
horizontal web reinforcements and shear span to effective depth
ratio (a/D)on inclined cracking shear, ultimate shear strength,
mid-span deflection, tension reinforcement strain, and crack
width.

They reported that cracking patterns were essentially
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the same for beams with or without web reinforcement. However,
less damage at Tfailure was observed in beams with web
reinforcements. Presence of a minimum amount of vertical and
horizontal reinforcement (0.18% and 0.23% respectively) as was
found to considerably reduce crack widths and deflections after
inclined cracking. Inclined cracking Jloads were considerably
lower than ultimate loads fTor beams with or without web
reinforcement. Test results show that inclined cracking loads vary
between 40 and 50 percent of the ultimate loads.

They also concluded that the presence of vertical (ranging
0.18% to 1.25%)and horizontal (ranging 0.23% to 0.91% web
reinforcements had no effect on inclined cracking load. But the
presence of vertical web steel increased ultimate shear
strength of deep beams. However, the effectiveness of vertical
stirrups seemed to diminish for beams with aiD < 1. Horizontal
web steel appears to had little influence on the ultimate shear
strength but 1its Iinfluence was more noticeable in beams with
aiD < 1 .

2.3.8 Study of Barry and Ainso!l7)

In 1983 J.E. Barry and Heino Ainso in the paper titled
"Single Span Deep Beams™ used the multiple Fourier technique to
compare the stress Tields in single span deep beams due to
uniform loading at the top edge and at the bottom edge. It was
believed that the multiple Fourier method could be effectively
used to handle the analysis of a single span deep beam. Nothing
inherent i1n the method would prevent the extension of the
analysis to cover deep beams with different load configurations
or deep beams extending over two or three bays. They suggested
that when the span to depth ratio (LD was equal to 2, the
bending stress distribution was reasonably well with that
predicted by ordinary bending theory. This might be considered as
a limiting span to depth ratio so that ordinary bending theory
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might be wused to obtain the bending stress distribution.
However, the shear stress distribution near the interior face of
the support would be significantly different than that
predicted by ordinary bending theory at this span to depth ratio.

2.3.9 study of Rogowsky, MacGregor, and Ong(18)

In 1986 the tests on the behaviors of 7 simply supported
and 17 two-span deep beams were reported by Rogowsky, MacGregor,
and Ong. The behavior ranged from brittle for beams without
vertical web reinforcement to ductile for beams with large
amounts of vertical web reinforcements. They observed that the
horizontal web reinforcement had no effect on the capacity.

They found that beams without stirrups or with minimum
stirrups approached tied arch action at failure. This was true
regardless of the amount of horizontal web reinforcement present.
These fTailures were sudden with little or no plastic deformation.On
tbe other hand beams with Qlarge amounts of stirrups failed iIn a
ductile manner.

2.3.10 Study of Selvam and Kuruvillalll)

In 1987 Selvam and Kuruvilla tested 24 single span and
simply supported r.cepbeams with span to depth ratio (LID) varying
from 0.89 to 3.0 and subjected to two point loading. They studied
the mode of failure and for computing the ultimate load capacity in
shear, two equations were proposed.

They reported that the ultimate load carrying capacity
of deep beam in the shear compression mode was very high. There
was no sign of Tflexural distress 1in the crushing mode which was
purely a localized one. Failure 1in crushing mode was found to
occur at a load very much Jlower than the shear capacity of the
beams.
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2.3.11 Study of Mau and Hsul20)
S. T. Mau and T. C. Hsu gave a

In the year 1989,
Using the

formula for the shear strength of deep beams.
the truss model theory, this

in the formula were

rational
three equilibrium equations from
explicit TfTormula was derived. The constants
utilizing test data available 1iIn the literature. The
and contains four variables that express
the concrete

calibrated

formula is dimensionless

the horizon tal and vertical reinforcement ratios,

strength, and the shear span ratio.

The above mentioned Tformula has four nondimensionalized
predictions in the range where the
is less than 0.009, vertical shear

and span to depth ratio is less

variables. It gives accurate
horizontal shear steel ratio

steel ratio is less than 0.0245,
than 3.3.



CHAPTER 3

AVAILILABLE THEORIES AND
DES 1 GN METHODS

3.1 GENERAL

The stresses in a deep beam differ radically from
stresses predicted by the ordinary theory of beam bending for
shallow beams. The behavior of ordinary shallow beams under both
service and ultimate load conditions are relatively more well
understood as compared to deep beams. Numerous text bool{s on
reinforced concrete design give theories fTor analysis and design of
shallow beams. But, the provision of empirical methods of design
for deep beams in the available Code of practice is a relatively
recent development. Some of the theories and design practices
available 1in the literature are presented 1In this chapter.

3.2 STRESS PATTERN IN DEEP BEAMS

The usual methods developed for stress analysis for
shallow beams a=e neither suitable nor adequate to determine the
strength of reinforced concrete deep beams. The stresses in
isotropic homogeneous deep beams before cracking can be studied
using the methods of two dimensional elasticity, photoelasticity,
or finite element analysis. Such studies confirm that the usual
hypothesis, 'plane sections before bending remain plane after
bending™, does not hold good for deep beams. Significant warping of
the cross section occurs because of high shear stresses.

Consequently, flexural stresses are not linearly distributed,

even in the elastic range.

Deep beam is rather sensitive with respect to the
loading at the boundaries. The length of the bearing surfaces of
the beam in fig. 3.1 would affect the principal stresses, which
can be very critical in the iImmediate vicinity of these supports.
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Similarly, stiffening ribs, cross walls or, extended columns at
the supports would markedly influence the stress patterns. One of
the most significant aspects of stress analysis would be the
manner of application of the load, which 1is uniformly distributed

in the case depicted in fig. 3.1 .

It was found that smaller the span/depth ratio (i.e.
less than 2.5 the more pronounced the deviation of the stress
pattern from that of Bernouli and Navier. Fig. 3.1 shows the
distribution of horizontal flexural stresses at the mid-span of
simply supported beams having different span/depth (L/D) ratios,
when carrying a uniformly distributed 1load of intensity w per unit
length. The mid-span moment being wL2/8, the wusual extreme Tiber

stress at mid-span would be -

6M
f. = f. = = 075 and which becomes 0.75w/b for

a square panel beam i.e. L/D=1.0

But fig. 3.1 indicates that the tensile stresses at the
bottom fiber are more than twice this intensity. Similar
deviations occur 1In the distribution of shear stresses.

It is interesting to note that the internal lever arm
is not greatly affected by span/depth ratio and the tension 2zone in
the bottom 1is relatively small. The internal Ilever arm for very
deep beams does not appear to increase greatly after cracking and
for design purpose the following approximation for the internal

lever arm z may be madel?l).

0.2 (L + 2D) when 1 SL/HD S 2

N
1

Zz = 0.6L when L/D < 1



I/h <I c h71
-0" Wib
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Fig 3. Distribution of flexural strpssps In homogeneous
simply supported beams(2l) ..
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3.3 DISTRIBUTION OF STRESSES IN DEEP BEAMS (OTHER APPROACHES)

3.3.1 Heino Ainso and J. E. Barry®" sl17)Approach

A  multiple fourier technique was used to compare the
stress Tields in single span deep beams due to uniform loading at
the top edge. The method 1involves the superposition of three
stress functions. The TFfirst stress function 1is used to satisfy
the boundary conditions on the upper and Jlower edges of the
beam. The second and thirc stress functions are used to satisfy the
boundary conditions on the vertical edges of the beam. The deep
beam they analyzed 1is shown in fig. 3.2

Letters a, b, ¢, h, p have the meanings exactly as shown
in fig. 3.2 . Some of the findings are shown in fig. 3.3 through

3.3.2 Krishna Raju®) Approach

Fig. 3.7 shows the flexural stress at mid-span of a
simply supported single span deep beam subjected to uniformly
distributed loads and for different ratios of d (a function of
LID) having values of 0.5, 0.67 and 1.0. As d increases Tfrom 0.5
to 1.0, the compressive stress decreases rapidly at the top and
the neutral axis moves towards the soffit of the beam.

3.3.3 Coker and Filonl?) Approach

For the simply supported single span deep beam subjected
to mid-span concentrated load, Coker and Filon presented the
principal stress trajectories of the uncracked state of the
beam. They used photoelastici ty and their finding 1s shown in
fig.-3.8.
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3.3.4 Leonhardt 113) Approach
The principal stress trajectories of single span and simply
supported deep beam under uniformly distributed load were reported

by Fritz Leonhardt which 1is presented here in fig. 3.9

3.4 ULTIMATE STRENGTH AND BEHAVIOR OF DEEP BEAMS

Because of the proportions of deep beams, they are
likely to have strength controlled by shear. On the other hand,
their shear strength is Jlikely to be significantly greater than

predicted by the usual -equations for shallow beams. Internal
forces are redistributed before failure, and develop mechanisms of
force transfer quite different from beams of  common

proportions. Special design methods are needed to account for
these differences.

F. Leonhardt!!3) presented that the usual type of shear
reinforcement does not increase the strength of deep beams. A
shear stress indicates only that the principal stresses are not
parallel to the system of coordinates on which the bending
analysis 1is based. The direction of such principal stresses are
influenced by ax and a, [In shallow beams, the directions of the
principal stresses at the depth of the neutral axis (ax - a) is
5", Iin deep beams this inclination is much smaller, mainly
because of a,, the vertical component of stresses (fig.3.10). The
necessary amount of shear reinforcement with vertical or inclined
stirrups under 45" to 60" decreases, with decreasing inclination
of the principal tensile stress.

IT the truss analogy for the cracked state is
considered, then the necessary amount of tension bars between the
chord members decreases mainly by the inclination of the
corresponding chord, which 1increases with decreasing slenderness
ratio (fig. 3.10). This inclination of the compression chord of
the truss corresponds to the arching effect. The truss analogy



16

P
Fig.3.9 Principal stress trajectories of single span
deep beam under uniform loading!13>' ‘
Lid =3 Lid: 1
d
T T T
[ by ~L-—-- |

C = Compression chord member

Fig.3.10  Truss analogy for the cracked state of deep beam(13)
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Fig. 3.11 Reduction of the shear reinforcement in deep beam(J3)



27

that the usual shear reinforcement 1is practically

helps to show
useless in deep beams with LID = 1.0 ; the necessary quantity of

shear reinforcement can be decreased proportionately to ~IiD as

shown in fig. 3.11 beginning with a spa~/depth ratio LID = 8.0
of a deep beam with LID

The principal stress trajectories
of the horizontal

=1.0 (fig. 3.10) 1indic~tes that a distribution
1i1S th to 1/10 th of the depth will be

tie bars over approximately
inclined cracks.

helpf~1 against the propagation of

3.4.1 Ultimate Strength of Deep Beam, ACI Bldg. Codell)Approach

The ACl1 318-89 code makes some special provisions fTor deep
beams loaded at the compression face only. |If the loads are

applied at the sides or bottom of a member, design provisions for

ordinary beams apply. The code considers the effects on the web,

in terms of nominal shear stresses and shear reinforcement only.

As usual, the design basis 1is that

where, ~ = 0.85 for shear, and

provided, the

Regardless of the amount of reinforcement
greater than the

nominal shear strength ~ 1s not to be taken

following -

For LID < 2 Vo= 8 if, bd - - - - - - - (3 1a)

2 (10 + LD) If(bd
3

11
1
—~
w
[
o
~

For 2 ¢ LID ¢ 5 V
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The variation of the maximum permissible VO' as a
function of LID, 1is shown in fig. 3.12

The critical section for shear 1is to be taken a distance
0.15L from Tface of the supports for uniformly distributed loads
and 0.5a for beams with concentrated loads, but not to exceed a
distance d (effective depth) from the support face in either
case. Shear reinforcement required by calculation or other ACI code
provision at the critical section 1iIs to be used throughout the
span.

Shear strength capacity increase considerably for deep
beams due to tied-arch action. The concrete contribution to shear
strength can be computed from :

2.5 Mu , p Vv, d
V,=(3.5- ---) (1.9 If, + 2500 ----) bd - - - - (3.2)

Where the multiplier (3.5 - 2.5 Muv, d) 1is used to account
for the increased shear resistance of deep beams. However, this
multiplier has the restrictions that It must not exceed 2.5 and
that V; must not be taken greater than 6 Ife’ bd. Here Mi and 'V,
are the moment and shear force, at fTactored load, occurring
simultaneously at the critical section. Fig. 3.13 shows the value
of the multiplier 1iIn egn.(3.2) as a function of the parameter
My (Vu d).

When the shear force Vu at , factored Iloads exceeds the
design shear strength of the concrete <jJ>V, shear reinforcement
must be provided to carry the excess shear. The contribution of the
web steel V, is to be calculated from -
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{ Al ( 1)+ LID 11 - LID
V= {-- X (- + X () f,d - - (@33
> S 12 12 ' &3

in which Ay is the area of shear reinforcement perpendicular to the
main flexural steel within a distance s and A~ 1is the area of shear
reinforcement parallel to the main flexural steel within a distance
s2 (fig. 3.14).

So the expression TfTor the required shear reinforcement

for deep beams is -

Al 1.+ LID Avh 11 - LID V, - 4 V
£ x ) I =T L @
s 12 s2 12 4l fy d

The relative amounts of horizontal and vertical web
steel that are used, based on eqn. (3.4), may vary within the

following restrictions :

The area A, must not be less than 0.0015bs and s must
not exceed d/5 or, 18 iInches. The area A~ must not be less than
0.0025bs2, and s2 must not exceed d/3 or, 18 inches.

The coefficients in parentheses in eqn.(3.4) are weighting
factors for the vrelative effectiveness of the yertical and
horizontal web steel. From fig. 3.15,1it iIs seen that, for very
deep beams with small LID, the horizontal steel A;h is dominantly
effective, and the addition of vertical web steel A. will have
little effect iIn increasing strength. As the ratio LID’ increases
the effectiveness of the vertical steel tends to increase, until
at LID =5, vertical and horizontal steel taken to be equally
effective. Thus for very deep beams it is more efficient to add
web steel, it needed, 1in the form of horizontal bars, while

satisfying the minimum requirements TfTor vertical steel.
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3.4.2 Ramakrishnan and Ananthanarayana'lo) Approach

The equation for predicting the ultimate load of deep
beams from the similarity of diagonal tension splitting along the
potential crack with that of a cylinder under diametral
compression. It 1is one of the simplest formula available at
present to asses the ultimate shear strength of deep beams. The
equation in its general form is -

P,=13KLbd

a coefficient fTor shear span and loading condition
effect.

K = splitting coefficient which 1is 1.57 for cylinder

splitting and 1.12 suggested by them for deep beams.

where, 13

For deep beams under uniformly distributed Iload, it is

reduced to

3.4.3 Singh, Ray, and Reddyl!}Approach

Singh, Ray and Reddy have estimated the ultimate shear
capacity of deep beams by assuming that the diagonal tension mode
of failure is similar to the rupture phenomenon in the Mohr-
Coulomb failure criterion with straight line envelops.
Equilibrium equations involving cohesion of concrete “c” and the
angle of internal friction .~ of the Mohr-diagram have been
developed with the normal and tangential Tforces acting on the
ruptured diagonal crack plane at failure of the beam. On
simplification of the equilibrium equations, the ultimate shear
strength equation is developed as -
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¢ b D as £ (tanj3 fall(j> 1

+
{sinj3 cosj3 (tanj3 + tall(g»} tanj3 + tall(j>
sina cot 13+ cota

]
{(tanj3 + tall(j>Y (tanj3 tall(j»}

C0Sa

{(tanj3 + tan~) / (1 - tana tanj3)}

where, a = inclination of the web steel with horizontal.
13- angle of inclination of potential diagonal crack with
the horizontal.

When the web steels are placed 1in horizontal and
vertical directions only, the equation reduces to

Q = Pe(Tl) + Jg Pg + I, P, === - - - (3.6)
chboD
where, Pe = ]
sinj3 cosj3 (tanj3 + tall(j>
N
T = (A - ) for x/D - 1
3D
As fy (tanj3 tall(g> 1)
P. =
> tanj3 + tall(j>
P, = Pv + Ph
tall(g>

tanj3 + tall(j>
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tanS tan.j> 1
P,h= I Ayh fhy
tanS + tan.j>

g = 1.0 for solid beams

11, = 0.5 for solid beams

"(1' Iy and 11, are proposed Ffactors to account for the shear
span/depth ratio and other web opening parameters.

3.4.4 Kong, Robins, and Cole(H) Approach

A formula that also uses the concrete cylinder splitting

strength was proposed jn 1972 with the contribution of steel
included as follows :

0.35 x n y
___;1) fg bd + C; r A——(hsina)2 ----- (3.7

where C; is 1.4 for normal weight concrete, C; is 18900 psi (130
MPa) for plain round bars and 43500 psi (300 MPa) for deformed
bars, n is the number of all the steel bars crossing a straight
line connecting the edges of the supporting plate and .the loading
plate through the clear span, A is the area of each bar, y is the
vertical distance from the top of the beam to the intersection
point of the straight line and the bar axis, and the angle a is

the angle between the straight line and the bar axis.

This formula was calibrated for x/D between 0.23 and
0.70.

3.4.5 de Paiva and Siesslll) Approach

This formula 1i1s a modification of an earlier one due to
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Laupa, Siess, and Newmark. The de Paiva and Siess formula was
intended to be a lower bound to the actual shear strength

0.6 Xx
= - 1
V- = 0.8bh(l ----h---)(zoo + 0.1SSfy' + 21300 x ~) -(3.8)
bh
where, ~ = the total cross-sectional area of horizontal steel.

3.4.6 Selvam and Kuruvilla(19) Approach

V.K. Manicka Selvam and Kuruvilla Thomas proposed an
equation for computing the ultimate load capacity of deep beams in
shear. They also proposed a guideline for the quantity of main
flexural reinforcement to be used so that shear mode of failure is
effected 1in deep beams, eliminating flexural failure.

The quantity of reinforcement to be used in deep beams for
bringing about shear mode of failure 1is established 1in the form of
the following equation

2)3

where,
p = 100 As/(bD) - steel index.
As = Area of main flexural reinforcement.
b = Thickness of the beam.

D = Total depth of beam.
)3- Deep beam parameter = D/L
L - Effective span of beam.

They suggested the Tfollowing empirical equation for the
computation of ultimate load capacity of deep beams
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Where, a aib

a - Shear span.

= Ratio of the yield value of reinforcement used in the
beam to the yield value of mild steel (2500 kg/cm2).

f~ = Cylinder split tensile strength of concrete.

m
1

3.4.7 Mau and Hsu(?l Approach

This is one of the latest formula for the determination
of shear strength capacity of simply supported deep beams. It 1is
an explicit formula and 1is derived by using the three equilibrium
equations from the truss model theory. The formula is
dimensionless and contains four variables that express the
horizontal and vertical reinforcement ratios, the (concrete
strength, and the shear span ratio. The formula 1is as follows

Vv
f: = 0.5[K(wh+0.03)+.(K2(wh+0_03)2+4(wh+0.03) (Wwv+0.03)}] $ 0.3

with the limitations -

Wh = (Phfy)/f~ $ 0.26

(PvFy) /T~ s 0.12

Wy,

where, Ph = total horizontal reinforcement ratio

Pv = vertical web reinforcement ratio

= and



36

the value of K depends on the shear span-to-depth ratio aiD as
follows

K = for 0 < aiD - 0.5

d
or, K = Y for 0.5 < aiD —- 2
D (D/a (4/3 - 2a/3D»

=) fa- aiD > 2

where, ~ = distance between the centers of flexural steel and
the topmost horizontal steel.

This formula gives accurate predictions in the range
where the horizontal shear steel ratio Is |ess than 0.009, vertical
shear steel ratio is less than 0.0245, and the span- depth ratio is
less than 3.3

3.5 MECHANISM OF SHEAR RESISTANCE |IN RC DEEP BEAMS

In the case of deep beams with relatively small
percentage of reinforcement, the cracks develop vertically from
the soffit and remains practically vertical 1in comparison with the
diagonal tension cracks observed in conventional shallow beams
as shown 1in fig. 3.16

It is clear from the figures that the diagonal tension
which 1is characteristic of a shallow beam changes gradually into
plain horizontal tension as the beam becomes a deep girder. Hence
the conventional shear investigations are not strictly applicable
to deep beams.
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a significant part of the shear force 1is

For deep beanms,
supports by tied- arch

transferred directly from the loads to the
action- (fig. 3.17).

The effectiveness of this mechanism clearly depends upon

the proportions of the member as well as on the placement of the

The tied-arch mechanism 1is effective only if

loads and reactions.
For a deep beam

the shear span/depth ratio 1is about 2 or, less.
with load uniformly distributed along the compression face or top
edge, this mechanism is effectivel) when

1.0

3.5.1 Role of Shear Reinforcements

Because of the orientation of the principal stresses 1iIn

deep beams, when diagonal cracking occurs, i1t will be at a slope
steeper than 457 in most cases. Consequently, while it is

important to include vertical stirrups, they are apt to be less

effective than the horizontal web steel. The horizontal bars are

effective not only because they act more in the direction

perpendicular to the diagonal crack. Better dowel action 1in turn,

helps to iImprove shear transfer by aggregate interlock.

3.5.2 Role of Main Flexural Reinforcements

in deep beam provides the
mechanism to equilibrate the
contribute to

Main Tflexural reinforcements

necessary tensile force for tied-arch
loads. Besides, the flexural reinforcements also

shear transfer by dowel action. Flexural reinforcements must have

sufficient embedment or anchorage over the supports so that the

arch action can develop Tully.
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Direction ot. tensile stress

(@) Shallow beam

Direction of tensile stress

(b) Deep beam

Fig. 3.16 Diagonal tension cracks in shallow
and deep beams(221

Fig. 3.17 Shear transfer by tied-arch mechanism(ll
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3.6 MODE OF SHEAR FAILURE

When the shear capacity of a .on is less than the
bending capacity, it fails in shear. Some of the characteristic
features that are 1inherent to each type of shear failures are
described below -

3.6.1 Beam Action Failure
The characteristic feature of beam action Tailure is the
formation of diagonal cracks as an extension of flexural cracks

and the tension zone is therefore divided into a comblike
in a total collapse

structure. The beam action failure may result
cracking Iload

shortly after the application of diagonal
that the subsequent arch mechanism 1is incapable of

indicating
type of Tfailure 1is common in

sustaining the cracking load. This
beams with aiD ratio between 3 and 7.

3.6.2 Shear Compression Failure

This type of Tfailure occurs in rectangular reinforced
concrete beams when 2 ~ aiD ~ 3.When aiD ratio is relatively low,
consider~bly  higher load can be sustained by arch action after
the failure of the beam action mechanism. The diagonal cracks
penetrating slowly into the compression zone at higher loads may
compression excessively. At one stage,
of the load point

force and the arch
This type of fTailure

reduce the area under arch
the available area of concrete in the vicinity

becomes too small to resist the compression

fails by crushing of concrete at the crown.
is usually accompanied by the formation of diagonal cracks and
shear span and the slow progress of
below or near the loading point
the distinctive Tfeature.

the inclined cracks in the
the later. Crushing of concrete
(for concentrated loading) 1is
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Compression Failure

3.6.3 Diagonal Tension or Diagonal
of concrete in the

Failure by crushing or splitting
reinforced concrete beam are frequent with aiD
ratio below 2.5. This is obviously the failure of the arch action.
But this time the failure is in the inclined rib of the arch. When
the line of thrust 1is quite steep, considerable reserve strength
may be available owing to more effective arch action. Ultimately
the failure may be accompanied by either diagonal compression
crushing or diagonal tension splitting.

shear span of a



CHAPTER g4
EXPERIMENTAL INVEST IGATIONS

4.1 GENERAL

The experimental phase of this Study is distinctly divided

into a sequence of works. The sequences are stated below:

(a) Determination of the properties of the constituents

of reinforced concrete.
(b) Design of concrete mix.
(c) Preparation of test beams and control cylinders.

(d) Curing of test beams and control cylinders.

(e) Preparing of two sets of load transfer (a

concentrated load from the Universal Testing Machine
is transformed into a uniformly distributed load
upon the test beam) device sets with steel I-joist,

steel plates, and bars.

() Testing operation.

4_2 PROPERTIES OF THE CONSTITUENTS OF REINFORCED CONCRETE

The different constituents of reinforced concrete used
Sand as fine aggregate, Brick khoa as
steel as reinforcement. The

in

the test beams are Cement,

coarse aggregate, and the Mild
necessary properties of these materials were determined 1iIn the

laboratory and are given below



4.2.1 Cement

Portland cement
available BUET Store
Properties of the cement as determined are :

was

in was '"‘Assam Bengal

used as a binding material.
(ASTM Type-1) Brand™.
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Cement

Unit weight = 91.0 Ibs.

Normal consistency = 23 %

Initial setting time = 2 hrs. and 25 minutes.
Final setting time = 7 hrs. and 40 minutes.
28 days compressive strength = 3150 psi

28 days tensile strength = 365 psi

4_.2_.2 Fine aggregate

Ordinary Sylhet sand
in the
specific gravity,

passing

fine aggregate experimental concrete

capacity, unit weight,
the fine aggregate were

(ASTM C136-84a) and are

determined as per
listed below

Unit wt. of sand (dry loose)
Bulk sp. gravity (ovendry basis)
Bulk sp. gravity (S.S.D. basis)
Absorption capacity

(% of dry wt. )
Moisture content

Table 4.1 shows the grading of sand

4.2.3 Coarse Aggregate

For the preparation of concrete,
class
initially sieved through 3/4"

374"

were

aggregate passing size and

NO.4 sieve

brick khoa were used as coarse aggregate.
to NO.4 size sieve and the

was used as

mix. The absorption

and fineness modulus of

ASTM recommendations

= 86.5

= 2.46
= 2.52
= 1.75 %

Ib/cft.

- 0.55 %

used.

manually crushed Tirst

The Dbrickchips

retained on NO.4 were stored
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TabTe 4.1 Gradfing of Fine Aggregate
Sieve No. % Retained Cumulative % Retained

# 4 0.0 0.0

# 8 3.0 3.0

#16 16.0 19.0

#30 45.0 64.0

#50 24.0 88.0

#100 10.0 98.0

Pan 1.93 -
Total -—- 272.0

(Fineness Modulus of sand - 272/100 - 2.72)

separately for use.

capacity,

recommendationsm)

unit wt.
unit wt.
Bulk sp.

Bulk sp.

The unit weight,
fineness modullus were

moisture content, absorption
determined as per ASTM

and their values are listed below :

of khoa (dry loose)

of khoa (S.S.D. compacted)
gravity (oven dry basis)
gravity (S.S.D. basis)

Absorption capacity
(% of dry wt.)
Moisture content

74.20 1b/cft.
92.30 Ib/cft.
1.88

2.04

- 10.80 %

= 3.50 %

Table 4.2 shows the grading of coarse aggregate.

4.2_.4 Reinforcements

Mild steel

diameters

were

used as the main

plain bars of 5/8", 3/4", 7/8" and 1" nominal

Fflexural reinforcements In
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Table 4.2 Grading of Coarse Agdregate

Steve size % _Retained Cumulative w_potained
3/4" 0.0 00
3/8" 62.0 62.0
- 38.0 100.0
7o 0.0 100.0
10 0.0 100.0
o 0.0 100.0
70 0.0 100.0
»*3+00 00 1000
Totad T00.0 662.0

(Fineness modulus of coarse aggregate - 662.0/100 = 6.62)

diameter plain bars were used

different test beams. 1/4" nominal
in the compression zone as

as web reinforcements. The two bars used

the stirrup-holder were also 1/4" diameter plain bars. The
reir_forcement bars, mentioned above were procured from the local
market and were slightly undersized and the actual

area of these bars were used for computations.

cross-sectional

Three specimens from
A370-77. The test results are shown

each size of bars were tested as per ASTM
in table 4.3.

diagram of structural

In figure 4.1, the stress-strain
is shown.

test specimen prepared from a 7/8" diameter bar

4.3 DESIGN OF CONCRETE MIX

is no standard method for brick aggregate concrete

There
available standard methods for

mix design. However, in Bangladesh,

designing crushed stone or gravel
brick aggregate concrete

aggregate concrete mix are used

for designing mix. Here ACl method
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Fig. 4.1  Strus-Straindiagram of 71S"dia stul bar
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Tabte 4-1’5 Physical Vruperl.ier of Reir l'ur(,emenur used 1T Test Beans
Bar size| Nominal | Average |[Average | Average | Average Average %
diameter | diameter | area yield ultimate e_lonq:altlor
strength [strength H—S"gaugE
(inch.)| (inch.) [ (sq-in. ) (psi) (ps1) Tength-
#8 1.0 0.9485 0.707 38700 60000 18 %
#7 0.875 0.8441 0.560 43400 63000 29 %
#6 0.75 0.70 0.385 42500 58000 17 %
#5 0.625 0.6117 0.294 51000 78000 19 %
#2 0.25 0.2613 0.0536 33000 53000 18 %

of proportioning was used. Maximum size of coarse aggregate used
was 3/4" and the concrete mixes were designed for a mean target
strength of 3000 psi strength. The mix proportion was

Cement:Sand:Khoa = 1:2.2:2.7 (by weight) and
the water/cement ratio was - 0.50.
Slump of the fresh concrete varied from 1.5" to 2.25".

The mix contents of each batch for the two series of

beams (including cylinder specimens) are given in table 4.4.

Table 4.4 qontents of Concrete-mix Batch

Beam Series Quantity (by wt. ) of Water—_Cement
ratio, w/c
Lement Sand— Brick—aggregate warker
Ibs. Ibs. Ibs. IDsS.
DB - P 76.0 167.2 205.2 38.0 0.50

DB - Q 45.0 99.0 121.5 22.5 0.50
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4_4 PREPARATION OF TEST BEAMS

4.4_.1 Preparation of Moulds

Two moulds Tfor casting of concrete deep beams were made
by appropriate bolting of the steel plates. The size of the
moulds were such that the concrete beams of sizes 6'x12"x33" and
6"'x21"'x33" can be prepared. Care was taken to keep the moulds
approximately water-tight during casting of the test beams.

4_.4.2 Prelude to the Test Beams

A total of fourteen rectangular deep beams divided into
two series DB-P and DB-Q were designed to fail 1in shear. Each
series consisted of seven beams. Nominal cross section of DB-P
series of beams were 6'"x21" while that of DB-Q series were
6''x12". The span to overall depth ratio of the former series was
1.0 and that of the latter was 2.0. The total Ilength of beams of
either series was kept invariable at 33". In all the beams,the
vertical and the longitudinal web reinforcements were provided
using 1/4 inch diameter mild steel bars. The spacings of
horizontal web reinforcements used In different beams of each
series were varied to know its effect on the strength of the
beams. The area of flexural reinforcements used in different
beams were varied to study their effect upon the strength of deep
beams. The amount of vertical web reinforcement in each series of
beams was kept constant.

Two 1/2" thick and 3"x6" mild steel plates were welded
to either end of the flexural bars to prevent any premature bond
failure ( fig. 4.2 ). The centroid of the flexural reinforcem~ilts
were maintained at 1.5" from the bottom face of the test b":.ms.
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TOP VIEW SIDE VIEW

Fig. 4.2 Tensj~n (flexural) steel assembly with anchor plates.

TbG beams were designed with the intention to achieve
either diagonal tension or shear compression Tailure. To accomplish
this the following procedures were adopted

(i) Flexural steel ratio was kept below the balanced
steel ratio to check against the failure by

crushing of concrete.

(ii) Adequate flexural reinforcement was provided to
safeguard against flexural tension Tfailure prior to

shear fTailure.

(ifi) Anchor plates were provided to prevent any
premature bond failure of the tension (Flexural)
steel.

Thus in order to achieve shear TfTailure the following

relation was satisfied for all test beams

where,
Mus = the ultimate moment corresponding to available shear
capacity.
M, f = the ultimate moment capacity of the beam iIn flexure.



49

Design calculations were based on the ACI 318—89111 Code
provisions. [In appendix-A, example of design of test beam DB-P1
is shown. Besides, in order to prevent the bearing fTailure, extra
vertical and/or horizontal web reinforcements were provided near
the supports of the beams according to ACl requirements.

4.4.3 Fabrication of the Test Beams

The arrangements of reinforcements for the test beams
are shown in fig.4.3 through Ffig.4.16. Photographs of reinforcement
assembly of DB-P1, and DB-Q1 are shown 1in fig.4.17 and
Tig.4.18 respectively.

On completion of the reinforcement assembly, certain
selective locations on the reinforcements were prepared for the
installation of electrical resistance strain gauges. The surfaces
of the reinforcements at those locations were rubbed with
sand-paper to remove rusts completely and then cleaned with
cleaning solution and fTinally the selective surfaces were washed
with clean water. Drying of the wet surfaces were done immediately
after degreasing and cleaning operations.

Five millimeter 120 ohms "SHOWA™ brand electrical
resistance strain gauges were then installed on those prepared
locations with the help of proper adhesive (F-3 type cementing
fluid) and were left for 24 hrs. under certain pressure created by
clips. After releasing the pressure, lead wires were soldered to
the strain gauge leads.

The Tfollowing measures were employed to protect the
gauges from water present in concrete. Initially the gauges and
open leads along with the portion of steel rod were wrapped around
by scotch tapes. Care was taken so that no short-circuit is
formed. Then the strain gauges were covered with covering putty
AK22. Finally the cover-ng putty AK22 was covered by plastic
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tape to protect the gauges and their coverings from any external
disturbances. A tag with identification of the gauge Ilocation
was tied to the free end of the lead wire.

Concrete mixes were prepared in the Ilaboratory with
mixer machine. 1In one day, two beams of two series were cast and
6(six) control cylinders were prepared. Compaction of concrete was
achieved by vibrating the mould filled with fresh concrete on a
table vibrator.

The beams were stripped off the moulds after about 48
hours of casting. Two extended stirrups were provided near the
ends of each beam and these were used as lifting hooks. Curing of
test beams were performed Tfor 28 days by wrapping these with moist
gunny bags. These gunny bags were moistened thrice daily. The
control cylinders were kept under water for curing till the date
of test.

4.5 TESTING OPERATIONS

4.5.1 Testing of Beams

The beams were subjected to uniformly distributed load
applied at the top surface of the beams in a 400 Kip capacity
Universal Testing Machine (hydraulic type) of the Structures
Laboratory 1i1n the department of Civil Engineering, BUET, Dhaka.
Two series of steel I-jJoists with rollers, steel plates, and
rubber pads were employed as load transfer devices for the two
series of beams. This system transferred the concentrated load
from the machine 1iInto a uniformly distributed Jload system upon
the top surface of the test beam. One of the reaction plates was
rested on a steel block that itself was placed on the anvil of
the testing machine. The other reaction plate was placed upon a
steel block supported by 5/8" diameter steel rollers. These
steel rollers were placed on a steel block which was supported on



58

the anvil of the Universal Testing Machine. Details of the
arrangement  gtated above are shown in fig.4.19, and fig. 4.20.
Photographs  of the test set-up are shown in fig. 4.21 and
fig. 4.22.

Four deflectometers having smallest division of 0.01 mm
were employed to measure the central deflection of the test
beams. Two of the deflectometers were placed at the bottom surface
of the beam at mid-span. The other tWO were placed under two
plates each extended from one support to account Tfor the support
settlements. Deflectometer readings were recorded at each load
increment and the mid-span deflection would be the difference of
readings of the average of the mid-span deflectometers and the
average of the end deflectometer readings. Strains in the flexural
reinforcements and in the shear reinforcements were measured for
all beams with "SHOWA"brand electrical resistance strain gauges of
5 mm gauge length.

Each beam was initially loaded upto 5 Kips and then
released. This operation was done before the deflectometer dials
were set to zero to achieve an uniform and better setting of the
beam specimen with the loading system.

The lead wires and cables com~ng from the strain gauges
(set upon reinforcement bars into the test beam) and
deflectometers were connected to the Scanner-Case (of type
"San-ei 7901'") which was then connected to the Datalogger of type
"San-ei 7V08". The beam was then loaded and the readings of
deflectometers and the strain gauges were recorded 1in a diskette
(placed into the Datalogger) at each regular interval of load
increment and this operation was continued until the fTailure of
the test beam. Side by side we got the printout also as the
Datalogger had the simul taneous recording and printing Tfacilities.

Beams®™ surfaces were white washed on all surfaces to
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facilitate visual observation of the propagation of cracks on the
beam surfaces. A 3'"-square grid mesh were drawn on the white
washed face, between the supports only to establish the relative
location of cracks with ease. A magnifying glass was used to help
searching of cracks. Cracks were deeply marked with a soft pencil
upon their Tformation on the beam surface and the load intensity
at which it was formed was noted beside the crack.

4.5.2 Testing of control cylinders

Testing of the corresponding control cylinders were done
on the same day as that of the test beams. For compressive
strength determination, cylinders were caped before testing.
Three of the cylinders cast along with each of the test beam
were tested under axial compression to determine the average
ultimate compressive strength (f:) of concrete. The remaining
three cylinders were tested under diametral compression to find
the split cylinder tensile strength (f~) of concrete.



CHAPTER 5

TEST RESULTS

5.1 GENERAL
A total of 14 (fourteen) deep reinforced concrete

beams were tested under uniformly distributed load applied at the
top surfaces of the beams. The beams were divided into two
seris,each consisting of seven beams. The length to overall depth
ratio of the two series of beams and the web reinforcement
arrangements have been described in the preceding chapter. The test
programme was under taken to study the effects of variation of the
flexural and the horizontal web reinforcements on the TfTollowing

characteristic parameters. These are:

(i) The cracking load.

(ii) The ultimate load.

(iii) The cracking pattern.

(iv) The mid-span deflections.
(v) Stresses in reinforcements.

The specific observations of interest during the tests

had been recorded and is being presented in this chapter.

5.2 SUMMARY OF THE TEST RESULTS
The critical load at diagonal tension cracking, the

load at flexural cracking, the ultimate load,the deflections,
and strains at the selective locations under different load
intensities had all been recorded 1iIn a systematic manner during the
test. For an easy grasp of the overall performance of the beams
the test results are presented here iIn a tabular form. A general
description of the contents of the different tables containing

various test data seems necessary and i1s furnished below
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In table 5.1, properties of beams in DB-P series and

DB-Q series are presented. It may be mentioned here that both
vertical and horizontal web reinforcements were selected according
to the minimum requirements of AClI 318-89 codelll. According to this

code, the flexural reinforcements for beams DB-P1 and DB-Q1 were
provided to ensure shear failure. It is specified that the minimum
vertical web steel ratio is0.15% and minimum horizontal web steel
ratio is 0.25% . However, the Code Specification states that the
spacings of vertical web steel shall not exceed d/5 and those of
horizontal web steel shall not exceed d/3.For the dimensions of
the beams under study and 1/4" diameter bar as web reinforcement,
the limits d/5 and d/3 govern the spacings for both of DB-P1 and
DB-Q1. On the other hand, 6 other beams in each of the series DB-P
and DB-Q, the amount of horizontal web steels were increased in
relation to those of DB-P1 and DB-Ql1 respectiely. The variation 1in
the amount of the flexural and the horizontal web reinforcements
as percentages of ACI requirements is especially indicated in
table 5.1

The critical load (Pf) at Tflexural cracking, the load
(Perl at the initiation of diagonal crack, the ultimate load (Pal
are all listed in table 5.2

5.3 LOAD-DEFLECTION RECORDS

Mid-span deflections of test beams were recorded at a
regular interval of increasing load with deflectometers
(graduated in 0.01 mm division) placed at the bottom surfaces of
the beams. Compensation was made Tfor the support settlements by
placing other similar deflectometers under two extended plates
located at the bottom of the two supporting blocks. The net
mid-span deflection was the average of the readings of two mid-span
deflectometers minus the average of the readings of two
deflectometers near supports. The observed loads and the



Table 5.1 Hroperties | of rest Ben.
Bm  Span [ leasued| lea™d  [Actual | BOlinal [Flex"1 | | Change of leh stepl ratio flchange of [Ich e ge of
mk length [overall [bm idth [ LID[ LD ['r.  |rimral i wt,, b hor, b | T fS;
tepth ratio—Tow—tstom wiica—Thort ta——[“imrmw——retetoser
Lin, D, in. b, in. bt IACI hml by Ph IsUm Ist, bm psi P
Seres  OB-P[ LIO'L0
OB-PI I 110 6.00 10 | 1.0 ]0,00503 0.00511 | 0.003 2510 | IO
0B-P2 21 110 6.063 [ 1.0 [ 1.0 [0.00651 29.1% 0.00509 | 0,0039% | 1-0971 13201 [ 2870 310
08P3 21 1O 6.063 | 10 | 1.0 ]0,00917 188.31 0.00509 | 0.005B1 | 1-0.971 19801 | 2930 315
08-PI 1| 210 uss 10 [ L0 [0.00487 3.1 0.0050 0,0058! | Ham 1BI.OI 2920 [ 395
0B-P5 1| 210 615 [ 1.0 | 10 [0,00938 186.5% 000501 | 0,00294 | 1-1.951 H.Ol 2930 338
08-P6 21| 210 6.115 10 | 10 0.00192 H.I 0,00501 | 000392 | 1-1.951 130.671 | 2890| 350
08-P7 1l 1.0 6.115 10 10  0.00615 28, 11 000501  0.00291 1-1.951 120% 2130 320
Serfes  OB-Q: L/020

0B-QI 21| 1218 6125 | .97 20 ]0.01197 0.0088! 0.00513 2510( 1O
0B-Q2 21| 1218 6.063 | .97 20 |0,01759 116.95% | 0.00891 | 000713 | 1+1.021 131311 | 2870] 310
0B-Q3 21| 1206 6063 [ .99 1.0 [O0MI 185.55% | 0.00891 | 0.00891 | IUII 61091 | 1930 | 325
0B-QI 21| 1230 6.m .95 20 [0,01197 0.0 0.00m 0,00882 00 162, 101 | 2920( 395
0B-Q5 21| 1230 6.063 | 1.95| 20 ]0.022! 1B5.551 0,00891 | 0,0054B | II'I. 021 10921 | 1930 338
0B-Q6 21| 1221 6/BB | 196 | 20 [O|IIBS 1-1.01 0.00m 0,00698 | 1-1. Ol +28.551 | 2890 | 350
0B-Q7 21 1237 6.00 .91 20 001778 118511 0.009 0.00551 112011 12031 2730 320
f~ * COlpressioe strength of concrete; "d f,p y Splitting ~ tensile  trength  of concrete,
‘The change was "'idered  as letO but thi, e 11 "ount of change appear, due to the unintentiona!  change in bm " during

casting,
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Table 5.2 Observed Cracking and Ultimate Loads of Test Beams.

Beam Concrete Flexural Diagonal Ultimate load
mark crushing cracking cracking

strength Toad Toad

f—, Psi pr  Kip per , Kip pu- Kip

Series DB-P L/D=1.0
DB-P1 2510 90 80 166
DB-P2 2870 120 90 210
DB-P3 2930 120 110 222
DB-P4 2920 100 90 183
DB-P5 2930 100 90 187
DB-P6 2890 80 90 200
DB-P7 2730 110 80 175
| Series DB-Q L/D=2_0

DB-Q1 2510 40 55 118
DB-Q2 2870 50 50 150
DB-Q3 2930 50 50 170
DB-Q4 2920 40 50 136
DB-Q5 2930 50 80 135
DB-Q6 2890 30 30 133
DB-Q7 2730 40 30 130



corresponding mid-span deflections of test beams ;ire glven 1in
table 5.3.

The observed and the theore~lcal deflections (considering cracked
section and ":,;ingthe deflection formula for shallow beams) and
load reco:ds of the test beams are presented graphically in
figures 5.1 through 5.4 .

5.4 STRESSES IN REINFORCEMENTS
Observed strains at different gauge locations 1inside the
test beams (gauges were placed upon reinforcement bars only) were

recorded at each interval of increasing load with the San-ei
SCANNER CASE 7901" Scanner and the '"San-ei Super DATA LOGGER
7V08" . From these readings the corresponding stresses in the

flexural as well as iIn the web reinforcements are calculated.

5.5 GENERAL CRACK PATTERN

The surfaces of test beams were white-washed so that every
hairline crack would be visible. During the testing of beams
the propagation of cracks on the beam surfaces were marked with a
soft pencil (2B type). The amount of the applied load (at the end
of each increment of additional load) causing the crack was
written at the end of that crack on the beam surface.The crack
patterns as observed on different test beams®™ surfaces have been
reproduced in drawings and are presented in figures 5.5 through
5.18 and the photographs follow in figures 5.19 through 5.32 .
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able 513 Ob'ned  "jim deflectl", It .id-sp e of Test Beses
B ixi}. dﬂecliorl I"Iofl the heess { the pplied | load [leel f
L I

0 100 10" 30k 1p0 50 50k 70k 80'I 9% 100' 10X N0 130 HO™ Is0% 160 170" 180" 190

Series| OB-P: L/0.0
oB-PI| 0.0 006009 013 |017 |ON [026 [030 036 [046 051 |065 [0.74 (085 (091 (116 117 J20 f- |-
o8- | 00] 011|009 008 [Gos|o10 [olr 014 015 [0.19 0.z |0.28 |0.33 037 |0.03 [0.08 056 061 7t [0.83
6p3| 00l 025 017 0. [031] 010 [ .42 [o14 019 [050 056 [059 [0.66 {069 [0.16 |0.80 081 (093 [L02 109
o8| 00| 026] 013 053 |062] 068 [0.14 079 085 [093 101 |1.06 (114 [U2 |UB 114 157 |L18 ]229 213
08-p5| 00l 021|033 010|011 053 [059 [061 070 [0.78 087 | D95 [1.01]L10 |U3 |L30 118 |166 [201 (261
oa-psl 0ol 0151 027 030 [031] 031|031 [040 013 |07 051|059 |067 [075 |083 |0.91 103|115 |L21 |131
08P7 00 020 043 052 060 061 069 013 018 083 090 098 101 116 126 14 ~13 228 US -
Seried OB-Q: L/OR.0

DB-Q) D.O D17 027 038|050| D58 069|081 096|114 13| L61|222f = f -~ |~ = f - |7
0B-Qp 00 007 012 013] 05| Us | 020025 028|035 012 (051|061 (08 205(L - | - | f
DB-Q3 0. -0.05| 006 015|023 030 0.1 0.9 058 | 067 078|087 |098( 1.08) 122|111 166252 | ~ | -
DB-Ql 0q -0.14 -009 005 [ 001f 010] 019f 029 010|051 065(08L| 109 156 L96| - T f - |~ [ -
DB-Q5 04 o016 033 016f 051f 068) 082[ 096 112|127 L114f 166)138] 232 U5 | - o f - | 7| -
0B-Q6 04 014 027 011] 061| 018| 091 110 126 112 160 L80[ 207f 271|311 -~ -~ | =~ [ - | —
0B-Q7 00 -000 014 03 051 059 08 093 106 118 131 151 184 225 - - = = = =
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CHAPTER (S

ANALYSIS AND DISCUSSI1ION
OF TEST RESULTS

6.1 GENERAL

The test programme was performed in a systematic way and
the necessary test data are presented in the preceding chapter.
These data were recorded during the testing operations as
accurately as possible. These test data are analyzed and
discussed in the following articles.

6.2 STRAINS IN REINFORCEMENTS

The electrical resistance strain gauge readings on
certain selective locations on the fTlexural and the shear
reinforcements of the test beams were recorded. The direct
readings were Tfound in the unit of micro-strain and are presented
in Appendix-D. Among these strain gauges a few were out of order
during the testing of beams. However, the rest of data indicate
some overall performance of the test beams at different critical

load ccndition.

The axial strains developed at different sections of
flexural reinforcement were different before the arch-action was
formed in the respective beam. And the strain values should be
nearly same after the initiation of arch-action. But it iIs seen
(Ref. table D.l through table D.14) that after the Tformation of
arch-action the strain values in flexural reinforcement near the
support (Gauge no. 3) are Qlarger than that of the mid-section
(Gauge no. lor, 2). On the other hand the horizontal and the
vertical web  reinforcements were stressed in tension and/or
compression when subjected to different Iload levels. The above
are true for both the DB-P and the DB-Q series of beams. In case of

DB-P ser~es of beams the strains in Tflexural reinforcement
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corresponding to the respective yield stress were reached in DB-P1
only. And vyield strains (or nearly so) were attained in all the
beams of DB-Q series. Hence smaller amount of Fflexural
reinforcement can be provided Ffor deeper beam utilizing the
strengths of steel and concrete.

In table 6.1,the Iload Pa" at which arch-action initiated,
the ultimate load Pu and their ratios are shown. From this table
it iIs found that arch-action initiated at about 50% of the
ultimate load for beams of L/D=1.0 (i.e.DB-P series of beams) and
that was at about 70% of the ultimate load for beams of L/D=2.0

(i.e. DB-Q series of beams).

Also It is seen from the strain records that arch action
developed 1in all the beams of DB-P series (L/D=1) . On the other
hand, arch action developed iIn those beams of DB-Q series (L/D=2)
which contained smaller amounts of horizontal reinforcements (both
flexural and shear).

It is iInteresting to note that in case of DB-P series of
beams (L/D=I) Pa is always less than or equal to either the
diagonal cracking load or the flexural cracking Qload (except DB-
P7%}.But Pa is always greater than these cracking loads in case of
DB-Q series of beams (L/D=2).

From table 6.1 it is seen that the ratio of arch-action
initiation load to ultimate load of the test beams has a mean value
of 0.483 and 0.703 for DB-P and DB-Q series of beams
respectively. Hence it may be concluded that in deeper beam arch
action mechanism develops quite early in the loading process

compared to it"s ultimate load.

6.3 SHEAR CHARACTERISTICS OF TEST BEAMS
During the testing operation the cracking loads (Fflexural
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Table 6.1 Checking for the "Arch-action' Mechanism in Test Beams.
Beam Diagonal Flexural Load at Ultimate | Ratio Mean
Mark Cracking Cracking | which Arch | Load P/P Ratio

Load Load Action
Tormed
Pcr(Kip) PT(Kip) Pa(Kip) Pu(Kip)
1 2 3 4 5 6 7
Series |DB-P : L/D=1.0
DB-P1 80 90 80 166 0.482
DB-P2 90 120 200 210 0.952
DB-P3 110 120 100 222 0.450
0.483
DB-P4 90 100 * 183 -
DB-P5 90 100 80 187 0.428
DB-P6 90 80 * 200 --
DB-P7 80 110 100 175 0.571
Series | DB-Q L/D=2.0
DB-Q1 55 40 90 118 0.763
DB-Q2 50 50 *% 150 -
DB-Q3 50 50 *k 170 -
0.703
DB-Q4 50 40 110 136 0.809
DB-Q5 80 50 *% 135 -
DB-Q6 30 30 *% 133 --
DB-Q7 30 40 70 130 0.538
* Strain gauge is out of order.

No arch-action

is formed.
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and diagonal) and the ultimate loads of different test beams were
recorded properly. Obviously these Jloads were different for
different test beams because the flexural and the horizontal shear
reinforcements were varied in the ~eams even 1iIn each series. The
percentage changes of the flexural and the horizontal shear
reinforcements along with above mentioned different loads of all
the test beams are shown 1iIn table 6.2 The effects of the
variations of horizontal reinforcements upon the different shear
stress capacities of the test beams are discussed in the following
articles.

6.3.1 The Cracking Load and the Shear Capacity of Test Beams

Two types of cracking loads namely Diagonal Cracking load
and Flexural Cracking load were studied during the test programme.
Observed cracking loads and ultimate loads are shown in table 6.2.
All of the test beams failed in diagonal tension mode. 1In DB-P
series of beams the diagonal cracks developed before the flexural
cracks (except DB-P6 only). On the other hand flexural cracks
developed Tfirst in case of DB-Q series (except DB-Q7). Hence it can
be concluded that iIn deeper beam (L/D=1.0) the diagonal cracks
appear prior to flexural cracks.

From table 6.2 it is seen that the mean ratio of diagonal
cracking load to ultimate 1load are 0.469 for beams of DB-P series
and 0.359 for beams of DB-Q series. These observations are similar
to those of Alii5lfor deep beams with uniformly distributed loads.

In table 6.3 shear stresses at observed load causing
diagonal cracking are compared with the corresponding theoretical
values using both ACIlllmethod and Diaz de Cosioill method. ACI
method estimates the stress causing diagonal cracking by the

formula

e
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Tabl' 6.2 Obsmed crackilg and .tiute  load [ror different| percentge  of flemJ | and horiftal ,hrI\ reinforrm,t,.
Bm [ Concrete| FlmraJ | Y%change of fleml | Rori"tl |%chage of horiloota! | Flem1 | Diagonal |Ultiute | latio | Riio
Marl] crushig | teel reinforcelent o'er [ web teel | eb reinforcelent  over| crackig | crackiq | load, Pe | Per
-trengi——tatio first—bm{Ci——bmi—tatio—{first——tmtCt—teatt foat foa P =
f~ (i) plid Phith2b Pelip  Per lip lip Pu P,

Seriels DB-P : /D10

DBH LIl D.DDSD3 0.003 90 80 J66 0H2 {0182
OB-PR  2.B7 | 0.00651 13095 % 0.00396 13333 % 120 90 210 0.m | 0129
0B-P3 293  0.00917 +00.1B % 000891 +10000 % 120 110 2! oS 0m
DB-Ff 292 | D.DDIB7 D.DO D.DDSB? +100.00 % 100 90 1B3 | 0546 | 0.192
DB-PF 293 | 0.00938 +90.1B % 0.00291 0.00 100 90 IB7 0.m | ol
QB-F5 280 [ 000102 460 4-:083%2 3333 B8O 9 2606 O 0156
OB-Fl 213 0.0061S +30.9S % 0.00291 0.00 110 80 175 0629 | 0.457
Mean  [S3B 0169
Serie OB-Q: LY020 >—11.B6% | 1851
0B-Q] 2SI | 001291 0.00H3 10 55 1B 0339 |0.166
0B-QP 2B7 | 0.01159 flus % 0.00113 13000 : 50 50 IS0 10333 {0.M
DB-Qp 293 | 0.Oml +B3.64 % 0.00B91 +62.50 : 50 50 110 0291 [0.291
DB-Q] 292 | 001191 0.00 0.00BB2 162.50 % 10 50 136 U9l [0.36B
DB-Qp 293 | 0.02221 +B3.61 % 0.00m 0.00 50 80 135 0310 10593
0B-Q¢ 289 | 0.01IBS 0.00 0.00698 130.00 : 30 30 133 0226 ]0.226
DB-QI 273 0.0111B flus 0.00S8I 0.00 10 30 130 0308 0.231
Mean ]0.309 ]0.359
C, Coefficielt ~ of variation. C  1310% 31.16%
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lable §.3 Oiag1na| C'cki,g Shear Stress| Properties oC lest bms.
Bm |Camete | Oviati"  of Flelml Shedr stress “osi,g  diagoOll cracking Ratio | of stressq, Rai
url lcrushing | "d horimtal  veb re-
streagt, | iCoremt ~ fm ICI | bgemd [Stress after ~Stress aCter |Stress after Obgemd Qbgemd Phbsmed | .o
C TTNIN._Tequirelents. alTess, Ict te—Cosio b e ==
(psi | ‘er (p,il Ip'i) (psi | lpsi | ICI de Cosio hoir [T
Series §B-P: LNO'LO
OB-PI| 2510 205.13 138.98 187.18 16U7 1416 1092 1262 |110
08-P2| 2870 FI31 | 11333 m.37 158,46 118.92 23197 LHI 1043 | UBI 1.26
OB-P3 2930 FI905 1 1+100 219,12 185,29 267.53 303.79 1506 |1.013 10709 |5.16
OHI | 2920 FIO,0 1 11100 22].76 115,07 193.65 111.85 1M2 1155 | 1577 | 111
OH5 [ 2930 11905 | 10,0 226,06 181.50 m.08 385.10 1225 [0.m o587 |118
08-P6| 2890 FI0.00 | 11333 226.06 11191 193.85 119,15 1559 | 1166 [ 1513 | 121
08-P7 2730 F+31 1 il0,00 20094 15512 215,13 23131 129310931 10857 {385
Keall. 1136 1.04 1.07 12
Series  PB-Q: L/02, 0 C 8231 10,231 33631 | B%
08-Q1 2m 257.19 111.10 203.29 216.13 1717 | 1267 | 11B7 | 511
OB-Q¢ 2B70 Ft55 | O 236.18 178.52 255,83 356.52 1325 | 0921 [ 0663 | 111
08-Q3 2930 F183.70 1 11625 2J9.16 189,15 292.10 117.69 1252 | 0819 | 0501 | 112
08-Qf 2920 FIOO 1 It6U 23118 155,11 i lluD 208,85 1189 | 1.088 | 1108 | 1.28
08-Q% 2930 FI83,70 1 il0.0 37Ll6 189,45 296.10 186.08 1975 | 1261 | 0170 | 691
08-Qf 2890 FIOO 1 1130 138.21 151.12 210,69 207.18 0891 | 0656 | 0.665 | 257
08-Q7 270 FtI550 | 1t0,0 110.87 118,21 29706 31201 0180 [ OW U379 1 U0
C, Coefficieot oC miati". 1", 1355 | 0938 | 0753 | U5
FII , lerease of flexural reinforemnt by 311 frOl ICI Code dni",  reqoiremt.
11333 , lerease o hori,tl  veb reinforee"t by 33.31 frOl ICI Cnde ,iim C .18 AW Hesl SLI

reqULruelt.

gtc.
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p Ve d
Vor = = (1.9/f- + 2500 ¢ s 3.51f~ - - - - (6.1)
bd
Where,
ver = external shear force at critical section,
Mer = external bending moment at critical section.

On the other hand, Diaz de Cosiol7) estimates the shear
stress causing diagonal cracking by the formula

Vee p Ver d
T = " = (2.14/F~ + 4600 ---—— = = = = - - - (6.2)
bd Her

Cosio did not, however, prescribe any upper limit of this
shear stress value.

From columns 6 and 8 of the table 6.3, it is evident that
ACI method underestimates the shear stress causing diagonal
cracking. Observed stress values on average are 1.44 times higher
than those calculated by ACl method for beams of DB-P series and
1.36 times higher for beams of DB-Q series. The upper Hlimit of
3.5./f~ in this critical stress formula also seems to be
conservative (Ref. Col.10 of table 6.3). And this upper limit of
diagonal cracking stress can be raised to a value of ~-F;

Alibl  concluded that Diaz de cosiol! equation
overestimates the cracking shear capacity TfTor beams of smaller span
to depth ratio (L/D=1.0) and it underestimates the cracking shear
capacity for beams of greater span to depth ratio(L/D=2.0).However,
the test results (Ref. Col.4 and 7 of table 6.3) 1in this study
shows that these are not true for deep beams under study subjected
to uniformly distributed loads.

Shear stresses at diagonal cracking Jload calculated by
Diaz de Cosio (Ref. Col.7 of table 6.3) agree Tairly well with the
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observed stresses 1In some beams of DB-P series, but other values
are higher. As an example, observed shear stress and shear stress
after de Cosio at the formation of initial diagonal cracking are
226 psi and 266 psi respectively fTor DB-P5 and 200 psi and 215 psi
respectively for DB-P7. But 1in cases of DB-P4 and DB-P6 this
formula underestimates the diagonal cracking shear stress. Similar
occurrences are observed for the beams of DB-Q series.

It appears, however, that the variation of horizontal web
steel alone does ~oc influence the diagonal cracking shear stress
value significantly (Ref. Col.3 and 4 of table 6.3). As an example
the cracking shear for ACI beam DB-P1 1is 205 psi whereas that for
the beams DB-P4 and DB-P6 are 224 psi and 226 psi respectively
though th~y have additional ( as compared to DB-P1 ) horizontAl web
reinforcements of 100% and 34% respectively. Si~ilarly the increase
of flexural reinforcement alone does ~~c significantly influence
the diagonal cracking shear -~apacity of deep beams subjected to
uniform loading. ?or example, the increase in flexural steel only,
for beams DP-P7 and DB-P5 over the AClI beam (DB-P1) are 31% and
90.5~ respectively but the increase 1in cracking shear capacities
are (201-205) or, -4 psi and (226-205) or, 21 psi respectively.
Similar resul ts are observed in cases of beams of DB-Q series.
Hence 1t can be concluded that the 1increase of fTlexural
reinforcement or, horizontal web reinforcement alone has no
significant influence upon the diagonal cracking shear stress of
deep beams subjected to uniformly distributed load.

The diagonal cracking shear stress Tformula suggested by
Kabi:=I"] ~s

p Ve d
Ves = = (-2.181( + 15500 - - - - - - - - ~(6.3)

Column 8 of table 6.3 shows the diagonal cracking shear
stress after Kabir. But these estimated stresses differ greatly
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from their observed corresponding values (Ref. Col.11 of table
6.3). Hence it is not an accurate formula for the estimation of the
shear stress of deep beam at the initiation of diagonal cracking
under uniformly distributed load.

Attempts were made to develop an expression Tfor the test
beams of this investigation correlating the diagonal shear stress
vcrwith the major variables 1like the flexural reinforcement ratio
(p), and the concrete crushing strength (f-) which are considered
to influence the shear strength of beams. Although the numbers of
test data were not Jlarge enough to bring about a definite
conclusion yet an apparent trend for linear relationship appeared
to exist between the terms VeZ (bdlf;) and (1000 p Vcr
d)/ ¢\l ) .

Where, Ver and M:r are the shear force and bending moment
respectively at the critical section of the beam at the iInitiation

of diagonal cracking.

The n~merical values of these two terms for the test beams
are presented in table 6.4. Using these data and with the Least
Square Method it reveals that the critical shear stress may
tentatively be expressed as a linear relationship. This may be

stated as -

P Vee (d
vip = 2.90./( + 2800 R (6.4)
bd

The maximum limit of the stress 1is set up as 4/f:"since
the mean values of the ratio of nominal diagonal cracking shear
stress to square root of concrete crushing strength are 4.27 and
4_.35 for beams of DB-P and DB-Q series respectively (Ref. Col.4 of
Table 6.4).



Table f-4 Observed diagonal cracking strFss variatiFn-

Beam Concrete Observed diagonal Ratio Ratio
mark crushing cracking stress
strength ver LOO0 P ycrd
f: (psi) ver(=Vcr/bd) Psi BT ——=-
L - Mo, (o, —
1 2 3 4 5

Series DB-P : L/D=1.0

DB-P1 2510 205.13 4.10 0.35
DB-P2 2870 228.37 4.26 0.42
DB-P3 2930 279.12 5.16 0.61
DB-P4 2920 223.76 4.14 0.31
DB-P5 2930 226.06 4.18 0.60
DB-P6 2890 226.06 4.21 0.32
DB-P7 2730 200.94 3.85 0.43
Mean 4.27
C 8.97%
Series DB-Q : L/D=2.0
DB-Q1 2510 257.49 5.14 0.42
DB-Q2 2870 236.48 4.41 0.57
DB-Q3 2930 239.16 4.42 0.71
DB-Q4 2920 231.48 4.28 0.39
DB-Q5 2930 374.16 6.91 0.72
DB-Q6 2890 138.24 2.57 0.39
DB-Q7 2730 140.87 2.70 0.61
Mean 4.35
C 31.43%

C = Coefficient of variation.
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The observed diagonal cracking shear stress and the stress
estimated by the suggested formula (egn. 6.4) are compared in table
6.5

6.3.2 Nominal Shear Stress at Failure

Table 6.6 shows the nominal shear stresses at TfTailure
loads. These stresses are found to vary between 425.6 psi and 563.3
psi with an average value of 484.0 psi for the test beams of DB-P
3eries. On the other hand this value ranges between 552.4 psi and
813.2 psi with a mean value of 651.3 psi for the beams of DB-Q
series. It is apparent from the table that the beams of DB-Q series
attained relatively a higher value of nominal shearing stress at
failure compared to other set of beams. This is quite iIn agreement
with the fact that higher percentage of longitudinal reinforcement
can have a positive influence 1In increasing the shear capacity of
reinforced concrete beam.

In column 6 of table 6.6, the ratios of nominal ultimate
shear stress to square root of concrete crushing cylinder strength
are shown. These ratios vary between 8.41 and 10.41 with an average
value of 9.10 for beams of DB-P series. On the other hand this
value ranges between 11.03 and 15.02 with a mean value of 12.24 for
the beams of DB-Q series. Thus 1t appears that the beams of DB-Q
series(L/D=2. 0) attained relatively a higher value of nominal shear
stress at failure compared with the beams of DB- P series(L/D=1.0).
Therefore it can be said that higher percentage of longitudinal
steel can have a positive influence in increasing the shear
capacity of reinforced concrete deep beams.

It may be noted that Kabir(~1 suggested that .I\Cihethod
for the computation of ultimate shear stress of deep beams might be
effectively used for brick aggregate concrete deep beams by
considering the maximum limit of ultimate shear stress as 101t:
instead of 8.¢ suggested by ACI code for stone aggregate deep



Table 6.5 Comparison

of Measured
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and Suggested Estimate of

di?gonal cracFing stress.

C

Beam Concrete | % of flexural | Observed Suggested Ratio
mark crushing reinforcement diagonal estimate of
strength cracking tne cracking ver
— Stress stress
£ (psi) p —1 voe(psi) verpsi) —— voe
1 2 3 4 5 6
Series DB-P L/D=1.0
DB-P1 2510 0.503 205.13 194 _39 0.948
DB-P2 2870 0.651 228.37 214.29 0.938
DB-P3 2930 0.947 279.12 216.52 0.776
DB-P4 2920 0.487 223.76 203.61 0.910
DB-P5 2930 0.938 226.06 216.52 0.958
DB-P6 2890 0.492 226.06 204 .07 0.903
DB-P7 2730 0.645 200.94 209.00 1.04
Mean 0.925
C 7.96%
Series DB-Q L/D=2.0
DB-Q1 2510 1.197 257.49 200.40 0.778
DB-Q2 2870 1.759 236.48 214.29 0.906
DB-Q3 2930 2.221 239.16 216.52 0.905
DB-Q4 2920 1.197 231.48 215.72 0.932
DB-Q5 2930 2.221 374.16 216.52 0.579
DB-Q6 2890 1.185 138.24 214.60 1.552
DB-Q7 2730 1.778 140.87 209.00 1.484
Mean 1.019
C 32.87%

= Coefficient of variation.
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Tablg ©.06 Nominal Ultlme}te Shear Styess Properties oOT [lest beams
J

Beam Concret | % of Totall Measured ultimate Ratio
mark crushing ff/C horizontal shearing stress at A
strength —Teinft — —cratical _—section . —
T; (psi) Pt — v, (psi) T
1 2 3 4 5 6
Series DB-P : LfD=1.0
DB-PI 2510 50.10 0.803 425.64 8.50
DB-P2 2870 53.57 1.047 532.87 9.95
DB-P3 2930 54.13 1.541 563.32 10.41
DB-P4 2920 54.04 1.069 454 97 8.42
DB-P5 2930 54.13 1.232 469.70 8.68
DB-P6 2890 53.76 0.884 502.35 9.34
DB-P7 2730 52.25 0.939 439.56 8.41
Mean 9.10
C 8.28%
Serie¢s DB-Q : L/P=2.0
DB-QI 2510 50.10 1.740 552.43 11.03
DB-Q2 2870 53.57 2.472 709.43 13.24
DB-Q3 2930 54.13 3.112 813.16 15.02
DB-Q4 2920 54.04 2.079 629.63 11.65
DB-Q5 2930 54.13 2.769 631.39 11.66
DB-Q6 2890 53.76 1.883 612.88 11.40
DB-Q7 2730 52.25 2.332 610.43 11.68
Mean 12.24
C 10.65%

C = Coefficient of variation.
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beams with L/D S 2. Ali@ proposed the maximum Hlimit of the same
stress value as 9.jf; for brick aggregate RC deep beams having
adequate reinforcements and subjected to wuniform loading. From
table 6.6 1t i1s clear that both the suggestions seem to be
slightly 1inadequate for predicting the ultimate shear stress -n
deep beams with smaller span to depth ratio(L/D=1.0) and both of
the methods underestimate the upper limit of the ultimate shear
stress in beams with larger span to depth ratio(L/D=2.0). Hence for
brick aggregate deep beams with adequate reinforcements and
subjected to uniformly distributed @load the maximum Hlimit of the

nominal ultimate shear stress can be expressed as fTollows

For L/D=1.0 = 8.5/ f( (6.5a)
For L/D=2.0 = 11.0rt:, (6. 5b)

It is interesting to note that the 1increase 1iIn the
ultimate shear stress depends on the increase 1in both the flexural
and the horizontal web reinforcements (Ref.Col.5 of Table 6.6). The
increase in either the flexural or the horizontal web steel does
not iIncrease the ultimate shear stress iIn significant amount.

The variation of nominal ultimate shearing stress with
the total amount of horizontal (flexural +web) reinforcements are
studied carefully and an attempt 1is made to make a relation between
the nominal ultimate shear stress (V)" concrete crushing strength
(fc)' and the percentage of total horizontal reinforcements (Pt).
Using the test data and with the Least Square Method we had the
following relation -

- - - - - -(6.6)

In table 6.7, a comparison is made between the measured
(vu) and the suggested (v, values of ultimate .shear stresses of
test beams. Column 6 of this table shows the ratios of vus/vywith
mean values of 0.916 and 0.904 for test beams of DB-P and DB-Q
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of Measured and Suggested Estimate of the

Uit matel shear StTress.

Beam % OF Total| Concrete Observed Suggested Ratio

rark | horizomtal | crushing rominal ult.| esrimate off we

) Vi ') vl =

1 2 3 4 5 6

Series DB-P L/D=1.0
DB-P1 0.803 2510 425.64 387.10 0.909
DB-P2 1.047 2870 532.87 442 .01 0.829
DB-P3 1.541 2930 563.32 504.12 0.895
DB-P4 1.069 2920 454 .97 448 .44 0.986
DB-P5 1.232 2930 469.70 468.16 0.997
DB-P6 0.884 2890 502.35 424 .74 0.845
DB-P7 0.939 2730 439.56 418.98 0.953
Mean 0.916
C 6.64%
Series DB-Q L/D=2.0
DB-Q1 1.740 2510 552.43 488.02 0.883
DB-Q2 2.472 2870 709.43 606.13 0.854
DB-Q3 3.112 2930 813.16 686.95 0.845
DB-Q4 2.079 2920 629.63 565.79 0.899
DB-Q5 2.769 2930 631.39 647.03 1.025
DB-Q6 1.883 2890 612.88 540.20 0.881
DB-Q7 2.332 2730 610.43 575.47 0.943
Mean 0.904
C 6.36%
C = Coefficient of variation.
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series respectively. It is seen that a fair agreement
appears to exist between the measured and the suggested ultimate
shear stress of test beams.

6.4 ULTIMATE LOAD CAPACITY OF TEST BEAMS

The measured ultimate load capacity of different test
beams are shown 1in table 5.2. It is seen that the load carrying
capacity of the test beams vary from 166 Kkips to 222 kips for the
beams of DB-P series and from 118 Kkips to 170 kips for that of DB-Q
series. It is evident that these variations of the ultimate Iload
capacity of test beams are due to the variations of their concrete
strengths and amounts of horizontal reinforcements 1n a particular
series of beams. The computed ultimate loads by the various methods
are compared with the measured ultimate Iloads of test beams and the
variations of the ultimate load capacity with the amount of
horizontal reinforcements are discussed below.

6.4.1 Variaticn of Ultimate Load Capacity with the Horizontal
Reinforcement.

In table 6.8, the measured ultimate load along with the
ratios of horizontal reinforcements of each test beam are shown.
The Ffirst beam of each series are provided with the ACI codelll
ml~Imum requirements of horizontal reinforcements (both flexural
and web reinf.). The horizontal reinforcements 1iIn the rest of the
beams are 1increased above that minimum requirements. From this
table it is seen that the ultimate load capacity of test beams
increase with the increase of total horizontal reinforcements

only.

It may be mentioned here that ultimate crushing strength

of concrete (f;) are not same in all the test beams. To find out

the exclusive effect of horizontal reinforcements on the ultimate
load, the observed load values were modified to eliminate the



Table 6.8 Variation
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of Ultimate Load Capacity with the

Va1|at|on of | horizontal RelnforcemeTts-
Beam Concrete | Flexural |Horizontal | Total hor. [Observed Ultimate
mark crushing reinf. |web reinf. reinf. ultimate load corr
strength ratio ratio ratio load esponding
T ksT) PT=A; Tha [ Ph=A7bs; PT=PT+Ph PaCkip)—to—F =251
~81TPU b
1 2 3 4 5 6 7
Series DB L/D=1.0
DB-P1 2.51 0.00503 0.003 C.aa803 166 166.00
DB-P2 2.87 0.00651 0.00396 0.01047 210 196.39
DB-P3 2.93 0.00947 0.00594 0.01541 222 205.47
DB-P4 2.92 0.00487 0.00582 0.01069 183 169.67
DB-P5 2.93 0.00938 0.00294 0.01232 187 173.08
DB-P6 2.89 0.00492 0.00392 0.00884 200 186.39
DB-P7 2.73 0.00645 0.00294 0.00939 175 167.80
Series DB-Q L/D=2.0
DB-Q1 2.51 0.01197 0.00543 0.01740 118 118.00
DB-Q2 2.87 0.01759 0.00713 0.02472 150 140.28
DB-Q3 2.93 0.02221 0.00891 0.03112 170 157.34
DB-Q4 2.92 0.01197 0.00882 0.02079 136 126.09
DB-Q5 2.93 0.02221 0.00548 0.02769 135 124.95
DB-Q6 2.89 0.01185 0.00698 0.01883 133 123.95
DB-Q7 2.73 0.01778 0.00554 0.02332 130 124 .65



102

effect of varlation of T;. The modifications were made by
multiplying the observed load values for beams with Tf( of the ACI
beam (DB-P1 or, DB-Q1) and dividing the results by if; of the
beam under consideration.

The flexural reinforcements of 7th and 5th beams were
increased over that of the 1st beam of each series while the
horizontal shear reinforcements were kept constant. But it 1is
seen that the ultimate load capacities of DB-P1, DB-P7 and DB-P5
are 166%, 1(,7-3(')",and 173.08" respectively and that of the beams
DB-Q1, DB-Q7, DB-Q5 are 118¢ 124.65¢ 124.95¥  respectively.
Hence the increase in ultimate load due to the iIncrease in flexural
reinforcement alone 1is negligible. On the other hand the horizontal
web reinforcements of 6th and 4th beams were incre~3ed over that of
the 1st beam of each series keeping -~ne Tflexural reinforcements
constant. But the differenc~~ in their ultimate load capacity (Ref.
Col.4 and 7 of Table fF,_.8)arealso negligible. It may, therefore, be
concl~ded that the 1increase 1iIn either the flexural or, the
hor:60ntal web reinforcement alone can not 1increase in a
con~iderable amount of the ultimate load of deep beams subjected to

uniformly distributed load.

The 2nd and 3rd beams of each series faced the increase in
both the flexural and the horizontal web reinforcements over that
of the ACl beam (1st beam). The ultimate load capacity of beams
DB-P1, DB-P2, DB-P3 are 166i, 136.39~, 205.47K respectively and
that of the beams DB-Q1, DB-Q2, DB-Q3 are 118k, 140.28" ,
157.341 respectively. Here in each series of beams the increase
in ultimate load capacity is of considerable amount. Hence it may
be concluded that the 1increase in both the flexural and the
horizontal web reinforcements brings about a positive effect upon
the ultimate strength of deep beams subjected to uniformly
distributed loads.
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6.4.2 Estimate of Ultimate Load Capacity using Different Methods

Five of the several available formulas were wused to
determine the ultimate load capacity of our test beams. The ACI
318-89 Codelllrecommendations were used as the basis of design of
the beams to ensure failure by shear. After casting of beams and
testing of control cylinder specimens, the actual values of the
materials and dimensions of the cast beams were used to
compute the ultimate Iload of the beams Tfollowing ACl 318-89 Code
provisions, Singh, Ray and Reddy"sl:®" method, Ramakrishnan and
Ananthanarayana®s: 10l method, Selvam and Kuruvilla®slUl method,
and Mau and Hsu® s(20) method (See Appendix - B ). Computation
of ultimate load by these methods with 1its component share of

concrete, flexural steel, horizontal web steel, and vertical
web steel respectively are shown in Table 6.9a, and Table 6.9b
for the two series of beams tested. Ramakrishnan and

Ananthanarayana, & Selvam and Kuruvilla consider the contribution
of concrete only. On the other hand Mau and Hsu consider
(Ref.Table 6.10) the combined action of concrete and
reinforcements (both flexural and web) and the contribution of each
component can not be separated.

The measured ultimate loads are compared with the
theoretical ultimate loads computed by above mentioned five
methods and are given iIn Table 6.11. The comparison reveals that:

(1) The mean ratio of the computed ultimate 1load by ACI
method to the measured ultimate load i1s 0.953
for beams of DB-P series and is equal to 0.703 for
beams of DB-Q series.

(n The above mentioned ratios are 1.65 and 1.366 for
the beams of DB-P and DB-Q series respectively
in case of Singh, Ray and Reddy"s method.
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[fabTegj9a Ultimate Load Capactty of TestBeams Computed [Dy vartous methgds
Beam Components of ultimate load carried by C?m uted total
mark _ . N . ul timate load

concrere Elexiiral OO gZ0Nedy _Weh Yertoycdal _wep
(kip) reinf(kip) reint. (Kip) reint.  (Kip) (Kip)

ACI Method (ACI 318-89)
DB-PI 99.94 26.30 34.39 12.35 *172.98 168.32
DB-P2 [ 108.02 28.45 45.84 12.35 *194.66 181.89
DB-P3| 109.13 28.72 68.78 12.35 *218.98 183.80
DB-P4| 111.17 29.26 68.78 12.35 *221.56 187.25
DB-P5| 110.24 28.99 34.39 12.35 *185.97 185.66
DB-P6 | 109.48 28.81 45.84 12.35 *196.48 184.41
DB-P7 106.40 28.00 34.39 12.35 *181.14 179.20

S.P. Ray C.S. Reddy method
DB-PI | 133.20 108.92 19.44 1.84 263.40
DB-P2| 166.84 110.72 24.12 1.76 303.44
DB-P3| 173.16 161.84 35.60 1.72 372.32
DB-P4 | 200.24 87.88 31.36 1.56 321.04
DB-P5| 179.60 157.92 17.36 1.68 356.56
DB-P6 | 182.72 94.52 22.48 1.64 301. 36
DB-P7 168.84 105.28 17.20 1.68 293.00

Ramakrishnan and Ananthanarayana method
DB-PI 67.74 --- --- -- 67.74
DB-P2| 88.41 - --- -- 88.41
DB-P3| 92.69 --- --- -- 92.69
DB-P4| 114.98 --- --- -— 114.98
DB-P5| 97.39 --- --- -- 97.39
DB-P6( 100.84 --- --- -- 100.84
DB-P7  92.20 --- --- -- 92.20

Selvam and Kuruvilla method

DB-PI| 106.92 --- --- --- 106.92
DB-P2( 127.40 -—- --- -—- 127.40
DB-P3| 134.96 --- --- --- 134.96
DB-P4| 181.48 --- - --- 181.48
DB-P5| 141.80 --- --- --- 141.80
DB-P6| 159.17 --- --- - 159.17
DB-P7 132.85 --- --- -- 132.85

*

Total _summation of the contribution of each_component but is dropped

the final cons®ueration due to ACI

Code [limitatlon.

in
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5.9b Ultimate Load Capacity of Test Beams Computed bV‘VﬁTT6U§‘WETﬁ66?

ES?E Components of ultimate load carried by S?Q?%g%g 853'
o + Close e arizontal wal Vortreal wwoh
(kip) reint(kip reint. (kip) reint, (Kip) (K1p)
ACl method (ACI 318-89)
DB-QI | 39.79 18.82 29.70 | 17.91 *106.22  91.19 |
DB-Q2 42.12 27.34 38.64 17.91 *126.01 96.52
DB-Q3 42.09 30.28 47.62 17.84 *137.83 96.45
DB-Q4 43.41 19.03 48.97 17.98 *129.39 99.48
DB-Q5 43.03 30.92 30.12 17.98 *122.05 98.65
DB-Q6 43.37 18.92 38.89 17.95 *119.13 99.41
DB-Q7 41.35 27.86 30.36 18.02 *117,59 94.82
S.P. Ray and C.S. Reddy method
DB-Q1 61.88 73.76 12.04 8.96 156,64
DB-Q2 76.84  100.72 14.80 8.56 200.92
DB-Q3 78.84  110.16 17.96 8.52 215.48
DB-Q4 94.60 57.24 15.60 7.80 175.24
DB-Q5 83.56 109.00 10.64 8.32 211.52
DB-Q6 86.52 62.48 13.60 8.16 170.76
DB-Q7 78,40 96.20 10.60 8.24 193.44
Ramakrishnan and Ananthanarayana| method
DB-Q1 40,11 - --- - 40.11
DB-Q2 51.28 -—- --- --- 51.28
DB-Q3 53.23 --- --- --- 53.23
DB-Q4 66.66 -—= --- -—= 66.66
DB-Q5 56.46 --- --- - 56.46
DB-Q6 59.38 --- --- -— 59.38
DB-Q7 53.20 --- --- --- 53.20
Selvam and Kuruvilla method
DB-Q1 57.79 --- --- -— 57.79
DB-Q2 74.69 -—- --- - 74.69
DB-Q3 73.20 - --- --- 73.20
DB-Q4 96.05 -—= --- --- 96.05
DB-Q5 77.63 -— --- --- 77.63
DB-Q6 85.56 --- --- --- 85.56
DB-Q7 77,46 -—- --- -—- 77,46
* Total summation of the contribution of each_ component but is dropped in the
final consideration due to ACI Code limitations.
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Table 6.10 Ultimate Load Capacity of Test Beams Computed by Mau and Hsu
Wethod.
Beap K(=2d"/D) w, w, v Y,(=v.b.d"™) UltimatgL load
mark === capacity
1 Kip P, (=2Y,)" kip
1 2 3 4 5 6 7
Series DB-P| : L/D=1 O
DB-PI 1.714 0.0671| 0.1585 |0.3727 81.324 162.648
DB-P2 . 1.714 0.0581] 0.151 0.3551 93.964 187.928
B-P3 I 1.714 0.0569 |0.2222 (.4781 95.929 191.858
DB-P4 1.714 0.0559 | 0.1781 ]0.4012 97.572 195.144
DB-P5 1.714 0.0563| 0.1792 10.4033 96.910 193.82
DB-P6 1.714 0.0571| 0.150 0.3529 95.587 191.174
DB-P7 1.714 0.0604 0.1432 0.3433 90.295 180.59
S¢ries DB-Q| : L/D=2
DB-Q1 1.589 0.1156 | 0.2673 [0.5391 44645 89.29
DB-Q2 1.589 0.1012 [ 0.3421 [0.5323 50.532 101. 064
DB-Q3 1.585 0.0991 ( 0.3877 [0.5303 50.949 101.898
DB-Q4 1.593 0.0995 | 0.2658 [0.5325 52.582 105.164
DB-Q5 1.593 0.0991 | 0.3487 [0.5323 52.228 104.456
DB-Q6 1.592 0.0993 | 0.2480 [0.5127 52.255 104.51
DB-Q7 1.596 0.1076 0.3422 0.5371 48.501 97.002
d" = distance between the centers of flexural steel and the topmost horizontal

steel.




Table |6.I1 COIpIari", Of Obsmed Ulti e te Loads aad COlpted Ulti «te Loads by Vario", iethods.

Beal | Observed COlpted ,Iti e te load by the "thod L.tios
us LIt oete

load. ACI 318-BY, Si.lgh,Ralyl Rau.rIiSh oo and ISeIm " |iao and Py [ P2 Pw Pus Pus
a0 REty, —AmmtiT_Tay VETTLLLIT RSIT, -
Pu_lhpl put (kipl] Pu2 (kipl pu3  (kipl pus (kipl | Pus (kipl Py Py Py Py Py
DB-P] 166.0 16B.32 263.10 67.11 10U2 16265 1011 |15B1 0O.I0B |06l [0.IBO
OH2| 2100 IB1.59 303. 11 Sul 1Z1.10 IS793  0.B66 | 1.115 OQlzI 0601 ]O.B95
0B-Pp M.O 183.80 312.32 91.69 131.96 191.B6 0.52B | Im 0118 [0.608 [0.561
0BA 1830 187.25 JZ1.01 Il 98 181.18 19511 1.0 [1751  0.m J0.M |1.066
0B-Pp 1870 185.66 356.56 97.39 111.80 19382 0993 | 1907 0521 0758 [1.036
DB-H6  200.0 18111 301.36 100.81 159.17 19117 0922 | 1507 0.SOI {0.196 |0.956
DB-P7 1750 179.20 293.00 92.20 m.85 18059 100 | 1LB74 0lz7 [0.759 |1.032
iean 0953 | 1.650 090 |0.738 |0.976
C 7811 [ 8711 lug (L7111 | 718
0B-QI '118.0 91.19 156.61 10.11 5719 BU9 0773 | 1327 OliD (0190 |0.757
DB-02 150.0 96.52 200.92 51.28 7167 10106 0613 | 1339 Oliz | 0198 |0.B74
OHy 1700 96.15 21518 5U3 7U0 10090 0567 [ Uues 0313 [ 0131 |0.600
8- |~3.0 99.18 11521 66.66 96.05 10516 0731 | 1.289 0190 | 0706 |O.I73
0B-5 135.0 98.05 ZI152 56.16 11.63 101,16 0131 | 1567 0118 | 0575 [0.711
OB-p6 1330 99.11 170.76 59.38 85.56 10151 0717 [ ust 0116 | 0613 | 0.786
08-QI 1300 U2 193.11 SUo 7116 9700 0729 | 1.188 0109 | U% | 0.716
lean 0103 | 1.366 U91 | 0563 | 0.130
C' Coefficient of v,rition. C 919: 182 Ul 15.15.  8.65:

107
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Giii) For Ramakrishnan  and Ananthanarayana method the
ratios are 0.490 and 0.394 for DB-P and DB-Q series
of beams respectively.

Gv) Selvam and Kuruvilla method determines the ratios
as 0.738 and 0.563 for beams of DB-P and DB-Q
series respectively, and

w) Mau and Hsu method shows the ratios 0.976 and
0.730 for the two series of beams respectively.

It is evident that the ratio of the computed (by all of
the methods) and the measured ultimate load decreases with the
increase in LID ratio. If columns 2 and 6 of both the Tables 6.9a
and 6.9b are compared, 1t becomes clear that a major bulk of the
total ultimate load capacity is derived from concrete. Table 6.11
shows that ACI method is conservative in computation of ultimate
loads of DB-Q beams (L/D=2.0) only while Singh, Ray and Reddy
method overestimates the capacities for both the series of beams.
On the other hand both Ramakrishnan and Ananthanarayana, & Selvam
and Kuruvil!la methods underestimate the ultimate load capacities of
beams. Mau and Hsu method, which 1is one of the Ilatest method,
determines the ultimate load capacities of the beams of DB-P series
with quite reasonable values but it also underestimates the
ultimate load capacities of the beams of DB-Q series. Thus It seems
that all these methods can be improved to predict the ultimate load
capacity of deep beam with brick aggregate concrete.

6.4.3 Suggested Modifications of Different Methods for
Determination of Ultimate Load Capacity.
ACI method!!) underestimates the ultimate loads of brick
aggregate RC deep beams. The discrepancy is more prominent In beams
having higher span to depth ratio. It may be noted that the ACI
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method 1is based on beams using normal stone aggregate concrete for
which the upper Ilimit of nominal shear stress is 81(. But for
brick aggregate concrete the upper limit may be raised to 8.~F;
and 111f~ for beams of L/D=1 and L/D=2 respectively. Nominal shear
strength depends on the tensile strength of concrete. It has been
also observed by Akhtaruzzaman and Hasnatlfi that tensile strength
of brick aggregate concrete is about 12% higher than that of stone
aggregate concrete. Hence, it Is suggested that the upper limit of
nominal shear stress of 8/f= for stone aggregate concrete be raised
for brick aggregate concrete deep beams.

The mean values of the ratios of computed ultimate load by
Singh, Ray and Reddyl,) method to observed ultimate load are 1.650
and 1.366 for DB-P and DB-Q beams respectively. This overestimation
of ultimate Iload capacity is due to the variation of resisting
shearing stress along the critical 1load path 11 but it was not
considered by Ray and Reddy. They suggested the shear causing
failure along critical load path Il as :

From which we get, = - - - - - - - 6.7)

But it is reasonable to consider the average value of the
resisting shear and for the test beams It is Tfound that the
relation between the ultimate load capacity (P,) and the average
resisting shear force (Qu) along the critical load path 11
(suggested by Singh, Ray and Reddy) are as follows

(i) DB-P beams ( LID = 1.0 )

From Ffigure 6.1, the average value of resisting shear Iis
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Pu/4

5 3-5"
Qul T e

Fig. 6.1 Resisting shear force diagram near the left
support (within the critical load path 1I1).

1 1 Py 1
( X -- + 35 X - + ) + 1X
5 2 2 2 2 4
29
or, Qul =
or, P,/27586xQ, = = = == - - === (6.8)

(ii) DB-Q beams ( LID = 2.0 )

Fig. 6.2 Res~sting shear force diagram near the left
support (within the critical load path 1I1).
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Here the average value of resisting shear 1is

1 P, 1
Q = (1 x + 4 X - + ) + 1 X
2 2 2 4 4
3
0r1 Qu2 - PU
or, P,z 2.6667 xqp - = = = = - - - - - (6.9)

Among the previously mentioned five methods the
Ramakrishnan and Ananthanarayanall) one is the most conservative
method (Ref. Table 6.11). The mean ratio of computed to observed
ultimate loads are 0.490 and 0.394 for DB-P and DB-Q beams
respectively. Here the contribution of concrete only is
considered, Hence the resisting force taken by horizontal and
vertical reinforcements should be included in the nominal ultimate
load capacity of deep beams. Now, let us consider the two
multiplying factors <h and & for the contribution of total
horizontal (flexural plus web reinf.) reinforcement and vertical
web reinforcement respectively. Using the variation of ultimate
load with the variation of reinforcements ratio and with the help
of Least Square Method the two multiplying Tfactors can be expressed
as follows

<$h= 1.60 + 20 X Ph - - - - - - - - - (6.10
v =10 + 8 x p5 - - - - - - - - - (6.1D
Where, Ph = total horizontal reinforcements ratio, and

vertical web reinforcement ratio.

P,

Therefore, the ultimate load capacity, by Ramakrishnan and
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Ananthanarayana method,can be computed by the relation given below:

pu= 2 xKx®&h x5y x f;pxbxDdD 00000 - - - - = = - (6.12)

Where, K = 1.12 (suggested by Ramakrishnan and Ananthanarayana)
f":': cylinder splitting tensile strength of concrete,
b = thickness of the bean,

D total depth of the beam.

Selvam and Kuruvillal!l91 method also underestimate the
ultimate load capacity of deep beams (Ref. Table 6.11) subjected to
uniformly distributed loads. This is also because of no
consideration of resisting force taken by reinforcements provided
in the beams. Two multiplying factors €l and €, can be considered
for the contribution of horizontal and vertical reinforcements
respectively. Using the test data and with the Least Square -~cthod
this two factors can be expressed as

&, =1+8Xxp; == === === (6.14)

Where, Ph ~ total horizontal reinforcements ratio, and
Pv = vertical web reinforcement ratio.

Thus the modified form of the method suggested by Selvam
Kuruvilla can be expressed as follows

0.1 0.2 0.5
p~= (2.2 x a+ 1.1 x 13 ) e x € x €., = Xxb xD - - -(6.15)
Here the different letters except ~ and ~ indicate their

usual meanings as suggested by Selvam and Kuruvilla.

Mau and Hsu® method is quite reasonable for deeper



113

beams (L/0=1.0) but it is conservative for beams with larger span
to depth ratio (Ref. Col. 12 of Table 6.11). In our test
programme the beams of OB-Q series (L/0=2.0) has larger
horizontal reinforcement ratio (Ph) than the beams of O0OB-P
series (L/0=1.0). Mau and Hsu set the limiting value of the ratio
of resisting shearing stress (v) to concrete crushing strength
(f:) as -

(v/f-) 50.3a - == = - = - - = - (6.16)

Including the span to depth ratio (L/0) and the total
horizontal reinforcements ratio (~) 1iIn the above equation (egn.
6.16) the modified expression can be written as

(v/f-) :5{0.30 + 12.5 (p, - 0.015) (L/0 - 1.0)} _ - - —(6.17)

Ultimate load computed by various methods after suggested
modifications (eqns. 6.5a and 6.5b and egn. 6.8 through eqn. 6.15
and eqgqn. 6.17 ) are presented in Table 6.12 and are compared with
the observed c:orresponding ultimate loads. From this table, it
seems that the suggestions are reasonable for computing ultimate
loads of brick aggregate R.C. deep beams (simply supported) when
subjected to uniform loading. Yet it should be emphasized that the
suggested change may be used only for an approximate estimate of
the ultimate loads until extensive tests prove its applicability
beyond doubt.

6.5 MOMENT CHARACTERISTICS OF TEST BEAMS
The moment capacity of test beams at different load levels
at diagonal cracking load and at ultimate load ), and their
computed flexural capacity and also the ratio of these two types of
moment capacities are presented in Table 6.13. These include the
maximum moment at initial diagonal cracking load designated as the
maximum critical moment M::, the maximum moment at ultimate load M,
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T hle F.lZ COIparlisoa of Observed Oltinte  Loads ith minte  Loads COlpted by V,d", Methods fter Sggested lodifications
Bm | Obsmed CQlpted Hinte | loarl by suggested 10dined "tHod R tios
"k | Hinte
loarl ICI 318-89] Ry "d Redd Rh|sh "d Sel'.', and |lau and 8" Vut | Ve Vi3 Pt vud
LD frita
Pu (kipl | vul (kip) vu2 (kip) Vud (kipl | vud Ikipl | vuS lkipl] VY Vi Vy Vol W
BB-H—1660 98 18165 12386 136:38 1605 OO 090716 0:785 5980
082 210.0 193.26 209027 166.00 162.35 187.93 0920 [ 0.977 | 0.790 | 0.773 | 0.895
OB Y0 195,27 756,77 18330 18682 19180 0880 [T I57 [ 0,826 [ 0812 T 0.862
OB-PI| 1830 198.96 2141 215,72 231. 09 195.11 1081 | 1210 | 1.179 | 1263 | 1. 066
0B-vy| 187.0 185.97 115.90 186.57 186.73 19382 09% | Im 0998 | B.998 | 1.036
o6~ 2000 195:02 20783 18563 19629 T9T17 0980 [T 039 [ 0928 [ 0,982 | BI%H
0B-P7 1750 181.11 202.07 171.06 166.13 180.59 [.035 | I.155| 0,978 | 0919 | 1.032
+m 8:-90——4-138—0:-94——8: 942 ——0:976
C 6.111 | 8,1 11.941 116591 | 7.181
OB-QIf 11,0 106.22 101.13 BUI 81.59 95.61 0900 | 0885 | 0701 | 0.717 | 0810
"Q2 | 1500 126.01 133,95 H.17 122,13 138.96 0810 [ 0893 | 0,761 | 0,811 | 0, 126
D8-Q3 10,0 132,60 113.65 125.92 130,93 167.11 0180 | 0845 | 0,711 | 0,170 | 0.987
0B-QIl 136,0 129,39 116.83 112.42 14759 126.20 0951 0859 [ 1017 | I. OB5| 0,92B
0B-Qy 1350 122.05 141.01 128.73 13151 15151 B.90L | 1.015 | 0953 | 0974 | 1.145
DB-Qf 133.0 119.13 113,81 124,61 121.9% [l 0.B96 | 0.856 | 0.937 0962 |O.BB7
D8-Ql  130.0 117.59 12B,9%6 11631 123,32 125,70 0905 0992 | 0895 | 0919 | 0967
Mean 0882 (0911 [ 0863 | 08%6 | 0.950
C, Coefficient of ",iti", C 5821 7831 137BI 13581 10.091
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and the flexural moment capacity Mot of the test beams. The
flexural moment capacities of test beams ~f,were calcu~-ated
according to the ACI 318-89 codelll provisions for ultimate

strength design of gravel aggregate concrete.

The ratio —r/~t 1is found to attain a mean value of about
0.37 for the beams of DB-P series and that for the beams of DB-Q
series 1is about 0.39. However, it is perhaps suggestive to assume
the maximum moment at initial diagonal cracking Qload to be about
37% of the flexural capacity for the beams of smaller span to depth
ratios and subjected to uniformly distributed load.

From the table 6.13 it is seen that the average ultimate
moment at failure 1is 79% of the flexural moment capacity Tfor beams
with L/D=1.0 while that for the other set of beams (L/D=2.0)
appeared to be about 10% higher than the computed flexural
capacity. From this it may be concluded that the deep beams
subjected to uniform loading mayor may :I0t reach 1its maximum
flexural capacity at failure And this is in disagreement with the

n

cone lusion made by Kabir':I .

6.6 LOAD DEFLECTION CHARACTERISTICS OF TEST BEAMS

The load deflection records of the test beams are
presented graphically in Ffigures 5.1 through 5.4 . The deflection
record represents the mid-span deflection with appropriate
compensation made for support settlements. The usual linear
relationship for shallow beams between Qload and deflection are
found to be absent even in the lower range of loading prior to
cracking. The corresponding deflections considering both Tflexure
and shear were also computed and are Tfurnished 1in these figures.
The computations of deflections prior to flexural cracks were

made using the formula Tfor uncracked section (See Appendix-C)

5 =5 (L + 2.208 D"/V ) - - - - - - - (6.18)



Table [6.13 Moment Characteristics of Test Beams.
Beam Maximum moment at Computed Ratio | Ratio
mark | . B e . flexural Mer M,
DTagorat cracking ortimate foau  capactty;
load, —M_(K") M (K" M (K [ W, I
1 2 3 4 5 6
Series DB-P : L/D=1.0
DB-P1 210.00 435.75 549.64 0.382 | 0.793
DB-P2 236.25 551.25 601.93 0.392 | 0.916
DB-P3 288.75 582.75 869.62 0.332 | 0.670
DB-P4 236.25 480.38 554.49 0.425 | 0.865
DB-P5 236.25 490.88 870.41 0.272 | 0.564
DB-P6 236.25 525.00 554.88 0.426 | 0.946
DB-P7 210.00 459.38 600.46 0.350 | 0.765
Mean 0.368 | 0.788
C 13.86% 16.04~
Series DB-Q : L/D=2.0
_DB—Ql 165.00 354.00 302.64 0.545 | 1.170
DB-Q2 150.00 450.00 430.51 0.348 | 1.045
DB-Q3 150.00 510.00 475.42 0.316 | 1.073
DB-Q4 150.00 408.00 308.39 0.486 | 1.323
DB-Q5 240.00 405.00 475.42 0.505 | 0.852
DB-Q6 90.00 399.00 308.39 0.292 | 1.294
DB-Q7 90.00 390.00 425.53 0.212 | 0.917
Mean 0.386 [ 1.096
C 30.16% 15.07~

C = Coefficient of variation.
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where, S - total deflection at mid-span,
S, = mid-span deflection due to bending only
= (5SwL2 )/(3B4E|I)
and, E, - 40000/f; (For brick aggregate concrete, Ref.26)

After the formation of flexural cracks, the mid span
deflections were computed using effective moment of 1inertia le and
effective concrete area ~, by the formula (See Appendix-C)

1

5pL"
S = [1 + 26.496 X R T (6.19)

where, et )J (lg - Ier)

M,
" - Moment of inertia of cracked transformed section
= 0.5b(kd)2(kds6 + 1) + nAs(d - kd)2
I,. - Moment of inertia of gross concrete section

= (bD3)/12
Mm:, = Cracking moment = (le,.)Yt
f. = Modulus of rupture

= 3.3/f. (For brick aggregate concrete, Ref.26)

y. = D/2

M, = Maximum moment at the section considered
= wL2/8 = PL/8

~ = (12b21)(2/3)

E. = 40000/ f:

It 1s seen that the actual deflections were significantly
larger than the computed deflections. This was also observed
by Kabir:!'J; and also by Manuel, Slight, and Suteri!-lduringtheir
tests on deep beams. The shearing stresses, being considerably
high In deep beams, appear to have significant effect on the
deflections of such beams. Also the deviations of the observed
deflections from the computed deflections are found to be more
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pronounced in case of relatively deeper beams (L/D=1) compared to
the other set with L/D=2.

6.7 CRACKING PATTERN AND MODE OF FAILURE

During the test programme the crack pattern and the mode
of failure of each test beam were carefully observed and recorded.
The crack pattern of each test beam was drawn during the testing
operation and the photographs of the cracked surface of the beam
were taken afterwards. The systems of crack patterns and the modes
of failure of test beams are discussed in the following articles.

6.7.1 Cracking Pattern

Figures 5.5 through 5.18 show the cracks at failure of
beams together with the loads at which each crack was Tfirst
observed and the extent of the crack at that load.

Table 6.14 shows the diagonal cracking loads, the flexural
cracking loads and the ultimate 1loads of all the test beams. From
this table it is seen that the diagonal cracks develop TFirst for
the beams of DB-P series (except for DB-P6) and the mean values of
Pcr/P, and Pf/P, are 0.47 and 0.54 respectively. On the other hand
the flexural cracks appear before the diagonal cracks for the beams
of DB-Q series (except for DB- Q7) and the mean values of ~r/~ and
P.1~ are 0.36 and 0.31 respectively. Therefore it can be concluded
that the deeper beam faces the diagonal cracks before the flexural
cracks and can have greater values of the mean values of P"/Pu and
P:I1P~.

In all of the beams of DB-P and DB-Q series, it was
observed that diagonal cracks propagated initially at higher rate
but this rate of propagation decreases with the increase of load

applied.
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Table 6.14 Cracking Load Characteristics of Test Beams.

Beam Diagonal Flexural Ultimate Ratio Ratio
mark cracking cracking load, Per P
foad; - iuad,_ -
pe (KIp) P (kip) P, (kip) P, P,
1 2 3 4 5 6

Series DB-P| : L/D=1.0

DB-PI 80 90 166 0.482 0.542
DB-P2 90 120 210 0.429 0.571
DB-P3 110 120 222 0.495 0.541
DB-P4 90 100 183 0.492 0.546
DB-P5 90 100 187 0.481 0.535
DB-P6 920 80 200 0.450 0.400
DB-P7 80 110 175 0.457 0.629
Mean 0.469 0.538

c 4_85% 11.86%

Series DB-Q| : L/D=2.0

DB-01 55 40 118 0.466 0.339
DB-Q2 50 50 150 0.333 0.333
DB-Q3 50 50 170 0.294 0.294
DB-Q4 50 40 136 0.368 0.294
DB-Q5 80 50 135 0.5~~ 0.370
DB-Q6 30 30 133 0.226 0.226
DB-Q7 30 40 130 0.231 0.308
Mean 0.359 0.309

C 34.16% 13.70%

C = Coefficient of variation.
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Flexural cracks penetrated the distances about 0.262D,
0.221D, 0.321D, 0.231D, 0.231D, 0.345D, 0.079D, 0.534D, 0.390D,
0.415D, 0.488D, 0.488D 0.531D, 0.437D in beams DB-P1, DB-P2, DB-
P3, DB-P4, DB-P5, DB-P6, DB-P7, DB-Q1, DB-Q2, DB-Q3, DB-Q4, DB- Q5,
DB-Q6, DB-Q7 respectively. The average value of these penetrations
is 0.241D for the beams of DB-P series and that for the DB-Q beams

is 0.469D. 1t i1s seen that even at ultimate load level, flexural
cracks remain within the lower half of the beam
depth.

6.7.2 Mode of Failure

All of the beams of DB-P series failed due to diagonal
tension. Here concrete splitting occurred along the 1line of
propagation of main inclined cracks. The concrete strut, formed
between two approximately parallel diagonal cracks, were observed
in some of the beams, e.g. DB-P2, DB-P5, Db-P7, DB-Q3, DB-Q4, DB-
Q6. But the destruction of the strut by crushing of concrete
described as " Shear Proper”™ by de Paiva and siess:”' was never
found to occur during the tests. Possibly the presence of the
adequate web reinforcements inhibited such failure.

Flexural failure was not the final mode of failure in any
of the test beams though flexural cracks developed first in almost
all of the beams of DB-Q series.

Leonhardt:13) has reported that crushing of concrete at
bearing blocks was the principal cause of fTailure he has
encountered 1iIn the very deep beams (LD < 2) of his test. Such
crushing of concrete was not observed during our test programme.
Obviously the width of the bearing blocks provided were

sufficient to prevent such occurrences.



CHAPTER 7

CONCLUSIONS AND RECOMMENDAT 1 ONS
FOR FUTURE STUDY

7.1 CONCLUSIONS

The conclusions are based on the study of structural
behavior and shear strength of fourteen reinforced brick aggregate
concrete beams having span to overall depth ratio (L/D) of 1 and 2
and subjected to uniformly distributed 1load at the top (compression
face) only. The findings pertain to the simply supported single
span beams.

From the test results the following tentative conclusions
may be drawn. It may Dbe emphasized here that  further
investigations are necessary to confirm these findings.

(1) Tied arch-action initiate at an applied load of 50% of
the ultimate Iload capacity TfTor beams of span to depth
ratio of 1 (L/D=I) and that is 70% of the ultimate
load capacity for the beams of L/D=2.

(2) Diagonal cracks develop fTirst in relatively deeper beams
(L/D=1) and Tflexural cracks develop first in the
shal lower beams (L/D=2) provided the beams have
sufficient reinforcements.

3) ."Cl 318-89 Recommendations underestimates the shear
stress causing diagonal cracking iIn deep beams.

(4) The increase in flexural reinforcement or, horizontal web
reinforcement alone has no significant influence upon
the diagonal cracking shear stress of deep beam
subjected to uniform Iloading.
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The upper limit of the diagonal cracking shear stress
of simply supported brick aggregate RC deep beam
subjected to uniform loading may be taken as 4./t]

The de Cosio equation (Eqn. 6.2) may be used quite
reliably to predict the shear Stress at initial
diagonal cracking.

The increase in ultimate load capacity of deep beams
depend upon the increase in both the flexural and
horizontal web reinforcements. Either the flexural or,
the horizontal web reinforcement alone has no
significant influence upon the ultimate load capacity.

The upper limit of the ultimate shear stress of simply
supported brick aggregate RC deep beam subjected to
uniformly distributed load may be taken as 8.5./; and
11./( for beams of span to depth ratio of 1 and 2
respectively.

The principal mode of Tfailure 1in deep beams having
adequate reinforcements is diagonal tension cracking. The
concrete “strut® between two parallel diagonal cracks may
sometimes be formed but, in general, the failure of a
deep beam was not due to the compression failure by
crushing of such a "strut-".

singh, Ray, and Reddylll method of computing ultimate load
capacity of deep beams under four point loading can be
used effectively by considering the average resisting
shear along the critical 1load path 11 (as suggested by
them) (Egn.6.8 and Egn.6.9).

Ultimate loads 1In shear of deep reinforced concrete
beams can be estimated with a fair degree of accuracy by
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Ramakrishnan and Ananthanarayana'lo) method by taking
into consideration the contribution of
reinforcements along with that of concrete (Egn. 6.10
through Egn. 6.12).

(12) Selvam and Kuruvilla(191 method can also be effectively
used in computing the ultimate load capacity of
deep beams under uniform loading by considering the
contributions of reinforcements along with that of
concrete (Eqn. 6.13 through Eqn. 6.15).

(13) For correct estimation of ul~imate load of deep beams by
the  Mau and  Hsul201 formula, the ratio of
resisting shear stress to concrete crushing strength
(v/f~,) should be modified as in Eq. 6.17

7.2 RECOMMENDATIONS FOR FUTURE STUDY

The conclusions stated above were limite~ by the scope of
the tests. It is believed that a wide~area in this field remains
une::plored In order to de"Glop the guidelines for laying out a
proper code of pract-dice for designers. It should, therefore, be
menti .ned that the 1investigation on the effect of longitudinal
rei~f£orcements upon the strength of deep reinforced brick aggregate
concrete beams should be continued and all the possible variables
should be studied. The following recommendations are made for
further research in brick aggregate reinforced concrete deep beams:

(1) Influence of span to depth ratio (LID) and Shear span to
depth ratio (aiD) on the cracking strength and
ultimate strength of brick aggregate R C beams.

(2) 1-fluence of different types of loading on the strength
of deep beams.



)

€Y

€)

)

€

C))

®

(10)

an

a2

124

Effect of cyclic and sustained loading on the shear
strength of deep beams.

InfFluence of the dimensions of reaction blocks and
loading block/blocks on the load carrying capacity of
deep reinforced brick aggregate concrete beams.

Behavior of brick aggregate reinforced concrete deep
T-beams.

InfFluence of end anchorage plates and standard hooks on
the performance of deep beams.

Influence of deformed bars (both flexural and web steel)
on the ultimate load capacity of deep beams.

Behavior of R C deep beams with different end
conditions.

Effect of different bar size used as web reinforcement on
the strength of deep beams.

Influence of openings in the web of reinforced brick
aggregate deep beams on the strength of such beams.

Influence of compression steel on the behavior of deep

beams.

Effect of beam width upon the strength of deep beams.
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APPEND I X A

1. DESIGN OF TEST BEAM DB-P1

There 1i1s no method for designing brick aggregate R.C.
deep beams. Here the test beams were designed according to ACI
Building Code (AClI 318-89) recommendations. Beams DB-P1 and DB-Q1
were designed according to ACI1 Code. For all other beams, the
amount of either the flexural or the horizontal web reinforcement
or both were increased in relation to those of first beam of the
corresponding series. Sample calculations for the desi~n of test
beam, DB-P1, to fail in shear as per ACI 318-89 Code p-~ovision is
presented here.

- o

Given Data for Beam DB-P1

Effective span of beam L= 1)= 21"

Nominal width of beam b - 6"

Overall depth of beam D = 21*

Effective depth of beam d - (D- 1.5) = 19.5"
Distance of critical section

from the support center line xe = {1.5 + 0.15 x 21) = 4.65"
Area of flexural reinforcement A, = 2 x 0.294 - 0.588 in.”
Nominal concrete strength fc' - 2510 psi

Yield strength of flexural steel: 1=1 = 51000 psi

Yield strength of web steel 7= 33000 psi

Area of web steel bar Al = Ap = 0.054 in.?

CALCULATIONS :
Spacing of vertical stirrups, s~1 = (0.054 x 2)/(0.0015 x 6)
= 12" > d/5 (=3.9")
So, selected spacing, s - 3.5"
Spacing of horizontal stirrups, (sZ2)m = (0.054x2) /(0.0025x6)
= 72" > d/i3 (=6.5")
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So, selected spacing, ~ = 6"

Flexural steel ratio, p

(0.294 x 2)/(6 x 19.5)
0.00503

From fig. A.1 we get, Mulv, = ( 1.81P )/( 0.2786P ) = 6.50

My
Now, Vo = (3.5 - 2.5 x g )( 1.9/fc + 2500 x
v
! (A. 1)
6.50 0.00503x19.5
=(3.5 - 2.5 x --)(1.9/2510 + 2500 X -—-———-- )
19.5 6.50
= 2.667 x 132.915
= 2.5 x 132.915 [(B.-5-2.5 :$2.5 ]
= 332.29 psi
But = 6/2510 = 300.60 psi
300.60 x 6 x 19.5 ) lbs. = 35.1~
Now, Vs = [ 1+ ( 11 - )]XnyXd
12 s d
------ (A.2)
0.054x2 21 0.054x2 21
or, V= [-——(1 + - + - (11 - --)] X 33 X 19.5

12 x 3.5 19.5 12 x 6 19.5



(P/L) 130

Cl

L: 2"

P12 0.2786P

() P12 Shear force diagram
PL/8: 2.625P

Bending moment diagram

Fig. A" Simply supported beam of. DB- P Series.

But V5 8ffe b d = (82510 x 6x 195 ) Ibs. = 46.89K
Now, critical shear, 0.2786P = V, = 46.89
or, P = 168.30'

Maximum moment, Mus= PL/8 = [ (168.30 x 21)/8 ] k™ = 44179 k"



So,

or,

uf

Muf
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As fy (0.294 x 2) x 51
here, a = - - 2.343"

0.85 f, b 0.85 x 2.51 x 6

2.343
(0.294 x 2) x 51 x ( 19.5 - ) K™

2

549.64 K" >

Mus (= 441.79 k"™ ) 0.K.



APPENDI X B

SAMPLE CALCULATIONS FOR ULTIMATE LOAD CAPACITY
OF TEST BEAM DB-PIBY VARIOUS METHODS

Data given are

b = 6", D - 21",

L = 214 f; = 2510 psi,

f— = 240 psi, fy = 51000 psi,

f., = 33000 psi. (5/8" dia bar)

(174" dia bar)

Here, the different letters indicate their usual meaning.

1. Acrly APPROACH :
Let the total ultimate Iload capacity of beam DB-PI = P Kip.

So, the applied load per unit length - (P/21) Kk/in.

According to the Code, the distance of critical section from the

nearest Support center
= (1.5 + 0.15 x 21 )" = 4.65"

So, at the critical section -

Shear force, -~ = {(P/2) - (P/21)(4.65)}k - 0.27857~
and bending moment, M, = {(P/2)(4.65) - (P/21)(4.65°/2)} k"
- 1.81018P k™

So, the ratio, ~/(vu d) = 1.81018P/(0.27857P x 19.5) = 0.3332

We know,
p Vv, d
V. = ( 35 - 25 X )( 1.9FF; + 2500 x --- --—(B.D)
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ve = ( 3.5 - 2.5 x 0.3332 )( 1.9/f( + 2500 x (p V, d)Mu )
2.6667 { 1.91f~ + 2500 x (p V, dM, ]
2.5 {1.91F~ + 2500 (p V; dyM,} [(3.5-2.5 Muvud) 5 2.5]

So, the shear in the critical section due to concrete

contribution 1is -

Vo= (25x 1.9f( )b d
{( 2.5 x 1.9/2510 ) 6 x 19.5 } Ibs.
27.843K

Hence, the concrete contribution 1in ultimate load capacity is
= ( 27.843/0.27857 )k
= 99._94K

But, ve = 2.5 { 1.9/C + (2500 p vy d 1 My 1} s 6/F,
or, (2500 p va d 1 Ma) s 0.5.¢
[Here, (2500 x 0.00503 1 0.3332) = 37.703 > 0.5/fF: (= 25.05 )]

So, the shear in critical section due to flexural steel

contribution 1is -

Vi - (2.5x 0.5/fC )b d
or, Vi = { ( 2.5 x 0.5/2510 ) 6 x 19.5 } Ibs.
= 7.327K

Therefore, the Tflexural steel contribution in ultimate load is

= ( 7.327/0.27857 )k
= 26.30K
Again, Vg = | + - )] fw d - -(B.2)
S

Here, the contribution of vertical web steel in shear is
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A, 1+ Inld

[ —C )1 fy d
Vv S 12 wy
0.054 x 2 1 + 21/19.5
- { )} 33 x 19.5 1~
3.5 12
- 3.437°

Hence, the contribution of vertical web steel in ultimate load is

= ( 34371  0.27857 )-

Similarly, the contribution of horizontal web steel in ultimate

load is, ( from egn. B.2

1 0.054 x 2 11 - 21/19.5
= { )} 33 x 19.5 ]~
0.27857 6.0 12
1
= X 9.578 ]I
0.27857

2. SINGH, RAY and REDDY!!) APPROACH:
For uniformly distributed load, the critcal Iload path 11 should

be considered (i.e. 1 = 1 )
Nominal shear span of beam, X, = (1.5 + 0.5 + 3.5 + 1.0 + 1.75)"

n
- 8.25"
Effective shear span of beam, X = (0.5 + 3.5 + 1.0)" = 5.0"

Cohesion of concrete, c =



/2510 x .(240

135

or. ¢ = psi - 0.388 ksi

2

Tangent of the angle of internal friction(~) of concrete is

-

2 x I x %

tan~

2510 - 240
= = 1.462
2 X /2510 x /240

Angle of inclination of critical load path with the horizontal

J3= tan-1 (D/X) = tan-1 (21/5) = 76.608"

1, = @ - --—) - @ - ---- - 0.869
3D 3 x 21

Therefore, the contribution of concrete 1in ultimate

is-

4 X Pc X 11 = 4 X —===———=mm—=

is

load capacity

X 11

sinJ3cosJ3 (tanJ3+ ta-~)

0.388 x 6 x 21

133. 20~

Contribution of flexural steel in ultimate

tanJ3 ta~

X
sin76.608" co0s76.608" (tan76.608"

x 0.869]~
+ 1.462)

load capacity 1is

-1

tanJ3+ ta~



= [4 x(2 x 0.294 X 51) X —-—————- X 1] kip [ g = 1]
4.2 + 1.462

= 108. 92K

Contribution of vertical web steel 1in ultimate Iload capacity

is
tan<j>
) X 0.5 [ 1, = 0.5 ]
tanJ3+tan<j>
1.462
= [4 x(2 x0.054 x 33 X -———- )X 0.5]!

4.2 + 1.462

contribution of horizontal web steel in ultimate load capacity,

Tanl3 tan<j> 1
=4 x Phx 1, =4x(Fh x _)XO'S
tanl3 + tan<j>

4.2 x 1.462 - 1
=[4 x(3x2x0.054%x33Xx --——--—--—-—-———- )x0._5]!

3. RAMAKRISHNAN and ANANTHANARAYANAIIOI  APPROACH

Total ultimate load capacity of the beam 1is,

Pc—2xkxfspxbe - - - - - - (B. 3)

[2 x 1.12 x 240 x 6 x 21] Ibs.
67.74K



4. SELVAM and KURUVILLA(I9) APPROACH :

Ultimate load capacity of the beam is,

pr=[ 22 aOl+ 1.1 13°2] x e95x fo X b x d

Here, a = aiD = (1.5 + 05 + 1.75)/21 =
13= D/L = 21/21 = 1.0

fy  (ksi) 51.0

and, & = oo —— = 1. 4346
35.55 35.55

Therefore,

P = [(22 x 01786°1 + 1.1 x 1.002)x

u

= 106. 92¢

0.1786

- - - —(B.%)

1.43460,5x240x6x21] Ibs.
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5. MAU and HSullOlI APPROACH
According to this method,
_\_/ - 05 [K(Wh+q.030) + f{K2 (Wwh+0.03)2 + 4(wh+0.03)(w'l+0.03)}] S 0.30
f - - - - (B.5)
For test beam,
K= (2 dn/pb = {2 x (195 - 1.0}21 = 1.714
hos 0,0078  x 200 s s < 0.26 0.K.
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- 0.0051 x -—=-——- - 0.0671 < 0.12 0.K.

Hence, from egn.(B.5), we get

Y,
= 0.5 [1.714 (0.1585 + 0.03) + ({1.714"(0.1585 + 0.03)"
fl
‘ + 4(0.1585 + 0.03)(0.0671 + 0.03)}]
or, Vv/f; = 0.3727 [ But vIf(~ 0.30 ]
Therefore, Vv/f; = 0.30

or, Vv - (0.30 x 2.51) ksi - 0.753 ksi
_ _ _ k
Now, V, =V bd = [0.753 x 6 x (19.5 - 1.0)]k = 81.324

Hence, the ultimate Iload capacity of the beam is



A_PPENDIX C

DERIVATION OF FORMULA FOR DEFLECTION

There are no special methods for computation of deflection
in deep beams. Here the fTormula for computation of deflection
in ordinary beam considering the effect of shear 1is derived.

Deflection at any point within the span is given by _

f . Med Mo S ¢S RV 6
5 = | {- e dx} + K~){ - dx} ----(.D

where,

M(X), V(X) = bending moment and shear force due to actual Iload
(fig. C.1),

m(x),v(x)= bending moment and shear force caused by unit load
at the point where deflection 1is required (fig. C.1),

K~ = shape faccor = 1.2 for rectangfﬂar section.
p=
w/unit  length
,5 max
172 LI2
D
wL
2
V diagram
ul HIL..
1/2 () 2 Section of peam
, v diagram
() ...
1/2

Fig. C.1 An uniformly distributed Joaded beam.
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Now,
- - - - - - (.2
where,
om - contribution of moment on deflection, and
Oy = contribution of shear on deflection.
Here, o (C.3)
1 wL L 1 wlL2
and, oy = 2 x — - X - X X = K~ x - - (C.4)
GA 2 2 2 2 8GA
= 0.15 for concrete ]
Theref SwL! K wL2
erefore =
’ ‘max ~ + [From egns.C.2, C.3 and C.4
384E, 8GA C-4]
SwL! 48E |1
e
= (1 + K~
384E,1 5GALz2
swL! Eo I
or, 0 = (1 + 9.6 __ _
Max K~ X - (C.5
384E.1 G AL" ( )

(1) UNCRACKED SECTION:

For a rectangular section of size bxD,

| D"

At" 12 X bDt' 12L"



Therefore,
egn. (C.5),
swL!

8,y = (1 + 2.208
" 384E L2

D2

D2
= 8. ( 1+ 2.208
L2

(i1) CRACKED SECTION:
After the
concrete area -,

formation of Fflexural

and the effective moment

used Tfor the computation of deflections.

Hence egn.(C.5) reduces to

(1 + 9.6 x 1.2 x 2.3 X
384E.1o

1
5PL"

( 1L+ 26.496 x

141

putting the values of K., (Ee/G), and (I/AL%» in

- - - - - - - -(C.6)
cracks the effective
of inertia le should be
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llble  GI| C'pnted ["im  feflections| (in ) at ,ids",| of rest Bem at [different [load levels
Beam leve o k| ek sob ook wk| o] o | imof | sk |
—
lark
Berips OB-P |- L0 , 1.0
JB-PI . 00 00212 00123 o.0mf o00912] o0.131! 0.1734 02109 | 02468 | 02514 ---
0B-P2 0.4 00196 0.0M] 0058 0.07BI| 01177 052 | 0.1860 02181 | 02499 | uso7 | 0.2959
CB-PI 00 00Mm|[ o00:88| 00582 00776 01080 01353 | 0626 01872 | 02123 | 02372 | 0.2643
DB-PI 00 0.0190( 00380 00571] 0078L| 01160 01539 | 01907 | w263 0.2656
0B-P5 00 00192 ( 0.0M | 00576| 00783| 01068 0.1 01602 [ 01858 | 02108 | 02195 | ---
08-P6 00 00193 | 00386 | 0.0580| 00801 | 0.1189 01564 | 01937 | 02293 02637 ] 02974 | --
08-P! 00 00199 00398 00597 00840 01201 01550 01856  0.2236 0.2448
Berie§ 08-Q LD : z0
OHI 0.0 0.0776 | 0.1991 | 03105 | 04177 | 05239 056190 _ ---
08-Q2 0.0 0.0M | 0162 | 02475 | 03311 | 01148 01980 05811 | 0.6221
DB-~~ 0.0 00712 | QW5 | D221 | 02969 | 03711 01454 | 05196 | 05938 | 0.6310
CHI 00 0.0704 | 01833 | 0.2906 | 03931 | 01911 05911 | 0.6712 -
08-QS 00 00710 | 0.1419 | 02129 | 0.2838 | 03548  0.258 | 0.1790
0B-Q6 0.0 0.0708 | 0.1849 | 0.2931 [ 0.3964 | 01981 06000 | 0.6614 o
08-Q7 0.0 00133 01607 02H 03210 01093 01914 05!
Oeilections ~ are cPlputed considering tne cracked sections (fter [orution  of diagonal cracks | and using Bc'lOOQOIf.  (ReUs)



APPENDII X-D

lable| 0.1 Observed srraln values lin micrn strain) in relnforcements of beam DB-PI at dIfferent load levels

Galge Load level| at wiich sfrain whs neapured

an

ok | 10k| o0k | 30k| 20k| 50| eok | 70k | sok | ook | 100k [ 120k |20k | 130K |40 150K 160 |66k

1 of 17| 12| 51| 72| 9| 123 154 | 197 | J05 | 409 [ 53 678 786 918 | 1050 [1179 H7s

2 ol 6| 2| so| 74| 10f 147| 188 207 | 398 | 55 | 587 [y 96 | 1069 1199|1332 | 1382

o] 3| so| 75| 16| 285 [ 510 | 509 | 785 | 932 | 1074 [ 1269 | W2 {1725 2007

oy
[
(=)

1 o ——s 14| 2| 8| 2| 4 |65 | 5 [ & |4 (184|205 (M 5B ([5H

5 Al il 71| 95| 172| 474 | s62| Ta-| 820 | 9N | 1000 | 1183 | 1J36 i [ 211

S 01— J| ¢ 5 28 | g2 50| w01 mM| M [56 |7 |84 | .a

i ) ol -4l of of 8| 10| 26| 50| 14| 232 Ji4| e | 428 | 19 | 537 [473 117

1471 1129 | 8

1
o

0 of -1 -39 -60| -80| -%9| -122| -117| -195 | -218 | -272| -259 (-197 | -116

9 0 -0 -» -% -5 -6 -0 -8 -13 220 33 18 5 6 66 1200 1% IS!

Strain corresponding  to 7ield stress of flexural reinforcemenr , 1532 MS (micro strain |
Strain corresponding -0 7ield stress of ,eh reinforcement s N




lablg 0.2 Obselled strain  “lues lin ioro slrainl  in "inforemnt, nf b", OB-P2at different load level.

Gaug Load level at "ie, train ‘as ,esured

l 11 1111 | | 1

L11YJ II k 1
t] T 20) 30[ T so[ 0] 10 sf* op® ook 1ot 2% 130F wi0% 150 150% 1104 180K] 190k 200§ 1ok

2 |0 31| 52| 14|19 104 125| 110 221 250| 331 395 M| 568] H2 | LB| BOBl 892| 950 [1010| 1119] 1185

3 ot -1y [B20)JZ |35 10| 55| 133245 291| 355 4H | 193| 582 | 616| 761 (918 | 1211 | 1253

5 |0 6] 12|20 (25|33 12 (52 61|90 [ 10115944 111] 83| 948 | 1043 1116[ 130| 119'|m8 |J253 | 3253

5 (Of 1 (1 (10 [16 |2 (19 51 (1013 128 M| 55| 681 809 | 918 | 998 |9B9 | 1032| 1119
LA{Of )8 [1210)20|20 |29 13|11 200] 118 150| N8 | S50 | M | 192 [ 905| 1200 (115 | 1362 | 2515
§ (of-- |1 |2+—[8 [12|-8 |10 -12 |IS |-10 |12 |-u |-1 16 |16 [-16 |-11 |15 45 H8 |18
9 0 - 20 L3y 6 81 99 19 -110 113 21 258 291 331 310 115 114 NS Ml 129 265
St'in  corresponding  to yield stress of flemal  reinforment , Am IS (niero strain |

St'in  eorrespoodiog  to yield stress of "b “inforemnl , g 1S



WIabIe 0J Observed ,trai, eeJues (in liero trai, in reinforc" nt, of be" OB-PJat different load level

Gage Load Iml at bicb trai, " "med
: u-| -- s

. 1l H T ; Py |

S0Pt Sk e e ot igok ig< o ik gk 1sgk gk gk isow 1 k wolk 210f 2221
O B gk ass| o w2l s | el sl sl 80| S31 105| 948 | 935 | 1103
! v a0 w2 3| 3| 13| ks | sl m HI (691 160 | 913 | 935 | 56

O 1 28 19 1 2| 5[ 1] 109 WL 232 320 HI | HL | 501 {2 |511 | 1ss S 961 1916 [ 1010 | 1301

S 1ol 3 2 1 us| er| or| wi us 1671 [ 910 | 1083] 121-| 135 |wB 161' 1B29 2018 2309 2676 [3039 [3305

Lol sl B -1 |65 |3 |z 63 1190 505 | B9 |910 {1090 122 3m9 543 1619 B3 1902 030 024 4m

8 019 |6 -11{-68 [-1H]-123 |-153 ho 113 1306 F303 {321 BB {363 -2 48 01 109 321 -5 % da1

9 ¢ W 32 1661 13 99 43 B0 -M 15 1B 1 5159 17 U5 193 141 89 138 346

Strai, correspoadi'g  to yield tress of fimra)  reloforc™t , 13B2is Llero  strai

Strain correspondin~ to yield stress of web reinforcelent B s



ble DI Obsded frai, 14iues li, icro trai) i reinforcemt,  of beu OB-14t different lod levels
ClDge
g lod le'el t hieh s 'S es'ed
no
Ok fo; i | L Ik
o [0k [so- [sie 108 [ok 100" e thk ok ol 15 150{ ol 180} 13,
I
3 b3
a3 8 10 % 7 o | s ud s 10| m 21 (78 [m | 239
3 . 1 .
I n
IR I L I R T (TN I T I 19 [0l |2
5
03 L stofwluls o 206 s |y 0 |5 R Bl e
6 -
N2 ol slslo sfala [1_|s o | S VR | I (N
-J b
T o[ 1]1
BlRfr e afw st |8 |a |m |5 bey B3 1 hos
d -
R RN 2N S N ST N SRR EEI PR N P B0 0 13 Ik 3P
9 -
R A N N BL45 41 53 75
e of flel"l eifoceet 15325 (icro stril

St., coepodig  to yield
Stri, oorespoding  to yield

st
st,es, of .eb eiforecet 1118 ks

H6



Table 0.5 Observed trai, e1m (i, ,jem strail i, reifrrcemts  f beal OB-P5at different load levels.
Gangp Loadflevel pt ,high tran", " med
& P L 11 |
O 107 201 3% 2% 500 60 10f eof| %0{ 00 110) 120¢ 13f% mof 15q< 1eq< 1g* 1ok i
1 0 1) 35] 5 12 1200 116 | 161 | 204 [ 250 321 | 101 | 111 513| fill | 69| 78L| s12| 918] 1007
2 d| 1290018 65 99 [ I20f 151 190 [ zz1 | 311 | 389 | 459 511| 610 651 756 M| 915 1011
—3 a9 20|16 5 8 | ur| 150 200 | 287 I81 | il | 525 589 698 ISI| 869 | 9l | 1071 125
5 d 115155 8 100 126 226 [ 181 [ 595 | 119 [ 8% | m 1008 1101 129 159 | 156 | 158 | 1652
5 o7 9 0 12 |18 (122 (20 91 | 13 | 21 | m o 130 513] 652 118 180 | 911 | 1111
7 d |1 12110 16 22 |2 |46 |61 |52 |68 |81 120 M| 3] H3 | 159 | 895 | 1001
8 d -28 |-58 |-85 -100 -118 |-100 |-126 |-159 |-211 |-116 |-218 |-303 -282 |-115 | -262 |-196 |-78 | 185 | I5l
9 ¢33 4 5 1 % 21 9 8 9 10 11 43 1 11 5 13 A5 A -l
Strai, correspondi,g to ,ield stress of flmrl  reiforcemt , 1382 KS(iem trai,l
Strai, correspondiog to ,ield tress of webreioforceoent , 1118 KS

17



lable D.6 Observed trai, e lues lin ,iero trail o reiolorcemt, ~ or ben DB-P6.t dillereat load 1"1s.
Caugp Load 1"1 ,t bieb tri, ‘as| m,ored
i | N L T J M | ] I -

T g 20k 3% Tk §0k Ok 70° o spkc 1gok 1ok | 13k ppk 1504 1eK g7k gk 1sgk 20
2 Of 0 8 15| 2 27f 38 53 62| 66| 73| 130 isI [us 120! m 159 16S| 189 | 191] 201
I Of 512 3| 7[H 3D-6[2]16] 25 2 [33 386 63 65 |76 |9 |1
5 Of ) 15 20 30 31f 3 3 H|18]5| 1 3 (3 23110 bs 17 15 3 37
6 O] 6 (50 12]-35)-291-20 19 o |1 |1 |5 57 |9 5 |3 I8 13 |18 101 |90
l 015 (8 W|Is|16]17 19 21]|23fa [a -9 |13 -6 61 p0 11 52 [17 | 101
§ 01-10 [-20 -32 |-7 |18 {-22 -12 -1 [-20 |-90 |05 P7 101 |122 Q12 10 |15a [113 [ 101
9 0 -0 -al -16 37 |L| 0 3B la 87 173 |_3._._ 3H 296 135 211 ISI 189 HZ 327 131

Strin  correspOldi,g  to yield stress 01 flexural

Strain  eorrespOiding  to yield tress 01 Neb reiolorment

reiolorcemt

, Im IS (jicro  striinl

, 11818

H8



lable 0.1 Oberved trai, "J" (i, lim trai) i, reiforcemt, of beal OB-PLt different load levels.

Gaugp Load Im| .t 'lieh trai, ™ ", red

i L[ e ) T | I I
I 0% 1)° 0° 40° 4o~ 10% 80| 90y 1o0i< 1ot wk o] o} ok too] 110K 115k

1L of ) 39 61 8 91 15 18 nS| M| m 51| 58| e8] m | st | 897 | 966 918

2 Of 19f 10 67) 9% 118 17 01 W | 325] 391 157 [ 511 | 590| 666 | 751 | 819 | 937 49

I Op b v nfef 5] 10] 10 181 195( 100 521|612 | 701] so1 | 961 | 1208 2 1162

1 [0] 9|15 25012 17) 52| 61 75| 80 |80 9 |16 |Ho| m | 128|511 611 681

S O li| 16 1) 51| s7f 91| m 31| 677 | 856 1015| ms | e | 1191/ 151 11391 1502 1619

5 6 (3 35[0 17 42 (61 |81 113 (177 | 235 [ 121 | 101 | 151 [606 7li

L Jo|5 |8 -7 |6 |5 |6 1 8 |9 |} 0 pE f10 [0 F20 HE 011
8 0|-28 |-l -57 [-70 |-71 |-101|-108 -108 |-65 }30 20 {50 |19 |108 |86 |11 121 591
9 0 20 - 88 77 78 -109 -115 -166 -210 -251 -105 -318 -316 -311 -201 -58 145 311

Strai, eorrespondi,g to yield stress of flmral  reinforcement  1i111S (jim  strain)

Strain  correspondi,g  to yield stress of "b reifore,""t 18 1S
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ble 0.8 Db,er,ed ,tr.in ,.lue, (in ,icrn str.in) in reinforce.ents nf be., D8-QL .t different] lo.d levels.

of9, .d le.pl .t ,ich str.in "ag ,e.snred

10

S " T N S S 0| aq nok nok| g

0 2 13 200 m| 58| 137 80 | 921w | 13%6 1513 | 1718

21 0 108 11 a1 40| s 8I1| 801 [ 1000 | 1061 1357 1368 1166

S0 1y 1] & w| m S5 839 [ 952 | 1139| e 1557 1162

10 -8 3 -n | w0 m SIB | 706 |82 |93 | 1019 1090 2155

S o s 3| 5 IS | 198 | 30 69 (289 (287 |om 195 |5

S0 | -3 | oan | - 19912 |18 e e L3 m 1~7

TAHO]-9 - |10 |10 |4 -l 2 4 310 233 B0

81w ] | w 26 (80 1191 B2 p3 | 55 67

$o0 8 51 8 0 oy o T8 6B 1w 1w

Str.in cnrre,pnnding tn rield ,tress nf flelur.l reinforce,ent * 1417 IS (,icro str.in)
Str,in cnrrespnnding to yield stress nf ,eb reinforce,ent 118 1S



lable 0.9 Ob,wed t'i, “lues (i, ,cro st"iil i, reinforcmnt, of beu DB-Qat different load 1"

Gau«l;e Loadle,el at ,bich tri, iaa ,esared

0. [ N NS R RN SR BN

4 K L 4 c k!
13—t Sttt Took T JZU'I Tk nf 10

| 0 B T W6 BL 3/ H2 HE SW| 14 809 906 1055 1126 1m | 175

——{ 03] 18 S0 260 M| 151 510 689 739| %6 979 1011 1181 1358] 1501

S | 0= 10 20 50 H| 200 164 29| 39| -2 516 616 77 839 | 1168

8 0 |18 )10 -6 -1 -1 I8 IH] 19|20 23 m 21 15 | 139

g 0 1 8 I 2 26 0 B8 -0 -2 -0 -2 6 01 -10

Strai, correspondiag to yield ,tress of fl",|  rei,forment , 1382 IS (icra st"i,l

Strai, correspondi'g to yield tres, of "b rei,force"t , 118 is



Iab‘e 010 Obmed t, e loes (I, lioro ti) i, reiforce", of beal OB-Q3t different losd 1"1.

asog Lgs<! 1"t |bich "1, |m ",r|1ed

Ok of 20k aok| w0k 50) oof 10f ek ook| 100k 1ok| 120k 130k [wck | gsox | 1ok mk

L of nf o9 16y 211 68| 151 539 622 692 768| BI6| 00| o972 | 1010] 1011] 1080 | 1201
2 [ of o84 1§ 269 366| 161 513 61| 702| 790 | ss0| oer| 1082| 1118 1152 | 1386 | 1131
3 o8] 4 Ly 5 28 61| 9 ( 161f 216| 302 | 35| 318| 1 181 | 519 | 562

4 0f 100 20 s8] 12 283 33| 52| 513 623 m | 27| 71| 816 | 83 903 | 950 | 1009

S |0 18 26 35| 40 60 [ 62| 73| 133] 216 [ HI | 620 732| 830 | 916 1009 | 1092 | 1136

6 [ Of-A1| -8 10| 10f 46 | 129| 166 200 m | 231 | 20| 268 | 285 | 292 01 [ 326 401

T (o) 2/ 3 s T f2r |3t 18] 102362 | 190 59| 696 | 798 [ 017 |1022 |1165

§ [Of 6 4] 2. v |7 |12 61 | 11|23 |33 |38 el o 204 | 122|317 |338

9 0 2 6 0 9 A1 3% 48 3 29 N1 39 166 o 606 610 612 527

Strl, corepodig  to yield tre" of fle"rl  reiforceet C 11218 (iero 2

Strsio  cor"pooding  to yield stress of web rel,force" C 11818



lable] 0,11 Observed trai, "I', i, liero trai,l 1, reiforce"ts of b, DB-Ql.t different |load 1"1"

Gallg; Lodd leve| t Jtid Jrai, s " mdd

o
T0;

Okl 104 204 304 10K 50| gok| 70K| soq ook 100K 110k| 120k 130 136K

I | 0] 46 8 | liD| 331 ID | 523 M| 686| 786| 881 | 919 | 1103 1229 1291

2 [0 15[ 81| 242 339| m [ 55| M| 159| 58| 961 | 1067| 1175 oI | 1357

310 n| o og | w0 e[ 1 My 7L 82| 912 | 1069 Ug]_ 1208 1251

5 10 (-7 — 23 | 17 | 154 256 | 395536 651 | 776 | 825 | 915  1091| 1286

To{0f nf 18 H | 10 |5 |[203[202( 285|310 3% [ [ 160 670 | 881

8 |0 (-1 -23 (19 [-28 |1 |52 ] 128| z0z | 269| 359 | 161 | 539 106 | 881

9 0 -18 13 69 91 118 -112 51 19 91 186 308 125 183 991

Strain corresp"ding  to yield tress or flexml  reinforment , 1117 KS Liero tri,1

Strin correspondi,g  tn yield tress of b reifrce"t , 1118 is
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rble 0.2 Obmed trai, "1, i, lim il i reif"™"t, f beal OB-Ql.t different [J'd Imd,

Gaufe Lld Im| .t [hieb |trai, fvas ™ fed

QW of 30 9 sq 6o ol edt ook 100d uok| 0 1ok 135€

L1 1§ o9 o200 271) 319 130] 528 13 696 783 | 815( 956 [ 1051 [ l0BI

190 13 70 106 186 36| 11| 06| s76| 649 | 135 811 | 91B | 1023

™~
o

Pp0p O 10f 18] 93 | 14| 1Bo| 222| 263 s13 | 3530 393 [ 138 | 510 | 838

S | 0| 1| 30 52| B6 | 158|267 | 109] 191 572 602 | 695 | 819 | 1106 | 1379

6 |0|-Z|-H|-62 [-BO |65 [69 |19 [-100 L7 (146|161 |-133 | 193 |m

Toof-20 -5 (32 [0 16 et |15 | 2 |18 [23B (113 | 133 [1079

8 01-0 [-19 20 |28 |0 |28 |93 |100 | s 92 289 125 1011 {1327

9 0 12 67 -85 126 -119 -2 18 9 Ly 02 2H 366 S49 698

Strai, eresp"di,g  to yield tress of flmrl  reiforem;t , 112 1S Nim i,

Stri, corresp"di,g  to yield tress of web reiforceaent 1118 s



rab‘e 013 Observed train e lues (in .im  strain) in reinforcmnts of beat OB-Q6at different |load levels.

Gauge Lojd ml | at ,|wich qrain s "snepd

T
oF 0k 2p 3| wf sok 604 104 oY 004 look| wod| wok| 10k| 1330

—{ 0] 30| 12| 249 36B| 1B5 5BO| 610 | 763 | BI9 | 951 | 1033 | 112t | 162 | 1120

— 0| 38| 20| 161 618 BOI| 963 | 1101| 124 1310 | WO | 1263 | 1551 1582

—{ 0] 20— 15| 3BB| 51 693 | 811 [913 | 991 | 1061 | 1122 | m | 1200 1191

I 0| 33( 8 151 315 | 162 553 | 613 [663 | 716 | 161 | B2 |B63 | meo | 168

S [0 3B 17 BL| 211|393 50 |55 |13 |B13 | 889 | 1055 | 1216 | 1338 1522

6 [Of-19 128 |91 [ 61 |28 |55 |12 |19 |00 |28 | 353 N

T 101028120 |20 |2 B | 112 212 |139 (616 |B3L |1070 | 1206 |1m

S o] |2 |3 8 (15 BY [m |M |31 |33 (15 |52 |eer |11
g 0 A 2 & 0 3% B o109 131 IS Bl 291 3
Strain  corresponding  to yield stress  of flemal  reioforcmnt , L7 IS Licro  strain'

Strain ~ corresponding ~ to yield stress  of web reinforcmnt B 1S



rable] O.H Observed trin e lues (in lim  trainl in reiforc"nt, of bm OB-Q7at diffret  Inad 1"1s.

Gaige Load 10 |at Mo fin  vhs "med

faa)

Ok| 10k| 20k| 30k 10k| sok| sok| 70 | BoK| 90K look| gk | 120k | 1304

1 1010 [BO |23 ]380 [m |5B [658 |75 |86 (90 | 1000 [ 1105 1193

2 |0 | 3% [ 73 1136 ) m [H |597 [701 | 789 882 | 978 | 1080| 1113

3 0| 23| 8 | 200 (352193 (592 | 663 [711 | 812 | 887 | 96B | 1016 | 1239

5 10|19 | 13 [ 165304 [190 [596 [ 620 [615 | 121 | 793 | 916 | 1126 | 1167

7 1011 |-zl |-8 |]-O |17 |65 |65 |H | 110 | 165 | 266 | 138 | 691

8 0|-21 | 30 [ 106 [ H |250 |M |33 (375 [301 | 100 | 125 | 193 | 571

9 —-3% H 1 2B 20 ~'6 m N1 339 39 160 519 68l

Stnin  corresponding  to yield tress  of flem|  reinforment , 1382 KS (jm  train |

Strain  correspOldiog  to yield stress of "o reinforc"nt , 1B IS
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