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SUMMARY

The design of deep beams with or without openings is
not yet covered by the new British Code CP110 (1972), The
CIRIA guide does contain some design guidance for solid deep
beams but the design of deep beams with openings is only briefly
covered, In both cases the design procedures follow an empirical

approach.

The current trend in reinforced concrete design is
towards the ultimate limit state methods. In recent years
proposals have been made for a more rational approach to reinforcement
design for in-plane forces, For a given ultimate load, a stress
field in equilibxium with external loads is obtained by a linear
elastic stress analysis, e.g. finite element analysis.
Reinforcement is provided such that the combined resistance of
steel and concrete at every point is equal to or greater than the
applied stresses. If the equilibrium and yield criteria are
satisfied exactly at every point then the entire structure will
be converted to a mechanism at ultimate load. In order for this
to happen the structure should have sufficient ductility so that

redistribution of stresses takes place as cracking occurs,

This thesis is concerned with an experimental study
of the proposed design method applied to deep beams with openings

and in general with the effect of the opening on beam behaviour,

The test series comprised of seven specimens of deep
beams with and without an opening having different concrete strengths

and varying span to depth ratios, The effects of an opening on/
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deflections, crack widths, crack patterns, failure mode and
ultimate shear strengths were studied. All the beams were simply
supported and under two concentrated top loads except one. The
beams were loaded in increments without unloading until collapse

occurred,

The test results indicate that the ultimate loads were
higher in beams where an opening is near the beam soffit than
in beams where an opening is at mid-depth., In all the tests the
experimental ultimate load greatly exceeded the design load.
Why this is so is discussed and by using an empirical factor
experimental ultimate load predictions are improved, Further

analytical and experimental study'is recommended,
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL

Deep beams are most frequently employed in modern
construction and have useful applications in a variety of structures.
In modern comstruction,e.g. in departmental stores, hotels,
municipal buildings and so on, it is often desirable to have the
lower floor entirely free of columns. It may be simpler to
utilize the external and partition walls as deep beams to span
across the column free space and carry the whole building above
them instead of heavy frame construction, the use of virendeal

trusses in concrete or even structural steel trusses,

It is only during the last decade or so that the research
in reinfeorced concrete deep beams with openings has been carried
out on a practical scale. The design of reinforced concrete deep
beams with web openings is not yet covered by the major design
codes of practice, namely the American building code ACI (Ref.l),
the European recommendation CEB-FIP (Ref.2) and the British Code

CP(110)(Ref.3)

In 1970, Committee European de Beton (CEB) and Federation
Internationale de la Precontrainte (FIP) included the recommendation
for solid deep beams in their international code, In 1971, the
American building Code ACI, for the first time include recommendatinoms
for solid deep bheams. Recently construction Industry research and
Information Association (CIRIA) published a guide "The design of

deep beams in reinforced concrete' which is the only design guide/




currently available in United Kingdom. (Ref. &)

The design methods, which were based on the prediction
of internal forces in deep beams from elastic theory, were at the
time of their introduction consistent with the accepted design

criteria of service load requirements,

The trend in current design thinking is towards the
ultimate limit state methods. 1In recent years proposals have
been made for a more rational approach to reinforcement design
for in-plane forces, This is the direct design approach, Both
the direct design approach and the more empirical methods based
on elastic theory can only be verified by comparing the predicted
force/deformation response with the measured experimental response

of models of realistic size.

A survey of the literature shows that while many
experimental programmes have considered solid deep beams little
information and experimental data is available on reinforced
concrete deep beams with openings. No codes of practice include
recomnendations for the design of reinforced concrete deep beams

with openings. However CIRIA has published a guide on the design

of deep beams which includes a section on the provision of web
openings. Because of the lack of experimental evidence this
recommendation which is also based upon elastic theory tends to
be rather cautious and a more comprehensive method of design

of deep beams with opening is still needed., The purpose of this

|
investigation. is to provide some experimental evidence by which
the design of deep beams with openings can be assessed and to/
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consider if the design process can be based on the more rational

direct design approach.

1.2 OBJECTIVE AND SCOPE

This thesis is aimed at proposing a method for the
ultimate strength design of perforated deep beams with the help

of observed behaviour of such beams during experimental study.

The design of deep beams with openings is based on the
stress field obtained by a linear elastic analysis e.g. finite
element analysis. The procedure to reinforce the beam, using the

calculated stress field is presented in Chapter 3,

In view of the fact that verification can be achieved
by comparing the predicted response with the measured experimental
response of realistic models, an experimental programme consisting
of seven rectangular deep beams with openings was carried-out,

All the beams were simply supported and were tested under two
point top loading except omne, Load deflection graphs, concrete
and steel strain distribution at various sections were plotted.
Crack pattern, ultimate strength and failure type were studied

by subjecting each beam to its ultimate load capacity. A detailed
description of the experiments and analysis of results are given
in Chapter 4 and 5 respectively, Based on the experimental

results, the design procedure seem to be feasible,




CHAPTER TWO

LLITERATURE REVIEW

2,1 INTRODUCTION

Deep beams are found in various types of the structures.

The provision of an opening to give access from one part to
another part of the structure is a common feature in these
beams. A knowledge of the behaviour of beams with openings

is therefore essential for design.

A major contribution in this area has been made by
University of Nottingham (Ref. 5-10) where several research
projects on reinforced concrete deep beams without web openings,
have shown that their post cracking behaviour is so complex
that, at least for sometime yet empirical design procedures

must be used.

Little practical design guidance is available for deep
beams with web openings and a survey of the literature shows
that little information and experimental data is available on

reinforced concrete deep beams with web openings.

2.2, REVIEW OF PREVIOUS WORK

Most previous investigations have been concerned with
solid reinforced.concrete deep beams. Very few investigations
have been carried out for reinforced concrete deep beams with
openings, and limited experimental data is available for such

cases (Ref,ll). A review of literature of both solid deep/




beams and deep beams with openings, as a background to the present

investigation is given below.

2.2.1. Reinforced Concrete Solid deep beams:

Theoretical Investigation

Much of the early theoretical work on deep beams was
performed as examination of the change in stresses from engineer's

theory of bending as span to depth ratio increases.

The pioneering work in this field was done by Franz
Dischinger (Ref.12), who used trigonometric series to determine
the stresses in deep beams on a number of supports. In the same
paper, he also proposed an approximate solution for simply

supported girders.

Analysis of single-span deep beams, in comparison to
continuous ones presents more difficulties because of the increased
number of boundary conditions to be satisfied. .Several investigators
have proposed approximate solutions for the amnalysis of single span
deep beams. Li chow, Conway and Morgan (Ref.13) have solved the

problem of single span deep beams using Fourier series and principle

of least work, while Bay, Chow, Conway and Winter (Ref.l4) and
Uhlman (Ref.l5) have given a solution using the finite difference
method, Guzman and Luisoni (Ref.l6) and Archer and Kitchen (Ref,l7)
have obtained the solution to this problem by using the strain
energy method. An exact solution for single span deep beams using

Fourier series has been given by Sundara Raja Iyengar (Ref.l8),

Experimental verification of the results was provided/




by Casewell, Kaar and Lambart (Ref.l9and 20) who tested models of
deep beams made from elastic materials, The authors concluded
that when the span to depth ratio is below 1.5, the application
of the orindary flexural formula was inaccurate. The stresses
in deep beams computed by ordinary flexural formulae (Euler-
Bernoulli theory) were seriously in error and were so affected
by localized stresses caused by the applied loading and support
reactions that the relative positions of loading and support

were of great importance,

Most theoretical models of deep beam behaviour have
assumed that reinforced concrete is homogeneous. and isotropic
material (Ref,21). The stress~strain response of reinforced
concrete in situations where cracking occurs is more complicated
than these simple elastic homogeneous models predict, Some
investigators,namely Chow, Conway and Winter (Ref.l4) and Uhlman
(Ref,15) have based recommendations for reinforcing deep beams
on this simplified model, however cracking of the beam may lead
to a redistribution of stresses which may invalidate the results

of the elastic analysis wupon which the design was based.

The effect of the redistribution of stresses is best
determined by experimental studies of reinforced concrete beam

behaviour, These are reviewed in the following sectiomn.

Experimental Ipvestigation

Leonhart & Walther

A series of deep beams were tested by Leonhart and

Walther at the University of Stuttgart (Ref.22)., In 1970 the/




European Concrete Committee CEB-FIP (Ref,2 ) formulated design
rules for deep beams based upon their findings. Their work
dealt with simply supported deep beams under top loads. The
experiments were designed to explore the detailing requirements

and other aspects of deep beams behaviour,

Five of the twelwe beams were tested under top uniform
loading having span-depth (%) ratio equal to one and different
arrangement of reinforcement including bent up bars and inclined
stirrup shear reinforcement. In some beams the main steel was
concentrated near the bottom, and in others it was distributed

over one-fifth of the height of the beam from bottom,

They concluded that the main tension steel to resist

bending moment should be calculated on the basis of moment arm
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the steel area so calculated should be distributed over the bottom

fifth of the depth of the beam.

The arch action behaviour was apparent from concrete and
steel strain measurements iﬁ all the tests. Concrete strains
measured on the beam surface were converted to stresses, found to
agree reasonab1§ well with the theoretical elastic prediction at
low levels but not at loads approaching the ultimate load. The
reinforcement stresses calculated from the measured strains
indicated that the tension chord was weakened if the longitudinal

reinforcement near bottom of the beam was bent up. In addition/




bent-up bars and diagonal stirrups, which were inclined to
horizontal axis near the support region, were largely ineffective

as shear reinforcement.

The beams failed either in flexure or by local failure
at support. The authors believed that a well anchored tension
chord continuous from support to support provides the best type

of reinforcement for a deep beam.

The crack widths were noticeably reduced by distributing
the reinforcement of main tension chord over the bottom part of
the beam. Due to the inefficiency of bent-up bars and diagonal
stirrups the authors suggested that the use of light orthogonal

reinforcing mesh was adequate.

De Pajiva & P, Siess:

Tests on nineteen simply supported reinforced concrete
deep beams were carried out by the authors at the University of
Illinois (Ref,23). The span-depth (%) ratio varied between the
range two to six. The beams were reinforced with straight temsile
reinforcement which was well anchored by welding steel plates to
the ends. The beams were also provided with compression reinforcement

and in some cases with vertical and inclined stirrups.

At failure, all of the beams tested had well developed
vertical cracks at the section of the maximum moment and had
typical inclined cracks, originating near the support and propagating
upwards towards mid span. In beams without web reinforcement the

cracking load was considered to be 2 measure of the useful capacity.




The authors found that the presence of the web
reinforcement had no effect on the formation of the cracks, or
on the failure load of the deep beams tested, However, the
presence of such web reinforcement did significantly reduce the

amount of visible damage to the beam,

The condition for tied-arch behaviour (see fig.2.l)
previously suggested by Kani (Ref.24)was developed when the inclined
cracking load was reached, They calculated the load from the
measurements of strains along the tension reinforcement and

along the top concrete surface of the beam.

From tests, three modes of failures were identified.
Flexural failure occurred in nine beéms,'involving yielding of the
tensile reinforcement. Shearing failure occurred in five beams.
This involved the formation of the second parallel inclined crack
outside the first and failure was due to the destruction of the
portion of the concrete between these two cracks in compression,
The third type of failure was flexure-shear failure and this
occurfed in five beams., Here the final collapse was due to
shearing once the full flexural capacity of the beam had been

reached,

The effect of the type and amount of web reinforcement
provided was found to be not significant in changing the failure
modes., But it was observed that the increasing quantity of main
steel changed the mode of failure from flexural to shear. Also
an increase in concrete strength increased the shear capacity but

did not increase flexural capacity.




FIG.2.1, DEVELOPMENT OF ARCE-ACTIOCLi IlJ DEEP BEAM:




Kong et al

The most valuable experimental study so far for deep
beams has been completed by Kong et al at the University of
Nottingham (Ref.8 ). In two series of tests 135 beams were tested.
The first series covered seventy eight simply supported deep beams
under two top point loading. Span to depth (%) ratios ranged from
1 to 3 and clear shear-span to depth (%) ratios ranged from 0,23
to 0.7. Forty of these beams were made of normal weight concrete
and tested by Kong, Robin and Cole (Ref.9 ) and Kong, Robin, Kirby
and Short (Ref.25) while thirty eight were made of lightweight

concrete and were tested by Kong and Robin (Ref.26).

From the results of these tests the authors showed
that the presence of web reinforcement has a great influence on
the development of inclined cracks whereas De-paiva and Siess
found that the presence of web reinforcement has no effect on

the inclined cracks,

Eight different types of the web reinforcement were
used and found that the most effective web reinforcement for
controlling the crack width was the "inclined" reinforcement.
The effectiveness of the other types of web reinforcement was
found to depend upon either one, or both of the span depth (%)
ratio and clear shear-span-depth (%) ratios, These ratios were
not varied independently in the tests so it was not possible to

determine which was the important parameter.,

In the second series of tests fifty seven (57) deep

beams were tested, to isolate the effect of span-depth and clear/
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shear-span-depth ratio by keeping beam depth constant,

Forty five (45) beams were made with lightweight
concrete and twelve (12) with normal weight concrete, It was
observed that the clear shear-span-depth (%) ratio was an important

parameter while span-depth (%) was not.

For all the tested beams, the crack pattern and the
mode of failure was similar., The most common type of failure
involved propagation of inclined cracks which split the beam
approximately along the line joining the loading and supporting
points, Failures involving crushing of the strut between two

such inclined cracks were also reported,.

Chun Keung Lin:

Chun Keung Lin tested a series of 11 simply supported
normal weight concrete deep beams at the University of Glasgow
(Ref,27), The beams were divided into two groups to study the
major variables, i.e., the concrete strength, the orientation
of web reinforcement and span to depth ratio. All the beams were
loaded under central concentrated top load and were reinforced
following the stress field obtained by linear elastic stress

analysis.

Following conclusions were drawn from the test results:

1) Increasing the amount of reinforcement does not have

important influence on the load at which the diagonal crack appears

but has the advantage of restricting the crack width and thus

increasing the ultimate load.
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2) Concrete strength is very important in deep beams, An
increase in concrete strength produce an increase of ultimate

strength in deep beams.

3) The inclined reinforcement was found more effective
at controlling the crack widths, central deflections and for raising
the ultimate shear capacity,. For beams having span to depth (%)
ratio of 0,9 horizontal reinforcement at close spacing near the
beam soffit was quiteﬂeffective as observed by Leonhart and Walther
in 1966 (Ref.22), 1In the upper portion of the beam the use of
inclined reinforcement was much better than orthogonal reinforcement

because:

a) Comsiderable saving of reinforcement can be obtained.
b) It gives better control over deflection and meximum
crack width and as a result increases the service load and ultimate
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