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ABSTRACT

In this study, the internal mechanisms of diagonal

resistance of reinforced concrete beams without web reinforcement,

subjected to flexural and shear loading, have been investigated.

The main conclusion drawn from a detailed exarnination of the

internal distribution of forces is that beam and arch action

exist simultaneously in the shear spans of all such beams after

flexural cracking occurs for the complete range of types of

diagonal failure, regardless of the type and manner of loading.

Flexural cracks on the tension side of a bean divide it into a number

of blocks, which can be considered to be concrete cantilevers,

loaded at their tips by the bond forces that are induced in the

shear span. At the same time internal arching developes in the

beam from the midspan region outwards along the flexural cracks

which fo1low the lines of principal compressive stTess trajectories.

The extent of internal arching depends upon the extent of flexural

cracking. As loading increases, the internal arching proceeds

outwards" Complete arching over the entire span only takes place after

the critical diagonal crack penetrates into the compression

zone and is stabilized. At this stage, with non-yielding supports

at the beam ends, the external arch develops. Resultant compressive

force becomes significantly inclined above the diagonal crack and

can be transferred to the supports directly through the external arch.

Before the appearance of the diagonal crack, the action
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. of concrete cantilevers predominates. Bond forces generate a

moment at tlie roots of these cantilevers which is resisted by the

flexural resistance of the concrete cantilevers, by shear transfer

across the cracks through aggregate interlock and by the dowel

action of the reinforcement. when the capacity of the concrete

cantilevers is surpassed, a critical diagonal crack appears

If the beam is slender, high flexural-tensile stresses above this

crack cause the critical crack to propagate rapidly Ieading to

a sudden diagonal tension failure of the beam. However, if the

beam is relatively short and deep, the diagonal crack becomes stable

before failure takes pIace. At this stage, an interaction exists

between the arch action and a modified beam action, with significant

internal rotations taking place in the compression zone. In this

case, final failure may result from either a shear-compression failure

or a flexural-tension failure at a higher 1oad.

A total of 22 beams were tested in this study. Variables

examined were the shear-span/depth ratio, the percentage of longitudinal

reinforcenent and the manner and type of loading. The beams were

extensively instrumented with electrical resistance strain gauges

and demountable mechanicai (DEMEC) strain gauges. Detailed test

results were obtained and substantiated the failure hypothesis

described above. The results included observations of longitudinal

flexural strains for concrete and the reinforcement, bending of

concrete cantilevers, opening of cracks, internal rotations and shifts

in the centre of compression on inclined gauge lines.



The test results are analyzed to determine the effect of shear-

span/depth ratio, the percentage of longitudinal reinforcement

and to indicate the effect of type and manner of loading on

the ultímate strength of reinforced concrete be ams and on the

mechanism of failure. Kanirs Method of analysis IKANi (1964] is

used as a basis for discussion of the results, and to determine

ultirnate beam capacities. It is shown that his equations for

beam action underestirnate the capacity of the bears, while those

for arch action may sometimes overestimate the strength.
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NOTATION

A = area of flexural tension reinforcement

a = length of shear span or distance from plane of
nearest concentïated load point to plane of the support

b = width of a rectangular beam

br = width of the web of a beam

Ç = flexural compression force

.AC = conìpression force in an internal arch

c = crack width measured at right angles to the direction
w of crack

D - total depth of bean

d - effective depth of beam, the distance between tlìe
centroid of the longitudinal tension reinforcement
and the extreme cornpression fiber of the beam

[ = modulus of elasticity

f: = compression strength of concrete measured on a
' standard cylinder

fl = tensile splitting strength of concrete measured on
" a standard cylinder

f = yield strength of reinforcement
v

f-- = nominal yield strength of reinforcement
v

H^. = hori zontal component of shear transrnitted across
AL a crack by aggregate interlock

H. = hori zontal component of internal reaction on an
1- internal arch

I - moment of inertia of cross section about neutral axis

j = ratio of distance betiveen centroid of conpression force
and centroid of tension force to the effective depth
of the beam

i, = value of j at diagonal cracking"dc
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i. = value of j at failure. "ï
K - ratio of depth of compression zone to the

effective depth of the beam or the coefficient
of biaxility directly under the concentrated
load point or the equivalent spring constant

L - total length of a beam

I = length of span of a beam

M = bending moment acting on a beam

M^_ = bending moment at the time the resistance of concretecï cantilevers is broken

M., = flexural capacity of the beamt1

úr, = flexural capacity of the bean using nominal yield
strength of reinforcement

M-. = ultimate bending rnoment in midspan cross-section atu- fai lure

0 - perimeter of reinforcing bar

P - applied load

P- = diagonal cracking loadc

P - ultimate load at failure of the beanu

p = ratio (or percentage) of the area of flexural tension
reinforcernent to the area equal to the effective depth
times the width of the beam (As/bd)

pw = ratio (or percentage) of the area of flexural tension
reinforcement to the area equal to the effective depth
times the ividth of the web of the beam (As/b'd)

px = load intensity on the reinforcing bar at point x

R. = internal reaction on an internal arch
1

S = distance from the centroid of reinforcement to top of
cracks measured at right angles to longitudinal axis
of beam

T = flexural tension force

.aT = incremental tension force (bond force) acting at the
ends of a concrete cantilever
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u = nominal bond stress of reinforcement

V = total shear applied to the span of a beam

V^, = transverse component of the shear force transmitted
AL- across a crack by aggregate interlock

Vc = shear force at the fornation of a critical diagonal
crack or the shear force carried by the compression
gauge of the beam

V, = dowel shear force
d

V, = vertical component of internal reaction on ant internal arcñ

Vu = ultimate shear force at failure of a beam

ÀV = shear force on an internal arch

v or vn = nominal shear stress ( å)'Dlc'
v^ = shear stress at critical diagonal cracking

(-

v. = horizontal shear stress
h

v.- = shear stTess at ultimate collapse of a beam
u

AX = spacing of cracks at the reinforcenent level

x = distance measured along the beam from the support point

y = distance measured from the neutral axis of the bean

o( = shear-span/depth ratio (a/d)

o(-,- = shear-span/depth ratio where the beam strength is
m1n

In].nrmum

orO = shear-span/depth ratio lvhere full flexural capacity of
beam is achieved

5. = longitudinal component of movement in the opening of an"" crack

,, - shear displacernent, the component of movement in the
' opening of a crack measured in the direction of the

crack

S.. = trallsverse component of movement in the opening of- a crack

A = total displacement of a point
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à = displacement of vertical section at reinforcementc level

0 = clirection of crack measurecl from the longitudinal axis of the bearn

0l = angle betlveen the direction of movement of a particle
and the perpendicular to the direction of crack

0^ = flexural rotation of compression zone of a beam betweent the centre lines of two adjacent concrete cantilevers,
or flexural rotation of conpression zone in the region
of a beam containing a diagonal crack

nI = rnaximum principal stress

o3 = minimum principal stress

€,1 . = maximum colnpressive strain at compression face at
diagonal cracking in a beam

e. = maximum compressive strain at failure of a beamt
óÍ' = capacity reduction factor (0.85)
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CIIAPTER ONE

INTRODUCTION

1.1 GENERAL

In this chapter some basic aspects of the behaviour of a

beam in the zone of flexure and shear are discussed. The work of some

key research workers is examined and the scope of the present investigation

is defined. This is fottowed by a description of the types of diagonal

failures and factors influencing tl-ren.

When loads are transferred to the supports through the web,

vertical stress caused by end shear combines with longitudinal stress

from bending in the beam and produces tensile and cornpressive stïess

conrponents. The tensile component is more critical because of the in-

herent weakness of concrete in resisting tensile stresses. This

component is rDiagonal Tensiont. Since end shear is used as a measure

of its magnitude, diagonal tension is commonly called shearing stress.

There has been a great deal of controversy in the literature

about the nomenclature to be used and the terms tshear Failuref and

tDiagonal Tensionr haYe frequently been enployed. The writer consid.ers

that the use of the termtDiagonal Failure' is more appropriate, a

diagonal crack being the common feature of all failures which

result from diagonal tension or shear-compression.

A theoïetical analysis of the stresses in the web of a

reinforced concrete beam is difficult due to the heterogeneous natuïe



of concrete. The classical shear formula is developed on the

assumptions that no longitudinal tension is carried by the

concrete and there is no slipping between concrete and steel.

This gives the equation for the norninal shearing stress in a beam

AS:
V

r/ = 7 (1.1)bjd "
The term "bondrr is used to describe the means by which

the slip between concrete and steel is prevented or minimized.

wherever the tensile or the compressive stresses in a bar change,

bond stresses must act along the surface to produce the change.

Noninal bond stress, assuming uniform distribution of stress, is

gíven by:
V

' = t¡Jd Q'2)

It j-s almost impossible to determine the "proper" shearing

strength of concrete because of the difficulty of eliminating the

accompanying tensile stresses during tests. A wide variation

exists in test results which have been reported, depending on how

successful the investigator has been in reducing the tensile stresses

accompanying the shear. Tests by TALBOT* (i906) and RENSAA (1958)

show the ratio of shearing strength to compressive strength varying

from 0.37 to 1.04" Since the shearing strength is much higher than

the pure tensile strength, there is very little possibility of initial

failure by shear in norrnal beams.

In any beam subjected to shearing and bending stresses,

the inclination of diagonal tension of any element belol the neutral

* See bibliography (arranged alphabeticaliy).



axis is less than 45o whereas that above the neutral axis is

more than 45o. An analysis shows that in any section of a simply

supported homogeneous beam, the intensities of diagonal tensions

below the neutral axis are much larger than above the neutral axis.

The highest probability of crack formation, therefore, exists in the

region below the neutral axis and in a direction normal to the

principal stress trajectories. In reinforced concrete beams, the

longitudinal steel provides the concentration of tension in the

steel reínforcement and the magnitude of tensile fiber stlesses cannot

be obtained very accurately.

For convenience in the design of web reinforcement, the

nominal shearing stress is arbitratily used as a measure of diagonal

tension in conrnon practice. Diagonal cracking is a much more complex

problem, involving many variables, and cannot be described by simple,

precise relationships. Considerations of shear alone as a measure

of the principal stress intensity may be grossly misleading and

this in fact has caused a great deal of misunderstanding of the

actual conditions of internal stresses in reinforced concrete members.

Further, some mathematical theories have employed the assumption

that concrete has no tensile strength. However, if concrete did

not have any tensile or shear strength, it would be entirely un-

suited as a construction material.



L.2 A REViEI'/ OF 1]IE EXISTING RESEARCH

RITTER (1899) published a study of the web reinforcement

based on the "truss analogy". In this analogy, the compression

zone of the beam forms the comptession chord of the truss lvhereas

flexural reinforcement is considered as the tension chord. concrete

in the web of the beam is assumed to provide the compression nembers

in the web of the truss, with stirrups or bent-up bars forming the

tension members" Ritter recognized the existence of diagonal tension

as the cause for failure by noting that stirrups were stressed in

tens ion .

SEWELL (1905) suggested that tests indicated a formation

of cracks along the lines of the principal tensile stress in

reinforced concrete beams. Ile advocated the design of stirrups to

resist these principal stresses, which later became known as diagonal

tens ion o

oo

MORSCH (1903, 7907) indicated diagonal tension as the

cause of diagonal failures and developed the classical equation for

the noninal shearing stress. He postulated that at the formation of

diagonal cracks, internal forces were redistributed, the applied

shear being resisted primarily by the compression zone of the beam

and to a lesser extent by the dowel action of the reinforcenìent.

TALBOT (1907, 1909) distinguished between various modes

of failure and concluded that diagonal cracking was a function not

only of shear but of moment and depth of the beam as well. He

pointed out that I'shearing strength" of concrete is a fr¡rction of



concrete compressive strength, Iength of span and amount of

longitudinal and web reinforcenent. Since his results showed

stirrup stresses consistently lower than those. obtained from the

truss analogy approach, he concluded that part of the shear was

carried by the compressive zone of the concrete.

FABER (1916) was the first research worker to recognize

that a shear force could be carried by arching action. He assumed

that compression force becomes inctined between the load and the

support points whereas the tension force remains constant between

these two points. This type of arching requires extensive slippage

between concrete and steel and effective elimination of bond re-

sistance of the reinforcement.

During the mid 1940rs, design on the basis of ultinate

load capacity became more popular as the inadequacy of the working

stress nethod became particularly obvious in the design of monolithic

and other complex structural systerns. Since the problen of diagonal

failures rvas not solved fron the theoretical point of view, an empirical

approach was adopted. This approach took into account the major

variables affecting diagonal strength as shown by the test results.

MORETTO (1945) proposed empirical equations for the ultirnate

and the yield point shear for beams with web reinforcement. CLARK (1951)

developed the concept that the shear-span/effective depth ratio was

an important variable in the study of diagonal failures. The

shear span was taken as the distance between the load and the

support points. This parameter, which is commonly referred to as
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the t'a/d ratioir (where a is the shear span and d, the effective

depth of the beam) is applicable only to the simply supported bearns.

To erçress the slenderness ofbeamswith uni-formly distributed loads

or continuous beams, the parameter M/Vd (rvhere M and V are the moment

and shear at the section considered), was introduced by later research

workers which reduces to a/d ratio for concentrated loads on

simply supported beams.

ZWOYER (1954), N{OODY (1954-55) and LAUPA, SIESS and

NEI¡,rMARK (1955) considered that the compression zone of concrete was

destroyed above the diagonal crack at failure. Ultimate strength

of beans could thus be expressed by equations of the sane type as

used for tire ultiniate capacity of a beam failing in flexure-compression.

BRESLER and PISTER (1958) and GURALNICK (1959-60) considered

that the concrete in the compression zone failed under the combined

action of the compression and shearing forces. IVALTHER (f957) .

appreciated the problem of determining the si ze of the compression

zone and considered the con.patibility requirements of concrete and

steel defornations in the region of a bean containing a diagonal

crack. His conpatibility equations, however, assumed a uniform

distribution of compressive stresses above the diagonal crack,

thus precluding the possibility of any 1ocal rotation.

FERGUSON (1956) developed a hypothesis of unrestrained

failure, assuming each step in the cracking pattern as a tension

failure which could be rationalized in terms of the combined

stress formula. l-le also indicated that nuch of the increased capacity



associated with small shear spans is lost if the loads are applied

as shear over the depth of the beam or if the reaction is

applied as a shear.

During the late 1950rs and early 1960's, a controversy

developed over whether the load corresponding to the formation of

a rtcritical diagonal tension crack" should be considered as the

limit of useful capacity of the beam or the state of stress in

the uncracked compression zone was the proper criterion. The

ACI-ASCE COMMITTEE 426(326) 11962l recommended the adoption of the

former"

KANI (1964) showed that flexural cracks in the shear span

of the beam divide the tension zone into a nurnber of concrete blocks

which could be regarded as concïete teeth. These concrete teeth

separated by the flexural cracks, were acted upon by the bond

forces which developed due to a variation in tl-re tei-rsion force in

the reinforcement along the span. The function of concrete teeth*

could be conceived as that of a cantilever, anchored in the compression

zone and loaded by the bond forces.

Kani considered that the magnitude of the bond forces uras

limited by the flexural capacity of the concrete section between

the tops of adjacent flexural cracks. Flexural failure of the

concrete cantilevers caused the cracks to extend in an inclined

direction. He developed an expression which shorved that the ultimate

moment at failure was a linear function of the a/d ratio until the

* The term rconcrete

describe the action
cantileversr is used throughout the thesis to

of the concrete blocks.



full ftexural capacity was attained. He further showed. that when

the resistance of the concrete teeth was destroyed, the active

cross-section was reduced and only a tied arch remained. At this

stage the tension force in the reinforcement was constant throughout

the span length. For small a/d ratios, the capacity of the renaining

arch was nore than that of concrete cantilevers and failure occurred

only when the renaining arch was destroyed. For intermediate ïange

of. a/d ratios, the bean capacity was governed by the strength of

the concrete cantilevers and transformation into an arch could not

take place resulting in sudden diagonal failure.

KANI (1966) presented his test results to show that the

results conforned to his I'rational theory". He concluded that the

ratio of the ultimate rnoment at railure to the flexural capacity of

the beam was a better indicator of the beam strength than the shear

stress at failure. His results showed consiclerable influence of the

longitudinal reinforcement on the bean strength and almost no effect

of the compressive strength of concrete.

KANI (1969) developed the principle of I'internal arches"

from a study of stress trajectories and concluded that the function

of web reinforcement was to produce supports for the internal arches

and consequently there was no direct relationship between the

shear force and the requirement for web reinforcement.

LORENTSEN (1965) reported on the theory for combined action

of bending monent and shear in reinforced concrete beams showing

that the shear ivas carried partly by beam action and partly by arch action.



KREFELD and TIIURSTON (1966) concluded that the hori zontal

developnent of the diagonal crack at its root above the longitudinal

steel initiates failure in shear by causing the diagonal crack to

propagate into the compression zone. The "reserve strength, after

critical cracking was dependent on the amount of rotation and 'trapidity
of stress redistributions" after dowel resistance had reached maximurn

values. They considered critical cracking to be the maximum usable

res is tance.

IYENGAR and RANGAN (1967) presented a tireory of diagonal

failure based on the state of stresses existing at the critical
point of failure and a failure criterion for concrete under cornpressive-

tensile stresses. In their analysis, they neglected the contribution

of the dowel action"

FENWICK and PAULAY (1966, 1968) concluded that shear coulcl

be resisted either by bearn action or by arch action. when beam

action governed, the concrete cantilevers were the important

structural elernents. Bending moments induced by the bond. forces

were resisted by flexural resistance of the concrete between the

cracks, by shear transfer across the cracks due to aggregate

interlock and doivel action of the reinforcement. They found that

prior to diagonal cracking beam action predominated and arch action

developed in beams with smalt a/d ratios only after the diagonal

cracking. Further, they showecl from their test results that the

major contribution to the resistance of bean action was due to

aggregate interlock. This accounted for about 60% of the bond
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force moment, the balance being shared alnost equally by the

dowel action of the reinforcement and the flexural resistance of

the concrete cantilevers. The authors considered arch action to

be confined to areas near a load point and in the vicinity of the

supports, complete arching developing oveï tl're entire span only

when these two regions merged.

BROMS (1969) postulated that internal loca1 rotation takes

place close to the apex of the critical diagonal crack within nembers

failing by shear compression. This rotation results in an increase

of diagonal crack widths at subsequent stages of loading. If the

location of the diagonal crack within the compression zone could

be determined as well as the distribution of the conpression force,

the ultimate moment could be calculated by formulas sinilar to

those for beams failing in flexure compression.

SWAMY, ANDRIOPOULOS and ADEPEGBA (1970) presented tesr

data to show that there exist, until complete co11apse, distinct

tensile and compressive zones over the entire span of the bearn.

The tensile force is far from constant even after extensive diagonal

cracking and arch action can develop only if the steel is conpletely

unbonded between the supports and futly anchored at ends.

ACI-ASCE COMMITTEE 426(326) 11962l points out the fact

that between 1899 and 1961, more than 2500 beams and frames have

been tested and their results reported in no less than 450 papers.

Since 1961 a great deal of further experimental work has been

reported. With such a great deal of effort having been applied to



1l

the problem, one would have expected the knorvledge of the rnechanism

of díagonal failure to be fairly complete.

It is evident that though a large volume of test results

ate available and several empirical approaches exist, a clear

understanding of the internal mechanisns of diagonal resistance has

not yet been realized. Some investigators suggest that after

diagonal cracking, the beam j-s transformed into a tied arch; others

maintain that a beam continues behaving as a beam until failure.

Further, it is not yet clear whether the entire beam

acts as an arch or lvhether beam and arch action are present

simultaneously and if so whether the arch action is present oveï

the entire range of diagonal failures. Significant advances in

the understanding of diagonal failures can only be made if the

above c¡uestions can be answered clear1y.

1.3 SCOPE OF THE PROJECT

The ultimate load and the load-deformatíon characteristics

of reinforced concrete bearns in pure bending are now well under-

stood and satisfactory procedures exist for estimating their flexural

strength. However, where the finaL failure is not in the region of

maxinum moment but results frorn the interaction of moment and shear,

neither an accurate description of the mechanism of resistance of

a beam nor a completely satisfactory theory for tire strength of such

a failure has been developed as discussed above. The difficulties
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in establishing a mechanisn of collapse arise from the fact that

in many of the diagonal failures, propagation of cracks and the

ultimate failure is extremely rapid.

Extensive test data and empirical equations are now

available to determine the diagonal resistance of reinforced concrete

beams without web reinforcement. Many of the factors affecting

diagonal resistance of beans interact with each other. It is

apparent that any attempt to find the solution fron a single

series of tests, in which one factor is varied while keeping the

others constant, ilây be misleading. Considerable skill is thus

involved in the interpretation of the results and in establishing

the inter-dependent relationships between different variables.

The increasing trend of employing ultimate strength design

procedures enphasizes the need for a satisfactory solution of

the problems associated with diagonal failure. The present design

approach, which, although safe, ensures that a flexural failure

nust always develop before a diagonal failure, results in an

uneconornic use of the naterials. Since the mechanism of diagonal

failure is not fulty understood, the design of beams in the region

of shear and flexure is based on semi-rational or empirical equations

in many parts of the world. For example, the present ACI code (197i)

shotvs no significant variation from the last code (1963), though

it is recognized in the commentary to the code that some recent test

data sirow that the ACI equations. over-estirnate the contribution of the

compressive strength of concrete while under-estimating that of
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the longitudinal reinforcement.

In the opinion of the writer, there has been an over-

emphasis placed on finding formulas rvhich would be universally

applicable and not enough attention given to the nechanisms involved

and the accuïacy of the fundanental assumptions which form the

basis of such formulas. The fact that reinforced concrete is not

a homogeneous material and cannot be expected to be as fitted for

generalization as rnore homogeneous materials like stee1, should

not be lost sight of at any stage when dealing with concrete.

The primary objective of the work presented in this

thesis is to develop a rational understanding of mechanisrns of

diagonal failure. Tlie internal force system at failure consisting

of contributions of dowel action, aggregate interlock and uncracked

compression zone of the bean is statically indeterminate and

necessitates many simplifying assumptions. The rvriter con-

siclered it more important to study the overall mechanism of

collapse rather than directing the rnain thrust of the work towards

working out proportions of resistance of various modes in the

mechanism. It was the purpose of this work to develop a hypothe)sls ( -l
of diagonal failure for beams without web reinforcement for the

entire range of diagonal failures and to study the interaction of

the bean and arch action as the beam is loaded to failure.

In order to draw any significant conclusions from a limited

nurnber of tests, it is important to isolate the most important

variables and to study their influence. A total of 22 beams were
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tested. Primary variables consisted of the shear-span/depth or

the a/d ratio and the percentage of longitudinal reinforcement.

Type of loading and manner of loading were selected as secondary

variables. The bearns were extensively instrumented witir both

electrical resistance strain gauges and demountable rnechanical

(DEMEC) strain gauges throughout the span of the beams, enabling

strain distributions at various stages of loading prior to collapse

to be recorded. Details of experimental work and instrumentation

are given in Appendix I. Results of the strain gauge data have

been conpiled into a separate report* but are sumrnarized graphically

for individual beam tests in Appendix III along with other plots.

Other experimental results are given in Appendix II.

Some basic aspects of the Inechanisms of diagonal resistance

of reinforced concrete beams are discussed in Chapter 2. Development

of cracks leadì-ng to a diagonal failure, based upon experimental

observations is described. some important aspects of the theory of

rupture as applicable to the propagation of cracks in concrete are very

briefly referred to. Further, beam and arch action are described in

the context of existing research. So long as the beam action pre-

dominates, the important constituents of the internal force system

consist of the flexural resistance of the concrete cantilevers, the

transfer of shear across cracks by aggregate interlock and the dowel

action of the flexural reinforcement. These three elements are described

separately.

* See p. 91 , Chapter 5
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A conceptual model of the diagonal failure of a reinforced

concïete bean is presented in Chapter 3. The test programme undertaken

is described in Chapter 4 followed by a presentation of the experinental

results (Chapter 5) to verify different aspects of the conceptual model.

The relation of present investigation to existing research is described

in Chapter 6. Conclusions drarvn from the present investigation and

suggestíons for further rvork are given in Chapter 7.

I.4 TYPES OF DIAGONAL FAILURES

The types of diagonal failures observed in reinforced concrete

beams loaded in shear fall into five general types.

(a) diagonal tension failure
(b) shear-compression failure
(c) shear-tension failure
(d) failure by shear proper and

(e) diagonal compression failure

For purpose of reference, each is described briefly below.

1.4.1 Diagonal Tension Failure

In this case, failure is caused by a sudden extension of a

diagonal crack through the compressíon zone of the beam acconpanied by

a split along the reinforcement. Prior to this sudden failure, the

cracks are sharp and thj-n and the beam re¡nains reasonably sound.

Failure cracks generally extend from the outermost flexural cracks in

the shear span of the beam. At failure, the trvo portions of the

beam, separated by the critical diagonal crack may jump apatt,

suggesting a tensile failure of the concrete. A smal1 crack may be
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seen to extend from the top surface of the beam downwards above the

diagonal crack, as shown in Figure 1.1(a). The section of concïete

at this location may be lifted up at failure.

I.4.2. Shear-Co@

In this case, diagonal cracks form and extend in a manner

similar to that described in the last sub-section. However, as tlte

critical diagonal crack propagates into the compression zone, it

becomes stabilized and the beam çan suppoït further incrernents of

load. At this stage the critical diagonal crack propagates very

slow1y with a flatter trajectory. Final failure occurs at a rnuch

higher load than that causing diagonal cracking, when the concrete

above the diagonal crack crushes. A typical case is shown in

Figure 1"1(b).

I.4.3. Shear Tension Failure

In this case, as the diagonal crack propagates into the

compression zone, vertical displacements occur at the 1eve1

of the reinforcement due to the opening of cracks. This induces

dowel action in the reinforcement which nay cause a splitting of

concrete along the reinforcement leading to a shear tension failure

as the splitting proceeds to the anchorage zoîe.
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(") Díagonal Tension Iail.rrre

(b) Shear-Compression Failur.'e

(c) Shear Proper l-aj.l.urc

FIG. I. 1 TYP ICAL DIi\GONÀL FÀII,URES IN R[INFOIìCED CONCIUÌTE BEA]'ÍS
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L.4"4. Failure by Shear Proper

For very short beams (a/d < I), failure may occur by

crushing of concrete either near the load point or at the supports

or by splitting of concrete between load and support points. such

a failure fFigure 1.f(c)], is very sensitive to the loading arrangement,

especially the size of the bearing plates.

1.4.5. Diagonal Conpression Failure

In T-beams containing web reinforcement, the inclined

compression forces in the web may cause the failure of the web which

is thin compared to the flanges.

I.4.6. Failures Discussed in this Study

Tests perforned by the writer were confined to rectangular

beams without web reinforcement. No beam had an a/d, ratio less

than unity" As a result, no shear pïoper failures or diagonal

compression failures were observed in the tests. Furthermore, since

in the tests splitting along the reinforcement occurred in both

the shear compression and diagonal tension type of failures, shear

tension failures have not been treated separately. Therefore, only

two types of diagonal failures - diagonal tension and shear-compression -

are referred to in subsequent chapters of this thesis. The specimens

employed in the tests coyer the practical range of a/d values for most

rectangular beams.
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1.5 FACTORS INFLUENCING RESISTANCE TO DIAGONAL FAILURE OF R. C. I]EA¡.4S

1.5.1 The a/d or tvllVd Ratio

since cLARK (1951) introduced the parameter a/d (shear-span/

depth ratio), its effect on the mechanism of failure as well as on the

load carrying capacity of beams has been founcl to be very significant.
Plots of ultinate mornent in terns of a non-dimensional ratio, Mu/Mfl,

where M' is the ultimate rnoment of the beam ancl li{r, the flexural

capacity of the beam, as a function of a/d ratio show that the diagonal

capacity of a beam is lolvest at a point occurring between a/d values

of 2 and 3. on either side of this minimum point, the capacity of

the beam increases. I*ren the a/d ratio is less than that correspond-

ing to the point of mininum strength, the type of failure to be

expected is shear compression whereas beyond this value diagonal

tension failure occurs until the full flexural capacity of the beam

is attained.

For continuous beams, the slenderness ratio of the beam

is expressed by M/Vd ratio, instead of a/ð,.
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I.5.2. The Amount of Longitudinal Tension Reinforcement

The effect of longitudinal reinforcement on shear capacity

has long been recognized and included in most of the empirical

formulas. There seems to be a general agreernent that an increase

in the percentage of longitudinal reinforcement results in an increase

in the beam capacity"

TAUB and NEVILLE (1960) concluded that the percentage of

longitudinal reinforcement has a marked influence on the strength

of beams failing by diagonal tension but becomes

negligible for shear compression failures. Results of KREFELD and

TFIURSTON (1966 - April) show that the diagonal strength of beams is

iqproved by an increase in longitudinal reinforcenent for all values

of a/d ratios. floivever, none of their test beams had an a/d ratio

of less than 2.35 and most of the failures observed by thern were

of the diagonal tension type..

KANI (1966) showed the considerable influence of the

percentage of longitudinal reinforcement on the beam capacity. FIe

showed that between a/d ratio of 1 and 6.5 a "valley of diagonal

failurert of reduced strength exists in the t,r/tf, versus a/d plot.

This valley disappears totally for 1ow ratios of percentage of

longitudinal reinforcement and deepens with an increase in this

ratio. The point where the fu1l flexural capacity of the beam is

attained is thus very much related to the percentage of longitudinal

reinforcement in the beam. A better distribution of the reinforcement
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is known to inprove the diagonal stTength of beams

I.5.3. The Compressive Strength of Concrete

Many research workers* have found the cornpressive strength

of concrete to have a significant influence on the diagonal resistance

of beams, especially for concrete strengths below 5,000 psi. TAUB

and NEVILLE (1960) considered the influence of a/d and concrete

strength to be inter-related, there being significantly greater

influence of concrete strength on the strength of beams failing in

shear compression. KANI (1966), however, concluded that the t'shear

strengthrr of rectangular reinforced concrete beams does not depend

on the concrete strength within the entire range of fr . = 2,500 to

5,000 psi and p = 0.50 to 2.80% where fr. is the compressive strength

of concrete and p the percentage of longitudinal reinforcement.

DIAZ DE COSSIO and LOERA (1966) reported experimental work suggesting

that the contribution of concrete compressive strength is over-

estimated in the ACI code equation at the expense of the percentage

of longitudinal reinforcement.

1.5.4. The Manner of Load Application

FERGUSON (1956) showed that much of the increased capacity

of the beams with small a/d rati.os is lost if the main beam is

loaded through secondary bearns framing into it. He attributed this

* M00DY (1953); ÌI{ORROW and VIEST (1957); TAUB and NEVILLE (1960) and
vAN DER BERG (Ls62) 

"
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to the absence of high vertical compression under the load points

on the rnaj-n beam which stabilized the critical diagonal crack.

TAYLOR (1960) also concluded that there was no reserve strength

in beams loaded through secondary beams beyond the diagonal cracking

load. TAUB and NEVILLE (1960), on the other hand, found that there

was only a very slight reduction ín the ultinate load for beams

loaded through secondary bearns. However, Taub and Neville used

stirrups in addition to the longitudinal reinforcement in the secondary

beams. It is probable that a diagonal crack fron the main beam

crossed the line of these stirrups.

i.5.5. Multip1e and Uniform Loads

FERGUSON (1956) showed that beams with nultiple loads

have a higher diagonal strength than those loaded by one or two

concentrated 1oads. Iioivever, tests of KREFELD and THURSTON (1966)

with uniform loads indicated that the "shearing strength" of the

beams with ruriformly distributed loads is higher than the corresponding

beams with concentrated 1oads.

I.5.6" The Size of tl-re Compression Zone

Several

in the size of the

research workers* have

compression zone has

concluded that an increase

a beneficial influence on

* M00DY (1953); TAUB (1956); NEVILLE and LORD (1960)
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the diagonal capacity of the beams. M00DY (1953) and TAUB (1956)

considered that there is a close connection between the deflection

of a beam and the crack development in it. The smaller the beam

deflection, the later the crack forms and slower is its progress

and vice versa. Tests of M00DY (1953) indicated that the deflections

of T-beams were much smaller than those of corresponding rectangular

beams and the diagonal cracks in T-beams also formed at higher

loads than in rectangular beams. NEVILLE and LORD (1960) showed

that the "ultinrate shear strengtir't of T-beams \{as I39o to 60e" higlier

than the corresponding rectangular beans.

1.5.7. Bond Characteristics of Longitudinal Tension Reinforcement

Tests of LEONHARDT and WALTHER (1962) indicate that beams

reinforced witir smooth polished bars showed only limited cracking

and failed (either by crushing of the concrete in the compression

zone or by failure of the anchorage) at a substantially higher load

than the beans reinforced with deformed bars. SWAlvlY and others (1970)

considered the effect of constant steel stress in beams reinforced

with polished bars to be a "prestressingil effect so that the web

of the bean remained essentially in compression. They showed that

the increase in diagonal resistance of unbonded beans was very

unreliable and was not always observed.
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1.5.8. Size of the Web

Tests reported by TAUB and NEVILLE (1960) suggested that

al1 other factors being the same, the "shear strengtir" is roughly

proportional to the cross-sectional area of the rveb.

1.5.9. Longitudinal Conpression Reinforcement

TAUB and NEVILLE (1960) reported a negligible effect of

the compression reinforcement on the diagonal strength of beams

without web reinforcement.

1.5.10" Absolute Si ze of the Bearn

The work of KANI (1967) and MACGREGOR (1967) indicated

that the rrshear strengthrt decreases as the overall depth of the

member increases. Tests of CHANG and KRESLER (1958) and LEONIIARDT

and WALTHER (1962) shoived considerable scale effect. However,

ALAMI and FERGUSON (1963) reported that the scale effect is relatively

smal1.

i.5 .1 1. IVidth-Depth Ratio of the Beam

The effect of this factor seems to be very sma11 in

beams of normal structural proportiors.
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| .5 .12 " lVeb Reinforcement

Various investigators* have found that the stiTrup stTess

is lower than that compatible lvith the truss analogy, and increases

only when a diagonal crack crosses the line of the stirrup. Inclusion

of web reinforcement improves the dowel resistance of the longitudinal

reinforcement, increases the load capacity, controls the diagonal

crack width and provides resistance against opening of cracks at

all stages of loading. KANI (1969) concluded that the function of

stirrups is to provide support forces for internal concrete arches

and to transfer then to the external supports. FIe also showed the

importance of good anchorage conditions of the rveb reinforcement.

Inclined compressive forces in the web of the beam are balanced

by the tensile forces in stirrups and bond forces in the longitudinal

reinforcemento If the stirrups are well anchored, they can perform

better ín resisting the inclined compressive forces.

* TALBOT (1909); RICHART (1927); LEONFIARDT and IVALTI-IER (1962).
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CHAPTER TWO

SOME BASIC ASPECTS OF DIAGONAL RESISTANCE

OF REINFORCED CONCRETE BEAMS

2.I GENERAI,

In this chapter, the development of cracks leading to a

diagonal failure, as established through experimental observations

is described. Attention is drawn to the hetrogeneous nature of

concrete and difficulties associated with the general problem of

cracking in concrete. Prevalent concepts of bean and arch action

are discussed. Then follor^/s separate treatment of the flexural

resistance of concrete cantilevers, the transfer of shear across

cracks by aggregate interlock and the dowel action of the flexural

reinforcernent.

2,2, DEVELOPMENT OF CRACKS LEADING TO DIAGONAL FAiLURE

Figure 2.1. shows the various stages of cracking in a

reínforced concrete beam leading to the types of diagonal failure,

considered in the present investigation.

Before any cracks form in the beam, it acts as a composite

section, colnposed of uncracked concrete and steel reinforcement. Mren

the limiting tensile strain in the concrete is reached, vertical

flexural cracks form in the bean at regular intervals along the span

according to the variation of the bendi-ng moment (Stage 1). These
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(a) Shear Cornpression FaÍi-ure

(b) Diagonal Tensi on l¡ail.ure

FIG. 2.L DEVDLOPI'ÍENT OI¡ CRACKING IN THE SliE^.I{ SP^.N 0¡- ßEA.r\1S
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cracks forn at relatively low loads and generally extend to about

0.2d to 0.4d, where d is the effective depth of the beain. As soon

as this cracking occurs, the composite action of the beam is modified

and a redistribution of stresses occurs in the regions adjacent to

the cracked sections.

With increasing loads, more cracks appear and exísting

cracks progress upwards and where shear is present in addition to

bending, becoming curved in the process (Stage 2). The cracks farthest

away from the load points start curving as soon as they extend only

a short distance upwards of the longitudinal reinforcement. Further

increments of load result in only negligible propagation of cracks

(Stage 3). At this stage, some back-cracking nay also be seen from

existing cracks. This frequently occurs in beams ivl-rich ultimately

show a diagonal tension failure. This back-cracking nornally extends

fron above the level of the reinforcernent, stopping at or slightly

below the 1evel of longitudinal reinforcement.

In beans failing in diagonal tension, failure occurs very

suddenly (Stage 4) when one of the cracks, generally the one closest

towards the load point, or a new crack joining the top ends of

adjacent cracks, extends through the compression zone of the beam.

The split may be sharp and thin or wide and destructive, depending

upon the M/Vd ratio. The crack also extends along the reinforcement

at failure" resulting in complete separation of the reinforcement

from the concrete. Generally a crack is seen to extend from the

top of the beam downwards above the diagonal crack at reduced depth
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of the beam as tlie failure crack extends to the top surface.

This section of the beam may also be lifted upwards.

If the M/Vd ratio is low, the failure is of the shear-

compression type. The first three stages of cracking proceed as

described above. Llowever, with further loading, the critical

diagonal crack proceeds very slowly through the conpression zone

of the beam with a flatter trajectory, sometimes going into the

constant-moment zone with an almost horizontal t'rajectory. The beam

continues taking more load until reaching final failure (Stage 5),

which is sinilar to the diagonal tension failure except that the

ultirnate diagonal failure does not follow the flatter trajectory,

but rather the failure crack extends straight (at almost 45o) to the

load point. The portion of concrete between the two cracks close to

the load poínt may crush. A simultaneous split occurs along the

reinforcement as an extension of the failure crack.

2" 3" PROPAGATION OF CIìACKS IN CONCRETE

KAPLAN (1961) showed that rnicro-cracks exist in concrete

at loads considerably less than those causing fracture. BLACKMAN

and SMITH (1958) concluded that imperfections in concrete consist

of microscopic voids in the paste, imperfect bond of the paste and

aggregate, microscopic voids in the mortar and imperfections in

the aggregate. Their results suggest that concrete can be expected

to resist failure nore efficiently under a loading condition where
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a relatively slnal1 area of the section is stressed to a point

at or near its ultimate strength. HSU, SLATE, STURMAN and

IVINTER (1963) reported that nicrocracks exist at the interface

between the coarse aggregate and mortar even before any load is

applied, thus highlighting the fact that bond is the weakest 1ink.

Studies by MEYER, SLATE and WINTER (1969) indicate that bond

cracking in concrete is increased by creep and shrinkage and the

part of creep deformation associated with microcracking is non-

recoverable" ROMUALDI and BATSON (1963) concluded that the 1ow

tensile strength of concrete is not inherent to the material

but can be significantly improved if the spacing of thinly dis-

tributed wire reinforcement ïs reduced to 0.5 inches or less. HSU

and SLATE (1963) showed that noisture content of the specimen during

testing and water-cement ratios have opposite effects on the tensile

and compressive strengths of paste, nortar and concrete. indicating

a strong possibility that the tensile strength of concrete is a

propertv different in nature fron the compressive strength.

It is clear from above that a very careful interpretation

of test results, especially of the strain gauge data, is needed

when dealing with cracking in concrete. Problens of microcracking,

creep and shrinkage rnust be kept in mind in any analysis.

2.4. BEAM AND ARCH ACTION IN R.C. BEAMS

In beams without bonded reinforcement, the tension force



3t

in the reinforcement is constant from one end of the beam to the

other. The entire tension force is transferred to the concrete

at the anchor plates (Figure 2.2a). From the equilibriun of the

forces, it can be seen that the conclîete body is under diagonal

compression and, for four point loading, the thrust line is a

straight diagonal 1ine. The behaviour of such a beam is, thus,

essentially that of a tied arch.

In a reinforced concïete beam with bonded reinforcement,

the tensile force is distributed along the reinforcing bars

(Figure 2.2b). The shape of the thrust 1i-ne depends upon the

distribution of the tensile force but is no longer a straight line

as in the case of unbonded beam. The thrust line curves from the

supports to the load point, remaining above the diagonal straight

line for the unbonded beam as the horizontal tension force gradually

increases from the supports towards the midsection.

The concrete block between two adjacent flexural cracks

could be regarded as a short cantilever, spanning from the leveI

of the flexural reinforcement to a point i-n the compression zone

of the beamo These concrete cantilevers are acted on by the bond

forces that develop as a result of bond between the concrete and

the reinforcement. The resultant force acting on each cantilever

is the difference of the tension force on either side of the cantilever.

KANI (1964) considered that wi-ren the resistance of the

concrete cantilevers is exceeded, the bond forces cannot exist

and conditions of beam without bond are obtained. The active
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cross-section that remains is that of a tied arch as the tension

force in the reinforcement is constant. At this stage the

compression lj-ne in shear spans becomes inclined and the highest

compressive strain is found at the bottom fiber along the diagonal

crack. As the flexural cracks form and extend in the compressive

zone of the bearn, the floiv of tensile stresses between the concrete

cantilevers and the rest of the beam is stopped until the last crack

when an unyietding support of the beam is available. The transformation

into an arch therefore results from a gradual pïocess through which

the resistance of the concrete blocks is lost.

Arching in unbonded beams is caused by a slip of the re-

inforcement while for bonded beams, displacements of vertical segments

take place at the cracked segnents. Arch action cones into play

when the compressive force becornes inclined so that the lever arm

changes along the span. On the other hand, beam action is caused

by the bond forces in the reinforcement. l{owever, if the compression

force becomes inclined above the tops of the flexural cracks, it is

possible for a beam to resist the external loads by both beam

and arch actions.

The occurrence of arching action in beans with bonded

reinforcenent must result in the development of translational

displacements (relative movement between steel and concrete) in the

shear span of the beam, and in a decrease in the depth of the neutral

axis in the centre of the beam. By examining the compatibility

requirements of the concrete and steel in the shear span of a beam,
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FENIVICK (1966) concluded that arching occurs to different extents

in different parts of the beam. The relative movements between

steel and concrete result from the bending of the concrete cantilevers

and internal rotations of the compression zone. He also showed

that a change in the ratio of the spacing of cracks at the 1eve1

of the reinforcenent and at their top causes a change in the location

of the centroid of compression zone and is responsible for the

compression force to become inclined.

FENWICK (1966) found that arch action could develop to

an appreciable extent in only two regions of a beam, i.e., above

a diàgonal crack and near the load point. For complete arching to

occur over the entire span, these two regions should rnerge and this

can happen only when the diagonal crack reaches the vicinity of a

load point, the load being applied directly over the compression

face.

2"5" FLEXURAL RESiSTANCE OF THE CONCRETE CANTILEVERS

The bond forces acting on the concrete cantilevers produce

a bending monent at the roots of the cantilevers and horizontal

shear stresses in the tension zone of the beam. Since the spacing

between the cracks near their tops reduces, the intensity of the

shear stresses is slightly higher closer to the neutral axis. if

this small reduction in the crack spacing is neglected, the average

shear stress is given by vn = , where vr., is the nominal shear
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stress; AT is the bond force; ÀX is the crack spacing at re-

inforcement level and b is the width of the beam (Figure 2.3).

Several factors influence the stress distribution at

the top of the concrete cantilevers, which may be quite complex.

Some of the important factors are the bending moment and tl-re

shear sustained by the cantilever and the differential curvature

of the compression and the tension zones of the beam betleen

adjacent flexural cracks. The distribution of these stresses in

sirown in Figure 2.3.

The bending moment at the top of the concrete cantilevers

can be resisted by:

(a) the flexural resistance of the corlcrete between cracks.

(b) shear transfer across cracks by aggregate interlock,

and

(c) dowel action of the reinforcement.

KANi (1964) ignored the contributions of aggregate inter-

lock and dowel action of the reinforcement and assumed that the

strength of the concrete cantilevers was governed by the flexural

strength of the section.

His expression for the bond force that could be carried

by the concrete cantílevers was based on a linear strain distribution

across the critical horizontal section of each concrete cantilever.

This assumption violates the compatibility condition inmediately above

the crack which requires that the vertical flexural strain at this
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location must be zero, Stress distribution suggested by FENIVICK (1966)

seems to be rnore realistic. (Fi gure 2.3.)

Further, the shear stresses and the stresses due to the

differential curvature of the tension and compression zones of

the beam at the section considered are likely to modify the strength

of the section. Section a_- a (Figure 2.3.), which forms the2 2-
basis of Kanirs equation, does not fail but the cracks propagate

into the beam in an inclined direction. This shoivs that the roots

of these concrete cantilevers are not the weakest link in the chain reaction

ultimately leading to failure. From above it is clear that Kanirs

method is likely to over-estimate the flexural strength of the

concrete cantilevers"

2"6" SHEAR TRANSFER ACROSS CRACKS BY AGGREGATE INTERLOCK

A detailed experimental study on the contribution of

shear tTansfer across cracks by aggregate interlock has been

reported by FENIVICK (1966). It is suggested that a very large

proportion of the bond force moment is resisted by shear transfer

across cracks, both by aggregate interlock and by the dowel action

of the longitudinal reinforcenent.

When a crack forrns, relative displacements of segments

across the crack take p1ace. These displacements can be described

by a conponent normal to the direction of the crack (crack width, t.rl,)

and a component parallel to the crack (shear displacement, 'ô;).
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This latter conlponent, shear displacenent, causes the larger

aggregate particles enbedded on one side of the crack to bear

against the concrete across the crack. The larger aggregate

particles behaving as small dowels, therefore, make it possible

to transnit tangential forces across the crack.

The shear transfer across cracks by aggregate interlock

would depend primarily on the area of contact of the aggregate

particles projecting across the crack and the deformation characteristics

of the aggregates.

The lvidth of the crack, the shear displacements, the

shape of the aggregate and its grading all influence the area

of contact. 0n the other hand, load-deformation characteristics

of the aggregates may vary in different directions due to water

gain which in turn may be described as a soft layer of concrete

on the underside of the reinforcement or on the underside of large

aggregate particles. Further, the concrete strengtli, its water

and air content and bond properties of the aggregate are some

of the other factors that influence the load-deformation

characteristics of concrete.

Tests of FENIVICK (1966) indicate that the shear stress-

shear displacement relationship is linear between limiting values

of slrear displacement ranging from L2% of crack width to 55%.

Further, the shear transfer across cracks by aggregate interlock

increases with higlier compressive strength of concrete and smaller

width of cracks. Fenwick concluded that where beam action predominates,
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shear transfer across the cracks by aggregate interlock action is

of major importance, accounting for about 60% of the resistance.

The tests conducted by him were, however, limitecl in nurnber and

had preforned cracks and extensive instrumentation. It is doubtful

whether the quantitative values found by Fenwick are applicable

to normal reinforced beams. It is conceivable that the preformed

cracks and instrumentation may have affected the behaviour of the

beams. Also only a limited number of variables were investigated

in the study. The work of Fenivick, however, highlighted the important

contribution of aggregate interlock action.

2"7 " DOIVEL ACTION OF THE LONGITUDINAL REINFORCET{ENT

Dowel action of the longitudinal reinforcement has long

been recognized and its contribution included in many of the

expressions for the resistance of bearns to diagonal cracking.

Several investigators have tried to establish dowel shear

through the use of specially designed beam tests. Test arrangements

of some of these research workers are shorvn in Figure 2.4.

JONES (1956-August) found tl.rat quite high dowel forces

develop in the reinforcement. IIe assuned that the longitudinat

reinforcement along with the concrete cover below it was equivalent

to a beam supported on an elastic foundation. This foundation could

be used to reproduce the actions of the concrete above the reinforcement,

assuning it to be equivalent to a set of independently acting springs.
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The deflected shape of the reinforcing bar could thus

be found from a solution of the differential equation:

,4
EI o 

T = Ky, where K is the equivalent spring constant,
dx4

EI is the flexural rigidity of the equivalent beam consisting

of the reinforcing bars and the concrete below thenr, y is the

distance rneasured from the neutrar axis and x is the distance

rneasured along the beam from support point.

WATSTEIN and IvIATHEY (1958) assumed that the centroid of

the cornpression zone was located at the midpoint of the concrete

section above the diagonal crack. Equilibrium of the moment

was considered about this point, the shear transfer across cracks

by aggregate interlock being neglected completely.

The dowel test arrangement of KERFELD and THURSTON (i966)

is shown in Figure 2.4(a). Shear displacenents were rneasured by

dial gauges on either side of the crack on the tension side of

the beam. It is conceivable that these gauges measured not only

shear displacements but also the displacements due to the flexural

rotation of the bean and also that of the concrete below the dowel

crack as the gauges were located some distance away from the cracks

on the tension surface of the beam.

Using a few sinplifying assurnptions, the authors developed

the following expression for the dowel shear force.
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where c = depth of the concrete cover below the

reinforcement, x, is the distance of the crack

point, and b is the width of the bean.

underside of the

from the support

LORENTSEN (1965) made direct measurements of the dowel

action (Figure 2.4b) and suggested the expression

K = 0.95 br

where K_ is the dorvel shear force and H the deptli of the beam.
T

FENWiCK (1966) conducted a detailed test programme to

investigate the shear transmitted across the cracks between the

concrete cantilevers and that across the last crack in the shear

span. Tests were conducted to find out the influence of the water

content of the concrete mix, the position of the reinforcing bar

in the concrete, the length of the dowel and the bond properties

of the reinforcing bar. Test arrangement for his short and long

dowel tests is shorvn in Figures 2.4(c) and (d) respectively.

It was found that the increase in the bond perfortÌìance of the

reinforcement Tesults in'an increase in the dowel shear capacity

due to the increased effective stiffness of the reinforcing bars

and the concrete acting with it. Further, significant differences

I{ere recorded in the performance of the bars located at the top

and the bottom positions of the moulds. Tris rvas explained on

the basis of water gain, i.e", the formation of a soft spongy

layer of concrete on the lower surface of the horizontally positioned

H /T'
c
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reinforcing bars. Concrete strength, the spacing of cracks and

position of the reinforcing bar as also the size and number of

bars all affected the dorvel capacity.

Fenwick concluded from the experimental results that

the load remained approximately proportional to the displacement

until the dowel cracks formed. With the formation of the dowel

cracks, there was a reduction of about L0% of the dowel force and

any furtl'rer increase in displacement did not result in any further

improvenent in the load carried. The naximu¡n possible proportion

of the bond force moment that nay be resisted by dowel action varied

from 26% for bottom bars to 15% for top bars in Fenwick's experiments.

Most of the work prior to Fenwickrs investigation was

directed towards finding out the shear that can be transnitted across

a single crack. The results of such work cannot therefore be

applied to a beam containing a series of cracks.

It can be seen ti'rat the quantitative estimation of dowel

resistance can at best be approximate. The analysis and calculation

is based on a number of assumptions and cannot be expected to give

very accurate results" The deflected shape of a reinforcing bar

embedded in concrete is related to the transverse loading by

the equation:

.4

+ = þ (6.3.), where P* is the loacl intensity
dx' EI

on the bar at tl're point x and (EI) represents the flexural rigidity
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of the reinforcing bar and the concrete acting with it.

Most of the investigators have replaced the loading

function by the term I'Ky'r assuming that the loading function is

proportional to the deflection of the bar. This in effect means

that the reinforcing bar and the concrete acting rvith it is consiclered

as a beam supported on an elastic foundation. The concrete foundation

is thus assumed to respond in the manner of a set of independently

acting springs. This in reality is not entirely true since one

fiber of concrete cannot be displaced independently of the adjoining

fibers.

The magnitude of the flexural rigidity (EI) is modified

by the composite action of the reinforcing bar and the concrete

as the bar bends and tangential displacements develop between the

concrete and the steel, thus inducing bond stresses. In the

solution to the differential equation, the term representing the

flexural rigidity is assumed constant along the bar. Further,

any predictions of maximum dowel resistance based on elastic state

of stresses in the concrete and the reinforcement aïe not valid

as the stress conditions close to dowel cracking are definitely

not within the elastic range.

Dowel resistance is calculated from the shear displacements

in a beam which arise from the flexural rotation of the concrete

cantilevers and the rotation of the compressive zone of the bearn.

Any accurate estimate of the dorvel resistance must, therefore,

take into account both of the above contributing factors. Further,
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the dowel action is influenced by several factors, sone of which

are:

(1) variable concrete strength

(2) the distance of the crack from the support

(3) effects of combined stresses

(4) the elastic response of the concrete, which itself depends

on several factors

(5) the depth of concrete cover below the reinfoïcement

(6) the length of the concrete block in which the reinforcing

bar is embedded

(7) the si ze and number of reinforcing bars

(8) the bond properties of the reinforcement, and

(9) the bond properties of the concrete.

Some of these factors depend on the orientation of the

reinforcing bars and the care exercised in avoiding segregation

and water gain. It is thus obvious that dowel action is a very

involved phenomenon and all these factors have to be kept in mind

while evaluating its contribution to the resistance to diagonal

fai lure.
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CHAPTER TI'IREE

A CONCEPTUAL MODEL OF THE DIAGONAL FAILURE OF A R.C. BEAM

3.1 . GENERAL

In this chapter a conceptual model of the diagonal

failure of a reinforced concrete beam is developed. It is suggested

that beam bending and arching action exist simultaneously in the shear

span of a reinforced concrete beam for all types of diagonal failures

identified previously, regardless of the rnanneï or the type of loading.

Flexural cracks divide the concrete into a number of blocks which can

be considered to be concrete cantilevers loaded by the bond forces

of the reinforcement and anchored in the conpression zone of the beam.

With progressive flexural cracking,it is suggested that arching develops

fron the inner portion of the beam outwards. Thus arch action is

present over the entire range of diagonal failures, i.ê., in short

beams as well as in long beams. The extent of arch action is deter-

mined by the degree of cracking. When the resistance of the concrete

cantilevers is exceeded, a critical diagonal crack appears. If the

internal rotations necessary to stabilize the crack can take place

without causing collapse of the member, arching develops over the

entire span, accompanied by a modified beam action. Final failure may

result from a failure of the arch, a cornpression failure of the

modified beam or a flexural-tensile failure at a load level hj-gher

than that causing critical diagonal cracking.
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3.2. TIIE CONCEPTUAL MODEL

When a beam is loaded and before any cracks form in the

concrete, the beam behaves as a composite section consisting of

concrete and the reinforcement. Under increasing loads, when the

limi-ting tensile strain in the concrete is reached, vertical flexural

cracks form from the tension surface of the beam and a redistribution

of stresses takes place at the cracked sections. Due to the bond

between concrete and stee1, the tensile force in the reinforcement

varies along the reinforcing bars. The flexural tension cracks in

the beam divide the tension zone into a number of cantilevers. These

concrete cantilevers are acted upon by the incrernental tension forces

(bond forces) in the reinforcenent, which are shown in Figure 3.1

as rrATil forces. The fr¡nction of each concrete block may be

conpared to that of a short cantilever embedded in the .o*r"rrron

zone of the beam and loaded by the bond forces at the leve1 of the

reinforcement.

Equilibrium of forces in the shear span of the beam is

shown in Figure 3.2 (a). Tension force T acts at the level of the

reinforcement while the compression force C is acting in the compression
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zone of the beam, jd being the lever arm between these two forces.

Shear forces V_ and V, are carried by the compression zone of thecd

beam and the dolel action of the reinforcenent respectively. As

the cracks become inclined, shear displacements across the two faces

of the crack give rise to the interlocking forces, shown by their

resultant horizontal and vertical components, FI"i and Va.. Since

the flexural cracks are only slightiy inclined at this stage, the

resultant forces of aggregate interlock may be neglected and in

simplified form the moment equation may be written as

M*=Vx=Tjd=Cjd

V- - d(id)
I--.-¡;--u^

.. dT+ ld ã; ..".(3.1)

An isolated concrete cantilever is shown in Figure 3.2(b),

The bond force, AT, at the leve1 of the reinforcenent induces a

bending moment, \, and a horizontal shear force, Vh, at the root of

this cantilever. The bond force moment is resisted by the flexural

resistance of the cantilever, the aggregate interlock and the dowel

action of the reinforcement, and the imbalance of aggregate interlock

forces induces an axial force, P.

An examination of equation 3" I shows that the external shear

can be resisted by beam action as well as by the arch action. åI t"-

presents the effective bond force" With a constant lever arn jd, the

.. dTterm id ä sives the contribution of the beam action. If the lever- clx"
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arm changes along the span of the beam, the compression force in

the beam becones inclined and the terrn T +P gives the con-

tribution of the arch action. In case no arching develops, this

term would be zero and external shear would be carried entirely

by beam actiono Thus,

v = jd(*I)

o. o. o (3.2)

Since

dT
ã is the bond force per unit length,

th = f$fiZU, where b is the width of the beam and vn is the

horizontal shear stress induced by the bond force. substituting the

value "t 
(*T) from equation i. 2, t^te obtain the familiar

..o..(3.3)

The above equation shows that if the lever arm remains

constant, there is no arching and the horizontal shear stress induced

by the bond force is equal to the nominal shear stress, vn, for the

beam" When beam and arch action are present simultaneously, the

horizontal shear stress is lower than the nominal shear stress for

the beam.

Figure 3.3 shorvs hol beam and arch action can exist

simultaneously in the shear span of a beam. In this case, the

dTV=-dx jd

V'h bjd
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compression force inclines above the flexural cracks with the result

that bond forces are stiIl active within the concrete cantilevers.

The lever arrn, from its maximum value in the midspan region, reduces

towards the supports. lvith this distribution of forces, the external

load is carried partly by beam action and partly by arch action.

As flexural cracks form in the shear span of the beam,

a portion of the beam in the immediate vicinity of the cracked section

starts behaving as an arch. with increased loading and progressive

flexural cracking in the outer regions of the shear span, the zone

of internal arching also proceeds outwards. Figure 3.4 shows the

progressive developrnent of internal arching. These internal arches

develop in conjunction with the action of the concrete cantilevers

which is associated with the bond forces. In other words, these

internal arches do not produce a physical segregation of the beam

into two separate regions of beam and arch action. The compressive

forces associated with the internal arches are very srnall compared

to those in the conpression zone of the beam in the vicinity of the

load point.

The actual stress distribution at the top of the flexural

cracks is cornplex. The high tensile stresses associated with the

cracks are likely to be limited to the area in close proximity of

the crack. Since concrete is relatively strong in resisting high

loca1 stress intensities, the tensile failure of concrete is more

likely to result from a lower average stress over a larger area than

a high stress intensity over a sma1l area. Bond forces in the concrete
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cantilevers cause transverse flexural and shear stïesses which

are resilted by the flexural resistance of the concrete cantilevers,

by aggregate interlock and by the dowel acfion of the reinforcenent.

so long as the flexural cracks in the beam remain vertical, all the

bond force moment is resisted by the flexural resistance of the

concrete cantilevers" When a flexural crack becomes inclined,

aggregate interlock and dorvel action of the reinforcement also become

inportant modes of carrying the bond force rnoment. Thus the proportion

of resistance of each mode is a variable depending upon the stage of

loading, and the extent and nature of cracking.

At a critical stage of loading, the bond force moment that

can be carried by the concrete cantilevers exceeds their strength.

This results in the extension of a critical diagonal crack from an

outer flexural crack or fron within its vicinity. This may be

preceded by the appearance of some back-cracking above the leveI of

the reinforcement at outer locations of flexural cracks caused by

a local tensile failure of concrete. As such diagonal cracks form,

the portion of concrete below thern is lost and the crack extends into

compression zone of the bea¡n in order to mobilize additional resistance.

The critical diagonal crack extends frorn an external

flexural crack since the maximum bond force moment exists in the

outer concrete cantilevers. This is so because with internal arching,

the bond forces within the inner regions of concrete cantilevers

are reduced and the most critical section is located at the outerrnost

flexural crack.
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The readerts attention is now drawn to the internal forces

at critical diagonal cracking. These are shown in Figure 3.5.

As the critical diagonal crack extends into the conpression

zone of the bean, the cornpression zone is separated into two parts.

Part of the total compressive force is carried above the diagonal crack

and part of it is carried below the diagonal crack. The relative

magnitude of these two forces depends upon the distribution of

compressive strains over the compression zone neat the tip of the

diagonal crack in the vicinity of the load point. At this location,

the naxi¡num compressive strains exist at the compression face of the

beam and diminish as the depth of the beam decreases.

V, and Y, are the shear forces above and below the diagonal

crackwhi1eC'andC,atethecorrespondingcornpressiveforces

above and below the diagonal crack. The tension force in the rein-

forcement changes from T, , where the diagonal crack crosses the

reinforcement,to its maximum value, Tmax, at midspan. Dowel shear VU

is acting at the reinforcement 1evel under the load point while dowel

shear VO, exists at the point the diagonal crack crosses the reinforcement.

The resultants of forces above and below the top tip of dì-agonal crack

are represented by Rf and R, respectively. Though the diagonal

crack divides the beam into two portions, part of the shear can stil1

be carried by the interlocking action of the aggregates. The contribution

of aggregate interlock, however, reduces significantly as the diagonal

crack opens upo

Figure 3.6 shows internal force distributions and diagonal
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failures of beams. From the compressj-ve strain distribution, it

is clear that if the diagonal crack is located at the nidpoint of

the compression zone, the compressive force carried above the crack

will be higher than that below it.

Extension of the diagonal crack in the compression zone

of the beam results in significant internal rotations. The centre

of rotation is located in the vicinity of the load point close to

the tip of the diagonal crack" These internal rotations cause the

diagonal crack to widen progressively as the ciistance from

the centre of rotation increases.

Let us now exarnine the effect of these internal rotations

on the internal force system. Figure 3.6(a) shows the distribution

of forces at critical diagonal cracking. The maximum conpressive

strain at the compression face under the load point ir rd. and the

internal lever arm is jO.. After internal rotation takes place, the

naximum conpressive strain increases to a final value of e, at

ultimate faiiure (Figure 3.6(b)). This value is considerably higher

than that at diagonal cracking" Further, the distribution of

compressive strain over the compression face at this location also

changes, resulting in a shift of the resultant compressive force

upwards and an increase in the final lever arm to j¡ from its value

at diagonal cracking.

The critical diagonal crack opens up considerably at tl're

reinforcenent level due to internal rotations. This results in

splitting of the reinforcenent from the lower tip of the diagonal

&
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crack towards the supports, which in turn causes a second redistribution

of the internal forces with further rotations of the çornpression

zone. The net effect of the internal rotations is that the proportion

of the compressive force above the diagonal crack increases substantially

while that below it decreases. Furthernore, the resultant of the

cornpressive force and the shear force above the diagonal crack now

lies in the direction of the critical diagonal crack. High diagonal

conpressive stresses exist just above the diagonal crack (Figure 3.6(c)),

which are caused by the inclination of the resultant compression.

Since the area of i¡rtact concrete above the diagonal crack is sma1l,

these high compressive stresses can result in high tensile stresses

at the compression face above the location where the díagonal crack

is at sone distance from the compression face. l{hen the limiting

tensile stress at the compression face exceeds the tensile strength

of the concrete, a crack extends from the compression face of the beam

downwards to the diagonal crack, resulting in the failure of the beam

due to flexural-tensile stresses. Such failures have been defined as

diagonal tension failures.

In relatively short beams, the resultant thrust line in

the compression zone is more steeply inclined due to hea'u-y external

shear and there is a greater effective area of concrete available

above the diagonal crack where tensile stresses can develop so that

tensile cracks do not forrn above the diagonal crack. In such cases,

the diagonal crack is stabilized. This permits internal rotation

to take place with the result that the neutral axis progressively shifts
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upwards until a liniting location is reached. During such rotation,

the tip of the diagonal crack progresses very little, if at all.

when the critical diagonal crack appears, internal arching

extends along the crack. As the diagonal crack is stabitized well

into the compression zone of the beam, this outernost of the internal

arches lies in the region where the bulk of the resultant compressive

force is located. Since the diagonal crack ís not far rernoved from

the external supports, the outermost of the internal arches is

supported by a stiff or almost non-yielding support at the beam ends.

This results in an effective external arch, colnposed of the intact

portion of concrete above the diagonal cracks, being supported on the

beam ends. At this stage, the compressive force above the diagonal

crack becomes significantly inclined and can be transferred to the

supports directly through the external arch. With the opening of

cracks at the reinforcement 1eve1, hori zontal displacements take

place at the cracked segments resulting in a progressive reduction of

the bond forces in the reinforcement and the external arch approaches

more closely the conditions of a tied arch.

As arching develops over the entire span with the

stabilization of the critical diagonal crack, a modified beam action,

also exists as internal rotations take place. Any increase in the

capacity of this beam action at this stage is more a result of the

shift of tire centre of compression upwards rather than an increase in

the tension or the compression force" The capacity of the beam

action can be calculated in a manner sirnilar to that used for flexural-
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conpression failures.

Consider the stress distribution along an internal arch.

Internal arches develop along the flexural cracks which follow the

cornpressive stress trajectories. These trajectories are norrnally

shown as two systems of ortirogonal trajectories, one system representing

the direction of maximum principal stresses, the other representing

the direction of rninimum principal stresses. As concrete is weak in

tension, cracks forrn normal to the direction of tl-re principal tensile

stress or, by definition, fol1ow the shape of the compressive stress

trajectories, Since the tension force in the reinforcernent in

beams with bond changes from zero value at supports to its maxirnum

value at nidspan, the resultant of the external reaction and the

tension force in the reinforcement, i.e., the thrust line, flattens

out gradually towards the midspan"

It is instructive to examine the condition of the stress

trajectories of a reinforced concrete beam before cracking. These

are shown in Figure 3.7, Corqpressive (minimum) stress trajectories

are shown with ful1 lines while tensile (maximum) stress trajectories

are shown with dotted lines. The change in the direction of compressive

force, i.€., the change in the direction of the compressive stress

trajectory arises fron the difference in the tensile forces normal

to the compressive stress trajectory (Figure 3.7(a)). By definition,

only normal forces are acting over the stress tïajectories (Figures

3.7(b) and (c))*. The strips between consecutive compressive stress

trajectories carry external loads by transferring their internal

* KANI (i969)
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support forces to the external support.

With the developnent of flexural cracks, â strip of

concrete along the flexural cracks starts acting as an internal

arch. Stress distribution on an internal arch is shown in

Figure 5.8. No internal support forces can clevelop over the cracked

area of the internal arch. As the cracks propagate further and

become inclined, the support forces are further reduced. The bond

forces are sti1l effective ivithin the concrete cantilevers.

The progressive development of internal arching is shown

in Figure 3.9. Numbers 1, 2,3,4 represent the loading stages

and the extent and'location of flexural cracks. As these cracks form,

there is a redistribution of internal forces. The stress trajectories

at various stages of loading after cracking will have different

profiles. Internal arching extends outwards along the profile of

flexural cracks. Figure 3.9 also shows the compression force dis-

tribution oyer the cornpression face of the beam at diagonal cracking

and after significant internal rotations. After internal rotations,

the neutral axis shifts upwards as also does the location of the

resultant compressive force. It is apparent that the internal arches

closer to the centre of the beam carry no part of the compression force.

Consider one of the internal arches which carries a part

of the compression force (Figure 3.10). The normal stresses over

the internal arch give rise to internal reaction, R., which can be

resolved into its vertical and horizontal cornponentr., Vi and H. .
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The horizontal component of internal reaction is generally sma11.

Bond force, AT, is acting at the level of the reinforcement and a

force AC acts within this arch in the compression zone of the beam.

Part of the external shear, AV, is also acting over the arch at its

point of application. As the flexural cracks pïopagate further,

the resultant internal reaction moves closer to the external shear

and is reduced in magnitude. Maintenance of equilibrium of the forces

in turn requires a progressive reduction of the component of the

compression force that can be carried by the internal arch. As the

components of resultant compressive force that are carried by each

arch are reduced, the capacity of the beam decreases. However, if

the portion of the compressive forces within the internal arches

can sonehow be transferred to the external arch, nuch of this lost

capacity can be regained. This occurs at the extension of a critical

diagonal crack and its stabilization. Internal rotations take place

in the cornpression zorÌe of the beam and the resultant conpressive

force sl-rifts upwards. If, however, the critical diagonal crack is

not fully stabíIized, failure takes place at a reduced capacity

compared to the flexural resistance of the section

It is norv appropriate to consider the internal force system

after critical diagonal cracking has taken place and has been stabilized

and to consider the manner of ultimate collapse of the beam.

As already pointed out, internal arching extends over the

entire span at this stage and an external arch, resting on the beam

supports develops. As internal rotations develop, the bulk of
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compression force is transferred to the external arch which is

under diagonal compression. The resultant compression force inclines

appreciably above the critical diagonal crack and can be transferred

to the supports directly through the external arch.

The ultinate failure of the beam rnay result when either of

the following happens.

(i) the capacity of the external arch is exceeded.

(ii) the flexural-tensile stresses above the diagonal crack

reacir the tensile strength of concrete at a load level

higher than that causing critical diagonal cracking.

(iii) the compressive stresses on the compression face directly

under the load point exceed the compressi-ve strength of

concrete.

These failures have been defined as shear compression failures.

As internal rotations of the compression zone take place,

the neutral axis slLifts uprvards until a limiting position is reached.

During these stages the shape of tl're stress trajectories changes due

to the propagation of cracks. The cracks straighten out rnore and

more due to a gradual reduction of the bond forces, and in some

cases, the eventual elimination of these forces. Most of the web

of the bean is thus under diagonal compressive stresses. As the diagonal

compressive stTesses increase, they give rise to higher tensile stresses

above the diagonal crack rvhich may result in flexural-tension cracks.

Further, as the internal rotations continue, the compressive strain

at the compression face increases rapidly and the concrete at the
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compression face may crush. It is evident that an interaction

exists between arch action and a modified beam action even after

critical diagonal cracking. The ultimate failure of the beam

and the possibility of either type of failure discussed above

depends primarily on the slenderness of the beam and the lnanner

and the type of loading.

The simultaneous existence of the beam and arch action

in the shear span of a reinforced concrete beam after flexural

cracking may be considered in the following regions of loading.

(1) From the appearance of first flexural cracks to

critical diagonal cracking.

(2) From the point of stabilization of the critical

diagonal crack to ultimate co11apse.

From the point of flexural cracking to the critical diagonal

cracking, the action of concrete cantilevers controls the strength

of the mechanism since the internal arches carry only a small

part of the resultant compressive force. A diagonal crack oc'curs as

the bond force moment exceeds the strength of the concrete cantilevers.

If this diagonal crack is not stabilized, failure of the beam results

from a flexural-tensile failure of concrete. However, if this

crack is stabilized, internal arching extends over the entire span.

With internal rotations, an interaction exists between the beam

action of the flexural-compression type and the arch action. The

ultimate failure may result from either of the tivo depending upon

the slenderness of the beam and conditions of restraint on the
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propagation of cracks. This interaction may cause a significant

spread of collapse loads within the range it is effective.

3.3. THE iNFLUENCE OF VARIOUS FACTORS ON PROPOSED FAILURE MODEL

3.3.1. Rotations in the Compression Zone

Horizontal displacenents at the reinforcement leve1 are

caused by the bond forces applied to the concrete cantileyers and

internal rotations of the compression zone. As a critical diagonal

crack appears, the resultant of the forces at the point it crosses

the reinforcement cause s sone splitting along the reinforcement.

This results in increased internal rotations with an increase in

the compression force carried above the diagonal crack. The resultant

compressive force becomes inclined above the diagonal crack with the

result that a zone of high tensile stresses exists above the diagonal

crack" When such tensile stresses reach the tensile strength of

concrete, a crack extends from the compression face of the beam

downwards which may cause the flexural-tensile failure of the bean.

The possibility of such a failure will increase with the slenderness

of the bean. The internal rotations required to stabilize the diagonal

crack will depend on the dowel force that can develop in the flexural

tensile reinforcement. With dowel cracking, the dowel force will

reduce and greater internal rotations will be required to prevent

the failure of the bean.
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As the internal rotations take p1ace, the width of the

diagonal crack increases with an increase in distance from the

centre of rotation. Crack width at any point is defined as the

distance between tr,/o sides of the crack in the direction of crack

propagation. so long as the cracks are vertical, the only component

of movement is the crack width" As the cracks becorne inclined,

both longitudinal and transverse novements (ô,., and ôU) take place

across the crack due to the internal rotation of the compression

zone (Figure 3.11). The following relations can be established from

the figure.

6,,
tan [0t * (90 - 0)] = 

ç, 
where 0 is the crack angle at

the point considered

OT

_ ô__

o,=tantC=Il_(90_e)o, 'oh'

c = /.-1-- ^2---w öf, * ö; cos 0,

¡-rT--.-.-.------
U - Y ôa 6Lt öh * öV sin0,

and L=f,62 * 6z ,"h -v
A being the total displacement of the

point.

The angle 0r, between the direction of movement of a

particle and the perpendicular to the direction of crack, is generally

small so that ô_, the shear displacement would be substantially
S

smaller than crack width, civ.
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action of the reinforcement reduces further and leads to further

internal rotations. At the same time, considerable translational

displacements occur at the r:einforcernent lever at the cracked

segrnents. Such translational displacenents are essential for the slip
of the reinforcement rvhich progressively reduces the bond forces in

the concrete cantilevers. Therefore, as the width of the diagonal

cracks increases, the external arch approaches the conditions of

a tied arch with only a small change in the tension force in the

reinforcement along the span of the bearn. As the resultant compressive

force becones inclined and higher diagonal compressive stresses

exist above the diagonal crack, failure rnay also occur due to a

flexural-tensile failure at a higher load.

3.3.2. The Method of Loading

It has been suggested that diagonal tension failure of a

beam results from flexural tensile stresses that exist above the

diagonal crack. If such stresses can be suppressed, the diagonal

crack can be stabilized and the capacity of the bearn increased.

If the bean is loaded directly over the compression face

of the beam, high vertical compressive'stresses exist in the region

under the load point" These local stresses and the corresponding

values of principal stresses have been calculated for the case of

a load on a strip of infinite length and a constant width from the

theory of elasticity.* These principal stresses for a given loading

* For example,
p. 377 , John

'rTheoretical Soi
Wiley and Sons,

l Mechanics" by
New York, 1966

TERZAGHI, K., Figure 119,
edition.
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intensity depend solely on the location of the point considered

relative to the point of application of the load.

Figure 3.13(b) shows the oríentation of principal stresses

at a point due to a strip load. For every point on a circle through

ã, b, and N, tire principal stresses have the same intensity. The

directions of the principal stresses in every point on the circle

abN pass through points c and d respectively. Trese points are

located at the intersection between the circle and the plane of

synnetry of the loaded strip. Furthermore, aII points with equal

vertical compressive stress are located on curves (Figure 3.13(c))

which resemble sections through the boundaries between the individual

layers of a plant bulb. In fact, the space below the loaded area

is called the pressure bu1b. Pressure bulbs for I/2, I/4 and I/B

of the unit load intensity are shown on Figure J.l3(c). It shows

that high vertical compressive stresses exist in the imnediate

vicinity of the load point.

Figure 3.13(a) shows a beam loaded through point loads

directly over the contpression zone of the beam. An element in the

vicinity of the load points is shown in Figure i.13(d) and (e), with-

out local vertical loading and including the effect of the local

vertical loading.

Let us now consider the relevance of pressure bulbs for

beams directly loaded over the conpression face of the beam. In

relatively slender beams, the critical section above the tip of

the diagonal crack where vertical tensile stresses exist, is
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consj-derably renoved from the point where the load is applied. In

such cases sudden diagonal tension failure occurs regardless of

the manner of loading as the diagonal crack extends into the compression

zone of the beam" Holever, for shorter beams, the point of loading

is closer to the diagonal crack and as the diagonal crack extends into

the compression zone of the beam, it enters the zone influenced by

the pressure bulbs under the load point. This results in suppression

of the vertical tensile stresses above the diagonal crack. Thus

the diagonal crack is stabilized and the flexural tensile failure

of the beam does not take place" Furthermore, as the beam continues

taking further load, the vertical compressive stresses under the

load increase proportionately" Therefore, at no stage of loading

after the stabilization of diagonal cracks, can a flexural tensíle

failure of the concrete take place in the inmediate vicinity of the

load point. At higher load leve1s, tensile cracks rnay appear from

the compressj-on face of the beam at sections relatively removed

from the Load point. At these points, the depth of the intact

zone of concrete above the diagonal crack is deeper and the possibility

of the tensile cracks extending to the diagonal cracks is remote.

Most of the concrete is in diagonal compression at this stage and

the full capacity of an external arch can develop. In such a case,

ultinate failure nay result from the failure of the arch or the

compression failure of concrete at the compression face under the load

point.

It can be seen that the intensity of vertical compressive
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stresses will be higher for beams loaded through one or two

concentrated 1oads. such beams can, therefore, arïest the diagonal

crack growth nore effectively if the critical section is located

close to the load point. when the beam is loaded through a nultiple

loading arrangement there are pressure bulbs under each strip load.

The intensity of vertical pressure at such bulbs is lower than the

previous case. However, since the vertical cornpressive stresses

are distributed over the compressive face of the beam, such loading

can stabilize the diagonal crack growth even for relatively slender

beams. Furthernore, the failure of a bean at the appearance of

diagonal cracks will not be as sudden as in the case of single or

two-point loads. Llowever, sínce the intensity of vertical compressive

stresses is 1ow, a flexural-tensile failure can take place at a

delayed stage.

When a beam is loaded through secondary beams, the zone

of locar high vertical compressive stresses is removed from the

main beam. In such a case, the vertical tensile stresses above the

diagonal crack cannot be effectively suppressed. In beams of moderate

length, the diagonal crack leads directly to the failure of the

beam. When the beam is relatively short, it can geneïate the

internal rotations necessaïy to stabilize the diagonal crack even

when the load is applied through secondary bearns and failure does

not result at the appearance of the diagonal crack. Horvever, the

propagation of diagonal cracks is relatively unrestrained near the

load points due to the absence of the restraining influence of the
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pressure bulbs as the diagonal crack propagates in the compression

zone, In such short bearns arching develops over the entire span

at the appearance of a criticat diagonal crack but the full capacity

of the arch cannot be mobilized due to premature failure due to

unrestrained propagation of diagonal cracks and a flexural-tensile

failure at a higher load level.

It is therefore concluded that for all failures that have

been defined as diagonal tension failures the effect of the method

of loading is not significant. Holever, for failures that have

been defined as shear-cornpression, the method of load application

will have considerable influence on the mechanism of failure and

its strength.

3.3.3. Compressive and Tensile Strengths of Concrete and the Area

of Concrete in the Compression Zone of the Bean

It was suggested that back-cracking at some of the outer

flexural cracks in the shear span of the beam takes place due to

a local tensile failure of the concrete. This can occur before

the appearance of a critical diagonal crack. Such back-cracking

may precipitate a diagonal crack as the area of concrete below the

crack is then lost when considering the capacity of the concrete

cantilevers. This behavior indicates that improvements in the tensile

strength of concrete would result ín some increase in the capacity

of concrete cantilevers. However, since crack rvidths would also
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be increased, the contribution of aggregate interlock would be

reduced and the gain in strength would be rather sma1l. It is,

therefore, concluded that an increase in the strength of concrete

would raise the strength of beams failing in diagonal tension only

by a small amount

In beams where an initial diagonal crack is stabilized

the compressive strength of concrete plays a significant ro1e.

Where failure takes place due to crushing of concrete, the ultimate

capacity of the nodified beam action would be proportional to the

compressive strength of concrete. The capacity of the arch would

also be raised rvith an increase of compressive strength due to a

delayed flexural-tension failure and a greater capacity for carrying

inclined compressive forces. However, the improvement in the strength

of the arch would not be as significant as that of the modified

beam.

The cross-sectional area of concrete in the compression

zone of the beam is likely to have considerable influence on the

strength of beams failing in shear compression. As discussed

previously, beam failure occurs due to a failure within the compression

zone above the diagonal crack in compression or in flexural-tension.

Any increase in the area of the compression zone in such cases would

therefore increase the capacity of the beam.
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3.3.4. The a/d or f- n"ti.o

The type of diagonal failure that occurs in a beam is

very closely associated with the beamrs slenderness ratio. As the

slenderness of the beam increases, there is an increase in the

eccentricity of the resultant of external shear and compressive

forces above the diagonal crack. Failure of the bean then takes

place at the appearance of a critical diagonal crack due to in-

stability. Therefore diagonal tension failures are expected to occuï

for all beams beyond a certain critical value of the a/d or fu mti-o.

As the slenderness increases further, a point is reached where

bending failure precedes a diagonal failure and the full flexural

capacity of the section is achieved. In these diagonal failures, an

increase in the shear-span/depth ratio results in an increase in the

magnitude of the bending moment and a coïresponding increase in the

width of cracks. As the cracks widen, the contribution of aggregate

interlock decreases and the diagonal cracking load at which failure
takes place is reduced.

when the shear-span/depth ratio of a beam is lower than a

certain critical value, the diagonal crack is stabilized and arching

develops over the entire span. At this stage the resultant compressive

force can be transferred directly to the supports through the external

arch. As the a/d ratio decreases, the capacity of the section in-

creases with an increase of the i-ntact area of concrete above the

diagonal crack. Most of the web of the beam is in diagonal compression
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in such cases. The external loads and

be transferred to the supports rvithout

It is, therefore, reasonable to assume

beam in shear-conpression failures will

shear-span/depth ratios .

the compressive forces can

damaging the web of the beam.

that the capacity of the

improve with decreasing

3. 3.5 . The Percentage of Longitudinal Reinforcenent and its Bond

Characteri s ti cs

An increase in longitudinal reinforcement reduces crack

widths for a given loading and therefore results in an improvement

in the critical diagonal cracking load. Furthernore, with a

higher percentage of longitudinal reinforcement, tl-re profile of

the critical diagonal crack is likely to follow a lower trajectory.

In other words, the diagonal crack will be located lower in the web

of the beam than it ivould be with less longituclinal reinforcement.

In beams where the diagonal crack is stabilized and arching develops

over the entire span, the strength of the arch would be increased

due to an increase in the area of concrete intact above the diagonal

crack.

With an increase in the percentage of longitudinal rein-

forcement, the flexural capacity of the section increases. This

increase is rnore than the corresponding increase in the diagonal

cracking 1oad. It is to be expected, therefore, that an increase

in the percentage of longitudinal reinforcenent will increase the
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range of shear-span/depth ratios where diagonal tension failures can

take place.

The bond characteristics of the longitudinal reinforcement

are also an important factor in the mechanisrn of failure, as rvel1

as its strength. As the bond perfornance of the reinforcement

irnproves, the spacing of cracks is reduced, as is their width. This

in turn will increase the diagonal cracking 1oad. However, in beams

where the critical diagonal crack is stabirized, there rvill be a

smaller cross-sectional area of concrete intact above the diagonal.

crack and the capacity of the external arch will be lower. with

srnooth polished bars, the tension force in the reinforcement will

renain constant throughout its length and a true tied arch can

develop when the diagonal crack becones stabilized.

3.4. TFIE ROLE OF I\IEB REINFORCEMENT

Although adnittedly beyond the scope of tiris thesis, a

few renarks about the role of web reinforcement are in order here.

The role of web reinforcement may be visualized from the conceptual

model of diagonal failure described in section 3.2.

The whole problem of diagonal failure is basi cally a

question of transferring the resultant of the external shear force

and the horizontal compression force to the supports. The internal

arches support the compression zone of the beanl and each arch carries

a portion of the compression force. However, as cracking proceeds
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along the line of the compressive stress trajectories, the support

forces for these arches cannot be fully mobirized,. As a result,

the capacity of such arches is reduced, causing prernature failure.

Thus, the function of the web reinforcement can be visual izeð. as

providing supports to the internal arches and as carrying these

support forces to the external support.

lVhen the a/d ratio of a beam is small, (that is ivhen the

beam is 'rdeep") the resultant of shear and compression forces can

be transferred directly to the supports from its location in the

external arch. As the a/d tatio increases, the shear force that

can be applied to the beam decreases, so that the resultant of

shear and compressive forces also decreases. This resuLtant does

not flow directly to the external support but some part of it is

carried by each internal arch. Thus if the web reinforcement is

added in such a way as to transfer the resultant forces within each

arch to a point in the external arch from rvhich point the concrete

alone can transfer it to the external support, the shear capacity of

the beam can be raised to that for very short beams. Figure J.14

shows how bent up bars and stirrups can transfer the resultant

forces into the external arch and to a point from which they can

flow to the support. It can be seen that the bent up bars are to

be expected to be more effective tl-ran vertical stirrups, since

they carry the support forces directly to a region of the external arch
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where tire concrete arone can transfer them to the support

perform this function in a series of steps.

Stirrups

The internal arches close to the midspan region carry no

part of the resultant force, hence no web reinforcement is needed

in this zone. Thus the effective zone of web reinforcement is only

L", as shown in Figure 3.r4. close to external supports and near the

midspan region, no reduction of strength exists due to arch behavior

and concrete alone can develop the full capacity.

In the analogy of the concrete cantilevers, the total bond

force on the cantilever is resisted as a tension force in the lveb

reinforcement as well as by the cantilever bending action. There

is also an inclined cornpression force in the concrete cantilever. The

force systenì is thus similar to that in the familiar "truss analogy"

with the difference that only part of the bond force is carried by

the rveb reinforcement. The inclined compression forces in the

concrete cantilevers suppress the flexural tensile stresses in the

concrete and delay the cracks associated with high aggregate inter-

lock stresses. Furtirermore, dowel action of the reinforcement is

enhanced by the web reinforcement due to a reduction of the splitting

at the 1evel of the dowels.

The opening of cracks at later stages of loading, which is

responsible for failure, is suppressed by the web reinforcement and

a measure of continuity across the cracks is provided. Transverse

displacements due to internal rotations and bending of the concïete

cantilevers stress the web reinforcement, the distribution of this
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stress clearly depending upon the relative position of the web

reinforcement and the cracks.

The addition of web reinforcement in a bearn enhances the

capacity of the concrete cantilevers. The failure of these cantilevers

leading to critical diagonal cracking is delayed. After clevelopment

of such cracking, complete arching rnay develop in a manner similar to

that described for beams without web reinforcement.
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CHAPTER FOUR

TEST PROGRATß4E

4,7 . GENERAL

This chapter describes the development of the test pro-

grarnme which consisted of a preliminary, followed by a more detailed,

series of experiments.

Details of experimental work and the instrumentation en-

ployed are given in Appendix I.

4,2, PRELiMINARY SERIES OF TESTS

T\+o beams wíth a/d ratios of 2.5 and 3 and a longitudinal

reinforcement of r.4re" weïe cast and tested with two point 1oads.

The noninal compressive strength of concrete was 4,000 psi. These

beams were instrumented with electrical resistance strain gauges

both on the reinforcement and on the surface of concrete. Gauges

on steel were applied on both sides of the reinforcing bar; for two

reasons: to check on the accuracy of the readings, and to obtain at

least one reading at a section if one of the trvo gauges at a

section was broken rvhile the cracks propagated.

Further, a portion of concrete i-n the conpression zone of

the beam in the shear span close to the load point was covered
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with photoelastic coatings. These coatings are prinarily meant

for homogeneous, isotropic materials within the elastic range of

stresses. However, it was considered that even a very approxinate

indication of the flow of internal stresses rvithin the beam at

various stages of loading prior to failure can be of significant

inportance. Considerable data was obtained for both bearns for

isoclinic and isochromatic fringe patterns both for nornal and

oblique incidence. Difficulties in both the recording of meaningful

photoelastic data and in its interpretation as ivell as poor quality

pictures resulted in discontinuing its use in the remaining test

programme.

Considerable time was also spent on studying the suitability

of various electrical resistance strain gauges for application on

concrete a¡ci steel. Various aspects regarding their size, water-

proofing, zero drift, etc. were looked into in detail for standard-

izing procedures for the rernaining test series.

The beam with a/d ratio of 3.0 was retested on a shorter

span (a/d = 1.5), using the cracked portion as an overhang. Thus a

total of three tests was conducted in the prelirrinary series of

tests.

4.3. iNFERENCES DRAIVN FROM PRELiMINARY TESTS

During the testing of the first three beams, it was seen
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that as soon as a crack passed through the electrical resistance

strain gauge, the gauge was broken and was lost for subsequent stages

of loading. It was decided to use denountable mechanical (DEMEC)

strain gauges in addition to the electrical resistance strain gauges.

As cracking proceeds and crosses a set of DEMEC gauges, useful

inforrnation can be obtained on the crack widths and shear displacements.

Further, the two independent sets of strain gauges - DEMEC and

electrical resistance - could be used to ascertain the changes in

distributions of strains at various locations in the shear span.

Plots of strain gauge data of the preliminary set of beans had shown

that with the development of flexural cracking, compressive

longitudinal flexural strains developed in the lower half of the

beam at certain locations. such strains were clearly not in line

with the normal bending process associated with increasecl loading.

It was consiclered that use of DEMEC and electrical resistance strain

gauges in two halves of the beam would be useful in determining tlie

accuracy of such strain distributions. Further, horizontal and

inclined DEMEC gauge lines were also established for determining the

bending of the concrete cantilevers, internal rotations of the

compression zone and arching in the shear span of the beam. Details

of instrumentation are given in Appendix I and instrurnentation for

each beam is given in Appendix II along with test results of the

beams. Strain gauge data has been compiled into a separate report*.

The data obtained from the tests of beams is summarized graphically in

Appendix I II .

*See p. 91 , Chapter 5.
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4.4. MAIN TEST PROGRAMT,IE

The primary variables selected for study were the shear

span-depth ratio (or l,{/vd in case of uniforrn loads) and the

percentage of longitudinal reinforcenent. Noninal compressive

strength of concrete was 5,000 psi and the nominal yield stlength

of the reinforcement was 501000 psi.

A total of 22 beams, including those of the preliminary

series, was tested. Three different percentages of reinforcement,

r.87eo, 7.4r% and r.03% were used in combination with a/d ratios

varying from 1 to 6. The secondary variables selected for investigation

consisted of load applied through the secondary beams and uniform

loading. All beams were rectangularr S in. x l8 in. in cross-section,

span length varying with a/d or r/d ratio. An overhang of 1g inches

was used at either support. The overall length of the beams varied

from 8 feet 8 inches to 22 feet.

The beams were divided into series A, B or c depending upon

the percentage of reinforcement. Further, the series were divided

into I, II or III depending upon whether the load was appried as

concentrated loads over the cornpression face of the beam, through

the secondary beams or uniformly distributed over the corypression

face of the beam.

Details of the series are as folloivs:

(1) Series iA (B beams) p = I.B7%
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This series comprised beams IA-l to IA-9, with a/d ratios

of 1, 1.5, 2,2.5r 31 41 5 and 6 respectively.

(2) series IB (4 beans, including 3 of the prelimi-nary series)

P = 7"4I%

This series comprised beams IB-2, IB-4, IB-5 and IB-6

with a/d ratios of 1.5, 2.5, J and 4, respectively.

(3) !çliqt IC (3 beams) p = r.03%

This series comprised beams IC-2, IC-S and IC-6, with a1d

ratios of 1"5, 3 and 4, respectively.

The loading in series I (4, B and C) consisted of two

point loadsr S feet apart, applied directly over the conpression face

of the bean.

(4) !çries IIA (4 beams) p = I.87e"

Tiris series comprised beams IIA-2, IIA-2(b), IIA-4 and

IIA-6, with a/ð, ratios of 1.5, 1.5, 2.5 and 4.0, ïespectively.

The load rvas applied as concentrated loads through secondary

beams framing into the nain beam" Originally only three beams

were planned. Beam IiA-2(b) was only added after premature failure

of bean rr^-2 occurred at the junction of the secondary beam to the

main beam. Top rei-nforcing bars were added in the secondary beams

framing into beam IIA-2(b) to avoid premature shearing at the junction

of the main and secondary beams.
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(5) Series IIIA (3 beams) p = I.87eo

This series comprised beams IIIA-3, IIIA-6 and IIIA-8,

having I/d ratios of 6.25, I0.25 and 14.25 respectively.

Uniforrn loading over the beam was sinulated by 8 equally

spaced loads directly applied over the compression face of the beam.

Bean numbers in any series signify the same a/d ratio

except for series IIIA where they show the sarne overall length.

For example, beams IA-2, IB-2, IC-2 and IIA-2 all have a/d ratios

of 1.5.

ïre series of beams indicated above were so chosen as to

dernonstrate the various stages of development of the failure pattern

of reinforced concrete beams lvhere shear loading was significant.

The range ef series rvas chosen to demonstrate similarities and

differences between the failure mechanisms of beams of different

percentages of longitudinal reinforcement, manner of load application

and type of loading. Since the primary objective of the experirnental

work was to demonstrate the mechanisms of diagonal resistance, the

beams were extensively instrumented as described in Appendix I,

in order to deternine the internal force systeln at various stages

of loading prior to failure. It was the function of these observations

to indicate, in a quasi-quantitative manner, the reliability of tlie

model of failure proposed in Chapter 3, when applied to beams

having the wide range of characteristics and loadings discussed above.
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CIIAPTER FIVE

EXPE}ìiMENTAL RESULTS

5.1 GENERAL

Extensive test results on the internal force distribution

at various stages of loading prior to collapse were obtained from

the tests of the beams described in chapter 4. For the sake of

discussion of the internal stïess distribution, one beam has been

selected as typical. The results of this beam, IIIA-J, are des-

cribed in this cl'rapter. Results obtained from each individual bean

are summarized graphically in Appendix III.

some of the experinental results are tabulated in Appendix

II. However, due to the large volume of strain gauge data, the

results of DEMEC rosettes, electrical resistance strain gauges,

horizontal gauge line readings, horizontal displacernents and inclined

gauge line readings have been compiled into a separate report*.

The primary objective of the tests, the results of which

are presented in this chapter, rvas to verify the various aspects

of diagonal failures of beans developed in chapter 3. Bean IIIA-J

was selected as typical as it failed in shear conpression. The

internal force system in this bearn could therefore be studied both

before the appearance of the critical diagonal crack and after it

* SHAH, 4.4., "Strain Gauge Data - Some Aspects of the Diagonal
Failure of Reinforced Concrete Beams," Report No.
CE-3/73, Department of Civil Engineering, University
of Manitoba, June 1975, pp.1Sg
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was stabilized. Besides, only a few gauge lines were affected by

cracks in this beam and a rather complete set of strain gauge

data was obtained. However, since all aspects of the diagonal

failures could not be verified from the results of one typical

beam, supplementary remarks are included, stemming from the

Tesults of other bearns, details of which are given in Appendix III.

Frorn the distribution of longitudinal flexural strains

in the concrete and in the reinforcement, it is shown that with

the onset of flexural cracking, longitudinal compressive strains

develop in the "tension zone" of the bearn in the vicinity of the

cracked sections. As flexural cracking proceeds outwards, frorn

the centre of the beam, these compressive strains also develop

progressively outlards. However, such compressive strains develop

in the region of the bean closer to the supports and directly

over the supports only after the appeaïance of a critical diagonal

crack and its stabilization" These observations are consistent with

the progressive developnent of internal arching described in

Chapter 3"

From the results of the distribution of longitudinal

flexural strains in the reinforcement, it is shown that bond forces

were reduced within the region where longitudinal compressive strains

developed in the "tension zonefr of the bearn. The tension force

in the reinforcement over the supports remained negligible untit

critical diagonal cracking took place. At this stage, the tension
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force in the reinforcement directly over the supports increased

significantly if the diagonal crack became stable. During sub-

sequent stages, the bond forces continued to decline in magnitude

and in some cases disappeared totally near collapse.

In many cases, high tensíle strains were recorded at the

compression face of the beam above the diagonal crack as it propagated

into the compression zone of the beam. In relatively slender beams

which failed suddenly at the appeaïance of a diagonal crack, failure
was generally accompanied by a tension crack from the compression

face of the beam dolnwards. This also was consistent with the

presence of high tensile stresses above diagonal cracks and with

the flexural-tensile failure described in Chapter J.

The observations of the developrnent of compressive strains

in the lower half of the beam closer to the supports in beams of

row a/d ratios after diagonal cracking are substantiated by the

results of the distribution of concrete strains over inclined gauge

lines" The results indicate that after critical diagonal cracking,

the compressive force became inclined at a considerable angle between

the load point and the supports. These observations are also

consistent with the developnent of complete arching after diagonal

cracking.

Horizontal displacements at the reinforcement leve1 have

been plotted from the hori zontaL gauge line readings to show the

effect of bond forces and internal rotations. After diagonal

cracking, the horizontar displacements increased considerably.
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From the calculations of crack widths at various road levels,

it is shown that the diagonal cracks opened up significantly after

diagonal cracking, due to internal rotations in the compression

zone. The width of diagonal cracks at the reinforcement level

increased many tirnes fron their initial value at first diagonal

cracking. This permitted translational displacements to occuï

at the cracked sections resulting in a progressive reduction of

the bond forces. In some cases the tension force in the reinforcernent

was alrnost constant along its length at conditions nearing co11apse.

Such observations further support the development of complete

archi-ng after the stabilization of the diagonat crack. Longitudinal

flexural strains in such cases showed a shift of the neutral axis

upwards at midspan sections. Calculations of internal rotations

from diagonal crack widths showed that internal rotations increased con-

siderably after the appearance of diagonal cracks. At the same

time longitudinal compressive strains increased considerably on the

compression face of the beam under the load point, resulting in a

shift of the resultant compression force upwards. These observations

are consistent with the simultaneous presence of beam and arch action.

Results of the various beam tests showed that beam and arch

behaviour were both present in the shear span of all beams regardless

of the shear-span depth ratio, the percentage of reinforcement or

the manner and the type of loading" The test results were thsL

analyzed to determine the influence of these variables on the type

of diagonal failure and on the ultimate capacity of the beams.
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For concentrated loads, diagonal tension failures took place for

afd rattos of 2.5 and above until an a/d ratio was reached that was

high enough to permit the flexural capacity of the section to be

attained. For ald ratios between 1.0 and 2.5, the failure was

of the shear compression type. The poj.nt of ninimum beam strength

(expressed as a ratio of actual bending strength to fu1l flexural

strength)was observed tobe at ana/d ratio of. 2.5, regardless of the

percentage of longitudinal reinforcement. With an increase in the

longitudinal reinforcement, the range of diagonal tension failures

increased, as would be expected.

It was for.rnd that the diagonal tension strength of beams

uniformly loaded ivas higher than those loaded througlt concentrated

loads. Loading through secondary bearns did not reduce the diagonal

cracking load but reduced the ultimate strength of beams failing

in shear compression.

The above observations are fuIly in agreement with the

conceptual model of diagonal failure described in Chapter 3.

5.2 DISTRIBUTION OF LONGITUDINAL FLÊXURAL STRAINS IN CONCRETE

The test results for beam IIIA-3 are sulnma'rized in Figures

5.1(a) and (b). Details of the propagation of cracks and the locations

of various sections and gauge points are shown on Figure 20,

Appendix II.

0n1y a limited number of loading stages are plotted in
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Figure 5.1(b). Llowever, electrical resistance strain gauge readings

for this beam were taken at 2,500 pound intervals. Details for

intermediate readings are provided during the discussion wherever

necessary. Strain readings have been plotted at each vertical section

at 0,4,8 and 12 inch depths. In Figure 5.i(b), strain readings

at 16 inch depth are the average strains in the reinforcement.

Wherever a reading was not available at an intermediate point, the

strains at two points have been joined by a dotted line. A1so,

when a reading was affected by a crack passing under the electrical

resistance strain gauges or through the DEMEC measuring points,

it has been joined by a broken chain line, signifying the presence

of cracking.

5.2.L. DEtr{EC Data (Figure 5"1a)

The first flexural cracks appeared at a load of 20 kips

and the first DEMEC readings were taken at a load of 30 kips. At

this stage, compressive strains had already developed at et(72)*.

Observations of crack pattern for this beam (Figure 20, Appendix II),

show that the niddle portion of the beam upto and including section

ef had shown some flexural cracking at a load of 30 kips. All other

gauges at the l2-inch leve1 at sections at, b', ct and d?showed

tensile strains at a load of 30 kips. At the compression face,

* Letter signifies a particular
figures within the parenthesis
bearn where the gauge point is

vertical section while the
represent the depth of the

located (Figure I.6, Appendix I)
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compressive stÏains existed at all sections except directly over the

support where tire strain remained zero.

The second set of DEMEC readings was taken at a load of
50 kips. At this stage, frexural cracking had extended to section

cr. However, a flexural crack had crossed gauge ct (rz) and there-

fore the reading of this gauge was affected by the crack. The

gauges at ti-re l2-inch leve1 at sections e' and dr both showed

compressive strains while those at at and br continued showing

tensile strains. It was further observed that the compressive

strain at the compression face generally increased with load except

at sections close to the support. Tensile strains developed directly
over the support on the compression face.

A critical diagonal crack appeared at a load of 60 kips

and became stable 4 r/2 inches below the compression face of the

beam. At a load on 70 kips, another major diagonal crack developed

in the other end of the beam while the previous crack extended to

within 2 inches of the compression face of the bean. DEMEC readings

were taken at a load of 75 kips. It was observed that there was

a very sharp increase of the compressive strain at the compression

face at section e1. I{hile the compressive strain at sections dt

and creither rernained constant or decreased, strains on the compression

face dj-rectly over the support remained tensile. Further, in the

lower half of the beam, at the 12-inch 1evel, compïessive strains

were recorded at all sections from the supports towards the mid-

section. It can be seen that the centre of compressive force
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at section er shifted upwards while it shifted progressively down-

ward at sections dr, ct, b' and ar, towards the support. If the

locations of the resultant conpressive forces at the various sections

are joined, the profile of an arch is obtained.

The beam continued taking further load as the critical

diagonal cracks rvidened. Another DEMEC reading was taken at a load

of 90 kips. At this stage, compressive strains at sections ct and

dr at the compression face diminished significantly while maximum

compressive strains appeared at a depth of about 4 inches. The trend

at the l2-inch level was exactly the same as it had been at the previous

set of readings. Large compressive strains at the conpression face

at sectior e', close to the tip of the diagonal crack, show a shift

of the resultant compressive force upwards and significant internal

rotations within the cornpression zone after diagonal cracking.

5,2.2. Electrical Resistance Strain Gauge Data (Figure 5.Ib)

Examination of the data from the gauges located at the

l2-inch leve1 showed that tensile strains developed initially at

all sections. Gauges e(I2), d(72), b(12) anð a(I2) recorded

maximum tensile strains at 17.5, 32.5,57.5 and 57.5 kips respectively.

However, after recording a maximum value, these strains dropped

consistently, ultimately becoming compressive at 27.5, 40, 65 and

72.5 kipsrrespectively,for the above gauges. Cracking interferred

with strain readings at c(t2). This gauge showed high tensile
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strains before it finally broke at a load of 60 kips. Evidently

the large tensile strains, before the gauge broke, do not represent

the actual strain distribution at this location but rather are more

an indication of the crack width. SimiIa'rly, gauge f(IZ) at midspan

broke earl-y as a flexural crack crossed the gauge.

Frorn the above can be seen the progressive development of

cornpressive strains in the lower harf of the beam after flexural

cracking, starting at the midspan and developing towards the supports.

These results are quite consistent with data from the DEMEC end of the

beam.

An examination of the strain distribution at the compression

face shows that after the appearance of the critical diagonal crack,

tensile strains developed at section c. As the load was further

increased, tensile strains developed at section d as well. This in-

dicated the presence of high flexural-tensile stress above the dia-

gonal crack.

At sections e and f, the compressive strains at the

compression face continued increasing witl-r j-ncreasing load. After

critical diagonal cracking, the location of the neutral axis at

these sections shifted upwards as did the resultant compressive force

5.2.3. Results of Other Beams

As already indicated,

are presented in Appendix

detailed results of individual beam

III. It was observed that in beamstes ts
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that failed at the first appearance of a critícal diagonal crack,

the initial tensile strains at the 12 inch leve1 changed into

compressive strains in the region of the beam from the centre line to

the nidshear span" However, strains in the lower half near the

supports of the beam remained tensile up to failure. Furtherrnore,

maximum compressive strains were recorded at the compression face

and the compressive force was not lowered up to failure. These

results suggest that internal arching remained incomplete in such

cases and failure lvas governed by the strength of the concrete

cantilevers. A good example of such behaviour, that of beam IC-s,

is shown on Figures III.14(a) and (b) in Appendix III.

5.3 DISTRIBUTION OF LONGITUD]NAL FLEXURAL STRAIN IN TI-IE REINFORCEMENT

The distribution of the longitudinal flexural strain in

the reinforcement for beam IIIA-3 is shown ì-n Figure 5.2. The

nominal yíe1d stress of the reinforcement was 50 kips per square

inclr, which gives a strain in the reinforcernent of 16.67 x 10-4

at yielding, assuming a rnodulus of elasticity of 30 x 106 p,ounds

per squaïe inch. lVhen the stress in the reinforcement is below the

yield stTess, the tension force in the reinforcement can be obtained

from the strain reading and from the proportionality of stress

and strain. However, when the strain exceeds that at yielding of the

reinforcement, any increase in tension force results from strain

hardening of the reinforcement, and the force must be obtained from
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the stress-strain characteristics of the stee1.

The bond force transferred to the reinforcement is the

difference of the tension force in the reinforcement at opposite

sides of the concrete cantilevers. Since the longitudinal flexural

strain in the reinforcement is proportional to the tension force in

the reinforcement, the distribution of this strain is a rneasure of

the distributíon of the tension force in the reinforcement. However,

when a portion of the reinforcement has yielded, even relatively

large differences in strain amount to only a srnal1 difference in the

tension force in the reinforcement. The longitudinat strain distribution

can thus be used for determining the bond forces in the reinforcement.

The longitudinal strain in the reinforcement in bean IIIA-3

varied according to the variation of the bending moment diagram at

earlier stages of loading. Strains in the reinforcement at the

support rernained negligible upto the time the critical diagonal

cracking was observed at a load of 60 kips. However, as flexural

cracking proceeded fron the midspan region of the beam outwards,

the sections within this range showed higher strains than those

compatible with the bending moment variation

A major change was observed in the distribution of

longitudinal flexural strains in the reinforcement after diagonal

cracking. Whereas the reinforcement had not yielded anywhere before

diagonal cracking, a portion of the reinforcement in the midspan

region yielded at critical diagonal cracking" Furthermore, Figure 5.2
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shows that significant strains developed over the supports and

sections c10se to the supports at a 10ad of 75 kips. As the

loading was increased further, the stTains at sections close to

the supports continued increasing at a faster rate than those in

the midspan region. This beam faired at a load of l0l kips. Just

prior to failure, the reínforcement in the entire span length was beginning

to yield. At this stage the tension force in the reinforcement

was virtually constant throughout the span length.

It can be observed that with the appearance of flexural

cracking, the bond forces in the midspan region of the beam were

generally smaller than in the outer regions of the beam. The

possibility of a sudden diagonal failure was, therefore, greater

at the outermost flexural crack where tl're bond forces were more

than those in the inner portions of the bearn. when the critical
diagonal crack became stabilized, the bond forces were reduced

considerably. However, they were not entirely elininated and dis-

appeared only near ultimate failure. In the previous section, it
was observed that compressive concrete strains developed in the

regions of flexural cracking in the lorver half of the beam.

Longitudinal strain diagrams in the reinforcement showed that bond

forces were sti11 in existence within this zone. However, as these

bond forces were smaller in the inner regions of the bearn, internal

arching was accompanied by the action of the concrete cantilevers.

In slender beams, when the capacity of these cantilevers was

exceeded, failure took place at the appearance of a critical diagonal



los
::ï:-:--:- T : ---r ------- -i--ì--l .j 

: i = T,,l--T- r:-- - ir ---i-: :- -:.i::l:'l:ì.i --,..--- l, i* j.,-.i .1.::. 1-- i
ì. : i r I , I. I I I i
l:,. ..:..:.f. -:.i.. .i,:- L - l.:..:* .:.:--: .J.: .1. .. I
ì.:i!l,r.lrl' i i i i,' i: i ; ' i

i

!lrl,il;i.i
;:l.j

i,ll,i'll'i i:i,li!,i.i¡ril.ii
:-- -'---: il --.:--- L- :- -'.rrr:,i.1'

--ì-T--:-: -:-:-ì
lrlf,..--r

i'"ì

t(J.i.;:Il,
I | -')t ; I'i'i ì'i

--- t -,----
:l : : : : : I i '

l-.- i..'-: , 1,, . : i., i.i-i-| , i I . , tâ I I i i i i i,"t
: l ;\ . , i I- -, ..1 ", -i- :- : I I

- -: --f'". -i- : - : I l l r'--.; - i- :: .r .._. L _,.__i I i I i._,_.i,_ i. . . i_ ;' L__ ____l _

.i;:llli:.i;
-i. . i.- -- i I I I -, l-:-. I -'. i,i'i-illl:i'l-._J_ __1 i:l I i_,, i .l_,_,.l-i:lrli.,i irtt

:

I--- -: -
:l lrl rl

l---
Lds
ul
U,x
o
lJ-
2
ìrl
ú

l¡l

Þ
L

:
?
u
t--
Ø

I \¿

.l ; lt

I
I

r I -.. l----- .l ..L-.- --I I i , *l i , ¡ix

illi
¡ll,
tl

ìJ'<
l-¿
io
lflr.t-I Lf)lzjo
lJÌ- -,
FOi t.,

L_l
hJ

<L!
m
It
ry
Lo

TD

L--

rl
rl
l,

o
tO

N
n
.:

i

_l
I

.f
N

-::

"l'
RI

\i
t;__t;

!
ta ,a-\

f
o
ttì

I

'I

v
o

ìf)

I

i:

\\
i\l\

:l;"-'l \i
.l.l

t

I

----: -:-l..:.1
I

--'- --T

:... : . -,.:
!

l.\tr \;,\: \:

':
cO

:

\, 
'\

ncfcrs lo the Ccntlrnctcr

¡l

(v-or) NrvlJIS:-

I

. ^___ i



r06

crack.

Values of longitudinal flexural strains in the reinforce-

rnent are plotted for individual beam tests in Appendix III. In these

results, it is shown that in beams failing by diagonal tension at

the appearance of a critical diagonal crack, the strains in the

reinforcement at the supports remained negligible up to failure.

, Failure generally took place at the outermost locations of the

flexural cracks where the bond forces were a maximum. Beam IA-5

shown on Figure III.27 of Appendix III is a good example of this

behaviour. On the other hand, in case of beams failing by shear-

compression, the bond forces were reduced considerably after

diagonal cracking.

5.4 DISTRIBUTION OF CONCRETE STRAINS OVER INCLINED GAUGE LINES

The clrstribution of concrete strains over inclined gauge

lines along rvith the location of the gauge lines is shown for

bean IIIA-3 in Figure 5.3. The Figure shows that before critical

diagonal cracking at a load of 60 kips, the maximun compressive

strains existed at the compression face. Holever, a significant

redistribution of stresses occurred at critical diagonal cracking

and subsequent stages prior to ultimate failure of the beam.

Maximum compressive strains shifted downwards almost to the location

where the original neutral axis was located. A comparison of the

magnitudes of the compressions at cr on Figure 5.1(a) and Figure 5.3
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indicates that the compressive force became significantly inclined.

Diagrams representing the results of inclined gauge

line readings are shown for individual beam tests in Appendix III.

5.5 DISPLACEMENTS RESULTING FROM BENDING OF CONCRETE CANTiLEVERS

AND ROTATION OF THE COMPRESSION ZONE

It iras already been explained in Chapter 2 how displace-

ments can occur due to the bending of concrete cantilevers and the

rotations of the compressive zone. HorizontaL dispiacements of the

vertical sections rvere measured as folIows.

Three horizontal gauge lines A, B and C at depths 2 in.,

5 in., and 16 inches i\Iere run from the vertical axis of syrnnetry at mid-

span. The gauge points of each 1evel weïe a continuous measuring

line starting from the midspan, at 8 in. intervals. At various

loading stages, strain readings were converted to length differences

for B in. measuring intervals. The total horizontal displacements

of a point is the sum of all measured length differences between

this particular point and the inidspan. If plane cross sections were

to remain plane, the displacements of points at leve1 C (reinforcement

leve1) could be worked out from a line joining tlte displacernents at

levels A and B in the compression zone of the beam. The difference

between the projected displacements of points at level c and those

measured at this point, gives the total horizontal displacement of

the points at the reinforcement level due to the bending of concrete
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cantilevers and the internal rotations.

Results of the horizontal displacement measurements of

concrete cantilevers for beam iIIA-3 are shown on Figure 5.4.

The maximun displacenent at 50 kips rvas only 3.33 x 10-3 inches.

However, after critical diagonal cracking at 60 kips, tliere was a

significant increase of the horizontal displacement at the reinforce-

ment 1evel and a maxirnurn value of 30.83 x 10-3 inches was recorded

at 90 kips.

Values of horizontal displacement at the reinforcement

leveI are shown graphically in Appendix III for individual beam

tests. It was observed that for all bearns failing at the appearance

of a critical diagonal crack, the horizontal displacenents were

generally 3 to 4 times snaller than such displacements near collapse

in beams failing by sl'rear compression. Substantial increases in

the displacements at the reinforcement 1eve1 invariably occurred

after critical diagonal cracking. Since the action of the bond

forces is not so important at this stage, the results clearly point

towards large internal rotations after tlre formation of a rnajor

diagonal crack.

5.6 CRACK IVIDTFIS AND INTERNAL ROTATIONS

Crack widths and internal rotations

equations 3.4 and 3.5 presented in Chapter 3.

strain gauge data is of no parti.cular use in

as such a gauge breaks at a limiting tensile

are calculated from

Electrical resistance

calculating crack widths

strain due to cracking.
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crack widths are calculated from results of DEMEC gauges. DElvlEC

gauge points were placed at fixed locations and so there was no

control on the location of the gauge points relative to the cracks.

It was, therefore, entirely coincidental if the inclined crack

crossed the DEMEC rosettes. Flowever, in quite a few cases, especially

in beams failing by shear-compression, the cracks did cross the

rosettes. Measurements were also taken on 8-inch inclined gauge

lines and on 2-in. gauge lines, perpendicular to the B-inch gauge

lines. In some cases, the cracks crossed the inclined gauge lines

perpendicular to the neasuring line and the crack width could be

calculated directly from the reading.

The location of the crack within a DEMEC rosette had to be

noted carefully. Sometimes a crack crossed all the measuring lines

within a rosette while at other tirnes the crack crossed only one or

two of the measuring 1ines. A careful observation of the angle at

whicli the crack crossed the gauge points was required, and these

angles were measured directly from the beams.

Significant opening of cracks was observed after stabilization

of diagonal cracks. In such cases the strain due to cracking was

mucl'r higher than the nornal strain distribution. Crack widths and

internal rotations were calculated from the total strain reading at

each load 1eve1, assuming all deformation was due to the crack.

However, the error associated in calculation of crack ividths neglecting

normal strains is small and since the relative magnitudes of crack

widths and internal rotations l^tere required, the calculations were
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considered to be sufficiently accurate. using this nrethod, it was

found that in shcar-compression failures, the rvidth of diagonal

cracks at sectiolts renoved from the tip of the crack increased many

tinres from their value at diagonal cracking.

Crack wiclths and rotations of the compression zone for two

typical beams failing in shear compression are norv cliscussed. Crack

widths and internal rotations for individual beam tests are given in
Appendix III.

5. 6. 1 Beam IA- 1

FIG. 5.5 DEÌ\ÍEC ROSETTES AND DIAGONAL CRACK: BE¡\Tí IA-1

Figure 5

DEMEC rosettes at

I and 2 and crack

Equations 3.4 are

.5, shols the critical diagonal c::ack crossing two
JIe(4) and d(8) respectively. These points are marked

angles at these locations are also shown on the figure.

u-sed to dete¡núne crack widtlls.

X-*, Ì"tAx. LoAÞ =195R



Load
( Kips ) 80 100 r20 150 I80

_76t (10 ") in r.046 7.694 2.742 2.590 2.938

-?6i (10 ") in 1.096 r.792 2.590 2 .540 4.532

a* (to-3) in. 1.516 2 .468 3.360 3 .630 5 .400

ei r4o 30, L4o 40, l8o 20' r2o 40, 2so lo'

c$ (10 ") in. I .465 2.390 3-190 3. s40 4 .880

tr3

Point(I) 0=5Bo

*Figs. 3.1I and 3.I2

Point2 O=52o

The rnaximum crack width at point 2 was 23.50 x 10-3 in.

at a load of 180 kips. At point 1, the width of crack remained sma1l

throughout and was only 4.88 x 10-3 in. at 180 kips. Point I was

located quite close to the tip of the diagonal crack. If the centre

of rotation is assumed to be near the tip of the crack, it is reasonable

to find that the width of crack at points close to the centre of

rotation remains small. The location of the centre of rotation can

Load
( Kips ) 50 80 100 120 150 180

6n (lo -) in. 2 .440 s.674 7 .320 8.764 9.672 12.300

_76 ll0 "l in. 2.r92 6.674 9 .362 72.3s0 77 .330 22.4r0

a (10 ") in. 2.265 8.760 11.890 15.130 19 .800 25 -600

o-1 so sot tlo 40' l4o o' 160 30' 23o o, zso 20,

-?c 110 ") in.
w

3.26 8 .58 11.s0 14.50 18.22 23.50
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be found at any load leve1 by applying equations S.5 to points

I and 2. For example, the dista¡rce between points I and 2 arong

the line of the diagonal crack rvas found by measurement to be

5.66 inches. If .Q,01 r'epresents the length from the centïe of rotation

to point 1, the follorving relations can be derived at a load of

B0 kips.

A = 1.516 x 1o-3 = lot 0. (poinr 1)

and

A = 8.76 x 10-3 = (tol * s.66) 0., (Poinr 2)

Solving the above equations, [01 = 1.19 in. Using this

value, 0. = L.28 x 10-3 radians.

If .q,01 values are calculated for other load Ievels, they

remain sinilar, varying fron 1.20 to 1.62 inches. However, exact .00,

values for each load may be used for finding the internal rotations.

It is found that the internal rotations keep increasing with increasing

loads and at 180 kips, 0. = 3.56 x 10-3 radians. Large compressive

longitudinal strains were observed under the load point during these

s tages

Readings of the inclined gauge lines between points FG*

a.nd ErFt* (where cracks cross these lines) also show a rapid increase

in the width of the diagonal cracks after diagonal cracking.

* Appendix II shows photographs of beams and Appendix III shows plots
of inclined gauge 1ines.



5.6.2 Ileam IIIA-3

r15

cR.À¿ l<

I

4

ÞETAI L xr dØ'

Fig. 5.ó DEl,lLC ROSETTES AND DIAGONAL CRACK: BEAI'I IIIA-3

Though the final failure occurred on end Nl, a najor diagonal

crack existed on end N2, rvhere DËI'IEC readings were taken. This crack

crossed the DEl"fEC rosettes at c(B) and d(4). At d(4), this crack

crossed the DEI''IEC rosette in a rather peculiar fashion (Figure 5.6).

While the general sJ-ope of the crack profile at d(4) was arouncl 20o,

the crack bent liorizontally to pass through the vertical gauge points

of the rosette on1y. Since the crack rvas horizontal while passing

the vertical gar-rge Iine, this reading was taken directly as the crack

width. The width so calculated varied from 19.920 x 10-3 in. at

75 kips to 49.054 x 10-3 at 90 kips

Follorving crack widths were recorded at c(8)

0=55o
Load (Kips) 60 75 90

4.33 25.00 5s .00

If the centre of rotation is considered to be located at the

tip of the diagonal crack, an internal rotation of 1.59 x 10-3 and

3.92 x 10-3 radians at a load of 75 anct 90 kips respectively is obtained

,
íY'+--

5.ó DEl,lLC ROSETTES AND DIAGONAL CRACK: BEAI'I IIIA-3
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from crack widths at dQ). Consideration of crack widths at c(8) at

the same loads gives the rotations as 1.16 x 10-3 and 2.56 x 10-3

respectively at the same load leve1s. It seems that the crack width

at d(a), which is only 72 I/2 inches from the tip of the crack, is

not compatible with the centre of rotation located at the tip of the

crack. If the two crack widths are to be compatible rvith each other,

the centre of rotation should be located about 35 inches away from d(4),

i.e. sonewhere in the midspan region. If the centre of rotation is

considered to be so located, the respective rotations at d(4) and c(8)

at 90 kips are reduced to 1.4 x 10-3 radians. There is no doubt that

significant rotations did develop, though there may be a question about

the location of the centre of rotation or whether the width of crack at

d(4) was abnormally high. Maximum width of diagonal crack on inclined

gauge lines between DrEtwas recorded as 61 x 10-3 inches.

5.6.3 Results of Other Tests*

It was found that diagonal cracks widened significantly in all

beams eventualLy fatling in shear compression. In sone cases, the width

of the diagonal cracks was nearty 0.07 inches at locations removed from

their tips. 0n the otirer hand, the width of cracks in beams failing

suddenly at tl-re appearance of a diagonal crack remained sma1l up to

failure. The average rvj-clt¡ of cracks before failure was about 3.5 x 10-3

inches and in no case did the width exceed 6.Zx\0-3 inches. This shows

the wide difference in the rvidth of cracks for bearns failing by diagonal

* See Appendix III.
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tension and shear compression and clearly points out towards signifi-

cant rotations of tire compression zone after diagonal cracking. These

results are consistent rvith the conceptual model of diagonal failure

presented in Chapter 3.
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5.7 INFLUENCE OF DIFFERENT VARIABLES ON BEAM STRENGTH AND THE

MECHANISM OF FAILURE

A number of factors arising from the results of the beam

tests are tabulated in Tables 5.1 to 5.6.

The ultimate moment, Mrr, for each beam was calculated on

the basis of the maxj-mum loads. Flexural capacity of each bean

was calculated using both the actual yield strength of the

reinforcement (Mrt) and with the nominal value of 50 ksi used for

the entire test series (%r). Dimensionless indicators of comparative

beam strength, t.r/tfr. and Mrr/Mrl aïe plotted as functions of a/d

or the l/d ratio for each series and shown in Figures 5.7 and s.g.

For uniformly distributed loads, the ultimate moments are cal-

culated both for the definition of shear span equal to one-fourth of

the span length of the beam and for the actual critical cross-section

of failure as observed in the tests. The comparative moment values

obtained using the actual observed cross-section of failure are

shown with dotted lines on the p1ots.

A problem arises in the interpretation of the dimensionless

indicator of beam strength, t.,/*f' because it varies with any changes

in the value of flexural moment. The flexural moment, Mf1, it

calculated for the actual yield strength of the reinforcement of

each beam. But when diagonal failure occurs before yielding of

the reinforcement, M, is almost totally unaffected by the yield

strength of the reinforcement. Thus beams with different f, values



B
E

fu
Y

a/
a

rA
-1

*

t

F
 

l+
ac

+
\

À
c\

g-
U

u/

(p
sl

 )

r.
0

r 
a-

t

I

f, 
( 
te

st
)

t' lp
si

 )

49
92

l

1.
5

T
A

B
LE

 5
. 
I

T
E

S
T

 R
,E

S
U

LT
S

 -
 

S
E

P
.T

Ð
S

 T
A

2.
0

49
92

D K
ip

s

5L
l_

rA
- 

5

49
92

D K
ip

s

LA
-þ

3.
0

60
. 

00

s1
1

49
92

^(
\

T
ab

Le
 C

on
tin

ue
d

T
yp

e 
of

F
al

Iu
 r

e

43
75

51
1

*L
oa

d-
ar

ì 
l-n

L9
5

K
ip

s

50
.0

0

5l
- 

1

58
60

D D

4s
.0

0

qó
.'7

q

41
5

M
u=

37
.5

0

72
.O

0

s6
6

a'
P

u
2

37
.5

0

(K
-in

. 
)

39
 -

70

s.
 c

.

)a
 

c^

ç
f

(k
si

)

0.
52

8

37
.5

0

D
. 
T

.

o.
62

5

40
. 

50

M
¡t

(x
-in

. 
¡

1t
37

.0

49
.9

r5

D
. 
T

.

o 
.9

 -4
5

]r
52

 . 
O

I'r
t 

1

(v
-i 

n 
ì

D
. 
T

.

17
05

.0

l. 
00

0

50
. 

I5
8

19
4.

O

o.
92

5

i"i
 l_

t

,'k
a

so
 .4

47

I7
0s

.0

90
0.

0

17
1 

3 
.0

50
.0

34

r'r
u

I'i
r 
t

7o

L2
96

.O

L7
23

.O

97
.O

*

I7
0s

.0

50
.5

56

17
10

.0

l_
70

5.
0

97
 .O

*

50
.2

s5

17
30

.0

66
.3

I7
05

.0

66
. 

B

I7
19

.0

66
. 

s

I7
05

.0

46
-5

67
 .7

17
05

 .0

q,
 

rì

46
 .3

'l=
 

tr

c1
 

0

16
.O

F ts \o



¡lo
.

a/
 d

IA
- 

7

f"
 ( 

te
st

 )
(p

sl
)

IA
-8

5.
0

f-
 (

 te
st

)
(p

si
 )

6.
0

D
.T

. 
=

 D
ia

go
na

l 
T

en
sj

_o
n;

 
S

.C
.

M
rÌ

 
=

 fy
 A

=
 d

(I
_0

.4
R

).

K
 =

 p
 f

, 
( 
te

st
 ) 

/O
.ts

 f
i 

(t
es

t¡
 ;

58
60

5 
86

0

p -c K
ip

s

56
6

T
hi

s 
be

am
 w

as
 n

ot
 t

oa
de

d 
to

 f
 a

i-l
-u

re
 a

nd
 r

es
ul

-t
s 

us
ed

. 
ar

e 
on

e 
of

 K
an

i,s

T
A

B
LE

 5
.1

 (
C

on
tin

ue
C

)

P
u

K
ip

s

56
6

a1
 

çA

T
yp

e 
of

F
ai

l-u
re

30
. 

00

?ô
 

^^

34
.4

0

=
 S

he
ar

 C
om

pr
es

si
on

; 
p 

=
 f.

85
%

;

D D 'u

D
. 
T

.

x-
 =

 p
. 

T
r/

o.
15

 f
;(

no
m

in
al

);
 

ly
 

=
 5

0 
ks

i; 
fc

 
(n

om
in

al
) 

=
 5

 k
si

;

M
q=

 ê
.P

u
2

(K
-in

. 
)

D
. 
T

.

o.
96

2

o.
92

6

f Y

(k
si

)

I5
60

.0

L6
52

 -
0

"r
r

I 
v 

-i 
n

<
^ 

')r
ô

4.
(K

-in
. 

)

50
.1

87

17
r8

. 
0

Ù
kl

_ 
=

 f
y.

A
=

.d
(l-

-0
.4

K
) 

;

l_
71

6.
0

T
I ^,
u -t
a

17
0s

.0

l'i
u - ùtf
 f

17
0s

.0

oì
 

^

96
 .5

9t
.6

si
ni

la
r 

te
st

s.
 

(K
Ä

N
I 
- 

19
66

)

Õ
? 

^

P N
)



D
 

f 
l 

ì,

iJ
o.

a/
d

T
B

-2

f. 
( 
te

st
)

(p
si

 )

T
B

_4

1.
5

T
Ð

 
(

1C

f. 
(t

es
t)

(p
si

 )

41
98

IiJ
-b

3.
0

41
98

T
A

B
LE

 5
.2

T
E

S
T

 R
E

S
T

JL
T

S
 -

 
S

Ð
f;.

tE
S

 r
B

D
.T

. 
=

 D
ia

go
na

L 
T

en
si

on
; 

S
.C

. 
=

 S
he

ar
 C

om
pr

es
si

on
;

M
fl 

=
 f

y.
 

A
sd

(l-
0,

4r
)

M
tt 

=
 f

y.
 

À
s.

d(
l_

-0
.4

1{
)

K
 

=
 p

. 
fO

 (
te

st
) 

/0
.'l

S
 

f 
. 

(t
es

t)

K
 

=
 p

. 
fv

/O
.7

5 
fc

(n
om

in
al

)
l"

f.(
no

m
J-

na
l) 

=
 4

ks
i- 

fo
.r

 b
ea

m
s 

T
B

-2
, 

IB
-4

 a
nd

 I
B

_5
;

* 
R

ec
tif

ie
d

¿
ô

D
c

K
lp

s

41
98

49
3

49
92

D 'u K
ip

s

49
3

)a
 

c

49
3

T
yp

e 
of

F
ai

lu
re

a1
 

c

t 
la

 
Ê

5t
L

35
-0

Þ -c Þ -u

?o
 

)

Þ
. 

L.

3'
l .

5

??
 

(

lÁ
 

=
 

- 
ñ

r'r
u 

o.
 r

u
2

(r
-in

. 
¡

D
. 
T

.

0.
34

5

1ô
^

0.
93

5

c 'y (k
si

)

I4
'7

0 
-O

D
. 
T

.

0.
98

0

76
6.

O

M
fl

(x
-:

-n
. 

¡

o.
96

2

'7
 4

.9
67

90
0.

 0

tr
t

(K
-in

. 
)

p 
=

 I
.4

I%

74
.9

67

L2
 -

48
.0

l_
87

0.
0

I 
4 

-9
61

I8
70

.0

r'I
Ll ,tt
 t

L2
68

.O

47
 .9

44

t8
70

.0

5 
ks

i 
fo

r 
be

an
 f

B
-6

,.

;- l"f
 r

I2
6B

 - 
0

L2
43

.O

7A
.6

12
68

.O

4I
. 

0

L0
0.

0

29
9.

O

Á
Õ

 
1

60
. 

5

t0
0.

 3

7L
.0

fy
 =

 5
0k

si

96
.0

ts N
)

H



D
r^

\,

i\Ì
O

 -

a/
c

ti 
)

f"
 ( 

te
st

 )
(p

si
 )

c-
5

l_
.5

L-
O

3.
0

fi 
( 
te

st
)

(p
si

)

53
57

4.
O

D
.T

. 
=

 D
ia

go
na

l T
en

si
on

;

M
f 
l_

 =
 f 

yA
sd

 ( 
1-

0.
 4

K
) 
; 

ilr
,

,l

K
 =

 p
 f

y/
O

.7
5 

f 
c(

 no
rn

in
al

);

53
57

T
A

B
LE

 5
.3

T
E

S
T

 R
E

S
L'

T
,T

S
 -

 
S

5R
,I3

S
 T

C

D 'c K
ip

s

s3
57

52
5

52
5

v -u K
ip

s

50
.0

52
5

T
yp

e 
of

F
al

 l-
 u

re

36
.0

a1
 

1

31
.4

40
 .2

S
.C

. 
=

 S
he

e¡
 C

or
np

re
ss

io
n,

.

=
 7

 
^ 

J/
r 

^ 
^1

, 
^

- 
,v

 
^s

 
ql

.r
-u

.+
Y

\)
; 

t(
 

- 
p

f.(
no

m
in

al
) 

=
 5

 k
si

, 
T

y=

P
c

D 'u

3I
.4

M
=

âD
'lr

 
*"

 
u

2

(x
-i-

n.
 ¡

0.
57

0

F

^ 
aô

?

ç (k
si

 )

IO
52

.4

1.
00

0

96
4 

-8

(K
-in

. 
)

49
.0

9I

P
 =

 I.
O

3%
;

t

fO
.(

 te
st

) 
/O

 .7
5 

f"
 (

 te
st

) 
;

50
 k

si

10
04

.8

^A
 

A
^)

lz
-in

 
ì

96
5.

5

44
.4

64

96
4.

 O

"r
1

98
r.

0

96
3.

0

X
s- ¡k
r

9B
t-

o

r0
9.

0

98
1.

0

IO
0.

 1

ro
7 

-4

r0
4.

 4
r0

2.
5

N
.)

N
)



-r
1 

-É
¿

!¡
vl

N
O

.

a/
a

I 
IA

-2

I

f 
(t

es
t)

n (p
si

 )

1.
5

rr
A

-2
 (

b

f-
 (

te
st

)
(p

si
 )

IT
A

-4

5I
52

T
A

B
LE

 5
.4

T
E

S
T

 R
E

S
LT

LT
S

 -
 

S
E

P
.IE

S
 T

I 
A

( 
sE

C
O

ì{
D

À
-R

.Y
 B

eN
.l 

LO
A

D
T

N
c)

1t I.J

I 
T

A
-6

tÊ
.

P K
ip

s

D
.T

. 
=

 D
ia

go
na

l 
T

en
si

-o
n;

l.l
f 
I 

=
 f

,, 
A

* 
d(

l_
-0

.4
K

) 
î

1)
1A

54
7.

O

4"
O

5!
52

P
u

K
ip

s

f"
(n

om
in

al
) 

=
 5

 k
si

,.

50
. 

o

51
52

74
r.

5

T
yp

e 
of

F
ai

l- 
ur

e

55
.0

51
7 

-O

60
. 

o

54
7.

O

D 'c D
-

C
ro

ss
be

am
sh

ea
re

d
of

f

)a
 

Ê

s.
 c

.
; r4

fl 
-

=
50

B
I. 

O

-'u
 *

" 
u

-;
-- L

(K
-in

. 
)

7 v

??
 

c

0.
91

0

39
.6

S
he

ar
 C

om
pr

es
si

on
,.

F
" 

o"
 d

(r
-o

 .+
le

; 
Kqa

37
 .5

ç
r

(k
si

)

D
. 
T

.

66
0.

0

o.
74

0

D
. 
T

.

ì\4
r 

r
--

!I (x
-in

. 
¡

0.
91

7

q)
 

)1
)

97
2.

O

h 
=

 
I 

O
tr

o/
y 

L.
oJ

/o

=
 p

fy
(t

es
t)

 /
O

.ts
 f

l(t
es

t)
 ;

t.0
00

"r
t

1l
¿

- 
i n

79
2 

-O

l_
78

0.
0

tr
l 

o1
tr

l_
 2

00
. 

o

M
u

M
rr /o

t7
0s

.0

52
.0

16

tB
2B

.0

Iu
-

1'
1f

 1

51
.7

11

I'7
7s

.O

37
.0

5

I7
05

.0

I7
61

.0

38
. 

70

l_
70

5.
0

( 
I 

t^

l_
70

5.
0

F
. 
=

 e
T

r/
t 

'(n
om

in
ar

);

Á
 A

 
--

57
.0

0

68
. 

00

L^
 

q^

70
.4

0

ts N
)

(¡
J



D
r¡

\¡

¡la
)

a/
d

rr
rn

 
)

iir
À

-6

f.(
te

st
)

(p
si

 )

r.
56

T
A

B
LE

 5
.5

T
E

S
T

 R
.E

S
LL

T
S

 -
 

S
T

R
T

E
S

 II
I 

A
 (

us
in

g 
a=

I/4
)

(u
N

rF
op

J.
r 

Lo
À

D
)

rI
A

-8

a 
cc

D
. 
T

. 
=

 D
ia

E
on

al
 T

en
si

on
; 

S
. 
C

. 
=

 S
he

ar
 C

on
pr

es
si

on
,. 

p 
=

 I
 .A

5%
;

,tf
f 
I 

=
 f

y 
À

" 
C

(I
-O

.1
K

);
 

yf
 t 

=
 E

O
 o

" 
d(

l-O
 -

 -u
'î)

 |

* 
=

 F
fv

(t
es

t)
 /

o-
ls

 
fi(

te
st

¡;
 

R
 =

 p
T

o/
t"

(n
om

in
al

);
 

fj(
no

m
in

al
) 

=
 5

 k
si

;
* 

sh
ea

r 
ar

m
 is

 
de

fln
ed

 a
s 

on
e-

fo
ur

th
 o

f 
th

e 
sp

an
 r

en
gt

h 
(b

ea
m

s 
ïr

fA
_3

,
I/¿

 
ra

tio
s 

of
 6

.2
5,

 L
0.

25
 a

nd
 1

4.
25

 r
es

pe
ct

iv
el

y.
)

fa
 ( 

te
st

 )
(p

si
 )

58
 2

0

3.
 s

6

5e
20

-c K
ip

s

58
20

54
6

D K
ip

s

51
6

60
.0

54
6

T
yp

e 
of

F
ai

- 
l-u

r 
e

50
.0

10
1.

0

50
. 

o

66
.5

D Þ -u
.,u

tr
a 

Ê

0.
 5

8s

a'
tr

u
2

(K
-1

n.
 )

D
. 
T

.

o.
75

2

î ty (k
si

 )

12
62

.O

0.
95

3

13
63

.0

M
¡t (x
-in

. 
)

5I
.4

82

t4
98

. 
O

M
¡r

(x
-in

. 
¡

51
.7

r1

r7
80

.0

s1
.9

43

I7
90

. 
0

^'
u

l\¡
--

^ 
,T

.L

I7
05

.0

r7
98

. 
0

11
u

ì; I'r
f 

1

l_
70

5.
0

f 
=

 5
0 

ks
i.

v

III
A

-6
 

an
d 

Ift
A

-8
 

ha
ve

lI 
-o

17
05

.0

to
.z

73
.O

o?
 

Á

80
-o

a7
 .9

H t\) À



r25

'IÀBLE 5.6

CO}IPÀIìATIVD I"IOI.1 ENTS - .SFìIìrES IrI À

( uNrF.oRM LOÀD)

(Using ÀcLual Cross Sections of FaiÌure)

?/,, % o/r, ?/u ?/?' va % ?/'¿

J=41-r r r r______l
/*- lt --% I L - 

jó j1:_ -L/ p L dl*- le,-_%,Jr - 
jó j1:_ _llp J 4*1

t
x = Distance of the cross-.secti_on of

f=
)t1,

L. ,f
_J

failure from support.

BEÀM

NO. ( ob.s erv-
ed) in.

.l_
in.

x/t (Mu)x
(K-in. )

Mrt
(x-in. ¡

I'rf I
(x-i-n. ¡

(uu)"/r"ra, (uu ) .*,/lr¡ 1

rrrÀ-3 36 IO0 o.360 1166 l_ 7Bo 170 5 65.5 68. 5

rrrÀ-6 4I t64 0.250 l_020 r790 1"705 57.0 s9. B

tI TA_B 50 22A o .220 1034 I 798 170 s s7 .7 60 .7



^r-1
ú ll C
D \n 6-
\

ffi
'f=

l'¡
-,

 
:tt

-.
-,

',V
'::

i, 
-l*

]-
-'1

,-
i:,

,-
l-_

-l 
' i

 ' 
i--

r-
 i-

 ,-
 I 

L-
.i

,l,
,1

.:,
ri.

"l 
,: 

l.,
l .

l,l
..l

: 
:. 

t.:
..,

 
¡ 

i 
i 

I
-.

i'.
 .

1.
',,

1:
.,1

 =
 i,,

..i
...

-l:
j.-

l::
':[

.-
t..

:.i
-,

-,
1,

,.,
i 

- 
i. 

.i 
,-

i
I 

' 
; 

r 
i:'

 
l'|

 
! 

| 
i 

, 
. 

i

H

:-
v

jrt :-
--

 b ìq H I tp -.
v ll i

ñ o\



tl

127
---Ì - '-

l'
l

l:
I

I
I

:

I

;

'I

'.1

I

.:
-i-'-'l'o
' - -::.

_-- r-A 
i

¡ p =t. øs o/")

:i
i' ir'I
... ,l
'I
.t..,- -- f --

I

'I

¡

:

/o)(P' t's:'
:

fra(r=
:

g s ",.r".)
i

--
t2z4

?- 4 ., g ,o ,;- i(f t6 rB _-=,- L¡4

Fl6. 5,S -Cor.tp,\Ri'iTr\,/i irl ovr ¡lr 1,1,,,/{,\r'. \./s a,/¿ o' l¡¿

o

xrlô ft.t.3)l)



L2B

but, otherwise identical, would yield different values of Mrr/Mrr.

To renove this problen in this test series, Ma, it

calculated on the basis of the norninal yield strength which is the

same for the entire series of tests. If the actual steel stress

at failure is greater than the nominal value used,values of tr/M'

are greater than 100% and these values are rectified bv E /t' v' v'
using 100% as a lower value for M.r/Ç, after rectification.

The nominal yield strength for the series was 50 Ksi

which was used for calculations of conparative moments. The variation

of the yield strength of the reinforcement was within 4eo of the nominal

value for all tests except for the preliminary series of tests.

The calculated values for both tr/trt and Mr/M* in this investigation

are therefore close to each other and quite consistent for the

series. the only large difference lies in case of preliminary

beams rB-2, IB-4 and IB-5. Rectification was required for onry one

beamrlB-2, where t.,/Mf, is reported as 100%.

Following observations are made on the influence of

different variables in the study on the strength of beams and the

mechanism of failure.

5.7.1. The a/d Ratio

The pararneter a/d (or 1/d for r¡niform loads), rvas found

to have a very significant influence on the diagonal strength of

reinforced concrete beams. The point of mininum beam strength
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was obseïved to be at an a/ð, ratio of 2.5 for beams loaded by con-

centrated loads regardless of the percentage of longitudinal rein-

forcement. On both sides of this point of minimum strength the

capacity of the beam increased. Further, the beams between a/d

ratios of 1.0 and 2.5 failed in shear-compression while those between

a/d rattos of 2.5 and higher until the flexural capacity of the section

was attained, showed diagonal tension failures. For all diagonal

tension failures, failure occurred suddenly at the appearance of

the critical diagonal crack. Within the range of shear-compression

failures, the beam capacity increased with a decrease in the shear-

span/depth ratio.

The above observations are consistent with the conceptual

model of diagonal failure presented in Chapter 3. For short beams

(a/d ratios beilveen 1.0 and 2.5), the critical diagonal crack was

stabilized before failure wliile for more slender beams, failure

occurred suddenly due to the lack of such stabilization.

5.7.2. The Percentage of Longitudinal Reínforcement

The amount of longitudinal flexural reinforcement was found

to have considerable influence on the relative beam strength. For

low values of the longitudinal reinforcement*, the beam capacity

almost always approached the flexural capacity of the section. As

* p = 1.03 (Series IC)
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the percentage of longitudinal reinforcernent increased, the

range of a/d ratios where a reduced strength existed increased.

This is consistent with the conclusions drawn in Chapter 3.

5.7.3 Loading Through Secondary Beams

For diagonal tension failures, the effect of loading

through secondary beams was negligible as the diagonal cracking

loads remained almost unaffected. Beams with an a/d ratio of

2.5 showed the same comparative noment value whether they were

loaded directly over the compression face of the beam or through

the secondary beams. The beam with an a/ò'ratio of 4.0 loaded

through secondary beams showed a reduction in strength of 7.r%

compared to the equivalent beam which was directly loaded over the

conpression face of the beam. This smal1 reduction in strength is

well within the limits of experimental error to be expected, and

therefore cannot be considered significant.

Beam rIA-2 with an a/d ratio of 1.5 failed prematurely due

to the shearing of the secondary beam at its junction to the main

beam as the critical díagonal crack entered the secondary beam.

This bean was neglected in the analysis. Another simirar beam,

IIA-2(b), with the same a/d ratio was tested with top reinforcing

bars through the secondary beams to avoid premature shearing.

This beam did not fail at the appearance of the critical diagonal

crack but continued taking further 1oad. The propagation of critical
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diagonal cracks was faster at this stage than in the comparable

beam loaded directly over the compression face of the beam.

Diagonal cracks from either end of the beam propagated from the

shear spans into the zone of constant rnoment in the midspan region of

the beam. Failure was caused by an unrestrained propagation of

cracks. These cracks from both ends joined in the nidspan and a

diagonal split occurred in one shear span accompanied by spiitting

along the reinforcement. Holever, in the case of beam IA-2, which

hlas exactly the same as beam IIA-2 (b) except that it was loaded

directly over the compression face of the beam, it can be seen that

the diagonal cracks alrnost stopped propagating after they were

stabi Iízed. Evidence of the restraining effect of pressure bulbs

under direct loads is clear from these two comparable test beams.

The strength of beam IIA-2 (b) was only 53.2% of its flexural

strength while that of beam IA-2 was 66.3e" of the flexural strength.

The difference in yield strength of the reinforcement for these two

beans was 4.59o.

If M /M-, values are considered, it is found that a reductionu' tI
of 19.7% occutred in strength due to secondary beam loading. 0n

the other hand, if Mu/Mfl values are taken into account, the reduction

of strength is 14.3e".

The results of loading through secondary beans are consistent

with the conceptual nodel of diagonal failure presented in Chapter 3.

It is pertinent to note that longitudinal flexural strain dis-

tribution for beam IIA-2(b), loaded through secondary beams, had shown
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the development of complete arching oveï the entire span of the

bean after critical diagonal cracking (Appendix iIi). However, the

full strength of external arch could not be attained due to an un-

restrained propagation of diagonal cracks in the vicinity of the load

points, and l<;ss cf stability of the arch.

5.7 .4. Uniform Loads

(a) Assuminga=/,/4

Assuming shear span as one-fourth of tl-re span length for

three beams tested with 1,/d ratios of 6.25, 70.25 and 74.25, gives

the equivalent a/d rattos of 1.56, 2.56 and 3.56 respectively. The

beam capacity of these three beams varied as 77.0%,76.2eo and 83.4e"

of their flexural capacitiesrrespectively. These values weïe consistently

higher than comparable beams where concentrated toads were applied.

Beams with 9"/d ratios of 6.25 and 10.25 continued taking

further load after critical diagonal cracking and ultimately shorved

shear-compression failures. The beam with g"/d ratio of 14.25 showed

a diagonal tension failure. It is apparent froin Figures 5.7 and 5.8

that the reduction in strength due to diagonal failures is not as

sharply defined in case of uniform loads as in concentrated 1oads.

(b) Using Critical Cross-Section of Failure

Beam capacities rvere worked out by calculating the ultimate
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noment for each beam at the critical cross-section of failure,
using the actual loading pattern employed for the bearns (Table 5.6).

The conparative moment values so obtained were lower than those

obtained by using a = 9,/4. However, the minimum strength was still
considerabiy higher than for point loads. The results are in agïee-

ment u/ith the failure model discussed in chapter 3, where it was

suggested that distribution of load over the compression face of

the beam creates a more favourable condition to suppress the flexural-

tensile stresses above the diagonal crack, expecially for relatively

slender beams where point loads are removed fron the critical cross-

section of failure.

5.7.5 The Compressive Strength of Concrete

The compressive strength of concrete was not one of the

variables in the experimental work. However, in case of beam

IIA-2(b), the compressive strength of concrete was more than 7000 psi

whereas the nominal strength was 5,000 psi. Beam IA-2, having a

compressive strength of 5,000 psi, otherwise the same and loaded

over the compression face of the beam, showed critical diagonal

cracking at 50 kips, the same as beam IrA-2,loaded through secondary

beams. Beam IIA-2(b), on the other hand developed critical diagonal

cracking at 60 kips. The tensile splitting strength of all these

beams was about 70% of their compressive strength. These results

suggest that the diagonal cracking load was improved by an increase



134

in the strength of concrete.

Bearns failing by crushing of concrete had almost the

same compressive strength in all cases and so the effect of compressive

strength on such failures could not be examined.

5. B DEFLECTIONS OF BEAMS

In the opinion of the writer, there is a close connection

between the deflection of a bearn and the crack development in it.

The smaller the beam deflection, the later the first crack forms and

the slower is its progïess. Further, the deflection of a beam

depends not only on its moment of inertia but also on the shape of

the bending moment curve.

In all beam tests, deflection readings weTe generally taken

at nidspan and under load points at various stages of loading prior

to collapse. These deflections aïe given in Appendix II and shown

graphically in APPendix IIl.

It was observed that in all beams with highe'r a/d ratios,

the first flexural cracks appeared at relatively low loads (ranging

from 5 kips to 7.5 kips) while such cracks were delayed for shorter

beans and appeared as late as 20 to 25 kips. The first cracks,

however, generally appeared at comparable deftections. In many

cases, there was a significant fal1 of load at critical diagonal

cracking while deflections either increased or remained constant.

In beams with lower percentage of flexural reinforcement, the final
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' diagonal failure was a relatively slow failure, with large deflections

immediately preceding failure.
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CI-IAPTER SlX

EXISTING RESEARCH AND PRESENT INVESTIGATION

6.1 GENERAL

Extensive test data and empirical equations are now

available to determine the diagonal resistance of reinforced concrete

beans without web reinforcement. However, there has not been general

agreement on the internal mechanisms of diagonal resistance and the

internal force system at co1lapse. ACi-ASCE COMMITTEE (1962) observed

that the problems of shear and diagonal tension have not been

fundamentally and conclusively solved. The comnittee suggested

furtl'rer work rfnot only to explore other areas of the problem but

to establish a basically rational theory for effects of shear and

diagonal tension on the behaviour of reinforced concrete membersrr.

Since then considerable effort has been spent on this aspect of the

problen. In this chapter, the conceptual model of diagonal failure

as presented in Chapter 3, is discussed in the 1íght of existing

research. The work of previous research workers is also examined

to compare the effect of shear-span/depth ratio, the percentage of

longitudinal reinforcement and the manner and type of loading on the

diagonal strength of beams as observed in the present investigation.

Kani's method of analysis IKANI (1964)] is used to determine

ultimate beam capacities. It is shown that his equations for beam

action underestimate the capacity of the beains while those for arch

action may sometimes overestimate the strength.
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6.2. CONCEPTUAL MODEL OF DIAGONAL FAILURE AND EXISTING RESEARCH

Some of the research workers who haye investigated diagonal

failures of reinforced concrete beams have concluded that after

flexural cracking and up until final collapse of the beam occurs

the beam continues behaving as a beam, regardless of whether a

stabilized critical diagonal crack has deyeloped or not. Others have

concluded that after diagonal cracking occurs, a cracked reinforced

menber behaves as a two-hinged tied arch.

SWAMY, ANDRIOPOULOS and ADEPEGBA (1970) presenred rest

data to show that there exist, up to the point of complete collapse,

distinct tensile and compressiye zones over the entire span of the

beam and a beam continues behaving essentially as a beam until

failure, for all cases of diagonal failures. BROMS (1969) suggested

that internal rotations take place in the compression zone of the

beam after critical diagonal cracking. He postulated that if such

a crack was stabiLized, then failure would result from a failure

of the compression zone of the concrete due to crushing of concrete

above the diagonal crack. Thus if the location of the diagonal

crack within the compression zone as well as the stress distribution

over the compression zone were to be known, the ultimate strength

may be found in a nanner sinrilar to that used for flexural conpression

failures.

FENWICK and PAULAY (1968) concluded that shear could be

resisted either by beam action or by arch action. They considered
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arch action to be confined to areas near a load point and in the

vicinity of the supports. KANI (1964) concluded that after the

resistance of the concrete cantilevers was destroyed, the active

cross-section was reduced to that of a tied arch.

The rnost significant coroclusion drawn from the present

investigation is that beam and arch action exist simultaneously in

the shear span of all reinforced concrete beams regardless of the

shear-span/depth ratio, the percentage of longitudinal reinforcement

and the manner and type of loading. Before critical diagonal

cracking develops, the action of concrete cantilevers predominates

and internal arches are not significant from the beam strength

point of view. This is perhaps rvhy the presence of such internal

arches was ignored by many of the research wod<ers. After a critical

diagonal crack has formed and has been stabilized, the complession

force becomes significantly inclined while internal rotations

take place. KANI ( 1964) considered only the inclination of the

compression force and concluded that the bam was converted into a

tied arch. 0n dr e other hand, BROMS ( P69) considered inte rnal rotations

alone and the failure to be due to the crushing of the concrete. The present

investigation highlights the fact that bo th of these actions are

present simultaneously. This,in effect..means that there are two

critical sections where failure can take p1ace. One is located at

the tip of the diagonal crack under the load point ivhich can fail

in a manner similar to a flexural-compression failure. The other

type of failure can result from the inclination of the compression
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force and the presence of flexural-tensile stresses above it

near the compression face which can cause a delayed flexural-

tensile failure. An interaction, therefore, exists between the beam

and arch actions. The writer is convinced that a significant spread

of results of short beams reported by various investigators is

prinarily because of the interaction of this beam and arch action.

The conclusions of the writer on the existence of flexural-

tensile stresses aboye a diagonal crack and failure due to instability

in diagonal tension failures are compatible with the work of

FENWICK (1968) and BROMS (1969). Further, the conclusion that the

critical diagonal crack extends when the capacity of concrete cantilevers

is exceeded is sinilar to that of KANI (195 4) and FENWICK (1968).

Kani, howeyer, considered only the flexural resistance of the concrete

cantiLevers and neglected aggregate interlock and dowel action of

the reinforcernent. Besides, Kani considered the strength of an average

hypothetical cantilever. Tle writer believes drat the diagonal

crack extends when the bond force moment that can be carried by the

most critical cantilever is exceeded.

Another aspect of the internal archlng suggested by the

writer is that these arches are not simply tl're theoretical compressive

stress trajectories in a reinforced concrete beam; It is shown frorn

the longitudinal flexural strain diagrams that after flexural

cracking, these intemal arches are real arches. The compressive

force within these internal arches is, however, lEry srnal 1 compared

to the high compression that exists at the compression face of the



140

beam directly under the load point. Thus. these arches carry only

a smal1 portion of the resultant compressive force.

6.3. SHEAR STRESS AT DIAGONAL CRACKING AND COLLAPSE

Shear stress at diagonal cracking and collapse ís

computed in Table 6.1. For comparison purposes, A.C.I. code

values have also been computed both for nominal and experimental

values of compressive strength of concrete, with and without a

capacity reduction of 0.85. These shear stress values are shown

graphically in Figures 6.1 to 6.6.

The ultimate shear stress at failure showed a vetîy large

variation over the entire range of diagonal failures. ft rvas also

affected significantly by the manner of load application. Thus

it cannot be considered to be a very reliable property of the

naterial or a suitable indicator of bearn strength. The A.C.I. code

stipulates that the diagonal cracking load should be considered

as the end of the useful capacity of a beam. A considerable

reserve of strength in short beams is therefore, ignored. Even

if diagonal cracking loads are considered, the A.C.I. code values

are generally on the conservative side except for lorv percentages

of reinforcement. Tests of series IC show that shear stress at

failure is considerably reduced by a decrease in the percentage of

reinforcement. A.C.I. code values for shear stress for this series

are higher than tirose actually observed for diagonal tension failures.
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It clearly points out that in the A. C. I code equation,

Vd
v^ = 1 .g ,/î: + 25oo o* #ccu . (6.1)

the effect of compressive strength of concrete is over-estimated

at the expense of the percentage of longitudinal reinforcement.

Tests of several research workers* have also shown the

unreliable value of the shear stress at failure. Furthermore, as

pointed out in the conceptual nodel of diagonal failure, the problem

of the diagonal behaviour of the bean is to transfer the resultant

of shear force and compressive force to the beam supports. By

considering shear stress values, the larger of the tIVo components,

i.e., the compressive forceris ignored. Besides, the internal

arches transfer a portion of the resultant cornpressive force by

transferring their support forces to the external arch and then to

the beam supports. Thus it nay be concluded that shear stress

at failure is not a good indicator of bean strength. The relative

beam strength in the tests reported in this investigation varied

fron 46.5% of the flexural moment to fu1l flexural capacity. This

relative bean strength, showing a smaller variation than that sholn

by the use of a "shear stress",isrtherefore, a better indicator of

beam capacity. This is in agreement rvith results of KANI (1966).

* FERGUSON (1956), KANr (1966)
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TÀBLE 6. ]-

SIIEÀR STRES.S ÀT DTÀGONAL CRACKTNG À¡JD COLLAPSE

I]EÀM a/d tu=!f ar
bd

psi

vc =15 lrC
))d

_ps i

v_(?rcr) psic

IeTl I rso:

f.( test) 
| 
r"(nominarll r"(tesr) 

| 
r.{nominar)

IA-1 r.0 807.0 234.s IBO. 3 Ì80.3 Is3.3 I53.3

fA-2 1.5 370.o L95.¿ t64.9 L64.9 140.0 140.0

IA-3 2.O 2AI.5 I75.8 L57.2 Lst .2 I33.8 I33 .8

TA-4 2.5 Is2.8 146.s Lsz .6 L52 .6 T29.8 L29.8

IÀ_5 3.0 146.s I46 - s T4L.2 149.5 I20. 0 I27 .O

IA_6 4.O I56.0 r46.5 L5'7 .2 I45.6 133. B r23.1

IA- 7 5.0 I50.1 146. s ts4.9 I43.3 r31. s 12I.9

IA-B 6.0 I34.5 I17 - ?, I53.4 l_41.8 t30.4 I20.2

tB-2 lÃ 479.O r66. O 1s3.2 I50.2 I30.2 L27.8

TB-4 2.5 1s0.0 l¿r. q L4L.2 138. 2 120. t LL7 .7

IB_ 5 3.0 I46.5 136.8 138 . 1" I35.2 il_7.6 .lI5.O

IB- 6 4.0 I52.3 I46.5 L45 .4 t45.4 r23.6 L23.6

Table Continued
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TÀRLE 6 . l- (Conti nued)

BEÀ¡4 a/d rr=LÞ'u ''u
bd

psi

vC -2 ¡-C

bd
psi

vc (Àcl) psi

L91L 196 3

I

f ( test)c' f" ( nominal ri { test )

If (nominal-)
c

TC_2 I.5 342.O r95 -2 t51.4 L56.2 128. B r32.9

rc- 5 3.0 157. 0 140.6 142.a L41.6 T2L.2 l_25.5

rc- 6 +.u t22 -A L22.A L40.7 145.5 119.6 T23 .8

II¡'-2 1.5 2I4.7 L95.2 167.6 L64.9 I42 .3 140.0

rrA-2 (b) r.5 316.5 234 -5 194. O L64.9 r64.9 140. 0

trÀ-4 .5 t54.8 146. s 155.1 L52 .6 r3t.9 I29.4

tTA_6 .o l_46.s t46.5 148. I 145.6 126.O r23.7

tf rÀ- 3 .56* 394. s 234 .5 t74.7 L5'l .2 148.5 133.8

:r rÀ-6 .56-k 260.O I95.2 163.I 145.6 I38 .8 r23.7

! r rA-8 .56* 205 .0 r95.2 1s8.0 I4I.B 1"34.2 r20.2

v"(a.c.r. ) l-97I = I.g,E + 25OO p, x,rd
l"1u

v"(A.c.ï.) r.963 = þ O.tf,i"+ 2soo pr,r vud) ; / = o.B5

\
*usinga=L/4
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6.4. EFFECT OF DIFFERENT VARIABLES ON DIAGONAL STRENGTH OF BEAMS

6.4.I. The Conpressive Strength of Concrete

KANI (1966) concluded that the compressive strength of

concrete did not affect the diagonal strength of beams within

the entire range of his tests. Tests of M00DY (1953) , MORROW

and VIEST (1957) and TAUB and NEVILLE (1960), horvever, suggest

a significant influence on the diagonal strength of beams. Though

the compressive strength of concrete was not one of the variables

in the study, àty variations of compressive strength from the

nominal values did not seem to have any significant influence

on the strength of beams. In one case*, however, rvhere the compressive

stïength of concrete was appreciably higher than the nominal strength,

there was definite evidence of some improvement of strength. In

the conceptual model of diagonal failure presented by the writer,

the compressive strength of concrete would be more significant

in beams where failure resulted from a crushing of concrete.
V

The linear relationship betrveen -+- andu",/T-
c

PVd-w u assumed by the A.C.I. equation seems to be somewhat over-
M-uy' t'

c

simplified. It is probable that the relationship of the above two

variables is a curve giving a smaller contribution of the compressive

strength.

* Bean IIA-2 (b)
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6.4.2. The a/d Ratio

The mínirnum point of strength on the comparative moment

diagram was found to be at an a/dratio of 2.5 for point loads.

This is in agreement with results of MORROW and VIEST (1957),

LEONHARD and IVALTHER (1961) and KANI (1964). These results are

shown in Figure 6.7. The general trend of results of the writer

on the comparative moments diagrams was also similar to the

results shown in Figure 6.7.

0n1y three tests were conducted by the writer on bearns

with uniform loads. It was found that using a definitíon of

a = 9-/4, the concept of a minimum point on tire diagram was not

applicable to beams uniformly loaded. For equivalent ald ratios

of 1.56, 2.56 anð 3.56, consistently higher values of comparative

moments were obtained. The first two bearns failed at a delayed

stage after critical diagonal cracking. KANI (1966) derived the

behaviour of beans with uniformly distributed loads with a sinilar

definition of shear span (¿ = 9"/4) from the results of LEONFIART

and WALTHER (1962). These results show a considerable scatter of

comparative bean strengths and the point of minimum strength is

not sharply defined. In fact, the lowest and the highest points

of the comparative moment diagrams between a/ð tatios of 1.25

and 3.75 differ only by about 10%.

If the shear-arrn ratio of

as 9,/4, it represents the ratio of

beams loaded unifornly is taken

MM"max and not f at the critical
v

max
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section. The critical cross-section of failure calculated with the

above definition gives the distance of the failure section frorn

the support as x = 0.19.¿, rvhere.Q, is the span length. The ratio

# tnrr remains constant for any variation of 9'/d ï'ati9. Results of
v"

KREFELD and THURSTON (1966 - April) and IYENGAR and RANGAN (i967)

suggest that the distance between the support and the critical

cross-section of failure varies inversely with 9,/d ratios. Krefeld

and Thurston proposed the following ecluations for general use in

calculating the critical cross-sections of failure.

and

t-gJ = 0.267 9.1ð, for 4 < 9./d < rovu ,(

,M, _ (29,/d)-4
Lvdjx - ," ,, for 1o < 9"/d

lv" - +)
a

ffre f, values for each beam uniformly loaded in the present

investigation were computed from the actual cross-sections of failure

It was found that the values of * decreased with an increase in the
L

length of span (or 9"/d ratio since the effective depth of all beams

was constant). I-ris observation is similar to the conclusions of

KREFELD and TITURSTON (1966 - April). The ultimate beam capacities

were computed from the actual cross-sections of failure* and plotted

on the comparative moment diagrams. It was found that the point of

* Table 5.6, Chapter 5.
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rninimurn strength occurred at 9,/d ratio of 10.25 out of three

beams with .{,/d ratios of 6.25 , I0 .25 and 14 ,25 . Since beams with

9,/dratios of 6.25 and 70.25 contínued taking considerable load

after diagonal cracking, it ís probable that the exact point

of minimum strength was somewhere between 9,/d ratros of 10.25

and 74.25. In any event, the difference in comparative moment

values of all these three beams r{as very samll. Even this appraoch

shows that the point of minirnum strength is not sharply defined.

Since critical cross-sections cannot be determined very precisely,

this approach has its own limitations. However, it can be concluded

that in beams uniformly loaded, a sharp reduction of strength does

not occur. This observation is in agreement with the conceptual

model of diagonal failure proposed in Chapter 3. It was suggested

that where nultiple loads are applied on the compression face of the

beam, diagonal cracks can be stabilized in relatively more slender

beams due to vertical compressive stresses under each point load

which suppress the tensile stresses above the diagonal crack.

6.4.3. The Percentage of Longitudinal Reinforcement

Tre effect of the percentage of longitudinal reinforcement

on beam strength is shorvn in Figure 6.8 for tests of KANI (1966).

These results shorv that the range of diagonal failures increased

with an increase of tl're longitudinal reinforcement while the point

of mininum bearn strength rvas usually obtained at an a/d ratio of
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2.5 regardless of the arnount of longitudinal reinforcement.

These conclusions are in agreement with the tests of the writer

on beams loaded with point 1oads. For 1ow percentages of rein-

forcement, the beam strength approached the flexural capacity.

6.4.4. The Method of Loading

(a) Uniform Loads

The strength of beams with uniform loads was generally

higher than comparable beams where point loads lvere applied. Tests

of FERGUSON (1956) and LEONHARDT and WA-LTHER (196i) with uniform

loads shorv the sarne trend.

(b) Secondary Beam Loading

FERGUSON (1956) showed that much of the increased capacity

of the beams with smalL a/d ratios is lost if the beam is loaderl.

through secondary beams framing into the main beam.

Results of FERGUSON (1956) are tabulated in Table 6.2.

fhe a/d ratio in all cases was 1.35. Loading arrangement shows

various combinations of loading through secondary beams and suppoTts.

Ferguson found that rvhen the load r^ias applied through cross members

the failure shear was only 39eo as large as with loads applied

directly to the top of the beam. Further, when the load was
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applied through cross nembers entirely within the lower half of

the beam, the load was even further lowered to 299o of the value.

Ferguson had exptained that diagonal cracks have vertical tensile

stresses at their top tips and since high vertical conpressive

stresses exist directly under the load point, the propagation of

cracks is delayed or retarded. Failure only resulted when concrete

above the crack crushed. When such vertical cornpressive stresses

b/ere removed from the vicinity of the diagonal crack, either by

loading through secondary bearns, or when the a/d ratio was fairly

high, the diagonal crack propagated unrestrained and caused failure.

Results of TAUB and NEVILLE (1960) are shorvn in Table 6.3.

They found that there was only a very slight reduction in the

ultimate load and considerable reserve in strength beyond diagonal

cracking even in beams loaded through secondary beams. However,

Taub and Neville used stirrups in addition to the longitudinal rein-

forcement in the secondary beams. It is probable that a diagonal

crack from the main beam crossed the line of these stirrups. This

can again conceivably set up the vertical compressive forces in

the main beam similar to those under directly loaded beams.

There is no doubt that vertical compressive stresses

under the load point arrest the propagation of diagonal crack in

the compression zone of the beam. However, tests of the writer

suggest that even in the absence of such stresses, beams with small

a/d ratios can sustain the stress conditions generated by a critical

diagonal crack. Bearn IIA-2(b) did not have any stirrup at all in



TABI,E 6. 2

THE ET'FECT OF ì4ÀNI,]ER O}' LOADTNG

ON Dr^GOIIAI, STREIJG,|II OF B¡tAI\tS

FERGUSON ( 1956)

DE-IÀILS OF BEÀMS:

Beam Sizez 4" x IO" x 42,' Iong
As
l- - 39 in. (simpte span)
a/d = 1.35 (symnretrical 1oading)

When .load is applied through cross beams, itis apl>Iled 7! in. on either side of the axisof rnain beam.

TEST RtrSIILTS

158

BEAM NO. LOÀDING ÀRRÀNGEI'IENT LnlïT
SHEAR

psi

Ifc

psi

V,
fc

S1

I_-_.._t l I

635 3420 0. t86

F4 602 30 70 0.196

32 250 3 400 0.0735

S4 250 3440 o.0727

3 203 3 400 0 .0s96

F6

Cross nrembers en-
tirely r^¡ithin lower
half depth of beam

t8I 3BBO 0554
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TÀI-]I,D 6. 3

Ti{E T¡JFI.,UENCE OF I,{ÀI,INIiIì OF I,OÀDrNG

ON DTAGOÌ.]/TL S.IRËI'}GTI] OI¡ RFÀMS

DFIÀTLS OF I]IIAI.1 TIIS,TS:

TEST RESTILTS

-lnìo

-J,

LOADING ÀRRANGEMENT I nrrrcoNnr,
I cnacxrllc
I t,r / f"u

TILTII'TATE
LOÀD

uu /f 
",

1

0.156 0. 2t0

o.144 0 .194

o. 1t6 O. IB9

0.Ll_6 o. tB9
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the zone where a diagonal crack could have crossed it. Still it

carried further load after critical diagonal cracking. Due to

the absence of vertical compressive stresses under the load point,

the propagation of cracks was faster than that associated with

direct loading over the compression face and it failed also at

a loler load. Failure resulted from an unrestrained propagation

of diagonal cracks in the nidspan region of the beam.

6.5. COMPARISON OF TEST RESULTS WITH KANIIS ANALYTICAL SOLUTIONS*

Reference has been rnade to the ivork of Kani in Chapters

1 and 2. Kani considered that the magnitude of the bond forces

on the-concrete cantilevers was limited by the flexural capacity

of the roots of these cantilevers (Figure 6.9a). Flexural failure

of the concrete cantilevers caused the cracks to extend in an

inclined direction. Resistance of the concrete cantilevers was

n"_f; Axthusgive"byffi=* Ë. b (6.3)

The cracking moment at the tirne the resistance of concrete

cantilevers was broken was shown to be

McR = Mo + ald (6 .4)

where

..2
M =7/B 99 flo'6c

* KANr (1964)
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Equation 6.4 indicated that the cracking noment was

a linear function of sirear-span/depth ratio until the ful1

flexural capacity of the beam was attained.

Kani further assumed that once the resistance of concrete

cantilevers r{as broken, the active cross section was reduced and

only a tied arch remained (Figure 6.9b). The strength of such

a tied arch was given by

M =ttru g"CRKa

Beam capacity lines for concrete cantileyers and the

remaining arch are shorvn in Figure 6.9(c). If the.a/d ratio where

the full flexural capacity is attained is defined "r oTR and the

minimun point of strength (at the intersection of capacity lines

of concrete cantilevers and remaining arch) "r o*irr, the following

conclusions were derived:

(a) For a/d values less than omin, the capacity of the

remaining arch is more than that of concrete cantilevers and failure

only results when the capacity of the arch is destroyed.

(b) Between o*i' und oTR, the capacity of concrete cantilevers

gorrerns the beam strength and transformation into an arch cannot

take place" This results in sudden diagonal failure.

(c) Beyond crrO onlI flexural failures occur.

Kani further showed that the value of oTR could be determined

from the relation:
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f_,Y5oTR = 0p É 
^x 

(6.6)
t

In this expression average values of crack spacing and

crack height were used.

A1so, or.r, could be determined from the expression,

ct = /o;-, where K represents the coefficient ofmln I rR

biaxiality, directlf under the concentrated applied 1oad.

In the region of (a/d) values lower thun orin, the capacity

of tied arch governed so that the ultimate moment could be calculated

by the equation

M =Mfl q
uKa

For (a/d) ratios higher ahrn o*i' within the region of

diagonal failure, the ultimate capacity was governed by flexural

strength of concrete cantilevers, given by

M..=Mrl .+ ts.7)ud
oTR

In the developnent of his basic equations for beam action,

Kani ignored the contributions of dowel action and aggregate inter-

lock. He also neglected the internal rotations of the compression

zone. It is reasonable to assume that any analysis based on the

flexural strength of the roots of the concrete cantilevers alone is
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perhaps an orrersimplification of the actual conditions at col1apse.

Further, the bond force, AT, induces shear stresses in addition to

the flexural stresses at the roots of the concrete cantilevers, and

axial tension or compression also exist, complicating the stress

fietd at the roots of the concrete cantilevers. These are very

likely to reduce the flexural capacity of the roots of the concïete

cantilevers below that calculated in simple bending. Furthermore,

the linear strain distribution assumed at the roots of the cantilevers

contravenes the requirements of compatibility for that zone of concrete.

It is thus apparent that Kanits equations are likely to overestimate

the flexural strength of the concrete cantileyers. As already

pointed out, Kani has also ignored any second redistribution of

moments at advanced stages of cracking when rotations of the compression

zone take place. Thus, moment-rotation characteristics of the beams

subjected to both moment and varying shear, such as those in the zone

of a plastic hinge in a rigid frame have been ignored. Whether

concrete fails by breaking away of the roots of the cantilevers,

by a fatlure of the arch or by crushing of the compression zone is

thus dependent on a nunber of factors. Howeyer, in shear compression

failures, continued internal rotations and very large increases of

the compressive strain at the compression face in the vicinity of the

tip of the diagonal crack definitely point towards an interaction

between various modes of resistance near collapse.

Fron the above discussjon, it can be seen that Kani.'s approach

while ignoring the contributions of aggregate interlock and the dowel
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. action of the reinforcement, overestimates the flexural strength

of the roots of the concrete cantilevers. If the net result is that

the analytical expressions give reasonably close results to the

observed data, it may be useful in predicting ultinate beam capacities.

It was therefore considered reasonable to conpaïe the experinental

results with those obtained frorn Kanits analytical expressions. Two

different approaches were used - first, using all experimental

values in Kanirs expressions; and second, using nominal values for

fl, f.! and f alongwith analytical values for crack height andc' t y

experimental values for crack spacing. In the opinion of the writer,

use of all experimental values is more realistic, and rnore reliable.

Results of comparison of test results with Kanirs equations

are shown on Table 6.4. They may be surnmarized as follows.

(1) Wide variations in the interpretation of results are

possible if the conput.ations are based on noninal or test values.

(2) The point where the computed results are closer to

the test results lies at the point of minimum strength on M.r/tut'

p1ots. As the a/d ratio increases above omin, wide diffeïences

exist between the computed beam strength and that observed. The

strength of concrete cantilevers is generally underestimated by

about 30%. This percentage reduces to about 20% fol beams where load

is applied througli secondary beams and increases to between 40 to 50e"

for uniformly loaded beams.

(3) Strength of the tied arch is considerably overestimated

when the load is applied through the secondary beams. For beams
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' loaded directly oyer the compression face failing in shear-

compression, considerable scatter exists in the results. In some

cases, it is possible to overestimate the strength of the arch

action. This is due to the fact that a true tied arch with a

constant tensile force in the reinforcement does not develop in all

such cases. However, for uniform 1oads, the computed stïength of the

tied arch is closer to test results for shear-cofirpïession failures.
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TÀBLE 6.4

I(ÀNT I S I'OUATIONS AÌ.ID TEST RESTILTS

(usr¡lc 
1,R t'oR EACFI SERTES _ EXPERTMENT¡\L v^LUES)

SERIES B EÀ¡.4

NO.
% Nlf r

( K- 1l)
TR

ù<
min

(A)
Mu ( calc.

(K-in. )

(rl¡
l,lu(tesb)
(x-in. ¡

% Differenc
B-À x IOO

Þ

I-À t 1.0 1705.0 8. r0 3.00 T89 4

2 l_.5 I713. O 8. lo 3.OO I270 1r37 -1r..7

3 2.O 1725.O B. l_0 3. O0 9sB TT52 +Ì6.8

4 t7to.0 8. r0 3. OO 760 794 -t- 4. 3

5 3.0 1730. 0 8.10 3. O0 64I 900 +28.8

6 4.0 I719.0 8.IO 3 .00 449 L296 +34 .4

7 5.0 t7tB.0 8. 10 3 .00 to60 I5 60 +32.1

Õ 6.0 I716 . 0 8.10 3.00 L250 165 2 +2L a

I-B 2 I.5 1870. o Õ.ö/ 3.14 I 385 L470 + 5.8

4 ')( tB70 - o o o? 3.1-4 B 3l- 766 - 8.5

5 3.0 1870.0 B. B7 3.14 683 900 +24.I

6 4.0 I243.0 B. B7 3. t4 843 124A +32.5

Table Continued



I6B

TÀBLE 6.4 (ContinLrcd)

SERT ES BEÀM

NO.
/^

¡1f r
(r<-in.

I -t( ml- n

(A)

M..,(calc.)
(K-in. )

(B)

t'ru (Lest)
(K-in. )

%Difference
B-4 x J.OO

il

r-c 2 1.5 96s.5 5.35 2.44 715 IO52 .4 +32.I

5 3.0 964.O 5-35 2 .44 542 964. B +43.9

6 4.O 963.0 5.35 2 .44 123 1 004 .8 +28.0

IT-A 2 1.5 I780.0 7. B0 2.79 131- B 660.0 -99.7*

2 (¡ 1.5 1828. O 7. BO 2.79 1355 972.O -39 .4

4 )tr, rl7 5 -o 7. B0 )'7a 7A9 792 -O + 0.4

6 4.0 I761. O 7. B0 )10 904 1200.0 +24.6

IT T_A 3 1 Êê l_780.0 9. l-0 3. tB L296 L262.O :. 0.5

6 2.56 r790. o 9.10 3. t-B 77A I363.0 +42.9

I 3.56 1798.0 9.l0 3.tB 104 1498.0 +53.0

* Fail-ed prematurely
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CHAPTER SEVEN

CONCLUSIONS AND SUGGESTiONS FOR

FURTHER I\IORK

7.L CONCLUSIONS

This investigation was primarily directed towards an under-

standing of the internal mechanisms of diagonal resistance of rein-

forced concrete beams rvithout web reinforcement. Variables examined

were the shear-soan/depth ratio, the percentage of longitudinal

reinforcement and the manner and the type of loading. A total of

22 beams here tested with extensive strain gauge instrumentation

to determine the internal force systern at various levels of loading

prior to co11apse. The results included observations of longitudinal

flexural strains for concrete and the reinforcement, strains on inclined

gauge lines, horizontal displacements, opening of crad<s and internal

rotations.

The following conclusions were derived.

(1) It was fowrd that bearn and arch actions exist simultaneously

in ali types of diagonal failures discussed, regardl ess of tle

shear-span/depth ratio, the percentage of longitudinal rein-

forcement and the manner and type of loading.

h the appearance of flexural cracks, the "tension side" of

beam is divided into a number of blocks, which can be con-

I{Iit

the

(2)
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sidered to be concrete cantilevers loaded by the bond forces at the

level of the reinforcement. As flexural cracks appear, internal

arching takes place in the cracked region of the beam. Further,

with an increase in 1oad, these internal arches extend outward.s as

flexural cracks appear in the outer regions of the beam.

(3) Prior to the formation of a critical diagonal crack, the action

of concrete cantilevers predominates. The capacity of the

concrete cantilevers is governed by

(a) the flexural resistance of the concrete blocks

(b) the shear transfer across cracks by interlocking

action of the aggregates, and

(c) the shear transfer across cracks by the dowel

action of the reinforcernent

(4) At a critical stage of loading, the resistance of concrete

cantilevers is exceeded and a diagonal crack extends in the

compression zone of the bearn to mobilize additional resistance.

The critical diagonal crack rnay be preceded by some back-

cracking above the leve1 of the reinforcement from outer

locations of the flexural cracks, signifying a loca1 tensile

failure of concrete. when thís happens, the resistance of the

concrete block below the nel crack is lost and this pre-

cipitates the formation of the critical diagonal crack.
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(5) As the critical diagonal crack extends in the compression

zone of the beam, there exist high tensile stresses above

the diagonal crack. Depending upon the direction of the

resultant of shear force and the compressive force above

the diagonal crack, a flexural-tensile failure nay occur

if the beam is relatively slender. If the beam is short,

the diagonal crack is stabilized.

(6) The internal arches contribute to the load carrying capacity

by transferring the resultant cornpressive forces located

within such arches to the external supports. At low 1eve1s

of load when flexural cracking is limj-ted, these arches exist

in regions where no significant compression forces 1ie and thus

their contribution is limited.

(7) At the appearance of a critical diagonal crack, the internal

arching extends over the entire span of the beam. If the

diagonal crack is stabilízed, the outermost of these internal

arches then receives anon-yielding support at the beam ends.

Internal rotations take place in the vicinity of the load

point close to the tip of the diagonal crack which result in

an increase of diagonal crack widths, a shift of the neutral

axis at midspan upwards and a reduction of the bond forces

within the concrete cantilevers. Further, the compression

force between the load point and the beam supports becomes
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significantly inclined and can be transferred to the supports

directly through the external arch. Failure nay ultimately

result frorn a crushing of concrete at the compression face,

the capacity of which may be deterrnined in a manner similar

to that used. for flexural-compression failures, or it may

result from higher flexural-tensile stresses above the diagonal

crack at a delayed stage.

Though beam and arch actions exist simultaneously in a

cracked reinforced beam, their resistance to diagonal failures

is not additive.

(8) Experinental results showed that the ninimum point of beam

strength on the comparative moment plots always occurred at

an a/d ratio of 2.5 for point loads. In beams with a1d

ratios of 2.5 or higher, the failure was of the diagonal

tension type and the capacity of concrete cantilevers in-

creased with an increase of a/d ratios. Between a/d ratios

of 1 and 2.5, the critical diagonal crack was stabiLized and the

failure ultimately occurred due to crushing of concretg or

a flexural-tensile failure above the diagonal crack. In beams

with uniformly distributed loads and those loaded through

secondary beams, complete arching developed after diagonal

cracking similar to bearns where point loads were applied. It

r,vas found that the point of mininurn strength for uniformly

loaded beams was not sharply defined.
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(9) The amount of longitudinal flexural reinforcernent had con-

siderable influence on the relative beam strength. The

range of diagonal tension failures increased with an in-

crease in the amount of longitudinal reinforcement. The

point of minimum beam strength, however, remained unaffected

by the amount of the longitudinal reinforcement. Further, with

low values of longitudinal reinforcement, the beam strength

approached the flexural capacity of the section and diagonal

failures were prebeded by large deflections.

(10) The method of loading did not have any influence on the strength

of beams showing diagonal t"rrriolt failures. Hoivever, in

beams loaded through secondary beams, where a critical diagonal

crack did not cause failure, the ultimate beam capacity was

lower than those directly loaded over the compression face of

the beam due to an unrestrained propagation of diagonal cracks

in the vicinity of the load points. The strength of beams

uniformly loaded was generally higher than those where point

loads were applied.

(11) The ultimate shear stress at failure showed large variations

and cannot be considered to be a reliable property of the

material in a concrete beam. Relative bearn strength, showing

lesser variations, appears to be a better indicator of the beam

strength. It is shown that A.C.I. code equations overestirnate
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the contribution of the compressive strength of concrete at

the expense of the amount of longitudinal reinforcement.

(L2) Fron a description of the internal arches, it is shown that

such arches transfer their support forces to the external

arch from where they can be directly transferred to the beam

supports. As cracking proceeds, the internal arches cannot

develop the fu1l amount of their support forces and the

capacity of the beam is reduced unless the cornpression force

shifts upwards due to internal rotations that take place at

diagonal cracking. It is concluded that the function of the

web reinforcement is to provide supports to the internal arches

which are lost due to propagation of cracks and eventually to

transfer these forces in the external arch to a point from

where concïete alone can tïansfer thern to the beam supports.

Also, it is suggested that the web reinforcement carries

part of the bond forces in the concrete cantilevers and suppresses

the excessive opening of cracks"

(13) It is shown that KANI (1964) neglects the contributions of

aggregate j-nterlock and the dowel action of the reinforcement

in the strengtlì of concrete cantilevers while overestirnating

their flexural resistance. Kanirs analytical solutions for

strength of concrete cantilevers and the remaining arch are used

to determine beam capacities. It is concluded that his
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equations for the strength of concrete cantilevers underestimate

the beam strength by about 20% to 50% depending primarily upon

the a/d ratio and the method of loading. It is also shown

that Kanirs equations for strength of the remainíng arch may

sometimes over estinate the beamstrength.

7.2 SUGGESTIONS FOR FIJRTIIER WORK

One of the reasons for the difficulties associated with the

problen of diagonal failure has been the great number of parameters in-

fluencing the beam strength. Some of these parameters were outlined in

Chapter 1. In order to draw any significant conclusions from a limited

number of tests, only a limited number of variables can be studied.

The primary variables in this investigation consisted of the

shear-spa:r/depth ratio and the percentage of longitudinal reinforcement.

Type of loading a¡d the manner of loading were the secondary variables.

Out of a total of 22 beams, only 3 beams were tested with uriform loads

and 4 beams were tested rvith loading through secondary beams. The whole

investigation was confined to beans ivithout rveb reinforcement. The tests

were conducted to examine the validity of the conceptual model of diagonal

failure presented ì-n Chapter 3. Sufficient test data is available in the

literature on some aspects of the conceptual model of diagonal failure.

However, certain aspects of the conceptual model need extensive strain

gauge instrumentation to determine the internal force distribution at

various leve1s of loading. In ex.amining the test results available, the

writer fincls that the majority of other research workers have ernployed a

minimum of instrumentation and have concentrated on failure loads and
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failure conditions generally. Moreparticularly, sufficient information on

the behaviour of a cracked beam frorn the point of flexural cracking to

critical diagonal cracking is not available.

Since the validity of a l'rypothesis can only be judged by ex-

tensive test results, the writer feels that additional experimental work

is required to clarify the problem even further and to test the validity

of the conceptual model of diagonal failure presented in this investigation.

It is felt that not only is the number of tests an important factor l¡ut

also the instrumentation enployed. In order to determine the distribution

of the compressionforce, extensive instrumentation is required on the

compression face and over vertical sections frorn the point of application

of the load to the midshear span. This would be useful in determining the

location of the neutral axis nore accurately and the zone in which in-

ternal rotations after critical diagonal cracking result in large increases

of the compressive strain at the conrpression face of the beam. Furthermore,

sufficient instrumentation is required in the lower half of the beam

throughout j-ts span to verify the development of internal arching.

Any further work may be divided into:

(a) beams without web reinforcement

(b) beams with web reinforcement

(a) Beams l{ithout l{eb lìeinforcement

(1) The writer feels that

is an important factor especially'in

the effect of tllis parameter was not

it would be useful to test beams for

the compressive strength of concrete

shear compression failures. Since

considered in the present investigation,

an entire range of diagonal failures
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for two or three differentgrcúcsof concrete.

(2) Sufficient nurnber of tests were not conducted with uni-

form loads in the present investigation. It is suggested that tests be

conducted for the entire range of 9,/d values for rvhích díagonal fail-

ures take place alongwith different percentages of the reinforcernent. A

typical scheme of experimental ivork may consist of i ratios varying

as 41 6,8, 10, 12,15 and 18 with there different percentages of rein-

forcement varying as 1.Oeo, 1.5eo and 2.09o.

(3) It is suggested that tests with secondary beam loading

be confined to a/d ratios betleen 1.0 and 2.5 only. Since only linit-

ed information rvas obtained from results of test ivith secondary beam

loading within the above range in the present investigation, a typical

test series may consist of beams with a/d ratios of 1.0, 1.5, 2.0

and 2.5 with three different percentage of longitudinal reinforcement

varying as I.O%, 1.5% and 2.0,o.

(4) Only one beam of each type was tested in the present in-

vestigation. It is suggested that further similar specimens may be

tested to verify the various aspects of the conceptual model of diagonal

failure outlined in this thesis.

(b) Beams With Web Reinforcement

The present rvork was linited to beams witl'rout web reinforcement

only. However, the function of web reinforcement was described from the

conceptual model. It is suggested that beams with diffelent types of

web reinfolcement (vertical stirrups, inclined stirrups, and bent-up

bars) be tested rvith sinilar other beams without web reinforcernent to
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verify conclusions

determine the zone

the function

which the web

on

in

of the web reinforcement and to

reinforcement is rnore effective.
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. I . 1 TIIE SI ZE OF BEA}IS

All beams in the test programme were B in. x 18 in. in

cross-sêction, with an effective depth of 16 in. to the centre of

the reinfoïcement. The length of the beam varied according to the

a/d or 9"/d ratio" Table I.1 shoivs the size of the beams. Basically,

there were B different lengths of the beams, varying from 8 feet 8 in.

long to 22 f.eet 1ong. Series IA comprised of beams of all B different

lengths as shorvn in the table. Series IB, IC, Ðd IIIA each comprised

a fewer number of beams. These are also shown in Table I.1.

The sizes of the beams in Series IIA were similar to the

comparable ones of Series f, except that the bearns of this series

had secondary beams cast monolithically H'ith the main beam, through

which loading was applied.

TABLE I.1

THE SIZE OF BEAMS AND BEAMS IN EACH SERIES

P/z

L = 2a-+$!-o"
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(a) THE SIZE oF BEAMS

D = 18 in., d = 16 in. and b = 8 in. for all beams

(b) BEAMS IN EACIT SERIES

BEAM

N0. ald a 9" L REMARKS

I 1.0 1r _4rr 5r_9il 8 t _8il Beans with
same numbers
in different
series are of
same overall
length.

2 1.5 2t _0tt 7t _0ß 10 r _Oil

3 2.0 11 0llL -O 8 r _4rt 11 r _4'r

4 2.5 3t _4tt 9 r _grt l2t _qtt

5 3.0 4 r _0rr 1lr_Oil 14 r _0il

6 4.0 5 t _4tt l3t _8il 16 r _81r

7 5.0 6rFgil 16?-4r' 19 r _4n

8 6.0 8 r _0rr 19 t _0'r 22t -0"

SERIES NO.

IIA_2,
I IA-2 Ib

IIIA-3
]IIA-6
IIIA-8
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The centre lines

I.i) and they were

the main bean, as

of the secondary beans were 3

cast symmetrically about the

shown.

ft. apart

centre(Figure

Iine of
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FIGUIìE I.1 SECONDARY BEAI"IS OF SERIES IIA

3

These secondary

main bearn, B inches rvide,

the main beam"

beams consisted

12 inches 1ong,

of extensions from the

and of the same depth as

I.2 FORMS FOR BEATIS

Eight different forms were required for the whole series.

Some of these were reused.for similar sizes in different series.

Some modifications of the formlork was also necessary for the secondary

beans in Series IIA.

Sínce steel forms were not readily available for the cross-

section and lengths requirecl, plywood forms were designed for the

_ SEc'ONÞÀRY

¡,fAlN BE,Apl
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test series. Previous experience of the writer had indicated that a

very careful handling of external stiffners is required for these

plywood forms so that the pressures exerted by the concrete during

pouring and hardening process do not result in large deformations

of the form sides during casting ancl a lack of uniform width of the

final beam along its length"

A detailed sketch of the forms is shown in Figure I.2.

The forms were designed for concrete pressures on the sides, taking

into account the effect of the use of electrical vibrators during

casting. They were also checked for excessive deflections at the

time of casting. Three-quarter inch plywood was used both for the

base and the sides of the beam with stiffners spaced at 15 inch

intervals

The arrangement shown worked out well for vibrating concrete

during pouring, and for screeding the top surface. The widths of the

beams measured afterwards were fairly uniform and very close to the

required 8 inch width, the average deviation being no more than

one-sixteenth of an inch.

I.3 CONCRETE MATERIALS

The cement used throughout the entire series (except fbr

beam IIA-2b), was normal portland cement. Beam IIA-2(b) was cast

with high early strength portland cement, obtained from a local

supplier. The specific gravity of the cernent was 3.I3.
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The aggregate used in the beans was S/4 inch maxinum

size and was generally well rounded. The specific gravity of

coarse and fine aggregate was 2.70, The aggregate was quite strong

and an examination of the surface of failure in the concrete beans

showed that few of thes e aggregate particles were broken.

The specific gravity of sand and its average fineness

modulus were 2,66 and 3.28 respectively.

r,4 MIXING CASTING AND CURING OF CONCRETE

All concrete rvas obtained from a ready-mix plant in Winnipeg,

with the exception of beam II^-2(b), rvhich was cast at the laboratory

at the end of all other tests. The decision to use ready-mixed

concrete was influenced by the fact that rotary mixer in the University

concrete laboratory has a capacity of only 3 7/2 cubic feet.

Bean IIA-2(b), which was one of the smallest in length,

required about 4 Laboratory batches. This beam was cast with a

water-cement ratio of 0.48. The proportions of aggregate, cement

and water were weighed out for each mix.

Six inch dia. by twelve inch long control cylinders were

cast with each set of beams that were cast at any one time. The

specified slump was 2 inches. In actual practice it varied froin

1 inch to 3 inches and in one case it reached 5 inches. A slump

test was performed for each mix. Before pouring the concrete, the

forms were lubricated with oil and the joints closed by two coats of

shel1ac. Concrete lvas vibrated with an electric vibrator. Care was



I9B

taken to see that no segregation took p1ace. The electrical

resistance strain gauges on the reinforcement necessitated further

care in vibrating the fresh concrete . Though the gauges were rather

elaborately protected, there was always the possibility that some

of them might be damaged or the leads broken. Even with utmost

care, it was found later that 18 of the 244 gauges in the concrete

had open connections. Since these gauges could not be replaced,

they were lost for the purposes of the test.

As soon as the beams uleïe cast, they were placed under

wet burlap at room temperature and covered with a thin plastic

cover" They were taken out of the forns about 3 days after casting

and were kept covered by wet burlap for about one month. They were

then dried and the electrical resistance and DEMEC gauges were

placed on then. From this point onwards to the time they were

tested (which was from about 75 days to 135 days after casting),

they were stored dry at room terperature. The date of casting and

the date of test was recorded for each beam. The cylinders were also

tested the sarne day as the beam, both for compressive strength and

tensile strength. Standard compressive and split-cylinder tests

were used.

I . 5 DETAI LS 0F TI-IE RE iNFORCEIVIENT

The longitudinal reinforcement was so placed in the forms

that the depth to the centre of the reinforcenent for all cases was
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16 inches. The reinforcing bars were supported on conmercial

plastic chairs of I I/2 inch height" The sizes of bars used in

different series were 1 ,7/8 and 3/4 inch dia. respectively.

For one inch dia. bars, the chairs gave a 16-inch effective depth

directly. For other sizes of bars, srna1l strips were placed

below the supporting chairs to get the same effective depth. The

chairs were spaced about 3 feet apart to prevent the barsr sagging.

All bars were bent in accordance with the A.C.I. code*.

Details of reinforcement are shown in Table I.2. These bars were

bent cold and coupons, 2 ft. 6 inches long, frorn each bar were

tested for the strength of stee1.

Three reinforcing bars were used in each beam. These

bars were placed in one layer, being so spaced across the width

as to give a cover of I I/2 inches on either side and enough

space in between for vibrating the concrete properly.

Tl'ris main reinforcement was the only reinforcement used

in each of the beams except beam IIA-2 (b). This beam had additional

reinforcenent consisting of three one-inch dia. bars in the secondary

beams at the top and two 3/8 inch dia. bars at the botton, supported

by one stirrup (3/8 inch dia.) each at the extreme end in the

secondary beans. This assured that the short secondary bearns would

not be sheared off as the diagonal crack entered the secondary

beam (as occurred in Beam IIA-2).

* A.C.I. code 1971, clause 7.1.
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TABLE I.2

DETAILS OF REINFORCTNG BARS

-[I
di
_r_
--f-;.-

4

NOTE: (1) rlr is the total length of

the length of the straight

(2) (.0 * 2a) was always 4 in.

length of the beam, giving

end.

the bar whereas I Lt is

portion.

less than the overall

2 inch co\¡er on either

BAR
DIA.
ld) in.

a
ir-r.

b
in.

r
in"

L
in.

1 4.0 11"5 3.00 9"+ 34

7/8 3.5 10. 5 2.50 9.+ 3t

3/4 3.0 9.0 ) )c, 9,+26
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I.6 PROPERTIES OF TFIE REINFORCING STEEL

The norninal yield strength of the reinforcement specified

for the test series was 50,000 psi.

Details of the physical properties of the reinforcement aïe

given in Tables I.3 to I.7. Except for the beams of the preliminary

series of tests (IB-2, 4 and 5), the test results show the yield

strength of the reinforcement varying from approximately 49,000 psi

to 53,000 psi. Precise values for each beam were obtained by testing

coupons of each bar used in the beams. The percentage elongation for

an 8 inch gauge length varied from 22 to 25eo for the steel used in

these beams, showing quite ductile failure. Tlpical stress-strain

relations for 1, 7/8 and 3/4 inch dia. bars are shown in Figures

I.3, I.4 and I.5.

The average yield stress for the prelininary series was

about 75,000 psi and the elongation onLy 14% to 15eo. It seerned

that the supplier had made some mistake in not supplying intermediate

grade steel as specified.
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TABLE T.3

PROPERTTES OF THE REINFORCTNG STEEL - SERTES IA

(1 r¡lcu DrÀ. BARS)

BEAM
NO.

SPECI-
MEN NO.

YIELD LTLTTMATE % EIong-
ation

Remarks

LOAD
1bs

STRESS
f psi
v

LOAD
l-bs

STRESS
f,, psi

IA-1 1 39 ,220 49 ,962 62, 090 79,083 26.O

2 39, I00 49,809 62, OAO 79, 083 25.O

3 39,230 49 ,97 4 61, 880 78, A28 24.O

AVERÀGE 49,9L5 7g , ggg 25.O

TA-2 L 39, 430 50,2Ig 62, a20 80, 02 5 24.O

2 39,360 50, 140 62,660 79 ,922 24 -O

3 39,340 50,115 62,8IO 80, 013 22.O

AVERAGE s0,l_58 '79 ,953 23.3

rÀ-3 I 39,610 50,459 63, 020 82 ,2gO 25.O

2 39, 550 50,382 62,930 80, 166 24.O

3 39, 650 50,501 63, 030 80,293 24.O

AVERÀGE 50, 447 80 ,246 24.3

Table Continued
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tAglE f.3 (continued)

203

BBAM
NO.

SPECT-
l"rEN NO.

YI ELD iJLTTMATE % nJ-ong-
ation

Remarks

LOAD
1bs

STRESS
f, nsi

LOAD
Ibs

STRESS
fo psi

IA-4 t 39 ,2tO s0,025 62,670 79 , A34 22.O

2 39,2LO ¿q q¿q 62,420 80,025 24.O

3 39,350 50 , L27 62,920 80, ts3 24.O

AVMÀGE 50, 034 80, 004 23.3

IA-5 l_ 39 ,7lO 50,586 62,490 80, rl5 23.O

2 39, 600 50, 446 62,970 80, 089 24.O

3 39 ,150 50,637 63, 0L0 80 ,267 24.O

AVERÀGE 50,556 80, l_57 23.7

IÀ-6 1 39, s80 50,420 63, 100 80, 382 23.O

2 39,560 50,395 63, 090 80,369 22.O

3 39,2LO 49,949 62,790 79 ,9A7 24 -O

\VERA,GE 50,255 80,246 23 -O

Table Continued
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TABLE f.3 (Continued)

AVERAGE FOR ENTTRE SERIES:

f,, = 50,223 psi; fu = BO,OO7 psi.
v

B EAM
NO.

SPECT_
¡4EN NO.

YIELD LILTTMÀTE % Elong- Rernarks

LOAD
1bs

STRESS
f, psi

LOAD
l-bs

STRESS
f,, psi

IA-7 1 39 ,790 50, 688 63, 080 80,357 22.5

2 39,220 49,962 62,9'7O 80,2I7 22.O

3 39,280 50,038 63, 060 80,33t 24.O

AVERÀGE 50 ,229 80,306 22.8

rÀ-8 I 39, 470 50,280 62,970 80,2L7 23.O

2 39, 400 50,19r 63, 010 80,267 The bar
broJie out-
sid.e gauge
length.

3 39,320 s0,089 62.770 79,962 22.O

\VERÀGE 50,187 80, I4g 22.5
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TÀI]LE T.4

PROPER,T]ES OF TIIE R]]INFORCING STEÐL - SERIES TB

(7,/8 rNcH DrA. BARS)

(a) Beams IB-2, IB-4, IB-5 (prel-iminary Tests)

(b) Beam 18-6

SPECIMEN
NO.

YI ELD LILTT

LOAD
lbs

'ÀTE
STRESS
fn Psi

/. Elong-
ation

RemarksLOAD
l-bs

STRESS
fy nsi

I 44 ,500 7 4, 16'l 67, 080 1r1,800 14. O

2 44, 930 1 4 ,883 67 , O20 I1]., 70O 15 .0

3 45 ,720. 7 6 ,200 67,2rO TL2 , OL7 L4.2

4 44,88O 7 4, BOO 67, 000 LII,667 r4.0

5 44,870 7 4 ,7A3 67 , IIO 111,850 l_5. o

AVMÀGE fy(av.) = 74'967 fu(av.) = 111,807 l-4.4

TEST NO.

YIELD ULTII'ÍATE

% Elong-
ation

RemarksLOAD
lbs

STRESS
psi

LOAD
l-bs

STRESS
psi

1 28,'lOO 47 ,833 46,300 77,167 22.O

2 29,800 48,000 46,.1_O0 76, 833 22.O

3 28,800 48, 000 46,600 77 ,667 2r.o

ÀVERÀGE fy(av. ) = 47,944 :,r(av.) = 77,222 2L.7
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TÀBLE T.5

THE

(3/ 4 rNcr{ DrÀ. BÀRS)

RIES IC

BEAM
NO.

SPECTMEN
NO.

I ELD l.fÀTE

7á EJ-ong-
ation

Remark:LOAD
l-bs

STRESS
f, psi

LOAD
1bs

STRESS
fn Psi

r.c-2 I 2I, 600 49, o9l- 34, 500 78, 409 23.O

2 2I,600 49, OgI 34, 450 79,295 22.O

3 2l_, 600 49, O9I 34, 500 7A, 409 24.O

AVERAGE 49,091 79,37L 23.O

rc-5 I 21,600 49, O9r 34,050 77 ,386 22.O

2 2I, 450 48,7sO 34, oo0 77,273 22.O

3 21, 500 44, A64 33, 950 77 , I5g 24 -O

A.VERAGE 48,9o2 77,273 22.7

rc-6 I 2I, 600 49 , OgL 34, l_00 77 ,5OO 25.O

2 2I, 400 4A, 636 34,2OO 77,727 22.O

3 21,500 48, A64 34, L00 77 ,500 23.O

ÀVERÀGE 48,964 77 ,576 23.3

AVERAGB FOR EI,TTTRE SERIES:

fy = 48,952 psi;fu = 7'7,740 psi
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TABLE Ì.6
PROPEiìTT OF TIÍE RETNFORCING STEEL - SERT

(r INCH DrÀ. eARs)

BB\I{
NO,

lrou.rr"*
| 

*o'

I ELD

STRESS
fy nsi

I,ILTTI.,IATE

% Elong
atlon

LOAD
I L^rpÞ

STRESS
f,, Psi

Ir À-2 t 40,960 52, L78 63, lB0 80,494 23.O

2 40,900 52, LOz 62,95O 80,191 2+.0

3 4r, 100 52, 357 62,97o 80,2L7 23.O

ryERÀGE 52,2I2 80,297 23.3

rr A-2 (b) I 40, g4o 52, I53 62, A70 80,099 24.O

2 40,540 51, 643 62,660 79 ,922 23.O
? 40,570 5L, 679 63, O2O 80,290 22.O

\VERAGE 5I,825 80,067 23.O

IT A-4 I 40 ,7 40 5I, ggg 62,730 80,549 23.O

2 40, 960 52, I7A 62, A40 80.051 23.0

3 40,940 52,153 62,970 80. 089 24.O

AVERÀGE 52, 076 BO,22g 23.3

(rable cont'd)
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TÀBLE r.6 (coNT'D)

ÀVERAGI] FOR ENTIRE SERTES:

fy = 51,706 psi; fo = g0,06g psi.

BEAM SPECf T,f EN
NO.

YTELD ULTT}ßTE

%EIong-
ation

LOAD
lbs

STRESS
f, psi

LOAD
lbs

STRESS
fu psi

II À-6 I 40, 610 5L,732 62, 360 79, 440 24.O

2 40,630 5L,759 62,620 79,77r 23.O

3 40,540 5I,643 62, 660 7 9 ,822 24 -O

AVÐ{ÀGE 51,71I 79,6'lg 23.7



209

TABLE T.7

PROPHìT

(I INCH DIÀ. BARS)

ÀVERÀGE FOR ENTIRE SERTES:

fy = 5I,943 psi,. fu = 79,SS7 psi.

. BEAM
NO.

SPECTMEN
NO.

YIELD TILT MATE

% Elong-
ation

LOAD
Ibs

ò1¡(¡.55
f, nsi

LOAD
lbs

STRESS
fu psi

III À.3 I 40,530 51, 631 62, I40 79, l-5g 25.0

2 40,39o 5L, 452 62, l_00 79, 109 24.O

3 40,32O 5r,363 62,260 19 ,3I2 24.0

AVERAGE 5L, 482 79, I93 24.3

TTI À-6 T 40, 610 5I,732 62,360 79, 440 24.O

, 40,630 51,759 62,620 7g ,77I 23.O

3 40,540 5l_, 643 62,660 79 ,922 24.O

AVERAGE 5I,71L 79,6'lg 23.7

ITI A-8 I

2

3

AVERÀGE

4l-,230 52,522 62,gLO 80, ol3 24.O

4I,250 52.548 62,530 79,656 24.O

4l_, 490 52, g4I 62, A70 80, 0gg 23.0

52,631 7g, gLg 23.7
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I,7 TESTS OF CONCRETE CYLiNDERS

Test cylinders, six inch dj"a. by twelve inch long, were

cast with all the beams and tested at the same time as the beams.

T\^ro tests, uniaxial compression and tensile sp1ítting were performed

and an average for each beam was recorded.

Results of these tests are given in Tables I.8 and I.9.

The nominal compressive strength for prelirninary tests (Beams IB-2,

IB-4 and IB-5) was 4,000 psi whereas that for the remaining series

was 51000 psi.

The results show that the compressive strength was generally

higher than the nominal values, with only one exception. Cylinders

cast with beam IIA-2(b), showed a very high average of 7,334 psi. All

the remaining values were within 15e" of the norninal strength.

Table I.16 shows that the ratio Gi/ti) was farrly constant

over the entire test programme, the tensile splitting strength being

general Iy aror;nd L}eo of the compressive strength.

].8 DEFLECTION AND STRAIN MEASUREMENTS

I.8.1 Deflection Measurement

Deflection

span and under one of

at midspan only were

readings were taken for most bearns botl'r at mid-

the load points. In some beams deflections

recorded. These readings were taken with
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TABLE I.8

COI'.ÍPRESSION TEST OF COIïCRETE CYLINDERS

BEAMS NO. OF
TESTS

ÀGE
( days )

SLUMP
1in. )

COMPRESSM STRENGTII (fc) psi

MAX. f" MIN. f" AVG. f
I

c

IA_I, TA-2,
rA-3, LA-4
and 18-6

3 92 2.5 5, r60 4,92O

4,992
3 93 2.5 4,950 4,850

3 94 2.5 5,390 4, glo

3 LO2 2.5 4,995 4,850

IA-5 4 85 2.O 4,645 4,105 4,375

tA-6, r.A,-7
and IA-8

6 95 l-.0 6,155 5, 660 5, 860

fB-2, IB-4
and IB-5

6 75 5.0 4, 350 4,030 4, LgA

1c-2, Ic-5
and IC-6

9 111_ 2.5 5,525 4,950 5 ,357

fIÀ-2, IIA-4
and IIÀ-6

5 133 2.O 5 ,245 4,920
5, L52

3 135 2-O 5, 595 5, r35

rrÀ-2 (b) 2 1s 2.O 7 ,720 7 ,6Lo
7 ,334

2 I6 2.O 7,ro5 6,900

TTTA-3,
rfIÀ-6 and
TITA-8

I r26 2.O 5, 980 s, 635 5 ,82O



2I5

TÀBLE I.9

TENSILE SPLITTTNG TEST OF CONCRETE CYLINDERS

BEAMS NO. OF
TESTS

ÀGE
(days)

TENSTLE spLïTrtNG STRENGTH (fi) psj

MAX. fr tfrN. f r
I

ÀVG. f t

IA-I, TA-2,
rÀ-3, rA-4
and IB-6

3 92 570 500
5II

3 LO2 493 485

TÀ_5 3 85 442 388 4l_5

lA-6, rA-7
rnd IA-B

4 95 542 630 566

TB-2, IB-4
and rB-5

3 75 51I 4BO 493

LC-2, rC-S
rnd IC-6

3 IlI 529 s19 525

tIA-2, ffÀ-4
rnd IrA-6

4 133 576 524 547

rrA-2 (b) 3 t5 750 734 742

tITA-3, ITIA_6
rnd IIfA-8

4 L26 571 530 546
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TÀBLE T. 10

COI"IPARTSON OF COMPRESSTVE AND TESILE-SPLITTING

STRENGTH OF CONCRETE CYLINDERS

MTX NO. BEAM NO.
I

f cpsa

t
f-L psi

I

f/ft'
I

Cot

t rA-1, 2,3, 4
TB-6

4,992 stl I0.4

2 IA-5 4, 375 415 9.5

3 fA-6 ,7 ,8 5, 860 566 9.6

4 rB-2, 4,5 4, r98 493 1r.7

5 rc-z,5,6 5,35'7 525 9.8

6 r.r A-2, 4,6 5, L52 547 to.6

7 rr A-2 (b) '7 ,334 742 10.1

I TII À-3,6,8 5,820 546 9.4

é't/tll av. = ro.t%
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either a one inch or a two inch deflection gauge,reading to 0.001 in

The normal procedure adopted for these readings was as follows.

(1) One reading was taken as soon as the load was increased to

the required level. At this stage, strain gauge readings were

taken or cracks were marked. Load was not maintained durino

this period, but decreased slightly.

(2) The second reading was recorded before the load was increased

to the next level. The tine period between the two readings

as well as the load at the end of the reading was recorded.

The rnain purpose of the above procedure was to keep the

deflection almost constant at each level of loading, even though

a small drop in applied load was experienced. This procedure

seemed to be desirable beacuse DEMEC gauge readings took considerable

tine, and it was felt preferable to hold the geometric quantities

as constant as possible during reading.

In tl-re preliminary series of tests, Do-DEMEC gauges were em-

ployed. Electrical resistance gauges were read by an automatic

digital voltmeter data logger. Since the time period between readings

was sma11, in those preliminary tests the load rather than the

deflection was held constant. It was assumed that very little

deformation would take place during the automatic reading of the

strain gaugeso



.:::...:r:: -r-::::::-l'.i.il--::

2IA

I.8.2 Strain Measurements

In the preliminary series of tests, only electrical re-

sistance strain gauges were used over one-ha1f span length both on

steel and concrete. In the nain series of tests demountable

mechanical strain gauges (DEMEC) were used in addition to the

electrical resistance strain gauges. These were used only on the

concrîete and over one half of the span, on the sane side of the beams

as the electrical gauges, but at the opposite end.

(a) Electrical Resistance Strain Gauges onJlee1

The strain gauges used on the reinforcing bars of the

tests were KYowA foil strain gauges* of the type KFC-s-cl-ll, having

a gauge length of 5 m.m. and a gauge factor of 2.II.

At each gauge location, both top and botton of the reinforcing

bar, a length of 10 to 15 m.m. was filed to a completely smooth

finish, eliminating the deformations"

The snooth surface was then cleaned with acetone and the

gaUges were glued on wíth the recommended gauge cement and held in

place until the adhesive had cured. Strain gauge terminal points

were then affixed, allowed to cure for 72 hours and the output leads

from the strain gauge to the terrninal points soldered into position.

The gauges and leads were then carefully waterproofed with synthetic

* KYOWA (JAPAN)
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rubber and silicone sealant.

After the gauges were waterproofed,their leakage resistance was

checked. A minimum gauge resistance of 720 x 106 ohms was considered to

be adequate.

The bars, with gauges affixed,were then immersed in water for

two days and checked for resistance again to see ivhether the water-

proofing was sa-tisfactory. Faulty gauges were removed and replaced.

Despite all the above precautions, only about 80% of these

gauges functioned satisfactorily. Some of these gauges had open

connections after casting, the tead wires having been broken probably

during the vibration of concrete. Others had insufficient resistance

or showed erratic, unstable readings. These gauge-readings were not

considered in analysis. As might be expected, the percentage of gauges

that worked well increased in the latter part of the work, indicating

the effect of the experience gained.

(b) Electrical Resistance Strain Gauges on Concrete

Due to the heterogeneous nature of concrete and presence of

large aggregate particles, it is not possible to obtain accurate or

reliable strain values with a small gauge length. It becomes necessary

to use larger gauge lengths and to consider the average strains at the points

Several investigations* have suggested that the gauge

* BINNS and MYGIND (1949); HOGNESTAD and VIEST (1950) and C00KE

and SEDDON (1956).
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length should be at least 3-4 times the maximum size of the aggregate

used. The maximurn size of the aggregates in this test series was

three-quarter inch or about 19 m.m. Thus the appropriate size

of the electrical resistance gauges for concrete becomes from

57 m.m. to 76 m.m. For the entire test prograrnme, 67 m.rn. foil

gauges manufactured by KYOWA (Japan) (type KC-70-41-11), having

a gauge factor of 2.13, were used. These gauges are especially re-

commended for applications on concrete and appeared to give reasonably

good results.

Two to five rosettes of these gauges were also used on

each beam except beams of the preliminary series. These rosettes

were made out from the 67 m.m. gauges by placing one gauge

horizontal at the point, one vertical and a third one at 45o angle

between the previous two gauges.

The gauges were applied on the surface of concrete in the

following manner.

After the surface of c.oncrete was smoothened with sand paper

around the area the gauges were to be applied, the area was washed

with acetone to clean out all the dust particles, and remove any

traces of grease or oil. A layer of adhesive was applied to the

concrete to fill any surface voids, allowed to cure, and then the

gauges affixed carefully. Air bubbles were ro1led out from r¡nder

the gauge using gentle pressure from the thumb, and then the gauge

was held in position until the adhesive had cured. Terrúnal points

were then affixed, Ðd the leads from the gauges connected.
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(c) Strain Readings rvith Electrical Resistance Stlgl¡ tguggq

The strains were measured through the Scanner Unit of the

Department's Hewlett Packard Data Acquisition System. This r¡nit

can acconmodate 300 pair input through 25 connectors, each having a

12 wire cable. This data acquisition system works automatically (or

manualty), switching on one line after the other, thus giving one

reading at a time. The data systern, includes a voltmeter which

converts the "out of balanceil voltage of each strain gauge bridge

into digital form. These readings have then to be converted to

appropriate readings of strain.

Two terminal boxes, each accommodating 24 active and dummy

gauge wires, were especially constructed for the test series. These

boxes could accommodate the maximum number of gauges that were used

on any beam through the entire series. A duruny or temperature con-

pensating gauge was connected into each box for every active gauge.

Since, ideally, durnmy gauges should be under exactly the sane

thermal conditions as the active gauges, the gauges on another bean

were used as durnrny gauges for the beam under test. For gauges

on the reinforcing bars, dummy gauges were placed on a separate

steel p1ate.

Some studies were also rnade to check zero drift and to deterrnine

the most stable resistors to be used in the permanent anns of the

electrical bridge used. The best resistors that could be obtained 1ocally
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indicated an unacceptably high drift over a period of a few hours

(the duration of the tests) and over a period of two weeks. It

h/as finally decided to use Japanese resistors (KYOWA), which per-

formed very well over a four-hour period and a one week period. These

resistors were mounted in the gauge box on a piece of steel, and

covered with styrofoam insulation.

All connections were checked before the start of the test

and it was ascertained that there were no "cold" or rrshort'r connections

(either in the soldering at the terrninal points or in the gauge

boxes) and that the connections were made to the correct gauge

number. This last factor was checked by checking each gauge on the

digital voltmeter by noticing change of voltage reading as each

gauge was pressed carefully with the thumb. Those gauges which

had open connections on steel as rvel1 as those which had large

zero drifts were noted for future reference before the start of the

tes t.

A six-volt battery was used to apply the circuit voltage.

The battery was charged for 4 to 5 hours the day preceding each test.

The scanner unit of the Hewlett Packard data acquisition system was

also warmed up for a period of ha1 f an hour before e ach test.

Strain readings v/ere recorded at 2,500 pound load intervals

for most of the beams. In sone cases readings at 2,000 or 5,000

pound íntervals ivere also made, depending upon the expected ultimate

1oad. In a few cases, the reading interval was reduced to 1,000

pounds at critical stages of loadings.
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As already mentioned, the data acquisition system gave

readings of voltage at each load level and they were converted to

direct strain by the relationship,

^v4Straln GF, r{here

AV = Voltage difference between load reading and the zero

load reading of the same gauge.

V = Battery voltage.

GF = Gauge factor, 2.I7 for steel and 2.13 for concrete.

Ideally the value of battery voltage should be constant.

However there was usually a difference of a few micro-vo1ts between

its readings at the beginning and end of the test. In the conversion

equation, the value of V was that actually recorded at each load level.

When a crack passes through an electrical resistance strain

gauge, the gauge usually breaks and is lost for the remaining part

of the test. However, when the crack passes very close to the gauge

or the crack passes through the gauge but is so sma1l that the

gauge does not break, the reading obtained gives very large strains

compared to the strains at the previous load level. This reading

was not interpreted as the average strain at that point, but rather

as a measure of tire crack width and very localized strains. This

interpretatíon is further supported by results which showed that in

many cases the gauge gave a large strain reading before breaking at

the next load level. Such high strain readings must therefore be'

interpreted rvith extreme caution.
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Despite all the precautions, and care taken in preparing

the specimens and taking the readings, a few of the readings were

out of line with the general trend, due to undetected loose connection

problems, drift in gauge resistances, etc. such readings were ignored

in the interpretation of test results.

In beams of series IA, IC, and beam IB-6, electrical re-

sistance strain gauges on the compression face of the bearn at all

locations except urder the load point were applied over the top surface

of the beam, whereas in all other cases the gauges were on the side

of the beam, very close to the top edge. Since the top surface

was rough, ã layer of epoxy was applied at each gauge location,

allowed to dry, and then the gauges were placed rvi-th the gauge cement

over the epoxy surface" It was found, however, during the tests

that all gauges in such a location gave erratic results. It is

suspected that the laitance on the concrete surface became loose

under 1oad, and the gauges affixed to this laitance were not capable

of giving meaningful results. The results obtained from these poorly

affixed gauges were also discarded.

(d) Locations of the Electrical Resistance Strain Gauges

In the preliminary series of tests, the locations

gauges differed slightly fron the rest of the series. Gauge

nunbers and precise gauge locations for each of these beams

indicated along lvith the material on experimental results in

of the

are

Appendix II
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The following points may be noted, about the general

location of the electrical resi'stance strain gauges (excluding the

preliminary series of tests).

(i) Electrical resistance strain gauges were placed on

only one half span of the beams, at six different vertical sections,

ã, b, c, d, e, and f, respectively (Figure I.6a);

(a) Section a was directly over the support, while section

f was at midspan;

(b) Section c vlas at the "midshearrr span and section e under

the load point for bearns with concentrated loads,

(c) Section b was at midpoint between sections a and c.

Similarly section d was at midpoint between sections

c and e;

(d) Sections b, c, d and e for uniformly distributed loads

were the corresponding equivalent locations;

(2) On the concrete surface gauges were placed at 0 in.,

4 in., 8 in., and 12 tn. (or 0 , d/4, d12, and 3d/4 inches, where d

is the effective depth of the beam) below the top surface of the beam.

As mentioned before, gauges on the steel reinforcement were

placed on one of the three reinforcing bars on1y, at both the top and

the bottom surfaces of the bar.

In beams of Series IIA, which included secondary beans,

gauges on the concrete at section e could not be placed on the main

beam. For these beams, gauges were. placed at special sections e,

and e* the details of which can be seen from the data of individual

beam tests in Appendix II.
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(e) DEMEC Gauges*

DEMEC gauges were used only on concrete surfaces and on

all of the beams of tl're series except the preliminary set of

beams. They were used on the second half of the beam; on the same

side as the electrical resistance gauges. This side was ca1led

N1 - N2, and the electrical gauges were placed on the end Nl

and the DEMEC gauges on the end N2 of the bearn. (The only exception

was beam IIIA-8, where the gauges were placed on side 51 - 52 of

the beam, the electrical resistance strain gauges being on the end

Sl and the DEMEC gauges on end S2).

Three types of measurements were made with DEMEC gauges.

(i) Florizontal Gauge Line Measurements (Figure I.6a)

At vertical locations 2 in.,5 in., and 16 in. below the

top of the beams, (signified by letters A, B, and C) and from the

vertical section of symmet'ry at nidspan to the bearn supports, measure-

ments were made on 8 in. gauge lines. For beams of Series IIA

these measurements were not made due to the presence of the secondary

bearns. Location of these gauges are sltown on plots of each beam

in Appendix III.

(ii) Inclined Gauge Line Measurements (Figure I.6b and c)

Inclined gauge lines for an 8 in. gauge length were

* Refer to the work of MORICE (f953) and BASE (1955).
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established as foll0rvs :

CASE 1 For short beams (a/d upto 2 "s) , the centre line

of gauge length rvas marked at 45o at the point of intersection of
midshear span and mid-depth of the beam. g in. gauge lines were

then laid out at 2 in" intervals from the top (Figure I.6b) .

CASE 2 For longer beams, a point was marked six inches

from the support and another J inches below the load point. These

two were joined by a line. A line perpendicular to this line at

its centre was taken as the centre line of the gauge lines which

extended from the top to the bottom of the beam (Figure I.6c).

For beans with a/d ratio of 5 or 6, these measurements

were not made.

Corresponding locations were used for beams with uniformly

distributed 1oads. Locations of inclined gauge lines for individual

bearns are shown with plots of inclined gauge line data in Appendix III

(iii) DEMEC Rosettes and Longitudinal Strain Readings at the

Compression Face of the Bearns (Figure I.6a)

The locations of these sections corresponded exactly with

those for the electrical resistance strain gauges. The locations

were distinguished by using ã' , b t, etc. for vertical sections

instead of a, b, etc. as for the electrical resistance strain gauges.

The only difference was that readings at midspan were not taken
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with DEMEC gauges. A 2 in. gauge length was used for these readings.

At the compression face, read.ings weïe taken of the longitudinal

strain only (See Figure I-6a). The reading is labelled l-1r (at

zero depth from top) in the experimental results of beams. At

all other locations, four readings in a rosette, 1-1,, 2-2r,

3-31 and 4-4 t, were taken to give a complete strain field. Reading

3-3t at each rosette location and 1-1f at compression face only give

the longitudinal strains directly.

TWo inch and eight inch DEMEC gauges were used in the in-

vestigation. The gauge factors for each were 2.49 x l0-5 and 1.00
_qx 10 " respectively.

Strain was calculated from the DEMEC readings using the

expression:

e = GF (RdSi - Rdgo)

where GF is the gauge factor,

Rdg. is the gauge reading at the ith increment

and Rdgo is the initial gauge reading.

The locating discs required for these gauges were attached

to the concrete surface using polymethyline thacrylate resin and

hardner in specified proportions, The discs were pressed firmly on

the surface of the concrete and the exact gauge distance between

points was set with the standard measuring points on an invar

setting bal.
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(f) Measurements with DEII{EC Gauges

Various factors influenced the accuracy of readings rnade

with DEMEC gauges and are discussed in this section.

(1) Importance of Zero Load Readings

In calculating strains, the readings at all load levels

were subtracted from the zero load readings, as discussed above.

Thus, if an inaccuracy were to exist in the zero load reading at

any point, the entire set of results for that point would be affect-

ed. Particular care in recording zero load readings was therefore

necessary. In many cases, the zero load reading was taken twice and

the average of the two was recorded as the reading. It was observed

that it rvas quite possible for readings to differ by one division of

the scale (equivalent to a strain of 0.25 x 1O=4), if the same reading

were taken by different persons or at different tirnes.

(2) Temperature Effects

The influence of the temperature change on the gauge was

found by taking readings periodically on the standard invar bar. In

most of the cases no corrections were required for temperature within

the range of precision attainable with the gauges.

A second problem associated with temperature is that of the

thermal expansion of the concrete during the period of the test. Tests

lasted from 4 to 5 hours and although the temperature of the lab where

the testing

corrections

done was not thermostatically controlled, no temperature

to this effect have been made to the results, as it was

was

due



23L

estimated that minor temperature changes within a period of 4 to 5

hours would not be significant.

(3) Non-Uniformity of Concrete Strains

The work of C00K and SEDDON (1956) indicated that local

variations in the strains due to the difference in the elastic properties

of the material rvithin the concrete may cause some error. This is

particularly applicable to concrete where larger aggregate particles

are embedded in the matrix of mortar. The error has been estimated

to be as high as 10 per cent with a 2 in. DEMEC gauge. No systematic

correction is possible in this case.

(4j Positioning of Locating Discs

The effective gauge length during measurements is the dis-

tance between the centroid of the area of the adhesive attaching

the locating discs to the specimen. This effective length may be

different from that set-out with the standard invar bar. However,

the emor associated with it is estimated to be very small. It is

also an error which cannot be compensated for in a systematíc manner.

(5) Location of the Gauge Points

Horizontal,vertical and inclined gauge readings were taken,

as mentioned earlier, and it was observed that an accurate reading

requires the instrument to be truly normal to the gauge points being

read. Further, it was found that if the observer rested his hands

on the beam he was in a position to hold the gauge more steadily.

Since the strains measured remained sma11 compared to the gaugers
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rninimum resolution, sma11 variations of readings were rather signifi-

cant. It was generally observed that greater reliance could be placed

on the horizontal gauge readings rather than those in a vertical or

inclined position. A further problem stemmed from the fact that the

vertical strains i{ere generally quite snal1 and sometimes they re-

mained almost zero throughout the loading range.

(ó) Effect of Crack Locations

Location of cracks significantly ínfluenced the strain read-

ings, either when the crack passed very close to the measuring points

or between them. It was therefore important that crack locations were

recorded, in order that crack widths could be separated from the genuine

strains, in interpreting raw strain data.

(7) Errors of Reading the Gauges

If the gauge readings were read by different observers during

the test, there was a possibility of observational error. This difference

between observers was eliminated by having readings taken by the same

observer throughout ar:y one test. All zero load readinþs were taken

at the start of the test and therefore include the self weight of the

beams and that of the loading-arrangement. This total weight remained

less then 1000 pounds in all cases.

(g) Comparison of Longitudinal Strain Readings from Electrical Resistance

Strain Gauges and DEMEC Gauges

The electrical resistance strain gauges and the DEMEC gauges

were placed at symmetrical locations on the two halves of the beam.

Sone differences in comparative readings are to be expected since con-

crete is not a homogeneous material like steel or glass and the strain



distribution on both halves cannot be expected to be identical.

Besides, one of the very irnportant aspects in the strain reading

of a particular gauge in this study was the location of the major

and rninor cracks relative to the gauge location. The profile of

the cracks on the two halves of the beams were generally similar,

but contained important local differences. It was anticipated there-

fore that DEMEC and electric resistance strain gauge readings could

be compared qualitatively, but not quantitatively.

Flexural cracks on the tlvo halves of the beams were re-

latively nore uniform in distribution than diagonal cracks. There-

fore, in diagonal tension failures, the comparative gauge readings

might be expected to be closer to one another. Detailed crack pro-

files for each beam along with the gauge locations are given in

Appendix II.

(h) Summary of Instrumentàtion on Beams

A summary of the instrumentation on beams is given ín Table

I.11. In Appendix II, the detailed location of gauges on each beam

is shorvn along with their results. The precise location of horizontal

and inclined gauge lines are shown in Appendix III on the plots of

results from these gauge 1ines.
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I.9 TEST ARRANGEMENT AND PROCEDURE

The beams were loaded by a 200,000 - pound maximum capacity

hydraulic jack in a 200-ton Universal test frame. The jack was calibrated

before the test pïograrilne and also checked again during the testing programme.

I.9.1 Test Arra:rgement for Beams of Series IA, IB and IC

The test arratlgement for beams of series IA, IB, and IC is

shown in Figure I-7 and Figure I-8.

0n one side, the beam was supported on a ro11er to al1ow

rotational movement with longitudinal restraint. 0n the other end

of the beam an additional set of rollers were used so that both

longitudinal and rotational movements could take place. The beam

was supported by plates at both supports and was centred carefully

over the loading head of the frane.

oad was applied at two points, three feet apart. The centre

lines of these points $/ere carefully marked and a I/4 in. layer of

plaster of paris was applied over the area to be covered by loading

plates to ensure uniform contact. The plates and rollers were then

placed as shown in Figure I-7 with a short, stiffened I-bean over the

top of the ro1lers. The short beam distributed the load rvhich was applied

through an 8 in. load ce11 placed directly under the loading head of the jack.

Rollers were also placed under the load ce11. The test beam, the load ceII

and the loading head of the jack were aligned carefully. The loading scheme
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chosen was assumed to pïovide negligible parasi-tic restraint.

I.9.2 Test Arrangement for Bearns of Series IIA

The test arrangement for series IIA, rvhere the rnain beam

was loaded through the secondary beams, is shown in Figure I-9.

The arrangement of the support plates and rollers was similar to

that described in the precedirìg section for the beams of

series IA, IB and IC. The load was applied at the centre of the

secondary beams, which projected l2 inches fron the nain beam.

The transvelse centre lines of the half-1oads at each longitudinal

loading section were therefore 20 inches apart, since the main beam

itself was B inches rvide. Parasitic restraints on this secondary

beam were minimized by the use of appropriate ro1lers.
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I.9.3 Test Arrangenent for Beams of Series III A

Uniformly distributed loads in this series were sinulated by

eight equally spaced concentrated 1oads, since the bending monent diagram

for a r¡niform load and eight concentrated loads is very similar in shape.

The general arrangement for the tests of this series is shown in

Figure I-10 and a diagram of the loading arrangement used is shown in

Figure I-11. The dimensional details are given in Table I'12.

TABLE I-12 DETAILS OF LOADING ARRANGEMENT - SERIES III A

The half-ro1lers were required to increase the overall stability of the

set-up. In all other respects the test arrangenents \^/ere the sarne as

for the previous series.

I.9.4 Preparation of Beams Before Test

As already described, one side of the beam was instrumented

both with the electrical resistance and the DEMEC strain gauges. The

BEAM NO. SPAN
LENGTH

DISTANCE
ilbil

PLATES I - BEAM TOP I-BEAM
evel I Level 2 Level 3

Length=a clc of
ro 1 lers
=a+b

Length
I .5a+b

c L o t
rollers
2a+2b

Length
3a+3b

c/c of
ro1 lerr
4a+4b

Length
5 a+5b

IIA-3
IIIA-6
IIIA-8

8r _4il

13r -8"
19 t -0"

ltt

gtt

L7"

I r/ztl
I l/2'l
L r/2"

l2
20

28

r/2"
l/2"
7/2"

t8 r/4"
26 1/4"
34 L/4',1

25"

4L"

5 7tt

37 r/2',1

61 r/2',1

85 t/2"

50

82

114

62 r/2
r02 L/2

142 L/2



I IG. I-9 I,OADING ARRANGEMENT FOR SERIES IIA
(SECONDARY BEAM LOADTNG)

*.:

'*t-
'li

't{ 
¡i
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(UNrFORM LOAD)



Le
ve

 l-

Le
ve

l
Le

ve
l

3 2_ I
II ll +

--
''.

-.
>

t_
_

3q
 

+
 Ò

e

F
IG

. 
I.1

1 
LO

¡\
D

I)
{G

 P
A

T
T

E
tu

\ 
I'O

R
 I

T
ìiI

F
O

R
Y

 L
O

A
D

N
) È (¡
J



244

other side of the beam, S1-S2, was painted rvhite with latex paint and

a grid-work of lines at 6 in. horizontal and 4 in. vertícal intervals

was laid out, as can be seen faintly in Figure I-9. Each end of the

beam was marked Nl, N2, 51 or 52 alongwith beam number to identify

the various photographs to be taken. The date of casting and that of

testing was also noted on end Nl for reference. End Nl on which

electrical resistance strain gauges were placed was unpainted. How-

ever, the other half N2 , was painted white before the locating discs

for DEIr'IEC gauges were placed. The various types of DEltlEC gauge measur-

ing lines were distinguished by using different colours joining lines

to the DEI'IEC points. The gauge points, and the half-painted beam is

visible in Figure I-10.

The purpose of painting the beam was to assist in the detection

of cracks as they formed and progressed at various load levels. The

grid work was laid out to help in recording the detaíled location of

cracks at various load levels. 0n side N1-N2, tìo grid work was

laid out since the location of the gauge lines provided adequate re-

ference points for determining the crack locations. Also, this side was

already crowded with strain gauge instrumentation, and further grid

lines would only add an element of confusion to the pattern.

I.9.5 Test Procedure

After all the readings

loaded in regular increments of

at zeto load were taken, the beam was

2 to 5 kips, depending upon tire maximum
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load anticipated. In some cases the increments rvere reduced near

failure. At each load increment, a fu1l set of electrical resistance

strain gauge readings was taken by the automatic data unit. DEMEC

gauge readings were only taken at specified load levels, 3 to 7 sets

of readings being taken for various tests. Sometirnes an entire set

of DEMEC readings was taken and sometimes only a partial set was re-

corded, depending upon the data already accumulated, the time taken for

recording the readings and the anticipated importance of a particular

reading. DEMEC readings at 1ow loads were not taken, the first read-

ing being recorded after some flexural cracking had taken place in the

midspan area or in the shearspan. Subsequent reading intervals were

usually equally spaced to failure, though in sone cases the interval

between the last two sets of readings was closer. Further, since the

failure load could not be anticipated very closely, the reading in-

terval near failure could not be pre-assigned,

Deflections were recorded at each load interval alongwith

details of the propagation of cracks, the time taken at each reading

and whether a DEMEC reading set - complete or partial - was taken at

that load leve1.

While the loading was interrupted at each increnent to re-

cord deflections and strains and to mark the cracks, no attempt was

made to naintain the load. Cracks were usually identified according

to the order of formation, and the ends of cracks were marked with

colresponding loads in kj-ps. A separ¿lstable was made and corpleted

during the test giving crack numbers,, the load at lvhich they originated,

the crack height and their distance from either support at inipoïtant
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load leve1s until failure. This elaborate record in tabular form was

kept only for side S1-S2, since it was found more convenient to 1o-

cate and follorv the cracks on the rvhite painted surface. 0n side Nl-

N2, it was sometimes difficult to see the propagation of the cracks

in detail, especially on the end on which the electrical resistance

strain gauges were placed, as this end was not painted. Besides

marking the crack numbers and recording the height of cracks,the

horizontal distance between the cracks at the reinforcement 1eve1 was

also recorded. This extensive record of the cracks was used to draw

detailed cracking patterns to scale on graph paper for both sides of

the beams, to be used in later investigation of beam behaviour and

analytical studies.

Photographs of the beams during loading and of various im-

portant details at failure were also taken, to supplement the crack-

ing pattern record. Colour slides of the failed specimens of the en-

tire test programme were also made, before the beams were physically

removed as insurance against loss of key data after the tests had

been completed.
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APPENDIX II

EXPERIMENTAL RESULTS

II.1 GENERAL

In this Appendix, gauge locations for individual beams and

crack pattern on both sides of the beams are shorvn. Loading stages,

deflections and crack formation for the entire test series are tab-

ulated and comrnents made on the failure of beams.

Results of the strain gauge data, however, were very extensive.

Due to the large volume of strain gauge data, the results of DEMEC

Tosettes, electrical resistance strain gauges, hori zontaT gauge line

readings, horizontal displacements and inclined gauge line readings have

been compiled into a separat" t"pott.*

II.2 LOADIì'lG STAGES, DEFLECTIONS Ai\iD CRACK FORMATI0N

Results of all beam tests are tabulated in this section

accompanied by figures showing gauge locations and crack patterns on

both sides of the beam.

* See p.9l
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TAß],8 II.1

tstlAlf IA-1 - LOADING STAGES, DEI'LECTIONS AND CRACK FORIíATION

END OF

READING

250

REMARKS

Formatíon of first
flexural cracks,
and their vertical
extension. (These
cracks later be-
came inclined. )

Formation of first
diagonal craclc and
its extension intc
the compression
zoîe.

Appearance of a
nerv rnajor diagonal
crack ancl its
propagation
through the com-
pression zone of
the beam.

Extensíon of the
diagonal craclc to
within 2t< in. of.
the compressiot'I
zone of the beam.

I
2

3

4

5

6

7

B

9

10,t

5

10

15

20

25

30

4. B5

9 .90

14.60

19 .50

24 .50

29.00

35

40

45

50

34 .05

39 .00

44.25

48.30

11

I2

55

60

s4 .40

58.55

63.8s

68.9s

74.00

76. B0

13

L4

15

16*

6s

70

75

80

LOADT.NG

STAGE

| -3.LOAD (KIPS) I DEFLECTTON (10 ") in.

AT I'ÍIDSPAN IUNDUR LOAD PT.
A---) B | ^-+ 

B

READING
TII'ÍE

(I'IINUTES )START OF

R-EADING

16. Þ. 16. 0

26.È 26.s

36.È 36.s

44.H 4s.o

s1.H s2.5

s9. Ð 60.5

67.H 6B.s

75.È 77 .5

84. Ð 8s. s

93.Ë 97.0

103. s-+r04.0
111. Ð113 .0

120. Þ121.0
r2B. Ð130.0
137.H137.s
r44.Ð744.5

20.É 20.0

32.È 32.0

41. # 41. s

s0.H s0.s

s9.H 59,0

67 .È 67 .0

76.È 76.s

84 . H Bs.0

e3.È 94.0

102. Þt03 .5

111 .5-)112.0
119. Ð120.5

r28.Wr29 .s
136. Þ137.0
144 . H14s .0

152 .5-ì151. 5



25L
iTABLE BEAII IA-1 (CONTINUDD)

LOADING

STAGE

LOAD (KIPS) DEFLECTTON (10-3) ín. RIADING
TII'ÍE

(I'ÍTNUTES )

REMARKS
START OF

READING
END OF

READING
AT ì'fIDSPAN

--l tsA
UNDER LOAD PT.

A-+ B

I7
18

19

20x

2I
22

23

¿4^

25

26

27

2B

29

30*

31

)¿

33

34

B5

90

95

100

105

110

115

r20

125

130

135

140

745

150

155

160

165

r70

84 .45

88. B5

94.L5

97.25

L04.25

108.80

113. 70

116.55

123. B0

128.15

r32 .50

136.55

L42.50

143. 60

L52.45

156.85

162.00

L66 .60

rs3. Þ1s3.0
1s9 . H160.0
167.0-)L67.5

r 73 . Hl7s.0

183.Þ183.0
189 . H1B9 .0

196. Þ196.0
203.Þ207 .0

211. H211 . 0

222.È222.0
228.s-)228.0

235.W235.0
244.È244.0
252.È251 .O

263.5-+262.5

)-68.5-)268 ,O

276.È274.s
283.Þ281.0

160 . Þ160.0
166. H166.5
r73.5-+174.0

r81. Þ181.0

189.s-+189.s

196. H196.0
203 . Þ203.0
2LO.È272.0

222.q)222 .0

229 .È228.0
235.È234.s
242 .W24L.0
2s0.Ð250.5
2s8.H2s6.0

268.1267 .0
27 ¿+.È273.0

282 .H280 .5
289.È287.0

4

6

3

26

2

a
L

2

29

11JJ

2

2

3

3

)l

3

4

2

2

Extensíon of
flexural cracks
almost stopped.
Diagonal cracks
propagating very
s lorvly .

Diagonal cracks
have extended in
the vícínity of
load point ancl l-rav
become stabilized.

The critical diag-
onal crack has
extended to within
1 3/B in. of the
compression face o
the beam.
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TABLE BEA-M IA-1 (CONTINULD)

LOADING

STAGE

LOAD (KrPS) DEI¡LI]CTION (10-3) iN. RIA¡ING
TII"fE

(MTNUTES)
REMARKS

START OF

RJìADING
END OF

READING
AT }fTDSPAN

--) BA
UNDIiR LOAD PT.

A.-+ B

35

36*

37

38

39

175

180

185

190

195

L70

T7I

75

80

179

184

1BB

85

10

90

290.È289
298 .5-)297

0

0

309. Ð307
31s.H314
322

5

0

296.È29s
304 .5-1302

0

5

316 . H313. 5

32r.s-)320.0
J¿ö

2

30

4

')

6

No further
propagation of
cracks, since a
load of 150 kips
was applíed.

Test discontínued
as the capacity
of loadíng jack
rvas reached.

)ï DEMEC gauge readings rvere taken
A -+ B A = deflectíon at start of reading

B = deflection at end of reading
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TABLE IT,2

BEAII rA-2 - LOADI\TG STAGES, DEFLECTIOT'ÌS AND CRACI( }'OR-M.ATION

LOA-DING

STAGE

LOAD (KIPS) DEI-LECTTON (10 ) an. RTADING
1] I I'TE

(MTNUTES )

REMARKS
START OF

READ]NG
END OF

RIiADING
AT I'ÍIDSPAN
A--+ B

UNDIÌR LOAD PT.
A__+ B

I
2

-)

4

5

6

7

Brt

9

t0

11

5

l0

15

20

25

30

35

4U

45

50

55

4. B0

9 .80

Lt+ .60

L9 45

24

29

15

00

aaJJ

a1

44

90

B5

00

1+8 20

53 60

I5

30

43

H ls.s
o--> :0. s

È 44.0

56.W s7

67 .Ð 68

79.s-l 81

0

0

9l
105

Êe3
s-à06

LzL.Wr22

140. Þ143

157.H159

20.Þ 19.s

32.È 32.s

44.È 44.0

s4 . s-) ss .0

64 5-) 6s.s

s-) 77.0

87.È BB. s

ee.H9e.s

r12.Ð113.0

128.5J131

r4s. H147.0

3

3

4

5

5

6

6

60

¿t

10

9

Appearance of
first flexural
crack.

Appearance of more
flexural cracks
and their vertical
extens ion.

Appearance
first crack
shear span
extension 6

vertically.

of
in the

and its
in.

Observation of
first diagonal
cracking
Further extension
of diagonal
cracks.

Observation of a
major extension of
diagonal craclcs ,
the end of crack
being only I 1/Bín
from the comPres-
sion face of the
beam. This crack
branching back-
wards as well,
crossing the
reinforcement.
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TABLE rJEA,l'r r^-2 (CONTrNU]ÌD)

LOADING

STAGE

LOAD (KIPS) DEFLECTTON (10-3) in. RIIADING
TII''IE

(tlrNUTES )

RE}IARKS
START OF

READING
END OI'
Iì.IiADING

AT I'ÍIDSPAì']
A-=l ts

I.]ND}ÌR LOAD PT.

l-2x

13

I4

15

16 J.

L7

18

L9

60

65

70

75

BO

B5

90

94.75

57 70

64 LO

6B 70

7? 65

76 75

83. 90

87.60

L74.Wr77

L9r.Èr92

205.È207

22L. È223

238.È242

26r.È26I
27 7 . Þ280

0

0

r63. D16s

179 .5--1180

193. 5-)194

208.È209

223.5-)226

243.È243
251 .O-¡Z5B

0

5

31

4

3

3

2B

5

6

Diagonal cracks Ín
the vicinity of
the load point.
Stabilízation of
diagonal cracks.
The beam continues
talcíng further
load.

Stabilization of
diagonal cracks.
The beam continues
taking further
1oad.

Stabilizati-on of
diagonal cracks.
The beam continues
taking further
load.

Extension downward
of vertical cracks
from compressíon
face above diag-
onal cracks.

Midspan deflection
exceeding 0.3 in.
as the beam failed
along critical
diagonal
cracic. Typical
shear compression
failure occurred
rvith a split along
rhe reinforcement.

)k DEMEC gauge readings \,rere taken
A -) B A = def l-ection at start of reading

B = deflection at end of ¡eading
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TABLE II.3

BEA}I IA_3 * LOADING STAGES, DEFLECTIONS AND CIìACI( ITOR}íATION

LOADING

STAGE

LO^D (KTPS)
a

DEFLECTION (10-3) iN. Tì]14-DII'IG

TIME
(t rrNUTIts )

REI'ÍARKS
START OT'

R-EADING
END OF

READING
AT MIDSPAN
A-+ B

UNDER LOAD PT.
A-+ B

I
2

3

4

5

6

7

B

9

10

11

12!<

13

L4

15

2.5

5.0

7.5

10.0

L2.5

15.0

17 .5

20.o

))5

25.0

27 .5

30. 0

32.5

35.0

37.s

2 .35

4.95

7 .35

9 .85

12.25

14 .65

17.10

L9 .25

21. B0

24.20

26 .4s

28.65

31.85

33. 70

36.50

11.s+ 1r.s
24.È 24.s

34.H 3s. s

44.W 44.s

s2.Ð s3.0

se. Ð 60.0

67 . s-) 68. 0

76.s-) 78.0

86.Þ 87.0

94.È 96.0

104. Ð106.0

114. Þ115.5
r24 .5-->124 . s

133.5-113s. 0

145. Þ146.0

13.H 13.0

24.# 24.0

33.È 33.C

40.ry 40.5

46.s-) 47.0

s2.5-l s3.0

58. 5-l s9.0

66.0-+ 6B.s

74.5-) 76.0

82.Ð 84.0

91. H 93.0

99 . s-+101. 5

108 . Þ109 .0
116. H119 .0

127.H130.0

2

2

2

2

2

2

2

4

5

3

T2

26

5

7

5

Observation of
first flexural
craclc and its
extension to a
heíght of 6 in.
Appearance of
first flexural-
cracks ín shear
span close to the
load point.

VerEícal propaga-
tíon of flexural
cracks -- later
ínclined propaga-
tion.

Appearance of new
diagonal cracks
and extension in
inclined direction
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TAIJI,II BEA}Í IA-3 (CONTINUI'D)

LOADING

S]]AGE

LO^,D (KrPS ) DE¡'LIICTIOì{ (10-3) in RI]A-DING

TII'fE
(t'rrNUl']js )

RE}{1TRKS
START OF

READING
END OF

READING
AT }ÍIDSPAN
A_) B

UNDER LOAD PT.
A_> B

16,t

I7

18rk

19

20

2L,'r

22;,

23x

24

25

40. 0

42.5

4s.0

42.5

4s. 0

46. 0

47 .0

48. 0

49.0

s0.0

38. s0

4r.90
41. 50

42 .50

44.00

44.sO

46 .45

47.20

48. 85

49 .70

1s6. Ðls7

167.5-)168

17I . Ð183
0

5

186. CÐ187 .0

204.È205.0
2ro.È2r2.0

zLB.È220
228.1229

0

0

234.È234
n7.Ð237

0

5

13B. Þ140

148.H149
ls8. H164

0

0

166.WL67 .O

178. H178. 5

r84. H1B7 .0

L92 .Èr9 4

202.È202
0

5

206

209

Ð206
Þ209

5

0

2I

4

26

5

3

T2

10

22

2

2

Extension of a
diagonal crack
close to the load
point to within
3r< jn. of the
compression face.

Observation of a
major extension of
diagonal cracks,
significant fal1
in load and
observation of
splitting along
reinforcement at
lower ends of
diagonal cracks.
ExEension of
critical crâck to
r,Jalhan l16 an. ot
the compr-essíon
face "

Extension of
crítica1 diagonal
crack to \^rithín
2 ir.. of the
compression face.

Visible widening
of diagonal craclcs
No further propa-
gation of craclcs.
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TAIILE tsriA}t rA-3 (COììTTNUED)

LOADING

STAGE

LOAD (KIPS) DEFLECTION (fO-3) in. READING
TI}IE

(MINUTES )

RIì"IARKS
START Oi¡

R-EADING
END OF

REÂDING
AT I'ITDSPAN
A ---ì B

UNDIÌR LOAD PT.

26

27r,

28

29s<

30

31

J¿

33,k

34

35

36

37

3 B't

39

51. 0

52.0

53.0

54 .0

55. 0

56.0

58.0

60.0

62.0

64.0

66.0

68. 0

70. 0

7 2.0

50

51

52

53

54

55

5l
57

67

63

70

15

65

10

70

65

45

B5

30

30

65 30

6l 00

66 )(\

24r.5-)24L.s
246.È246.5
252.È252.5
257.È258.0
263.È263.0
267.Ð268.0
276.È277 .0
283. H283.0
302 . È302 .0

312. H312.0

322.W322

333. Ð334

347 . qì353

370

213 . H213. 0

2r7 . È2rB .5

223 .È223 . s

227 .È229.0
232 .t234.0
237 . È238.0
24s.È246.0
2s4.È259 .0

270.È27L.s
279 .ù279.0

288.È289

298. Ð300

311. H317

332

1

3

8

aJ

2

2

2

2

4

4

2

2

2

2

z.t

Extension of
diagonal craclçs
ínto the zone of
pure flexure with
reduced slopes.

Further widening
of critical
diagonal cracks.

Further widening
of crítical
díagonal cracks.

Further rvidening
of critical
diagonal cracks.

Beam failed in
shear compressíon
after maintaining
the load momentar-
ily accompanied bY
a split along the
reínforcement.

,k DEI"IEC gauge readir-rgs were taken
A -) B A = deflection at start of reading

B = deflection at end of reading
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TABLE II.4

BEAM IA-4 - LOA-DING STAGES, DEFLICTIONS AND CRACK FORYI,AT]ON

1

2

3

4

5

6

11

L2t

2.5

5.0

7.5

10 .0

L2.5

2.25

4 .90

7 .45

9 .90

L2.IO

L4 .45

L7 .5 L6.75 80. 5-+ 82. 0

20.0 rB. 90 es. É e6.0

22 .5 2L.90 r09 . Þ110 .0

25.0 24.25

15.0

27 .5

30.0

26 .50

28.60

11. Þ 11.0

22.s-+ 23.0

32.È 32.s

4r.È 4r.o
s1. s-) s3 . 0

65.H66.5

3s . s-ìl38 .0

51. H152.0

I -?LOAD (KrpS) | nnrl.ECrrOi'r (10-') in.

AT }fIDSPAN IUNDER ],OAD PT.
A-) B I A---) B

LOADING

STAGE

REANING
TII'[E

(I'IINUTES )
RE}IARKS

1r.H 11.0

21.H 21.0

27.Ð 27.s

35. Þ 36.0

43; H 45.0

2

2

2

5

s4.5-r s6.5

Appearance of
first flexural
cracks.

Observation of
more flexural
craclcs and theír
extension vertical
1y uprvards.

69.Þ 70.s servation of
ore flexural

cracks and theír
extension vertical
ly upwards.

82. Ð 83.0 28 bservation of
more flexural
craclcs and ti'reir
extension vertical
1y upwards.

e5. Ð e6. o bs ervati-on of
ore flexural

cracks and their
extension vertical
ly uprvards.

106 . Ð108 .0 xtensíon of
flexural cracks in
nclined directio

in the shear span

L20.WL22.0
133.s+13s.s

LO

33

START OF

RNADING
E¡JD OF

READII'IG
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TABLE llEA-Pf ¡4-4 (CONTINUED)

LOADING

STAGE

LOAD (KIPS) DEFLECTTON (10-3) in. READING
T I}{N

(MTNUTES )

REI'ÍARKS
START O1ì

READING
tÌND Otr

READING
AT }IIDSPAN
A__i B

UNDER LOAT PT.

^--+ B

13

14't

15'l

t6

32 .5

35 .0

37 .5

39 .7

31 70

33.5s

36. 15

L66.È166

178. 5->180

194. s->195

0

5

148.0--148

1ó0

Lt6

0--162.0
0--178.0

6

¿J

1B

Backwards branch-
ing-off of some
cracks above
reinforcement
level in the
shear span, while
propagating into
the compression
zone at the same
time.

Observatíon of a
critical díagonal
crack.

Sudden diagonal
tension failure
occurred by.
extension of the
last diagonal
crack through the
compression zone
and a fine split
along the rein-
forcemenL from
the lower end of
the crack.

A
DEMEC gauge
-->B A=

D_Ð-

readíngs were
deflection at
deflection at

taken
start of readÍng
end of readíng
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TABLE II.5

BEAIÍ rA-5 - LOADING STAGES, DIFLECTIONS AND CRACK FOR]ÍATION

READING
Til'lE

(MINUTES )

LOADING

STAGE

LOAD (KIPS) DEFLECTION (10-3) in.

AT I'ÍIDSPAN IUNDER LOAD PT.
A--) B | 

^--) 
B

REMARKS
START OF

IìJ]ADING
I]ND OF

RIADING

15. 5-> 15 .5

3r. H 31.0

46.È 47 .o

63.Ð 66.0

79 .È 82.5

100. Þ107 .0

L7.5 lrZr.S-)rZ0.O
20 .0 1141. Þ149 .0

22 . s 1161. 5-+168. 0

25.0 1180. Þ181.5

26.9s

28. B5

31. 90

34 .05

98. Þ199 .0

16. Þ2r8.0
37.È238.0
s6. È2s7.0

13. È 13.0

26.È 26.0

40.È 41.0

ss.H s6.0

69.Ð 71.0

86.Ð eB.0

111. Ð115. 0

129 .0-)136 .0

servation of
first flexural
racks.

ppearance of
re flexural

148. O-)1s3 .0

164 . Þ165. s

racks and tl-reir
1ow upwards
ropagation.

xtension of
cracks in inclined
directions in
shear span.

r80. Þ182.0
195 . Þr9B .0
2r4 .È2L4 . s

no.rynr.0 ritical diagonal
raclc remaining
Ll beloiv the
pression face.
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TAi]LX BEÀ¡1 IA-5 (CONTINUED)

LOADING

STAGIi

I,OAD (KIPS )
_,]

DEFLI]CTION (10') in. Rì14ÐING
TII'fE

(r,f TNUTES )

REI'IARKS
START OF

RI]ADII.IG
END OF

RIlÄDING
AT I'IIDSPAN UNDER LOAD PT.

A->B

15 Failure occurred
suddenly rvhen a
new díagonal
craclc extended
through the
compression zone
of the beam. A
smalf crack at the
compressi-on face
above the diagonal
crack rvas seen to
extend downwards
at failure.
Failure rvas
accompaniecl by a
limited split
along the
reinforcemenL.

Load maintained constant at each sLage up to 25 kips.
*DEMEC gauge readings ivere taken
A -> B A = deflection at start of reading

B = deflection at e_nd of reading.
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TABLE II.6

uEAlf rA-6 - LOADTNG ST^.GES, DEFLECTIONS AND CRACI( FORllATrOi{

LOADING

STAGE

LOAD (KIPS)
a

DEI¡LECTION (10_3) iN. REAìING
TIME

(MINUTES )

REMÄRKS

START OF

R]lADING
END OF

READING
AT MIDSPAN
A ---) B

UNDER LOAD PT.
A ---) B

I
2

3

4

5

6t,

7

8tk

9

10'k

11

L2)c

L3

14^

15

16't

2.5

5.0

7.5

10. 0

12.5

15. 0

L7.5

20.0

')) q

25.0

27 .5

30.0

32.5

35 .0

37 .5

40.0

2.50

4.85

7 .30

9.70

12 .00

l3 90

L7

I9

00

00

2L.85

24.L5

27 .05

28.85

32 .00

33. B5

36 75

JÕ 55

1B-) 18

39-+ 40

66-¡ 67

9L-+ 92

L22-)L23

1sÐlse

19H191
22s-)226

259-à260

294-è296

328)328
36L-)362

39s*+396

427->428

464-1464

499-)50r

17) 77

36-) 37

56) s7

BH 81

r0 7-)109

141->141

17Þ171
2OL-+203

233-à234

266-+268

2e7l2e7
327)328

36Ë360
38eì3e0

424-424

4 5B--+458

2

2

2

2

7

7B

5

25

6

11

3

25

5

30

5

20

Appearance of
firsL flexural-
craclcs .

Observation of
flexural cracks
ín the shear spanr

Vertical exten-
s ion of craclcs .

Appearance of
inclined cracks
in shear spans in
the vicinity of
applied loads.

Baclcwards branch-
ing-off of some
cracks rvhile
extending uprvards
at the same time.

0bservation of a

crÍtical diagonal
extension of some
cracks
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TAìlLrì BEAIÍ rÄ-6 (coNTrNtlllD)

LOADING

STAGE

LOAD (KIPS) Dlrl'LECTToN (10-3) in. R]]ADING
REMAJìKS

START OF

RIJADING

I]ND OF

Ri'ADING
AT

A
I'fIDSPAN

B

UNDiJII LOAD PT.
A--> B

I t I'lfl

Tf II'IUTES

L7 40 .5 Failure occurred
by a sudden
extension of the
critical díagonal
crack through the
compression zone
of the beam to the
load point and a
split along the
reinforcement.

)'. DEMEC gauge readings were taken.
A -> B A = deflection at start of readíng

B = deflection at end of reading
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TABLE II.7

BEAM IA-7 - LO.,1.DII.IG STAGES, DEFLECTIONS A-I.ID CRACK FOfu\ÍATION

-3.DEFLECTIOì'i (f O "¡ in.

AT }fIDSPfu\ IWONR LOAD PT.
A--+ B I A--+ B

REI'ÍARKS

27-) 27

62-+ az

101-)r0l
r4Ð149

2

2

2

l1 Observation of
first flexural
craclcs in midspan
and shear spans
close to the load
points and their
vertical extensíon

tt ll

rt lr

ilil

ExtensÍon of
cracks in the shea
spans in inclined
directions.

199->200

249+2s0

301-)30 3

35ù3s4

5

31

6

I2

401- x03
4s2-)4s2

soB+sO8

ss3-)ss3

604-X03

654--ì655

I4

7B

2

20

3

Lö Backwards branchfn
off of some cracl<s
above the level of
the reinforcement.

714-17L6

READING
TI}ß

(IfTNUTDS )

LOADING I IOA¡ (KIPS)

START OF

READING
END OF

READING

29-) 29

63-) 63

103-)103

1s3-+1s3

11.95

r4 .05

17 .00

19 .50

20è206
2sB->257

31Þ311
36 3-)36 3

22.15

23 .65

27.30

29.70
')a I <

33.7s

4L4-+4r4

46è 466

525-Ss2s

572-f:72

626-+626

679-)680

743-+7 44
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TABLE BEAI"Í ]A_7 (CONTINUED)

LOADING

STAGE

LOAD (KIPS) DEFLECTTON (10-3) in. REA-ÐING

TII'ÍE
(MTNUTES)

RE}ÍARKS
START OF

READING
END OF

R-EADING
AT

A
I'f]DSPAN

B

UNDER LOAD PT.
A-+ B

16 39 .0 Faíl-ure occurred
when the last
craclc extended
diagonally
through the
compression zone
resulting in
complete sp1it.
Failure crack was
cons iderably
removed from the
load point. A
complete split
occurred along
the reínforcement
from the loler
end of the crack
towards the
anchorage zene.

,'( DEMEC gauge readings rvere taken
A -) B A = deflectíon at start of reading

B = deflection at end of reading
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TASLE II.8

BEAM IA-8 - LOr\-DING ST,\GES, DEFLECTIoNS A.ND CRACK IORIf TION

273

REI.ÍARKS

Appearance of
first flexural
craclcs bo th in the
midspan region and
in the shear spans

Vertical extension
of fl exural cracks

Further propaga-
tion of cracks.in
shear spans in in-
clÍned directions.

Extension of
cracks in more in-
clinecl directions.

Faí1ure occurrecl
by a diagonal
extension of crit-
ical crack to thc
load point restrLt-
ing in complete
split. A cracl..
exlended doru'nrvards
fråm the compres-
sion face (Ín thc
midspan rcgion) at
f ail-ure. Extensiv
split along the re
inforr:cnent i,/as
observecl in tiie eü

I
2

3

2.5

5.0

7.5

10.0

L2.5

15 .0

L7 .5

20.0

22 .5

25.0

27 .5

30. 0

34 .4

2 .45

4.70

7.r5

9.60

L2 "05

14 .05

L7.25

L9.6s

22.05

24.L0

27.r5

29 .00

¿o) ar

e4-> es

L7 ÈL79

26Ð264

341->341

42L-)42r
s0Ðs06
s8s+s86

662-)664

7 42-)7 43

827->828

eo?eos

31-> 33

9È e2

166-ã67

247-1248

32Ç328

40s--x0s

49W+92

s68+s70

642-N)43

7 2ù722
806+806

87e-*81

2

,)

5

o¿r

7

I

72

4

o

7

¿o

7

26

9

10*

11

L¿ J\

13

¡\
DEì4EC gauge reaclings

-)n A=cleflecrion
B- deflection

r¡ere taken
at sLart of reading
at end of reading,

LOADING

ST¡,GE

LOAD (KIPS)
_,l

DEFLECTION (10_,) iN.

AT }fIDSPAN IUNDER LOAD PT.
A_) B I A_-+ B

READING
TI}ÍE

(r'TINUTES )START OF

REÁ,DING
END OF

READING

tire shcar span.
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FIG. II.9 GAUGI] LOCATIONS ON BEA}I IB-2

TABLE II.9

BEÄ]'{ IB-2 - LO^'DING STAGES, DEFLECTIONS tu\D CRACK FOR}IATION

LOADING

STAGE

LOAD

(KrPS )

DE!'i,ECTroN (ro-3) rN
REMARKSAT }IIDSPA.N IÌ{DER LOAD PT

1

2

3

4

5

6

7

B

9

10

tt
I2
13

I4

5.0

7.5

r0.0
L2.5

15.0

L7 .5

20.0

22.5

25.0

27.s

30.0

32.5

35 .0

37 .s

15

23

32

42

51

58

65

72

7B

8l

90

96

101

106

B

13

20

27

34

40

47

53

60

66

72

7B

B3

OO

0bservation of first
flexural crack.
Ver ti,cal ex tension of
flcxural- cracks,

later becoming inclined
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TABLE BEAM IB_2 (CONTINUED)

LOADING

STAGE

LOAD

(r(rP s )

DEFLECTToN (to-') rN

REI'L\RKSAT MIDSPAN JNDER LOAD PT.

23

24

25

26

27

2B

29

15

L6

L7

1B

19

20

2L

22

30

31

32

40.0

42 .5

45. 0

47 .5

50.0

52 .5

55.0

57 .5

62 .5

65.0

67 .5

70. 0

72 .5

7s. 0

17 .5

80.0

82.5

LI2

L20

r29

135

141

148

156

l-64

L70

240

L77

r84-à87
19s

202

208

2l,5

224

232

60

foor.t*rron or a major
ldÍagonal crack on one end
lof the beam.

I

fr"..r,"ion of rhe criríca1
I 
diagonat crack uprvards

land its stabilizatíon. rti
f nurr"top*ent of a ma.1or I

I díagonal crack on the I

I other end of the beam. I

f rror propagarion of I

I diagonal cracks rvith I

I reduced slopes. Illllll
forr*o.,ut cracks in rhe I

lvicinity of the corpressíonl

lrace 
' 

I

ll'ìo further propagation of I

lcracks. I

Iliau'ir-,g of diagonut "ru"t"lfivith further applicarion ofl
lloaa and their slorv exten- |

fslon Ínto the region of I

lpure flexure with almost " I

I horízontal trai ecrory 
Ill

93

100

r07

113

118

124

130

140

t45

150

162-)164

170

777

184

190

198

20s

2L2



LOADING

STAGE

LOAD

(KrPS)

-1DEFLECTION (10 -) IN.

AT MTDSPAN IUI{DER LOAD PT. REI-ÍARKS

33

34

35

36

37

3B

39

40

4I
42

.+J

44

45

46

47

48

Bs .0

87.5

90. o

92.5

95 .0

97.5

100.0

r02.5

105.0

ro7 .5

110.0

II2.5
115.0

117.5

120.0

L22.5

248

256

264

273

280

290

299

308

2IB

327

340

350

360

374

386

220 lhridening of diagonal cracks
þíth further applicarion of
fload and their slorv exten- j

lsion into the region of 
i

lpure f lexure with almost I

la horizontal traju".ory. Il:::l1,,,1,,,:l
'rrl::::l
ii:il
:::,1

I:,::l
Iailure occurred by shear I

ompression as the diagonal I

rack caused a split, che I

rvo portions of the beam 
I

umped apart and load fel1 Iff completely. A split I

lso occurred along the I

einforcement. I

227

236

24s

253

26r

272

282

292

300

313

323

335

348

364

This beam
at every

v/as part of the prelimi_nary set of beams.
loading stage. No DEMEC gauges were used.

276

TABLE BEAIí rB-2 (CONTTNUED)

Load was kept ,constanE
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TASLE II. lO

BEÄI'Í II]-4 _ LOADING STAGES, DEFLECTIONS AND CRACK FORI"fATION

LOA)rNG I LO^D (KIPS)
MIDSPAN DEFLECTION

â
(10 ') rN. REI.lARKS

STAGE

I
2

3

4

5

6

1

B

5.0

10. 0

15. 0

20.0

25.0

30. 0

35. 0

37.5

2I

46

76

111

144

r73

205

296

Â,ppearance of f irs t
flexural cracks,

and Lheir vertical
propaga tion,
later becoming in-
clined.

Occtrrrence of critical
díagonal cracking, the
clack almost causing
fail.trrc by going
through the compres-
sion zone.



LOAD (KIPS)
DSPAN DEFLECTION

-?(10 ') rN.

27A

REMARKS

The critical diagonal
crack resulted in
failure. A crack
extended from Èhe
compression face down-
wards above the diag-
onal crack. A split
along Ëhe reinforce-
ment v¡as also observed

TABLE BEfuY IB-4 (CONTINUED)

This beam was part
const.ant af every

preliminary set
stage. No DEIßC

of beams. Load was kept
gauges were used

of the
loading
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TABLE

BEAM IB*5 _ LOADING STAGES, DIFLECTIONS AND CMCK FOR}IATION

LOADING

STAGE

LOAD (KrPS)
IDSP¡,I\ DEFLECTION

(10 ') rN.

Ä-+B

Observation of first
flexural cracks.
Vertical extension of
f l-exural cracks,
later becoming incline
in fhe sirear spans.

ll il

Observation of critíca
diagonal cracking.

I
2

3

4

5

6

7

B

9

10

11

5.0

r0.0
15.0

L7 .5

20.0

22 .5

25.0

27 .5

30 .0

32 .5

35. 0

30

64

116

138

158

183->189

204-ì2.13

228-1237

2sw2s7
27ry277
298->302



2AO

This beam \^/as part of the
constant at every loadÍng
A-ìB A = deflection at

B = deflection at

TABLE BEAM IB-5 (CONTINUED)

prelimlnary set of beams. Load was kept
stage. No DEI'IEC gauges were used.

start of reading
end of reading

LOADING

STAGE

LOAD (KrPS) MIDSPAN DEFLECTION I

(10-3) rN. I *nMARKS

Fail-ure occurred by
extension of diagonal
crack suddenly
througl-r the compres-
sion zone of the beam,
and a split along the
reinforcement from
the lower end of the
crack.
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2A2

TABLE TT.L2

BEAIÍ 18-6 - LOÂ-DING STAGES, DEFLECTIoNS AND CRÄCK FoRì1ATION

LOADING I LOAD (KIPS) DEFLECTION (10_3) Ín.

UI.IDER LOAD PT.
A_) B

REI-ÍARKS

14 ,\ 16

34- 3s

6L-è 62

2

2

5 Observatíon of
first flexural
cracks in the
zone of pure
flexure.
Appearance of
first flexural
craclcs in shear
spans, and their
propagation
vertically, later
becoming inclined.

104-t105

r4J-+r45

187-)188

22fi226
26r-)264

303-)30s

3 3 7-+3 3B

37 +37I
4L3-)4Ls

9

10

10

80

3

15

14

26 Somê craclis in the
shear spans, rvhile
propagating
further, also
branctring off
backrvards a t thc
level of the
reinforcement.

4s4->4s6

49¿+-X96

4

25

RE.ANING

T I}IE
(r'fTNUTES )START OF

RDADING
END OF

READING
AT }ÍIDSPAN
A_J ts

1Ð .16

36-ì 36

64-+ 6!

107+109

11. 70

14.30

l-6.75

18.70

22.).0

23.90

26 .6s

28.80

14Ðrs1
19Ðre6

23È234
27 Ð27 4

3r Ð312
3sÐ3s2
3e2+393

42ry$O

32. r0

33 .45

47Ð473
s0Ðs13



283

TABLE I]EA-I'I IB-6 (CONT]-NUED)

k
ips
ost

nof
ng
ment
ge.

roug
on
eam,
ear
f

ya
he

LOADING

STÁ,GE

LO.A.D (KIPS ) DIFLECTION (10-3) in. RIADTNG
TII'TE

(MINUTES )

REI'IARI(S
START O]i
READ] NG

tÌND 0F
READlNG

AT ì'fIDSPAN
A_-) B

ITNÐIR LOAD PT.
A-) rJ

15'k

l6

37 .5

39 .0

36 .40 560-)562 s4H542 18 No observati-o
splitting alo
the reinforce
upto this sta
Beam faíled
suddenly as a
diagonal crac
joining the t
of tr.¡o outerm
craclcs rvent
completely th
the compressi
zone of Lhe b
terminating n
the load poin
This rvas
accompanied b
split along t
reinforcement

)tDEMEC gauge
A-ìB A=

l, =

readings r.iere
deflectíon at
deflection at

taken
start of reading
end of reading
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2A5

TA3LE rr.13

BEAM TC-2 - LO^DING STAGES, DEFLECTIONS AND CRACK FORIÍATION

LOADING

STAGE

LOAD (KIPS) -?DEFLECTION (10 -) in. READING
TII'IE

(r'fINUTES )
REI'ÍARKS

STÁ,RT OF

RNADING
D}ìD OF

READI}.]G

AT I'ÍIDSPAN
A_-+ B

LINDER LOAD PT.
A_+ B

1

2

J

4

5

6

7

B

9

10

11

l2'l

13

I4
15

ro^

T7

tc

5.0

7.5

10.0

L2.5

15. 0

L7.5

20.0

22.5

25.0

27 .5

30.0

32 .5

35.0

3t .5

40 .0

42.s

2 .40

4. 85

7 .30

9 .85

12.35

14.75

17 .25

19 .45

2I.7 5

23.90

26 .60

27.70

32.05

34.r5

36. 10

Jtr

4I
BO

55

10-) 10

19-) 19

27-à 27

34) 34

4r-) 4r
4Ð 48

s2-> s3

57-+ 58

6s-l 66

73è 74

B2-) s:
92-è gq

103-à04

r06-+107

r 17-)119

131-à33
14>L47

Ðe
18-) 18

26-+ 26

31-) 31

36-) 38

4L-+ 42

46-+ 47

51-+ 52

s7-) 58

6s-) 68

73+ 7s

B3-> 86

eÈ 94

99-1101

r07-ì110

rr7-)L2O

13Èr33

2

2

2

2

2

2

2

2

2

6

2

76

4

4

6

29

6

Observation of
fÍrst flexural
cracks in the
region of pure
flexure.

Appearance of
first flexural
cracks in ihe
shear spans.

Aopearance of
signíficant díag-
onal cracks in the
shear spans and
their propaga tiotì
into the compres-
sion zone.

Appearance of
cracks near the
s Lrppor ts .



2A6

TABLD tsEAlf rC-Z (CONTINUED)

ce of a
tension o
cracks.

s tage the
cracks

ended to
in. of

res s ion

nce of a
pcr:ceptí-bl
[ion of
and a
rvídening.

ension of
craclcs
zone of

KLlre ,
ara-1..1,e1 t
of the

ed wídenin
onal crack

LOADING

STAGE

LOAD (KIPS)
1

DEFLitCTTON (10-') in. RI],¿\DING

TIlfu
(xrNUTLIS )

RE
START OF

RiJAD]NG
END OF

IìEADING
AT }ÍIDSPAN
A ---l B

UNDI]R I,OAT PT.
A_) B

1B

19

20r,

2I

22

¿J

ZLL^

25

L6

27

2gr,

29

30'*

3I

32,\

45 .0

47 .5

s0.0

\') q

55.0

57 .5

fi0.0

62 .5

65. rJ

67.s

70.0

72 .5

75,0

77.s

80.0

44.25

4s .40

47.6s

52.15

54.15

57.0q

57.65

61.90

64.40

66.70

67.65

7L

73

60

50

65

55

76

11

rs 4--)1s 5

L62->L66

r7&-)181

191-1191

20L)20L
207)2CB

2L6 ->2r8

22e->229

23Ç)242

24Ð2s0
2se-)260

27r-+272

2BH2B1

28n290
29ù306

13Þ141
149-+1ss

767--¡769

17Þ180
18e+190

19aJ19 6

2s4406

2L5)216
))\--t))\/--'
232-)234

242-)244

254)2ss

262-7264

27 jà27 4

282-)283

1
J

a
J

J+

2

2

2

25

2

3

1)
23

2

Ò

6

L6

0ccrrrren
major ex
diagonal
At this
diagcnal
have ext
within 2

the comp
face.

0ccurren
very intp
propaP,a t
cracks a
vis ib le

Sloru ext
diagonal
ínto the
pure fle
almost p
the axis
beam.

Cont inue
of diago



LOADING

STAGI]

LoÂD (KrPS) | ,uornctro* ItO-3) in.

UNDER LOAD PT.
n-4 B

READING
TI}fI]

(ìf TNUTES )

RiÌI'f,ARKS
START O}'
READÏNG

END OF

REA]]ING
AT }ÍTDSPAN
A--) B

323-->32s

3 79-J381

47r)473

81. 20

82,.35

81. 80

294-+295

327-t329

393)397

JJ

J+

35

36

2A7

TAIILD IsEAlf 16-2 (CONT:I.NUED)

i\ very sl<¡iv røiden-
ing of cracks
contínued near
failure and beam
ultimately failccl
along rhe diagonal
craclc ruith a split
along the rein-
forcenrent crxtendi.n
to the support.

A

DEMEC gauge

-ìs A=
D_i) -

readÍngs were
defle':ctÍon at
deflection at

talcen
start of reading
end of reading
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289TABLE II.14

BEA}I IC_5 - LO.ADING STAGES, DEFLI¡CTIONS AND CRACK FOR}TATION

LOADING

STAGE

LOAD (KIPS) DEFLECTION (10-,) iN. READING
T I}tE

(If TNUTES )
REI.Í,ARKS

START OF

R.ii¡.DING
E}ID OF

READING
AT ÞÍIDSPAN
A-) B

UNDER LOAÐ PT.
A_I B

I
2

J

4

2.0

4.0

6.0

8.0

5

6

7

Btt

9

l-0't

10.0

12.0

14. 0

16.0

18. 0

20.0

11

L2rc

r3

14:t

15,k

16¡t

L7

18?k

22.0

24.0

26.0

28.0

30. 0

32.0

34. 0

36.0

1. 90

3. 85

5. Bs

7. 85

9.60

11.00

13 .55

14. B0

17.40

18. Bs

2r.55

22.25

25 .60

26.75

29 .25

30. 70

33.4s

34.4s

1Þ r0

2ù 20

3Þ 30

42-l 42

ssì sB

B0-) 82

1052107

L29-ìL32

lsÐrss
17 7-+1Bl

202-+203

223-1227

2fi12s4
273-¡276

298-->299

32Cì32L

346)347
37 7-¡379

10--) 10

24-) Zt+

3s-l 3s

4s-) 46

2

2

2

3

-s7-) 62

83-l 86

11l-fl12
132-+136

156-+159

17 8-ì181

3

32

3

27

3

27

202-+203

220-)224

247)2s0
26s1272

2921296

3 rs-ì316

342à344

372-137 3

aJ

J¿

2

30

l3
33

4

32

Appearance of
flexural cracics
and their vertical
extension bot-h in
the region of
pure flexure and
the shear spans.

Extensíon of
flexural cracks irr
inclined direction
in the shear spans
as they þroceeded
uprvards .

Observation of a
major extension of
critical diagonal
crack, the diag-
onal crack extend-
ing to wíthín 21a

in. of the com-
pressíon face.
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TABLD I]IìAM IC_5 (CONTINUIID)

LOADING

STAGE

LOAD (KIPS) DEFLECTTON (10-3) in. READING
TIl.fll

(ITTNUTES )

REI'IARKS
START OF

READING
END OIT

READ],NG
AT

A
I'IIDSPAN

B

UNDER LOAD PT.
A-> B

I9

20

38.0

40 .2

37.30 47r 403 4

Beam recorded a
maximum load of
38.35 kips and
then the load
dropped. However
the beam again
started takíng
more load as
large deflections
contínued. Fínal
failure occurred
by the extension
of the diagonal
crack through the
compression zone
of the beam and a
simultaneous spli
along the rein-
forcement.

)k DEMEC gauge readings r¿ere talcen
A J B A = defl-ection at start of reading

B = deflection at end of reading
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BEAM IC-6

TÂBLE II.15

LO^DING STAGES, DEFLECTTONS 
^ND 

CRACK FOR_ÌÍ.ATION

LOADING

ST.A,GE

LOAD (KIPS) DEFLECTION (ro_3¡ in.

UNDER LOAT PT.

't*+ B

READING
T I}TE

(t,f TNUTDS )

RDI'I,ARKS

tt-) tt
:z-l :s
oo-ì or

2

2

3 Appearance of
first flexural
cracks in the
region of pure
flexure.
Appearance of
first flexural
cracl<s in shear
sPan.

Vertícal propa:
gation of flexural
cracksr later
becomi.ng inclined
in the shear dpans

113-à16 10

166-à68 T2

2r9-+22r
268-1269

3r7-j319
36s-ì367

4r3-)4rs
463J64
523-à31

10

B

2I

4

B

6

¿o

Beam failed in
fl,exure in the
midspan region
after very large
deflections. a
portion of concret
at the compressl-on
faee chipped off.
Splitting along
the reinforcement
occurred ín the
zone of pure
flexure.

START OF

RIì¡,DING
END OF

READING
AT I'ÍIDSPAN
A--+ B

14. 15

L6.75

19 .00

22.00

24.15

26 .80

27.35

Lr9)r22

L74-i76

230-2nr
28r-+282

332-ì.T4

382-ÐBs

433-)434
/!R) -->LR)

s49-s5s

DEMEC

--ì B

readings
deffection
deflection

taken
s tart
end of

gauge

l=

\^7e f e
at of reading

reading
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TABLE II.16

BEAM IIA-2 - LOÄDII.IG STAGES, DEFLECTIONS AÀD CRACK FOzu.ßTION

LOADING

STAGE

LOAD (KIPS)
_a

DEFLECTTON (10-') in. READIN*G

TI}ß
(ITTNUTES )

RDI-fARKS
START OF

RTADING
Eì]D OF

REAìIì.]G
ÀT }fIDSPfu\
A_J B

II¡]DER LOAÐ PT.
A_-+ B

I
2

3

4

5

6

7

B

9

1O

11

L2,\

13

I4
15

16*

L7

18

19

20*'

2I

,(
5.0

7.5

10.0

L2.5

15.0

17 .5

20.0

22.5

25.0

27 .5

30.0

32.5

35 .0

37 .5

40.0
/, 1 q

45.0

47 .5

50.0

52 .5

2.45

4.90

7 .35

9. B0

12.30

14.75

17 .25

19 .60

22.15

24.5s

26.9s

tQ -7<

31. 95

34.15

36.90

37.70

42.r5
44.20

46.90

48. 00

51. 85

11-).11
2L) 2L

2e+ 2e

38ì 38

4s) 4s

52-) sz

s9-+ s9

64-) 6s

7L) 7r

77 )78
Bs-l 86

o? --Jq1

100 -)101

107 +108

lls -+16
r22 -fl22
131-¡-131

136 >136

r42-+) 42

L4B-ì1_49

156 -ìls6

1]-å

2r->
3H
38-l
4s-l
s3l
seì
6sì
7r)
77)
Bs-)

1l
27

30

38

45

53

59

65

7L

7B

B6

92-) 92

10Ð100
10 6-ì10 7

114-ìrr4
12rylr9
12Bl12B

133-x33

139-ì139

144-+L44

152)rs2

2

2

2

2

2

2

2

2

2

a

2

1B

2

3

3

81

2

5

3

26

3

Appearanc.: of
f lexurã-l cracks,
and theír propa-
gation vertically,
later b ecorning
inclined in sìrear
spans.

Appearance of new
diagonal cracks in
the shear spans.
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TABLJJ B]ìAM IIA-2 (CONTINI.IND)

LOADING

STAGE

LOAD (KIPS) ^
DEFLECTION (10-') in. IìDAD]-NG

TI}IE
(tfrNUT[s )

R-EI'ÍARKS
STAIìT OIT

Iì]]ADING
IiND OF

]ìEADING
AT }ÍIDSPAN
A ---l B

UNDER LOAT PT.

22), 55.0 50.15 L6+167 Ls7->].64 32 A completely new
diagonal crack
appeared in the
shear span of the
beam, propagated
through the
compression zone
of the beam and
after crossing
the secondary
beam, appeared Ín
the zone of pure
flexure. Load
dropped by about
5 kips. As the
load was increasec
to 55 kips again,
failure occurred
ivhen the second-
ary beam sheared
off at its
junction to the
main beam.

)kDEMEC gauge readings ruere taken
A -) B A = cleflection at start of reading

B = defl-ection at end of reading
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BEAM IIA-2 (b)

TABLE TT.I7

LOADING STAGES, DEFLECTIONS AND CRACK FOR}fATION

LOADING

STAGE

LOAD (KrPS)

START OF I END OF
READTNG I nnnlruc

}fIDSPAN
DEFLECTION READIIiG

(ro-:, rN. I rrlIE

A-l¡ l(MTNUTES)

REMARKS

11-l rr
zo---\ zo

3H :o

3e) sg

46) 46

so-) sr
56-) sz

63-> 64

69-) 70

ts-:. tø
8s-+ 87

eÈ eL

97-+ 98

ro¿Jros

2

2

2

2

2

2

2 bservation of first
flexural cracks ín the
zone of pure flexure.

2

10

2B

+

7

2

¿J Appearance of flexural
cracks in the shear
spans, their propagatio
vertically, later be-
coming inclined.

114-+116

L24->L2s

133J115

10

11

97 Load and deffection
<lropping while detailed
strain readings are
taken and cracks on the
beam are marlced.

r42-+r43

149-à51

23 .60

26 .60
ao 7tr

32.60

35 .20

38.70

39.80

43. 50

47.25

42.00

s3.40

56.25



TASLE BE¡"Y IIA_2 (b)

29A

(CONTINUED)

LoADTNG I r,oal (Klps)

TART OF I EìiD OF
STAGE ln¡mr¡rc I neanruc

}fIDSPAN
REAÐI}iG

DEFLECTION

l;õ:5i-;ñl I rrlß
A-B l(IÍTNUTES)

ObservatÍon of a major
diagonal crack in one
of the shear spans.

Occurrence of critical
diagonal cracking Ín
both shear spans.
Diagonal- cracks crossirr
the secondary beams and
appearing in the zone
of pure flexure almc¡st
parallel to the axis of
the member and close to
the compression face.
Load dropping by 6 kips
instantly and further
dropping r,rhile s train
readings are taken.

Extension of diagonal
cracks in the zone of
pure flexure, approach-
ing the mídsection of
the beam.

The beam failed sudden-
1y (after taking the
load momentarily) by th
propagation of the
diagonal crack in the
zone of flexure. A
portion of concrete
above the crack chípped
offrvhileasimulta-
neous split occurred
along the reinforcement

62.50

5r.00

68. 50

7 r.2s

72.00

76.00

L64-)164

17ÐL79
19Þ184

23L >233

243)244

2sù2s7
27 3-)27 4

.¿\

DEl"lDC gauge

-)¡ A=
D-Ð-

readings
deflection
def l-ec tion

ruere talcen
at start of reading
at end of readíng



_N
-1

 
i 

i

a I

b

4A
z 

_V
-

5

I I
--

 -]
.*

 
.-

->
 

-
t8

' 
I 

ro
"

c

30

7

I

6t

ù'
o 

f
t5

 I

,, 
I

t,,

d t5

oY
4 

'tj,e
l

Is
a

ee
1f

e4
,?

 
L5

I 
o"

lB
¡3

6

,y
"=

--
-.

 I

¿
ø

. 
i

ii

lo
"

l,,
 

,J
*;

4'
/ 

4,
 

z'

Io
"

'2
3

I

t8 7-
2

12
4

l3
g

27

1ê
'

e'

zg

I\J i

d

v I

ltr
--

0 
--

- 
0 

- 
o

--
0 ili

--
o-

- 
o-

- 
o

lrr

t5
j5

F
IG

. 
II.

1B
 

_ 
B

E
¿

L\
Í 
IIA

-4
 -

 L
O

C
A

T
IO

N
 O

F
 S

T
R

A
IN

 G
.,\

U
G

E
S

 A
\D

 C
R

A
C

K
 P

A
T

T
E

fu
\S

 O
N

 B
O

T
H

 S
ID

E
S

 O
F

 T
H

E
 B

E
A

\f

c'

Z
O

!to ,. 
lr,

,

zz
-5

t5

35

b'

ro
' 

n 
,n

', 
4*

 
, 
n,

.*

,5 z5 'fl
'5

.e

I ô-
- X
 

N
-2

Y
--

 -
 ril Yd

lo

z9

,.'
5 

l f 
n-

e

I\

7z
.F

 t
t.5

t"
"(

tt(
'",

t_
_

t

a¡
<

: 
5.

63
'-

3t \¿

\,
,tù

tg
t¿

17
.5 -C

\ 
r-

l
\e

,t \ 
¡ç

i'\
)

N
-2

I 
ax

 =
 s

."
¿

'l
Ç

 _
- 
_-

_ 
_;

70

)-
1

N
)

\o \o



300
TABLE II. lB

BEA}I IIA-4- LO,ANING STAGES, DEFLI]CTIONS AND CRACK FOR}ÍATION

LOADING

STAGE

LOAD (KIPS) I DEFLECTION {ro-3¡ in.

UNDER LOAD PT.
A--) B

READING
TI}I]]

(MTNUTES )

REì'Í.ARKS

15-" ls,

29) 2e

37--7 38

4e) 48

seJ 60

72-) 73

2

2

2

5

2

6 Appearance of
flexural craclcs in
the zone of pure
flexure

-86-+ 87

100+01
4

20 bservatíon of
f lexural cracics in
the shear spans
and théir propa-
gation vertícal1y,
later becomíng
inclíned.

116-+16
129;r30
144+4s
]s7+sB
17L--+I72

18/'-+184

r99-1200

8

20

2

¿J

2

¿l)

ppearance of a
aj or diágonal

craclc in the shear
pan.

Sudden failure of
the beam \,üas cause
by an extremely
rapid propagatíon
of the diagonal
craclc through the
compression zone o
the beam accompa-
nied bv a solit
along the räinforc

START OF

RNADING
EIID OF

IÌI]ADING
AT }ÍIDSPAN
A-I B

12-; 12

2r) 25

37) 37

s0-) s3

6C) 67

B0-) 81

L6.70 | e+) 9s

18.70 I 108-)110

2r.70

23.90

26 .95

28. 85

32.r0

33.7 5

36.75

r2sì 26

139-+41

lss+s6
171-117 3

187-)187

2t0+202

2r7)2r9

DEI,IEC

-)B
::eadÍngs

deflection
deflection

gauge
[=
B=

were taken.
at start of reading
at end of reading
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TABLE TI.19

BEAM iIA_6 - LOA.DI}IG STAGES, DEFLECTIONS ÀND CRÄCK FOR.I'ÍATION

1

2

J

f)

7

at ,\

9

10¡k

11

2.5

5.0

7.5

10. 0 9 .40

12.5 IT. 85

2.35

4. Bs

7.r.0

14.25

16.80

lB. 75

22.05

24.L5

26.90

28.85

32 .00

33 .55

18-+ 18

42-) 42

6e-) 6e

r02lL04

r3B-)r40

17 3->r7 s

20 B-ì210

24r-1245

27ù2BL
31H311
344-)344

37 6-)37 7

41Ù4r3
4sfr446'

15 .0

L7 .5

20.0
a.> (

25 .0

27 .5

L2

13

l4r'.

30 .0

32 .5

35.0

READING
TI}ß

(Ì'ITNUTES )
REI'ÍARKS

20-) 20

4s-) 4s

to-) 70

2

r02->ro4

13Ð140

Appearance of
flexural cracks ín
the zone of pure
flexure.
0bservation of
flexural cracks in
the shear spans.

Vertical propa-
gation of cracks,
later becoming
inclíned in the
shear spans.

),7I1r73
204)20s
237-1237

27L-)271

30Þ30r
33Þ333

4B

L2

36fr364
398-+399

43Ð431

20

4

LO

Raclcrvards brarrch-
ing-off of some
craclis at the
level of the
reinforcenen t
while propagatíng
further into the
compression zone,

Inclined cracks
remain signíficant
ly belorv tlre
conipression face
of the beam.

LOADING

STAGE

LoAÐ (KrPS)
_1

DEFLECTION (10-,) iN.

END OF I AT }fIDSPfu\ IN'IDER LOAD PT.
REÄ.DING! A-+ B I A-I B

START OF

REA-DING
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TABLtl HjA-l'f rr^-6 (CONTrNUiìD)

LOADING

STAGlì

LOAD (K]PS) DEFLTìCTION (10-3) in. RII.AIIIiT*G

TIÌ.In
(r'frr.luTES )

REMARKS
START OF

READING
END OI¡

IìJJ,\DING
AT

A
}'IIDSPAN

B

UNDIR LOA) PT.
A_) B

15 37 .5 48. 5 462 The beam sustained
the load for about
3 minutes.
Faílure occurred
by a sudden
propagation of a
diagonal crack
(joiníng the top
tips of t\^ro pre-
existing cracks)
through the
compression zone
of the beam. The
failure crack
propagated
horizontally in
the zone of pure
flexure. A split
along the rein-
forcement rvas also
observed.

:l DEMEC gauge readings rvere taken
A J B A = deflection at start of reading

B = deflection at end of readJ-ng
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BEA}Í IIIA-3

TABLE TT.2O

- LOADIIIG STAGES, DEFLECTIONS AND CRACK FOfuYATION

LoADTNG I loel (Ktps)

TART OF
STAGE ln¡a-nr¡¡c

}f IDSPéú\
DEFLECTIOi\

i'ã:ã; ñ. I rn"E

A-)B l(I'ÍTNUTES)

z\ppearance of flexural
craclçs and their
vertical propagation,
l-ater becoming inclin

1,/i th Íncreas ing load ,
appeararÌce of crachs
in the outer regíons
of the beam.

END OF

READII.IG

2L.95

24.50

26.75

28.90

32. 15

34.35

37.00

39.20

42.00

44.2s

4t .r0

48. BO

52.70

54.35

56 .6s

12--l 12

24-) 24

34-> i4
43-) 44

52-) s3

62-+ 62

7r-ì 72

7e-ì 80

87-) Be

96-) 9B

105-?10 7

r r4 -È17
rzs -ìi-2s
r33 --å34

I42.è142

r51-+15 3

r61-+161

r 6 8-169

17 6,_:fl,7 7

183-)r Bs

19 3--lr9 3

200-1201

208+0e
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TABLE BEALÍ rIIA-3 .(CONTINUED)

LOADING

STAGE

LOAD (KrPS) }fIDSPAN
DEFLECTION
(10-3) rlJ.

A 
->B

READIìiG
TI}ß

(}fINUTES )

REMARKSlsranr or
lnenmilc

END OF

READING

24,k

25

26

27

to
LQ

29

30t',

a1JI

J¿

33

34

35

36x

37

JÕ

39

40

60.0

62 .5

65.0

67 .5

70 .0

I

72.s
75.0

77.5

80. 0

82.5

85. 0

87 .5

90.0

92 .5

95.0

97 .5

100. 0

58.40

62.00

64,05

66 .6s

68.20

7I

72

95

)\

77 00

79.20

81. 75

B4 .20

B6.ss

BB. 1O

91. Bs

93. 90

96.50

98.30

217-)220

229-+230

23t->239

248)24e
2s8-)262

27 4->27 4

293-)299

30eì316

32s-+32s

339-1341

3sÐ357
368+370

382-+386

399-+400

40 B-)408

42r)424
4as--þ5s

20

2

2

6

9

2

2I

2

a

2

2

2

IJ

2

2

2

2

Appearance of a major
diagonal crack on one
end of the beam and its
propagation to within
4% in. of the compres-
sion face.

Development of another
major diagonal crack in
the other end of the
beam, the previous
crack penetrating to
within 2 in. of the
compression face.

Slow propagation of
diagonal craclcs almos t
parallel to the axis
of the members.

Vis ib le rvidening of
cracks.
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TABLE BEAM IIIA-3 (conrrI.Iueo¡

LOADTNG I LOAD (KrPS)

TART OF I END OF
STAGE lnrelrxc I nE¡,nrNc

I'IIDSPAN
DEFLECTION

READIì.iG

(ro-:, TN.
e-le l(MTNUTES)

Failure occurred rvhen
two diagonal cracks
joined together and a
chunk of concrete above
these cracks was broken
Splitting along the
reínforcement occurred
from the inner diagonal
crack to the support
and lhe ivhole blocic of
concre te b etiveen the
two diagonal cracks
came apart from the
beam.

A
DEMEC gauge
-ìB [ =

D-D-

readings
deflection
deflec tíon

were taken
at start of reading
at end of reading
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BEAM IIIA-6

TABLE TT.2I

- LOADING STAGES' DEFLECTIONS A}ID CRACK FOR}fATION

LoADTNG I LOAD (Krps)

TART OF I END OF
sTAGE ln¡e¡rNc I n¡atrNc

MIDSPAi{ REA-DIIiG
DEFLECT].ON

(ro-3) rN.
A -) B | (nrxurEs ¡

Appearance of flexural
craclcs , and their
propaga tion
vert j-cally upwards,
later becoming incline

Cracking has extended
to a large portion of
the span.

Cracks closer to the
supports have become
considerably inclined.

1

2

J

4

5

6

2.5 I 2.s0

5.0 I 4.90

7.5 I t.SS

10.0 I 9.90

12.5 I L2.r0
15 .0 I 14 .45

20 .0 I rs. ss

22.5 | 22.30

2s.0 | 24.30

27.5 I 27.r0
30 .0 I 29 .OO

32.s I tz.zo
3s.0 I 34.40

37 .5 I 37 .0s

40.0 I 38. 90

42.s I 42.30

4s.o I 44.rs

47.s I 47.05

1s-> ls
2e) 30

4s) 46

64-> 6s

84, 88

110-Èls

139ì143

166-717 4

Le6-ì197

2L6-ì219

240-1243

264->68

290)29r
310-112
334-)336

3s 7-)3 61

3Bs_)3Bs

401--ì/+05

42ry+29

2

2

2

2

2

5
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TABLE BEAIÍ rrrA-6 (CONTTNUED)

LOADING

STAGE

LOAD (KIPS) IfIDSPAN
DEFLECTION

(ro-:¡ rN.
A-ìB

READIì',r-c
TIl"fE

(IÍTNUTES )

REMARKSSTART OF

READING
END OF

READIì.IG

20rt

2I

22

23

24

25

26

27

28

50.0

50.0

52.0

55.0

58. 0

60 .0

62.s

65.0

66.s

46 65

49.s0

51. 80

51. 00

\-7 45

s9.60

6r.25
64. 40

450-¡s1

500->s02

s25)526
s9 3-+s94

67L-)67 3

6e3-)6e3

728)745

77 5-)77I

27

3

2

2

2

2

10

2

PenetratÍon of a major
diagonal crack on one
end through the compres
sion zone, becoming
parallel to the axis of
the beam near the com-
pression face. Load
droppíng considerably .

Occurrence of a major
extension of the díag-
onal crack on the other
end of the beam; diag-
onal cracks on both
ends being almost
symmetrical and very
close to the compres-
sion face. Load again
dropping by 4 kips.
Stabilization of diag-
onal cracks and their
visible widening.

tt

il

il

il

il

tt

A very destructive díag
onal failure occurred
¡hen trvo dÍagonal crack
f,n one end joined at th
compression face and th
5lock of concrete be-
tu/een them came com-
pletely apart from the
)eam. Horizontal split
Eing also occurred 

I

along the reinforcementl
trom the ínner craclc tol
Lhe end of the beam. I

?k DEMEC gauge readings rvere talcen
A -) B A = deflection at start of reading

B = deflectj-on at end of reading
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BEAM IIIA_B

TABLE II.22
_ LOADING STAGES, DEFLECTIONS AND CRACK FORI'ÍATION

LOADING

STAGE

LOAD (KrPS)

TART oF I nun o¡'
ING I REAÐING

}IIDSPAN
DEFT"ECTToN I READrlic

(ro-:¡ rN. I rrÙß

A-)B l(MTNUTES)

Appearance of flexural
cracks and their
propagatÍon vertically

Flexural cracks have
appeared over a large
portion of the span.

Flexural craclcs becom-
ing inclined in the
outer regions of the
beam.

No further propagation
of cracks in the
middle portion of the
beam. Appearance of
nerv cracks closer to
the supports.

r0.0 I 9.60

12.s I rz.ro
ls.0 I 14.45

r7.s I L7.20

20.0 I L9 .2s

22.s I 22.30

2s .0 I 24. 45

27.s I 27.2s

30.0 I 29.rs

32.r0

34 .3s

37.5 I 37.10

40.0 I 39 .50

42.s I 42.30

4s.0 I 44.60

47.s I 46.B0

24-) 25

s7-) 60

96-)101

rs9-il66
2L6->22r

272)278
328-)33s

383-)393

443-)446

49L-1498

546->ss0

s9r-1600

65r-)65s
702-)7r0

7s9+763

B1Ð814
864)866

915-ÐL7

e67)972
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TABLE BEAM I]IA_B (CO¡ITII¡UEN)

LOA_DrNG I LOAD (Krps)

ART OF I END OF
STAGE lnen¡rNc I nn¿.¡rnC

MIDSPA¡I
ÐEFLECTION

READI),r-G

(lc-3) rN.
A ) n l(MTNUTES)

Observation of a major
extension of a diagonal
craclc, the crack being
wíthin 3 in. of the
compression face.

The beam failed with a
very destructive
diagonal failure after
sustaining the load
momentarily. Two diag-
onal cracks extended to
the compression zone
and the whole block of
concrete between Lhem
came apart. Splitting
along the reinforce-
ment extended from tire
midspan of the beam to
tlre anchorage zone.

48. BO r024+036

A
DEMEC gauge
Jn A=

D-D-

readings were taken
deflection at start of reading
deflection at end of reading
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II.3 COM¡,IENTS ON 'I'TIE FAiLURE OF BEA}JS

ln this section, all beams of the entire test series are

discussed individually. Crack formation at various important stages of
loading is described and con¡nents nade on the failure of the beams, as

observed during the tests. Descriptions of all beams aïe accompanied

by photographs of the beams showing the instrumentation used and the

progress of cracking until co11apse.

II.3.1 Beam IA-1 fFiss. 23 t.o 26)

The first flexural cracks appeared in the bean at a load of
30 kips. These cracks developed into significant diagonal cracks at a

load of about 50 kips and as the load rnras increased to 60 kips, a major

diagonal crack developed on both ends of ti're beam. This crack propagated

to within 5 inches of compresion face of the beam. Further increments

of load resulted in only small increases in the propagation of cracks

and the beam continued taking considerable load. At a load of g0 kips,

there were new diagonal cracks on different faces. Some back-cracking

from pre-existing cracks was also seen. The location of the initial
crack on end Si at 150 kips was only 1 3/4 inches from the compresion

face. Holever, as the loading'was continued, there was little further

propagation of cracks. The capacity of loading jack was 200,000 pounds

and as the load reached 195,000 pounds there were no signs of ultimate

failure in the beam. The test was discontinued at this stage.



FIG. 23 BEAM IA-1 AT IvIAXIMUM LOADING - SIDE Nl

FIG. 24 BEAM rA-1 (SIDE N2) SHOWTNG DEMEC GAUGES

AND CRACK LOCATiONS
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FIG. 25 CRACK LOCATTONS ON SIDE 51 OF BEAM IA-1

FIG. 26 CRACK LOCATIONS ON SIDE 52 OF BEAM IA-1
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IIi.3,2 Bean IA-2 lFiss. 27 and 28]l

The first flexural cracks in this beam developed on side

S1-S2 at pL'.load of 15 kips. First cracks in shear span appeared at

a load of 30 kips. significant diagonal cracking occurred at 40 kips

and the cracks pïogressed to a height* of 10 inches. At S0 kips, a

najor diagonal cracking was observed while there r,üas no appreciable

movement of the flexual cracks in the constant moment zoÍLe. At 60 kips

the diagonal cracks were well developed on all sides and especially on

side 51, where the critical crack was only 1/2 in. below the top.

Diagonal cracks, could also be seen going into the constant monent

zone wíth a flatter trajectory.

lvith further loading, there was no perceptible propagation of

cracks though a visible widening of critical diagonal cracks occurred.

At a load of 80 kips, whí1e the critical diagonal crack on

face sl was just r/4 inches from top, two cracks became visible at

the top end of the beam, above the diagonal crack. These cracks

travelled downwards a distance about I S/4 in.

Cracks on face 52 remained 2 inches below the compresion face

at this stage and subsequent stages of loading. The final failure was on end

Nl/sl at a road of 94.7 kips. 'The two portions of the beam, separted

by the diagonal crack, came apart with a sudden split, accompanied by

a horizontal split all along the reinforcement frorn the loler end of

the crack to the support and sorne chipping of concrete at the end.

* These heights

cover below the

are taken frorn beam bottom,

reinforcement.

which includes 2 in. of
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FIG. 27 FAILURE OF BEAM IA-2

F]G. 28 CRACKING AND DEMEC GAUGE LOCATIONS ON BEAM IA-2
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Towards the load point, the final sprit was almost straight at 45o,

extending to the outer end of the load plate. The final split did

not proceed into the zone of constant moment though:the diagonal crack-

ing had progressed into this zone at previous stages of loading with a

fratter slope. From a load of 60 kips onwards, significant 1ocal

cracking in the vicinity of the supports close to the major inclined
cracks was also visible.

II.3.3 Beam IA-3 (Fies. 29 and JOl

The first flexural cracks appeared in the nidspan region àt

20 kips and in the shear span at 27.5 kips. Further cracking developed

with increase of 1oad. Significant diagonal cracking could be seen at

a load of 35 kips and 40 kips. Ar a load of 45 kips, amajor diagonal

crack suddenly propagated through the shear span on end 51 and a similar
crack on end s2 propagated to rvithin r r/2 inches of the compresion face.

Failure seemed to be iruninant. There was a significant drop in the load

while the deflection increased slightly. Load lvas then increased in one

thousand pound increments while numerous strain and deflection readings

were taken. Despite a ful1y cracked section, the bean continued taking

more load without any further äiagonal cracking rvhile these cracks ividen-

ed. cracking also occurred over the supports. After a load of 56 kips,

the load increment interval was increased to 2000 pounds. At a load of
62 kips, the diagonal cracks proceeded into the constant moment zone wlth flat-
ter slopes. The ultinrate failure occurred at a load of 72 kips, the failure
being very similar to tìrat reportecl for beam IA-2. In both of these beams,
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FIG. 29 BEAM IA-3 SHOWING FINAL FAILURE

FIG. 30 BEAM IA-3 SHOIVING CRACKING AND FINAL FAILURE ON END 51
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fine partictes of concrete along the final cracked surface could be seen.

Ii.3.4 Beam IA-4 (Fig. 31)

The first flexural cracks appeared at a load of I2.5 kips. As

the load was increased there \^rere further cracks. The cracks on end

Nl/Sl remained fewer and farther apart than those on end N2/52. The

flexural cracks in midspan progressed to a naximum height of L2 7/2

inches at 30 kips and stayed there while diagonal cracking developed at

further loading. The critical diagonal crack on end N2/52 became

fairly well defined at 35 kips. A diagonal crack closer to the load

point had progressed well into the compresion zone when an entirely new

inclined crack became visible at 37.5 kips on end N2 and a similar pre-

existing crack on 52 progressed higher. These cracks, holever, were

very sharp and thin and the beam appeared fairly intact. As the load

was increased for the next incJement, the beam failed sudder,rly with an

exterrsion of the pre-existing crack closer to tire supports, at 39.7 kips.

The failure occurred on end N2/52, failure crack remaining fairly thin.

A split along the reinforcement also developed and this also remained

quite sharp. The failure cracks remained entirely within the shear span.

A close look at the failure surface showed clear split without any fine

particles of concrete along the failure plane.

II.3.5 Beam IA-5 (Fie. 32 and 33)

beam at a load of

away frorn the load

sharp and fine. At

15 kips

points

The first flexural cracks appeared in this

. With further loading, more cracks appeared

and closer to the supports, but remained very
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35 kips,

beam and

the

had

diagonal cracks were well below the compresion face of the

just started deviating from the original vertical cracks.

The beam seemed to be fairly intact in appearance. At.S7.S kips, the

beam failed suddenly, when an entirely new diagonal crack in shear span

(end N2/S2) travelled right through the beam section to the load point.

The failure crack passed above the top tip of an inclined crack on end

52 and branced off in three different directions backwards, one of these

being a partial split along the reinforcement. Another crack originated

from the conpression face of the beam above the diagonal crack as it

propagated to failure. The failure was a typical case of diagonal tension,

the final split being extremely sudden. The failure crack remained

reletively fine, though not as sharp as that of beam IA-4. At failure,

there were only a few cracks on side S1 while side Nl appeared to be almost

crack free. This latter may be due to the fact that this surface was not

painted.

II.3.6 Beam IA-6 (Fis. 34)

At a load of 12.5 kips, first flexural cracks appeared both in

the midspan ard close to load points in the shear span.

This beam showed a different behaviour than beams IA-4 and IA-5,

there being more cracks with slower propagation as the load was increased.

The inclined cracking seerned to be more severe on end N2/S2.

At a load of 37.5 kips, a vertical crack in the shear span on

end N2 extend.ed significantly in an inclined direction, while cracks re-
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FIG. 31 DIAGONAL FAILURE OF BEAM IA-4

N-Z
lìlf-AM iA-5
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FIG. 32 DIAGONAL FAILURE OF BEAM IA-5
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BEA.T4 iA-S ON END S-2

FIG. 34 CRACKING PATTERN AND FAILURE OF BEAM IA-6
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mained vertical on end 52. At a load of 40 kips, a diagonal cracl'. appeared on

end 52 which crossed the existing cracks at a 45o angle and extended on

both sides of the pre-existing cracks. The ultimate failure was triggered

off from this crack on both ends |tr2 and 52, the failure crack diagonally

crossing the shear span to load point. There was also a significant

split of the concrete along the reinforcenent which extended to the

support. The two portions of the beam separated by the diagonal crack

came apart and the end of the beam where failure occurred was lifted up.

II.3.7 Beam IA-7 (Fig. 35)

The first flexural cracks were observed at a load of 10 kips,

both in the midsection and shear span close to load points. lt¡ith an

increase in 1oad, more and more cracks appeared in the shear span and

existing cracks became inclined. Cracking on ends NI/SI was moïe pïo-

nounced. The diagonal cracks progressed s1owly with an increase in load

and at 35 kips, the max. height of these cracks was about 14 inches from

the beam bottom. The beam failed at a Load of 39 kips with a split,

similar to, but more destructive than beam IA-6. The failure, which

occurred on ends N1/S1, was unique in that it was very rernote from the

load point and the diagonal crack at its top was about 18 inches away

fron the load point. 0n the other hand, the loler end of the crack was

rnuch closer to the support, being only about 12 inches frorn it. There

was an extensive split along the reinforcement so that all the concïete on

the outer side of tÌre reinforcement was chipped off and the reinforcing
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bars were exposed not only at the bottom but also at the end cross-

section. The cracked portion of the split beam section lvas lifted up.

It was observed before the test that there hras some se-

gregation of concrete at the beam bottom and some small cavities existed

due to improper compaction. This may partly explain the different

location of the failure section.
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II.3.8 Beam IA-8 [Fis. 36)

The first flexural cracks were observed at a very 1ow load of

5 kips. As the load increased,many more cracks appeared which tqere app-

roxinately the same distance apart as in bean IA-7. Cracks on ends Nl/

51 were, however, fewer and a greater dista¡rce apatt.

As the load was increased, flexural cracks appeared closer to the

supports and by a load of about 30 kips, they were very close to section b.

At higher 1oads, vertical cracks progressed in inclined directions as

with other beams. Ultimate failure occurred at a load of 34.4 kips on

ends N1/S1 when an inclined crack proceeded both backwards and forwards

from an existing crack. The lower end of the crack then moved along the

reinforcement, causing horizontal cracking to tlÌe support point. The

upper end of the crack terminated at the loading plate. A crack ex-

tending from top dorr'nwards appeared at failure load in the midspan. The

portion of the beam above the inclined crack was lifted upwards and the

longitudinal reinforcement was exposed for sorne distance. This failure

crack was quite close to the load point, as opposed to that of bearn IA-7,

the lower end of the crack being betlveen sections c and d.

Considerable segregation of concrete existed in

midspan tor,vards the support on end NI/S1 on the underside

There seened to have been insufficient compaction and some

existed in the concrete. The beam was patched-up at these

fore the test. Since the failure occurred in tiris section

this beam from

of the beam.

caui ties

locations be-

of the beam it
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FIG. 35 DIAGONAL FA]LURE OF BEAM IA-7

- ã.,I{.

FIG. 36 DIAGONAL FAILURE OF BEAM IA-8



is possible that the

if the compaction of

beam may have taken

the concrete in the
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slightly more load before failure

beam had þss¡ rrìoTe complete.

Ii.3.9 Beam IB-4 (Fies. 37 and SBJ

The first flexural cracks were observed at a load of 20 kips

and as the load tvas increased,only afew more cracks could be seen. l,Oa

a load of 37.5 kips, a diagonal crack extended suddenly throughout the

shear span of the beam and became flatter in slope as it progressed

towards the load point. Another crack appeared from the cornpresion

face of the beam at reduced section above the diagonal crack. The beam

section at this location rvas lifted up. This diagonal crack also caused

a horizontal split along the reinforcernent. With another increment of

0.8 kips, the beam split completely at 38.3 kips.

II.3.10 Beam IB-5 (Fig. 39)

The first flexural cracks occurred at a load of 20

the load was increased, the bean seemed fairly intact until a

35 kips when a critical diagonal crack extended appreciably.

failure at a load of 37.5 kips resembled the failure of beam

that the final split was tnore pronounced.

kips. As

load' of'

The final

IB-4 except

II.3.1l Beam IB-2 (Fig. 40)

The first flexural cracks appeared at a load of 20 kips.

Critical diagonal cracking occurred at a load of 42.5 kíps, the dia-

gonal crack progressing considerably through the shear span of the
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FIG. 37 FAILURE OF BEAM IB-4

FIG. 38 A CLOSE VIEW OF FAILURE OF BEAM IB-4
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FIG. 39 FAILURE OF BËAM IB-5

F]G. 40 FAILURE OF BEAM IB-2
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beams. tVith further increments of 1oad, the propagation of cracks was

rather s1ow.

As the load lvas increased from 75 kips, there was little further

propagation of cracks until a new crack formed at I07.5 kips and existing

cracks extended into the midspan region. The beam finally failed at a

load of I22.5 kips with a complete diagonal split between the support and

the load point and a horizontal split all along the reinforcemet.

From a load of 60 kips onwards, small 1ocal cracks appeared

close to the supports and at a load of 82 kips a crack existed right over

the support. However, further loading did not result in any nìore cracks over

the supports, though the existing cracks widened.

The final diagonal failure did not follorv the existing diagonal

cracks at the top tip but proceeded directly to the loading plate. The

two postions of the beam separated by the diagonal crack came completely

apart, joined only by the reinforcement.

II.3.12 Beam 18-6 (Fig. 41 and 42)

The first flexural cracks were observed at a load of 7.5 kips

and as the load was increased, numerous other cracks developed. The

cracks later becane inclined in the shear spâr1s as they progressed higher

or appeared closer towards the supports.

The ultinate diagonal failure occurred on ends N2/S2 at a

load of 39 kips rvith the crack extending on both sides of a pre-existing

crack which had just appeared at a toad of 35 kips. The failure crack

terminated close to the load point a¡d proceeded as a split along the
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F]G. 41 DIAGONAL TENSION FAILURE

(END N-2)

OF BEAM 18-6

FIG. 42 DIAGONAL TENSION

(END 52)

FAILURE OF BEAM 18-6
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reinforcement to the end of the beam. A section at reduced depth above

the diagonal crack was lifted up at failure. The failure was a typical

diagonal tension failure. The cracking remained fairly tirin and sharp

up to the final split and immediately before failure, the diagonal crack

was sti1l 5 inches below the top surface of the beam. 
6

One observation of considerable interest was the rather fre-

quent back-cracking, showing progressive and systenetic destruction of

the resistance of tl're concrete sections between the cracks.

II.3.13 Beam IC-2 (Figs. 43 and 44)

The first flexural cracks appeared at a load of 20 kips and

significant diagonal cracking had devel-oped from 37.5 kips onwards on

various faces of the beam. At a load of 50 kips, amajor diagonal crack

progressed to within 2 I/2 inches of the cornpression face on end Nl and

I 3/ 4 inches on end S1.

As the load was increased, extensions of this crack moved into

nidsection rvith flatter trajectories. This propagation ivas only very

slight and stopped conpletely at about 72.5 kips. Multiple cracks also

occurred at supports from 47.5 kips to 60 kips. Further increments of

load resulted in widening of critical diagonal cracks on1y. As the load

was increased fron 80 kíps to 82.5 kips, there rvere relatively larger

deflections which increased fdrtherc as the load was increased to 85 kips

and then to 87.5 kips. During this loading, the deflection of the beam

increased by about 0.17 inches. Slow diagonal failure and very ductile

rvidening of cracking occurred during this period before the final split

at 87.7 kips, which was sudden and similar to that for beam IA-2 except
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FIG. 43 FAiLURE OF BEAM IC-2

-i

FIG. 44 BEAM IC_2 SHOWING DENÆC GAUGE

CRACKING IN THE BEAM

LOCATiONS AND
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that there was no significent split along tire reinforcement.

iI.3.14 Bean IC-5 (Fie. 45)

Tl-re first flexural cracks appeared at a Ioad of 8 kips and

progressed with an increase in 1oad. The propagation of the cracks in

the midsection became insignificant after about 20 kips, when the diagonal

cracks extended in a typical fashion. The bearn ends Nl/Sl showed rnore

pronounced cracking tlìan the ends N2/s2. Frorn 36 kips onwards there

was no propagation of cracks at all on ends N2/52. At 36 kips, major

diagonal cracking occumed on N1/S1, the cracks extencling to a height of

15 5/8 inches and propagting backwards as well.

As the load was increased from 38 kips, it seemed that the

beam had finally failed at 38.35 kips as the critical crack proceeded

to the load point with some horizontal splitting along the reinforcement.

There l{ere.large deflections. However, the bearn started taking some more

load at this stage, there being much larger deflections. The diagonal

failure finally occurred at a load of 40.2 kips resembling a flexural

failure in the anount of deflections. At final failure the diagonal crack

progressed about 4 to 5 inches into the midsection and an extensive horizontal

split occurred along the reinforcement to the support.

II.3.15 Beam IC-6 (Fig. 46)

The

nlunel:ous cracks

first flexural cracks appeared at a

developed on further loading. At a

load of 7.5 kips and

load of'30 kips,while
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FIG. 46 CRACKiNG AND FINAL

FIG. 45 DIAGONAL FAILURE OF BEAM IC-s

FLEXURAL FAILURE OF BEAT{ IC-6
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there existed both diagonal cracks in the shear span and vertical cracks

in the midsection, the beam started deflecting considerably, recording a

rnaximun load of 31.4 kips. As the beam failed in flexure, the deflection

exceeded 1 inch. A chunk of concrete at nidspan was broken off at failure

and a horizontal split occurred along the reinforcemet in the midsection.

This was the only beam in the entire test series which showed a flexural

fai lure.

II.3.16 Beam IIA-2 [Figs. 47 and 48)

This beam remained remarkably sound as the loading rvas

increased and it was not until a load of 27.5 kips that the first cracks

developed. First significant diagonal cracking occurred at a load of

40 kips. $/ith further loading there rvas a maj or propagation of a diagonal

crack to a height of B I/2 inches at a load of 50 kips. At this stage the

diagonal cracks had gone into the secondary beam on end 52 but the beam

seemed to be fairly intact. At a load of 55 kips, there was a major exten-

sion of cracks on all sides. 0n side 51, a nei.v diagonal crack formed.

Another diagonal crack propagated significantly to a height of l4 inches,

going into the secondary beam endrthen continuing in the section of se-

condary beam, terminating at a height of 17 inches, about 3 inches away

from the edge of the main beam. 0n side 52, three new cracks appeared,

the most critical of these progressed to a height of 12 1/4 inches before

entering the secondary beam and progressing further in it to a height of

17 I/2 inches (on1y I/2 inch from top edge), 3 inches from the edge of the

main beam. Similar cracking occurred on end N2. End N1, especially the

secondary beam on this endrlvas fairly intact. In the meanwhile, the load
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FiG. 47 BEAM ITA-2 SHOWING LOCATION OF DEMEC GAUGES

AND CRACKS

IIA-2 AT THE JUNCTION OF SECONDARY

THE MAIN BEAM

FIG. 48
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dropped by 5 kips. The load was again increased to 55 kips, but after

sustaining this load momentarily the beam failed suddenly. The failure

was at the junction of the secondary beam to the main beam at the end 52.

This secondary bearn sheared off corqpletely, thus exposing the whole section

including the longitudinal reinforcernent. The main diagonal crack causing

failure was clearly visible though the sheared surface. It seemed to be a

premature failure. As the diagonal crack passed through the secondary beam,

which was not rigidly connected to the main bearn with top reinforcing, it

resulted in a split of the secondary beam fron the main beam, there being

no restraint against it.

II.3.17 Beam II^-2 (b) (Fie. 49 and 50)

The first flexural cracks developed in the midsection at a

load of 21 kips. As the load was increased, the first cracks in the

shear span were delayed and appeared only at a load of 42 kips. At 45

kips, first significant diagonal cracking was observed on the end N1,

going through the shear span .and into the cross beam at a height of 13

inches. At this stage, no diagonal cracks existed on end N2. On load-

ing the beam further, the critical diagonal cracking was observed at

a load of 60 kips on ends N1 and 51r progressing into the secondary beam.

A major diagonal crack developed on end S,Z ut a loacl of 63 kips follow-

ed by the appearance of the same crack on end N2 at a load of 66 kips.

At thís 1oad, the diagonal cracks on all faces of the beam crossed

through the secondary beams and were visible in the midsection of the

main beam, as they emerged from the secondary beams. This extensive cracking



341

FiG. 49 - BEAM rr|-2 (b) AT FATLURE - END Nl

FrG. 50 - BEA¡4 IIA-2 (b) AT FATLURE - END N2
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resulted in a sudden drop of the load by 6 kips and further dropped

another 6 kips while an entire set of DEMEC readings lvas taken.

As the load was increased, the beam continued taking more

load lvhile the critical cracks progressed in the midsection on all

ends of the beam. Failure occurred at 81 kíps when cracks from opposite

sides joined at about rnidspan. This resulted inra sudden diagonal split

on ends N2/52, some chipping of concrete at top of the beam at midsection

above the cracks, and horizontal splitting along the reinforcemeltt. The

top reinforcement in the secondary beam rvas exposed.

II.3.18 Beam IIA-4 (Figs 51 and 52)

The first flexural cracks appeared in rnidsection at a load of

15 kips. Cracks in the shear spans were observed frorn 20 to 25 kj-ps. These

cracks progressed vertically and later becane inclined. The final failure

occurred at a load of 39.6 kips on sides N2/52 from a crack that had

originated only at the previous load increment of 37.5 kips. The dia-

gonal failure crack rqent through the secondary beam and was observed

emerging out in the constant moment zone, about 3 inches beyond the

jr.mction of the secondary beams to the main bean. As the diagonal crack

crossed the secondary beams, a portion of concrete at its top was broken

off and a simultaneous split occurred along the reinforcement. It was

observed that ultimate failure developed when the diagonal cracks were

well below the top and the beam appeared to be able to carry rnore 1oad.
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I I . 3. 19 Beam I IA-6 (Figs 53 and 54)

TIle first flexural cracks were observed in mid-section at a

load of 7.5 kips ancl cracks occurred in the shear spans at a loacl of

of 10 kips. A very balanced cracking developed on all faces of the beam

as the load was increased. The cracks in shear spans became inclined as

they progressed uplards and cracking extended towards the supports with

increased loading. Some back-cracking was also observed at a load of

35 kips. The beam sustained a load of 37.5 kips for about three ninutes

u/lìen, suddenly, a destructive diagonal split occurred on ends Nl/s1. The

tlvo portions of the beam junrped apart suddenly rvhile the diagonal crack went

through the entire shear span and the entire zone of constant moment. A

split along the reinforcement also occurred. The cliagonal crack causing

failure crossecl the existing cracks at about 45o angle ancl was entirely

new in nature and cìeveloped suddenly at failure. It seemed that it originatecl

from the extrenìe tips of two pre-existing cracks in the shear span of the

be an.

II.3.20 Beam IIIA-3 (Figs. 55 to 58)

The first flexural cracks

a load of about 20 kips and shifted

Flexural cracks in the shear spans

A major diagonal crack was observed

developed in the midspan

outlvards as the load lvas

became inclined at a load

on ends N2/52 at a load

region at

increased.

of 30 kips.

of 60 kips.
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FiG. 53 DIAGONAL TENSION FAILURE OF BEAM IIA-6

¡åvn

FIG. 54 BEAM IIA-6 SI.IOI\IING TI-IE

CRACK TIIROUGII

EXTENSION OF DIAGONAL

MiD-SECTiON
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At a load of 70 kips, new diagonal cracks appeared on ends Ni/sl. At

this stage, diagonal cracks had appeared on all ends of the beam. These

critícal cracks propagated further as the load rvas increased. The critical
diagonal crack on ends N2/s2 progressed to within 1 1/4 inches of the

compression face at a load of 85 kips while a similar crack on the

other end became horizontal at a lower location.

As the load was further increased, the critical cracks widened

without any propagation. The final failure occurred when the concrete

above the top tip of the critical diagonal crack on ends Nl/s1 chipped

off as another diagonal crack extended to join it.Horizontal splitting along

the reinforcement developed fron the lower end of the inner diagonal crack

towards the supports. At failure, the entire block of concrete between

the two diagonal cracks came apart from the rest of the beam. This

failure was different from the previous failures in that final failure
was triggered off by tlvo rnajor diagonal cracks simultaneously.

II.3.21 Beam IIIA-6 (Figs. 59 a¡d 60)

Tire first flexural cracks appeared at a load of 15 kips. As the

load was increased, the cracks remained vertical in the midsection and in-

clined only slightly in the outer regions of the span. Significant dia-

gonal cracking had developed at a load of 35 kips, the rnaximum heigìrt of

diagonal cracks being L0 r/2 inches at this stage. At a load of 40 kips,

diagonal cracks appeared on ends S1-S2, which were closer to the supports.

At a load of 50 kips, there was a major failure on ends N1/S1, the crack

touching the top surface of the bearn on end N1 while it tapered off hori-

zontally about 2 inches below on end 51. Cracking also extended on the
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FIG. 59 CRACKING ON END S-1 OF BEAM IIIA-6 AT FAILURE

Bi.Aþf:$A;6,:

FIG. 60 FAILURE OF BEAM IIIA-6
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other end. It seemed that the beam had failed completely, the load

dropped significantly to 46.65 kips as the deflections continued increasing.

The beam, horvever, started taking more load and a najor, failure developed

on ends N2/52 at a load of 55 kips, the diagonal cracks extending to within

one inch of the compression face of the beam. At this stage all faces

of the beam were almost completely cracked and a balanced pattern existed

on all faces. The beam continued taking more load while the cracks on ends

N2/52 started widening appreciably. The ultimate failure occurred on ends

N2/52 at a load of 66.5 kips when two diagonal cracks caused a simultaneous

diagonal split alongwith a split along the reinforcement. The portion of

the beam above the outer diagonal crack was lifted up at failure. The

block between the tlvo critical diagonal cracks was completely separated

from the rest of the beam, the split being similar to that for beam IIIA-3.

Ii.3.22 Bean IIIA-B (Fies. 61 and 62)

The first flexural cracks developed in the beam at a load of

7.5 kips. Further cracking was very well distributed over the span as the

load was increased. Diagonal cracks became more inclined closer to the

supports. By a load of 30 kips,cracks had appeared over a large part of

the span except for a very short distance near the supports.

From a load of 30 kips to a load of 45 kips, the existing

diagonal cracks progressed higher but the propagation was very slow and

rnany of the cracks did not rrrove at all. At a load of 47.5 kips, diagonal

cracks appeared close to the supports on all faces. At a load of 50 kips,

critical shear cracks suddenly developed on ends N2/52 and progressed
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to within 3 inches of the compression face of the bearn. At a load of

52.5 kips, sudden failure occumed on ends N2/52 when two diagonal cracks

joined together and split the beam completely. The failure r^ras very

destructive in nature. The block of concrete between the critical diagonal

cracks carne apart from the rest of the beam. In this case this split was

100% and the block had to be removed before the beain was lifted out of the

frame. The portion of the beam above the outer diagonal crack was lifted

up at failure. Large defornations of the longitudinal reinforcement below

the cracks developed at failure. One unique feature of the accompanying

horizontal split along the reinforcenent was that it not only developed

from the lower end of the crack towards the supports but also backwards

from the inner crack to the midspan of the beam.
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APPENDIX III

PRESENTATION OF EXPERIMENTAL RESULTS
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III.1. DISTRIBUTION OF LONGTTUDINAL FLEXURAL STRA]NS ]N CONCRETE

Test results of individual beams are summarized in this

section. Details of the l-ocation of gauges, the propagation

of cracks and data obtained in the tests of the beams are

given alongwith other test results for each beam in appendix

II. Since el-ectrical resistance strain gauge readings were

avail-able at regular load intervals, ranging from 1000 pounds

to 5000 pounds intervals, details for intermediate readings are

fil-led in during the discussion whenever necessary.

Strain readings are plotted at each vertical section at

0, 4, B and 12 inch depth. In the plots of el-ectrical- resistance

strain gauge data, average strains in the reinforcement are

also shown. When reference is made to various gauge points,

they are signified e(B), d(l-2), etc., the l-etters signifying

the vertical section and the figures within parenthesis, the

depth of the beam where the point is l-ocated.

Whenever a,reading is not available at an intermediate

point, the strains at two points are joined by a dotted l-ine.

Al-so, when a strain reading is affected by a crack passing

under the el-ectrical resistance strain gauges or through

the DEMEC measuring points, it is joined by a broken chain

l-ine, showing the effect óf cracking. This scheme is the

same as that employed in Chapter 5.
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I]I. I.1. TESTS OF SER]ES IA

(i) BEA-tvI IA-1 (a/d = 1.0)

The test resul-ts for beam IA-1 are summart-zed

in Figs. III.I (a) and (b) .

DEMEC DATA (Fig. rII . l-a)

With increasing 1oads, tensile strains developed at the

compression face over the support. These strains remained small-

in magnitude but generally increased with higher foads.

Critical diagonal cracking was observed in this beam at a

load of 60 kips. Above this load l-evel, the centre of

compression between ,the load poì-nt and midshear span showed

a significant shift downwards. During this loading range,

compressive strains at a'(I2) , b- (I2) and c'(I2) kept on

increasing. Cracks crossed the gauge 1ines at sections

d'(B) and e'(4) . These readings have not been plotted due

to the large straj-ns associated with cracking. At a l-oad

of 180 kips, the strain at d'(B) was 6.15 X 10-3. Compressive

strains under the load point at the compression face steadily

increased with load. Tensil-e strains also developed at the

compression face at midshear span and increased after critical-

diagonal cracking.

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (Fig. ITI.lb)

Tensile strains existed at the compression face over

the support right from the beginning. Examination of the

data from gauge a (l-2) showed that tensile strains developed
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initially and increased up to a l-oad of 60 kips, ât which l-oad

critical- diagonal cracking occurred in the beam. With further

loading, the tensile strains began to drop until the strains

became compressive at a l-oad of 75 kips and then remained

so to failure. Gauge c(I2) showed high tensile strains before

it broke. It is probable that the readings of this gauge

were affected by cracking. This may be established from

the behaviour of gauge e (I2) . This gauge developed tensil-e

strains initially, recording a maximum tensile strain of

0.30 X l-0-4 at a load of 25 kips. Above this l-oad, however,

the tensile strain began to drop until it became compressive

at a load of 35 kips. This compressive strain increased

systematically up to a load of 50 kips when suddenly large

tensil-e strains were recorded and the gauge eventually broke

at a l-oad of 100 kips, rro doubt, due to cracking.

The behaviour of gauge f (L2) at midspan also followed

the typical pattern. It developed tensil-e straj-ns initially,

recording a maximum tensi1e strain of 0.64 X 10-4 at a l-oad

of 20 kips. Above this load level-, the tensile strains began

to drop until the strains became compressive at a load of

30 kips and remained so for the remaining part of the loading.

This gauge eventually recorded a maximum compressive strain

of 3.25 X t0-4 at a load of 180 kips.

Large compressive strains \¡/ere observed on the compression

face under the load point, especially after critical- diagonal

cracking.
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. The behaviour of gauges located at the l2-inch level-

(3/4 of the effective depth of the beam), showed that all

gauges started with gradually increasing tensile strains.

However, with fl-exural cracking, the pattern changed. First

flexural cracks occurred in the midspan region of the beam

and proceeded outwards. Simil-arJ-y, the strains at the L2-

inch level became compressive first at the midspan then at

the load point and finally at the supports at l-oad of

30 kips, 35 kips and 60 kips respectively. AL the latter

of these loads, critical diagonal cracking was observed.

As the beam continued taking further l-oad after diagonal

cracking, the strain pattern remained unchanged except that

larger compressive strains \^/ere recorded in the lower half

of the beam at sections near the supports.
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(ii) BEAM TA-2 (a/d = 1.5)

The test resufts

ItI.2 (a) and (b).

for beam IA-2 are summarized in Figs

DEMEC DATA (FiS. III.2A)

Cracks crossed the gauge l-ines at e'(4) , e'(l-2) and

d'(12). Smal] tensil-e strains developed at the compression

face over the support and also at section b'" Compressive

strains at sections c' and d' at the compression face remained

smal-l- while those under the load point increased rapidly wíth

load, especially after diagonal cracking. By the time a load

of 50 kips had been reached, the critical diagonal crack was

wel} into the compression zone of the beam. It was at this

stage that the beam started taking more load without any

significant propagation of cracks. The longitudinal strain

diagram shows that at a load of 40 kips, c'(I2) had already

developed compressive strains white compressive strains at

b'(Iz) and a'(L2) developed at a load of 60 kips- It is

difficult to estimate the true strains at d- (L2) and e'(I2)

due to cracking. However, it coul-d be observed that compression

centre shifted downwards over sections at support and cfose

to it after critical diagonal cracking.

ELECTRICAL RESISTANCE STRÀIN GAUGE DATA (Fig-III"2b)

An

tensile

reaching

examination of the data from gauge f(f2)

strains deveÌoped from the initial stages

a maximum of 0.89 X 10-4 at a load of 20

showed that

of loading,

kips when
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.fl-exuraf cracks in the midspan region were observed. Above

this l-oad, the tensil-e strains at this gauge rocation began

to drop until the strains became compressive at a load of
30 kips and remained so to failure. A maximum compressive

straj-n of r.46 x 10-4 v/as recorded at a foad of 75 kips after

which the compressive strain dropped slightly.

Large compressive strains were observed at the compression

face under the load point. From the point of critical diagonal

cracking at a load of 50 kips to collapse, the increase of
the compressive strains was more rapid.

Gauge e(I2) showed tensil-e straj-ns as the load increased,

reaching a maximum of r.32 x l0-4 at a r-oad of 25 kips. This

value then reduced gradually until the strains became compressive

at a load of 40 kips. Similar observati-ons were recorded for
gauges d(I2), c(I2) , b(12) and a(12). Al_t of these gauges

developed tensile strains initially, showing maximum val_ues

at a l-oad of 45, 35, 35 and 40 kips respectively. with further
loading, tensile strains reduced gradually until compressive

strains developed at a load of 50 kips at all these focations
as the critical- diagonal crack caused a significant split.
Thereafter, al-l- these gauges continued to show compressive

strains to failure except ,for c (12) . This gauge developed

sudden tensile strains at a foad of 65 kips and broke at the

next l-oad increment. This evidently resulted from an

approaching crack interfering with the straj-n distribution
at the point.
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From the above, it can be seen that compressive strains

at 3/4Lh of the effective depth of the beam developed at midspan

at a load of 30 kips, under the load point at a l-oad of 40

kips and at all other sections at a l-oad of 50 kips. The

development of these compressive strains, therefore, foll-owed

the progressive development of flexural cracking from midspan

region outwards. Compressive strains at sections closer to

the support at the l-2-inch level only developed after critical-

diagonal cracking
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(iii) BEAM IA-3 (a/d = 2.0)

The test resufts for beam IA-3 are summarized in Figs

III.3 (a) and (b) .

DEMEC DATA (Fig.IIr.3a)

Compressive strains developed gradually from the midspan

region outwards at the 12 inch level. After the appearance

of a critical diagonal crack at a load of 45 kips' compressive

strains developed at a'(I2) , directly over the support. At

subsequent loading stages r âs the critical diagonal crack

became stabl-e, the compressive strains at 12 inch level- near

the supports increased. Furthermore, tensil-e strains

developed at sections closer to supports at the compression

face. However, large increases of compressive strain at the

compression face directly under the load point were observed

at critical diagonal cracking and prior to ultimate failure

of the beam.

ELECTRICAL RESISTANCE STRÄIN GAUGE DATA (Fiq.III.3b)

An examination of all gauges at the 72 inch level shoved

that tensile strains developed initially. The readings of

gauge f (I2) were erratic and could not be rel-ied upon.

Maximum tensil-e strains at e(72) , d(12) , c(L2) , b(I2) and

a(I2) were recorded at a load of I2.5, I2.5, 32.5, 32.5 and

42.5 kips respectively. All- these gauges showed a reduction

of tensil-e strains after reaching the maximum, ultimately

reducing to compressive strains at a load of L7.5,20,37.5,



367

45 and 46 kips respectivly. These compressive strains generally

increased to fail-ure except at d(12) where tensile strains

developed due to cracking, recording a high tensile strain

of 9.72 x 10-4 at a load of 32.5 kips before the gauge broke

at a load of 35 kips. Compressive strains at b(12) and a(12)

only developed when the beam was significantly cracked by the

critical diagonal crack. Strain readings were taken at 1000

pound interval-s at load l-evels near critical diagonal cracking

and it was observed that the change of tensi]e strains to

compressive strains at sections close to support at the !2

inch level- took place rather abruptly, coinciding with critical

diagonal cracking.
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(iv) BEAM rA-4 (a/d = 2.s)

The test results for beam IA-4 are summarized in Fig.

III.4. Results of DEMEC data are not presented as there

appears to have been some error in recording the zero load

readings

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (Fig.III.4)

An examínation of the data from gauge f (l-Z) showed that

tensile strains deveroped initialj-y and increased to a value

of 0.55 X 10-4 at a load of 10 kips. However, with further

loading, the tensile strains began to drop, developing into

compressive strains at a load of 15 kips. A maximum compressive

strain of I.37 X 10-4 v/as recorded at a load of 20 kips.

Later a tensile strain of 3.34 X 10-4 developed suddenJ-y

at a load of 25 kips and increased rapidly, recording a

maximum value of 19.80 X 10-4 at a l-oad of 37.5 kips. It

is evident that these large tensile strains are a resul-L of

cracking. Gauge f (B) \^/as also affected by cracking from a

load of 25 kips onwards. A cl-ose l-ook at gauge f (0) shows

that íts readings were rather erratic and coul-d not be relied

upon.

Gauges e(B) and e(I2) were also affected by cracking.

Tensil-e strains at e(12) vi'ere only I.24 X t0-4 at a load of

10 kips when a sudden jump occurred, strains reaching 11.9
-Á.X l-0 ' at a l-oad of I7.5 kips before the gauge broke at a

load of 20 kips. Similarly, gauge e(B) showed rapid increases

of tensile strain after a load of I7.5 kips with the onset
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of cracking.

Cracki-ng al-so affected gauge d(12). At a load of l0 kips,

the tensil-e strain was onÌy 0.48 X 10-4 but increased rapidly

to l-8.5 X l0-4 at a load of 25 kips before the gauge broke

at the next load increment.

At c (J-2) , maximum tensil-e strains were recorded at a

l-oad of 20 kips. Above this load, the tensile strains reduced

until compressive strains developed at a load of 25 kips.

These compressive strains, however, abruptly changed to

tensil-e strain at 32.5 kips which increased rapidly as

failure approached. A fl-exural crack was seen to pass under

gauge c(L2) at 32.5 kips. Tensile strains shown by gauge c(f2)

are, therefore, a resul-t of cracking.

Gauges at 12 inch level at sections a and b showed consistent

increase of tensil-e strains ti]l failure. There were no

cracks at these sections. This clearly shows that compressive

strains at the 12 inch l-evel- did not extend to sections c.l-ose

to the support.
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(v) BEAM IA-5

The test

III.5 (a) and

(a/d = 3.0)

results for beam IA-5 are summarized in Figs.
(b).

DEMEC DATA (Fig.III. 5a)

Compressive strains under the load point on the compression

face could not be recorded as the DEMEC points \,vere not
properly fixed to the concrete surface at this location

while cracking interfered with strain distribution at

e'(12). Compressive strains remained generally small on

the compression face. rnitial tensile strains at the l-2-inch

]evel at sections c' and d' changed to compressive strains at

a load of 30 kips. Though small compressive strains were

recorded over the supports at the l2-inch level from the

beginning, it is quite probable that this may be due to an

error in the initiat DEMEC reading taken at zero load. This

observation is supported by the fact that the gauge at the

l2-inch level at section d showed tensil-e strains over the

whol-e load range.

ELECTRICAL RESISTANCE STRATN GAUGE DATA (Fi9.Irr.5b)

This data also shows that compressj_ve strains at the

compression face of the beam remained smal-1 upto failure.

sudden critical- diagonal cracking caused the fail-ure of the

beam.

Gauge f (L2) showed

to a value of 0.45 X 10

gradual increase of tensile strains

at a load of 7.5 kips but suddenly

â

-4
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.jumped to a value of 3.46 X 10-4 at a load of t0 kips. This

gauge was affected by cracking.

Maximum tensile strains at e(I2) and d(12) occurred at

a l-oad of 72.5 kips and then reduced to compressive strains

at a l-oad of 15 kips. These compressive strains then continued

increasing gradually" Strains at c (12) remained tensile,

with a sudden sharp increase due to cracking at 27.5 kips.

It is possible that compressive strains may have been observed

at t.his location at later stages of loading had cracking not

interfered with the strain readings.

Strains at sections a(L2) and b(72) remained tensil-e

from the beginning upto failure of the beam,
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(vi) BEAM rA-6 (a/d = 4.0)

The test resul-ts for beam IA-6 are summarized in Figs.

III.6 (a) and (b).

DEMEC DATA (Fig.III.6A)

Compressive strains developed at the 12 inch fevel at

sections e' and d' after f.l-exural- cracking. However, cracks

interfered with strain distribution at c'(I2) . Strains

remained generally smal-l at a'(L2) and b'(I2) . Initial

reading at a'(I2) seems to be somewhat erratic.

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (III.6b)

Many of the gauges on this beam gave erratic results,

no uniform trend of strain being observed. This may possibly

have been due to improper soldering and "col-d" connections,

either at the terminal points or at the gauge box. Significant

drifts were observed in the gauge readings and it is evident

that not too much reliance can be placed on results from

thj-s beam. Gauges b(12) , c(L2) and d(I2) were more consistent.

At the 12 inch level, strains remained tensile throughout

at sections b and c. At d (l-2) , initial tensile strains

reduced to compressive strains at 72.5 kips but suddenly

reversed to tensile strains at 20 kips due to the onset of

cracking as the gauge finally broke at 30 kips after recording

high tensil-e strains.
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(vii) BEAMTA-7 (a/d =5.0)

The test results for beam IA-7 are summarized in Figs.

III.7 (a) and (b) .

DEMEC DATA (Fig.rII. 7a)

Initial tensile strains reduced to compressive strains

at gauges e'(12) and c' (I2) while cracking at gauge d' (I2)

did not al-low correct strains to be recorded. Initial- tensile

strains at gauges a-(12) and b-(I2), however, kept on increasing

steadily until- sudden diagonal failure occurred at the appearance

of a critical diagonal crack.

ELECTRICAL RESISTANCE STRA]N GAUGE DATA (Fig.III.7b)

Gauge f (I2) broke at a load of 10 kips as a flexural

crack passed right through it. As this crack approached

upwards, it also brcke gauge f(B) at a load of 35 kips.

Initial tensile strains at gauges e (12) and d (12) reduced

to compressive strains at a load of 10 and 12.5 kips respectively

and kept increasing steadily thereafter.

Gauges c(l-2) and b(I2) showed highly erratic results , r

throughout the test and their readings are of l-itt1e value
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(viii) BEAM rA-B (a/d = 6.0)

The test results for beam IA-B are summarized in Figs.

III.8 (a) and (b).

DEMEC DATA (Fig. III. Ba)

Initial tensil-e strains at gauges a- (l-2) and b'(I2)

kept on increasing with load while small compressive strains

developed at c'(I2) . Cracking at d'(I2) interfered with the

strain pattern. At e'(I2) very small tensile strains were

observed and these remained so over the loading range.

This, however, may possibly be due to a smal-l error in the

zero load reading.

ELECTRTCAL RESISTANCE STRÄIN GAUGE DATA (Fig.ITI.Bb)

Gauges b(I2) and c(L2) gave erratic readings from the

beginning and are of no practical use. Cracking interfered

at d(12) where sudden high tensile strains developed at a load

of 7.5 kips, .i-ncreasing rapidly till the gauge broke at a load

of 25 kips. Strains at e(12) remained very small-. rnitial

tensi.l-e strains (1.09 X l-0-4 at a load of 5 kips) reduced to

small compressive strains at a load of 15 kips which remained

al-most constant throughout the remaining loading stages. The

sanÌe pattern coul-d be observed at f (I2) , where initial tensile

strains reduced to compressive straj-ns of about I.12 X l-0-4

at a load of 15 kips and remained almost the same. The

compressive strains at f (4) kept on increasing with load

showing that the neutral axis did not shift upwards at this
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location. Appearance of diagonal crack resulted in failure

of the beam.
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III.1.2 TESTS OF SERIES ]B

(i) BEAM rB-2 (a/d = 1.5)

The resul-ts for this beam are summarized in Fig.III.9.

This beam was a retest of beam IB-5 over a shorter span,

giving an a/d ratio of 1.5. No new gauge lines \^/ere added

and the only gauge l-ine on concrete was section a, located

4 inches a\^/ay from the l-oad point, in the shear span.

Until critical- diagonal cracking occurred, the maximum

compressive strairs at section a were observed at the compressive

face of the beam. However, after critical diagonal cracking,

the maximum compressive strains shifted somewhat downwards.

The beam carried considerabl-e load after diagonal cracking.

At conditions nearing ultimate faifure, very large compressive

straj-ns \¡/ere observed at section a, 3 inches below the compression

face.

Strain readings from these gauges are not entirely

reliabl-e because the same gauges \^/ere used in an earfier

test on beam IB-5 and it is possible that some of them might

have been damaged. No DEMEC guages were used on this beam.
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(ii) BEAM rB-4 (a/d = 2.5)

The test resul-ts for this beam are summarized in Fig.

III.lO

Since this beam was part of the preliminary tests, only

electrical- resistance strain gauges \^/ere used. Gauge locations

on this beam \,^/ere slightly different from the standard focation

used in most of the beams.

At early stages of loading, the variation of longitudinal-

strain was more or l-ess a straight line variation on vertical-

sections throughout the span. However, with further loading

and progressive cracking, compressive longitudinal strains

\^/ere recorded at 12 inch level, from midspan outwards, untiJ-

at fail-ure all sections except a(:-'2) showed compressive

strains. Strains at compression face at all locations remained

compressive throughout, and increased with higher loads.

This beam test was the first conducted during this inves-

tigation and the pecul-iar strain distribution after cracking

seemed difficul-t to explain. It was onLy l-ater, when extensive

DEMEC strain gauges were also applied and the results of other

beams also showed a consistently simil-ar trend, that the devefop-

ment of internal arching within the beam was indicated. In

this beam, sudden diagonal fail-ure occurred at the appearance

of a critical diagonal crack.
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(iii) BEArU rB-5 (a/d = 3.0)

The test results for this beam are summarized in Fig.

III.I-1. This beam was al-so part of preliminary tests.

The general strain pattern for thís beam is similar

to that for beam IB-4. Compressive strains at compression

face at al-l locations kept on increasing with higher l-oads.

By a load of 20 kips, compressive strains at the 12 inch level

had also developed upto the midshear span. At a load of

35 kips, compressive strains were recorded at b(I2). Failure

resulted at a load of 37.5 kips from a sudden extension of

the diagonal crack. Strains at a(I2) , directly over the

support remained tensil-e throughout the test.
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(.iv) BEAM 18-6 (a/d = 4.0)

The test results for beam 18*6 are summarized. in Fig.
TTI . L2

The resul-ts from efectrical resistance strains gauges

were highly erratic with frequent drifts of signifj-cant
magnitude. No consistent trend. was observed in the gauges

on concrete and it is probable that the soldering was not
done properry and many of the connections had 'òold" contacts.
Due to unrel-iable nature of these readings, they have not been

plotted.

Fig.rrr.12 shows the plot of DEMEC data. This beam was

tested with the main test series.

strains at the compression face of the beam remained

compressive and generally small- til-l failure. Gauges a'(l-2)
and b'(r2) continued showing tensile strains while cracking
interfered with gauge c'(I2) . Initial_ tensil_e strains reduced

to compressive strains at gauges e'(12) and d,'(r2), which is
consistent with the resul-ts of similar beams failing
by diagonal tension.



' 
r:

-l:
- 

r-
r 

I 
¡.

, 
I

:It
'

- 
t:.

..t
 

:
*! 'l ^ 

t_
-_

:, 
l. 

I
j 

l. 
'

,!_
_.

=
'l

'il

I ¡ t. f-
ì:-

 -
- 

-

i:-
 .

I ; '.:
l "- :ô- ir¡
^ ¡

t-
¿

.:. f\ Lr
l

m lr ll
I i

:..
1 I I I rÏ :

:; i I

.-
l i I

-.
.t

!. I, i--
-.

l: i..

,3
r+

tz
t

.*
¡ 
c,

z^
')|

.)
--

;t
-.

|..
'-*

-*
--

-'<
 .

O
r2

a4
56

tô
ot

zr
-*

+ D
t

h¿

tr
t

i 
il 

¡ 
|

l..
.l.

r.
r'

;\ i\ i' I

¡ 
-i

rlG
.n

J,
 1

2 
- 

Lc
u'

G
l:-

rD
rl'

rA
L 

-ì
T

R
É

.r
\l

\

ã 
7 

é 
14

 
3 

r 
r 

o 
itl

l

.lt
'

,,1
 t 

,:
,l 

l!
t/ 

:'l ,l

B
IA

,V
I 

IB
 -

6

o/
6>

+
2

o¡
i

/ì Y

D
 r

",
=

c 
D

er
^.

2'
r7

li

t I

(, \o À



39s

III. ]-. 3 TESTS OF SERIES IC

(i) BEAM IC-2 (a/d = 1.5)

The test resul-ts for beam I_C-2 are summarized in Figs.

III.I-3 (a) and (b) .

DEMEC DATA (Fig.III.l-3a)

Cracks crossed gauges d'(B), d'(I2) and e'(L2). Strains

recorded at these l-ocations are a measure of the crack width.

critical diagonal cracking occurred at a l-oad of 50 kips and

as the crack became stabl-e, compressive strains were recorded

at a'(L2) and b'(I2). Smal]. tensil-e strains developed over

the area close to the supports at the compression face while

large compressive straj-ns \^/ere recorded under the l-oad point.

ELECTRICAL RESTSTANCE STRAIN GAUGE DATA (Fig.III.13b)

High compressive strains, especially after critical

diagonal cracking, under the ]-oad point show rotations taking
place in the compressive zone. The compressive strain at

the 4-inch l-evel remained practically constant, thereby showing

that the centre of rotation was al-most at this l-ocation.

Gauges at l2-inch 1evel afl showed tensile strains

during the early stages of loading. Maximum tensile strains
at this level were recorded at sections f, e, c and a at
loads of 20, 25, 25 and 35 kips respectivety. with an increase

in load, the tensile strains reduced untj-1 they became compressive,

first at e(r2) and ul-timately at a(r2). At f (r2) and c(r2), the
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tensife strains reduced after recording a maximum value but
jumped suddenly to high val-ues as cracks passed under the

gauges. At f (L2) , the tensil-e strai-n suddenly jumped to
g.I2 X 10-4 at a load of 27.5 kips from 0.85 X 10-4 at a load

of 25 kips and kept increasing rapidly. Similarly, gauge

c (I2) broke at 40 kips. Neglecting the results of f (I2) and

c(I2), which are a measure of the crack width, it can be

seen that compressive strains at the l-2-inch l_evel- developed

from the midspan region outwards. Furthermore, compressive

strains at supports, ât the 12-inch leve1, only developed

after critical diagonal cracking and its stabilization.
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(ii) BEAM rC-5 (a/d = 3.0)

The test results for beam IC-5 are summarized in Fig.

IIr.14 (a) and (b) .

DEMEC DATA (Fig.III.14a)

Strains at the compression face remained compressive

for all sections at al-l- stages of loading and increased with

the applied load. Initial tensile strains at sections "' 
and

"' at l-2-inch level reduced to compressive strains at a l-oad

of 20 and 28 kips respectively. A crack crossed the gauge

points at section d' (I2). The strains shown by this gauge

are, therefore, only a measure of the crack width. Initial

tensile strains at a' (I2) an¿ ¡'(fZ) remained so until failure

of the beam. Signifj-cant load after major diagonal cracking

was never developed though the f,aj-lure was a relatively slow

diagonal failure

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (Fig.TIT.T4b)

From the crack pattern, it can be seen that gauges f(4)
and d(B) were influenced by the cracks. Gauge d(B) broke

at a load of 26 kips after recording high tensile strains
from 20 kips onwards, though tirl then it had arr along

been showing compressive strains. Gauge f(4) did not break

but recorded high tensil_e strains.

Gauges at the l2-inch level- at arl r-ocations developed

tensil-e strains during the initiar- stages of loading. At

sections f I e, d and c they recorded maximum tensile strains
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at a load of 10, 12, 16 and 26 kips respectively. These

tensi.l-e strains remained small, the maximum being at c(12)

at a load of 26 kips, whì-ch was only I.7 X 10-4. With

further loading, the tensile strains reduced and ultimately

compressive strains were observed at f(I2), e(12) and d(12)

at a l-oad of 20 kips and at c(\2) at a load of 34 kips.

The gauges at these sections then continued showing compressive

strains throughout the remaining part of the test until

failure

Strains at a(12) and b (I2) , however, remained tensil-e

throughout and increased with loading.
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(iii) BEAM rc-6

The test resul-ts of beam IC-6 are sunmarized in Figs.

III.15 (a) and (b).

DEMEC DATA (Fig. rII. 15a)

Compressive strains at the compression face of the beam

increased with loading whj-le the initial tensil-e strains at

the l-2-inch l-evel reduced to compressive straj-ns at sections
/ -,e', d and c' at a l-oad of 20, 20 and 30 kips respectively.

At a' \I2) and b'(I2) , the tensile strains remained so throughout

the loading. Failure of the beam resulted from a fl_exural

fail-ure of the beam.

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (Fi9.ITI.15b)

Tensil-e strains v/ere recorded at all gauges l_ocated at

the l-2-inch l-evel during the initial stages of toading.

Maximum tensile strains occurred at f(L2), e(I2) and d(I2)

at a load of 7.5 kips and at c(I2) at a load of L2.5 kips.

These strains then gradually reduced to compressive strains

at gauges f (I2), e(L2) and d(f2) at a load of I0, I2.5 and

L2.5 kips respectively and remaj-ned so for the remainJ-ng

stages of loading. The initiaf tensil-e strain at c (L2) reduced

but then jumped suddenJ-y -due to cracking as the gauge broke

at a load of 25 kips. All- the strains at the l2-inch level,

whether tensil-e or compressive, remained low. The initial

tensil-e strains at. b(12) continued increasing until- the failure

of the beam.
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III
(i)

.I.4 TESTS OF SERIES TIA

BEAM IIA-2 (a/d = 1.5)

The resul-ts of electrical resistance strain gauge data

are not presented, there being significant drifts in the gauge

readings. Fig.III.l-6 summarizes the results of DEMEC data.

This beam had fail-ed by shearing off of the secondary

beam at its junction with the main beam at a load of 55 kips.

Strains at the compression face remained compressive at all

sections at all stages of loading except for the section

directly over support at the l-ast load level. Furthermore,

at the l-ast -l-oad increment, compressive strains had developed

at the l2-inch -level- at section a' , directly over the support

and section b' close to the support when premature failure

of the beam occurred. Strains at the l2-inch level remained

very low throughout, especially at sections d' and ê', where

no strains coul-d be recorded within the range of DEMEC gauge.
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(ii¡ BEAM rrA-2 (b) (a/d = 1.5)

The only difference of this beam with beam IIA-2 was that

top reinforcement was used in the secondary beam. The only

stirrups used were at the secondary beam ends to support this

reinforcement and there was no stirrup which could cross the

line of a diagonal crack at advanced stages of cracking when

cracks entered the secondary beams. The test resul-ts of this

beam are summarized in Figs.III.fT(a) and (b).

DEMEC DATA (Fig. III.17a)

Compressive strains at all sections at the compression face

increased with load until major diagonal cracking at a l-oad of

66 kips. Simil-ar cracking had occurred in beam IIA-2 aL a l-oad

of 55 kips. Beam IIA-2 (b) continued taking more load as the

diagonal cracks proceeded into the zone of pure flexure.

Tensile strains developed at sections ã' , b' and c' at compression

face after diagonal cracking. Further, the compressíve strains

at section d' at compression face reduced significantly.

For this beam onIy, DEMEC readings at reinforcement level

Were al-so taken on the concrete surface and are reported on

Fig.III.IT (a). Large tensile strains can be observed at

this l-eve1.

DEMEC data from this beam test is very self-consistent.

At the l2-inch l-evel- initial tensil-e strains reduced to

compressive strains at sections e'and d'at a load of 2I

kips and at section c'at a l-oad of 42 kips. Tensil-e strains

at sections b'and a- did not show any change until major

diagonal cracking at 66 kips when both of them
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reduced to compressj-ve strains. At that and subsequent stages

of loading, compressive straj-ns existed at l2-inch level_

throughout the span. Further, it can be seen from sections

a' , b' and c', that the compression centre shifted downwards

while tensile strains developed above the diagonal crack.

Final- fail-ure at Bt kips was at a l-ower l-oad than that for

the corresponding beam of series IA, i.e., beam IA-2. Final

fail-ure in this beam was caused relatively earry by the unres-

trained movement of the diagonal cracks in the midspan region.

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (Fig.III.17b)

In earlier tests, it had been observed that the compressive

strains at midspan were generally lower than those under the

J-oad point. In this beam, however, the compressive strains

at midspan were higher. Major differences coul_d be seen

from 66 kips onwards, i.e., after critical_ diagonal cracking.

During these stages, compressive strains at midspan increased.

much more rapidly, clearly pointing out the effect of con-

centrated foad, applied directly over the beam.

The gauge at section f on the l2-inch -l_evel- broke due

to cracking during earJ-y stages of loading. However, the

results of other gauges at this level are very consistent.

compressive strains developed from mi-dspan outwards. Further,

compressive strains at a(12) developed only at major diagonal

cracking. An examination of test data shows that compressive

strains at c(I2) had developed at a load of 5l kips before

the gauge suddenly broke after recording hiqh tensil-e strains.
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The resul-ts of both electrical resistance strain gauges

and the DEMEC gauges show that compressive strai-ns developed

in the lower half of the beam from midspan region towards

the supports after flexural_ cracking.
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(iii) BEAM IIA-4 (a/d = 2.5)

The test results

III.IB (a) and (b) .

of this beam are summarized in Figs.

DEMEC DATA (Fig. III. IBa)

Cracking interfered with strain pattern at d' (I2) .

However, compressive strains developed at { lZ) at a load

of 20 kips and at c' (I2) at a l-oad of 25 kips. Gauge b' (L2)

did not show any tensil-e strains until fail-ure approached.

Gauge a' (l_2) showed some small compressive strains and it

appears that the DEMEC aauge reading at zero load was somewhat

erroneous.

Small tensil-e strains developed over the compression

face of the beam directly over the support while elsewhere

compressive strains increasecl with load to failure.

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (Fig.III.1Bb)

Many of the el-ectrical- resistance strain gauges showed

considerabl-e drifts and cannot be relied upon. Considering

the gauges at the l2-inch level, the gauges at sections b and

a were erratic. However, gauge readings at c(I2), ð'(I2) and

f (I2) were consistent and reliabl-e. Gauge f (I2) broke early

at a load of 20 kips but gauges at other sections showed

that initiat tensile strains recorded a maximum and then

reduced to compressive strains at a load of 15, 15 and 27.5

kips respectiveJ-y for gauges e(J.2) , d(12) and c(I2) .

Appearance of a diagonal crack caused the sudden diagonal

tension failure of the beam.
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(iv) BEAM rrA-6 (a/8 = 4.0)

The test results for this beam are summarized in Figs.

III.19 (a) and (b).

DEMEC DATA (Fig.III.19a)

Cracks crossed the gauge l-ines at c'(I2) , d'(12) and

er'(B). Strains at these points are only a measure of the

crack width. As the cracking proceeded, initial tensile

strains reduced to compressive strains at gauge eiQZ).

Tensi.l-e strains at b'(I2), however, continued increasing.

Failure occurred at the appearance of a critical diagonal crack.

ELECTRICAL RESISTANCE STRAIN GAUGE DATA (Fig.]II.19b)

Compressive strains on the compression face al-1 generally

increased with the l-oad.

At the l2-inch l-evel, gauge d(12) did not function whil-e

gauge b(I2) showed considerable drifts. At f.(I2), the initial

tensile strains reduced to very small- compressive strains at

7.5 kips, coinci-ding with the appearance of the first flexural

cracks. However, as the flexural crack directly under this

gauge moved upwards, large tensil-e strains \^/ere recorded bef ore

the gauge broke at 15 kips.

Initial tensile strains at e(12) and c(I2) recorded a

maximum value and then reduced to compressive strains at a

load of 15 and 22.5 kips respectively. Atl- strains at the

B-inch and 12-inch level generally remained l-ow til-1 collapse.
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III.1.6 TESTS OF SERIES IIIA

(i) BEAM IIIA-3

Results of beam IIIA-3 have been discussed in Chapter 5,

and plots of DEMEC and el-ectrical resistance strain gauge

data are reproduced in Figs. III.20 (a) and (b).
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(ii) BEA-iq rrrA- 6 (I/d

The test results

TTI.21 (a) and (b).

= 10.25)

for this beam are summarized in Figs.

422

Gauge b(12) broke

c (I2) recorded

certain l-oad

DEMEC DATA (Fis.III.2la)

Compressive strains at all locations on the compressl-on

face increased until diagonal cracking occurred at a load of

50 kips. Gauge readings at section i' at compression face at

a load of 62.5 kips suggest that some tension developed at this

location. Tensil-e strains also developed at the compressi-on

face over the support. Initial tensile strains at gauges "' 
(I2) ,

,Ì
ð,' (l-2) and c (I2) reduced progressively to compressive strains.

However, cracking inLerfered with gauge d ttZ) and correct

strain distribution could not be recorded at this l-ocation at

l-ater stages of loading. No DEMEC readings !,/ere taken at

a'(J2) above a load of 50 kips. At this stage initial- tensile

strains had reduced to zeto and it is probable that the gauge

would have shown compressive strains above a load of 50 kips

after critical cracki-ng as in similar other tests. Since the

beam was severely cracked at this stage and it was, rather

dangerous to stand under it, only one set of readings was

taken at the midshear-span after diagonal cracking.

ELECTRICAL RESISTANCE STRÀIN GAUGE DATA (Fig.III.2lb)

Consider the gauges at the l-2-inch l-evel.

at a load of 37.5 kips due to cracking. Gauge

tensile strains initial-ly which increased to a



423

l-.evel and then started reducing until the strains became

compressive and remained so to failure.

An examination of the data from gauge d(12) shows that

this gauge also deveJ-oped tensil-e strains initiall-y which

increased to a load of 15 kíps. However, these strains started

reducing and became compressive at a load of 20 kips and remained

compressive thereafter. Sim1larly, gauge e(L2) and f(L2)

developed initial tensile strains which increased to a load

of 10 kips. With further loading, these straj-ns reduced to

compressive strains which remained almost constant to failure.

There was no gauge at the l2-inch fevel at section a over

the support. It \ivas, therefore, not possible to record the

strains at the l-2-inch level upto the support. However, the

data of this beam is consistent with other tests, showing

progressive development of compressive strains in the lower

half of the beam from midspan outwards after flexural cracking.
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(iii) BEAM IITA-B (L/d = 14.25)

The test results for this beam are summarized in Fig.

IIT.22 (a) and (b) .

DEMEC DATA (Fig. ItT.. 22a)

Strains at the compressj-on face remained compressive and

increased with load until- failure of the beam at diagonal

cracking. Strains at the l2-inch l-evel- generally remained

small. At e'(I2) and c'(I2) , no strains could be recorded

within the least reading of the DEII4EC gauge. Small compressive

strains developed at d'(I2) after flexural- cracking while

strains at b- (I2) remained tensj-]-e til] failure of the beam.

Readings of gauge ittZ) show that the strains remained tensile

throughout the test.

ELECTRICAL RESISTANCE STRÄIN GAUGE DATA (Fig.ITI"22b)

Cracks caused gauges t(tZ) and e(l-2) to break at a load

of 20 and 22.5 kips respectively after recording very high

tensile strains. Strains at gauge d(12) were erratic from the

beginning and are not plotted. Gauges c(L2) and b(12)' however,

\^/ere quite consistent. They showed tensil-e strains initially

and such strains kept on increasing until they reduced to

compressive strains progressively at a load of 20 and 40 kips

respectively. Gauge c(I2) was affected by cracks at l-ater

stages of loading and broke after recording tensil-e strains.
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ITI.2 DISTR]BUTTON OF LONGITUDINAL FLEXURAL STRÀ]NS TN THE
RETNFORCEMENT

In this section, the variation of longitudinal- strains

in the reinforcement is shown aÌong one half of the span for

individual- beam tests. The nominal- yield stress of the rein-

forcement was 50 ksi, which gives a strain in the reinforcement

of 16.67 x 10-4 at yielding using a modulus of elasticity of

30 X 106 psi for steel-. The actual yield stress of most of

the beams \^/as very close to the nominal value (Appendix ï),

the only significant differences arising in the beams of the

preliminary series of tests. For these beams, if the actual-

yield stress of 75 ksi is used, the strain at yielding of the

reinforcement works out to be 25 X 10-4.

As long as the stress in the reinforcement remains be1ow

the yield stress, the tension force in the reinforcement can

be calculated with a modul-us of elasticity of 30 X 106 psi

for steel. However, when the strain exceeds that at yieldíng,

the stiffness of the reinforcement decreases many times and

the only incremental- increase in the tension force resul-ts from

a strain hardening of steel-. Therefore, when the strain in the

reinforcement exceeds that at yie1di.g, relatively large differences

in strain amount only to a small- difference in the tension

force in the reinforcement.

The bond force in the reinforcement is the difference

of the tension force in the reinforcement at the opposite sides

of concrete cantilevers. The greater the bond force, the greater

the bending moment generated. The distribution of longitudinal
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fl exural- strain in the reinforcement is a measure of the dis-

tribution of the tension force and hence the bond forces in

the reinforcement.

Test resul-ts summarized in this
bond forces are affected by fÌexural

and the mode of faii-ure of the beam.

section show how these

and diagonal- cracking
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III.2 .1 BEAMS OF SERIES IA (Figs .TTI.23 to rrl.30)

Considered first are the beams that failed by shear

compression. Beam rA-l was not loaded upto fail-ure but the

maximum l-oad recorded was higher than the major diagonal
cracking load. Beams rA-2 and rA-3 showed shear compression

failures.

The longitudinar s.train in the reinforcement varied

according to the variati-on of the bending moment at ear]ier

stages of loading. As cracking progressed, sections closer

to the l-oad point showed higher strains than those consistent

with the bending moment varj-ation. Strains in the reinforcement

over supports remained negligible tiIl the time critical diagonal

cracking occurred. Before diagonal cracking, sections of the

beam from the support to the midshear span showed much rower

strains than those in the remaining part of the beam. with

the development of a major diagonal crack, strains at sections

over support and close to the support showed a sudden jurnp

whil-e the strains in the midsection increased slowly. At this
stage no section of the reinforcement had yielded, though the

reinforcement between the load points was fairly close to it.
Figs.rrr.23 to rrr.25, representing results of beams rA-1,

IA-2 and IA-3 show that major increases in strains at sections

a and b took place at a load of 80, 60 and 45 kips respectively.

At these l-oads the concrete strain diagrams show that compressive

strains in the lower half of the beam had already developed over

the entj-re span. rt can be seen from the diagrams that some
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b.ond forces \^/ere sti11 acting, especially between midshear span

and supports even after diagonal cracking. However, the bond

forces reduced significantly after diagonal cracking. As the

loading proceeded, the reinforcement in the midspan region

yielded. Strains cl-oser to support continued rising faster than

at other sections of the beam with the result that bond forces

decreased further. As failure conditions approached, the

reinforcement in the entire span had yielded and strains were

substantially in excess of those compatible with yielding.

In beam IA-2, the strain in the reinforcement was virtually

constant from end to end.

Beams fA-4 to IA-B faÍl-ed by sudden diagonal tension

fail-ure. Longitudinal strain distribution in the reinforcement

is shown for these beams in Figs.III.26 to III.30.

The strain diagrams of these beams are similar to the

earlier beams up to the point major diagonal cracking occurred.

In these beams, hovrever, this cracking resulted in ultimate

fail-ure. Tensil-e strains in the reinforcement above the support

remained negligible ti11 failure while bond forces continued to

exist. Bond forces at sections closer to the l-oad point reduced

with the progressof fl-exural- cracking.
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IIl.2.2 BEAMS OF SERIES IB (Figs. III. 31 to III. 33 )

Beam IB-2 was a retest of beam IB-5 on a shorter span and

it did not have any regular series of gauges on the reinforcement.

Resul-ts of beam IB-4, IB-5 and f B-6 are reported in Figs. III. 3l-

to III.33. All- 'these beams failed by diagonal tension. Resul-ts

show that tongitudinal flexural strains in the reinforcement

remained negligible over the supports or cl-ose to the supports

until fail-ure. Strains at section c for beam IB-5 coul-d not

be recorded as both of the gauges on the reinforcement at this

location did not function. Continued presence of bond forces

can be seen in al-l beams.
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III.2.3 BEAMS OF SERIES IC (Figs.III.34 to rII.36)

Beam IC-2 carried significant load after diagonal cracking.

This coincided with an increase of tensil-e strains in the

reinforcement over the supports and as failure approached,

the tension force all along the reinforcement was constant

and the reinforcement had yielded,.

In beams IC-5 and IC-6, strains over support remained

neglibible. The strains at section d cl-ose to the road point

in the shear span of the beam were even higher than at midspan.

After flexural- cracking, bond forces in both beams in

the inner regions of the beam reduced. This was observed from

midspan of these beams upto the midshear span. Concrete

strain distribution showed that compressive strains in the

lower half of these beams al-so occurred. only upto the midshear

span, within which region the action of the bond force moment

was not critical

Beam IC-6 showed a flexural- fail-ure. The reinforcement

at midspan upto the midshear span had yielded at fairure.

,.'---.^r The results show that bond forces do exist in the region

rl compressive strains develop in the lower half of the beam after
1' flexural cracking, though these are generally l-ower in the inner

. regions of the beam.
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III.2.4 BEAMS OF SERIES rIA (Figs. III. 37 to III. 40)

It can be seen from Fig.III.38 that tensil-e strains at

supports and sections close to it were just beginning to rise

when premature failure of beam IIA-2 occurred at 55 kips.

Reinforcement at this stage had not yielded at any point along

the span. Beam IIA-2(b) (Fig.III.37), however, carried on

more load after critical diagonal cracking. At this stage,

a sharp rise j-n the strains in the reinforcement at sections

close to the support occurred. Though the strain in the

reinforcement over the support remained in the elastic range,

stresses in excess of 30,000 psi existed at 78 kips, just 3

kips prior to failure. This shows a substantial reduction

of bond forces after diagonal cracking. Since the loading was

not directly applied over the compression face, unrestrained

propagation of diagonal cracks occurred in the central- position

of the main beam. It appears that the reinforcement along a

considerable portion yielded just prior to failure.

Strain diagrams of beams IIA-4 and IIA-6 (Figs.IfI.39 and

III.40) show typical diagonal tension failures, strains remaining

negligible over supports. Further, there is a consisLent

reduction of bond forces in the region between loading plane

and the midshear span
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III. 2. 5 BEAMS OF SERIES IIIA (Figs. III. 41 to III. 43 )

Beam IIIA-3, which showed shear compression fail-ure, continued

recording negligible strains at supports until major diagonal

cracking. At subsequent stages of loading, strain in the

reinforcement at supports increased rapidly so that as failure

approached, the entire length of reinforcement had yielded.

The bond forces associated with distribution of tension force

in the reinforcement also disappeared gradually towards failure.

Beam IIIA-6 had taken some load after critical diagonal

cracking at a load of 50 kips. It can be seen that the

reinforcement in the portion of the beam from section b to

midspan had yielded at this stage. Bond forces within this

region were also negligible. At subsequent stages of loading,

the strain in the reinforcement at the support did increase

but remained fairly low. Stresses of around 8,000 psi in the

reinforcement existed over the supports prior to failure.

Beam IIIA-B showed typical diagonal tension failure and

the strains in the reinforcement associated with such failures.

Strains over supports remaíned negligible.
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III.3 DISTRIBUT]ON OF CONCRETE STRA]NS OVER INCLINED GAUGE LINES

Figures III.44 to III.58 show the distribution of concrete

strains on inclined gauge lines for the various beams tested.

Each diagram also shows the location of the inclined DEMEC

gauges, which were placed at 2-inch intervals, and each had

a gauge length of B inches.

An examination of the strain distributions on these gauge

lines shows a very consistent trend. In all those beams

where a critical diagonal crack did not cause failure, a

significant shift downwards of the centre of compression

can be seen at the sectj-on between the midshear span and the

supports after diagonal cracking. This happened for a1l-

beams within a/d ratios of 1 and 2. For all other beams,

strain distribution on incl-ined gauge lines shows that maximum

compressive strains at the compressj-on face of the beam remained

at the compression face of the beam throughout the whole test.
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III.4 DISPLACEMENTS RESULT]NG FROM BENDING OF CONCRETE

Horizontal displacements of the vertical sectj-ons through-

out the beam tests were measured as fol-lows.

Three horizontal lines, A, B and C at depths 2 in.,

5 in., and 16 in. were run from the vertical- axis of symmet.ry

at midspan. lsection 5.5, Chapter 5]. The difference between

the projected displacements of points at level C and those

measured at this point, gives the total horizontal displacement

of points at the level of the reinforcement due to bending

of concrete cantilevers and rotations j-n the compression

zone.

Results of these measurements for various beam tests

are shown graphically in Figs. III.59 to rII. 73. No

horizontal gauge lines v'/ere run for beams of series II due

to the presence of secondary beams nor were these gauge

l-ines run in the preliminary tests.

In all beams failing by shear compression, the displace-

ments of vertical sections at the reinforcement l-evel- were

found to be 3 to 4 times higher than the corresponding

dispJ-acements in the diagonal tension f ail-ures. A substantial

increase in displacement invariably occurred after critical

diagonal crackinq. Maximum displacements were generally

recorded between the midspear span and the load point.

Resul-ts of individual beam tests are no\'ù briefly discussed.

Location of gauge points is shown on plots of each beam.



462

PEAM IA-l (Fi9. III. 59 )

Upto critical diagonal- cracking at a load of 50 kips, the

displacements \^/ere generally small. At this load level, the

displacement at C3 v/as 1.41- X 10-3 in., while that at C5 was

3.35 X 10-3 in. However, after critical- diagonal cracking,

these displacements increased considerably and though the

beam was not loaded to fail-ure, these displacements haC relatively

high valuesof l-3. 84 X l-0-3 in. at C3 and 28.44 x t0-3 in,

at C5 at a l-oad of 180 kips.

BEAM IA-2 (Fig.III.60)

The displacements remained smal1

cracking, the maximum being I.25 X 10

kips. These displacements increased

22.64 X 10-3 in. at a load of 60 and

the critical section (l-ocated at C4)

BEAM IA-3 (Fig. III.61)

upto major diagonal
-3 in. at a l-oad of 40

to 14.37 X 10-3 in. and

70 kips respectively at

as diagonal cracking developed

Maximum displacements of 7.92 X 10-3 in. (at C4) just prior
to critical- diagonal cracking increased to 13.89 X 10-3 in.,
22.16 x 10-3 in., and 2B.Ig x 10-3 in., (at C5) at a l-oad of

48, 60 and 70 kips respectively after the major diagonal crack

occurred at a load of 45 kips.

BEAM lA-4 (Fig.III.62)

3.23 x 10-3 in. at a l-oad of

maximum displacement to

From a small-

30 kips, there was

displacement

an increase

of

1n
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.g.57 X 10-3 in. at a load of 31 .5 kips before sudden diagonal

tension failure of the beam. The displacement of g.57 x l-0-3 in.

is comparable to the maximum displacement in beam fA-3 just

prior to critical diagonal cracking. The displacement at

failure in this beam, however, was about one-third of that

at failure of beam IA-3.

BEAM IA-5 (Fig. III.63)

The displacements generally remained l-ow in this beam,

the maximum at a load of 30 kips being only 3.I2 X 10-3 in.

BEAM IA-6 (Fig.III.64)

A maximum displacement of 7.20 X 10-3 in. at C5 \¡/as

recorded at a load of 40 kips, near failure. Upto a l-oad of

30 kips, the displacements remained fairly Iow, the maximum

being only I.7g X 10-3 in. This shows that substantial- bending

onÌy occurred after significant fl-exural cracking. The

ultimate displacement in this beam was about one-fourth of

that for beam IA-2 at fail-ure.

BEAM IA-7 (Fig. III.65)

The maximum di-splacement occurred at section C5 and at

a load of 35 kips just prior to failure, it was 8.59 X l-0-3 in.

There was a significant increase in the value of displacement

after a l-oad of 30 kips.

BEAM TA-B (Fig.III.66)

The maximum displacement developed at sections C5 and

C11. At a l-oad of 30 kips, just prior to failure, it was
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8..03 X 10-3 in. at C5 and 13.17 X 10-3 at Ctl.

BEAM IB-6 (Fig. III.67)

The maximum disp.Iacement at a load of 35 kips was only

4.08 x 1o-3 in.

BEAM IC-2 (rig. III.6B)

The maximum displacement was only 3.25 X 10-3 in. at a

load of 40 kips prior to major diagonal cracking. Thereafter,

it increased to a val-ue of 26.05 x 10-3 in. at a load of 60

kips and 36.13 X 10-3 in. at a load of B0 kips. With a l-ower

proportion of lingitudinal reinforcement as compared to series

IA, the ultimate displacement in this beam was significantly

higher.

BEAM IC-5 (Fig.III.69)

A maximum displacement of l-0.03 X 10-3 Ín. was recorded

at a load of 36 kips. The displacement only became significant

after diagonal cracking.

BEAM IC-6 (r'is.III.70)

A displacement of 4.69 x 10-3 in. was recorded at a load

of 30 kips prior to failure in flexure.

BEAM IIIA-3 (Fig.III.7l)

The maximum displacement was only 3.33 X 10-3 in. at a

load of 50 kips as critical diagonal cracking developed. It
j-ncreased rapidly thereafter and a high value of 30.83 x l-0-3 in.
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was recorded at a load of 90 kips before the beam failed at a

l-oad of 101 kips. This value is consistent with similar other

beams failing in shear compression.

BEAM IIIA-6 (Fig. tII.7 2)

The maximum displ-acement was only 8.13 X 10-3 in. at a

load of 50 kips. Since the DEMEC readings at higher loads

prior to failure are not avail-abl-e (the beam failed at 66.5

kips), it may have developed significant displacements after

di-agonal cracking.

BEAM IIIA-B (Fig. III.73)

This beam fail-ed at the appearance of a critical diagonal

crack. The val-ues of maximum displacement remain fairly l-ow.

From the results of the horizontal displacements at

the reinf orcement level f or all- beam tests, it can be seen

that large displacements invariably occurred after critical

diagonal cracking and its stabilization. The finat displacements

in such beams near failure conditions were many times the

displacements at fail-ure for those beams rvhich failed suddenly

at the appearance of a diagonal crack.
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III

(i)

ITT.5 CRACK WIDTHS AND TNTERNAL ROTATTONS

Crack widths and internal rotations for individual beams

were calcul-ated from equations 3.4 and 3.5 (presented in

Chapter 5) and are reported in this section.

.5.1 SERIES IA

BEÄM IA-f

Results of

Chapter 5.

this beam have arlready been discussed in

(ii) BEAM rA-2

Fig.IlI.74 - BEAM IA-2: DEMEC ROSETTES
AND DIAGONAL CRACK

Figure IfI.74 shows that the diagonal- crack crossed

the DEMEC rosetts at d(4) and éQZ) respectively, marked by

points I and 2. In the rosette at i (I2) , only the inclined

gauge l-ine was crossed by the crack from which the crack wídth

is found to be L4.24 x 10-3 in. and 25.274 x I0-3 in. ar

a load of 60 and B0 kips respectively. This shows progressive

0=45o



widening of the crack after critical cracking. Further, the

readings of the rosette at étq¡ givesa crack width of 3.56 X 10-3 in

at B0 kips. Calculation of internal rotation from these crack

widths gives 0" as L. 4G x to-3in. radians. Ho\nrever, it is

possible that the internaf rotation was larger since the diagonal-

crack had branched off in the lower regions.

Inclined gauge line readj-ngs between the points the

diagonal cracks cross them al-so show a rapid increase of crack

width after critical- diagonal cracking.

(iii) BEAM rA-3*

Failure did not occur on the side DEMEC gauges rdere placed.

The only point where the critical diagonal crack crossed the

DEMEC rosettes was Jtnl . Since the angle of the crack at

this point was 45o , the 45o gauge reading perpendicular to the

crack gives the crack width directly. It varied as fol-lows:

at a load of

this stage wi

ar J ':z) at

4A2

45 kips

th small-

7 0 kips

Critical

the width of

increments of

diagonal cracking occurred

crack increased rapidly at

load. Maximum crack width

Load (Kips)

I ,g.t 2g l'1. 'l¿c,

* Where a sketch showing
the description, refer

critical cracks does not accompany
to appendix II.
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just prior to fail-ure was 4I.6 X 10-3 inches, which shows that

the cracks had widened considerably. The points where this

crack crossed inclined gauge lines between EFÊand E'F'* give

the following crack widths.

Crack width (10-3) rnches

The width of crack between points E-F'was approaching

.01 inches prior to failure. At the same time, considerable

increase of compressive strain at top fibers under the load

point was recorded.

(iv) BEAM IA-4

The diagonal crack causing ultimate failure only

at 37.5 kips and failure occurred at 39.7 kips. The

this crack at c'(B) was only I.74 X 10-3 in. prior to

One other f lexural crack crossed. d.'(lZ) , showing that

remained constant at 2.I4 X 10-3 in. from 25 kips to

appeared

width of

failure.

its width

failure.

Load
( Kips )

40 45 4B 52 54 60 70

c, (nn) r. 29 10.20 22 56 27 72 31 50 40 .20 59 4(

6.43 T7 09 31.50 4t 60 40.10 s2.60 68.7C

* Plots of incl-ined qauge line
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It suggests that the width of cracks and corresponding internal

rotations remained small- until the fail-ure of the beam.

(v) BEAM IA-5

The diagonal crack cfose to the crack

the incl-ined gauge l-ines between H'I'*

of this crack i-ncreased f rom 0. 85 X l-0

-22.64 X 10 - in. at 30 kips and 3.44 X

causing failure crossed

at 20 kips. The width
-3 in. at 20 kips to

10-3 in. at 37.5 kips.

sudden at the appearance of the

no sifnificant rotations of the

The maximum calculated crack width

prior to failure.

Faj-lure was extremely

critical diagonal crack and

compression zone occurred.
-?was only 0.55 X Ì0 - inches

(vi ) BEAM IA-6

No significant diagonal-

gauges were placed. Only one

giving a maxmimum crack width

failure "

(vii) BEAI,I rA-7

crack appeared on the

rosette was crossed
_')

of 4.5 x 10-' inches

side DEMEC

at é'.tz) ,

prior to

The maximum crack width recorded on the

where DEMEC gauges were placed was only 2.84

Cracks did not open up and fail-ure was sudden

the other end of the beam.

side of
I

XlOJ

which

beam

inches.

occurred on

* Plots of incl-ined gauge line.
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(viii) BEAM IA-B

No significant diagonal

DEMEC gauges were placed and

flexural cracks was only 5.5

of the beam.

crack occurred on the side

the maxÍmum calculated width of
-?X 10 ' in. before sudden failure

incl-ined crack

Fig. III.75

at ,í t ql and

ITI.5.2 SERIES ]B

Only one beam IB-6, had DEMEC gauges. Fail-ure occurred

extremely suddenly, crossing i't¿l only at failure. No readings

of the width of this crack prior to failure could be taken.
,

Other smaller flexural cracks crossed gauge rosettes at c (I2)

and d(B). Maximum cal-culated width of crack at c'(I2) was only
_? -35.58 X 10 - in. whil-e that at d(B) v¿as only 3.48 X 10 - in.

III.5.3

(i) BEAM

SERIES IC

TC-2

Fig. III.75 - BEAM TC-2: DEMEC ROSETTES
ANffi

Though failure occurred on end Nl, a major

existed on end N2 where DEIVIEC gauges \^zere used.

shows the critical- crack which crossed rosettes
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d'(B). A smal-ler diagonal crack crossed rosette at ¿if Z) whil-e

a flexural crack under load point crossed. the rosette at e'(L2).

Critical diagonal crack was obse::ved at a load of 50 kips.

Point e't¿l gives the following crack widths.

0 - 400

Load (Kips) 50 60 70 BO

-2
"* (10 -) in. 4.78 6.Bl I3. B9 r4.s4

Point d(B) gives the following crack widths.
0 - 400

Load (xips) 60 70 BO

_2i (r0 -) in. 16.234 2I.4l-4 26 .7 92

5t (10-r) in. 10.956 13.844 16 .7 32
_¿

A (10 -) in. 19 B5 25 52 31.58

ot 60 0 | 70" 10' Bo 0 r

_'J

c (I0')in.
\,V

L9.72 25 35 3I.22

A maximuln crack width of 3I.22 X 10-3 i-n. was recorded

at a load of B0 kips.

Diagonal cracks also crossed the incl_ined gauge 1ines.

The main diagonal crack crossed the line between points FG*

and F'G'*, giving the following crack widths.

Plots of inclined gauge fines.
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Load (Kips ) 50 60 70 75 BO 87 .5
_-f

(FG) 10 'in.w. 13.35 L9 .42 25 .25 2B 39 3l-.67 43.77
t -l(F G' ) 10 -in.

\^7
I6.13 23 .26 30 7B 35.71 39.09 54 3B

From Fig. TII.75 | it can be seen that the main diagonal

crack is sprit into various portion at its fower extremity.

one of these cracks crosses the incl-ined giauge line between

G-H'*. A smal-ler diagonal crack under the main crack crosses

the incl-ined gauge l-ine between HI*. The above tabl-e gives the

following crack widths.

Load (Kips ) 40 50 60 70 75 BO 87 .5

w(G'H')to-rin. 4 .43 7 .07 7 .57 7 .92 8.32 B .32 13 74

(HI)
w

-t10 - in. 3.BB 4.58 4. 43 4.58 4.78 4.93 4.8:

From above, it can be seen that while the width of the main

diagonal crack keeps on increasing, the lower diagonal crack

increases ín width very slow1y, remaining almost constant in

width from 50 kips onwards, when significant widening of main

crack occurred. The maximum recorded width of the main diagonal

crack at the incl-ined gauge l-ine F'ê'occurred at 87.5 kÍps

and was 54.38 X l0-3 inches. Cal-culations of internal rotation

based on crack widths at d(B) and the point between inclined
*

gauge line F'G' suggest that the maximum rotation was

* Plots of inclined gauge lines
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2.86 X l-0-3 radians close to failure conditions. The width

of cracks at JtAl was, however, larger than that compatible

with the assumed centre of rotation located at the tip of the

diagonal crack.

(ii) BEAM rC-5

Inclined cracking on end N2 of the beam where DEMEC gauges

were placed remained insignificant.. One flexural- crack crossed

íQz), recording a maximum crack width of 4.23 x 10-3 in. at

36 kips, just prior to failure of the beam. Another incl-ined

crack crossed the incl-ined gauge line between G'H' giving a

maximum crack width of 6.2 X 10-3 in. at 38 kips. The beam

fail-ed at 40.2 kips with a diagonal crack on side N.l. Crack

widths remained small prior to failure of the beam.

(iii) BEAM rC-6

This was the only beam recording

of cracks remained smalf. One gauge

maximum crack width of 2.5 X 10-3 in.

data gave a maximum crack width of 3.

f l-exural f ail-ure. Widths
frosette, c(B) showed a

while incl-ined gauge l-ine
_?68x10'in.

ffr
(i)

5.4 SERIES IIA

BEAM I]A_2

Only at 55 kips, just pri-or to premature

the failure crack cross the gauge lines at c'(

maximum width of crack at this stage was 9.96
-?4.33 x 10 - in. respectively at the above two

f ail-ure, did
/

L2) and d(B). The
_?x 10 - in. and

l-ocations. A
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-?lower crack crossed d.'(J 2) at 55 kips giving a width of 3.39 X lO-rin.

(ii) BEAII rrA-2 (b)

This beam alone had DEMEC rosettes at the level- of the

reinforcement as well. The critical- diagonal crack developed

at a load of 66 kips while failure occurred at a load of 81

kips. The diagonal crack crossed DEMEC rosette at ú(16),

showing a width of 6.47 X 10-3 in. at 66 kips. Another crack

at c'(f6) was 3.83 X 10-3 in. wide at the same foad. The width

of cracks generally remained smalI, though the inclined gauge

line data gave higher widths of cracks at sections removed

from the tip of the diagonal crack. The widths immediately

preceding failure, however, were not comparable to those

recorded for shear-compression failures in beams loaded

directly over their compression faces.

(iii) BEAM rrA-4

Diagonal failure was so sudden that the diagonal crack

causing failure developed only at failure load above the

existing flexural cracks. The maximum width of existing cracks

did not exceed 2.gB X l0-3 inches.

(iv) BEAM IIA-6

Diagonal failure occurred suddenly on end Nl of the beam'

the fail-ure crack being an extension of two pre-existing

f l-exural- cracks. On end N2 .of the beam where DEMEC gauges

were placedr rro major diagonal crack existed. Fl-exural cracks

crossed JÃZ) , d'(Iz) and e(B) but the width of these cracks in
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no case exceeded 5.83 x l0-3 in. which was observed at ð.'(Lz).

significant Ínternal rotations, therefore, did not take place.

rII.5.5 SERIES IITA

( i ) BEA]"I rr rA- 3

The results of this beam have already been discussed in
Chapter 5.

(ii) BEAM rrrA-6

The major diagonal cracking occurred at 50 kips. At this
load leve] the cracks \,vere of the order of 2 x t0-3 inches.
Enough DEMEC data is not avai-lable to find widths of cracks
prior to failure at 66.5 kips, though the observations during
the test clearly pointed towards opening of the cracks.

(rij-) BEAM rTrA-B

The beam failed on end s2 where DEMEC gauges were placed

on this beam. critical diagonal cracking occurred just prior
to fail-ure and at that stage the maximum width of crack at
Jf el was only I.64 x 10-3 i-.,"n.".

The results presented in this section clearly point out
towards large internal rotations which take place in beams

after the stabilization of the diagonal crack. These results
are consistent with the conceptual model of diagonal failure
presented in Chapter 3.
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TII.5 DEFLECTTONS OF BEA}4S

Plots of def lections at'midspan and under l-oad point for

various beam tests are shown in Figs.IIf.76 to III.B5. Deflection

readings are tabufated in Appendix fI.

In diagonal tension fail-ures, the deflections increased

slightly more rapidly near failure but gave no advance warning

of impending fail-ure. However, in beams where a critical

diagonal crack was stabilized, the defl-ections generally

increased faster after critical diagonal cracking.

The deflections of comparable beams in different series

increased with a decrease in the percentage of longitudinal

reinforcement. The faifure of beams in series IC (p = 1.03U )

was preceded by large defl-ections. One beam failed in flexure

while two beams failed diagonally. In both of these beams

large defl-ections were recorded before failure.

Beams IIA-2 and IIA-2(b) were alj-ke except for a higher

compressive strength of concrete in beam IIA-2 (b) . The

deflections of this stiffer beam were consistently l-ess than

those of beam IIA-2 aL all stages of loading

Beams with uniform loading also show a higher rate of

increase of defl-ections after critical- diagonal cracking.

Loading through secondary beams did not affect the beam

defl-ections in any significant manner.
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