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Abstract
The effect of type of web reinforcement on deep beams

is 1nvest1gated in this thesis. Four bwl-span c0nt1nuous
1

deep beams’ w1th a clear shear qpég to

x/d, of 1.43 were tested. The ﬁyp‘ﬁprfaw reinforcement
U
tested were horlzonta;, vert1cal and orthbgonal web

reinforcemeﬁﬁs. For comparision, éne beam*without any'web
reinforcement was tested. The overall length of the
specimenskwas:4400 mm. The beams wére loaded ét the middle
of each span with concentrated loads applzed through column
stubs built 1ntegrally with the beams. The beams were
supported in ‘a similar manner. The loads, support reactlons,
“midspan deflections, support settlements and strains in the
flexural reinforcemenf, &eb reinforcement and concrete were
measured during the teét;{ctack'propagation was recorded
using photoéraphs taken at regulé} intervals.

~ on the basis of the limited test results, horizontal
web reinforcement was foﬁhd‘to have no influence on the
ultimate shear strenéth of the béams ﬁeéted. Vertical web
reinforcemeﬁt was very effective in increasihg the ultimate
shear strength. The verticél web reinforcement can be
assumed to yield at the failure load. All the beams failed
in shear, and sliding along a critical inclined crack was
the majoi‘cause of failure. Before failure, a high amount of
arch,action!had developed.<Very poor correlation with the
test results was obtained using the ACI Code equation for

the ultimate shear capacity of deep beams. The behaviour of



e

, \ h :
the beaps was generally elastic at first inclined cracking '

load and.was inelastic at loads near the failure load.

Y
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shear carried by horizontal web’reinforcement;
Vn* : total shear capacity;
VIN] : shear in the north interior span;
VIs] : shdar in the south interior span;
Vs : shj>} carried by web reinforcemeh;;
Vu ; shear at ultimate load: '
Vv : shear carried-by Qerfical web reinéorcementé

ultimate shear stress carried by concrete,

<
Q
N

according to Eqgn. 4.8;

'v"n : ultimate shear stress, according to Eqns. 4.7
and 2.9;

v'n : ultimate shear stress, according to Egns. 2.10
and 2.14;

‘vuz total ultimate shear stress;

vb : basic shear stress, according to Eqn. 2.11;
vc : shear stress carried by concrete;

ver : first inclined cracking shear stress;
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vcz
vn
Vs
vu

VX

Amax

€u

oW

Txy

cracking shear stress, according to Egn. 4.6;

total shear stress, according to Eqns. 2.8 and 2.9;

shear stress carried by web reinforcement;
ultimate shear stress;

inclined cracking shear stress, according to

‘Egn. 4.3;

clear shear span between load blocks;

maximum differential settlement:

uitimate strain in reinforcing steel;

angle of inclination of shear cracks;
longitudinal reinforcement ratio based on
beam width [As/(b.d)]; |
longitudinal reinforcement ratié based.on

web thickness [As/(bw.d)];

shéar stress in tﬁé“shear plane at the center
of a strut éf:failure;

coefficient of friction.
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1. INTRODUCTION

1.1 General .

Deep beams are usually classified as members where the
depth is comparable to the span and the thickness is small
relative to the span or depth. There is no definite boundafy
as to what constitutes a deep beam. Deep beams occur far
less frequently than beams with high span-depth ratios, but
can be commonly found in structures in the form of transfer
girders, shear walls, coupling beams, pile caps and walls of
tanks. These members are primarily lbaded in the plane of
the member and can be'characterized by a S;ate of plane
stress. ‘

In the d%sign of deep beams, shear is a highly dominant
factor. The flexure theory applicable to ordinary slender
beams cannot be applied to deep beams. The internal stresses
in deep beams are affected by the normal pressures on the
top and bottom faces of the beam caused by external loads
~and reactions. These effects cannot be neglected in the
design and analjsis of deep beams. The bending stress
distribution across a transverse section deviates from the
straight line distribution assumed in ordinary slender
beams. Transverse sections which are plane before bending do -
not remain plane after bending. Even more important, when
cracking develops, the beam converts to a tied arch and

tends to fail in a mode associated with the failure of a



tied arch,

1.2 Objective

Extensive researcﬁlhas been carried out on the effect
of types of web reinforcement on the behaviour and strength
of déép beams but the results obtained were far from '
conclusive. The aim of this investigation is to shed some
light on the problem. Emphasis is on the shear j -
characteristic of two span continuous deep beams with a
clear shear span to effective depth ratio, x/d, of 1.43.
Beams of a realistic model size without web reinforcement,“
- with vertical wéb reinforcement ionly, with horizontal web
reinforcement only and with orth&gonalHWéb reinforcemeni are
studied. This‘is part of a broader study at the University
of Alberta wh;re the maio; variables involved are the
,span—deptﬁ fatéo and the'typeg and amount oﬁpwebﬁ -
reinforcement. The study is‘qitimately aimed at revising the

~

design provisions for deep beams in building codes.
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1.3 Scope A
Chapter 2 discusses ghe éeneral behaviour aﬁd"strength

of deep réinforcedﬂconcretehbeéms. In this chaptér,_the

basic mechanisms of shear transfer are presented. An outliﬁe'

of -the factors affecting the behav{our of deep beams i;

given and several design gpproximatidhsaén fhe ultimate

- strength of deep beams are reviewed. The experimental

A ‘
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" program is described in Chapter 3. The properties of the
mate;ial used in the test are shown in the fofﬁ of tables
and graphs in this chapter. The test results are presen§ed
and discussed in Chapter 4. Several equations for predic;ing
the cracking and ultimate.sheé; strength of deep beams are
compared to tes; data. The‘summary and conclusions‘ofwthi§

investiéatfon are listed in Chapter 5. Appendices A to E

present additional ﬁest results in-tabular and graphical

B
&)

forms.
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2. LITERATURE REVIEW

i

2.1 Introduction ,
Most research on deep beams has concerned their shear
strength. This chapter discusses the basic mechanisms of
shear transfer with special emﬁhasis on the shear |
/
characteristics of deep beams. Factors affecting the
behaviour of deep beams are presented. Several design

approximations are reviewed.

2.2 Shear Transfer Mechanisms
In reinforced concrete members, shear can be
‘transmitted by. the mechanisms illustrated in Fig. 2.1:

O

a) concrete shear stress,Vc
_ \ i
b) inte%face shear transfer,Va
o c) dowel action,Vd
d) drch action,Vaa
e) yeb>reinforcemént,Vs
These mechanisms of shear transfe? can influence the
behéviour and modg'of failurg of reiﬁzércéd concrete
memberé.}The applied shear is resisted by one or a

combination of these forces.



2.2.1 Concrete Shear Stress

Shear transfer by concrete shear stress is the simplest
method of shear transfer but is still not fully understood.
This mechanism of shear transfer occurs in unc;acked members

or|in uncracked sections of cracked members.

Shear forces were once thought to be carried only in
th compression zones of cracked members. With further
investigations contradicting thekidea, the contribution of
uncracked sections to the shear strength of a cracked member
rzmains uncertain, even to this day. It has been proposed

that the contribution, Vc, shown in Fig. 2.1 and the

|
compression force, C, together enhance the arch action (see

"¥ection 2.2.4) of deep beams. Taylor (1968) concludes that
#he cpmpression zone contribution of the shear force is from
/20-40% in a mémber without stirrups. |
2.2.2 Interface Shear Transfer

Interface shear transfer refers to the transmission of
shear across a plane where slip may occur. This mechanism of ’
shear transfer has also been called aggregate interlock, g
shear friction or tangentiél shear transfer.

The mechanism of jnterface shear transfer can occur

across a plane located in monolithic concrete or across an

existing crack or interface.
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2.2.2.1 L&keffate Shear Transfer of Uncracked Concrete With
Reinfoécemenf Crossing Shear Plane

| 'A large.ﬁuﬁbér of push-off tests have béeﬁ performed’to
study shear tranéfer‘acfoss monolithic concrete shear
planes. Fig. 2.2 shows a typical example of such a test
specimen. The loads shown cause shear on the shear plane. -
‘This, in }urn, causes principal tensile and compressive
'stresses. |

As the applied load is increased, the‘principal tensile

stress of the concrete is increased. When.thé principal‘ )
tensile stress equals the tensile strength of the concrete,
a segieg of short,’parallel diagonal tension cracks forms
resulting in a serigs of diagSnal struts as shown in'Fig.
2.3. With shear acting, these diagonal struts tend to_
rotate, causing a relative diéplacement of the concrete on
‘either side of the shear plane. This relative displacement.
~groduces tensile stresses in the trahsverse reinforcemeﬁt‘

crossing the shear plane. A truss is thus formed by the

- transverse reinforcement and the compression between the

'diagonal_cracks, as shown in Fig. '2.3. Failure will occur

whgﬁrthe diagonal struts crush under axial and shearing
forces. In this truss hechanism, not all the shear is
transferred by interface shear transfer; some shear is
traqsferpgd by dowel action (seg:séction 2.2.3):6f the
traqsverse'reinfcrcement. |

In his tests with push—oﬁf speciméns ;ihilar to théf

shown in Fig. 2.2, Mattock (1974) used closed #3 bar
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stirrhps arranged parallé& to one another oﬁyorthogonally at
_various angles to the shear plane Egr transverse
reinforcement. Without incluaing the effect of normal stres;
acting across the shear plane, he concluded that the )
ultimate shear stress:.vu, is gdven_py;_ ~ o

j © Fv ) o B o

vu = + K. rxy Co(2.1)
A .

where Fv = the comﬁonentAof the axial force in the -
reinforcing bar opposing the shear

pafallel to the shear plane,

A = the area of the shéar plane,
K = a coefficient,
TXy = the. shear stress in the shear plane at

the center of a strut at failure.

2;2.2.2 Interface Shear Transfer of Initially Cracked
Concrete With Reinforcement Crgs§i;g Shear Plane

Shear can only be trhnsmitted in an-initi%lly cracked
specimen if thefe“is a Clamping force on the shear pLéne.
Clamping force can be provided through iateral confinement
or through transverse §§}ﬁ?orcemenL crossing the shéar
plane. | ;

When an initially &racked specimen is loaded in shear,
slip will occur along the shea;'plane. Dde to the rough and

irregular nature of the cracked surfaces, the cracks open



up, stre551ng the transverse re1nforcement in %en51on. The

\

— ~

‘tension force in the transverse relnforcement%js balanced by

‘' a compressive force_on the concrete across the crack

t ~ )
(Flg. 2.4). The coﬂpre551ve force can be v1ewed as a normal
force causing fr1ct10nal re51stance to sliding between the

i

two cracked surfaces. In an under- relnforced shear plane,
. the‘separation of the- cracked surfaces is suff1c1ent to
yield the transverse'relnforcement For transverse
relnforcement approx1mately normal to the cracked surfaces

the ultimate shear,,Vu, can be written as: >

Vu = u.ds.fy . (2.2)

~ R

the‘equivalentvcoefficient of-friction,

e

the total area of the transverse reinforcement,

where M
As
fy

"

the yield stress of the transverse

I, )
reinforcement.

" Shear transfer by dowel action of the transverse
reinforcement is significant but is neglected in Egn. 2.2,
To compensate for that, the ACI Code (1977) proposed a hlgh
value of 1.4 for u be used for a crack in monollthlc
concrete. To account for the presence of a normal force, N,

across the cracked shear plane, EQn. 2.2 :can ‘be modified as:

Vu = u(4s.fy + N) . (2.3)
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where N is p051t1ve in compression and negatlve in tension

(Mattock et al.; 1975). - ‘ ‘

T
&

AW

For a _heavily relnforced shear plane or when sufficient
externally applled compre551ve force 1s‘prov1ded, the shear
re51stance due: to. frlctlon and oowel actlon may exceed the
- shear causing fal;ure'ln an 1n1t1a11y uncracked speC1men
havingxthe’same'phxsﬁcal characteriStics;~When,this happens,

the cracks lock and the Behaviour and strength are similar

to those for an 1n1t1ally uncracked specimen (Mattock and

>
. wn

Hawkins, 1972) |
) ernwick and Paula§ (1968) fnvestfgated the éffect of
crack width ana,concrete strengthyon.the shear transfer
capacity of initially cracked specimen. Precracked“t
unreinforced push-off specimens were used. In the first
series of tests, concrete strength was kept constant at 32
MPa and the width of the preformed crack was varied from f
-0.06 mm to 0.38 mm. The crack widths were adjusted by
applying a normal force.across the crack. In the second
ser1es of tests,the width of the preformed crack was kept at
0. P9 mm and the concrete strength varied from 19 MPa to 56
MPa. The results showed ‘a 51gn1f1cant reduction of shear
?transfer across the 1nterface for an increase in crack w1dth
and for a decrease in concrete strength The relationship
between load and slip could be best expressed as functions,
of the inverse of the crack width and the square root of the

compressive strength of concrete. Unfortunately, in actual

beams, shear occurs simultaneously with increasing crack
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width and not with constant crack width.

To simulate tha/éonditions in an actual -beam, Taylor
(1970) tasted concrete blocks in a special test rig that
maintained a constant ratio between the displacement normal
to a crack"AN and the shear displacement parallel to a
crack, aS. His findings showed ultimate shear stress and the
'ultlmate displacement to decrease with increasing AN/AS. The
shear transfer strength was found to be_linearly related to
"the concrete strength,aﬁd is also a function of the

S

roughness of the fracture surface.

2.2.3 Dowel Aation

Dowel action is due to the reinforcing bars being able
to carry:forces perpendicalar to the longitudinal axis of
the bar. When reinforcing bars cross a crack, the bars act
as a dowel connecting adjacent crack edges. Shearing
displacement along the crack w1ll be resisted. Splitting
along the relnforcement frequently occurs due to the ten51le
force induced in rhe surroundlng concrete and the wedging
action of the bars. Splitting reduces the stiffness of the

i

concrete and therefore thé dowel forces.
. A ~ .
Many studies have been carried, out on the effect of-

-

dowel action in reinforced concrete beams but no general

~theory has evolved. Results obtained from simplified models

« 7/

may not represent the actual condition in-a cracked
reinforced  concrete beam. Some investigations (Swamy and

IAndripOulqs, 1974) suggest an interdependence between shear .,

7
7



transfer by ihterface shear transfer and dowel action,
making it difficult to assess each contribution
quantitati§e1y1 Failure to recognize shear transfer by
interface“gﬁear transfér can lead to err—estimation of
dowel forces. Dowel action has been found to be a function
of: tensile strengin bf concrete; bar diameter; number and
spacing of bars; amount and spacing of web reinforcement;
and interface shear transfer (Krefeld and Thurston, 1966,
Baumann, 1968, Taylor, 1969; Dulacska, 1972 and Swamy and
Andripoulos, 1974). To consider all the variables invélved
in the contribution of dowel action seems impractical.

Shear transfer by dowel action is relatively less
domiﬁant than other mechanisms of shear transfer but it can
affect the faiiure mechanism of certain structurél elements.
Dowel action which causes splitting cracks along the tension
reinforcement during inclined cracking in beams induces
wider inclined cracks. Shear transfer by interface-shear2
trénsfer decreaseé with increase in crack width, as reported

earlier. This can lead to failure of the structure.

2.2.4 Arch Action

Sﬁéar transfer by arch action, unlike other mechanisms
of shear transfer, is not a transmission of tangential force
from one plane to another. Arch action, however, permits a
direct transfer of a concentrated force to a.reaction’
thereby reducing the contribution of othér mechanisms of

‘shear transfer.



In a simply supported bean shown in Fig. 2.5 loaded at
the third points with concentrated loads, the arch is
composed of two inclined concrete compression strutsioutside
the 1nc11ned cracks, a concrete compre351on crown between
the concentrated loads and a tension tie at theabase of the
arch. The inclined strbts or arch ribs are frequent}y formed
by an inclined crack on the inside followed by a second
~inclined crack on; the outsfaégaimost parallel to the flrst
;1nc11ned crack. The tension tie is usually provided by
longitudinal reinforcement. In a short beam like the one
shown in Fig. 2.5, web reinforcement and compression steel
are not necesary. Adequate anchorége of the longitudinal
rebars is required to develop this truss-like tied-arch
mechanism. Failure by improper anchorage is due to the high
tensile stress in. the longitudinal rebars which, in short
shear spans, is constant throughout the length of the shear
span. Provisions for anchorage can be provided by weldlng
steel plates to the ends of the bars or by hooking the bars.
Leonhardt (1966) prefers hooks lying in the horizontal plane
because the Splitting action of the hooks can be compensated
by vertical compreseion in the concrete near the .bearing
area. Bearing failure can also occur as-a result of high
compressive stresses in the support and loading regions.
-&ssuming anchotage and bearing failures are prevented,
de Paiva and Siess (1965) reported‘flexural failure and
shear failure as the primary failure modes of a tied arch.

Flexural failure occurs by crushing of the concrete rib at
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the crown or by fubture of the tension tie. Flexural failure
is usually accompanied by extensive inelastic deformations.
-Shear failure occurs by the destruction of the arch ribs’
that form bethen the load point and support. Little or no
inelastic deformation occurs during shear failure.

Manuel (1974) predicted the shear capaéity‘of deep
beams by the crushing strength of the arch ribs. Based on
the assumption that Fhe thickness of the arch rib equals the
thickness of the,web} bw, and the width of the arch rib
measured in the horizontal direction equals the width of the
support or load point, Lsf it can be shown that:

0.85f'c.Ls.bw LS

Vu = . (2.4)
L+ (asd) ]

where a = length of shear span from the center of the ,
load point to the center of the support,
d = effective depth of beam,

f'c = compressive strength of concrete.

The arch gction mechanism increases as the a/d ratio
‘decreases. Forydeep beams with a/d ratio of less than 2.5,
shear traﬁsfer’by arch action is highly significant. For
members with lower é/d ratibs;xarch action becomes the

dominant shear transfer mechanism.
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2.2.5 Web Reinforcement

The contribution of web reinforcement to the shear
strength can be direct or indirect. Part of the shear “force
is directly resisted by tensilé stress in the web steel,
thereby reducing the contribution of other forms of shear
transfer. The loads supported in this manner have been
customarlly assumed to be transmitted to the reactions by
means of a truss made up of the web ré1nforcement and main -
;e1nforcement acting as tension members and concrete struts
acting as compressién members. |

Web reinforcement can, also enhance other mechanisms of
shear transfer; When .inclined cracks form across any web
reinforcemént, the web reinforcement restricts the widening
of the cracks. This helps to maintain the shear transferred
by interface shear transfer and arch action. In addition to
the main reinforcement, web reinforcement also helps in
developing dowel action, although its contribution is small
compared to that of the main reinforcement. More .
importantly, however, web reinforcement supports the
lqnéitudinal reinfaorcement, reducing or delaying the
decrease in dowel ‘shear.

The role of web reinforcemént, especially verticélv
'stirrups, changes from ;hataof carrying shear by direct
tension to thaﬁ of serving as interface shear transfer
reinforcement %s the slenderness ratios of beams are
decreased. Particularly for deep beams, web reinforcement

prevents a sliding failure along the inclined crack. The
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present ACI Code equations for web reinforcement in deep
beams assume interface shear transfer as the sole means of
shear transfer by web reinforcement (ACI—ASCE Committee 426,

1973). | B

2.3 Factors Affecting Behaviour of Deep Beams

2.3.1 M/(v.d) or a/d Ratio

The effect of the moment to sﬁear ratio, M/(V.d), or
the center to center shea; ;ban to effective débth ratio,
a/d, in the case of concentrated‘loads'on shear stréhgth can
be summarized through Fig. 2.6 and Fig.m2;7. For‘low a/d
ratios, the capacity of the beams are dictated by the shear
strength rather than the flexural strength. For a beam wiﬁh
a/d less than about 2.5, the shear strength of the beam
increases significantly as a/d decreases. The extra shear
capacity beyond inclined cracking, or reserve shear capacity
in beams without web reinforcement,\holds only fof beams
loaded and supported on opposite sides so that cémpressive

struts can develop as shown in Fig. 2.5 (see section 2.3.2).

2.3.2 Method‘of Load Applicétiod

A deep beam with the applied loads and reactions acting
directly on the beam, either on opposite'sides, top and
bottom, of the beam or on the same side is classified as

directly loaded. When: the ‘loads and reactions are applied
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through other structural members framing into the sides of
the beam, the beam is classified as indirectly loaded (Fig.

3.

- 2.8). _

For' directly loaded deep beams with the loads applied
so:that a cohpression strut can form, the shearqcapacrty_can
lbe increased beyohd‘rhat causingbinclined cracking. This
reserve shearjcapacity results from arch action. The
development of .the arch can be visualized through principal
stre;s trajactoriee shown in Fig. 2.9 for a uniform load.

When the loads are applied on the ten51on side of the
beam, “arch actlon cannot develop Therefore, no 1hcrease in
shear capacity can be’ expected. De51gns for beams léaded in
1hi§ Qay should be the 'same as for ordinary.slender beams
(ACI Committee 318, 1977). 1f hanger reinforcement is

“

Provided to lift the loads up to the compréssion face, the

= Tt

behav1our approaches -that of a beam loaded on the top face.

Structural members framing into them51des of a_deep
beam tend to distribute the.load through the depch4of_tha
beam. Limited amounts of arch action can be attained.
Consequently,¢£he ultimate shear capacity is less -than thgr
of a beam loaded directly on the compression side. Smith and
Fereig (1974) found that deep beams without web

relnforcement loaded indirectly had ultimate strengths of .

1/2 to 2/3 of beams loaded directly on the compression side.

e
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2.3.3 Nature of Loading \

Wind and earthquake loadings may cause reversal of
shear in deeﬁfBeams; Under”wind loading, the main
.requirement is that a member develop its design ultimate
strengéh. However, under an earthquake‘loading, the shear
acapgcitybof the member should be sustained while the member
undergoes several cycles of reversed inelastic deformatlon

When a member is subjected to reversal of loading,
1ncllned cracks develop across the cracking caused by the
preceeding loading. Tests performed by Paulay (1971) showed
that before yielding of the web reinforcement, this cross
cracking does not degtrgy the ingegrity of the member but
may reduce its stiffneéswéonsiderably.‘If\the longitudinal
or web reinforcement yielded, Héwgver, the shear Strengtﬁ
was reduced. Uncertainty still’éxistE-regarding the effect

of load reversal on the ultimate shear strength (ACI-ASCE

“

Committee 426, 1973). - : ‘o

2.3.4 Type of.Web-ﬁeinforcément o \\°\\

. For deep beams with M/(V.d) or a/d ratio between 0 and
2.5, web reinforcement perpendicular to the longitudinal
axis.bécqmes less effective (Crist,\1971). As the clear épan
to effective depth ratio 7In/d of a uniformly loaded beam
decreases, Jthe angle of 1nc11nat10n f thé'éﬁggg cracks, 6,
1ncreases beyond the 45 commonly assumed for orainary
reinforced concrete beams}gés:shown i Fig. 2;%0. This
effect is also evidentAfo:\aeep Beams loaded with

-

A:/
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concentrated loads. As the angle of inclinatign of the shear
cracks increases, web reinforcement parallel to the
longitudinal axis of the deep beam wiil become more
‘perpendicular to thé crack. Therefore, for low M/(V.d) or
a/d ratios, this type of yeb reinforcement has been reported
as being more effective in resisting\shear (Crist, 1971). As
a/d approaches zero, this web reinforcement would be
expected to resist éhear by the concept of interface shear
transfer (Hofﬁeck et.al., 1969 and Mattock and Hawkins,
1972). Other investigators have reported that horizontal web
~reinforcement is ineffective iﬁ deep beams (Smith and

- Ferigh, 1974).

Inclined wéb reinforcement was found to be most
effective for deep beams with clear shear span to effective
depth ratios, x/d, ranging from 0;23 to 0.70 (Kong et.al.,
1972) even though the Aci Code does not recognized its value
in deep beams.

In the case of shear walls coupled py short( deep
coupling beéms, Paulay and Binney (1974) proved that
boupling-beams with reinfﬁrcement made up of diagonal
bundles of Ears as shown in Fig. 2.11 are superio; to
’ convéntionaily reinforced céﬁpiing beams with respect to
seismic type of loading. Such beams possess excellent
"ductility and the energy absorption properties which are

- essential under seismic load condition.

i

/
/
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2.3.5 Detailing of Longitudinal Reinforcement

Inclined cracking in deep beams may extend the full
- length of the shear span, as shown in Fig. 2.5, intercepting
the main reinforcement at the base of the crack. This tends
" to increase the stress in the flexural temsion reinforcement
where it crosses the crack. This stress becomes a function
of the moment\at a section through the top of the crack. As
a result, the stress is much higher than indicated by the
moment diagram and the beam can fail by anchorage failure.
Adequate anchorage is necessary and can be provided by well
restrained hooks, welded transverse bafs,‘or steel anchor
plates welded to the ends of the bars. The increase in
stress in thé flexural tension reinforcément is greatest in
 beams without web reinforcement and least in beams with
effective web reinforcement.

The Comité'Européén du Beton or CEB (1970) recommends
that ma&n ;einforCement in deeb beams.be distributed over a
‘certain depth instead of being concentrated at the extreme
tension zone. Besides acting as flexural reinforcgment,
distributed main reinforcement acts to widen the diagonal
compression strui, increasing its capacity.

b4

2,4 Design Approximations
Many methods are available for predicting the shear
capacity of deep beams. This section will outline the

methods of de Paiva and Siess (1965), Kong and Robins
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(1972), Ramakrishnan and Ananthanarayana (1968), ACI 318-77

- (1977), ACI-ASCE Committee 426 (1977) and CEB (1970).

2.4.1 de Paiva and Siess

de Paiva and Siess (i965) tested simply supported beams
with center to center spén length tb effective depth ratios,
L/d, of 4,3.and 2 and é/d ratios ranging from 0.67 to 1.33.
The beams were loaded directly withwconcentrated loads at
the third points on theAcompression side. The majof
variables were the amQunt of tension feinforceﬁent, the

concrete strength, the amount of web reinforcement and the

‘span-depth rétio. All the beams tested had well developed

inclined cracks at failure and beﬁaved\essentially as tied
arches. After inclined cracking, the strain in the tension
reinforcement was nearly uniform along the beam and the
concrete st;ains tended to concentrate near .the midspan over
the.ends‘of the inclined gracks,’as shown in Fig. 2.12(a).
For comparision, the strain distributions expected in normal
reinforced cShcrete beams are shown in Fig. 2.12(b).

The authors reported that an increase in concrete
strength increased the ultimate shear strength and in some
cases changed the ﬁailure mode of the beams. The mode of
failure also tended to change from flexure to shear with an
increase in the amoﬁnt of tension reinforcement. The
presence of up to 1.42% of inclined.or wvertical web

|

reinforcement had. little or no effect on the development. of

the inclined cracks and the ultimate strength but tended to
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reduce the deflection at ultimate load. For beams with a/d .~
ratios less than 3, shear capacity .beyond cracking load
increased significanfly as a/d decreased. Based on’their
test results-and those from othef investigators, the
following empirical formula was suggested to calculatg‘the

ultimate shear strength of deep beams.

e

; N .
P"s = 0.8b.H[1 - 0.6(——)1[200 + 0.188f'c + 21,300pt] (2.5)
H 3 .

v

valid only for 0 < x/H < 1.0

[
KN
! +

where b"s = the computed shear strength, in psi,: "
pt = As(1 + sina)/(b.H) ‘
As = the -area of tension reinforcement, in fﬁcﬁész,
o ; the angle of inclination of bent-up
reinforcement to the axis of the beam,\
,.'b = the Wid;h of the Beam, in inches,
H = the totéﬁ éepth of the béam,\in inches,
X'='the"clear shear-span distahce between
load Blocks, in inches,
f'c = the compressive strength of concrete,

in psi.

The last term in parenthesis was developed by Laupa, Siess
and Newmark (1959). The quantity As(1 + sina) refers to the

total steel area, including compression reinforcement,

crossing a vertical section between the load ﬁo;nt and -~



]

i

22

support. When both horizontal and inclined web
reinforcements are used, pt must be evaluated for each part
separately.\The effectiveness.of‘inclined web reinforcement
increases with «.and is maximum when a =.62.7°. Vertical web

3

reinforcement is ineffective in Egn. 2.5.

2.4.2 Kong and Robins v
Kong‘et al. (1972) investigated the effect of web
reinforcement  in normal and lightweight concrete beams. All

the beams were Simply supported with two pOint loads and

|

-

have L/d ratios ranging‘from 1 to 3 and x/d ratios ranging
from 0.23 to 0.70. The types of web reinforcement tested
included QertiCal stirrups, horizontal ‘stirrups; orthogonal
stirrups and inclined stirrups. Of the different types of
web reinforcement tested, inclined stirrups were found to be
the most effective in.increasing the ultimate shear strength

for the L/d and x/d ratios studied. Beams with ineffective

" web reinforcement failed at low loads as a result of

-propégation of diagonal cracks. Inclined stirrups were

reported to have effectively arrested the growth of diagonal

\cracks in the deeper beams Such beams failed by vertical

splitting above a support followedkgy crushing near the

?

: bearing block. Once suff1Cient inclined stirrups were

¥

provided no increase in the shear strength resulted from

additional steel Thi's suggests an optimum amount of

inclined web reinforcement. The only other effective web

~-reinforcement in the range of L/d and x/d studied was
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closeély spaced hofizontal’stirrups anchored near the bottom

.0f the beam.

‘.

-@ult

\

wherefbult

C‘,

T Cy

IS

ft

= ~The“fbllowing'formpla was. proposed to predict the

ultimate shear strength of the beah.

x ny |
C.[1 - 0:35(—)])fFt.b.H. + C,E:A[——-]sin’a (2.6)
] H

(R

including the main longitudinal b

H -,

¢
I

the ultimate shear: strength, in newtons,

-

a coefficient-equ%l td 1.4 for normal weight *

concrete énd?1.0 for light weight qonc}eté,
a cqgéficient equa% éo 130 MPa for blain
round birs and 3g0 MPa for defqr&ed bars,
the ‘cylinder tensilé strength; in MPa,

the area _of an individual web bar,

g ln mmz,

~y

‘the depth, in mmrwméasufed from the top of the

" beam, at which an individual bar ‘intersects

the line joining.the inside edge of the

" “bearing block at the’ support to the outside

edge of the bearing plate at &he loading point,
the angle bétweéh the bar being considered ’
and the line described in the definition
of y (9o°“z a > 0°), |

the total number of web baré, including

main longitudinal bars that cross the line

RN

described in the definition of y.
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Although C, and C, are empirical coefficients determined by
least-square analysis of 135 tests, the above formula is

based on an assumed diagonal tensjon-failure modél. The

first term in EQn. 2.6 represents thekcphcrete contributicnn

~
. -

to tﬂe ultimate shear strength. The second term represents
the*additional sfrenéth due to the-web and main

feiﬂforcements. This termxa$sﬁmgs thé£ the effectiveness .of
a bar\Vanieg linearly frbm zero a;\the top to a maximum at

i

the bottom.” Bars perpendicular to a crack are most

PEEN
%

N N A

’ \

\“effective. / | e

Egn. 2.6 applies only fdr static loads and is «
restricted to beams with x/d ratios ranging from 0.23 to
0{70. For uniformly dis;ributed loads, x/H should be takeh

“as L/(4H).

2.4.3 Ramakrishnan and Ananthanarayana

Ramakrishnan and Ananthanarayana (1968) Conducted:tests
to investigate the behaviour and ultimate shear strength‘of
reinforced concrete deeb beams. Twénty six simply supported
beams hazing differept span—-depth ratios were subjected to
one and two-point concentrated loads and distributed loads.
Tension reinforéement was kept as low as possible and no web
" reinforcement was proyided. The maﬁor variables were the
span-depth ratio:ana_the type of loading.

Di%gonalkfensiqp failure was the predominant mode of
failure. This failure was similar to the splitting of a

-+

cylinder under diametral ®mpression. Some beams failed by a

—
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diagonal compression mode_and were noted to have slightly ‘

hiéher strengths than those failing by the diagonal-tension

mode. Due to the uncertainty of the conditioqs causing the

diagonal compression.mode of failure, the authors estimated

diagonal tension mode only. .“

‘the ultimate shear strength of deep beams based on the

I s

Adopting Brock's (1964) prediction pf'the ultimate

strength of reinforced concreﬁe beams based on the bgsis of

*  the splitting strength of concrete, an equation was

developedﬂfg“compute-the ultimate shear strength of deép

beams.

where Pc
K‘
ft

K depends
purposes,
of 1.12.
Eqgn.
uniformly
eff;;t of
splitting

influence

-

n

Pc.= 2K.ft.b.H (2.7

the computed ultimate load in shear,
the,sﬁlitting coefficient,
the splitting strength of concrete.

on the shape of the specimen and for all practical

is taken equal to a reasonable lower bound value

7

2.7 was found to apply for both concentrated and
loaded beams loaded on the compreésion-side. The

the longitudinal reinforcement in preventing

Ahés been neglected. The formula disregards theﬁl

of web reinforcement on the ultimate strength.
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2.4.4 1977 ACI Building Code (ACI 318-77)

The shear design expressions for deep beams ‘adopted by
ACI 318-77 (1977) are based on the work of CriSt (1971).
Members with /n/d less than 5 and loaded directly “on the
compression side are classified in the ACI Code as deep
members for shear., Adequate anchorage is assumed to be
provided although the Code does no£ definitely require
adequate anchorage.

Tbe shear capacity’of a deep beam withoqt web
reinforcement is given by the expression:

Mu Vu.d

Vc YI[1.9 /F'c + ?500;)w(

]

[3.5 - 2.5( y1b.d (2.8)
- Vu.d Mu |

5

IA

64/F'cib.d

where Vc ; the shear strength carried by the concrete,
in lbé, . .. 2

Mu = the moment é% the critical section,

Vw = shear force af’the critical section,

f'c = the compressive strength®of concrete, in psi,

‘ . . . N .
pw = the longitudinal reinforcement ratio based

on the web thickness.

]

. The critical ssection is defined as a section located at
a distancg 0.15(/n) from the face of the support for
ivuuniforml§ loaded beams and 0.50(x) but not more than d from

the face of the support for beams loaded with concentrated
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loads. The firét term in the parenthesis is the
magnification factor due to the reserve shear capacity of
deep beams without web reinforcement (see section 2.3.1) but
. shall not be takenbmore thanv2.5; |

For beams with web reiﬁﬁorcement, the ACI Code assumes
that the total shear capaci€§: Vn, can be’taken a§Athe
addition of the contribution of Vc ané the shear‘éapacity of
the web reinforcement, Vs. Recognizing that the inclination
of .diagonal cracking in deep beams may be steeper than 45°,
both vertical and horizéntal stirrups are required by>the
ACI Code. Based on the interface shear transfer concept
developed by Crist (1971), the shear strength provided by

web reinforcement is given by:

. Av 1+ In/d Avh 11 - Injd 7 / ’
Vs = [ ( ) + ( )]Fy.d (2.9)

s, 12 , s, 12

-3 \

‘where Av and s, the respective area and spacing of web

reinforcement perpendicular to flexural

tension reinforcement,

[

Avh and s, the respective area and spacing of web
reinforcement parallel to flexural

tension reinforcement.

The first and second terms in the inner parentheses
represent the cosine and sine of the crack angle

respectively. Inclined web reinforcement is disregarded in
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ﬁqn. 2.9.

In the ACI Code, when In/d is less than 2, Vu shall not
exceed 8\/;T;,b.d and when Jn/d is betyeen 2 and 5, Vu shall
not exceed (2/3)(i0 + In/d)\/;T;.b.d.

2.4.5 ACI-ASCE Committee 426

The ACI-ASCE Committee /426-(1977) suggested revisions
for the design provisions for deep beams to overcome two
shortcomings of the ACI 318-77.

T. In ACI 318-77, the critical section for beams loaded
with concentrated loads is 0.50(x) from the face of the
support. However, in the case of a continuous deep beam, the
point of contraflexure is very close to 0.50(x) ana as a
result, Vc reaches the maximum limit. For such a case; the
maximum increase in shear stfess is not in'good agreement
with test data (MacGregor and Gergely, 1977). In the
suggested revisions, tme slope of the thrust line joining
. the load and support ig;referred to, rather than the M/(V.d)
ratio. o '

2. The expression for the sheai carried by web
reinforcement in ACI 318-77 assumes shear transfer by
intefface shear transfer only. A serious discontinuity
exists as the slenderness ratio passes from just greater
than 5 to just less than 5. In the suggested revisions,
modifications are made to reflect both inﬁerface shear
transfer and normal stirrup action in the web reinforcement,

thus eliminating the discontinuity.
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The ACI-ASCE Committee 426 defined a deep beam, with
respect to shear, as "one in which a significant portion of
the shear force is transferred directly from the loads to.
ﬁhe support by a compression strut action”. The beam should
be loaded on the compression side and have an a/a ratio‘;gés
than 2. For deep beams withput web reinforcement supporting‘
concentrated loads, the shear gtress cggriedvby the

concrete, vc, is given by:

I

“(2d/a)vb - T (2.10)

[}

vc

and vb < vc £ 0.2f'c or 800 psi. -

¥

. ( .
vb is the basic shear stress carried by the concrete in a
Ay

slender begm and is given by:

vb = (0.8 + 120 pw)X 4/flc o (2.1)

— — . :
and x \/ﬁ'c < vb £ 2.3\ \/f'c; in psi, .

where AN = 1.0 for normal weight concrete

0.75-for 'all-lightweight' concrete J'

]

0.85 for 'sand-lightweight' concrete

a is the distance from & principal load td the reaction at

the end of the beam under consideration; a :should be taken

I

as the center to center distance but not more than 1.15
times the clear distance. A principal load is defined as a
conFentratedhload which causes, 50 percent or more of the

-~

- ~ ’



~

30
shear at the support of that shear span.

For deep beams with web reinforce@ent, the total shear

capacity, Vn, is taken as:
Vn = Ve + Vv + Vh (2.12)
VW is the shear force carried by the vertical stirrups,

Av.fyla - d/2)

Vv = (2.13)
S,

and 0 € Vv < (Av.Fy.d)/S|~

Vh is the shear force carried by the hénizontal stirrups,

A

; L Avh.fy(3d/2 - a)
Vh = (2.14)
S,

and 0 < Vh < (Avh.fy.d)/s,

For deep beams iéaded with:uniform loads, Vn Vv, and Vh in
the above equations can be comphted by replac1ng a with
2(Is)/3; s should be taken as the distance from the point
of zero shear-to ‘the center of the support but not more than
.15 times the clear dlstance from the p01nt of zero shear
to the face of the support T o
The spear force due to web reinforéement, Vv + Vh,

should not exceed 8b.d.N \/f'c and the total shear force,

Vn, should not exceed 0.2b.d.f'c nor 800b.d (1b). Ihe‘upperﬁ
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limit for Vn was set based on the interface shear transfer
mechanism developed by Mattock (1972,1974).

THe first term in paranthesis in EQn 2.10 is a
maghification factor to account for the increase-iﬁ shear
capacity for beams with a/d deéreasing from 2. In Egn. 2.13,
&the vertical stirrups are not effective until a/d exceeds
0.5 and will be fully effective when a/d = 1.5. Egn. 2.14
was derived by Crist (1971):

Avh.fy.d,_n_:.v

Vh = sin?*Otang (2.15)
sh

the spacing of the horizontal web reinforcement,

where sh =
tang = the coefficient of friction,
© = the angle of the critical inclined crack.

When tang is set to unity and for a/d between 0 and 1, sin?®
is approximately (1.5 - a/d) < 1.0. With these

substitutions, Egn. 2.15 equals Egn. 2. 14.

2.4.6 Comité Europeén du Béton (CEB)

The CEB (1970) defines deep beams as straight beams,
generally of constant cross-section with a slenderness
ratio, L/H, of less than 2.0 for simply suppofted beams and
2.5 for continuous beams. The length, L, is taken to be the
distance between the centerline of supports but not more

than 1.15 times the clear distance.



The area of the principal longitudinal reinforcement

should be calculated from the ultimate bending moment the

same manner as for a normal beam subjected to an equal

moment except that the lever arm: 2z, beingttaken as:

‘
1

for simply supported beams

z 0.2(L + 2H) for 1 < L/H < 2

-0

0.60L for L/H < 1 (2.16)

. L]

f

for continuous beams

4

n

0.2(L + 1i5H) for 1 < [/H < 2.5

I

0.50L for L/H < 1 (2.17)

For L/H < 1, z is independent of H and for 1 SJL/H < 2 or
1< L/H < 2.5, z increases with H but is smaller than in'-
normal slender beams. /

The princip;l longitudinal reinforcement for simplg
supported beams should be uniformly distributed‘OVer a depth
equal to (0.25H -%0.05L) measured frda the soffit of the
beam. The principal longitudinal reinforcement Should
- extend, without curtailment, from one support to another.
For continuous beams, the CEB ‘suggests that one half of the
negative moment flexural tension reinforcement over the
support should extend over the full length of the adjacent
spans. The other half may be stopped a distance of 0.4H from
the face of the support. The longitudinal tension

reinforcement at the support should be distributed within
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two horizontal bands consisting of:

1. The upper band which extends to a depth of 0.2H
measﬁred from the top of the beam in which
horizontal reinforcement with an area equal
to 0.5(L/H - 1) of the total area is provided.

2. The lower band which extends from 0.2H to 0.8H
bélow the top in which the remainder of the
negative moment reinforcement is placed.

Whenever the depth exceeds the span (H > L>, H should be
replacéd by L in the above rules,

Adequate anchorage should be provided for the principal

longitudinal reinfor;emént 1o} aé?\? develop at least 80
percent of ghe max imum force.

» T

@9&ardt (1966) recommended
the use of horizontal hooks in 9

‘é of vertical hooks to
. avoid promotinghcracking inwthe anchorage zone. Small
diameter bars can also be used to l%pit the Qidth and
i'.development of cracks under service loads and to facilitate
anchorage at the‘supports. For beams loaded directly on the
compression side, a light mesh of orthogonal reinforcement,
_consisting of. vertical stirrups and horizontal.bars plaéed
near each face and éurrounding the extreme vertical bars
will generally be sufficient for web reinforcement. This web
reinforcement wouad primarily serve to control cracks.

The CEB limits the total shear force to the lesser qf

0.1b.H.f'c or 0.1b.L.f'c.
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/—- SHEAR PLANE

Figure 2.2 Push-Off Test Specimen
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SHEAR PLANE

DIAGONAL
TENSION CRACKS

COMPRESSIVE FORCE
ON CONCRETE DUE TO
TENSION IN STIRRUPS

APPLIED
SHEAR

k]

Figure 2.3 "Truss" Formed After Diagonal Tension Cracking

(Mattock andégﬂékins, "1972)
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| fFigupe 2.4AShear4Friction:Analogy (ACI-ASCE

Committee 426, 1973)
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Figure 2.5 Arch Action in a Simply Supported Beam
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Figure 2.7 Reserve Shear Capacity of Deep Beams (ACI-ASCE
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Committeé'426, 1973)
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a) .DEEP BEAM DIRECTLY LOADEDB ON THE COMPRESSION SIDE
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b) DEEP BEAM DIRECTLY LOADED ON THE TENSION SIDE
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c) INDIRECTLY LOADED DEEP BEAM
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Figure 2.8 Method of Load Appliéation
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PRINCIPAL COMPRESSION TRAJECTORY
PRINCIPAL TENSION TRAJECTORY

Figure 2.9 Principal Stress Trajectories of the Uncracked

State of Deep Beams (Leonhardt, 1966)



70 -

60 |-
n
w \
Wi
o
o
w
(@] -
D 50

40 L S

0 - 25 ' 5.0 75

Figure 2.10 Inclination of Shear Cracks ip Deep Beams

(Crist, 1971)
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Figure 2.11 Diagonally Reinforced Coupling Beam

(Paulay, 1971) _. .
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Flgure 2.12 Effect of Inclined Cracking on Steel and

Concrete Strains (de Paiva and Siess, 1965)



3. EXPERIMENTAL PROGRAM

3.1 Introduction

To study the effects of vertical and horizontal‘;eb
reinforcements on the shear strength of confinuous deeb
beams, four two-span continuous deep beams were built and
tested. The external dimensiops of all>fhe specimens were
the same. The beams differed from each other mainly in the
type of web reiﬁforcement present. Loads were applied at the
midspan of the beams through hydraulic jacks. A special
loading framé was constructed for this purpose. Loads and
reactions were measured using load cells, deflection and
support settlements were measured using dial gages and

strains were measured using mechanical demec gages.

3.2 Specimen Geometry L \;’
The external dimensions of the specimens are shpwh,ih |
Fig; 3.1. All the beams had a uniform thickngss.of 200¥mmig‘
The overall length .of _the two—span beams was>44903mm with én"y
height of 600 mm. All the beams were supported withigwo
spans of 2100 mm center to center of supports.iAil lgédiégv'
and sugportiné columns had iengths of 300 mm. The‘wi§t§§§f E

- & «‘r

the loading columns were 300 mm. The end and center

supporting columns had widths of 200 mm ‘and 400 mm;:.ﬁ

respectively.

.. 4 6 : .' RS
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All the beams were reiﬁforced for positive and negative
moments using 15M and 10M reinforcing bars. The |
stress-strain characteristics of thése bars were established
and are presented in the later section. The positive moment
reinforcement consisted of four 15M and two 10M bars placed
in three layers. These bars were continuous through both
spans and into the end supporting columns. Anchorage was
provided’by bending the ends of the bars into vertical
standard hooks. For negative moment ‘reinforcement, six 15M
bars were placed in three layers. Two bars in .the uppermost
layer were extended the full length of the beam. Another two
bars in the middle layer were extended 1625 mm on either
side from the centerline of the beam. The remaining two bags
in the lowermost layer were extended 600 mm_from either side
of the centerline. The arrangement of these flexural
reinforcements are shown in Fig. 3.2(a). The effective
depths of the beam under the load points and over the center
, : _“
support were 525 mm,‘as‘shoﬁn in Fig, §i2. The clear shear

kwspan'to effective depth ratio, x/d, was 1.43.
S ‘ ,

The loading and supporting colhmns were reinforced with
‘iSM vertical bars. Six 600 mm iong bars were used in each of
the loading columns. These bars termi ;ted 300 mm above the
bottom face of the beam. Each end supporting column was
reinforced with four bars. Their lengfhs were 900 mm,
extending the full height of the beam to pro;ide support for
the top reinforcement. In the center supporting column,

eight 600 mm long bars were used. These bars terminated



230 mm below the top face of the beam. Ties spaced at 130 mm
apart were formed from 6 mm plain round bars.
) o
The four specimens were designed to differ from each

other only by the type of web reinforcement present._§ix‘mm

AN

e

diameter deformed bars were used as web reinforcement. Beam
No. 1 had no weE reinforcement. Beam No. 2 had closed
verticalvstirtups only. Beam No. 3 héd single-legged
horizontal stirrups placed alternately on the faces of the
beam and no vertlcal stirrups. Beam No. 4 was a comblnatlon
of Beam/No. 2 and Beam No. 3 and therefore, had both
vertical and horizontal stirrups. All beams‘are symmetrical
about their centerlines. The arrangement of the web
reinferceﬁent in Beams No. 2, 3 and 4 are shown in Fig. 3.3,
3.4‘and 3.5 respectively.

Steel base plates'were provided at tﬁe ends of the
loadlng and supportlng columns to transmit loads to the load
cells. and supporting columns. The loading column base ‘
plates were 50 mm thick. Base plates at‘the end supporting
columns were 20 mm thick and those at the center supporting
columﬁ were 70 mm thick. To fit into the castlng form, the
sizes of these plates were milled sllghtly smaller than. the
sizes of their respective columns. The ends of the column
reinforcement in contact with i - base plates were tack
welded - the plates to ensure load transfer to the bars by

bearing,

i
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3.3 Material Used

3.3.1 Concrete

The concrete used was made from

sand and gravel, The'finenessumodulus of the sand was 2.75.

The maximum aggregate size of the gravel was 3/8 in.

(9.5 mm). For a design strength of 30 MPa at 28 days, the

" water-cement ratio and sand-cement ratio were 0.55 and 2.5

respectively. For each beam, three batches of concrefe were
N mixe§ and placed. Three cylinderg wefé cast for each batch-
%k‘giving a total of nine cylinders per beam. All the cylinders

were tested in compression in a Baldwin Testing Machine. The

properties of the cylinders are tabulated in Table 3.1. For

an unknown reasont the coﬁpressive strength, f'c, of the

concrete ;n Be§m§No. 2 vas éxceptionally low (14.5 MPa). The

concrete strengths, f'c, ranged from 30.4 MPa to 37.2 MPa

for the other beams. N

3.3.24§efnforc?ng Steel “” : .
The 15M a%d 10M reinforcing'bars were o?dered from a
local supblieﬁ; These bars.wefe specified to have a minimuq
yield strength of 400 MPa. All bars of thé same size cahe
from the same heat. The 6 mm diameter deformed bars weré
éfiginally@imported from Sweden. The properties of the
relnforcement determlned from ten51on tests are tabulated in
Table 3.2. Since the yleld Strengths of the 15M and 10M bars

were very close to each other, an average value of 470 MPa

.
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was used for both bar sizeé.‘The yield&%ffength of the 6 mm
deformedwbars was 500 MPa. Stress-strain diégrams for the
reinforgemeﬁt are shown in Figq. 3.6. The éfoss—sectional
areas of the 6 hm, 10M ahd 15M bars were taken as 31.5 mm?,
96.4 mm* and 191.4 mm? respectivel?.

!

3.3.3 Base Plates
Base plates had a specified minimum yield strength of
.36 ksi (248 MPa). The base plates for the supporting columns

were tack welded to the column steel before the reinforcing
y
cages were fabricated.

3.4 Curing Of Specimens

A 3/4 in. (19pmp) plywood form was used to cast all the
specimens. Standard cylindgrs moulds were used to cast the
tesﬁ cylinde;s; forty eight hours after casting, the form
was removed and the cylinder mouldgvstripped. All the
spec?mens andﬁcylinde:s,were cured ghe 5@%@ way. Moist
burlap,was'wrapped.é}ound the specimen and the cylindérs.fA
large piece of waterproof plastic sheet was thenvused to
cover the specimens to keep the atmospheréyinside t;e
plasticﬁcover moist. Regqular wetting was needed to pfeveht
the buqlap from drying. After two weeks, the plastic cover
and th? burlap were removed. The specimens and the,cylinders

were tﬁen cured at normal room humidity until they vere

i ‘
‘testedﬁ The average period from the time of casting to the

/
/
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time of testing was about 150 days.

3.5 Speéimen Instrumentation

Load cells, dial gages and mechanical demec gages were
used for instrumenting the beams during testing..

A 600,000 1b (2670 KN) capacity load cell was used to
measure the‘genter reaction and 400,000 1b (1780 KN)
capacity load cells were used at the end supporting columns
and the loading columns. Loading was appliéd through a pair
of 400,000 1b (1780 KN) capacity hydraulic jacks. These load
cells could be read to the nearest 2000 lbs (9 KN).

Dial gages placed ;t the midspans andvat the middle of
sthe bases of the supporting columns. recorded the midspan
béeflections and the sﬁpport settlements respectively: The
dial gages were dgraduated in 0.0001 inch (0.0025 mm).

Concrete strains were measﬁred using a 2 inch (51 mm)
mechanical demec gage. Demec points arranged in 45 degree
,rosettes were attached to one face of e§ery beam. Fig. 3.7
shows thé.location of the rosettes on one span in a typical
beam. In each specimen, three of the shear spans had only
three rosettes, the fourth had eleven rosettes as shown. .
Measurements from the four pairs of demec points from'a
rosette can be rused to calculate fgﬁg éstimates of the pair
of principal st;ayns. Assuming nofé;aek passes through the
rosette and the stgain measurements were taken accurately, -

the four»pairs of principal strains should be identical. The
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i
L

\ A
2 inch gage length demec gage could be read to the nearest

0.00005 ‘strain.

Reinforcing steel strains were measured using a 5 inch
(127 mm) mechanical demec gage. Before the specimens were
cast, 6 mm rods were brazed at 5 inches apart along certain
rebars..Rubber hoses of about 12 mm diameter were then
‘sleeved onto these rods. After the concrete was cast and
hardened, the rubber hoses were removed. Demec points_were
then attached to the tip of the ro s. Steel stréins’were
ﬁeasured on one span of each beam sijnce both spans were
éxpected to behave similarly. Fig. 3.8 to 3.11 show the
locatiqn of these demec points in a Beams No. 1 to 4
respectively. The 5 inch demec gagevwas accurate to.-within

0.00002 strain.

3.6 Test Sétup

A special loading ffame was constructed for testing.
Thé test setup can be seen in Fig. 3.12. Lateral braces were
provided to bfevent the beam from deflecting laterally
during loading. The énd supportiﬁg columns of the specimen
were supported on rollers. Except in-the case of Beam No. 1,
the load cell_for the center supporting column rested on a
51Q x 510 % 55 mm steel plate which was. plastered to a 850 x
850 x 150 mm concrete pedestal cast onto:the floor. In place
of the congfete pedestal, the center support of Beam No. 1

»

was supported on a 610 mm .ilameter x 130 mm thick steel
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plate plastered onto the floor..fhe concrete pédestal was
constructed after observing excessively high settlement in
the center supporting column due in part to the delamination

of the topping from the load bed floor under this column,

3.7 Tesfing Pfocedu;es

Loading for all beams was applied in increments of 30
KN until 300)KN. After 300 KN, the load increments continued
at 30 KN for Beams No. 1 and 2 but were:reduced to 25 KN for
Beams No. 3 and 4. The readings from the load cells and dial
gages were recordedcat every 30 KN untii ﬁgilure for Beams
No. 1 .and 2. For Beams No.~3’andr4, load cells and dial
gages;Qérévrecgrded at every 30 KN until 300 KN after which
readings were taken every 25 KN until. failure. Dué to the
vast amount of reading required for concrete anq steel
strains, strain readings were taken at every other }oad
step. At loads near failure, the load in the north jack was
continuously mqgigored to observeﬂthe load at which failure
“occurred. )

Since the strain readings were.highly time consuming,
the failure load could not be reached in a single day.
Unloading of the specimen was necessary at the end of the
day to pfeventsthe specimen® from creeping under load. The
midspan deflection was recorded regularly during the
~unloading stage. Upon reloading, load cell: and dial gage

readings'were taken at 60 KN intef}als starting from zero
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load as a check on the previous behaviour of the specimen.
All readings continued in the manne; described above for

[

1

loads greater than the highest load reached the previous
day. Gﬁ)
JCracking of the specimen were recorded using
photo:raphs taken at regular intervals.
. After failure of one span of a beam, the failed span
das clamped together with external stirrups as shown in Fig.
3.13. The beam was retested in the same manner as when it
was‘fifst tested except Fhat strain readings on the steel

and concrete were fot téken.

A
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type

15M

10M .

emm

Table 3.2 Properties of Reinforcing Bars

/

Nominal bar Areax fy °  fu

diameter{(mm) (mm?) (MPa) (MPa)
16.0 191.4  469.2 786.2
11.3 96.4 472,1 747.0
6.0 31.5 50G.0  702.0

fu

€U

based on weight, length and density
ultimate stress

ultimate strain

€u
(%)

9.
10.

13.

3
0
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Figure 3.9 Location of Instrumentation of Steel Strains in Beam No. 2
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Figure 3.10 Location of {nstr&hentation of Steel Strains in Beam No.
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Figure 3.12 Test Setup



Figure 3.13 External Stirrups Used in
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4. BEHAVIOUR OF BEAMS IN TESTS
it

4.1 Load-Deflection Behaviour

A

4.1,1 Load ;hd Midspan Defiection Relationship

o The jack load versus midépan_deflection relationships
for Beam No. 1 are sho;n in Figs.‘4.1 and 4.2. Beam No. 1
wésuchqsen because its»lqad—defleétion curves represent
typicalvldad*défiééfipn characteristics of the beams tested.
1Afﬁe*relationships Betwéen jack load and'ﬁidspan deflection
of Beams No. 2, 2, and 4 are shown in Figs. A.1 to A.6 in
Appendix A, Thé jéck load referred to here reprééents the
averagé of the north and the south jack loads. The midspén
deflections referred to‘'here havé been corrected byw
substracting the sUppqrt settlements from the total measured
deflections (see section'4.1.2).

In Fig.,4.1p~twokmajor étages in behaviour were
obser&éd. The load-deflection behaviour was approximately
linear until pg&nt A. After point A, the rate of deflectio
increased as sHSwn by the decrease in the slope of the
curve. This type of behaviour was similafyin both the north
and the south spafis of Beam No. 1, aé observed in Figs. 4.1
and 4.2.

The jack loads corresponding to point A in Figs. 4.1

and 4.2 are slightly lowery than the first inclined cracking‘

load, Pcr, of Beam No. 1. The jack load corresponding to

70
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point A is about 210 KN at both 'the northxand the south
spans. The flexural cracking load, Pf, of the positive
moment spans in Beam No. 1 was 116 KN, The first inclined
cracking load of Beam No. 1 occurred in the north interior
andi;he south exterior shear spans at an average jack load
of égﬁ KN. Inclined cracking reduced the stiffness of the
beam rendering it more susceptible to high deflection. The
crack separation after inclined cracking also contributed to
the midspan deflection. Flexural cracking did not seem to
reduce the stiffness of Beam No. 1. Behatiour after first
inclined cracking was épproximately,linear; This beam failed
in tﬁe*south interior shear span at a jack load of 362 KN.
The midspan deflection at the failure load was not measured.
The cracking and ultimate loads for all the beams are
tabﬁlated in Table 4.1, The flexural and‘firsg inclined
cracking loads referred'to here represent the‘avefagé of the
north and south jack loads while the ultimate load
represents only the north’ jack load. Ultimate loads will be
discusség in section 4.7.

The load-midspan deflection behaviour of Beams No. 3
and 4, shown in Figs. A.3 to A.6, is similar to that shown
for Beam No. 1. Jack load corresponding to poiht A in
Figs. A.3 and A.4 is about 209 KN~and the first inclined
cracking load of Beam No. 3 was 239 KN. The flexural
cracking load of the positive moment spans in‘Beém No. 3 was

150 KN. Flexural cracking appeared to reduce the stiffness

of Beam No. 3 slightly. This beam had horizontal stirrups.
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In Beam No. 4, the first inclined cracking load was 266 KN
and the jack load corresponding to point A in Figs. A.5 and
A.6 is about 208 KN. The increase in the rate of deflection
after point A can be explained by the reduction in stiffness
of ﬁeam No. 4 due to the extension of major flexural cracks.
The flexural cracking load of the positive moment spans in
Beam No. 4 was 158 KN. Flexural cracking also reduced the
stiffness of Beam No. 4 slightly. This beam had horizontal
and vertical stirfups. The load-deflection curves for

Beam No;'Q,/shown in Figgl A.1 and A.2, showed‘a change in
slope after a load ef 90 KN which corresponds to the
flexugal cracking load of the‘positive woment spans. This

beam had vertical stirrups. The first incline'(ing load
of Beam No. 2 was 180 KN.

Beam No. 4 showed the lowest dé?lection and Beam No. 2
showed the highest deflection forfequaliapplied jack load.
Comparing Beams No. 1, 3 and 4, Beam No. 1 had the highest
deflection at a specific jack load. This shows that the
presence of web reinforcemeht had the effect of reducing the
midspan deflection. Vertical and horizontel web
reinforcements appeared to be more effective than horizontal
web'reinforcemeﬁt alone in deflection control. It is true
that the concrete streﬁgth'of Beams No. 1, 3 and 4 were
different but ehe small difference had only minimal effect
on the midspan defle:;ion: -n the other hand, the concrete
strength of Beam No., 2 w~as less than half that of ﬁ

Beam No. ‘1. This large difference in concrete strength
_ o :
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offset the effect of vertical web reinforcement in

Beam No. 2 and resulted in the high midspan deflection.

4.1.2 Load and.Supporf Settlement Relationships

The relationsﬁips between jack load and support
settlement of Beam No. 1 are shown in Fig. 4.3. The values
plotted are of the interior support settlement and the
average of the end supports settl;ments. Jack load versus
support settlement of the other beams are shown in Figs. B.1
to B.3 in Appendix B.

Differential settlement was experienced by all the
beams. The settlement.at the interior support was always
higher than the settlements at the end supports.zThérefore
it would be expected that the negative moment over the
interior support be reduced[ as shall be discussed in a
later section. Beam No. 1 was tested before'tﬁe concrete
pedestal (see section 3.6) was placed. Comparing the
interior support settlement of Beam No. 1 with that of
Beams No. 3vand 4 indicate that the placement of the
contrete pedeétal under the interior support helped&to
reduce the interior support settlement‘considerably. The
high seftlbment at the interiorrsupport in the case of

|

Beam No. 2 was caused:by improper seating of the inter}or

~

supporting column load cell. The main cause of differential
settlement between the interior and the end spppérts was thé?jgﬁ‘x

shortening of the interior supportinb column load cell.

During the tests, that load cell experienced very high
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loads.
The ratio of the maximum differential settlement to the
center to center span length, amax/L, ranged from about

1/1875 for Beam No, 2 to about 1/13100 for Beam No. 4.

4.2 Development of Cracking
When the beams were first loaded, flexural cracks

appeared near the maximum positive and maximum negative
moment regions. Flexural cracks in the positive moment
region propagated from tﬁe bottom face towards and beyond
the mid-depth of the beam. These cracks tended to develop
Jalong lines joining the loading column to the bd%tom face of
the beam. The loads corresponding to these cracks in |
Beams Nb. 1 to & are tabulatedlin_Table 4.17. In the negative
moment‘region, the cracks propagated downwards from the top
face of the beam along lines joining the interior support to
the top face. These éracks occurred after the positive
moment flexurai Eracks, not before as would be expected from
elastic theory. This can be explained by the shift in Ehe |
moment diagram due to settlement of the interior support
discussed later in this section. The flexural cracking loads
of the negative moment span of Beams No. 1 to 4 are shown in
Table 4.1, The flexural cracks propagated rapidly but after
’the fo;matlon of the flrst 1nc11ned cracks, the propagation.

i slowed to a much reduced rate-.
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Formation of the first inciined éracks was sudden.
Figs. 4.4 to 4.7 show the crack pét:g;ns of Beams No. 1 to 4
respectively at first inclined cracking. The inclined cracks
-are shown with Heavier lines in these figures. In all the
beams, the inclined cracks were contained within the shear
span. The inclined cracks did not initiate from the bottom
‘face or top face of the beam but from a region.near
'mid-depth. The inclined cracks, shown in Figs. 4.4 to 4.7,
are not fully developed inclined cracks. A fully de&eloped ,
inclined crack is defined as an inclined crack yhich has
propagated.towards the load point or the support and ‘has
inte;sectéd the flexural reinforcing steel.

Tables 4.2 to 4.5 show the ‘jack loads and the support
reactians of Beams N04‘1 to 4 resbectivelyﬂfrom the onset of
losding to the io;d_jpst prior tojfailure. P1.and P2 are the -
north and south jack loads respeAtivelj, as shown\in
Figs. 4.4 to 4.7. R1, R2 and P3 ére the north‘end support,
interior “support and south end sﬁpport reac%éons |
respectively. A* is a coefficient equal‘to ﬁhe ratio of the
interior support reacfioh to the sum of théljack loa$s,

R2/(P1 + P2). Thé shear inrthe north int?éior shear spén,
VtN], is shown in column 8 of Tables 4.1 to 4.4 and is
computed from (P1 - R1). Similarly, thé’sheér in the south
interior span, V[N], shown in column 9, is cdmputqﬁ‘from
(P2 - R3). | |

In Béam No. 1, first inclined cracking océufred just
before Load Step 8 withién average jatk load of 239 KN. The:

|

AN



cracks started in the north interior and the south exterior
: i \ )

 shear spans‘(Fig. 4.4). With further loads, at Load Step 10
-~ : R ” " . . N ‘ .
with an average jack load of 299 KN, more inclined cracks

P .
appeared in all ‘the spans except the south interior shear

span. The cracks wh1ch had formed previously hagd prbpagated
towards the bottom face of the beam and 1ntersected the
positive moment'flexuralIreinforcing steel. At Load Step 11,
w1th an average jack load of 330 KN, inclined cracklng O
occurred in the south,lnterlor shear span. Thls_crack was
accompanied by a loud cracking noise.' P
} In Bean No. 2, flrst 1nc11ned cracklng occurred just’

-before Load Step 6 with an’ ‘average jack load of 180 KN

_Incllned cracks appeared in the north exterior and the south
1nter10r shear spans (Flg 4.5). Both'cracks were 1h1t1ated‘
by flexural cracks. Under the same jack load, shogt‘
horlzontal cracks appeared at the level of the negatlve
moment flexural relnforcement in the north interior shear
»span{ These secondary cracks propagated- horlzontally as the

\\eloads were 1ncreased At Load Step 8 with an average jack

‘\

" load of 240 KN, 1nc11ned cracklng had occurred in every
span. The secondary cracks appeared to be part of a dowel or
‘a spl;ttlng crack.

In Beam. No. 3, first anlinedicracking occurred just

' before Load Step 8 with an average jack load of 239 KN,

d cracks first appearef in the north interior and the
‘south interict~shear spans (Fig. 4.6). As more loads were
~.applied, the crack in north interior shear span

T~ 3
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propagated towards the corners at the ﬁaces of the loading

r
and supporting columns. The crack 1n the south 1nterior span -
/

had propagated to the bottom face/of the beam. At Load Step
}

>10 Wlth an average jack load of 299 RN, 1nc11ned cracking
1n1t1ated by flexural cracks occurred in the north and the
.,southrexteriqr spans. |

ln;Beam No. 4, a singleéfnilined crack occurred in the
north 1nterios\shear span JUSt prior to Load Step 9 with an
averags,ﬁéik “load of\266 KN (Fig. 4. 7) Add1t1onal inclined
cracks developed 1n the north ex&erlor, south interior and
south exteriorfshear spansiat average jack loads of 396 320
and 369 KN, respectively By Load Step 14 w1th an average

jack load of 396 &N, all the spans showed exten51ve 1nc11ned

\

cracking. '~l ' _:3>“*\“ E /M//¥/9*//
. With the exception of the‘dtack formed in the north
interior shear span of Beam No. 3, the first inclined cracks
did not follow the thrust lines joining the load points to
the\sdppbrts. As it turned out, the initial inclined cracks
‘were not critical cracks except'foc“thewcrackminl%he north — -
interioc shear span of Beam No. 3. A critical crack is
_\\detined as\a crack which'haska ditect bearing‘on the failure
of ‘the beam (Kong and Singh, 1972). Inclined cracks that
formed‘attetthe\first'inclined cracks followed the thrust
lines;joining the lOad_points.to the supports. These tended
- to be ctitical cracks. o r |

Figs.l4‘86to 4,11 show the actual shearing force and

bending moment diagrams of Beams No. 1 to 4 at first
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‘1nc11ned cracklng load Theie diagriams were constructed from
values taken from Tabfes 4.2 to 4 5 at the ‘load step
» correspondlng to.f1ret 1nc11ned cracklng. Eor comparlsion,

sheating force and bending moment diagrams b&sed on an
_elastic beam theory are shown below the actual dlagrams. The
elastic shearlng ‘force and bending moment dlagrams were‘
constructed using a jack load equal to the average of the:
,actualvnorth and soUth”jack loads at f1r$t'1ncllned.“
cracking. | |
From Flgs. 4.8, 4.10 and 4.11, the actual shearlng
«force and oendlng moment'd1agrams of Beams No. l; 3 and 4
respectlvely agree very closely to the elastlc shearlng
 force andAbendLnglmoment diagrams. Accordlng to the elastic'
beam‘theory, the value of A*lls.a constant and is eqnal’to

0.66. Compatingxthie value with the §alues of‘A* given in

column 7vot lables 4,1, 4. 3 and 4 4 at first 1nc11ned

cracklng load Ax glven in Tables 4 1, 4.3 and 4.4 has a

value of 0. 65 This agrees very well with the elastlc value

of A¥. In the case of Beam No. 2, there 1s.con51derab1e
difference between t%} actual and the elastic diagrams, as

shown in F{g. 4.9. The actual shearing force ranged from 93%

.to 114% of the elastic shearing force. In the bending moment
diagrams, tne actual negatﬁve moment was only 76% of the
elastic negative moment. The valne_of A* of Beam No. 2 at
first inclined cracking load is only 0.62 compared to the

s

~elastic value of 0.66.

&3
.



79
J

In Figs; 4.3, B.2 and’B.3 ‘the differéntial settleﬁént

Y

of Beams No. 1, 3 and ¢ at first 1ncl1ned crackxng load vere

0 44 mm, 0.23 mm and 0. 08 mm respect1Ve1y. These vglues vere
compared to the dlfferent;al set;lement of Beam’No. 2 at
fifét inclined‘cracking loéd“whichwwas 0.76 mm (Fig. B.1).

" The high setflement'of the interior support of Beam No. 2
‘withbrespect to the end supports reduced the rotaéion of ﬁhe
part of the beam above the 1nter1or support ;hereby‘
reduc1ng its negative moment. >. | '\

“In the usual case, the behaviour of the beam after the
formation of‘inflined éracks would.be‘expectédrgb be
different from the elastic beha?ionr before inclined
créckihg. In the1gase of Beéms No. 1,‘3 éhd 4, shortlynaffer
first inclined. cracking, the‘beams.stfil diéplayed the

‘eiastié force disttibution. This is probably because the
first'inclinéd‘cracks‘formed were not fully developed

Ty

inclined cracks. The déforﬁations due to these non—fullyf
“developeé 1nc11ned cracks were 1nsuff1c1ent to cause a
change in behav1our of the beams..At loads much ‘higher than
the first inclined'cracking load, .elastic behaviour ceased
and the"béams fol1owed a tied arch behaviour (see secfion

4.4). The ratio of the interior support reaction to the sum

of the jack loads decreased slightly at high loads.
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b

" Figs. 4.12 to 4.15 Shéw the crack patterns of
#

_Beams No; 1 to-4, respectlvely, at fa!lure. The major cracks”

are marked boldly and crushlng ms denoted by cross—hatch1ng

All the beams exper1enced shear - fallure. The beams were

vable ‘to sustain loads h1gher than the first 1ncl1ned

;cracklng loads before the f1na1 failure. All the beams,

except ‘Beam No. 3, failed in the south interior span.

Beam No. 3 failed in the north interior span. A fan-like

pattern of cracking was observed. The critical inclined

cracks formed following the thrust lines joining the load
Pbints to tbg\supﬁbrts; These inclined cracks divided the
interior spén of the beams inﬁdrtw0ytriahgularihalves. The
major cause of failure was by sliding'along the critical

inclined craéks. Th;§}was evidenced'by.the diffgrehce~in

, héight of an initially straight line on the two adjacent

sides of the critical erack. A closer -examination of the

. . . . N PO '
<ritical inclined cracks indicated there were contacts

between the aggregétes in some parts of the crack and
separation at others. Beam No. 1 exgerienced some-crushing
at the lower end of the critical inclined cfaék;fThere were
no signs of anchorage §r bearing failure in any_ofAthe
beams; The horizontal crack in the north interior span of
Beam No. 2 did not seem to be harmful to tﬁe»beam. Only
Beam No. 1 failed with an explosive noise.'Other beams
failed slowly and some spalling of the concrete was

observed.
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The actual shearing force and bending moment diagrams
of ﬁeams ﬁo. 1 to 4 are shown in F1gs &, 16 to 4. 19,
respectively, ﬁov the last load step ;rlor te fallure. For
thmparxs1on, the*elastlc shéerngyforcevand bending moment

Qiagrams'ere'shownlbelow the actual aiagrams, The elastic
_ éiagrans were constructed using a.jaci load equalled to the
average of the nerth and.the‘soutn 5ack loads prior to
failure. - g |

All the beams showed some deviation from the elastic
‘Qalues; The'aetnal‘shear was consistently higher than: the
~elastic shear in the exterior shear spans. L1kew1se, the
~actual positive bendlng moment was also always hlgher than
the elastic positive bending moment. This value ranged from
107%, in BeamﬂNd.‘3,'to'116%,-in Beam No. 2, of the elastic
valge. On the other hand; the actnal shear in the interior
eshear span was elnaysvlower tﬁanvthe elastic shear. This
value ranged from 93%, in Beam No. 2, to 97%, in Beam No. 3,
" of the elasticishear in the interior span. -The actual
negatlve moment was also lower than the elastlc negatlve
’moment. This value ranged from 73%, in Beam No. 2, to 89%,
in Beam No. 3, of the elastic negative moment .

Beam No. 2 showed the greatest deviation from the
elastic values and Beam No. 3 showed the least. This can be
expected of Beam No. 2isfnce it hed already deviated
consideraBly from the elastic values‘at the first inclined
cracking load. From the results obtained, it weuld be’

inaccurate to predict the shearing force and bending moment
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~of the test speqimens at loade-near the failure load using
the elastic.beam theory The deviation of the actual

shearing force and bending,moment diagrams from the elastic

',t diagrhms indicated timt

the behav1our of*t!ﬁ\ﬂ&&ﬁgf, ol

. failure 1oad

shearing force and beuﬂin

) 2 .
ipelastic at loads near the

’&x

4.4 Steel and Concrete Strains’

4.4.1 Strains in Flexural.Reinforcement

Typical examples of steel strains in flexural
reinforcement are shown in Figs. 4.20 and 4.21. Fig.;4.20
‘shows the distribution of steel strains in the uppermost
layer of the negative moment flexural reinforcement in
Beam No. 4 before and just after first inclined cracking ahd‘
‘prior tovfailure. Fig. 4.21 shows the distribution of steel
strains in the lowermost Y/yer of the p051t1ve moment
flexural reinforcement in Beam No. 4 at loads before and
just after fﬁtst inclined cracking and prior to failure.
Steel strains at failure loao were not available and had to
be extrapolated from plots of jaok load versus steel
strains. |

Before the formation of cracks, the flexural steel
strains were small. After fiexural cracking occurred, the
steel strain distribution along the beam was consistent with

the elastic bending moment. The point of contraflexure. in



the 'elastic bending moment diagram (Eig. 4.11(b)) is585 mm
from the centerline‘of the beam. In Beam No. 4, theupoints
of zero strain in the negatxve and positive moment
reinforcement were about 660 mm and 440 mm, respectlvely,
From the centerline at the load step 3ust before fxrst
inclined cracklng (Load Step 8). Thus, there was ten51on in
both layers of steel at the elastic point of contraflexure.

Steel strains in the anchorage reglon gﬁﬁg&pkpositive moment
‘4'(’;‘,1"

. o ,“v\, i Y,
relnforcement showed a near zero straln%

4.21), Thls

.

consistent with the elastlc beam theory.” ‘ o
After the formation of the first 1nc11ned éracks (Load

Step 10), the -steel strain distribution differed sllghtly

from the distribution before first inciined cracking;

'Although the previous literature sdggests that a remarkable/

difference in thehsteel strain distribution should océur,,

the inclined cracks at bbad Step 10 had not greatly affected

the‘strains in the flexural reinforcement at LoadAStep 10.

Thelmagnitude of the strains were higher. The point of zero

strain in the negative moment reinforcement had moved closer

to the loading column and the point of zero strain in the )

positive moment reinforcement had moved towards the interior

support.-Steel strains in the anchofage region of the

negative moment reinforcement remained unchanged but those

of the positi?e'moment reinfo;cement increased. This shows

that the steel in the anchorage region experienced tensile

stress and the behaviour is indicative of a'tied arch

behaviour.
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At loads prior to failure (Load Step 16), the steel .
strainf howed a'sig?ificantly differgnt distributién than
-at previqus load steps. The inclined cracks had become fully

developed inclined cracks. Mérked chanqgi in the steel

. strains w&re reéordeé indicating that arcﬁing action had
developedj At regions experiencing flexural cgacks and when
these crac&s w1dened peak steel strains wérgfreg1stered at
wide flexuﬁfl cracks. The point of zero strain in the
negat1ve mohent relnforcement moved away from the centerline
of thg beam,| almost to the inner face of the\loading column.
‘The.pgint of \zero strain in the positivelmom2¥t
reinforcement\alsé moved towards the centerling of the beam
and had passeé\the inner face of the interio: éppport. It
the trend contlnued for the p051t1ve moment reiﬁforéement a
point of zero s&raln would not exist in the bottom flexural
relnforc;ment at\the failure load. The entire leng@h would
be in tension aﬁa\bars should not be cut off at thé\elast1c
point of contrafld«ure. Steel strains in the anchorags
region of the pos161ve moment reinforcement were much igher
than in-the prev1ous\load steps. At this rate of increase,
the steel strains near the end support would be of the same
order of magnitude as fhe stralns in the mldspan at the
failure load. \\

In the beams tested)\}he average §train in the positive
moment reinforcement was always higher than the average

strain in the negative moment reinforcement. This was caused

by differential settlement of the interior support. When

&,



extrapolated to the failure 16,6 the flexural reinforcement
Jim all the beams was generaily found to be elastic. The'
strain in the flexural relnforcement at yielding was
computed to’ be 2350 x 10- ¢ mm/mm.

. ) ‘ \ | | : ’
4.4.2 Strains in Vertical Web Reinforcement

Fig. 4.22 shows a typical jack load versus steel strain
plot of a vertical stlrrup crossing a cr1t1cal inclined
crack. The jack load referred here represents the average of
the north and the south jack loads. The stirrup for which
the plot in Fig. 4.22 represents was locaeed near the middle
of the south intetior.span of Beam No. 2. For vertical
stirrups that did not cross a'cfitieal inclined crack, the
behaviour of the stirrups was essentially the same, although
the strains in theserstirrﬁps were somewﬁat loweq.

Two stages of behaviour can. be observed in Figl 4,22,
Before the jack load of 180 KN, the vertical stirrup
experienced very little or ho defq;matibn. After 180_KN, the
stirrup suddenly deformqé at a repid fate. Deformatioh
continued beyond the strein at yielding, computed to be 2500
x 10°¢ mm/mm. The jack load of 180 KN corresponds to the
first inclined cfacking load, ‘Pcr of Beam No. 2.

" Fig. 4. 23 shfws the steel strain dlstrlbutlon of
vertical stlrrups\cr0551ng major inclined cracks 1p
Beam,No. 2. Befor% first inclined'cracking, most of the’
stirrups experien%ed small compreesive stfaﬂns. At first.

i
v
|

inclined

o~
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stirrups were in tension. At the last load step prior to\
failure, at regions where the inclined cracks widened, p§ K
steel strains wére recorded, One of the stirrups had
yielded, S 3 \

The plots of jack load versus steel strain of the \
vertical stirrups which crossed critical inclined cracks, \
when extrapolated to the failure load, indicated that the
strainS‘in tﬁe stirrups near the middle of the shear span
exceeded the strain at yielding and strains in the stir;ups
at the ends gf the shear span were slightly below the s%rain
at yielding, Thié suggests that the critical inclined cr%ck
was wideét at the middle of the shear‘span. Higher steel .
strain in the stirrups at the middle of the shear span,
shown in Eié. 4.23, supports this view., As a consequence,
interface shear transfer 1is expectedatb diminish‘at that
region. As a result, high shearing stresses would be

expected at the ends of the shear span.

4.4.3 Strains in Horizontal Web Reinforcement

Fig. 4.24 shows the strain distribution along the

second horizontal stirrup from the top face of Beam No. 3 at

loads before, at and after first inclined cracking. This a

\

’ distribution is typic&% of the horizontal stirrups found in
Beams No. 3 and 4. \

Before:first incliggd cracking (Load'Step 6), strains
in the horizontal stirruﬁ\were very small. The strain

A

distribution was essentialiy flat at near zero strain except

y
\
\



-
at regions where flexural cracks have propagated and

intersected the stirrup. The highest strain recorded was
about 230 x 10-¢ mm/mm,

At the formation of first inclined cracking
(Load Step 8), there were s?arp increases in the steel
strain .at "locations where the inclined cracks crossed the
horizontal stirrup. This occurred in the interior span, as
shown in Fig. 4.24 (see also Fig. 4.6). The steel strains in
the exterior span did not differ much from the strains in
the previoué load step. The maximum steel strainprecordéd
was below the yield point strain.

At the last load step prior to failure (Load Step f1)."l
there were further increases iﬁ the steel straiﬁs at
locations where the cracks crossed the stirrup. The peak -
‘value of the strain recorded exceeded the yiéld poiﬁ;
strain. The strain diStribution did not seem to follow a
specific pattern. \\_“\\
| After extrapolating to faiiure load from plots of jack
load versus steel strain of other horizontal stirrups the
strains in the stirrups at the interior shear span were
abo;e the yieia strain where the stirrup crossed criticql
inclined cracks. The straihs in the upper level stirrups
were somewhat lower than the strains in the: lower level
stirrups. The same is true for stirrups 1n/th;‘éxte:lor spanw
except that the magnitudes of the strain were below the

* yield strain. It should be noted that»the location where the

S
_critical inclined crack crossed the horizontal stirrups were

.
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in the middle part of the shear span.

4.4.4 Strains in Concrete

The results obtained from the priﬁcipal strains in the
concrete were less conclusive. There were very wide
vari;tiona in the results and in some cases, cracks passed
through the strain measuring rosettes. Principal strain§
could not be computed for such rosettes. Nevertheless, for
those'rosettes where principal strains could be computed,
several observations were made. Before first inclined
cracking, strains in the concrete were very small. Principal
strain diagrams showed that the direction of the principal
’compressive strains was along the line joining the load
éoint to.the support. Following inclined cracking, there was
no noticeable difference iﬁ the pattern of th§ principal
strain diagrams except the ﬁrincipal compressive and tensile
rsitains_were higher. At loads prior to failure, the
principal compressive strains in the interior and the
exterior spans at the regions near the faces of the loading
and supporting columns were very ﬁigh; as high as 0.002
m&/mm in the failing span. This magnitude of strain isd
suff}ciént to cause cr;shing, as occurred in Beam No, 1. In
the middle of the interior shear span, ét mid-depth,
‘résettes indicated compressive strains in both principal
directions. The magnitude of the compressive strain whose
direction was roughly perpend@cular'to the crack was small.

No tensile strain existed at that region. Generally, the
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o
‘direction of the principal compressive strains showed a
wideﬁing of the‘coméressive strut at the middle of the shear
span. This resulted in the principal compressive strain at
\Ehgﬂmiddle of>thefshear span being relatively gmal;er than
at the ends o% the shear span. The direction of the .
principal tenéile strains were épbroximately perpendicular

a

to the inclined cracks.

4.5 Retest Results

Following the‘initial-failure, the failed shear spans
YésAElamped together with the device shown in Fig. 3.13 and
the beam was again tested to failure. Only loads,
deflections‘ahd crack extensions were recorded in the
retest.

-y

4.5.1 Loadxand'Midspan Deflection Relationéhips

JaCk;load versus ﬁidspan deflection rélationships from
the retest'}esﬁlts é;e shown in Figs. C.1 to C.8 in Appendix
C. As‘in:section 4.1.1, the midspan déflections did not '
‘include.the support settiements. | |

For the spans that failed durihg the origihal~tést, the
jaqk load-midspan deflécﬁioh plots.showed essentially a
straight line (Figs; C2, C4, C5 and C8). Duriﬁg thekoriginal
test, thesé sbans had cracked extensivély. No new cracking
Qas'observed in thése'spané during the retesf.'Therefore, no-

sudden decrease in stiffness occurred, resulting in a



constant increase in midspan aeflection with jack load in
tﬁe spans ;hét did not fail during the original test. In two
of the be;ms (Beams No. 1 and 2), new inclined cracks formed
"at jack load much higher than the first inclinéd éracking
load. In Fig. C.1, a decrease in the slope of the curve can
’be seen corresponding to a jack load of about 420 KN. The
\neyﬂinclined crack formed at this load was outside and :
pérallél to the previous inclined crack,'giving Beam No.»1 a
strut-like appearance. In Fig. C.3, a similar decrease in
slope can be  seen at a jack load of about 360 KN. No new
inclined cracks were observed in Beams No. 3 and 4 during
the retest. |
_ )

4.5.2 Load and Support Settlement Relationships:

" Jack load versus suppoft settlement relationship# from
retest results are shown in Figs. D.1 to D.4 iﬁ Abbéndix D.

As in .the original teét, the settlement at the interior

support was alﬁays_higher than the settlément'atlthé end
support. The settlement at the end support was taken to be
the average of the north and the south end supports. The
ratio @f the maximum differen£ial settlement to the span
length, amax/L, ranged from 1/4350 in Beam ﬁo. 1 to aboup
1/14280 in Beam No. 2. The concrete pedestaliplacéd under

the interior support did reduce the differential settlement.
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4.5.3 Loads and Reactions ‘

Tables E.1 to E.4 in Appendix E show the jack loads and
the suppprt reactions of Beaﬁ§ No. 1 to 4 respecfively ‘
‘during the retest. The behaviour of the beams prior to
failure was very muchithe same as in the original test.
Combarision of the actual sheéring force and bending moment
-diagrams with the elastic Shearing force and bending moment
diagrams showed that the actual shear in the exterior span
and the posiﬁive bending moment ranged from 107%, in_

Beam No.4, to 114%, in Beams No. 1 éndkz, of the elastic
‘values. In the'ihterior span, the actual shearlranged from
93%,. in Beams No. 1 and 2, to 97%, in Beam No. 4, of the
elastic sheaf. The actual negative moment ranged from 74%,
ﬁn Beam No. 1, to 89%, in Beam No. 4,_of’the elastic

negative moment.

4.6 Shear $tre§ses at First Inclined Cracking

The actual shear stfesses in the interior spans of
Beams No. 1 to 4 at first inclined cracking, vcr;’aré showh
in column 3 in Table 4.6. The interior span was chosen
because it was‘the\séén where all the_crifical cracks

e

occurted. vcr was computed from values taken from Tables 4.2

to 4.6 at the load correéponding to the formation of the
first inclined cracks. Since the shear in the north interior
shear .span, V[N], was very close to that in the south

interior shear span, VIS], the average of the two shears,
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" S

~

Vecr, was used to compute ver. ) ' <2L~\

(4.1)

v

The shear at first inciined cracking appeared to be
affected by the presence of‘vef;ical web reinforcement, the
concrete strength and the somewhat random iocation of the
initial cracks. The latter effect cannot be discussed

numerically.

ra

The presence of{horizontal web reinforcement Had
negligible effeet on the. first inclined cracking shearr
stress. The shear strees in the interior epan of Beam No. 1
was very closeoto the shear stress of Beam No. 3. The
difference in concrete strength of both beams was small
enough not to have any major effect on the shear stress.

Vertical web reinforcement. appeared to ihcrease the
first inclined cracking sheer stfess. Beam No. 4 had both

- vertical and horizontal 'web reinforeements. Since horizoptal
web reinforcement was ehown to be ineffective in increasing

/

the first inclined cracking shear stress, Beam No. 4 can be

considered to have just vertical stirrups. The firsg
inclined cracking shear stress of Beam No. 4 was. about 10%
higher than that of Beam No. 1. Part of this increase in the
shear stress at cracking of Beam No. 4 copld-be due to the

slightly higher concrete‘strength but this difference is

believed to have a relatively'smalier effect on the shear

\\ ) -
\ . ’
\\\ :
A
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stress compared to the effect due to VerticaIVWEb-
réinforcement. ky

A large’decrease in tHe cpncréte\ﬁtrength had a very ’
strong.influence in reducing the firSt}inclined craéking
shear stfess. Beam No. 2, with a concrete strengtﬁ less than
half that of Beam No. 1, had‘a shear stress at first |
inclined crécking of only 71% of thé corfesponding shear
st’ess in Beam No. 1. Despitegihe presence of vertical web
reinfbrcemgnt which should'increase the shear stfess,.the
bﬁg difference in concrete strength had offset its effect.
It would, ;hereforé, be appropriéte to inciude the concrete
St:ength as a major_Vériable in-eétablishing an éqUationxto ‘
predict the firsﬁ’in;linéd'Cracking shear stress.

de Cossio and Siess (19607‘igve$tigated the shear

strength of 49 simply supported beaﬁéxgpd 24 frames members.

-Based on their results, an empirical equaET@n\zés developed

~.

to predict the inclined cracking shear stress. .

V.d

vk = 2.144/F'c + 4600 p ( -
M

) (4.2)

- .

"

where VX the inclined craéking shear stress at the

critical section, in psi, | ‘
d = the effective‘depth of the beam,?in inches,

f'c = the concrete strength,’as determ;ned'from

6 x 12-in cylinders, in psi,

) = tensile steel ratio, As/(b.d),
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As = the area of tension reinforcement, in ipches’,

b = the width of the beam, in inches,

shear at the critical section where vx is
computed,
"M = moment at the critical section where vx is

computed.,

Eqn. 4.2 applies only to beams without axial load. Good
corelation was obtained between the predicted results from
the eqﬁatién and the“resulté of simply supported beams with
concentrated loads by taking the critical sectipnvat the
middle of fhe shear span. For uniformly loaded simply
supported beams and for uniformly ioaded frames in thel
~positive moment region, the same degree of accuracy was
obtained by taking the critical section’at a distahce of
0.15]" towards thé midspan from the point of zero moﬁent.(]'
was q§fined as the span length from the center to center oé
shpports in simply supported beams and'as the distance

between the points of contraflexure in frames. In the case

of frames failing in the negative moment region, the
critical séctioﬁ was taken at a distance d from the face of
the columg; This approach, however,‘gave‘eXtréqely
conservative results. ’

The inclined crackiﬁg shear stress computed from
Egqn. 4.2 can be ﬁsed to compare with the actual inclined

cracking shear stress after a few modifications. Eqn.14.é

was develbped primarily based on results from simply



supportéd beams. Fo? a“simply supported beam with
vconcentrated loads, the V.d/M ratio, where V and M are the
shear and mdment at the middle of the sheér span (at 0.5a),
can be replaced by an equivalent ef ectlve depth to shear
span ratlo, d/(o. Sa) Thus the secona term in Egn. 4.2 would
become 9200, (d/a). In the case of ascontlnuous beam, in the
interior span, V.d/M varies from a minlmum_for a critical
seétibﬁ at éhe face of the support to infinity for a
critical section iF the point of contraflexure. Therefore,
it would be inappropriefe to use V.d/M for cases iﬁbolving
points_of contraflexure. In the exterior span of a
continuous beam, V.d/M can be substituted by an equivalent
d/a ratio without the problem of points of contraflexure.
For an interior span the slope of the compression thrust
Iine 1s approximately d/a.‘When an equivalent d/a ratio was
substitutea for the V.d/M ratio in Egn. 4.2 and applied to
"the interior span, very good agreehent was: obtained between -
the actual and the pfedicted inclined shear streésés if the
term 9§0Q;>(d/a) was chahged to 11500 p (d/a). Egn. 4.2 was
modified as shown: |

d

v = 2.144/f'c + 11500 p (—) (4.3)
a .

where a = the center to center shear span, in inches.
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The computed shear stresses from Egn. 4.3 for
Beams No. 1 to 4 were converted from psi units to MPa units
and are shown in column 4 of Table 4.6. Ratios of the actual
to the computed‘cracking shear stresses are shown in column
5. Eqn. 4.2 or Eqn. 4.3 is a function of the square root of
the concrete strength. The effect of the web reinforcement
was not taken into account.

The actual inclined shear stresess were also compared
Awithith; shear stress equation given ih section 11.3 oﬁ the
ACI 318-77 (1977).;The eguation, shown below as Egn. 4.4,
was developed by ACI-ASCE Committee 326 (1962) and is an
empirical equation to predict the: flexure-shear cracking
load of‘reinforced concrete beams without web feinforcement.

It represen&i the lower bound for 194 beams tested.

V.d
ve = 1.94/f'c + 2500 pw( ) (4.4)
Co M . :
< 3.54/fF'c
where vc = shear stress carried by the 'concrete, in psi.

As in the case with the de Cossio and Siess equation, the
V.d/M ratio was substituted by an'equivalent d/a ratio. For
deep beams subjected tozéonéentrated loads, the ACI |
specifies the‘critical section to be waken at 0.5x‘5ut not
more than d-from the face of the support. Therefore, instead

of . d/a, an equivalent effective depth to clear shear span
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ratio, d/x, would be more appropriate in this case. For a
critical section taken at 0.5x. from the face of the support
and with V.d/M substituted by an equivalent d/x ratio,

Egn. 4.4 becomes:

d
ve = 1.94/F'c + 2500 pw( ) (4.5)
0.25Lc+0.5x+0.25Ls
£ 3.54/F'cC
whére Lc = the width of the loading column,
Ls = the width of the interior support.

The factor (0.25Lc+0.5x+0.25Ls) is in effect equal to 0.5a.
In accordance to the ACI-ASCE Committee 426 (1977),
(0.25Lc+0.5x+0.25Ls) should not be taken more than (1.15/2)x
(see section 2.4.5), ACI 318-77 limits the'ratid V.d/M to no
more ﬁhan 1.0. This was done to prevent the use of M near |
points of inflexion. Since in Egn. 4.5, M was replaced, this
limitation was ignored.

Resulﬁs’of Egn. 4.5, converted from psi units to MPa
units, are shown in column 6 of Table 4.6. Ratios of the
actual to the cohputed cracking shéar'stresseg are shown on
column 7. The results showed little scatter but are
extremely conservativé.

“The ACI equation has the same form as the de Cossio and
Siess equation. It 1is also a function of the square roqf of

El

the concrete strength.
4
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Zsutty (1968) painted out that Eqn. 4.4 has serious
iﬁperfections as a predictor of the true behaviour of the
available ggear test results. First, the equation
.gmpiricélly represents two separate types of beam behaviour;
beam action and arch action. Beam action involves a more or
less constant internal lever arm with shear transmitted by
shear stresses. In arch action, discussed in section 2.2.4,
the shear is transmitted by the vertical component of the
compression thrust. Second, the beam properties,.such as f'c
and p which govern the shear strength are not properly
weighted. ﬁsing the technique of dimensional analysis, the
basic format of a cracking shear strength prediction
equaﬁion was obtained. After using regressﬁbn analysis and
existing beam data from shear failure tests of simply
supportéd reinforced prismatic concrete beams without web
reinforcement, it was decided that beams with x/d > 2.5
should be categorized under Seam action and beams with
" x/d £ 2.5 should be categorized'under arch action;“
Regression analysis was again used to evaluate thé empirical
constants of the cracking shear strength prediction

equation,

vecz 59 f'c.p (=——) (4.6)

where vcz = the cracking shear stress, in psi.
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Zsutty found that Eqn. 4.6 p}edicted accurately the
cracking shear of beams with x/d > 2.5. These beams showed
consistent and stable haviour. For beams with x/d < 2.5
loaded on the top face é d supporteéd on the bottom face, the
data were highly variable\ and Eqn. 4.6 represents only a
lower bound to the cracking shear stress. However, foﬁybgams
with x/d s 2.5 loaded indirectly through side flanges or |
brackets, the shear strength\was predicted well with

Egn. 4.6.

The cracking shear stress ‘computed using EQn. 4.6 are
shown in column 8 of Table 4.6 and the ratios of the actual
to the computed cracking shear stresses are shown.on column

9. Compared with the actual cracking ‘shear stress, the

14

A

as a lower bound to the actual cracking shear stresses.

N

computed values were'con§istently lower\\;fnfirming Egn. 4.6

4.7 Ultimate Shear Stress

Shear forceé, Vu, and shear stresses, vu, of the
}interior'span ;t failure or ultimate loads during the
original test and the retest are shown in Table 4.7. The
ultimate shear forces were extrapola£ed using values of Ax
taken from the last load step in Tables 4.1 to 4.4 and
Tables E.1 to E.4. In the extrapolation, the noFth jack load
was assumed equalled to the south jack load'and‘the north

end support reaction was assumed equalled to the south end -

reaction. The ultimate shear forces extrapolated from A
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were found to be very close to the ultimate\shear forces
extrapolated from plots of jack load versus gkear force.
Results from the original tests indicate B@at the
» \

. . . N
presence of horizontal web reinforcement did not: increase

N\
the ultimate sheAr capacity. In fact, the ultimate shear

capacity of the beam with only horizontal web*reimfb;cement
(Beam No. 3) was slightly lower than tﬁe'beam without web
reinféréement (Beam No. 1), The slight difference in the
ultimate shear capacity of the two beams was probably due to
the variation of concrete strength within the beams.

Beam No. 4 showed a much higher ultimate shear.stress
than Beam No. 1 in the original test. This indicates that
vertical web reinforcement was efficient i increasing 'the
ultimate shear capacity. Although Beam No. 4 aléo contained
horizdntal web reinforcement, it wasbshown that horizontal
web reinforcement héd no‘influence on the shear capacity.
Therefore, Beam No. 4 c&n be considered to ha?e just
vertﬁcal.web'reinforcehent. The results showed Beam No. 4
had an ultimate shear stress of over 50% higher‘than
Beaﬁ No. 1. Beam No; 2, withfbnly‘yerticél web |
reinforcement, also showed an ultimate shear capacity highér
thén Beam No. 1 in the original test. The effect. of vertical
web reinforcement on sbear strength cannot be singled out in
this case since Beam No. 2 had avmuch'lower concrete |
s@rength much lower than Beam No. 1. |
| Concrete strenéth appeared to influence the ultimafe

i

shear capacity. A decrease in concrete strength resulted in
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a decrease in ultimate shear capacity. The vertical web
reinforcement in Beam No. 2 should have increased its
ultimate shear stress to the order of that in Beam No? 4 but
the low concrete strength resulted in a lower ultimate shear
stress éhan Beam No. 4.

Results from the retest showed that the ultimate shear
stresses in the retest were always higher than the stresses
from the original test. This is expecfed since the weaker of
the twoyinterior spans should faif;fikst. Except for
Beam No. 1, the ultimate shear sttesses of Beams No. 2, 3
and 4 in the retest were only slightly higher than thoSe in
the original testi The increases in ultimate shear stresses
in the latter three beams were very close and averaged
'approxiﬁately 14% higher of the ultimate shear stresses in
the o;iginal test. Beam No. 1 had an ultimate'shéar;stress
in the retes% of 55% higher than the ultimate shear stress
in @#he original test. These increases in the retest values
over the.driginal,test values give an indication of }ow
variable the strehgth component resulting from concrete
strength was. )

- From section 4.4.2, it was shown that Qhén extrapolated
to failu%e loads, the strains in the vertical stirrups that
crosged a critical inclined crack were very close to if not
beyond the yield point strain. Therefore, it can be
generalized that all the vertical Stérrups developed full

yield stress. A Higher ultimate shea} stress can therefore

be expected for beams with vertical web reigforcement.
. / .



102

Additional loads are required to yield the stirrups after
the formation of inclined cracks.,

The increase in shear stress at ultimate from
Beam No. | to Beam No. 4 was 1,14 MPa. The shear
corresponding to yield of all the vertical stirrups crossing
the diagonal of the interior shear span was 1.50 MPa. This
suggests that although the vertical web reinforcement was
fully effective at failure, the shear carried by other
mechanisms was smaller than jn Beam No. 1. Thus, Vu was less
than Vc + Vs,

The strains in the horizontal stirrups that crossed a
.critical crack, when extrapolated to failure load, showed
that all these stirrups yielded (see section 4.4.3). This
resulted from the widening of the critical inclined crack.
HorizodtalAStirrups transmit shear through their
contribution to interface shear transfer. Shear stresses to
be transfered by interface&shear transfer would be reduced
by the widening of the cracks. The contribution of the shear
transferred by dowel actioh of the stirrups is believed to
be very small cbmpared to the total shear transferred.
Therefore, horizontal stirrups can be expected not to
increase the ultimate shear capacity in this case.

iﬁgpaééual ultimate shear stresses® from the original
tests, vu, are compared with the ultimate shear s;résses
 computed from several sources and are shown in Ta¥le 4 8
The first comparision was made with the ACI 318—77

(19779 .equations for the total shear capacity, Vn, given in
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2.5. Since Vc is not to be taken greater than 64/f'c.b.d;
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EQns. 2.8 and_2.9. The shear carried by the cdnc:éte, Ve,
given'in Eqn.12.8, contains the Vu.d/Mu‘ratiofwAS@ﬁég.been
pointed out, for the interior spans of a‘contindous beam
loaded with céncentrated,loads, for a critical section
chosen at 0.5x from the face of the support, Mu approéches
zero. Thexeforé, Vu.d/Mu is a very lérge‘value and Mu/(Vu.d)
is a very small value. As such, the first term in
parénthesis in‘Eqn. 2.8 will assume the limiting value of
the limiting value of 6 f'c.b.d applies. This resulted in

very unconservative values of Vc wHen compared with the

~actual case. These are listed in column 3 of Table 4.8 and

compared to the actual ultimate shears in column 4.
If the Vu.d/Mu :atio was substituted by an eduivalenﬁ'
d/x ratio as in Egn. 4.5, and the shear.force converted to
shéar stress, the modified equatioh for the shear stress
carried by the concrete, vc, can be shown as:
0.25Lc+0.5x+0.25Ls

ve = [3.5 - 2.5( )1[EQn. 4.5] (4.7)
a.

7

IN

64/F'cC

Similarly as in Egn. 4.5, (0.25Lc+0.5x+0.25Ls) should not be

taken more than (1.15/2)x. The total shear stress, vn, can

- now be computed by the addition of vc from Eqn. 4.7 and

vs = Vs/{(b.d) where Vs is the computed shear force carried

by the web reinforcement (Egn. .2.9). The results are shown
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in column 5 of Table 4.8. Ratios of the actual to the
computed ultimate shear stresses are shown in column 6.

Except for Beanm No.”3, very conservative results were

g
obtained. d

The shear stresses carried by thekborizontal,ané
vertical stirrups,\%s computed by Egn, 2.9, were 0.54 MPa
and 0,40 MPa respectively. The actuai results show that the
horizontal stirrups did not contribute to the ultimate- shear
stress. In this sense, the ACI equation for the shear
carried gy the horizontal‘stirrups is unconservative. Oh the
other hand, the shear stress contribution of the vertical
stirrups, assuming all the stirrups yielded, was 1.50 MPa
which suggests that the ACT equefion for the shear earfied
by the vertical stirrups is very conservative.
| on the whele, the total shear force, according to the
original ACI equations (Egns. 2.8 and 2.9), is very.
unconservative. If the Vu;d/Mu ratio waé substituted‘by an
equiValent d/x ratio, the resul%s are very conservative. The
shear carried by the horizontal web eeinforeement is
unconservative and the shear carried by the vertical web
reinforcement is very conservative. . |

Cdlumn 7 of Table 4.8 shows the total shear st;ess
computed_aEcording to e%e ACI-ASCE Committee 426 (1977). The
equations for the sheaf stress, developed by the ACI-ASCE
Committee 426; were presented and diseuseed in section
2.4.5.>Retios of the actual to the computed ultimate shear

stresses are shown in column 8., The results show that the
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computed shear Stresses are very low compared to the actual
- shear stresses.vThis is especially so in Beams No. 1 and 3.
The cohputed shear foFce‘carried by the horizontal stirrups,
Vh, was found to equal zero. This islcohsistenf with the
actual results. The cémputed shear force carr{ed by the
veftical\stirrups, Vy, was found to prodqée a shear stress’
of 1;16 MPa. This vSlué is lower than the actual shear
‘stress of‘1.50 MPa in the vertical stirrups, assuming all
the stirrdps yielded but is very close to the obéerved
increase iﬁﬂshear stréngth betweén Beams No. 1 and 4. The
‘qompﬁted shear stfésé carried by the concrete, vc, was
generally lower than.thé a;tual‘shear stteés carried by the
concrete after the full cohtribﬁtion of the web
}einforcement ha@ been subtracted. Thereéofe, the
conservatism of the ACI—ASCE Committee 426 method for
PrediCtiAg the ultimate shear stress in thié case lies in

i

the shear stresses carried by the concrete and the vertycal

o

reinfoycement. .

The equation deriyéd by Zsutty (1968(5971) to prédict
the cracking Shear stress, shown as EQn. 4.6, ‘can be !
modified to predict the ultimate‘sheér stress in deep beéms.
The modified equation is shown as Eqn. 4.8. "

2.5
vicz = (

) (Eqn. 4.6) (4.8)
x/d
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where v'cz =”the_ultimate shear stress carried by the
concrete for beams with x/d < 2.5 loaded -
on the top face and supported on the

o

bottom face.

The first term in}paranthesis in Egn. 4.8 represents an V\\
increase in strength of deep beams over siendet beaméi It
represents an arch action factor; the factor 2.5 is the
limiting value for slender beam action.

| For beams with vertical stirrups, the ultimate shear
stresé vuz, 1s based on the superp051t10n of the shear
stress carrled by the concrete and the shear stress carried
by ‘the fully yielded stirrups. Horizontal stirrups are not
mentioned by Zsutty. Compared &fth‘existing deep beam data,
reasonable agreement was obtained. The results were 10 to 15
percent lower for beams with concrete strength near 14 MPa
and were 10 to 15 percent higher for beams w1th concrete
strength above 40 MPa.

The results of Eqn.'4.8 are shown in column 9 of

Table 4.8, Ratios of the actuél to the computed ultimate
:shear stresses are sthn in column 10. For Beams No. 2 and
4, the full yield strength of 1.50 MPa of the vertical
stirrups were added to v'cz. High values were obtained. The
predicted shear stress carried by the concrete 6vérestimatéd

the actual shear stress in the concrete,
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Table 4.2 Jack Loads and Support Reactions of

LOAD
STEP

R1 R2 R3 Ax

(KN) (KN) (KN) (RN)

P1 P2
(KN)

"

0.0 0
31.8 30.
60.8 60.
90,9..'89.
116.7 115,

'156?6 149,
178.7 176.
208.5 203.
240.2 237

271.2 268
300.4 298
331.1 328.
Notes:

A% =

P1 and R1 =

P2 and R3 =

R2 =
VIN] =
visl] =

.0 0.0 0.0 0.0 -

5 17.3 28.3  16.7 0.45

0 29.5 62.4 29.1 0.52

7 .40.3 100.5 39.7 0.56
1 50.8 131.0 50.0 0.57
5 57.4 185.9 56.9 0.62
2 65.3 225.5 64.0 0.6%
B 74.0 266.8 71.6 0.65

.8 83.4 312.5 82.1 0.65
.4 93.8 353.4 92.3 0.65
.0 108.3 383.1 107.0 0.64

3 125.4 410.1 124.0 0.62

R2/(P1 + P2)
north load and reaction

south load and reaction

‘interior reaction

108

Beam No. 1

VIN]
(KN)

0.0
14.5
31.4
50.6
65.9

©93.2

113.4

134.5
156. 8
177.4
192.1
205.7

V(s]
(KN)

13.
31,
50.
65.
92.
2.
132,
155,
176.
191,

204.

shear in the north interior shear span

shear in the-south interior shear span '

L]
= O O N W N ‘;//o o ® o
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Table 4.3 Jack Loads and Support Reactions of Beam No. 2

LOAD
STEP

11
12

13

Py

(KN)

0.
33.
62.
91.

123.
152.
181,
209.
241,
269.
299,
325,
357.
389.

0
8

1

5
8
9
9
8

P2

(KN)

0.
35,
63.
90.

121

149,
179.3
206.
238.
266.
296.5

321

352.8

385.2

0

.

1

3

.0
9

3
0
6

.3

|

 R1
(KN)

0.0
15.7
25.6
35.8
27.3
58. 4
70.0

78.7

. 93.3

103.6
115.7
1'27.2
137.4

152.4

(See notes in Table

R2
(KN)

36.8

73.4
110.9
151.4
186.4
222.4
259.7

294.8

330.4

366.5
395.2
438.7

472.6

R3
(KN)

16.4
426.1
35.1
45,9
57.2
68.7
77.2
91.5

102.1

114,

124.

134,

150.

o o™ ® O

Ax

0.61
0.62
0.62
0.62

. 0.62
0.62

0.62
0.61
0.62

VI

(K

0

18.
37.
55.
75.
92.

129.
146.
164.
182.
196.
218.
235.

S]
N)

.0
.
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Table 4.4 Jack Loads and Support Reactions of Beam No. 3

LOAD

- STEP

10

11

P

(KN)

30.3

60.5
91.1
120.1
149.2

180.3

214.4

240.8
270.5

300.4

324.5,

(See notes

P2 L R1

(KN) (RN)
0.0 0.0
31.8 12.6

62.5 23.2-
89.8  33.6
118.4  42.7
146.1  52.4
177.8 62,0
211.4 73,3
237.4  84.2
266.7 996
297.1 107.5
320.8 117.1
in Table

R2
(KN)

114.3
154.0

192,11

235.6

280.6

340.1
384.2

412,89

33.

R3
(KN)

13.4
24.3
0
41.8
50.8
60.6
71.8
82.4
97.6
105.8

115.2

Ax

0.58

0.65
0.65

1 0.66

0.66
0.65
0.63

VIN]

(KN)

37.3
57.5
77.4
96.8

118.4

141.0

156.5
170.9
192.9

207.3

VI
(K

18.
38.
56.
76.

95.

139.
154.

169.
191.
205.

S]
N)



. Table 4.5 Jack Loads and Support Reactions of Beam No. 4

LOAD
STEP

11
12
13
14
15
16

17

P1
(KN)

1

29.0
58.9
87.3
120.2
147 .1
179.5
209.2
239.6

267 .7

297.0
322.3

346.8

370.7

398.0
421.3
2471
472.2

496.5

P2
(KN)

0.0
26.7

57.1

85.1

117.6
144.1

176.0

206.2 .

236.3
263.9
293.8
318.7

343.8

367.4

394.2
417.2-
443.6
467.4

491,3

R1
(KN)

0.0
12.9
'23.6
33.9
44.8
54 .4
64.6
75.6
'84.9
94.5
103.0

1126

121.8
130.5
144.3
153.9,
163.9
173.7

182.9

R2

(KN)

0.0

31.3
69.7

105.7

149.6
184.0"

228.3

- 265.8

307.8

344.7

386.5

£17.7

(See notes in Table 4.2)

AS

' R3
(KN)

0.0

11,7

22.7

32.7
43.4
52.9
62.7
74.0
83.2
92.5
101.3
110.7
120.2
128.7
142.3
151.7

162, 1

“171.2

180.2

Ax

.56

o O O

.61

0.64
0.64
0.65
0.65

0.65
0.65

0.64

0.63
0.63

0.63

.60

VIN]
(KN)

75.4

92.7

133.6

154,7

173.2
194.0
209.7

225.0

240.3
253.8
267.4
283.2
298.5
313.6

vIs]
(KN)

0.0
15.1
34.4
52.4
74.2
91.3

113.3
132.2
153. 1
171.4
192.5
208.0
223.6

238.7

'252.0
265.5

281.5
296.2

3111
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1000 | 1100_| 1100 | 1000
mm " mm [ mm | mm
155.7
\ 83.4 o 83.4 j’».‘!\
\\ e _ 82.1 “ ng_{
"\ 156.8.
SHEARING FORCE (KN) BENDING MOMENT (KN.m)

a) ACTUAL SHEARING FORCE AND BENDING MOMENT DIAGRAMS

157.7 _
81.3 81.3 81.3
éi////\\\\\\v’//f///\\\\\X
81.3 ; 92.3
157.7 ‘ _ .
SHEARING FORCE (KN) BENDING ' MOMENT (KN.m)

b) ELASTIC SHEARING FORCE AND BENDING MOMENT DIAGRAMS

a

Figure 4.8 Compérision‘of Actual and Elastic Shearing Force
and Bending Moment Diagrams of Beam No. 1 at First Inclined

Cracking (Load Step 8)
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P

110.6
70.0 ' 70.0 68.7

o e
v ; 68.7 53.0

11.8

SHEARING FORCE (KN) BENDING MOMENT (KN.m)

a) ACTUAL SHEARING FORCE AND BENDING MOMENT DIA‘GRAMS

" 119.2
119.2
SHEARING FORCE (KN) ' BENDING MOMENT (KN.m)

b) ELASTIC SHEARING FORCE AND BENDING MOMIINT DIAGRAMS

¢

Figure 4.9 Comparision of Actual and Elastic Shearing Force

and Bending Moment Diagrams of Beam No. 2 at First Inclined

Cracking (Load Step 6)

® '
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154.9
84.2

84.2 . 82.4

NS

82.4 8841

156.5
SHEARING FORCE (KN) BENDING MOMENT (KN.m)

a) ACTUAL SHEARING FORCE AND BENDING MOMENT DIAGRAMS.

157.8

81.3 , " 813 ;.3\
81.3 \g{
157.8 °
SHEARING FORCE (KN) BENDING MOMENT (KN.m)

b) ELASTIC SHEARING FORCE AND BENDING MOMENT DIAGRAMS

P

Figure 4.10 Comparision of Actual and Elastic Shearing Force
and Bending Moment Diagrams of Beam No. 3 at First Incllned

Cracking (Load Step 8)
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171.4
94.5 94.5 925
- r\\\‘://///\\\\\\//////A\\\\\
925 96.0
173.2
SHEARING FORCE (KN) . BENDING MOMENT (KN.m)

a) ACTUAL SHEARING FORCE AND BENDING MOMENT DIAGRAMS

175.4

90.4 . 90.4 90.4

904 1026

175.4
SHEARING FORCE (KN) BENDING MOMENT (KN.m)

b) ELASTIC SHEARING FORCE AND BENDING MOMENT DIAGRAMS

Figure 4.11 Comparision of Actual and Elastic Shearing Force
and Bending Moment Diagrams of Beam No. 4 at First Inclined

Cracking (Load Step 9)
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1000 | 1100 | 1100 | 1000
Tmm ] mm | mm | mm
204.4
125-4 . 125.4 . 12/4.0\
124.0 1009
2057 '
\ N P.}
el
SHEARING FORCE (KN) * BENDING MOMENT (KN.m)

FORCE AND ’BENDING MOMENT DIAGRAMS

»‘s
217.6
1121 ' 4 124 1121
11241 \ 127.3
2176
SHEARING FORECE (KN) BENDING -MOMENT (KN.m)

b) ELASTIC SHEARING FORCE AND BENDING MOMENT DIAGRAMS

Figure 4,16 Cdmparision of Actual and Elastic<Shearing Force
and Bending Moment Diagrams of Beam No. 1 at Last Load Step
Prior to Failure (Load Steﬁ 11)

'
/
I3
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0

235.2
152.4 ' 152.4 ~150.0
1087
150.0
237.4
SHEARING FORCE (KN)  BENDING MOMENT (KN.m)

a) ACTUAL SHEARING FORCE AND BENDING MOMENT DIAGRAMS

255.8
1318 _ 131.8 1318
.
/\ .
/s
/
. 1318 Va6
255.8
. 1 %
SHEARING FORCE (KN) BENDING MOMENTY. (KN.m)
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5.1

1)

2)

5. SUMMARY AND CONCLUSIONS

Behaviour

For the beams tested, the initiation -of an inclined
crack was not from the top or bottom face of thé beam
but from a region near the mid-depth. The first inclined
cracks formed were not fully developed inclined cracks.
The critical inclined cracks formed followed the thrust
line joiniﬂé-tﬁe load point to the support.

Strains in the flexural reinforcement before first

" inclined cracking were consistent with the elastic

bending moment. After inclined cracking, the point of
zero strain in the negative moment flexural
reinforcement iﬁ tﬁe iﬁterior shear spans moved towards
the loadiﬁg columns and the point of zero strain in the
bositive moment flexural reinfércement moved towards
the interior supporting column. At the failure loéd,
the entire length of the positive moment reinforcement
is expected to be in tension. Strains in the positive
moment reinforcement near the end supports increased
mﬁch higher than zero, approaching the magnitude of
the strain at the midspan. This result indicated that a
high amount of arch action had occurred. When
éxtrapolated to tﬁe failure load, the strains in the

fléxural reinforcement were generally below the yield

139
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4)

5)

6)
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point strain.

Before inclined cracking, the vertical web reinforcement
experienced very little or no deformation. Large
deformation occurred immediately after inclined
cracking. Strains in the vertical web reinforcement that
crossed a critical inclined craék, when;extrapolated to
féilure load, were genergllngreater thanlthe yield
point 'strain. The vertical web reinforcement can be
considered to have reached its full yield strength.
Strains in the horizontal web reinforcement that crossed
a critical inclined crack, when extrapolated to failure
load, were beyond’the yield point strain. Full yield
strength was realized by the horiéontal web
reinforcement.

Strains in the concrete indicated a compression strut
existed between.the loading and supporting columns with
very high compressive strains at the regions near the
faces of the loading and supporting columns. The
magnitude of the strain was sufficient to cause crushing
of the concrete. In the middle of ‘the shear span,‘at
mid-depth, compressive strains were in both principal
directions. No tensile strain existed at that region,
The direction'qf the principal compressive strain
indicated a.widening of the compressive strut at the
middle of the shear span.

All‘the beams were able to sustain higher loads than

the first inclined cracking load before final failure.



7)
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Sliding along the inclined crack was the majorvcause of
failure of the beams.
The shearing force and bending moment diagrams of the

beams at first inclined cracking load were predicted

' accurately using the elastic beam theory provided that

8)

9)

1)

the differential settlement of the interior support

with respect to the end supports was not excessive.

At loads near the failure load, the interior support

reaction was less than anticipated from elastic theory

and the elastic beam theory could not be used to compute
moments and shears. The behaviour of the beams was
inelastic at loads near the failure load.

The presence of web reinforcement had the effect of
reducing the midspan deflection. Orthogonal web
reinforcement appeared to be more effective than
horizontal web reinforéement aléne in deflection
control. Low concrete strehgth resulted in high midspan
deflection.

The anchorage and bearing details of the beams proved

to be adequate dﬁring the test.

Strength

Horizontal web reinforcement had no apparent influence

lon the first inclined cracking and ultimate shear

capacities of deep beams with an x/d ratio of 1.43.
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3)
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Vertical web reimforcement was effective in

increasing the first inclined cracking and ultimate
shear capacities of deep beams with an x/d ratio of
1.43.

A reduction in concrete strength resulted in the
reduction of the first inclined cracking and ultimate
shear capacities.

The first inclined cracking shear capacity of the
interior shear spans was predicted fairly accurately by
the de Cossio and Siess formula provided that the V.d/M
ratio was replaced by an equivalent d/a ratio for

the span and the constant 4600 replaced by 11500.

The deep beam provisions of the A 3-77 for the
ultimate shear capacity were very unconservative w1th ..
respect to the actual ultimate shear capacity of theﬁg
interior shear span. After the Vu.d/Mu ratio was o
replaced by an equivalent d/x ratio for the span,
veryvconserQative results were obtained. The shear
carried by the horizontal and vertical web

reinforcements according»to*the ACI Code was

unconservative and very conservative, respectively.-. .



BIBLIOGRAPHY

ACI-ASCE Committee 326, "Shear and Diagondi Tension,"
American Concrete Institute Journal, Proceedings,

Vol. 59, Feb., 1962, pp. 277 - 334.

«“
I

ACI-ASCE Committee 426, "The Strength of Reinforced Concrete
Members, " Journal of the Structural Division, ASCE,

Vol. 99, No. ST6, June, 1973, pp. 1091 - 1187,

ACI Committee 318, "Building Code Réquirements for
Reinforced Concrete (ACI 318-77)," American Concrete

Institute, Detriot, Mich., 1977,

ACI Committee 318, "Commentary on Bulldlng Code Requ1rements

for Relnforced Concrete (ACI 318- 77) " Amerlcan Conb:ete F

Institute, Detroit, Mich., 1977,
. { g
ACI—ASCE'Cbmmi;tee‘426[ "Suggested Reviéi?ns to~§§g£§;
Provisions for Building Code," Amerf&%p Coﬁgrézé’
Institute Journal, Proceedings, Vol. ) o.

Sept., 1977, pp. 458 - 468.

143




144

Bresler, B., and MacGregor, J.G., "Review of Concrete %Pams
Failing in Shear," Journal of the Structural Division,
ASCE, Vol. 93, No. ST1, Proc. Paper 5106, Feb., 1967,
pPp. 343 - 372.

Baumann, T., "Experiments to Study the Dowelling Action of
Flexural Tensile Reinforcemenﬁ in a Reinforced Concrete
Beam," Bericht Nr. 77, Munich Technischén Hochschule,
1968 (English‘Translation‘by Portland Cement

Association).

Comité Europeén du Béton, "International Recommendations for
the Desigh and Construction of Deep Beams," Information i
Bulletin No. 73, Paris, France, June, 1970, pp. 19 -'24; L=

v R

Crist, R.A., "Sfaticvanquégamic Shear Behaviour of
Uniforml§ Loaded Reinforcgd Concrete Beams,“\thesis
presented to The Universfty of New Mexico at -~
Albuquerque, New Meiico, in partial fulfilment of the
requirements for the‘aggree of Doctor of Philosophy,

May, 1971.



145

CSA- Standard CAN3-A23.3-M77, "Code for the Deéigﬁ of .
Concrete Structures for Buildings," Canadian Standards

“ Association, Rexdale, Ontario, 1977.

de Paiva, H.A.R., and Siess, C.P., "Strength and Behaviour®
‘of Deep Beams in Shear," Journal of the Structural
Division, ASCE, Vol. 91, No. ST5, Proc. .Paper 4496,

Oct., 1965, pp. 19 - 41.

Diaz de Cossio, R., and Siess, C. P., "Behaviour and
Strength in Shear of Beams and Frames Without Web
Reinforcement," American Concrete Institute Journal,

Proceed ings, Vol. 56, No. 2, Feb., 1960, pp. 695 - 735..

Dulacska, H;, "Dowel Action of Reinforcement Crossing Cracks
in Concrete," American Concrete Institute Journal,

Proceed ings, Vol. 69, No. 12, Dec., 1972, pp. 754 - 757.

Fenwick, R.C., and Paulay, T., "Mechanisms of Shear
Resistance of Concrete Beams, " Journal of the Structural
Divisjon, ASCE, vol. 94, No. ST10, Proc. Paper 6167,

Oct., 1968, pp. 2325 - 2350.



146

¢

Hbfbeck, J.A., Ibrahim, I.0O

A &

)

i Mattock, A.H., "She&r

" Transfer in Reinforced ¢ jg¥te, " American Concrete

Institute Journél, Proceedings, Vol. 66, No. 2,

Feb., 1969, pp. 119 - 128.

‘ Kong,’F.K., Robins, P.J., and Cole, D.F., "Web Reinforcement
Effects on Deep Beams, " American Concrete Institute
Journal, Proceedings, Vol. 67, No. 12, Dec., 1970,

pp. 1010 - 1017.

o

Rong, F.K., and Robins, P.J., "Web Reinforcement Effects on
Lightweight Coﬁcrete Deep Beams, " American Conérete

Institute Jourhal, Proceedings, Vol. 68, No. 7 o

o

July, 1971, pp. 514 - 520,

N

Kong, F.K., Robins, P.J., Kirby, D.P., and Short, D.R.,
"Deep Beams With Inclihéd Web Reinforcement," ‘American

Concfete In%titute Journal, Proceedings, vVol. 69, No. 3,

March, 1972; PpP. 172 - 176..
Kbqg, F.K., and Singh; A., "Diagonal Cracking and Ultiﬁaté

Loads ofiLightweight Deep Beams," Amer.ican Conérete

;nstitute Journal, PPoceedjngé, Vol. 69, No. 8,
Aug., 19}2, pp. 512 ‘452{.;,

£
)
. PR



147

e

by
S
,

Kong, F.K., Robins, P.J., Singh, A., and Sharp, G.R., "Shear

t

Analeis and Design of Reinforced Concrete Deep Beams,"

pes

The Structural Engineer, Vol. 50, No. 10, Oct., 1972

pp. 405 - 409.
Kong, F.K., Robins, P.J., and Sharp, G.R., "The Design of

Reinforced Concrete Deep Beams in Current Practice," The

Structural Engineer, Vol. 53, No. 4, April, 1975,

pp. 173 - 180.
Krefeld, W.J., and Thurston, C.W., "Contribution of

Longitudinal Steel to Shear Resistance of Reinforced

i

Concrete Beams," American Concrete Institute Journal,

Proceedings, Vol. 63, No. 3, March, 1966, pp. 325 - 344.
Leonhardt, F., Discussion ofwéﬁtrength and Behaviour of Deep
o . rgg,,' 2

Beams in Shear" by de Paiva, H.A.R. and Siess, C.P.,
Journal of the Structural Division, ASCE, Vol. 92,
No. ST2, April, 1966, pp. 427 - 432."

N
Luapa,lh., Siess, C.P., and Newmark, N.,M,, "Strength in

/
/

/

/
Shéar of Reinforced Concrete Beams," Bulletin No. 428,

'Enéineering Experiment Station, University of Illinoié,
J . N .

}
UrPana, I11., March, 1959.

/

/



148

MacGregof, J.G., "The Design of Reinforced Concrete Beams
for Shear," Shear in Reinforced Concrete, SP-42,
American Concfete Institute, Vol. 2,.Detro§;,,Mich.,

1974, pp. 503 - 537,

MécGregor, J.G., and Gergely, P., "Suggested Revisions to
ACI Building Code Clauses Dealing'With Shear in Beams,"
. J N
American Concrete Institute Journal, Proceedings,

vol. 74, No. 10, Oct., 1977, pp. 493 - 500.

MacGregor, J.G., and Hawkins} N.M., "Suggested Revisions to
ACI Building Code Clauses Dealing With Shear Friction
and Shear in.Deep Beams and Corbels," American Concrete
Institute Journal, Proceedings, Vol. 74, No. 11,

Nov., 1977, pp. 537 - 545,

Manuel, R.F., Slight, B.W., and Suter, G.T., "Deep Beam
Behaviour Affected by Length and Shear SpanjVa;iations,"
~ American Concrete Institute Journal, Pnoceedings;
Vol. 68, No. 12,-Dec.,*1971, pp. 954 - 958.
‘ I
Manuel, R.F., "Failurqé%f-neep Beams," Shear in Reinforced
ConCPete, SP-42, American Concrete Institute, Vol. 2,

Detroit, Mich., 1974, pp. 425 - 440.



| ’ L N 149

Mattock, A.H., and Hawk1ns, N.M., "Shear Transfer in-
Reinforced Concrete - Recent Research," Prestnessed
Concrete Institute Journal, Vol. 17, No. 2,

~March-April, 1972, pp. 55 - 75.

Mattock, A.H., "Shear Transfer in Concrete Having
Reinforcement at an Angle to the Shear Plane," Shear in
Reinforced Concrete, SP-42, American Concrete Institute,

. Vel. 1, Detroit, Mich., 1974, pp. 17 - 42.

Park, R. and Paulay, T., "Reinforced Concrete Structures,"
John Wiley and Sons, New York, 1975, pp. 637 - 662 and

700 - 716.

Paulay, T., "Coupling Beams of Relnfonged Concrete Shear
Walls," dJournal of the Structural D v:s:on ASCE
Vol. 87, No. ST3, Proc. Paper 7984, March, 197t,

pp. 843 - B862.

Paulay, T., "Simulated Seismic Loading of Spahdrel‘Beaﬁs,"
Journal of the Structural Division, ASCE, Vol. 97,

" No. ST9, Proc. Paper 8365, Sept., 1971, pp. 2407 - 2419.



150

Paulay, T., and Binney, J.R., "Diagonally Reinforced
Coupling Beams of Shear Walls," Shear in Reinforced
Concrete, SP-42, American Concreté Institute, Vol. 2,

Detroit, Mich., 1974, pp. 579 - 598.

Ramakrisnan, V., and Ananthanarayana, Y., "Ultimate Strength
of Deep Beams in Shear," American Concreﬁé Institute
' Jourhal, Proceedings, Vol. 65, No. é, Feb., 1968,
pp. 87 - 98. |

Smith, K.N., and Ferigh, S.M., "Effect of Loading and
Supporting Conditions on thé'Shear Sﬁrength of Deep |
‘Beéms," Shear in Reinforced Concrete, SP-42, American
Concrete Institute, Vol.42,>Detroit, Mich., 1974,
pp. 441 - 460;

Suarez, J.J., and Nilson, A.H., "Deep Reinforced Concrete
Members: éfate of the Art," Report of the Department of

Structural Engineering, Cornell University, Ithaca,

N.Y., Aug., 1974,



151

Suarez, J.J., "Unified Shear Design Theory for Reinforced
ggﬁncrete Deep Members," thesis presented to Cornell
University at Ithaca, N.Y., in partial fulfilment of the
requirementé for the degree of Doctor of Philosophy,

Aug., 1977.

Swamy, R.N., and Andripoulos, A.D., "Contribution of
Aggregéte Interlock and Dowel Forces to the Shear
Resistance of Reinforced Beams With Web Reinforcement,"”
Shear in Reinforced Concrete, SP-42, American Concrete
Institute, Vol. 1, Detrojit, Mich., 197;, pp. 12§‘— 166.

Taylor,bH.P.J., "Shear Stress in Reinforced Concrete Beams
Without Web Reinforcement,“‘Technical Report TRA 407,‘

Cement and Concrete Association, London, England,

Feb., 1968, 23 pp. )

. . . ,

Taylor, H.P.J., "Investigation of the Dowel Shear Forces
Carried by the Tensile Steel in Reinforced Concrete

Beams," Technical Report TRA 431, Cement and Concrete

Association, London, England, Nov., 19639, 24 pp. \



152

Taylor, H.P.J., "Investigation of the Forces Carried Across
Cracks in Reinforced Concrete Beams in Shear by
Ihterlock of Aggregates," Technical Report ﬂ21477,
Cement and.Concrete Association, London, Ehgiand,
Nov.;'197o, 22 pp.

Taylor, H.P.J., "The Fundamental Behaviour of Reinforced
'Concretg Beams in Bending and Shear," Shear in
Reinfbnced Concrete, SP-42, American Concrete Institute,

Vol. 1,8 %troit, Mich., 1974, pp. 43 - 77.

Taylor, H.P.J., "Web Crushing - A Review of Research,"
Technical Report 42.509, Cement and Concrete

Association, Londonf England, Aug., 1975, 16 pp.

Zsutty, T., "Beam Shear Strength Prediction by Analysis of
Existing Data," American Concrete Institute Journal,

Proceedings, Vol. 65, No. 11, Nov., 1968, pp. 943 - 951.

Zsutty, T., "Shear Strength Prediction for Separate
Catego:ies of Simple Beam Tests," American Concrete
Institute Journal, Proceedings, Vol. 68, No. 2,

Feb., 1971, pp. 138 - 143.



APPENDIX A
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~ APPENDIX D

- ~Plots of Jack Load versus Support Settlement-

w ‘ - .
of Beams No. 1, 2, 3 and 4 from the Retest

gy
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" APPENDIX E
Jack Loads and Support Reactions

of Beams No. 1, 2, 3 and ¢ ffom the Rétestv
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Table E.1 Jack Loads and Support Reactidns from thé Retest

of Beam No.

LOAD
STEP

11
12

13

15

16

P1
(KN) -

30.
61.
87.
120,
146,
177.
207,
237.
266.
297.
.326.
355,
384.
413,
447,
475,

506.

‘

.
o ® ® o o

1

P2
(KN) -

0.

31
61

.87,
119.
145,
176.
206.
235,

265,
297.
323,
353.
383.
411,
445,
474,

503.

“(See notes

0

4
.8

5

in Table 4.2)

»

Y

R1 RZ'
(KN)“» (K
P et
£y »°
16.
27.
37.
49.7 - 140.
59. 173.
70.8 212,
81.6 251.
91.7. 290.
101.6 328.
112.5 369.

123.0. 405.
/.

1133.2 443,
143.4 aB1.
153.6 - 518.
172.3 548,
183.9 ' 582.
196.1 618.

101.

112,
121,

_132.
142,
152,
171,
183.

194,

o o o o o o o o o o o

o O o

.46

.55
.57
.59
.59
.60
.61
.61
.62
.62
.62
.63
.63
.63
.61
.61
.61

VIN]

(KN) -

106.
125,
145,
164.
184.
203,
222,
241,
259.
274,
291.
309,

. . . .
[o¢] o e o

L]
((s] o O .

w

O & OV O

VIs]
(KN) »

0.0
4.5
34.0
49.7
69.9
86. 4
106.1

125.4 .

144.7

164.0

-184.8

202.2-
221.3
240.5
258.6
274, 1
291.0
308.7



L)

Table E.2 Jack'Loads

-

~

of Beam No. 2

LOAD
STEP

10
11

12

13

14

Pl P2

(KN) * (KN)
9.0 0.0
30.2  31.5
61.9  62.9
90.9  91.6

v

R1

L]

(RN)

12.0

24. 1

35,4

47.2
57.3
69.1
80.4
90.6
103.5
112. 1

123.1

134. 1"

147.2

158.7

173.6

R2

(RN) .

37.0

76 1

148.3

186.3

220.8

261.3
2565
335.1
373.8

414.5

449, 1

484.7
519.0
550. 4

(See notes in Table 4.2)

v

R3

(KN)

0]

12,
24,
35.

47.7
56.

68

79.

89.
101,
110,
121,
131,
145,
156.6

17,

.0

7
6
8

9

.3

8
3

4

7

2

.,
A

A*’

0,62

.0.62

0.61

131,
150.
168.
187.
207.
225.
243.
260.

276.

180

 and Support Reactions from the Retest

110.0
130.3
148.8
166.8

186.1

206.6

223.6

241.5

258.5 "

274 .1

- Y



- Table E.3 Jack Loads

\]

of Beam Nq. 3

LOAD
STEP

10
11
12

13

P1
(KN)

-

29.6

59.4

90.9

120.8

149.3

179.0

209.3

237.9
Jes.s.

299.0

322.9

346.1

373.2

P2

(KN)

.
28.
57.
89.
126.
147,
177.
207.
235.
265.
295,
319.
342.

367,

(See notes

0

and Support Reactions from ﬂze‘Retest

R1
(KN)

22.4 .
33.3

43.5
53.0
63.4
74.7
85.3
96.4

107,

124.1
138, 1

2
115.9

R2
(KN)

33.0

73.0
114.6
154.3
191.8
230.5
268.3
304.2
342.9

3821

412.3
442.2
467.8

in Table 4.2)

R3
(KN)

12.0
21.5
32.6
43,1
51.
62.
73.
84.
94.
105,

114,

O O & w O o

122.
135.3

(01 Vo]

AP

.57
.62
.63
.64
.65
.65
.64
.64
.64
.64

.64

.64
.63

VIN]
(KN)

¢ 0
16.9
36.9
57.6
77.3
96. 4

115.6
134.6
152.7
172.1
191.8
207.0
222.0

235.1

181

36.
57.
77,
95.
114.
133,
151,
170.
190,
205,
220,

232,



¥

[}
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Table E.4 Jack Loads and Support Reactions from the Retest

of Beam No.

LOAD
STEP

10
1
12
13
14
15
16
17
18
19

Pl

(KN)

28.5
59.2
83.6

118.4

148.5

177 .1

208.4

237 .1

©267.3

296.1
321.4
347.0
371.0
394 .4

422 .1

444 .6

470.0
496 .0
520.1

(See

4

P2

(KN) -

0.
28.
56.
85.

113.
143.
171.
203,
232.
262.
?92.
316.
342.
366.
.389.
416.
439,
465.
490.

514.

w . o O o

R1
(KN)

21.3
31.0
41.3
52.3
62.

83.4
93.8

104.9

114.4

i23.9
132.3

. 140.8
$54.0

164.1

"168.6

178.7

187.7

0
73.0

R2
(KN)

36.2
74.7
113.7
152.2
190.2
227.7
268.3
305.5
344.9
380.5
411.7
443.9
475.4
505. 1
533.3
558.4
600.7

632.2

662.2

notes in Table 4.2)

v

£

R3
(KN)

0.0
10.0
19.8
29.
38.
49.7
59.2
70.5

81.1

91.3
102.8
112.0
121.3
130.1
138.4
150.9
161.3

166. 1

175.9

184.9

(Vo

.64
.64
.65
.65
.65
.65
.65
.65
.65
.65
.65
.64
.64
.64
.64
.63
.64
.64

.64

VIN]
(KN)

0.0
18.2
38.0
57.6
77.1
96.3
115.1
135.3
153.8
173.6
191.2
206.9
223.1
238.7
253.6
268.0
280.5
301.5
{17.3

332.4

I3

v(is)
(KN)

0.0
18.0
36.7
56. 1
75.0
94.0

112.6
133.0
151.7

171.3

189.3

204.8
220.8
236.7
251.4
265.2
277.9
299.2
314.9
329.8



