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area of reinforcement; " tension and shear,
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shear span (measured from centre of sﬁpport
to centre of load).

A

width of beam or panel

[3 \

width of web” . , E

‘longitudinal force;  compressivé and tensile,

respectively ,

(
stress-strain matrix in general and local.
coordinates, respéctively" . .

éffective depth of beam or panel .

Young's modulus of elasticity; concrete and
steel, respectlvely '
/

compressive strength of concrete '

<

compres51ve sitress in concrete subject to

- biaxial tensidbn-compression .

tensile strength of concrete .

splitting strength of concrete
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sheay modulus ?TTgvT '

overall depth of panel

structure stiffness matrix (
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point load on panel
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spacing. of web reinforcement 1

spacing of vertical web reinforcement 5
spacing of horizongel web reinforcement.

. ‘
~ ¢

transformation matrix
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. v

shear force . /

shear force carried by aggregate interlock

shear force carried by~ coricxrete

shear force carried by dowel action .

shear force transferred by horizontal shear
reinforcement

shear force transferred by vertical or in-
clined shear relnforcement

ultimate shear ‘
shear cracking resistance - .

basis shear stress

o

Q

angle of inclination of bent up reinforqement~
to the axis of a beam

<

shear retention factor . \

*®

shearing strain -in general codrdinates -

vector of nodal displacement

strains in general coordinates g

strain vector in general and local coordlnates
respectlvely R

angle between x-axis and the crack direction
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A

-

the actpal structural systems.

CHAPTER 1.

INTRODUCTION'

1.1 GEN}g:izAL '
! 2
FSF the firs; time, the 1971 ACI Building Code (2)
and ,CSA Standatd A23.3 - 1973 (8), éanédian.equiva}ent, ré-
COgnizes.tﬁe need ta\sésess the shear strength of deep beamns.
The present recommendations, in both the Codes, are still

N

restricted to members if they are loaded on the top and

Vsupported on the bottom face..

v

A beam is classified as deep beam when its clear span
. " {
L, to effective depth, d ratio is less than 5. CEB (7)
defines deep beams as members with, span-to-depth ratios of

2 or 2.% for-simple and continuous beams.

Concentrated loads or reactions may besapplied to
. o ’ / ‘
beams on the extre.m;@mpression or tension faces or through
er

other structural me s framing into the sides of the beam.

»

_ While the former is the case most frequently simulated in

the laboz!Eo;y and has been'the subject of numercus research

papers, latter case is most generally representative of

aq
S , N

7 Examples of the top' loaded deep members would be pile

caﬁs and transfergirégrswhile'bins and silo walls, where

a

the load of contents is transferred at the bottom or at the

“

intermediaté lev?ls, would be representative of the other

E
0}

v‘:-n-} e ot s SRRt W T
-

SIS AR CE AR PE P S e 2

f

[RPPTES
.

s
-

e

SR et NI Sl R i 350" Boiate e 6 et “ehne =
y N
~
o e . e

i

-



"beams and

‘Guyon [13] investigated the stresses in the end block of

loading situations. Fig. 1.1 show three cases of loading. \ ;
- - ‘ .

The -members loaded on top ¢or compression face are
[}

generaliy referred to as "directly lcaded" and the prdVisions"
. R 3

of the ACI Building Code apply only to such loaded members.

When the load transfer from one member to\rhe other is by, |
~— ‘. "'

1

. ; . N ve 4 4
shear rather than bearing,. the members are considered to be

t
i
"lndlrectly loaded The ACI Building Code doeSJnot yét . é'
v ' N .
specify the analysis of shear for lndlrectly loaded members, cop
- =
therefore, the ordinary shear design methods proposed for

no?hal proportion beams, are assumed appllcﬁble.

v ,In deeﬁ beams the inclined cracks are much steeper

e D

A v

' /
compared to normal beams and this affects the fhear transfer

0
mechanism. Thé modes of.shear failures in deep beams, there-

fore, differ 9on51derab1y from thpse 1n normal beams.v

\ ) " ":1!

ConSLderable res%arch has been done in order to estab—

. -.eraa—eh...‘.-.: T

-

e
R e

~

' . O

lish the mtjor differences in behav1our between the deep

he normal proportional beams. ®

e . K \
1.2 PREVIOUS RESEARCH 0 B : -

N

'
B
t z
R
LRI Y ERERR T R TR e R .
N .
5 - - "

. , o
Since the introduction of the concept of elasticity

there have been many contributions in‘ solving such problems.
LY K s - o Q

3 Q o @

a prestressed concrete beam by means of'stress trajectories o

©

or isostatics.. Deep beams can be considered as analggous to

9]

a

bearing blocks at the end of prestressed concreée I-beams

5
E [ o 1

tutned on their sides. 1In 1932 Discﬂinger_[lO] u“_used trigono- -




K
“ ) ; -

" ,
.metric series to determine stresses in continuous deep girders.

PCA [31] presented solutions of Dischinger and included salu-

tions for simply-supported spans.

Chow, Conway and Winter [6] used- finite difference

equations to give solutions for single span deep beam problems.

4

N Cheng and Pei [5] contr%buted much to the theory of deeﬁ

_beams by solving the case in which no displacement at supports
x \

-

\ . is permitted.> . ‘ : : ‘ ’
A ;"‘)./ R "’—\4 - ©
, %Eimﬂ ' Leonhardt et .al ' [22,23,24] undertook extensive in-
L : '

vestigation of deep beams under all loading and support con-

. AN

. ditions and presented comprehensive findings for directly“énd N

'
o et BT bR o, AT o o AR S ST

“

: r
o indirectly loaded beams. . -

PRI

. o ,
. . Kaar [18] conducted éLsts on centrally loaded simply

. x‘a:, s N .
0 '

.supported deep‘beams;made"of aluminum and of steel in order to.

! 7 ' '

[P A

establish the non-linear stress stage thch departs from simple

. linear flexural relationshi? (Navier's hypothesisy). It was
ghown that stresses in deep members are highly non-linear ard if é
Co. !
. : gomputed by using ordinary flexufai fofmulas, (Euler-Bernoulli

Theory) it would give erroneous results.

™~

¢

Deép beams were mostly analysed by the ‘theory of verti- -

Ry rroel v et s g o

e

Y

o cal plates or by photoelasticity, with beams assumed to be

made of homogeneous‘matqmiﬁl.é,The members were simply designed °

ot i W

_ as beams in the'ﬁlane stress state with linear strain behaviour

‘and tensile reinforcing was added, in the régions, where

tensile stresses were above the estimated tensile strength of
! . .

\ concreéte,

0

E ¢ ‘
o
,

. .
.
. B
P L et T SN 3 e 2




-~

Leonhardt ajphd Walther (24) Eonsiég;édftwb states -

the uncracked and cracked. Their tests, showed that the theory'

N -

of vertical plates apply falrlv well' to relnforced concrete

!
deep beams as long as no cracks occur. After cracking, how-

éver, whlcp initiate 'in most deep beams béﬁore or at wgrkinﬁ

’ N ﬂ
load, the actual stresses deviate quite ®Wignificantly from

the theoretical one éalculated for the homogeneous material.

Due to the reduction \of the lever arm the tensile stresses in

“

the mairn reinforcementi tend to be less than the values given’

by the elastictheory t mid-span. The compressive stresses
‘ - Fox ;
at supports tend to bé'iore for deep beams and could be critical

fog thin, heavily loaded beams. -

’

Zielinski (42) considered four strength limit stages

of beams and derived simple formilas g1v1ng the u]tlmate

stxength in  deep thin wall  panels baSed on strength 11m1t stage‘
2 - when 45° 1ncllqed cracks appear due to pure shear aqtlon,
and strength limit stage.3 - at ultimate‘éiagonal sbiitting.

Tests (1,36) proved that begfis with well anchored tensile re-

inforcing continue working beyond strength limit st&ge 2 until

stage 3 ig reached.
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: ‘ CHAPTER II . . . . N

BEHAVIQUR,OF DEEP BEAMS

. -3 i
. - ) i
. : -~ . ;
» . =~ . 2.1 INTRODUCTION - ‘ - . '
. .3 . © . . T'In view of St. Venant'$ principle, with reference = . ce

\ to a beam in which no point is . more tHan the amount of the -

i \\'hqiqht of the beam from a concentrated force such as a load :

-

or read@ion, we should not attempt to appl& conventional

flexural theory or to think in terms of bending.moments.

In case of deep beams this criterion influences the behavibr

~

of thé member..

.

h

: Mechanism.and complexities developed in reinforced !

°

R

\éopcrefe‘beams point out tha{ deep’beams display tied-arch ’ ,

\
action and cannot be explained in terms of Navier's assump-

N . N L) » * (3 [] 3 o |
. ) .tions. Actual distribution of strain would differ even \y///"\‘\xa\
L] .

more from that ‘assumed by Navier's if reinforcement is not

~

bpnded between supports. : - .

AP C I TETLAICTI NN ot gy .

. 2.2 MECHANISM OF SHEAR TRANSFER

I
In reinforced concrete members shear is transferred -

fipm one plane to another by various means such as' shear b

strength of uncracked concrete, shear ré{hforcement, interface _E
shear transfer and dowel action. In deep beaws, arch action
plays a\hignificant role in transferring load to supports.

Other means:of shear transfer are not that predominant as ?

~
»
~
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these would be in ordimary proportionesxbeams. Arch action

* _could develop immediately after the concrete cracks provided

- Ae'

: bl
the gain longitudinal tens}le reinforcing is well anchored.

o

Shear stresses and vertical normal étrifses may re-
quire more  attention than the flexural stresses in the design

N

of deep beamns. Bi-axial tension an§ compression stresses,
acting normal and paraliel respectively to the line joining
the load and the support, cause diagonal cracks to appear

immeédiately within the span inside the reaction plates. »

The forces in a reinforced concrete beam with a
diagonal ‘crack are shown in Fig. 2.1. The iongitudihal
féréés T and C, are related to the flexural\resistancé of
the member. The forces along the diagonal tension crack,
'Vax and Vay are due to the interface shear ‘transfer or'aggre—
gate interlock. The Vs and Vd‘forces are web reinforcement

- .
and the "dowel shear" forces respectively and V., represents

-

the shear carried by compression zone. Total shear capacity .

v, of the member, therefore, is: €. ‘ ;'
P4 . : .

o

4

Vu = Vc + VS + Va + Vd : (2.1)

At elastic state,, before fléxural cracking, most of
shear is carried by uncracked concrete. Qetween§flexural

and inclined cracking the external shear is resisted by the

concrete V_; interface shear transfer, V_ ; and by‘dowel
. a -

‘acdtion, Vi- A portion of the shear is'carried by the web

PO U IR

Papae——y 2%




- age and beg;ing plates at load points and at supports, these %

)

reinforcement VS, which intersects the inclined cracks..' When .
S . R A

!

!

!

-

i

i

]
o . R
N 3
L]
3

v

web reinforcement can no longer ﬁarry additional shear due
to its yielding: any additional éhear must be carried by Vc

Vd énd Va . The interface shear transfer, Va , decreases i

°

I
as the cracks widen. This results in accelerated increase '

. ~ s

in Vd and V until elther splitting failure occurs or com-
pression’zone fa;les~due to combined shear and compression. - -
2.3 MODES OF FAILURE ~ -

n.

The usual modes of failure in deep beams generally

‘involve cracking and -crushing of concrete and yielding of

* » L] ¢
reinforcement under complex states of stress. Primarily,

there are two failure modes in deep beams, i.e., flexural

- failure and shear failure. 'Both the modes directly relate

" to failure of the tied arch.

B
1

A flexural failure, or a ductile failure, results

)

either from crushing gt the crown of the concrete rib of the

tied arch or by rupture of the longitudinal steel acting as a

.

tie at.the bottom. A shear failure, on the other hand occurs
when the inclined concrete étrut that forLs between the load

p01nt and the support is destroyed!r !

]

There are other secondary modes of,failure such as

anchorage failure and bearing failure. Although these are

~

also undesirable modes, but with carxeful detailing of anchor-

t
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_ two modes of failure can be'elimipated. Fig. 2.2 shows

failure modes in a deep.beam. ' v i /

_2.3.1 Flexural Failure =~ =~ L e

% DO PP

LR SRR )

|- L.
Zielinski [42], Kani [17] and others have pointed

out that for deep beams, the concrete ~in the vicinity of loads

©

e
is in biaxial compression and has greater strength. The load,

S,

if calculated by usual ultimate strerigth design,for,flgxure,

will be siénificantly undérestimated si “it %s based on

-~

LR o ]

yield stress of the reinforcement. In case. of flexural failj

ure, the tension steel may rupture. or usually be iﬁ'ﬁtrain-
) - . . v ’.‘/ ’ 5
mrdening regions before the concrete, crushes. de paiva and’

Siess [9] reported .that if the ultimate straiﬁ in/ the Ct .

&

concrete in compression is taken as 0.008 and the correspond--

ing steel stress is obtained from the steel éfresslst;ain . !

diagram, a good estimate of flexural capacity "cgn be obtained- .

o -« -
= S

Present flexural provisions of ACI Code for deep

beams are conservative and do not represen£ correctly the’
’ 5

I

flexural capacity of the deep bégms,’however, they do repre-

sent the lower limit ofuductile'behaviour”at_failure.

B ‘Qx' . ‘ ! §"~‘ . ° "v . ! \
2.3.2 Shear Failure b - . R
» ) ’ M /«/ ’ . . N . . .
, ) | :
* - The shear failure in concrete beams may be caused by I

-

destruction of one or a combination of various means by which

the shear is transferred across the section. Since the tied

N

arch mechanism is most predominant -in deep beams, the shear

‘ . .
’ ¢ L

”

)
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’ s : ) ’
! failures of deep beams generally related to the destruction

of diagonal strut. ' , .,
i
2.3.2.1 Fallure initiated by viel 1ng of web
i reinforcement °

4
i

l

F} 4

o

* ¢ 4 13 I .
The most common case of shear failure involves the

yielding of web reinforcement. Diagonal splitting is accompani-

ed by a sudden igcrease in steei stress since from the moment of
\ splitting, the total tension’must be carried by web reinforce-

ment: The beam would attain its limit strength:at this stage

if the web reinforcement was 1nsuff1c1ently prov1ded Other—

\’ wise, the beam will continue to work untll elther relnforce—

N
ment yields or concrete fails in compressidn. 1In deep beams

with %-ratio 0 to 1, horizontal web reinforcement becomes more

“-effective because of shear friction mechanism [15] and?de-

'\,

. , - . a . ., a .
» crease with an increase 1in 3 ratio until 3 ratio Qf 2.5, when

it disappears and vertical web reinforcement takes over. The
contribution of horizontal web rginforcement to the shear

i

S strength of a member, Vi due to' shear friction can be calcu-

lated from equation:
= o[ LT (1 - 2 (2.2) -

- This equation is similar to g&uatlon (2.4.3) proposed by the
V 4 - ’ ) 2

JointAQCI—KSCE Committej on shear [15].

. B :
1
»
. 5

4 P et




?
2¢3.2.2 Failure Initiated by Crushing of Arch Rib

d

The failure of a deep beam could take place from -

A ] s

cfushing of the arch rib which forms after the inclined
4

r«eracking. Shearing stresses particular?y, in narrow web

beams are much 1argé¥ compared .to normal beams. Crushing
of arch ribs, which form'between:the inclined cracks takes -
place under the action of diagonal compression forces [id].
To Qrevent such failures, the diagonal compréssion stresses,
thus the shearing stgesses, must be limited. CEB [7]

. reéomménds that these stresses must not exceed 0.2 fé\in

beams with vertical web reinforcement and 0.25 £, in heams

with 45° web reinforcement;

-

Manuel [ACI-SP42] developed a rational épproach
to predict the failure load based: on web crushing. Fig. 2.3

shows“the basis of his approach.

N

2.3.2.3 Failure Initiated by Anchorage Distress .

Due to the tied arch éction, after the inclined

cracks, the tensile force in longitudinal reinforcement is

[ b . .
vl

constagt from*éﬁpport to support and; therefore, it is
es;ential to anchor these bars to‘regfst the'tensilé force.
Anchorage must be designed to resist at least 80% of the
yield strength éf the bar.

’ lad \

-
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" 2.4 SHEAR STRENGTH OF DEEP BEAMS

12

-\ ) . ."

-

Conventionally, ACI Code [2] and CSA Standard [8]

assume that the wvalues of v, and V4 are small and hence ignore

them and express the shear -strength of beams 'in the form: . °
Fi .
: , o o
Vy S0V + v+ V) e

. \

she%r force carried by concrete, Vc' is given by

i}

A

! 0
_.4a
v, = (2Dvbd o (2.5)
but not less than vyb 4, where - . \
' »
ﬁ | : vy = (0.8 + 120pw)A/Fg , (2.6)

but not greater than 2.3A¢fé nor less than A/fz

» . —

Qw = PW

A
s
d

A = 1 for normal weight' concrete; 0.75 for 'light-

weight concrete

-

Shear force transferred S& vertical web reinforcement, Vs, is

given by: ' d )
v - Avfy(a - ‘-f) , ',
s s,

(2.7)

;LA E- . .
but not more than -%;;E .and not less than zero

) 4

——
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‘ S .
where = Av 2 50 bW s 1/fy
and

s1 < d/4 oxr 18 inches

]
-

Shear force \7;1 transferred by hprizo’rﬂ:al stirrups is given

by: —
: . T B, f (1.54 - a)
- //'” \Vh - a sz - . (2.8)
T N «
' A .fd ‘
but not more'é:han _V%.Z.X_

o , M

‘whére A ) A ‘
e ., Nh2 50 b sy/E
and . , ,
N s,'< d/3 or 18 inches - . %

B -
The contribution of web reinforcement in transferring shear

force V_ + ‘}h must not exceed 8bwd)l/f—(': , and maximum shear

- foree V, + V. + V

A number of commonly used methods are available for \()\'

.
*

predicting the shear strength of~reinfo§ced concrete deep

beams. Althéﬁgh most of the relationships are developed for °
"directly loaded" deep beams, these also can be applied to
"indirectly loaded " deep members provided properly designed
s'uspension or haziger reinforcements are provided (and well

N

anchored in the topv compression zone. LThe present study

showed that®indirectly loaded deep beams with hanger reinforce-

<

ment attained equivalent strength to those of directly loaded

™

beams.

.
s

' . .
not to exceed 0.2bwdfc nor 800 bwd. R

st S
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The most commonly used methods are outlined below: ]

. . \
Iy R - }
. ‘jf 2.4.1 de Paiva and Seiss [9] Method

This is a modification of the original equation and

applies to deep beams 0 < % < 1.0. ‘ L

- -0.62
o . _ vﬂ,-.[o 8bd (1 O.Gd)(200%0.188fé+21,3009t)] (2.9) ,
. ‘where '
P 7 —la [(A +A )(1-51na)]

4 N

-

.main longitudinal reinforcement area

=
m»

A, = total horizontal web reinforcement drea
. ¢ in shear span.
o =

angle of inclination of bent up relnforcement

to the axis of the beam.

2.4.2 Ramakrishnan and Ananthanarayana [32] Method i

~

f“ ‘ _ ’ . This approach to calculate the shear strength is based :

on the dlagonal spllttlng strength of concrete. Web reinforce-

ment does not contribute to strength in this formula:.

A : ‘ V, =oBKE bd . (2.10)

- ' : N
< .
B = 2 for symmetrical loading; two-point, single

where

“
- ' \ and uniform

ARG e AT S i
a Al
.

M o eamrtn vermie it s



‘% = 1.571 'for c;lindef split; test’ X

=
n

ﬂ 363 for d1agona1 ‘cube split test = A

N ’ spllttlng strength of 6in x 12 in cylxnder

Hh
n

2.4.3 KXong and Robins [18,19] Method e

1

This formula evolved from the Nottingham tests
4 ! .
' conducted on simple span deep beams with low % ratios and

]
- \\ith various web reinforcement conflguratlons. The formula

was revised when it was “revealed from further tests that *
concrete cylinder splitting tensile Strength rather than the

cube strength, as previously suggested was more related to

. the ultimate shear strength. ‘ : . : +

. ’ The ultimate shear strength of a deep beam, Vu' is

_'giveh by:

. | n ‘
’ v C1(1—0535—)}f bd)+ c, I f%’—— - sin?a - (2.11)

where
C = 1.4 for normal weight ‘concrete and
3 1.0 for light-weight concrete

C = 18,900 psi for plain bars and

43,500 psi for deformed bars

¥ ‘f = cylinder splitting tensile strengﬁh psi or

b

« 10% of cube strengtﬁ?

. . A = area of an individual web bar including main

tensile longitudinal reinforcement

yza-maWuwnchxa“..- c e e Rt




Y = depth of individual webobar,meaéured from | -
. »
a top of the beam, at which it intersects the

line joining the inside edge of the bearing - .

block at the support of the outside edge of

U Dt i et T

that at the loading point

»
A3 Feas

°

-

"n = total number of web bars

»~

~—

E-

<

a = anglerbetween web bar - and diagonal line as

RRCLT S S

described above in definition of Y.

~

E 2.4.4 ~ zielinski [42] Method ‘ :
. ) < .

¢
o ok bl

RN
.

This approach again is based on diagonal splitting

{ e strength of concrete. The presencké of web reinforcement

J e

slightly increases t% splitting force. Shear load can be

PO

-

expressed as: . , ‘
~ \ \

[y

T

. . v =f Ly n1a sing) c (2.12)
. . i \ u ct’ a S °

o

)

1.17f, = 0.117f' : - i
X t c

1 Y

<

Fh
u

. EAY '

E
P . . m = ratio of Modulus of steel 'yto concrete i:i ) .
™o C \

A_ = area of individual web bar i'r’mluding main
. : N ", temnsile ‘longitudinal steel along the g
'diagqnal ' . - i
- ‘ , 7 . . /

a = angle between. the web bar and‘principal

E

:

. . . E

N tension direction . %
. . L 3

1

ﬂ't\ . -~ " ,
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.~ 2.4.5 Manuel Method ( ACI ~ SP42 )

—~ .

)]
»

This method was advanced to include web crushing as

another mode of failur®.in deephbeaﬁs and is given as follows:

0.85¢' L b c
-V, = c = ¥ (2.13)
- a2 :
‘ 1+ @ (.
0 k]
where -
LA N P .
L, = support bearing plate length- S
bw = web thickness

s}

The béau%ng length on the web thickness can be

adjusted so that:

»

+

v, o.s‘sfé- ’
v : < . ' .
Ls Py — 1+ (2)2 ‘ .

\ . - S . , -

' This relationship is shown in Fig.2.3.

2.5 COMPARISON OF SHEAR STRENGTH METHODS. .

#
[y

« - %

a

. P ' ' o ]
Generally, the formulas based on cylinder spfitting

»

analogy under-estimated the ultimate capacity for over- ~

’reinforceq panels. Over-estimation for over-reinforced panels

_would result using Kong et al's formula. Zielinski's formula

. . : 4 ’
gave good results for under-reinforced panels but undegj

estimated ghe over-reinforced panels. .

~
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The finite element method which will be\pursuéd in

this study, pfoved {36,37] that ultimate loads observed ‘ex-

perimentélly and 6btaiﬁed'using finite element models were in

. good agreement. The results indicate that.the finite element
L L 4 -
analysis will be valuable to the design engineers, as it

‘> offers a complete picture of the' stress distribution,

_in concrete and in steel. B e
. : } . ’
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Typejof failure
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1.

Anchorage failure

' 2. Bearing failure
REACTTION * 3., Flexure failure
' . ) 455. Arch-rib failure
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‘FIG. 2. 2 MODES OF FAILURE OF DEEP BEAMS ! . +
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TEST PROGRAMME
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3.1 INTRODUCTION

[

CHRPTER I1II

TEST+PROGRAMME ,

The majoiity of research, to gain insight into the <

, behaviour of éeep beams, has been based on tests conducted

on beams with direét loads, applied on top face and supportéd
on the bottom face. Most'ffequently in practice, however,
loadsgog reactions are applied in%;rectly, as shear on the
sides of a-beam. These loads could'occur‘somewhere;between

the top and bottom‘fa?es of a beam. Effects of such loading-

on the behaviour of.caeam panels :'i.s the subject of thig study.

3.2 'A BRIEF REVIEW OF PREVIOUS
CONCORDIA TESTS

IS

»

Analytical studies and experimental research has-

been undertaken at Concordia University to study the behaviour

of reinforced concrete thin-wall ribbed panels and the

results [1436,37,41] reported. The tests [1,41] were

n N

conducted on fourteen full-size "UCOPAN" panels "directly"”

. [P
splitting stresses. . : \ 9

‘loaded with one concentrated load at mid-span o{\?ne -tirird
point loadlng. Thin webs (1;") of the panels gave an oppor-

o
tunity of studying the propagatlon of cracks and inclined

N
e

The results‘indicated that in all panels a tied arch -

action developed at around 45% to 50% of the ultimate load,"

and diagonal splitting cracks appeared at about 80% of the y

-

1
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L - ' ultimate load. Withgut the web reinforcement the panel would

have failed at this stage. According.to Zielinski [42] the

work of a flexural member does not terminate at the occurrence

»

of diagonal splitfing cracks, provided\sufficient web rein-

forcement is' present to take over the splitting fc_>rces.a

Taner [36} continued analytical and experimental re-
- -

search on full-size "directly loaded" modified "UCOPAN" thin-

b ) R ) . ' :

— ' wall ribbed panels, and developed a finite é!ément model to

predict ultimate shegr strength and behaviour of reinforced
' / ~ . : X

concrete members subject to monotonically ihcreasing, static
0

iﬂ:plane loading. ..

!

3.3 THE SCOPE OF THIS STUDY ' '

3.3.1 Objective

The main objective of this studyphas been to investi-
gate analytically the behaviour and strength variations in an
"indirectly loaded" modified "UCOPAN" thin-wall ribbed panel,'
and to compare the results with‘exiétipg aﬂalytical and ex~-
pefimental test data. Panels for this'study'were ideptical !
to test panels used by Tandr [36]. The effeﬁts of lbcation
of loading, the amount and details of web reinforcements . °

were studied.
0 A ‘
\

A finite element model, developed at Concordia Uni-

.o Vversity [36] , with sliéht modifications, was used to cbtain

-

the stress patterns and load-deflection characteristics in

the panels. A brief deécriptioh of the finite element model )

\

b 3
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I3

is given in Chapter Iv. ' ' K

R, . o ‘ v

3.3.2 D;scription of Test Panels ’

v

N L
. The panels were 44" x 89" with a perimeter rib 6"

A

-

thick and web wall thickness of 1.5". The ribp was provided

©

to accommodate the reinforcing bars .and to imp rt lateral
s . e
rigidity to the panel. The main longitudinal reinforcement in

;he bottom‘rib and web reinforcement varied in *the papel but
the reinforcement inithe vertical and top rib consisted of

2 #3 and was‘constant for all the panels. An additional
vertical reinfsrcement in the form'of a "suspender"” dr

hanger bar was also proyided for those panels where the load
was applied below the compression face. T&pical panel details
are shown in Fig. 3.1 and degﬁils of the panel«reiﬁforcing

are given in Table 3.1l. ~

~ All the panels were simply supported at their under-
side by means of 10" x 6" bearing blocks. 2 single concen-
trated load was appiiéd'eithe; at the %op face, mid-depth,
or at the bottom‘face of the panel. The ratio a/d was less

than 1. . : . ¢

The main variables were the amount of tensile flexur-

al steel and the web reinforcement. The notation "Panel ijk"

ised for the panels, identified these variables:




-~

\ . .

"i" denotes location of the load:

v

1l - load at compression face
2 st cony ™~
2 - load at mid~depth of panel

3 - load at tension face

. - v
N . -
"j* denotes the amount of flexural tensile

. [} Lo
t steel:

* 2
- . - 1~ 2 43 bars
¢ 2 - 2 #4 bars

-

3 -2 #10 bars

"k" denotes. type of web reinforcement: .

1 - welded Wwire ‘mesh 6 x 6/6-6
y 2 - welded wire mesh 6 x 6/4-4
Y 3 -~ welded wire mesh. 4 x 4/4-4

3a- as 3 ﬁlﬁs 4 #4 hanger bars

T

The tensile fiexq;al steel was assumed welded to steel

¢ v

angles at the ends assuring a full anchorage of main tensile

-

reinforcement.
- . |

. 4
3.3.3 Material Properties

o

3.3.3.1: Concrete

Normal weight,éogprete with 28 dﬁys compressive
- * Q R \ \
strength £! of 5,648 psi and tensile strength f, = 1'%8(fé)2/3

. .
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= 407 psi was adopted- for all/paneis. ‘These values are

.

identical to the ones used in'previous tests [36]. Modulus
of Elasticity for concrete - E, was determined at 4.5562 x 108
psi and Poisson's ratio was assumed at 0.17. /.
3.3.3.2 Reinforcing Steel -

~

> ' \
The fellowing values for yield strength fy was qséd
fo€l the model and were obtained from tensile tests conducted

at Qoncordia University. [36]

'\~“
N
8
Reinforcement Designation 'fy(psi)
Wire Gauge 6 and 4 78,506 5

#3 bar | 60,088
#4 bar * 57,500 ‘
#10 bar 50,000

o e v — en

[

At i B it o
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Panel | Longitudinal As web reinforcement ¢ suspension
L # main tensile sq.in| welded wire mesh reinforcement
' reinforcement horizontal | vertical
111*% | 23 0.22 6g @ 6" 6g @ §"
112* 243 : 0.22 Ag @ 6" |4g @ 6"
121* 244 0.4 6g @ 6" | 6g @ 6"
122* 244, 0.4 | '4g @ 6" 4g @ 6% ‘
w'131* 2#10 2.54 6g @ 6" 6g @ 6"
132* 2#10 2.54 | 4g @ 6" .| 4g @ 6"
211 243 0.22 6g @ 6" 6g @ 6".
212 243 0.22 | 4g @ 6" | 4g @ 6" \\‘
213 :2#3 0.22‘ 4g @ 4" 4g @ 4" 444 U-bars
221 244 0.4 | 6g @ 6" | 6g @ 6"
’ 222 244 0.4 4g @ 6" 4g @ 6"
223 - 244 0.4 4g @ 4" 4g @ 4™ 4#4 U-bars
231 2#10 2.54 6g @ 6" 6g @ 6"
232 2#10 2.54 | 4ga.6" |4g e 6" .
- 233 2#10 2.54 4g @ 4" 4g @ 4" 444 U-bars
§11 243 .22 | 6g @ 6" 6g @ 6"
312 2#3 0.22 | 4g e 6" |4g @ 6"
313 243 0.22 4g @ 4" 4g @ 4" 444 U-bars
'“ 321 244 0.4 6g @ 6" | 6g @ 6"
, )‘ 322 244 _ 0.4 45-@ 6" 4g @ 6"
’ 323. 244 0.4 4g @ 4" 4g @ 4" 444 U-bars.
331 2£10 2.54 6g @ 6" 6g @ 6" |
332 2410 2.54° | 4g @ 6" 4g @ 6" A
! . 333 2#10 2.54 4g @ 4" ) 4g @ 4" 4%#4 U-bars

P R

TABLE 3.1 REINFORCEMENT DETAILS

)

L4 -
*Panels experimentally tested previously at Concordia (36)

*
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CHAPTER I w »
e * FINITE ELEMENT MODEL oo
»

4.1 INTRODjCTION ' “ | ‘ ‘
p . It becomes quite a complicated problem to determine
i

displacements, deformatioﬂs,and internal st essés in a re-

4

= \ N
inforced concrete member. The complications arise because:

(a) a memﬁér is compbsed of two materials - concrete

¢
u

and steel; - L
\

(b) constant changes in topology of the mber due

to cracking under increasing” leads;

\

(c) non-linear stress-strain relationship of concrete and
‘difficulty in obtaining .constitutive rélatiohsﬁip

and failure criteria under cbmbined strésé state;

J \

(d@) difficulties in modelling bond between concrete ’

and steel, dowel action,~aggregate interlock and
. |
bond slip. ) \ v
. \ .
|

A \J
In fact, an analysis of a reinforced concrete member
becomes a non-linear, inelastic analysis of a.nonThomOgen—e

eous anisotropic body, makipg it almost impossibiq to ,

i

analyse principal stressés in concrete by means of continuum

.mechanics principles. ; ' N ?




S

The finite element method provides an appropriate
framework around which can be built the analytic capability

) ) of dealing with complexitieé.

o o, "

. . 4.2 HISTORICAL BACKGROUND
. . > | o
. In 1967, Ngo and Scordelis [28] pfesented the first

- .
analytical model most commonly used for analysis of reinforc-

o ed concrete beamg. Bond links to inteérconnect steel and
concrete were used. Nilson [29] extended this approach to

* include non-linear material properties and bond slip rela-
. . .

. T, tionship. Mufti et al [26,27] included effects of tensile

b
b
3
F
p
L]
2

cracking by & "variable stiffness" procedure.

. i
, Valliapan and Nath [39] investigated an alternative 1%
. . ‘approach to the effects of tepsile cracking using an "initial = | 1
. - ‘stress" proce&ure. Steel is represented as beam element” %
ﬂ | ;onnected to the nodes’bf’concrete finite elements and all boﬁd‘ i

slip is neglected. Va}liapan and Doolan [38] incorporated the
. 5 simple ;%%§to—blastic-behaviour of both tﬁ? concrete -and
- steel into the solution procedure. éerVenka [4] used a
constant strain fiﬁite element to analyze reinforced concrete

will panels subject to monotonically increasing and cyclic

NPT o = g . 1 -
R e wa AR i . PSR

loads with reinforcement in-two.orthogonal directions.
* . Yuzugullu and Schnobrich [40] used quadrilateral elements
. A . \

' composed of four constant strain triangles .to represent wall-

frame systems. A constant shear retention factor was intro- ‘4

"+ duced to simulate aggregate interlock and dowel actién.

. b

% .
& - ~




_h
i
&l
} 1

Franklin

(4

and redistribution of stresses into the system.

u

<&

> ing to failure.

4.3 CONCORDIA FI

[12]

* , N : ,
. accounted automatically for cracking .with ipnfinite elements

possible one continuous computer analysis in tracing the

-
[

PRESENT STUDY

NITE EREMENT MODEL AND .

4.3.1 General

v ' ] -

s \ )
. .

Description T .

a
e -

" " and does not hav the/shepe and loading limitations of the

-~
v
L
@
v
ot
+
]
'
1
’
.
-~
L1
3
;
4
Y
. ©
AN
-
.
o
'
B
-
+
i
i
oy ¢
.
»
¥ .
‘ ° *a
- .
N

. N

i\ quadratlc edge dlsplacement 1soparametr1c rectangle,

as shown in Fig.

This particular

linear edge dlﬁpiacement isoparametric rectangle with incom-

patible modes. T
and 4 mid-side ng
model—is resrrict
of creec,’shrinka
cluded. A detail

of materials and

&t -

7 -

4.1, is used ‘for the finite

(“'

This made

lement spudy .

developed a: non-linear analysis which

' N ' b M » - . . .
. response of two-dimensional systems from their initial load-

lement.produces exact results in flexure,

-

4,\
he element is curvilinear with: 4 corner
. ;,\l !

des.

ge of copcrete and bond slip are ncgﬁln—

ed description of ‘the model, idealization

formulation is given iﬂsreference [36].
.- L

®

N

L]

ing of the Test Panels-

4'.3.2" Modell

!
'

A medium £

rdeallzatlon of t e panel

elements 1ntercon ected at 96 nodes, as shown in Flg. 4.2,

frg

nite element mesh was selected for the

The panel was lelded into 25

The element is shown in Fig. 4.1. a. The

ed to short-term statlc ldadlng and effects

&

P

T B ot
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Since the panel and loadings wére symmetrical, only half égﬁnk\\\\
the panel was considered and .nodes on the centre-line of

the panel and nodes on the support block were respectively

restrained in a longitudinal and vertical‘directidn.

-

4.3.2.1 Allocation of Body Forces ' '

v W ) -

Physically; the result would be the same if body
force is equally divided to all nodes, but in a finite

element, the forces are not allocated to the nodes, accord-
N ™ ‘ .

ing to common seé%e. In a guadratic element, family,--the

equivalént nodal forces would not be equal, in fact, they
. »

&

would not all act in the same direction. Fig."-4.3 shows

the ‘llocation ‘of a body force to the nodes in an element.

8
.

i

4.3.2.2 Mddelling of Material Properties
. | 4

1
|
i~

4 . L
e Th§ concrete,in iﬁs'uncracked state, is aésumﬁg to
behave as a linear elasfic isotropic materxial. The ﬁﬁiaxial
stress-strain relationship for concrete is shown‘in Fig. 4.4.
The siressés are related to stgfins, achrding fo Hooke's

Law, as:

.

!
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| : {0} = [D])'{e}

When oné of the principal stresses exceeds the temsile
strength of coﬁg:eté, cracks will ogcur in a directioQ perpen-
dicular to that principal stress. Normal stress at ééhcks
drops to zero. Since cracked concrete is capable of trans-
ferri?g shear stress alo‘b thq\crack, as shown in Fig¢ﬁéw5,

the stress—strﬁin relation in cracked elastic concrete be-

.
T comes : i . .
» U'x Eﬂ 0 0 E'x (
o' Y = 0 0 0 e’ 4.2
| ¢ v (4.2)
- Fall Diniag
_J L} ]
| Txy ‘ | 0 0 BG_ ny

s or H \

{o'} = [D']{e'}

where
v . \
B = cracked concrete shear factor with upper
and lowef limits of 1 and 0, and *» ¢ v
AN
N . '
\ _ Ec \
G = 2 (1+V)

If both the principal stresses exceed the tensile strenéth
of the concrete, it will crag¥in both principal directions.

R ]
Stress-strain relation can be written as

[}

»
A

. e esre -
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~ Above are the constitutive relations in local coordinates:

and can be transformed to general coordinates using the

following traﬁsform&fions.

]

{8} "= [21%(0") _%.43{
. {e'} = [THel} . (4.4b)
— | {p}- = [r1%(p'I0T] . (4.4c)
, ’ 1 ‘
where cosd  sind - 5indcos®
(r] = sin?@ cos?9 -sinbcosH

-2sinbcos6. 2sinfcos® cos?8-sin?e
AL : N
7 /—' -

when 6 is the angle between the x-axis and the crack direction
'

measured counter-clockwise. » N

. !

4.3.2.3 'Plasticity and Failure Criteria
of Concrete

The assumed yield criteria for plain concrete in a
. ‘ < ' \
biaxial state of stresses was proposed by Kupfer et al ([21]
and is shawn in Fig. 4.6. Behaviour of concrete under uni-

axial and biaxial stresses differ considerably; Concrete under
)

biaﬁl&l compressive stress exhibits higher strength than the

]

>,




uniaxial compressive strength, however, concrete sﬁbject to

) combinéd tensile and compressive stresses, rethes cracking
limit earlier than concrete*subject to uniaxiallﬁengile'

'strengtﬁ. . i , " . - ‘”K_

2 ‘ The following relatéonshipsmére used for Concordia

i Model, subject to biaxial stresses: ‘

(a) Kupfer et al [21] for biaxial tension
» v ° v

<

72 = f | (4.5)

-« []
' - .

(b) Von Mises' yield criterion for biaxial compression

@

62 + g2 -00 = (£')? 1h.€)
1l 2 l1 2 c

N

(6) Kupfer et al for tension compression

! s ‘ / »O.Sft ’ ‘
f , . 02 = —p— 01 = £ (4.7)

[T E MR- L 2

£ t : -
C

R s
it .;‘iih:..:h“u:-

Concrete is assuﬁed,cEpshed when it reaches the
¢ ‘v
limiting compression strain €ra" In uncrac¥ed concrete
~. . N
subject to biaxial compression, crushing occurs approximately
s [N “ . - .

. . W .
whén.eeq ;eaches €oa? whe%e
| 2 2 : ; 3 ) *
‘ \seq = (ex + ey - Exey + l.5yxy) (4.8)




Cracked concrete in ternsion is assumed to crack again

in a direction perﬁendicular to the first crack. Both the

.crushled concrete and concrete with ‘ cracks are unable

; ,
to carry any further load and the stress-strain matrix [D]
becomes zero.

4.3.2.4 Plasticity and Yielding of Steel .

Reinforcing steel-is assumed to be elastic perfect

-

plastic in both compression and tension, as shown in Fig. 4.7..

Yielding of steel occurs when o reaches fy' Prior to yield-

ing the stress-strain matrix is:

-/

S 'pEs 0.+ 0]
) ] — ’ .
[>'l= o 0o, 0 (4.9)
-~ ) ‘
.. CT L o 0 0.

3

where N )///

P

p = ratio of reinforcement volume to element volume.

%
Pransformation is identical to that of cracked concrete, as

in Equations (4.4c). - At yield Es =0, therefore~ [D] = 0.

4.3.2.5 Composite Material

i
1

The reinforcement is assumed "smeared" over the

concrete element and elasticity matrix of composite material

»[D] is the result of superposition of the concrete stress-

‘comp

+
o——
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s%rain'matrix arnd steel stress-strain matrix. Therefore: [ ’ §
i

~

€

/ .
[chomp ) [D]CQDcrete * zIDJ&;t,eel . {4.10) ‘ v

N . N ‘ . /
e
X . N )

Idealization of concrete-réinforcement composite is

i

«

' . shown in\Fig._4,8.
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FIG. 4.3 ALLOCATION OF A UNIFORM BODY FORCE
TO NODES-- RECTANGULAR ELEMENT FAMILY
(Fractions of total weight shown)
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IG. 4.4 UNIAXIAL STRESS-STRAIN RELATIONSHIP '
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FIG. 4.5 SHEAR TRANSFER MECHANISM OF:
CRACKED CONCRETE ELEMENT ° '
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b
S  —————  Kupfer et al P
‘ e Liu et al
e—wm. Von Mises :
~~ww— Suwalski and Zalewski:
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™. %FIG. 4.6 BIAXIAL STATE OF STRESSES IN
PLAIN CONCRETE ' "
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FIG. 4.7 STRESS-STRAIN RELATIONSHIP FOR
REIN§ORCEMENT A
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FIG. 4.8 IDEALIZATION OF THE CQNCRET! .
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- f * DESCRIPTION OF THE 'RESULTS OF INDIVIQUAL

L Poe N o PANELS -~ SPECIFIC OBSERVATIONS '
. oo FINITE ELEMENT METHOD . ~
. ‘ Do . ‘ ; . ‘
. ‘ . . c o
H [ - ‘ ’
Shl " ~ 5.1 LOADING TYPE I - PANELS LOADED AT TOP FACE
) : WITH ONE CONCENTRATED LQAD AT MID-SPAN
Lo PO . ’ ] T
¥ - ) ‘ o . ‘ ‘
| . | . -
L . 5.1.1 Pahel&lll (Flg. 51) - . N A
g -~ - \ \ Nt . ' N
: o ' ) The first vertlce} lexural cracks appeared after the
e 'f' elasti¢ limit load Ofn24 4k and the‘cracks reached the top
- ., L
i T2 fof the web at an increase i the 1 ad to 29 3k Most of the
:, : . B \ .
¥ ¢ cracks.were dlrectly under the load and concentrated in the
] . . . . .
aly .+ middle i/4“of the span. Makimum stress in thé main steel,
. ’ at this stage was in- the reglon ‘of 45 ks1. Shear-flexural cracks
Al ’ )

. f.* 'VWere apparent at "the next load increment to 35.2k, when these

L ‘cracks‘spreed over most of the area below the line joining the

[ L
o mo " . ~

, " load and: the support and some .of the previous cracks penetrated

' qllghtly 1nto the top Tib. .Yielding of the main tensile rein-

i forcing steel and that of’ the horizontal -bars of the web rein-
2 /b ) ,.4‘ “w M . . . “
o forcement, ﬁe?r the bottom rib, .started at -a load.of 50.63.
¢ . ' 7
L , . . \ t
S . Failure of t?e panel oc¢curred at a load of 60k by yielding of- !
A o " the reinforcing steel.!\’ o ’
. NI T ‘
o .o - 5.1.27 Panel 112 (Fig. 5.2) o &
AN ) e o ~ LN -
S N 5 : \"'\.
N, ) - ‘ , . ) . .
b - A - After the elastid limit load o’f.24.4k was increased to

™ . .
0""35.1k, the vertical flexure cracks;zppeared directly under the

load and extdhded to 3/4 depth of ; e panel. The shear-flexur- ;"

-

al cracks did not appear intil a load of 28.3%. These cracks




Y

spread in most of the aréa below the line' joining the load and

the support. Diagonal-splitting cracks we;L indicated at

k k

40.8°. At a-load of 57" the main tensile and the horizontal

web reinforcement yielded and failure of tgg panel was recog-
Mnized. THe SEFeSS in the main reinforcement at the cracking
load wés only 2.4 ksi and deflection st 0.605", while deflec~
'

tion before failure was 0.0755".
- ]

5.1.3 Panel 121 (Fig. 5.3)

s
&

The eliitic Limit‘load zas reached at 23.7k stressing

the main tensile reinforcement to 2.25 ksi. At a load of

27:3k, familiar patterns of the vertical flexure cracks appear-
éd. The cracks spread over the middle‘third of tﬂé span, ex-—
tending to the top of the web just below the top rib. At
31.4k the shear-flexural cracks spread over the remaining area

below the line joining the load and the support. Further

propagation of the existing cracks and the neﬁ diagonal c¢racks

were recorded at a load of 41.5k.“ The panel failed at a load

\ of 54.9k when the yieid occurred in the main tensile steel

and in the web reinforcement, both vertical and horiZzontal b?éf.
’ L}
Some of the cracks also penetrated into the top rib.

r

" 5.1.4 Panel 122 (Fig. 5.4)

v

The crack#ng load for this panel was reached at 23.8k

k

and at a load f 27.3" the flexural cracks extended up to 3/4

: \
depth of the panel. At 36.2k most of the shear-flexural cracks

3

appeared in the usual manner and spreéd over most of the arg;‘

»




b v ' - 46
under the line joining the load and the support.\No further
changes in cracking pattern occurred until a loéd of 55k was

l" \
reached. When the cracks penetrated the top rib, the main
2

CL

reinforcing in the bottom rib and the web reinforcement yielded ™ ;
V e §
Failure load was determined at 55k. Deflection before failure i

‘q was 0.106" compared to a deflection of 0.0048" at the cracking g

o
W -

load.

5.1.5 Panel 131 (Fig. 5.5) -

2 N
~y t

The elastic load limit reached at 19.3k deflection at the

BRI 5 3 W0 0L DU RN L SO

o

mid-span at this stage was.0.00362" and stress in the main
N / ,
tensile reinforcement was only 1.3 ksi. Flexural cracking
apgeared directly under the I%ad %n the bottom rib ék a load of
y N r 2

22.2k. The shear~flexural cracks did not appear until at a " f

load‘of 35k. The existing cracks propagated and extended to,
the top of the web. Maximum tensilé‘stress in the baré in tHe

bottom rib, at this stage was 7.5 ksi. The panel failed at a

' load of 99.3k due to crushing of the concrete in the top rib
and part of the web below it. Maximum tensile stress in the

main bars in the bottom rib was only 24.7 ksi at failure.
>

. . 5.1.6 Panel 132 (Fig. 5.6) o

The first flexural cracks in the bottdm rib, directly

under the load,. appeared at a load of 19.3%. at 29.3X the

v

~.gxisting flexural cracks propagated to 1/4 of depth of the

" panel. Shear cracks. along with diagongf'Fplitting cracks
" k

appeared-at 35.2" and covered the usual area under the diagoﬂal.

l
* . -
I
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Further diagonal splitting cragks occurred at the incremental

loads of 50.7° and at 70.9%. Failure occurred at 99.3% due

to crushing otykhe concrete in the web above the,éupport and

under the loéd. ) ~

Y

5.2 LOADING TYPE II - PANELS LOADED AT MID-DEPTH
WITH ONE CONCENTRATED LOAD AT MID-SPAN

N

'5.2.1 Panel 211 (Fig. 5.7) .

-

The elastic limit for this panel reached at a load of

20.6k. At the next incrementof load to 20.7k most of }he panel

below the line joining the top centre-ldne of the panel to the
L}

bearing plate, was covered with cradks. Stress at this stage
Vi b N

ip the main tensile reinforcement was 31.6 ksi and deflection was
only 0.0049 in.')Ndlfurther cracks appeared until the load of

39.1k was reached when a second set of diagonal cracks, a£ove

AN

the first set, appeared. The main tensile reinforcement ‘and

.. vertical bars of web reinforcement in the vicinity of load

showed yield. ﬁhe panel was considered failed at 40.2k by yield-

ing of the main tensile reinforcing.

§.2.2 Panel 212 (Fig.5.8) :

.

I

;. The panel below the diagonal line wasféovered with flexur-

‘al and diagonal cracks as soon as ﬁhq'load increased from

k k k

elastic limit load of 20.6" to 20.8". At 28.9° further diagon-

k

«

al cracks appeaged above the mid-depth of the panel. At 33.1

the tensile reinforcement at the bottom showed a yield and at

+
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,increment of the loaquto 20.7

‘extended to the top of the web. The cracks were concentrated

a shallow angle towards the centre of the panel. The diagonal

v

39.2% the vertical and horizontal web reinforcement yielded

. 1 oy
and the panel finatly failed at &-load of 41k. Deflection be-

0

.

fore failure was 0.0658 in.
] .\\ -:, ' . /

5.2.3 Panel 213 (Fig. 5.9)

’

.
)

The elastic'load limit terminated at 20.2k and with an
k

, the flexural cracks appeared and

\
within a strip equal in wiqu to the load width. The cracks

below the load were vertical while the cracks above inclined\at

shear cracks appeared at 22.3k and covered the middle 3/4 of

the span and extended to the top of the web. A second set of

. "
diagonal shear cracks appeared outside the first-set. Failure

k

“

occurfed in the panel at 50 due to the yielding of the main

tensile reinforcing in the bottom rib. There was no yielding

present in the web reinforcing or in the suspender bars. The

' L4

suspender reinforcing was stressed to 33 ksi indicating that it
wés'carrying about 64% of the applied load and tfansmitting it~

to the compression zone.

. s E ‘
5.32.4 Panel 221 (Fig. 5.10) » - ;

The craéking load was established at 20.1k. The flexural ‘

cracks appeared above and below the load at 20.6#. The cracks .

3 ? -

below the load were vergical in direction while the éracks

above inclined sharply towards the centre of -‘fthe panel. At
i

21.6k the shear cracks spread over the éntire area below the
. i

B
- o ~
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1

fline, joining the top of the load to the inside face of the

support plate. Failure occurred at a load of 23.3k when hori-

zontal and vertical components of the web reinforcement yielded.

5.2.5 Panel 222 (Fig. 5.11).

1

14

The elastic limit terminated at a lgad of 20.1X. At 20.6¥

the flexural cracks appeared above and below the load in a
manner similar to tpe panel 221. At 23.3k most of the jJarea be-
‘Low éhe diagonal line, joining ¥he load to the support, was
covered with the she;r cracks nclining towards the load. First
set of the diagonal shear cracks appeared.out of the diagonal
line at a load of 29.3k. Failure of the member was\determined

: A
at 35.2k due to yielding of the web reinforcing above the load.

L

5.2.6 Panel 223 (Fig. 5.12)

4

{

The elastic limit for this panel was determined as 19.6k.

At 20._1k the vertical flexural cracks\appeared below the load
and the cracks above the load'Qere in€lined atla shallow angle
towards the centre of the panel. The diagonal shear cracks
appeared at 26.3k and covered most of the area below the diagon-
al line and extended to the top of the web. At 31.8k diagonal
splitting cracks appeared indicgting tied arch action. Further
diagonal splitting cracks appeared until the load éf 56.3k.

A further increase in load induced the failure of the panel due

to yielding of main reinforcing, web reinforcing and the sus-

' pemier bars.

R B e e i
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'load of 46.3

5.2.7 Panel 231 (Fig. 5.13)

The elastic action terminated at a load of 16.4k and

k

stress in main tensile reinforcing was only 1.3 ksi. At 21.8",

vgrtical‘cracks appeared in the bottqm ri§ under the load.

When the load was increased to,35k, the e#isting cracks propé—
) j
gated to the underside of the load and new diagonal cracks
[ .

appeared and covered the area below the q&agonal line. Addition-

al shear cracks followed outside the exigting cracks ‘at a

k and at 53.3k. The web reiqforcement above the

. load yielded with a further increase in ioad and the failure

. . -
load for this panel was determined at 61.3k.

5.2.8 Panel 232 (Fig. 5.14)

!

The flexural cracks appeared in the bottom rib at a loca-
k

tion directly under the load at a load of 16.4". Stress in the

main tensile reinforcement, at this stage, had a nominal wvalue
AN

of 1.31 ksi. The diagoﬂal shear cracks, in a similar pattern

as that of panel 231, under the diagoqal‘line appeared at

k and were followed by the additional cracks outside the

A
previous diagonal cracks at the' loads| of 40.3k and 61.3k. The

28.9

vertical bars of web reinforcement yielded, above the load, at

a load of 70.5k. This was. considered to be the failure load

for the panei.
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_ed at 45.8

- 5.2.9 'Panel 233 (Fig. 5.15)

The elastic 1imit load was established at lﬁk.J At a

k

load of 25.9", the flexural cracks propagated from the "bottom

rib under the load" pattern to the téb of the web.| The cracks
also exténded for a short disténcé above the bottom rib to

the support. The diagonal shear cracks appe;red at 28.4k. A
second and third set ofudiagonal splitting cracks were indicat-
k and 73.8k, respectively. These cracks appeared
above the existing diagonal cracks. The failure in the panel
occurred at a load of 98.2k when the concrete crushed in the
web in the region of the supported. The stress in the

suspender bars was 39.5 ksi and in the main tensile ‘reinforc-

ing in the bottom rib was 22.7 ksi.

5.3 LOADING TYPE IIL - PANELS LOADED AT BOTTOM FACE
«+ WITH ONE CONCENTRATED LOAD AT MID-SPAN

5.3.1 Panel 311 (Fig. 5.16)

The elastic limit for the panel was recorded at lbad of
AN

At this stage the deflection at midspan was 0.00315"

and fffe main tensile steel was stressed to 1.9 ksi. At 9.8k,

1
g.9%.
the cracks spread over an area 1/2 the span by 1/3 depth of
the pa’el. The cracks in the bottom rib were only under the
load/and the remaiﬁing cracks were in the web. .The v%rticalA
b téjof the web reinforcing showed yielding at this load,l ?
above the load. At 10.7k load, the failure occurred by

Ea
yielding of the main tensile reinforcement and the web reirforc-

ing.




~

5.3.2 Panel 312 (Fig. 5.17) - -

-

The elastic limit was set at a load of 8.9k. At a load

of 9.8k, the cracks develoéed in‘aﬁ area 1/3 the span by 1/2

£he depth of the panel. The vertical component of the web
reinforcing was showing yield abo;e the load. The stress in
the main reinforcing in the bottom rib, at this stage, was
registered at 42.5 ksi. *Further diagonal cracks appeared in
the web at ll.8k. The main reinforcing in tﬁe bottom rib‘and”

vertical web reinforcing on thé side of the load were in near

| ad
' yield. The panel failed at a load of l3k. .
5.3.3 Panel 313 (Fig. 5.18) -
The elastic load for this panel was established at 8:25k.

k

At 117, the cracks appeared in the immediate vicinity of the

load which covered '“an area middle 1/4 ‘spar’? by 1/4 depth of the

panel. More cracks, diyrectly above the load, appeared at a

load of 12.1k. These cracks above the'load_inclined downward

indicating tension cracks due to ﬁanger bars transmitting load

et
to the compression zone. The diagonal shear cracks appeared

~

at 19. 4k and extended almost to the top of the web.A second

set of the diagonal shear:icracks developed above the existing

k

cracks at a load of 25.97 and extended 1néo the vertlcal rib

k

at the support. At '34.47, the mein tensile bars in the bottom .

"

-
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rib showed yielding and failure due to yielding of tensile

bars occurred at 37.9k. The stress in the suspender bars was

v ooz
41.6 ksi and the load carried by these bars was 100% of the

applied load.

5.3.4 Panel 321 (Fig.5.19) .
‘ 2 e

[

k, the panel showed cracks in the

At a load of 9.2

immediate vicinity of the load and vertitval web reinforcement

was in yield above the load. The stress in the main reinforce-
- v
ment had reached 36.1 ksi, At an increase in the load to 9.4k;

further yielding of vertical -web bars was evident. The panel

o ”‘f?éaflgd"at aload of 10;Ak“apparently_in‘yieiding*of-web“reinu*"w——‘—~

forcing. ° o

b 4
’

' 5.3.5 Panel 322 (Fig. 5.20)

El

The load-history of this panel was similar to panel 321

except that failure of the panel occurred at a load of_l3k.

5.3.6 Panel 323 (Fig. 5.21)

The crackiné log@ for this panel was established at 8.3k.

~

At 9.5k some tension cracks appeared in the immediate vicinity
of the load. The cracks which - had normally developed.in the
bottom rib did not appear at this stage, indicating a very low

stress in the main tensile reinforcement. The flexural, cracks

appeared at 12.6k in the bottom rib and more tension cracks

. \
developeé above the load. Further diagonal cracks covered an

l

S
[

!

f
EERRAY VR RS CEF RV S (S IIy

. -
BoBogn sttt » Ao T et A i A Rt A I 0o

wiwrd

-

D AT e X % v5

PR P A

(74

—_—




|
|
|

—ed at a load of 31.6

54 !
- - g -

area, 1/2 the span by 1/2 the depth of the panel at a load of

16. 7k.A first set of dlagonal shear cracks appeared at 21. Gk

The stresses in the main tensile reinforcement and in the sus-

pender bars, at this stage, wéfé 28 ksi and 23.8 ksi, respec-

There was yielding ef horizontal web reinforcing at

At a load of 23.8k, all

tively.
the centre and 1/2 way up rﬂe panel.-
the applied load was carried by the suspeﬁder bars and gﬁs

transmitted to ﬁheﬁﬁompres51on zone at the top of the panel

A second set of %he dlagonal shear cracks developed above the

first set at a load of 28.8 and extended to the top of the

web and to the vertical rib over the support.. The panel fail-

k

. 5,3.7 Panel 331 (Fig. 5.22)

/

-

and m&ggrum

The elastic limit load was determined at,8.6k
stress in main longitudinal steel and vertical web bars was
¥ » n ! -

only‘1308 and/2058 psi respectivélxr First cracks 'appeared N

The verti- '

He load yiel@ed when

at 9..5k over’andfon the side of the load location.

cal web reinfqrdggent immediately abov

© // . —m—
the load /Aincreased to 12.6k. The pan failed at a load of .
13.9k bj/yielding of web reinforcement. .
) : \
5.3.8 Panel 332 (Fig. 5.23) N

/ zyé elastic limit was established at gqﬁk and the stress

,ip/th main tensile steel and web reinforcement at this séage
; :

, . 2]
as identical to that of panel 331. At 9.5# cracks appeared
in the immediate vicinity of \the load and increased in number

PEr




' - N | . 55 -

! at lB.Sk and covered most of the area below the diagonal

line joining the load plate and reaction plate. At 15.-'3k .

, ™ vertical web bars above the load showed yield and some

crushing of web was evident. The panel continued to work

\

_until at a load of 24.4% when panel failgd in yielding of

vertical web reinforcement. g

4

- - . L

5.3.9 Panel 333 (Fig. 5.24)

Elastic load was given at 8.6k and cracks appeared in

the vicinity of the load:.and géherally inclined at an angle

of 3p§and nearly vertical above‘and below the location of

¢ _ . N

load réagectively. The cracks seemed to stabilize until gﬁe
k 24

load reaqﬁed 12.7" and then increased in number at 1oéd of

16.9? upwards and towards the support: The cracks covered

most of the area below the diagonal at 24.6k. Some cracks

|13

also appeared above the support. Horizontal wébabars/ahove

the load showed plasticity changes but panel ‘continued to
‘ /
N / -
" work. The Spress in the hanger reinforcement and main bars

: . - 4
was 44 ksi'and 19 ksi respectively at this stage. /&he panel

BN

4

failure load was determined at 54 kips since at tZét stage

_the hanger reinforcement yielded and cbncrete'cr% hed in the

h

: web at mid depth of the panel above the load. /
. ~ C /

\
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. CHAPTER VI -

SUMMARY AND CONCLUSIONS.

D . .
/s ¥ 4

6.1 SUMMARY) ° _ R
X Theé® finite element‘coﬁcept; which permits the study of

e - 3
the behaviour; of reinforced concrete elements through the
o . 4+

.

entire rang of loading, from zero load to fallure, has been
used as, the basis for the investigation ln this study Rein-

forced‘.concrete‘ thin-wall ribbed ‘panels, with a— ~ 1, in-

»direcat'ly loaded with a single conceritrated'load at ﬁid—depth'

(loading type II)- and at tens:Lon face (1oad1ng type III) are

'analysed taklng into actount the nbn—homogenelty and :non-

linear material properties. No account, however,- of the
. - N . RIS LY

¥

.\ . )
effects of torsion, buckli‘ng, shrinkage, creep, bond slip,

Y
etc., .is taken in thi\f study . ' , R
. . | ! ) * -—n-\) .

The acouracy of t}he.model has already‘been ‘es{:abllthed/

(:36,37]P. during the research on top loaded panels. A small
sacrifice, perhaps in ex‘a'ctness of the results, is made, in

favour of economy in computer time, by using a mediym me\sh*&n N
modelling the beam panels. The model, however) pres'ents a

.

»

- complete pJ.cture of. the behaviour, stress distribution and

*

. mental 'methods.

crack propagatlon in the ent.lre panel. The results are

'

‘generally not obtalned easily by other analyt:.cal and experl-

/




| ) ' e ' -
‘.. - ' . The s.unulated crack patt;erns along with incremental

loadlng agﬁe presented in Flgures 5.1 through 5;24 * For:

I : ’
s:.mpllglty purp_oses crack dlrectlc?n ) detexrmined, and drawn

~ ¢ ' *
&

at the integration points*and is 'aij to~be constant over
' L) , .

4 -
- .

' that particular quarter of the eleme Since the- 1ntegra-

’ \ .

T T e~y
.

- 4

tion poants are symmetrlcally located in the element, 1f

. -y 4
.

. a fcrack appears ‘at - the 1ntegratﬁ_on po:.nt,\ the whole é&ement

) 1]
is ,assumed to be cracked. The crack dlrectlon is drawn to -
& ] . ‘ R . ) ’

' true .angles and the. flow of the’ stress trajectories can

e ———

easily be visualizeWd. - N

-

- Load8 displacement curves and Oy and oy curves are.also ' Vv j
lxs

ented in Appendix A and Appendlx B respectlvely Tl';ese‘
are also simulated from the results of the flnlte element ‘
L model and can saf,ely be regarded as reﬁresentatlve of the 2
actual bepaviour of panels indirectly loaded.

L . T, o T le
. 6.2 CONCLUSIONS-AND RECOMMENDAT IONS | & . . ‘

[ " -
.
N\ © om

. As dlSCUSSEd in Chapter III the main objective of

S

- this study sias to 1nvest1gate the effects .on the behava.gur

-

. PR A

L , - and strength of deep panels due to. factors\such as the .
% : location of the load, amount o long:.tud 1 tensile rein-
e !
forcement, contribution of web relnforcement and thln webs. ;' '

" Following ‘are the conclusions,based on tﬂe influence of:: the

o -

above-mentioned factors on the behaviour and strength of

\ ’

*'3 the panels. . -




’

‘ , , Y
6.271 Effects of. Location /of TLoading
» { X . . .

/

Results show that the pqnels'loEded«befow theqcompres%—

- * ' o, .
ion zone, i.e., indirectly loaded, are weaker_than the panels

.

which were directly loaded at compression face under similar -
. : -t s < : L
conditions, such as material propertieé and reinforcement.

.At &he elastlc load stage, the cracking load for panels ¢ .. -

. v loaded with Type 11 and Type III: 1oad1ng is 85% and 35% res-

A_ij___ofu .
Nt o 4+ o TR RIAYE T SIRE | M
R
-
<

)‘ : . ' pectively, when compared to the penels loaded w%th Type ;I

- ; »\" | loading. The féilure load for panels with Type II -and o . Do
| Type III loading is 65% and 20%, respectively, ‘of tne load

for panels with Type I loading: Ohie ‘of the reasons is that -

i o -a full -arch action cannot develop and panels tend to fall in

L3

dlagonal ten31on at the\lncllned cracklng 1oad.

o

s - " -

] ~ .
g N - It is shown in this investigation that by means of

~1
~

i " . providing adequate: suspension or hanger reinforcement at
- : g or ‘

. the lqacfion of the -load and anchoring it well in the compress-
x Ve ~ h

]

| 3 éi - ¢ beams can be increased significantly. It is strongly recommend-
: , - #

s ed\?hat hanger relnforcement be provxded to transfer 100% of

. the -load. Hanger relnforcement is generallyfnot required
X3
for indirectly loaded beams with a ratios greater than .

Rl 3 [3,11,22,23]. ) S \ ..




Effects of Amount of Longltudlna;
Relnforcement . X,

wt d
Cd

It is\ghite evident from tﬁepresg}ts that a cratking

load is larger for ééhels reinforceo with smaller rét;o;>éf

hmaln longltudlnal relnforcement 'The zléxural crecks appesr

, sooner 1n members wlth greater Fatios of tensile relnforce-

:'ment however, these craqfs dofnot extend to greater depth
l

. 0 '
. / ) ~ .
7 |
Results also show that shear strength of panels drop
« e . ’
significantly for under-reinforced panels. .-This agrees well

1n the panel.

-

with the findings of”other researchers (16,30 33]. Equation'

(2 5 ) is developed ‘based on the observed effects of pw ’ X
. .and 3 ratros on i?e shear, anﬂ is now propoSgd [15]\ 95 a i

.

‘replacement for ACI Equatlon 11-4. ﬁ - .

. \
\

-

o

' CEB [7] recommends a reductlon in the allowable shear

stress if pw, is 'less than'1.5% at 24 from[the support., The

reason for this reductlon‘ls €xplained in two ways. . First,
[}

by reduclng!P, the flexural cracks are w1der and therefore
I
extend higher 'into the panel reducing both the  shekar capacity

.. of the compression zone and, interface shear»transfer Vg,~and

v

. t .
‘secondly the dowel shear Vq is smaller .resulting in large
* » ’ ! - ~

deflection. A oL '

™ P ‘ -

A tied 'arch action generally develops at about 40%.to:

3]

. - . . : ‘ N ' »
50% of the ultimate load, This is evident from the results

and it is of utmpst importance to detail that the anchorage -

4

»




>

- “‘ﬁh}‘

N

of the‘;21n ten51
N [

be de51gned to' re51st at\least ‘80% 'of, the ten51le

-

. of the bar, .%
P A

-~

.

'&J“

v ﬁ

el at'the supports

L]

;.

u

AnEhoraqe‘mu

capa01t

e v, hN

v A

<

r6:2.3-.Effects of Web Reinforcement:
| g .
N (’

,: & The web reinforcefient plays a very little role in the

¥ - -

behaviour of deep beams befode cracking. At their elabtic

I ‘ I . i "
. - “ state, very small tensile stresggf are refarded.in the web -,

. . g . ’
\K,« reinforcéhent. Onte the diagonal crgé&ing-occurs the web

, R . ‘ . L .
reinforcemeht shows a sudden increase in tensile stregses

\)

1ndlcat1ng a 51gn1f1cant rolg ln the redlstrlbutlon of in--

v )

, ternal forqes. . . o

, " hd . ’ oy . N ’\:‘ fn * . r
. . Web reinforcement .has very little effect on the ulti-

—~ T ) - N :

' mate capacity of géep panels loaded on ;hgir'compreséion

ﬁace, i.e., direc£1§ 1oadeéfpanels, and a‘shall amount of

- [

ensure’

-
v
>
L
—

. a gradual{shear compression -failure.

* M ' ‘ - 0 . N . -
orthogonal web reinforcement would be suﬁflclent027
i

ACI [2] pr
. by

isions are

a

. and no. servicéability problem should exist.

e

adequate for all cdnditiops in case of directly loaded panels

14

S
L 4 N »

. . ¢ -, ' . & . r
. "~ Results indicate that indirectly loaded beams show much
, , A

\§;@bmoré'résponse,to the gain of strength with increased ratioc®
- -0F, web re;nforcéﬁent. Increase in the-horizontal web rein-
- .. . 3

forcemehﬁ skéms to be more effective for 3 ratlo in this

study. Hanger‘reiﬂcement at the 1ocat:Lon ,pf a load, when

v

properly detalledvand well dfMthored in the‘&ompre551on zone,

>,

indirectly loaded,panels

- L~

,will .increase the capadity of

v ehe e e e

-

——

e

x

k3

bl
vy

/
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similar to directly loaded panels.
] . . o 3

. It is also evident from the résults, that the pfesence ‘
- [y ' 3’
) of web reinforcement reduces the deflection_ in the panel. 7

’ An increase in ghe ratio of web reinforcemeént results in a o
CY - . . '\ . “ g
decrease in deflection. Generally,'deflecgion does not T

present a serviceability problem in deep beﬁgﬁ., ‘ aj
. o, :

"N - - It is desirable ‘that web reinforcemen®# is closely S

spaced and when detailed in accordance, with-CEB [7] recommenda- )

' B3

N~ Ed Lo

~ tions will provide\adgquate‘pfotection against wide '#acks and f

' deflection. .,  , ¢ 1 : e S
’ \ , - | ) ‘ 3

6.2.4 Effects of Thin Webs e ’ :

. ~ . x ;

o £ L . :

M . * N - . - 14 ;

. . R . ' . §

> . In beams with thin webs, as is the case in study, - o :

e . ;'

{

‘shéaping,stresses in webs are iérger than flexural stresses ‘ .
when compared to normal proportioned beams. Although no
) Y :

‘. érbblem was indicated in our investigation, webs may crusi# o (

. due to incl%ned compressiyé str?ﬁfis P?ior to yielding of . | .
stirrups. Tensile cracks may‘alsg begin in the "webs due to , v

t . princf;él tensile‘stresséé associated with shearing stresses.

’ , p
., v v
- ' < o i

+ Diagonal compressive stresses thus shearing stresse# in |
" ,thin webs must be limited to a maximgm of 0.2 fé'in beams .

|- - . with vertical stirrups and 0.25°fé in beams with inclined

L M Al r
T £

4
e o ﬂ!ré,;;*e.irrups at 45° [7]. Lappeéed Ulshgped stirrups with laps

1

equal'to a class C.splice, are preferabﬁe.w Zsutty [47]
I o ‘ ) .




equation for shear cracking resistance of web is given below
1 . and is a good measure for predicting the strength of deep
. beams. : . : : ' »\;
B \ L.
. K ' 100 x A, 1/3 .
g 1 R el
. [Bgﬁc bwd ) hwd] a (6.1)

\

,
e
0
H
i

\

o —
.
, [

2t a1 &

(6.2) °

.

@' OBSERVATIONS FROM 6 AND 6 CURVES
S - % x Y

a4

o et s Do e o AR
%

It becomes dbv}ous'from ¢bserving the 6& curves iﬁ

B ~ Appendix B, particularlv in the casé of indirectly loaded ¢

WS W

panels, the need of suspending thepload'by means of hangers.

T~ In Fig. B-1 the transverse stresses 6; are compressive for

R
LSRR,

the entire depth of the panel indicating no 'need of hangers.

-

‘. However, the curves di fFer cdﬁpletely for the cases:when the
< 7 : . a
load is located at the mid-depth and at bottom. Fig. B-2 and

' e .

o IJFig. B-3 show clearly the need of suspension reinforcement.

The transverse stresses tend to dimi ish fairly rapidly as they
r

o

& ; .
S ' approach the mid shéar-dpan as is indicated by Fig. B-5 and
v < \
Fig. B-6. Based on these observations it is recommended that

'
the suspension reinforcement be provided al the location of

—

LRSS T LR P o

i

-

. -load for all cases of indirectly loaded panels, It is further

L SRS B

recommended that such reinforcement extend  atleast g distance : "

oix X

3

on each side of the load.

N . . . 3
. f
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