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ABSTRACT'

A - .‘ : »

The aim of this research was tg investigate behav1or__

N ) RN

3
'of prestressed concrete beams with 1arge rectangular web

openinqs and to prov1de recommendations for design. - The
¥

“'=study included~tests on laboratory beams and development of

'an analytical model based on a truss analogy
T

The experimental program conslsted of tests to fallureu°

t . ' \.

nof eleven full-size simply supported prestressed conCrete;

'

T-beams. The variables considered in the study were then

a v

flength of the Opening, the depth of the'top strut and the‘
Jo . e :

'shear reinforcement of the opening

Ve

Failure modes obserVed in thlB test program were-'
y i

v~li 'full hinging mechanism/ involv1ng two hinges in’ the:

fbottom strut and two hinges in the top snrut.‘~

Yo

2. _development of a partial hinging mechanism con51st1ng .

>

of two hinges in the bottom/strut and one hinge in the hi

‘top strut followed by a shear failure away from the*

v'opening, ’\\;;" - r" }‘ '_ _ﬂi._ v,~f1‘

debonding ;_'; | "i“’.‘@ |

v'¢4.3 flexural failure'at’midspan;”'

Proper detalling of . reinforcement around thedopening

‘was found.essential to prevent brittle failure and Wideningff

.......

" of cracks at the corners of openings.w

B e . . N " - N ‘
. “ N a N .. Lo . L e
. PO X . v N T, . PR FEEEEE ..

3. shear failure at, solid shear span followed by strandz:



&

Recommendations are prov1ded for shear design in the

'3icinity of openingss Lo '-‘db s
A computer-based' Eneiytical model was developed co;
vdetermine the. load deflection response, up to yielding of
relnforcemen¥ of -prestressed concrete ,beams wlth, large‘
. rectgngular weo'.openings.d: The;7analysis was ‘based on a
4cruss“Thodé13.that”‘inciudes‘ the effects: of prOgressive,
crhckingi - Post-cracklng response ‘is based on appllcatlon
of the effectlve moment of inertla concept. oIn addltlon,_a~
Bimpllfled method ,}isi_;presented ifot"_caicu}qfion" of

,deflectlons by hand. o . A
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1. INTRODUCTION -

'l.l‘General Remarks Lo o “f:r;':w

r

‘Inﬂnbdernttmilding construction} the nwchanlcal and
electrical serv1ces are usually carried in the space within

the floor-ceiling sandwidh. o P3881ng utility servxces

-

through\ Openings Ain - the floor beam webs m1n1m12es ' the
'reéuired'] storey height, j'reduc1ng the‘ cost of .the
‘ _structure.f Thus,_the ceiling may be attacheé directly to

the underslde of the floor beams. Unless proper prov1sions

-;are made by the designer for these web openings. the effect
of web openlngs on the strength and serV1ceab111ty of the

' floor beams ‘may be cr1t1ca1

Y

Limited research has been carried out on the effect of
’web openings on the behavior and strength of ' prestressed

'.concrete beams. However, there is still a, need for further

‘investigatlon since 'some issues have not been completely

'resolved.; The aims of this 1nvestigation were i

'.l{ ’»to investigate behavxor at the ultimate load level

‘fand prOV1de recommendations concerning deslgn for
T”Ethe ultimate limit state.,i

2;gf.to develop an analytical model able to simulate

'.:the. behavior f, the serVLCeability range‘ of‘“



prestressed concrete‘beamsuwith'large“rectangular \

Ve
1 - . i
~ .

web openlngs.
" The experlmental program con51sted of tests to fallure.

f eleven full 51ze 51mp1y supported prestressed concrete
o
'I‘,-beams;‘ 'I‘he varlables selected were the length of’ the

\

Openlngs, 'the depth of the top strut, and the - shear

) re1nforcement of the openlng ‘An. analyt1cal model based on

> -a truss analogy was developed to 51mu]ate behav1or in the

N A

post cracklng range.‘ The truss model: permlts evaluatlon of
. N .
var1atlons 1n flexural stlffness in the struts qbove and

A

\

below openlngs,_as weﬁl as at S@lld sections of - theé beam.
Fxperlmental results were compared wlth results obtalned.

from_ the . analytlcal model.~ Based On the results of thlsf

>

1nvest1gatlon4 de51gn recommendatlons' are . presented forf

both the servlceablllty and ultlmate 11m1t statesu_v

L ‘

1.2 Literature'ﬁeviewf,

l;2Jlr Introductlon D "j-._j‘

Thls sectlon rev1ews the- results of previous research"

on concrete beams w1th web openlngs..; The effect of the

* v

selected parameters on- the behav1or of such beams as, well

as the suggested deslcn recommendatlons ga_r.e~ examlned

Exlsting codes provmslons are. also dlscussed



-

’1 2 2 Relnforced Concrete Beams :}'“;

A. pumber of -‘papers” were found to deal specifically -
FY . . . . , . . . - : " . »I . . : ‘ N
with . reinforced -concrete’ beams. containing - multi‘le or

'isoiated\ web ﬂOpeningsf_‘x waever, only ,;_ few- major"'

1nvestlgat10ns deallng-w1th prestressed Concrete beams w1th7

multlple large web openlngs or isolated 1arge web openlngsr

were found

t

(13)

Lorentsen conducted an experlmental 1nvest1qatlon

~

bn“ 'relnforced,_ concrete T-beams contalnlng a’ 51ncle

./

rectangular openlng The ob]ectlve of hls work. was to

present a de51gn method for relnforced concrete beams w1th"

‘web openlngs.f Lorentsen tested four beams under d1fferent

i-

-;oadlng condltlons. The modes of fallure observed were'

yleldlng of«naln relnforcement, bond fallure at the edae of

the open;nd and secondary stress concrete crushlng ﬁTWo
N beams that falled by yleldlng of ma1n relnforcement ‘were.

not weakened by the presence of the nopenlng‘ andt~the

v

.capac1ty of the 'maln 'tensple relnforcement; was fullyu'

: deVeloped“ In the beams presentlng bond fallure at theis

T

’,edge of the openlng or secondary stress concrete crushlng,o

b

tbe; sectlons at the, edge of the openlng, were deC1d1ng:"

~
N ’

factors 1n the nmgnltude of the fallure loads. The crackb'

e N

. formed at the~ end of the re1nforc1ng bars 1n the upperjl

iframlng flange opéned and extended at an angle toward thef



g:.shear;forceg

edge of the openlng so that bond between steel and concrete'

1,\

destroyed L From the tests 1t was concluded thatl'

:addltlonal st;rrups should be placed near the edges of the;w~7

4.""-' -

’openlngs to. av01d bond cracks.- o t.v'\"f~- Lol
- An elastlc analy51s for determ;nlng the forces 1n the“

{nstruts was proposed by Lorentsen. The capac1ty of the top

',strut to r851st these forces was determlned accordlng to

\:”the German Concrete Code DIN 4227(9) The maln assumptlon

“1n the analy51s was. that the bottom strut where the ten51le

*relnforcement was placed would be con51dered as “a- tenslon‘ﬂ
"member,‘ unable 'to re51st moment, _as. shown in Flg.,

”fl 2 2 l.j Therefore the total shear force would be carrled
by the top strut. Lorentsen s maln assumptlon resulted in .
',Afa very c0nservat1ve estlmate of beam strength

Nasser,‘Acavalos and Dan1e1(16) prov1ded a theoretlcal
_approach for relnforced concrete beams. w1th large web

—_ .

.'fopenlngs.~ The aSSumptlons made 1n the ana1y51s and desrqn
-:tiof such beam were “that: the top and bottOm struts would
tltbehave llke the chords of a Vlerendeel panel,.would havekmul

fcontraflexure p01nts at thelr deSpan, and when adequately

.relnforced would carry the external shear in prOportlon to'

”thelr areas.‘ It was also assumed that the shear 1n the

1

’_struts would 1nduce a dlaaonal force concentratlon at the

- /

ﬂ'corner of the openlna and 1ts value wwould be tw1Ce the

- o
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To-Verinythe;validity'of”the'assuﬁptions hade,'ten

\

' Slmply SUPported remforced toncrete” beams with rectangular?l -»

’ ,crosse sections were testeduv The selected parameters were'

.th.e""81ze and 10cat10n of rectangular openlngs and the

namount of shear relnforcement in the struts, .The. test

‘,lresults corroborated most of the . assumptlons. ‘It was

'verified~that the.top~and bottom struts behave in a manner

E s:.mllar\% the chords of a’ Vlerendeel panel . as propoeed

h.earller by S@gner(23)

- ’

'openlng was found to be: carrled by the struts 1n proportlon~
to the1r cross—sectlonalAareas. Readlngs taken at the top

'strut showed that the p051t10n of the contraflexure p01nt

.

was _not .necessarlly }at 1tsv;m1dlength but lts range of'u

. variation was relatively small. Incllned relnforcement

'hoiaoed at the coruers'of:theiopehlng'to.av01d seyere and'
.'hextensiueadragohal,craCkinghwas founduto be efrective; The_
,'~;relnforcement detalls of" a test spec1men are shown 1n Flg .
hl 2~2.2 A method to- determlne a safe value for the shearﬁ

'concentratlon factor at the cérners of the openlng was'

fproposed.. . Adequately~ relnforced large openlngs r-in_

'; rectangular beams d1d not reduce the ultlmate capac1ty ofh7

v

'the beam but reduced 1ts stlffness. : :l,i.‘.i;‘: R
RN Y B A >

'A"study of 'squared‘web‘,openihgs 'iny'cqntlnuous

C L. : 8 o e

:'Z,llghtwelght—aggregate '.concrete -.joists"dwash':made , byl

LY

Hanson(lo) The, prlnc1pa1 varfables"considered' Were-

At ultlmate, the shear force at’ the



horizohtal and vertical positions of the opening,.size of

-4 -

- the opening and the effect of the stirrup reinforcement

along the sides of the opening

The test data 1ndicated that, near the nddlength of

‘

the"compressive ,strut. the compressive force could be -

' +

considered to ‘be concentrated ‘at the centroxd of the

2

J'strut. The magnitude of the axial compre851ve force could

be calculated from the external bending moment. ' It was

'_found that until cracking, the distribution.~of shear

between the struts was approximately in prOpcrtion to the

<

"cross-sectional areas of the . struts. After cracklng,,the'

'compressive strut t nded to- carry alI of the shear. It was ‘

-

‘;observed that _the stirrup reinforcement along the sxdes of

'ﬁ.the Opening was of great benefit.£ Failure occurred either

-

by crushing of the concrete in flexure at. the stub not

.,being 1nf1uenced by the presence of the opening. .or by

shear at a location between the opening and the center,

-

stub/-resulting in a 12 percent 1ncrease in the specimen .

1.

capacity. .

A conservative prediction of the strength of beams o

'w1th square openings 1n unreinforced webs coul be obtained

fi.by calculating the load cau51ng ten811e craci: ing at the o

a,jopening.. Hanson 8 work was extended by consicerlng other

\Vshapes ‘of openings,_ multiple qpenings and Openings near d

noncontinuous~supports.-*



1 2 3 Prestressed Concrete Beams

The effect of web openlngs in- prestressed concreteh
beams was f1rst reported by Ragan and Warwaruk(lg) * Four
model beams were tested to prov1de experlmental 1nformatlon"

" to permlt the des1gn of prestressed concrete T beams w1th

1arge web openlngs . To 'conflrm the va11d1ty of the'

.

suggested de51gn method “two. full 51ze T beams were tested—

“-to farlure,, Both sets of beams were prov1ded w1th multlple

' ropeninds. 4 Flgure 1.2. 3 1 and Flg .1.2.3.2- respectrvely

showkthe’detalls of_a‘typlcaf,model beam“ahd‘a full sise‘
.;é, 1nformatlon derlved from €he: model beam
er load defléctlon relatlonshlp The mode.of;"
.‘all the model beams w1th web openlngs was‘
3rmat10n of a mechanlsm 1n‘the struts._ In two of*u
'the‘bef ;thefmechanrsm developed over two openlhgsh |
A on the test resul g .of" the model - beams, ful}f

Vms were de51gned and tested The malnwassumption

1
~

ths shear at “a. cr1t1ca1 sectlon dontalnlnq a web'_q
>fvopen1ng'would be re51sted by the bottom anL top struts in

”proportlon to their areas. Slnce the model Leams exhlblted_;
Jﬁsevere cracklng at the conhectlon of the vertlcal posts to

,the flanoe No. 5 stlrruos were prov1ded at the posts closevs

’

-



[

to the.short'faces. To aVo1d fallure by incllned cracklng.~‘

<

in the bottom strut No. 3. stlrrups were prov1ded in the

bottom strut. ‘ The full saze beams also falled through

' &

formatlon of a mechanlsm, but 1t was not as clearly shown

- \
" as 1n the test model beams. _The authors concluded that
. LN
fallure occurred when the: flange above a web Openlng farled

by shear—cbmpre551on result1ng 'in a’ sudden release -of
enerqy' w1th ‘a stress wave travel1ng along the -beam.vand_

fa111ng each pdst in turn. -

It ‘was concluded that long span \51ng1e -tee members
‘with large web openlnas -couldvbbe»tbu;lt, to meet code

drequlrements in every .mannera lhorvdesign Wprocedure wash”“
suooested | o “

Llnder(lz) conducted tests. on thlrty 51mply supported.
".PfeSttessed--concrete bea;s_ wlth» multlple larce er»

“5 openings. Fls test program was based on the results of the'

tests of’ Sauve(21) and | Le Blanc(ll) on prestressed conqrete"
T beams 'c0nta1n1ng v Iarae ' multlple B rectangular f;éhd
parallellogram shaped openlngs. Y‘.The 1nvést1gatlon was:

concerned Wlth thé behav1or and the development of de51gn

procedures for prestressed concrete T-beams w1th large Webj.;*

L

'*;épenlngs'- The prrme varlable in the ‘test program was the '

. re1nforc1no requlrements »gin_' the reglon around theg;"

~ .- PSS

openlnqs. Other parameters such as loadlng condltxons and

- = 7 vv."

‘~

flexural capaclty were varied to plaCe dlfferent demands onf;"f

- T

- e . o . B . L C N
o L' . . ; . - ~ L . ‘ o -



- behav1or.}ﬁ Larger' postsi had.‘thelru flexural‘pcapacity{_f,i’

Ve

the relnforcement. , Flgure 1 2. 3 3 shovs‘ddetaiis, of ‘a

typ1ca1 test spec1men.f

- B ’ L. ", .

_The fallure modes observed 1n thls test program wereJ

flexural, post shear, strut shear and strut flexure.’ Ten -

.E'Of " the beamsz failedu 1n flexure 'under three of ffiue

A oneaor more of the prestre551ng strands. The beams fa111ng'

®

A’t post to re51st the applled forces. . It was also R

different 1oad1ngs.- The fallure was caused by rupture of /;ﬁ

“in post shear presented a fallure 1nd1cated by the fallure

of a post in the shear span whlch resulted in- the lateral

dlsplacement of the top and bottom portlons of the post.

The strut flexural relnforcement fa11ed and a mechanlsm~'

formed over two openlpgs.A It was found that for the beams,

falllng~1n post shear the relnforcement 1n the post closer -

- .-

o obserVed that 1oad carrylng capaclty of the beams 1ncreased
by 1ncrea51ng the area of vert1cal stlrrups in the post'
R closer' to' the~ support and by prov1d1ng '1nc11ned post.

_’relnforcement.; The addltlon of the hor1zonta1 stlrrups 1n'

-

, 81ze and shape of the posts also affected ‘the post/:

to the support had the greatest 1nfluence on the ablllty of'f

the posts lncreased the shear capacity of the pOSt.'iTheﬁ'”

&

f 1ncreased .fThe;.author stated that increasihg .the*,w

ablllty to resist horizontal shear and reduces the stralnjl

”g/ Jt,'-
ey S
: R

w.:horxzbntal dlmen51on of vertxcal posts 1ﬂcreases the post s S



in the post reinforcement. The ‘beams failing in strut

shear presented a shear compre551on fallure of the tOp:

J

-strut and/or a shear and ten51on fallure of the bottom

EN

strut. The addltlonwof shear relnforcement in the top and

bottom struts usually eliminated this type _of failure..

Beams.failing in strut flexure presented a failure in which

. both ends of the top and bottom strut failed in flexure?

developing a mechanism over one opening~with hinges at:both

ends of the struts. Based on the test results Llnder

l! ,

sugcested that the strut ilexural capac1ty could be
reasonably well predlcted 'by calculating the load at whlch'

the flrst hinge would be formed : Thls predlctlon was based

- on the following aseumptlons.- L ' S

s

>

-the shear at the Openlng is dlstrlbuted -to the top and

a

hottomtstruts accordlng-to the cross-septlonal area of

a@® the struts.

C : : :
-the 1nf1ect10n _points are . located ‘at the strut -

mldlength. - - A B ‘;
A)

-the ax1a1 force 'in the top strut acts thgough Lits

centroid and in the hottom strut through the centroxd
of the ten51on re1nfor¢ement. The ax1a1 force in the
strut is equal to the beam - moment,.at ‘the“'strut*

centerllne dlv1ded by the dlstance between the forces.

. .

—the axial load—bendlng moment anteraqglon dlaqrams are

consideréﬁ foriehecx1ngrthe strut¢f1exura1‘capa01;yﬁ-

10



P

“

~

\

.predlctlon of the strut’ flexural capa01tyr sLinder‘“also
jproposed that the solid shear span should be designed in:‘

‘the usual manner US1ng ACI Bulldlng Code (318 -71)

prov151ons, and extra stlrrups carrylng the total shear on

" the sectlon should be placed adjacent to the openlng closer_J~

A"

to the support.~ The posts.should be de51gned to re51st the

horizohtal shear due to the change 1n the struts axial -

forces. ,lThe' determination of a relatlonshlp for the

dlstrlbutlon of shear to the tOp and bottom struts requxred

Further 1nvest19at10n.

A study of large rectangular web Openlngs »in simply

‘;supported prestressed -concrete beams was conducted by
'Barney(%). Thirteen full size 51mply supported prestressed

'concrete T-beams were tested. ~ Figure 1.2.3.4 shows the

S *

'detalls of a ty01cal spec1men The variables investigated

Aiwere the size of the ﬁectangular web openlng, the location

of the opening along the’ span “and -the amount of main
‘fleiural and web shear reinforcement.
An analytical model was developed for calculating

forces in the struts. The model consistedvof twq'members

@

) corresoondlng to the top and bottom struts which were

assu-ned to frame into r1g1d abutments as shown in’ Flg

"1 2. 3 5. €1nce it was observed by Hanson that cracklng

affected the d1str1butlon of forces in the struts{ the

»

11

This procedure was fdu-hd to lead to a ‘conservative ._



Rt

determlnatlon of the stlffness of cracked members was taken~' o

into account in- the analytlcal procedure." The appllcatlon‘

'1 : ~,

of the analytical procedure is 11m1ted to beams w1th strutsf
' -not penetrated by full depth crack. 7v Although the
"analytlcal procedure was . based on the assumptlon Qf llnearf\

'.elastlc nwterlals propertlés it was used to rnedlct the~‘

' fdlstrlbutlon of forces in the lnelastlc range of response

The test results establlshed ‘that the strength of

prestressed c0ncrete beams w1th large web openlngs wasf

-

?'drastlcally reduced when cracklng at an 6pen1ng was allowed'ljui

to-, extend ihto the requlred strand embedment lengthn_rIt

was empha31zed that web openlngs must be located out51de

_the‘ requlred embedment 1ength and ‘ ddltlonal vertlcal"h

v stlrrups must be prov1ded adjacent to the Openlngs to carry\~g

‘!

' the full de51gn ultlmate shear force.. It was also Observed .

rthat cracklng ~had a ”signlflcant effect \Onu the, ‘shear

\

,distribdtionﬂjhj the"struts;.; ‘Before cracking, shear was

" - . v

distributed tog the struts -in proportion‘ to their gross

moment f 1nert1a.

To take’ 1nto account the redrstrlbutlon of forces 1n

oy ’

the struts after cracklng had occurred Barney proposed a ’

- de51gn procedure that depends on the extent of cracklng in

”;the tensile strut. Before a- crack extends the full depth

of the tensile strut, the tensile strut is designed to

carry ‘some of 'the shear{. The recommended?design~forces

v e

are:



V=V e )
¢ R +Ib(cr) )
L eV =V b R © B R

lWhen a cracP had extended the full depth of the tenslle

‘/;strut, the compre551ve strut should “be de51gned to carry

"::,the total shear. The recommended deslgn forces are:

(1 3)

<
I
s

(1 4)

<
i
o

The use of thls procedure for determlnlng the shear forces

.

in the struts at ultlmate load leac(s to a. /ochservatlve

' de51on slnce Barney 5 test results showed that at ultimate .

“the shear carrled by the compressive strut varled from 43%

o

}to 59% of the total shear.A

5.

.X. 2 4 Fx1st1nc Code Prov1510ns.

13

' Most s codes E of ' practlce‘~.make; llttle‘,for'f no -

recommendatlon about"'web - openings in prestressed

’

relnforcedl concrete. beams.'. nThe' ACI - Bullding Codefo'

(318 77)(1) makes general recommendations concernlng the .

'51ze of» open;ngs created by plpes embedded 1n COncrete



:‘beams;. The slze of the openlng is restrlcted ‘to’ one third.

. \ :
',of the beam thlckness and the space between openlngs is

- restrlcted to three diameters or W1dths oh center. However

’ fthe Code makes no reference to requ1rements for relnforced :

‘gor prestressed concrete beams prov1ded w1th web openlngs.

The Brltlsh Standard Code of Practlce (CPllo 72)(6)
’ and the CanadLan' Standard (CAN-A23 3~ M77)(17) although

| "they refer to openlngs in floor slabs, do not spec1f1cally N

'deal w1th beams contalnlng web Openings.
R TN

The New Zealand Stan | DZ3101 80)(18) does glve<

jsome recommendatlons whlch have been largely restrlcted to
"the restatement‘of.general pr1nc1ples in good engxneerlng

practice"' , The .Code states that adjacent web openxngs

'i?placed -in- flexural members shall be arranged 80 . that

?.potentlal fallure planes across such openings cannot occur.

Small square or c1rcu1ar web openlngs may be placed in

s,the nud depth of the web provxded that cover requlrements

- for 10ng1tud1na1 _and transverse relnforcement are

'satisﬁied.h The clear dlstance between . such openlngs shall

-not be less than 150 mm The 51ze of a small openlng shall_"
not exceed 1000 mmzlfor flexural members ‘with an’ effectlyed

~ depth less than or equal to. 500 mm o 0.004 a2 when they.

effective depth is ‘more than 500 .

A web openlng i nsldered large wheneVer 1ts largest'

dlmenslon exceeds one quarter of ‘the- effective depth of the.{



\J_ﬂ

h web openlng is con51dered large whenever 1ts largest

ﬂdlmen51on exceeds one quarter of the effectlve depth of the

member. Large web openlngs shall not be placed where they

© could affect the flexural or shear capacity of the member

, nor where the total shear stress exceeds 0 4 /»f’ . or in"

~the longltudlna1 -and transVerse reinforcement ‘at 1argeﬂf“‘

'potential plastlc hlnge zones. In no case shall the helght.

of the Openlnc exceed 0 4 d nor shall 1ts edge be closer-

than 0 33 d to the compressxon face of the member.ct

15

The Code also maPes some. recommendatfons concernlng_.“

openlngs. The longltudlnal and transverse relnforcement”
:shall be placed 1n the compresslon 51de of the web to..

?r951st onef and one half t1mes the':shear ;and moment*

kW

uigenerated by the shear across the openlng. The transverse.

web relnforcement extendlng over the full depth of the web .
'over a dlstance not exceedlng one halflof the effectlve"

vcacross the openlng. ~ Typ1ca1 detalls of re1nforcement7

around a ]arge web openlng accordlng to the New Zealand

. Standard 4Dz3101 80) are presented in Flg 1. 2 4 1.

Qshall be placed adjacent to both s1des of -a large openlng_,-.”l

'depth of the member to re51st the entlre des1gn shear o



)

,a'

1.2.5 Summary and Conclusions .

'Some'.;iterature is :amaiiable'fonﬁlaspects -of ~thé?‘”rﬁ
problems ’encounteredd_in 'dealiné'uwith‘ prestressedlﬁand |
frelnforced ,concretef”beamsrimith, 1arge'ﬂwebd:openings;
'tExlstlng pabers were briefly ‘reulewed 1n the prev1ous“

-sebtions ~ From these references it can be concluded that-

-

the most ~common fallure mode observed in both prestressed
and relnforced concrete beams w1th web openlngs is the'

format;on " of . »a_ hlnglng i NEChanISM‘ “in”‘ the- struts.-,

.Z'.

_.Frequently, the capac1ty of the spec1men'was reached when»

‘the bottom strut had falled 1n shear followed by a hlngxng;'

16

_ mechanlsm in- the top strut.y Test results show that the tOp.,'

""and bottom struts behave in-a manner slmllar to the chords‘h

of a V1erendee1 panel.-

'.4Ther'most important parameters affectlng specimenf“

'Jbehav1or are locatlon ahd lengﬁh of the openlng and shear?”"

.relnforcement at the openlng reglon._ When the openlng 1s"

°.;¢extends " toward f-the‘: support propagating . along e;the-'f

"'1°°ated 'lns*de"fhé" strand ’embedment length.} cra¢k1n9'”"7f”

) gprestre551ng strand ahd. 1n1t1at1nc fallure by cau51ng the

. strand t0 Sllp As’ the openlng length 15 1ncreased thettigf

o

uvrh'load cauSlng cracklng t 3the.'open1ng decreases:fandf fw

fconsequently a reduction 1n the specimen strength occurs.f

f;rhe'»shear relnforcement at the openlng reglon has the-ﬁl?~7

T R Lo e e IR



Vo

.’greatest effect‘on spec1men behav1or and strength.81nce 1t‘l
l:ls able to restrlct crack propagation if properly desxgned.i
The only analyt1ca1 model avallable in the llterature;
2‘is 'the~ one. presented by 'Barney(4) ;‘ The .model system“'

fproposed behav1or as an: elastlc frame w1th the predomlnant'

4 ’ i
. N iy

roproperty of each strut belng 1ts flexural Btlffness, 'Tbéf,f

’

“model 1s .1ntended to prov1de "a method for calculatlngh
":'forCes in the struts.- Although the method 1s based on . the;
assumptlon of linear elastlc materlal propertles it 15.

- aDplled to- the dlstrlbutlon of forces in bofh ‘the’ elast1c{~}
'iand 1ne1ast1c ranges of responsef

PR

The de51gn procedures IECOmEeHGEd ba31cally involve

the determlnatlon of shear dlstrlbutlon between struts at

2

,ultlmate, relnforcement detallrng at the openlng reglon to,
fav01d premature fallures.‘and _calcu;at;ons _of ‘shear andf
' "'-'f'lex-ural 5 capaCItles . - of  ‘the " struts. - -  Most.

(11 12 16 21)

ﬂresearchers -proposé; aﬂ'shear Ldistributionﬁ"

'f;between struts at ultlmate 1n proportlon ‘to: thelr crossl“

- frsectlonal areas. Barney proposes shear dlstrlbutlon L

"dependent on the extent of cracklng in thé bottom strut
"If the bottom strut isf fully cracked the tOp strut 1s_"

‘f/deslgned to carry the tbtal shear.' The. relnforcement o

- 1 ~ -"r . e d

‘Vdetalllng at: the Openlnq reglon is restrlcted to the.a

‘-Elateral relnforcement placed ad]acent to the Openlng tof

'f,avoid severe cracklng exten51on..; Acava]os fsuggests LA

o - . A . E o
c- . 0 . .. Lo . BN '»_'
. . LY



‘ ;urelnforcement at the corners of the openlng able to re51st:
jtwo tlmes the slmp1e~ shear forCe and placed around them

‘“.Opening.r Barney recommends -an add;tlonal Vertlcal stlrrUpﬁ

'total shear force.

. R A o ~
N VLN L

.:‘ 18 ot

.“7\jre1nforcement at each 51de of- the openlnc to resist the'"

Based on the revr&d of llterature presented 1n thls?-”

- LR

chapter 1t 1s concluded that some aspects of behaV1or and;

1

jde51gn of prestressed concrete beams w1th web openlngs are""

1‘not yet totally resolved. There is a need for analytical
models able to treat the geometric dlscontlnulty present in
7dsuch beams'and-to simulate the.post-dracking behavior. It
‘\:s felt‘that'the proposed dlstrlbutlons of shear to the: top
fhand bottom struts may bte qulte conservative and in many

fcases arev:not -compatlble with test results. 4A1though
vﬁprOposals for:additlonal reinforcement'at the corners of

(Eheff openlng | are benef1c1al in restricting crack

)

l_propagatron; morec rational
'afdetaillnc”that'réidforcement afe-réduiréd:

bases for designing and

In v1ew of the above 11m1tat10ns an’ analytlcal model"

1

'"1nc1ud1ng the effects of progressxve cracklng was developed

' 'and .an’ exper1menta1 test serles was conducted‘to prov1de

'1data for establlshlng crlterla for strength de51gn off

~ Lt ’

:”prestressed concrete beams wrth .large Urectangular_ web'

*

l.openlngs-
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“Figure 1.2.3.5 Idealized Model Proposed by Barney.
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S'irrdps to - | —— Flexural Steel to
Resist 1.5 V,,

. ;Resis? Moment
? - 15(05 1V,

N
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Figure 1.2.4.1 Details ©Of Requirments  o6f" a' Large Web

Qpe_ning 'iccordihg_ ‘to New -iealand‘_IStandard
(DZ 3101-80).
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2. EXPERIMENTAL -PROGRAM

'2;1“IntrOGUCtion L o RN x

The prlme cohcern ‘of this program was to study ‘the . .-
overall behav1or of prestressed concrete beams w1th largel~'

Web openlngs. Eleven 51mply supported spec;mens contalnlng.“

23

rectangular openlngs were tested. The external dlmenslons:“

of all spec1mens were-the Eame.

oL

Measurements taken durlng each test 1nc1uded applled
: loads,‘ deflectlons,viand‘ concrete and” steel' stralns.:

Stralns were measured elther mechanlcally over .2 1n. or. 5

’

~in. - oage lengths, *or Uslng electrical* re51stance‘ strain -

o qages
-The‘seleCted.parameters,were:
e7the:1ength of‘therpeniné

- the depth of the top strut

”4‘the ambunt and type of shear relnforcement

N

2.2 Specimens‘f:d

span of 29 ft. with four p01nt'10ads 1ocated as shown in:

Flg. 2.2,1. The 1oad1ng system is’ descrLbed 1n Sect;on ,y‘f

- 07

The eleven spec1mens tested were 51mp1y supported On a “Qj

JR T



C2.60 Overall crOss sectlon dlmensions were kept constant'Y

'f;f‘_”:ali pec1mens ‘Wlth the aSlze"and -locat1on »of— web’f

, openlngs varylng as 1nd1cated 1n F1g 2 2. 2 to 2 2 6.

t'Tpn, spec1mens were de51gned accordlng to the ACId~f

”Bu11d1ng Code (318 77)(1) for an’ ultlmate mldspan moment of 3

2040 klp. in,ﬁ(P. 8 8 klps) and serv1ce load moment ate~

=

mldspan of 1090 klp. 1n.4(Pb= 5. 17 klps) ’The max1mum.~'

RN

- shear force at ultlmate load was 19 6 klps. Minimdﬁlshéar

Coy s

jrelnforcement ‘as requ1red by ACI - Bu1ld1ng Code (318-77)

.prov1ded a shear capac1ty ‘of 28.0 klps and was used for all

"rbeams\except;AZnand‘Serles D where the stlrrup spac1ng in

fthe end shear span ‘was decreased by half resultlng in a

-calculated shear Capac1ty of 32 0 klps.: All‘open1ngs were

“Tddlocated out51de the strand embedment lenctb calcolated .

-~

-

.;accordlng to prov151ons of ' the ACI Bulldlng Code (318- 77

-vas R6 5 1n.. e ' . ) ) ) X ' n‘ 'k}i“

i

Longltudlnal relnforcement consisted of a comblnatlon

of prestre551na : strand . and m11d relnforcement.

"Prestresslng was prov1ded “by four 3/8 1nh dlameter,»ZSOK.
' 'Grade, seven-wlre stralght strands for a11 spec1mens..'Thei

‘bottom mlld relnforcement consisted of. four O. 44 _inn_

A

.dLameter re1nforc1ng ‘bars. - The position of“~these bars»

<

:‘varled according .to - the vertical IocationA' of the

fl’;Lnings. The top longltudlnal relnforcement was. alsoi\,

- prov1ded by four 0. 44 in. dlameter relnforc1ng Pars. - In



O

~ the . specimens ‘corresponding to Series C, two addltlonal_

~'-'longn.tud).nal W2 9 wlres were located along the 1ength of“‘

the Openlng to hold the’ stlrrups in place.,

Web shear relnforcement was prov1ded by double legged

' Ist1rrups set .- vertlcally ,§'d bent from w2 9 - wires.

Addltlonal 0. 44 in. dlameter incllned re1nforc1ng bars were-b

29

wplaced adjacent to the tens1on corners -of the openlngs 1n"w

7tthe specimens correspondlng to Gerles D. Flgures 2. 2 4

2.2. 5 and 2 2 6 show the relnforcement detalls of spec1mens,

-Bl,- Cl and D2 -Appendlx A‘ contalns the 'relnforcement

‘detalls for all other spec1mens.

To study the effect of parameters llsted 1n Sectlon
"2{1, the spec1mens were lelded .into. four series. SerleS'Av”
conslsted of two beams w1thout openlngs. SerieS‘B,'C andlD'ol :
bcon51sted fof“beams, eachv with -two“Openlngst olaced'

symmetrlcally about the nudspan with the dlstance from the.

‘su port to the center of the openlng constant at . 8 7 ft._

Spec1mens in quleS A were control beams, tested to .

“prOV1de a standard wlth whlch to compare the results from

hbeams w1th openlngs.' BFAM Al contalned double the mlnlmum,

"shear relnforcement 1n the end. shear span..

. Serles~B- C and D. each con51sted -of three ‘beams with

ST

openlng 1engths of 56 1n., 40 in., and 24~1n§ In Series B

and D the openlngs were located 1mmed1ate1y below the "f

flange.n In Qerles C the openlngs were located 4 in. ‘below:

©

= the flange s0 that the top strut ‘consisted of -a T-sectlon.

% .



Specimens.in'Geries D werefprOVided with diagonaflweb{‘,i."

' re1nforc1ng bars adjacent to the openlngs as well as: doublei "

L

'span.

: o N . o . :
Detalls "of the specimens tested are summarized in
"Table 2. 2 1.
‘ “2.3'Materiais S "_' '7: o e

The concrete m1x was- de51gned to produce a 15 day

yllnder strengﬂw of . about 6 .0- k51. ,ngh Early Gtrength_

the nunlmum shear relnforcement requ1red 1n the end shear.\

'Type 30 Portland Cement and normal welght r1ver washed o

'-“aggregate were Used ‘ The maxlmum coarse aggregate 51ze wasi”:

:‘3/8 1n.'and the flneness modulus of the sanq&was 2. 75 The

‘water cement ratlo -was 0. 4 . Superplastlcizer Pozzollth

-400 N‘ was used to prov1de adequate workablllty of the_.

concrete mlx. The proportlons used were as follows._

.’_‘Ce‘ment L .280711;'7

‘ Sand x Che o 3221b :
qu‘Coarse acgrecate ';359.ibs:

) water: . '_1.1‘2‘-11'5_

.
B

‘Superplast1c1zer 796" mL"

, . For - each sﬁecimen, four batches of concrete‘ were5

”reduired., Two 6 1n§ by 12 1n.4cy11nders were cast for each

' J'batch and subjected to the same cur1ng ‘as the spec1mens..j
B . >~ . . .

: . . K . CO
[ . . “ . . N
h \ e . R N o

. 30 . l,‘- ) .’-‘



’_:The properties ;of concrete .were determined from

>

"'f‘compressive '.and splittrng tensile tests".on" those

31

TZ cylinders.- The modulus of elastic1ty for each spec1men was L

{_the secant modulus of elasticity at 0 4 f‘ found from the‘h

\

anfnth 1oad deformation ‘curve. | AIL measured ¢oncrete

57propert1es are presented in Table 2.3, 1
The prestresslng reinforcement used in all spec1mens

\awas' four 3/8‘ 1n.,' 250 K. Grade, seven-wire prestressing

’:strands which were continuous throughout the beam.- Three
*phySical tests 1n the strand 1nd1cated an average strength

of 276 0 k31 and a nbdulus of elasticity of 28 900 ksl.

: The stress—strain diagram reduced from load strain curve

\' obtained directly from test nachlne is presented in Fig.'

'.’

The longitudinal relnforcement 1n all spec1mens and

':‘the 1nc11ned reinfor01ng bars, when provrded at . the tension -

corners of the openlngs, were - 0.44 - in. in diameter.‘ The

average yield stress determined for three ,spec1mens was. 1;f

.70, 7 ksr and the modulusrof elasticlty‘was 31, 000 k81. uThe_§-

';stress strain diagram for a 0.44"in. diameter.reinforcing'

‘bar 1s shown in Flg.-2 3 2.‘}H\'7'A-1 L Lo

Minimum web shear reinforcement . as, specrfied by the

ACI Building Code was prov1ded by doubie-legged stirrups

Zl'bent from W2.9 wires. The average yield stress determined

". for ;three_ specimens was ' 81. O ks1 and -thelumoduius "of

o ' - -



. and prestressed to 186rk51. The force“ln each strand was

‘2.4.Construction:

elast1c1ty was 30 OOO ksi. %FThe stress straln dlagram for

w2 9 wire is’ shown in. Flg 2:3.3.

v

b

Fabrlcatlonsof the test spec1mens was carrled out in

the I F. Morr1s0n Structural Englneerlng Laboratory of the

Un;ver51ty of Alberta.

Once the stirrups had ‘been set in place on the’

prestressing bed, the prestressing strands ‘were threaded

monitored -bv~ load cells at the fixed end 'Néxt, the

relnforcement cage was. completed .

The:openlngs_were formed by styrdfoam'blocks cut:-tod

“the shape of web openlnas and. attached to the form at the

requ1red locatlon.l'To av01d flaws in the concrete in the

styrofoam blocks to Pllow the a1r to escape. ngh'early‘

¢ <

strength concrete mi xed 1n the 1aboratory batch plant was

.

’ v1c1n1ty of the openlngs,'holes were made vertlcally in the '

32

v

'

' used - Twenty -four hours after castlng, the form;'was‘.
'removed and the cylinder moulds were stripped.j- All the
spec1mens‘and cyllnders were:- cdred the same way "A_nbist'_?

burlap was', wrapped around "the"'spe01mens Aahd “the

\

cyllnders. Large p1eces of waterproof plastlc sheets were

used to cover the spec1mens to. keep the atmosphere 1ns1de '

2 .
1
N

S
5
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~the plastic cover nnlst. Reqular wettlng ‘was' needed to

'prevent ‘the burlap from drylng » A . ‘ o .
‘ - T . ’ ‘ . N ((\ :3'1

‘The preStresslng strands were cutiafter-five days of
moist curing, Prlor to cuttlng, dem&c gage. p01nts were
.attached to the concrete web and flange at nudspan.' Data
recorded at these poxnts were, used to’ determlne prestress
loeses,’ranglng from 10.45 xsi to 10.52 k51 with a mean

value of 10 5 k51.v

2.5 Instrumentation - .

The . specimens were instrumented to obtain data

<

; throughout» the complete“ range of 1loading. A 20 . kips
:capacdty load cell was used to monitor loads apolied
through four 15 klps capacity hydraullc Jacks.

Electr1cal resistance strain gages were mounted and
waterproofed on the m11d longltudlnal reinforcement at the -

'bottom and tOp struts "and also at. the mldspan. ~I’n all

-

spec1mens- contalnlng' openlngs, One’ of the' openings was

i

1nstrumented with electrlcal resaatance straln gages at

’

:ﬁlocatlons shown in Flg. 2.5.1.

n

The web shear re;pforcement and concrete stralns were'_
measured u31ng 5 in. and 2 JJL demec gages (demountable ’
mechanlcaI extensometers) \sefore the specimens were cast,

w'o 25 in. rods

re brazed 5 in. ‘or' 2 in, apart along the. °



(-
' * . v .
,
’ - . 2 -

Stlrrups in - “the region of the openlng. Rubber hoses were

- A

"then sleeved onto those rods. After the spec1men was cast

and"the concrete hardened the rubber hoses were removed.‘
.. -

Demec p01nts were then attached to the tip - of each ;Bd.

‘Flgure 2.5.2 ehows Vthe‘ demec p01nt locatlons on the \;

stirrups for a typical specimen. . '
1tx,determine the digtribution of forces"ip the top.

a

strut, demec points were also 'attached to. its” upper ana

lower surfaces,\ The numberQ.of' demec points . at ‘the top .

4 » '

strut depended on the length of the openrng. Flgure 2.5.3
- shows the demec p01nt locations at the tOp strut for BEAM
' p2. |

Data to determine the prestress losses were -obtained
from demec points attached to the web and flange at

midspan. ~ Déflections were measured u81ng LVDT (linear -
var1ab1e—d1fferent1a1 transformers) placed beneath the

openings and at mldspan ‘of ‘the specimen. . ﬁigure 2.5.4

~ N
R

shows the LVDT locatlons for BEAM D3. : fi? “

The data acqursltxon Nova 2 mini computer was used to

' record data for all speclmens. Appendlx B contalns the

etrain—gage' locatlons and locations of demec p01nts in

. . ST

stlrrups and top strut for all spec1mens.'

-~



2.6 Test Setup"and Test Procedure

~

i -
-~ - ’

The specxmens were tested in the load frame shown in'

Fig. 2 6.1, Lateral braces'were prov1ded to prevent the

v.'spec1mens from deflecting laterally during loading. The .

"gpedestals. Prior to loading, 1eve1 readinge were: taken at -

@Y

L censtant while cracks were marked, and loads, displacements .

-1

5 approximately 24 ‘1load steps until fallure, to fac11’

‘‘specimen. supports were hinged to permit rotation. ‘One of

the supports was fixed longitudinally and the other was

_-f

mounted _on rollers to permit ‘simple. beam action. - The

simple _ support roller system rested on-1~concrete

the supports and at mid-span to determine the camber due to

-

prestress.‘ ' v T ‘;-" o .

L7 o

A four-p01nt loading ‘system;' as used forﬂ'ail

'S*specimens. The loads were applied by hydraulic jacks
“positioned ‘at intervals of 69 6 in. along the'span. Load'

f was 'applied to the' specimens in increments, with .

ate

. data recording and accurate observation of the behav'or of

the specimen. . During each increment, the load kept

[

L

and stralns were measured and recorded. The L.V, D T. at

- "

.:midspan and a load-cell - monitoring ‘the load were connectedﬁ

to .the H. P..2FA XPY plotter to prov1de a continuous load—

'deflectlon curve. ‘Each specimen was testmd to failure.

lfniafter-failuré,. o ]‘7'v ) e

.35



: - . o
, w | o,
o T | —
saeg b_mc.ﬂ.ﬂ,u_..__u uwu;,mEm_:u . .cﬂw..v ‘ut , 8xpz . €
. cuy v.v.,.o pue’ .:w, 14 “.....;.. 8x0¥ e . Nna L
sdnaayas 6°Em . ‘ut ¥ ‘Ut 8x9¢ | Qo
sdnairas e'eM - ‘ut g "uTgXyz mw/\ ,,
sdnaaras .m,..u.z_.,: , ‘ut g ,..cﬂ axoy " : No
sdnaay3s 6 M . eutr 8 reut %Gm. 1o ,
sdnii1as ‘m.mz 1 ootur ¥ ) ‘Ul 8XVE o w..v.,m_m. .w
,mm:uﬁ,umi 6°2M “ut v tut, 8x0v ,  zg ,.
mmsuuﬂw. 6°2M Ccut oy .cﬂ_.mxmm Hu_m..,
- sdnaa13s 6-zM ) - suoN * ‘e
sdnaaiys m.N._x. o o _..m:o,z .2
’ .awcwvaouOMCa. 24 qam - ...u:wuw mm.up. 30 yadag u_nwww.mmc..ﬁcw_mo N ..uw,n_E“..z cweuuwmm

N

g

.
L3

we1bo1d Iseg T°Z° Nww‘_mﬁn‘,ma, 3



'Table'2}3;1"MeasuredfCoﬁcrete.Ptoperpies.‘

a

Specimen £1, (ksi) W lee (ks )2 | gy (ksi) (2) B tksi) (2)

"qg,VAi}‘ff__-f;sgeeﬁlr | ->6;27; '_ 0. 447 ] 3354 o
| viaz’f. .,,.s.éq  . fe~75°3*-; o, 402 ;_ 3660
:gifEIi?;a;7 - 6.18 ‘_,"j6.96{3;4vf 0.456 | " i%izQ'
,f4f;32j’:ife,_ gﬂgs | e.st |- o.as7 | sazs
B3 | 580 |- eas 0.432 |, 3287
o | sz | 6.45 | 0.402 1 ?31és;fra
c27 i;_ :5.50.‘;ri.15i6.§5'n - 0.450 | 3447
.‘J;53,‘ ‘«*3 554§ﬁf{*'f‘.§?§0' "O'4§1 1 13459 vv
“pp | siso0 | 678 | 0.432 "3231ffa
Cms | sa0 | a0 | omo | ez

p3 -« | s5.80 .0 | .22 | 0.420  |. 3551 °

Mean Value 5.64 | 6.61 i 0,43 | 3495

~‘Standard

3Deviation.l “; 0.32 10.36 v 0.02° fiilﬁ.lSAH

f}Coefflcient

,r;-

of variation | .63 | ss | oss [ 4w

Note: - (1) Reported values represent the average of 2 tests.

(2) Reported values represent the average of 3 tests.-
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3. TEST RESULTS.

3;l,”Principa1 Test Results
Principalkltest. results~ presented ind Table 3.l.l

consist‘ of loads at first crackind; ’locations of ﬁfirst\
cracking, ratios of manimum 10ad carried by - the specimen to
calculated ultimate 1oad, failurewnloads, and types of
_rfailure. | _‘ |

. The craCking load" was.“the load ‘uqur wvhich cra%ks
oecame visible to_the;naked eye'or.begatho elongate-from
cracks due to concrete shrinkage. Locations of the most
'"common observed cracks at - the openiﬁg in tested specimens
l are shown in Fig. 3. 1 l.~ The failure load was the\maximum
: load per jack carried by the sQeCimen. Failure was reached
) when tne specimen was not a le to carry any additional |
load. | Failure modes observed 1n “this test program were

y
flexural. shear. and strut hinging mechanism.

' The following sections, present for each beam series,=

the most: significant test results to illustrate “the

f-behavior of the specimens. Wheee results consist of crack o

'pattern of the specimen, Rhotographs of the specimen at
u,fffailpre and the load deflection'curVe ab midspan. Complete

_additional datw for each sgecimen are preaent in Appendix
‘{&, RN "‘i ) e R ot ) e ) . ) X ]
* ' [N e B . . e

i*f§2"‘ ST 1\-



C. These data involve load vs. forces in the stirrups at

the opening, load vs. strains in the mild longitudinal

reinforcement and load—defiection curves at the corners of,

the opening. The analysls of measured strains in the top
strut for determlnatlon of ax1a1 force and portion of shear
carrled-by the top strut is presented in Section 3.3.

G

3.2 Specimen Behavior

3.2.1. Series A

Series A consisted of two oeams Al and A2. These
beams were control beams, 'without openings; tested to
provide a standard with which to compare the results of
beams with Openlngs.\‘The only dlfference between the two

bears was that stlrrup spacing for BEAM A2 was one half of

that for BEAM Al in the region between \mhe support ‘and

first load posltion.

‘Figure 3.2.1.1 shows the crack pattern of BEAM Al at

o

. failure. Tne»first crack was observed at midspan region

under 3.6 klps whxch corresponded to 30% of the fallure_

<

load At 6.0 Xips flexural cracks that had formed in the

53

shear span between the support and first -loading positlon, o

fdeveloped 1nto 1nc11ned craCks. As load increased, new
' A v
incllned cracks -extended into the flange._’ Near‘failure

iy

’;these cracks penetrated into the flange. causing web-flange

Lo



)

separation.ﬁ The . cracks also extended towatd‘the support
causing loss of bond between longitudinal reinforcement and
‘conc;ete. As the load incgoased to 10. 93 kips tge spec1men
failed bQ loss of shear capacity. Figure 3.2.1.2 shows a
| photograph"of BEAM Al afterAunlooding. o |

The load-deflection curve at midspan is shown in Fig.

3 2 1.3. The curve is essentially a straight line up to
. /

3.25 kips which corresponds to the start qftéracking.,/The-

- cracking 1load observed during test is ;;dicated (o} the
load-deflec;ion curve. Bexond cracking, as the tension is
1a‘§ by the concreteAa rapid change of slope in therload-
deflectlon curve is observed. A maximum midspan def;ection
of 8.30 in. was recorded at failure. The lpad-deflection

curves for all specimens were determined by connecting

experimental points. For clarity of the plots, those

points are explicitly shown only on the load-deflection

. .
curve for BEAM Al.

'B]_EAM" A2 was dgsigned’ to reach its fiexura_l capacity
,begoie failing in shear. .The web shear reinforcement was
double the amounquroVidéd in BEAM Al‘inthe‘;ﬁéar span
between the support. and first 10ading}posi£ion..;

Figure 3.2.1.4 shows the crack patterh' gf BEAM A2,
.Flexural cracks were first observed at m1dspan at a load of

4.0 klps correspondlng to 28% of the failure locad. Within

the shear span between the -supportl_and second 1loading

54



zposition the flexural cracks developed into inclined cracks
% at 6. 8 kips :. '.i ~‘“' .

a At the end of the test, flexural.craChs were- wide and

~: had penetrated . 1nto.' theﬁ ﬁlange.‘ The longitudinal

creinforcement at midspan yielded. " At 11.22 kips the beam

reached 1ts flexural capac1ty at midspan.

Figure 3 2. 1 5 shows a photograph of BEAM A2 after

unload1no "The load- deflection curve at midspan is shown

in Flg 3 2. l 6. The initial behavior of the beam was

linear up to 3.8 kIpB. The loads under which first

cracking and yielding of mild longitudinal reinforcement
were detected durino testing are ‘indicated on the load-
'deflection curve. A maximum midspan deflection of 9.53 in.

) was obsérved: at failure

3.2, 2 Geries R

-

Test Series B included BEAMS Bl, B2 and 834 These

beams contained openings below the flange and placed

symmetrically about midspan with the distance from the

'supports to the center of the openings being 104. 4 in.’ The
only difference'between the three beams was the length of

the openings. Lenaths of 56 in., 40 in. and 24 in. were

55

~ provided in BEAMS Bl, B2 and B3 respectively. . The web a

shear reinforcement was similar to BEAM Al and the

longitudinal'reinforcement was similar to BEAM A2.

s



’

“midspan region. With'a small increase of lpading, cracking

o

: ~ '.: - N . . ‘)
BEAM Bl was tested with 56 x 8 in.. Openings. The'

presence of the openings considerably. affected the behavior '

of the specimen.

.

The crack pattern of BEAM Bl at f51lure ie shown in

Fig. 3.2.2.1. The flrst crack occurred at the lower

tens1on corner of the opening as an. elongatiou from ‘a

shrinkage crack. _The ' cracking load_;was '3, 2 klps

corresponding to 29% of the failnre'load._ At'tnie same

load, flexural cracks formed at the. bottom strutband:at the .

occurred at the web-flange jnnction‘in the upper tension.
corner of the opening.
Prior to reaching\ 5 54 Xkips corresponding to tne‘

eerv1ce load level this crack extended and flexural cracks

formed at the ’flange in the same region. At 5.5 k1ps

inclined cracks formed close to the edge of'tne'opening at -

-

the support side. As\load,increased new inclined  cracks

Y occurred at thedshear span between the support,andlfi;st

v ) ' I3
loadlng posltlon. However they did not penetrate into the

flange nor . did they extend toward the support.

-

Beyond the service load level the stlrrup"adjaCent‘toa'
the lower tenslon corner of the openlng yielded. The miid'

loncitud1na1 reinforcement below the openlng and at midspen~'

1§ ylelded. Yielding was detected frcm strain gage

‘readings. Aetthe load increased beyond 9.Q;kips'tnemcracks

Ty
L
- R -
1.

e

'j55 S
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©

at the lower and upper tension corner’ of the ‘openlng.

widened 81gnificantly. ~Near failure‘ the longitudinal

:reinforcement at ‘the - “top " strut yielded. Failure occurred

~at 11 03 kips when a hinging mechanism formed in the topg"

2strut and the spec1men was not able. to carry any additional‘

load. . Figure 3.2. 2 2 shows a photograph of BEAM Bl after

'unloading.,"

The load deflection curve at midspan is shown in Flgr

~'p_3.2;2,3, As can be observed QEAM Bl behaved elastically up~

fto 3;O*k1ps. The change of slope in the 1oad-deflection“'

' curve reflects the formation of a’ crack at. the lower_f

tension corner of the opening at*3 2 kips., The loads under

which the mild longitudinal reinforcement and the stirrup'

adjacent;to the openingsyielded are inZicated-on the.load—
deflection curve. ‘At failure a maximu

. . » ’ﬂf
of 9. 95 in. ‘was recorded. )

QslrdSpan deflection

Figure 3.2. 2. 4 shows the axial force in- the top strut_r,

determined from straint measurements on the -tOp strut.x;if C

Figure 3. 2 2. 5 shows the shear force carried by the top .

4

'strut versus. the total-shear force"at the openinqa Nearz

failure, - the top strut carried 58% of the total shear._rThg

fprocedure for calculating ax1a1 force and shear in t:,»
| strut from strain readings is described in Section 3_

BEAM 82 was provided Wlth 40 x 8 1n. openings.~wThe

crack pattern of BEAM BZ is shown in Fig. 3:2.2.6. "'l‘he"‘ S

L. Lo



osg

N

e first cracks to be formed were the inclined crack at the

”lower tens1on corner of the Opening and a flexural crack atAf

" the bottom strut. They formed s1multaneously at 2 8 klpsituh

: corresponding to 24% of. the failure 1oad. ' At. 3 6 'kips7

t_flexural cracks were detected at the uudspan region. ~A€ﬂh
4. 4 kips cracking occurred at the web flanqe junction inif

"the upper tension corner of - the opening.. Simultaneously an«7.f;.f

- ,1nc11ned crack formed near the edge of . the Opening at the'j‘

”support Side.

Below1 5 78 kips corresponding ;to. the serv1ce' 1oad :

’Nlevel, flex ral crécks thﬁt had formed at the bottom strut“

AR

'ddeveloped into\‘inclined‘ﬁcracks. g W1th increments : f.»

'9lloading, 1nc11ned cracks occurred at the shear span betweenf

f_the support and first 1oad1ng pOSition.‘~7

'y"' Beyond the service load level the crack at the web-,f

flange Junction at the upper tension corner of the openxngi ;

i'widened considerably ' Flexural cracks formed at the flange~yl

.‘1n that region.: At 59% of failure load, a11 stlrrups inI

o the bottom strut and adjacent to. the opening yielded
AR

:Lexcept the stirrup at the lower tension corner of therf

fopening.' Near failure the mild 1ongitudina1 reinforcement:;j

'bé16V"the lower Jten51on corner of the opening and at-5 -

“:}midspan yielded.. An inclined crack at the shear span_

PR

":ipbetveen the support and first loading position widened‘ -

,'fsignificantly. penetrating into. the flange.; Failure was“‘.

N
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ffd?ﬁéﬂ .
im.tiated by loss of shear»capac:Lty in .that shearlspan.
:1 The failure load was 11 4 klps” Flgure 3 2 2 7 shows a
photograph of BEAM BZ after unloadlng. B e o
The load deflectlon curve at mldspan is shoun in . Flg
3 2. 2 8 Formatlon of first cracking ;n BEAM BZ is showniﬂff
" on the load deﬁiectlon curve by the chanae of slope at 2 81
o kxps Flrst crackxng detected durlng testlng 1s }ndlcated
h‘ on the load-deflectlon curve. The loads under wh1CH the»;"'
~stlrrup adjacent to the\ppen1ng and the mlld relnforcement
‘;“ below the tenslon corner of the open1ng ylelded are showni -
| on lthe load deflectlon dlagram. - At fallure .a mldspan
deflection of lO 25 ﬁi was reoorded.” | | o “
‘. The relatlonshlp tmtween the axial force 1n the t0p f:_
"strut and the applled load is presented 1n Flg.v3 2 2. 9 |
thure 3 2 2. 10 shows the relationship of shear force'
carr;ed by the tOp strut to the total shear at the:.fl.ﬁi
':;open;ngrf,wear fallure, the'top strut carrled 58% of the.u:-h
~'total"shear.pjeh'-'l | :b_ . o
B BEAM B3 contalned 24 X 8 in. openingslff.ﬁFiéuréfi;

3 2 2 1 shows the crack pattern of BFAM B3 ‘at- fallure .An"‘

"f lnclxned crack at the lower tenslon corner o£ the openlng
‘ and flexural cracks at the bottom strut were the f1rst to
be formed The cracklng 1oad was 3 2 k1ps correspondlng tov'

'7f~€; 28% of the farlure load., As 1oad¢increased to 3 6 kips the

flexural cracks that had formed at the mlddle of the bottom

-



- ,flthe upper tensi,on corner of t‘he opening

60

"strut extended through its full depth. ‘At"40 kipsthe

,inclined crack formed at . the lower tension corner of the% '

'opening elongated substantially toward ghe bottom of thev”

'speca.men. - Flexural ' cracks . occurred in ._th'e_f midspan

\'f‘region. :A load increased to 5 6 kips inclined crar:ks

} occurred simultaneously close to the edges of the opening.‘s -

i

Prior to reaChing 579 kips correspondlng to the

serv1ce 1oad the inclined cracks extended and penetrated -
-‘-‘1nto the flange. 'rhe flexural cracks at the shear span'_‘.‘-

. between the support and the opening deVeloped into inclined~"'

Eand

.;.cracks.f.@ Cracking occurred ‘at. the web flgmge junction 1n ;

»

Beyond the serv1ce load level 1nclined cracks formed. )

K k \‘» ~

.

’.-__pos:.tlon penetrated 1nto tlhe flange. As the load increased -

‘-«.f_'.at the shear span between the support and f1~rst loadang""

beyond 9 5" klps the crack at the upper tension corner of‘,‘

E -'Athe opening w1dened ugmfrcantly and propagated Lnto thei" o

flange.’- .The crack at the lower tension oorner of the'

4.

":,‘_opening and flexural cracks at midspan were w1de.' fThe ‘

stirrup adjacent to: the lovVer tenslon corner of the Opening

N ' N .‘.’, Y

.yielded . Prior to fai}ure some 1nclmed cracks that- hadﬂ

, ‘_formed in the shear span between., the support and first‘~
a * 14‘ R~ L

> and the mlld longitudinal reinforcement ‘below the openlng

‘loading posuion widened consmerably and elﬂgated toward‘.‘ '

) “'_v.the support causxng loss of shear capacity at 1l 45 klps."‘-"

: i . . -
R . : {



‘-‘\Figure A3J2.2.12 snocsk'a .photograph' of ‘BEAM B3 after"

. -unlq,a,ding.

Figure 3. 2 2 13 shows the load deflection curve at

61

' .midspan _'Up tc 3 10 kips the curve is linear: 1nd1cat1ng"

-‘ ‘ elastic behav1or of the specimen. The cracking load-'
. recorded during testing is indicated on t‘ne load deflectionr,

curve corresppnd g approx:.mately to the change of slope in~'

‘the curve ) 'I‘he loads corresponding ‘to- yielding of .the

stirr(xp adjacent 'eo the opening and yielding of mild'

lonqitudinal reinforcement below the opening are shown on

/
.

'.:the l,oad def'-lection curve_. A maximum midspan deflection of

10, ‘33~ inv.' was obser‘\ied'at' f'ailure.,

Figure 3.2, 2 14 s};(ows the eXperimentally determined. '

"values of t.he axialr force acting 4in the -top - strut. 'I“-he

'3 oo

shear force carried by fhe ‘top’ strur. c@pared w1th the

'rotal shear force'at the opening'i's presented in Fig.::

__5*2.2.15. - The top strut carried 65% of . the. total shear,

1

near failure.v

)

.3.2.3. series:C., -

f

'I‘es.t Series C consmted of BEAMS Cl, C2 and C3. Thesej'

 beams were Slmllar to Series B. ,excépt t‘nat they were

,é 4

provxded with openir;gs located 4 in. below the flange. The*ﬂ***

web’ shear »reint'orcement and longitudinal reinforcement were_ "

i



-

below the flange, shear reinforcement was prov1ded in the

. top strut.

BEAM Cl contained 56 X 8 1n. Openlngs. " The - crack’

A

'cracks formed sxmultaneously at the lower tens1on corner‘,

'v_'and at t}xe upper tensxon corner’ of the openlng. The

'cracklngo load was 1. 6 klps correspondlng to 16% of t'he

TN

i~

4. 0 k1ps flexural cracks ‘occurred at the m1d5pan reglon ‘but

";fallure load Beyond 1 6 k1ps both cracks elongated

‘:-partlcularly the one at the upper tenslon corner of the

-

o ’¢pen1ng that emtended along the web*-flange Junctlon. - At

°*

2 4 klps flexural cracks formed at the bottom strut. At

i

. \

e

Dl d1d not elongate slgnlflcantly \ , , -

—c‘/

Below 4 93 k1ps Kcorrespondlng to the serviée load"

v

:level the crack ‘at’ the louter tension corner of the opening}

v

widened: cOns:.derably. New flexural cracks formed at. the

- r

- bottom strut and extended to its full dep‘th At 4.8 klps

‘an 1ncI1ned crack oc:curred close to the edge ‘of the opem.ng

i

~

formed at the;shear spgn between the support .and flrst-

crack:.ng p051t10n. but dld not extend into the flange. :

Beyond the servxce load level the %crack at the upper

N tenslon corner of the openmg penetrated into the flange

AN

>

causxng web-—flange separatlon. ‘Many . fl'e_x_ural- 'Cr-_acks

. e

62 .

sim-ila’r' to BEAM Al. A Slnce the openlngs were placed 4 1n.‘;-7 N

: pattern of BEAM Cl is shown in Flg ‘3. 2 3 1 " The fi’rst

~at the’ support side. As. load 1ncreased incllned drackst



63

-+ ocecurred at.the flange in that region. At 9.2 kips
inclined cracks that had formed'at the shear span between
‘the support and flrst loadang p081t10n, extended toward thei'
support.t Near ‘failure the mild longltudlnal reinforcement'
»below the Openlng and at the mldspan, and the stlrrup>‘

K adjacent to -the 1lower tenslon corner of .the opening

AP

'*i - yielded. The 1nc11ned crack that had elongated toward the

e A

upper compre551on corner of the openlng Opened ‘uph

-

apprec1ab1y. Fallure took place at 10 0 k1ps caused by
\1oss ‘of shear capacity in that reglon. A photograph of
m_BEAM Cl after unloadlng is ﬁhown in Fig. 3 2. 3 2. . |
Flgure 3. 2 3 3 shows the 1oad deflectlon‘ carve at
:rxght corner of the opening.: Cracklng is ev1dent at 2. SA
klps as shown by the llnear portlon of the load deflectiom ~ a
.cgrve. 'v“The' loads" under whxch the mild longltudinal\
) ]

v rexnforcement below the openlng and - the st1rrup adjacent to

l

"the openlng ylelded are spec1fied on the load deflection
curvea _ A maximum mldspan deflectlon of - 5 88 in. was .

detected'at failurea

TR Axlnl ,force in the .top ,strut. determlned from test

/

’data 1s presented 1n qu._3 2 3. 4. Flgure 3 2.3.5 shows

|

»the shear force carried by he top strut as determlned fromw\V”
test data versus total shear\at the openlng. Near falld%e,"

o the. top strut carried 83% of\the total ehear., '

: l'_.: Vel -
TN ;o : "\"
e

0



X t . - ’ R :
BEAM C2 was tested with-40' x 8 in. _ openings. ' T'llieL

crack pattern of BEAM C2 is shown in Fig. -3.2.3.6. At 2.0

kips 'corresponding to 19% of the failure.- load first

cracking ‘was observed at the lower‘ and upper,tension
‘ , . :

corners of . the openxng and at the bottom strut. 'As: Ioad

increased to’ 3./2 k1ps new flexural cracks formed at the

-\

bottom strut and extended through 1ts full depth. At 3. 6

64

kips the crack at the upper tens:.on corn,ex of/the/epe/nmg— : |

| elongated toward the flange and extended ‘along the web-—"""

. -flange junctxon. At 4.0 k1ps var1ous f'lexural,craoks

»

occurred at the midspan region. ' chhned cracks formed_»

close to the edge of the—opening at» the support side.

Below 5 27 klps correspondlng to the service load':'

' =
.level inchned cracks occurred at the %hear span between
I

the support and fJ.rst 1oad1ng pos;.tlon,’ but . only a few~

elongated toward the flange{

Beyond the serv1ce load level the crack at. the upper "

/

@tensmn corner of the openlng penetrated into the flange

‘and web-—flanqe separation was inltlated. | 'I‘he-. stlrrup;'v.f

i _-padjacent to the openJ.ng and 1ocated at the upper tenslon'

corner region yrelded. ﬁ'he mlld 10ngitud:.na1 remforcement-

'.at the bottom strut and at mldspan ylelded. Near failure

_»the inclined cracks at the shear span between the 80pport'v-',,' A

and fir t 1oad1na pos:.t1on,v that had extended toward the,ﬁ»yf‘v'.’ik :

upper c?mp{ession' corner "'of»_;" the_ opening, | wzdened',

L r T Ty
1 R I ' - \
i 3 : .



. unloadlng.

B

| was 6 48 1n.lwi”'ff“””y

-

‘. coneiderably. : Concrete crushing was observed “near the.

-

O

upper cpmpress1on ‘corner of the'~open1ng. . Failure was-

r,

W, : '

65

precipitated when _gde 1h611ned cracks ‘extended; to':the:ﬂ"

!YL\}

: ' ' ‘ . A
‘support cau81ng loes of bond between concrete _and

{longitudlnal reinforcement. The fallure load was 10 57

k{psl‘ Flgure 3 2 3. 7 shows a photograph of BEAM C2 aftér‘kf;:’

' Y S‘ " ¢

- .. i ‘

;1? The load-deflectlon curve at the rlght corner of the-n*;

openlng is shown in Flg. 3.2, 3.8. As shoun_by”/he load-‘

. '\

deflectlon curve, cracklng occurred at 1 75 klps although

durlng testing it waﬁ detected at 2. 0 klps. The loadsf55

1 -

correspondlng to yieldlng of the stlirup adjaoent to the

t openlng and yleldrng of m11d ;ong1t dinaL? relnforcement

—

below the opening are indlcated ‘on the load deflectlon S

an

curve. The maxlmum mldspan deflectlon observed ag/fallure




ﬂopenlng at l 6 - klps correspondlng to 15% of, the fallurep.
'i~load. At 2 4 klps thls crack elongated vertlcally and a"xl

crack occurred ”at~;the-'10wer ten%éon ‘corner’ ‘of ' the -

P

66

':.openlng As 1oad 1ncreased to 3.2 klps a flexural crack'e

;‘formed at the mlddle section "of the bottom strut xand' .

»‘extended into 1ts full depth At 4. O klps correspondlng to.

38% of the failure load s§vera1 flexural cracks formed ‘at

'jthe mldspan reglona_ The crack at the upper tenslon corner'ﬁ

.of the openlna elongated toward the flange and extended,.’r

‘]alond the web- flange junctlon. As.loadwlncreased, flexural‘
;‘cracks were detected at’. the bottom strut and at the mldspanj‘

reclon._ At 5 6 klps an 1nc11ned crack occurred close to ,'H

{

the. edge of the openlng at the suppOrt 51de.-‘ Flexural g

'cracks formed at the shear span between the support and,ﬂa

.,Jflrst loadlng p051t10n ‘ ( ,t"*~ E

Beyond the serv1ce load leve”

LS

.a few 1nc11ned&cracks:

1~that had formed’at the shear span b ween . the support and_-'

flrst loadlng p051t10n extended in§o the flange.f The~m11d,i

b'vrelnforcement at.ﬂtheV mldspan‘j d, below {the_iopening_;'
'}ylelded E Near fallure these 1nc11ned ‘craCKE"rwere"

'”notlceably wldened As the shear tapac1ty of that reghon]"*

. was reached fallure occurred The fallure load was 10 S_iv

_5.k1ps. Flgure 3 2 3 12 shows ‘a photograph of BEAM CB after':

0

* .unloading. "



P . . -
§-

The 1oad~def1ectlon curve at. the rlght corner of the

‘fOpenlng is’ shown 1n qu. 3.2'3013r Cracklng occurred at

,'2 25 klps"a 1hd1cated by the change of slope of "the

-lcurve. 'Cracklng was flrst observed durlng the test at 2.4

L klpS»_ Yleldlng of . thé nuld lonﬁ‘tudlnal relnforcement atf'
- mldspan took place at 8 8 "klps as .shown on the 108dfvﬁ

deflectlon curve\, At failure a maxlmum mldspan deflectionl'

‘ -t i . . ‘:/, i
,'of 5 56 1n. was recorded.r -,.~

The/axxal force in the top atrut versus the applled

: load is shown- in Flg 3 2. 3 14. : The valuesA of the.

‘experlmentally determlned shear force carrled by the top

‘strut versus‘ the total shear force at the openlng "is
‘l B ‘- : .

presented in Flg 3;2.3.15; 1The top etrut,earried ﬁZ% of - .

7.thé total shearg nearvfailure{‘ \ ' . ’ -

P.2,4:‘Series'D ; AR o o

. .
) A .

Test Series D 1ncluded BEAMS Dl D2.and‘03:_'Theseb

’beams _were prov1ded w1th openings hav1ng Athe “'same -

[

dlmen51ons ‘and locatlon of Qeries B.. The web sheér

. Y

relnforcement at the shear span between the SUpport "and. -

67

© first loadlng p051t10n was slmilar to BEAM A2. ;"As;'

~

fdiscussed in Chapter 2 addltlonal incllned bars were placed~

close to . the ten51on corners . ;of the openlngs to mlnlmxze

;crack propagatlon and‘web flange separatlon.



. . ; R ) v
A
BEAM Dl waS\prov1ded with 56 x.8 in. open;ngs. ' Figure

¥

'~3 2. 4 l shows the’ crack pattern of BEAM Dl at- £a11ure.,:$he
e o

;flrst crack occurred at the lower ‘tenslon corner of the

"4open1nq as; an. elongatlon from a shrinkage crack " The

cracklng load was . 3.2 klpS‘ cOrrespondlng to 31% of - the C

; fallure load 51 As load increased to 4.0 klps flexural

B ¥

:cracks were observed at the bottom strut and at the mldspan'r

”

_reglon. ‘At 4 8 k1ps cracklng occurred at the web flange”

. junctlon 1n the upper ten51on corner of the openlng but dldi“;

'”not elongate. ; ,:, o

P - - 0 T ‘
Prior’ to,'reachinq’ 5;18"kips correspondlng to the
service loa& level flexural cracks were observed at the

Y

Vflange close to "the upper tenSron corner of the opening
S

An 1nc11ned -crack occurred near, bOth edgES of? the——”.;‘

I
/

opening. Fhexugal cracks that had, formed at the shear span

between the support and flrst loadlng p051t10n developedf

o~ . R “ ~' [ . R -
*-1nto 1nc11ned cracks. S : oL .
w—lw '

-:Beyon%’the serv1ce load level xncllned cracks wereﬁgx

observedzat.the bottom strut. The cracks at the lower and7f

' A\ .
upper ten51on dbrners of the openlng were well contalned o

\A horizontal crack formed in the flange near the upper“'

>~ - ~
I

- jten51on corner of the open1ng At 9. 2 klpB the flexural- “f

PR
i

'cracks at the midspan reglon were qu1te wlde.; The mlldf

‘wl

longltudlnal relnfdrcement below the‘ openxng and at thefmilfﬂ;"

midspan reglon yleldedwa At‘lo 4 klps the heam falled 1n‘ffﬁlx



v

'flexure at midspan.i Figure 3 2 4.2 shows a- photograph "of

tBEAM Dl after unloadlng

. The load- deflectxon curve at nddspan is shown 1n Flg.'

~

3.2.4. 3. Close to 3 2 kips ‘when' the f1rst-crack~formed at

13

69

the lower tension corner of the opening the - slope of the.ff“h

¢

- ”load deflectlon curve ‘changes..u”lThis change» of 510pe ;‘

drh corresponds fito; ;2:§6' kipsf - ;The' m11d longitudlnal

4

‘wrelnforcement belOw the openlng and at midspan yielded at’

. 8. 47 klps and 7. 96 klps respectlvely as 1nd1cated on the;f”‘*

AY

’4load deflectlon 'curve.-‘ ‘At fallure,‘ a maxlmum mldspan.;

R : '

'*deflectlon of 8 60 in. was recorded

FIRTIRN

Ax1a1 force 1n the top strut determlned from test data N

"1s presented JJI Flg 3 2 4 4.‘ Flgurei3 2 4 5 shows the -

e‘ﬁshear force carrled by the top strut as determlned from.ﬂ

hA

;test data.h Near failure, the top strut carrled 60% of the i;

Qtotal shear.

P

BFAM D2 was tested w1th 40 X, 8 1n. openinQSQj"Figuréizfa'”

3 2 4.6 Sh°‘*’“ the crack pattern of BEAM D2 -at- fallure.f*

ifInltial cracklng occurred at the lower ten51on corner ofp’7

'f"thef openlng gas‘{eni~exten31on» of ja, shrlnkage' crack-}f*"t

‘g&Slmulfaneously flexural ‘crack formed ‘at, the bottomd~

The crqcklng load was 3 2 klps correspondxng to 30%v!

"of the fallure load.-, At 4 0 klps flexural crecks werefz'

‘~fobservedpat the mldsnan reglon and at the bottom strut. As,'

":load 1ncreased to 4 4 kips, qracklng took place at the web-fr‘u

—'.f‘f‘. Lo LT e n o o S . oy -
W . . . L. PR o .



.d:‘openlng At 6 O’ klps, flexural cracks that. had formed

“vlgtension corner realon of the openlng. An Jncllned craok

e ”to the flanqe._:'

-
R N . \ .o
. . .. R - .

"‘flange junctlon-jih~'the- upper tension fdorner of thele

w"'f;clolse to the edge of the openlng at the support Slde ';l*

A \

) 1'deve10ped 1nto incllned cracks. Flexural cracks at the

xlmldSpan reglon elongated toward the flange. ,_‘] ' f L lf u.

Below 5 23 klps correspOndlng to. the servxce load ,»@”

w;level, flexural cracks developed 1n the flange at the upper
[J

S, " ",»‘

ifadeveloped frOm ‘the Jower compresslon corner of the open1ng

D - L L e . LoD . ey e ¢ . .
* - t e R . DR R PN
- . . . . . . i NP '“] -

At 8, 8 klps ihciined Craeks occurred at the bottOm ']*"

”istrut., Flexural cracks that had formed at the shear‘
ngbetween the support and flrst loadlng p051tion developed [f?H?
L i s, \ ,’ ‘“‘»"_ b';.‘
“1nt0 1nc11ned cracks and reached the flange. Near fallure,fgfgé;

%ﬂa horlzontal crack formed at the flange close to the upper %ie”

Co tenslon corner of the openlng _? The mlld longitudlnal

";;frelnforcement below the openlng ylelded. , The flexural

':Qgcracks at the nudspan were noticeably wldened.u Fallure'ffhe

:._occurred at 10 5 klps when the flexural capac1ty was

T_reaChed at mldspan-, p;gure 3 2 4 7 shows a photograph of

l"?o”BFAM DZ after unioadlng

vvvvv

e, '."I.f",-; o S ’.’.»: - ,_ ) : ,-'.;‘: ) :\ s
The load—deflectlon curve IS shown 1n Flg 3 2 4 8.;

~flbrack1ng 1s 1ndlcated by a change of sloPe 1n the load-_i'

3;L?def1ectlon : Curve 2 72 klps.x‘ Yleld1ng - ~ MIId

ongitud1na1 relnforcement below the openlng 1s also shOwn



. . P . | . Lo - L

"\was detected at fallure..:j“w? fe7”‘f: *[.“3,57'71“_“,‘ .

Flgure 3 2.4. 9 shows the ax1a1 force in- the t0p strut ’

7

'-kQ'onfthe‘diagraﬁ.v A naximum m1dspan deflectlon of 9 55 1n.ﬂ

r'dversus,the applied ﬁpad.[ The values of the shear forcef‘

. "°carr1ed by the top strut s determlned from test data are
h’m..v " ;

.presented in Flg. 3.2. &10 ‘ Of the total shear. 64% was
NI 2 TR R

rrled by the top s!rut near fallure.lfo“"h'

BEAM D3 was prov1ded w1th 24 x 8.in. 0pen1ngs. Fiéﬁre”x B

i_h'3 2 4 11 shows the crack. paQ&ern at fallure.‘; The flrst

L cracks formed at lowenaten51on corner of the openlng and at e

bottom strut.(r ;Thek crack1ng 1oad was‘ 3 6 klps_*"v‘

"',corresponding~ to ‘33% of the fallure 1oad.} At 4 4~ klpS

N

'_'flexural crack formed at _the middle of the bottom strut,vv S

"jpenetratlng 1ts full depth.,he[‘:”

o

- dflexural cracks occurred at theb midspan 'reglon and ‘é

At S 40 k1ps correspondlng to the serv1ce load level,: ;

7f.1nc11ned cracks developed close to both edges of the

“»Qopenlnq.ﬂ Flexural cracks that had formed 1n the bottom

- i

rffstrut developed 1nto incllned cracks. lftf#"

Beyond the servxce load level Cracklng occurred at

5_t£hé upper tenslon corner Df the Openlng but did not
. I

::{felongate sxgnlflcantly Flexural cracks were observed at }f-”

7jthe flange 1n that reglon.} Incllned cracks formed at the

- B \ B B -." ‘
:f and extended toward ¢he flange._ Near fallure,\

- \_

shear span between the support and flrst loadlng posxtlon fl'.



-‘midepan-‘widened‘_substantlally and extended. into'_the‘
’ﬂflange._ The m1ld longltudinal relnforcement at mldspan and
-below the. openlng &1e1ded. ‘At 10 .8. klps, fallure occurred

Lby loss of flexural capacity at mldspan.' Flgure 3 2. 4 12,

.~::Fshows a photograph of BEAM D3 after unloadlng.

' ‘The’ load deflectlon curve is shown in Flg._a 2 4 13.”
u:Cracklng is ev1dent at. 3‘;7 klps as shown by the change of
fslope in the load-deflectlon ourve. The 1oad under whxch
?the m1ld longltudlnal relnforcement at‘mldspan ylelded 1s

h,spec1f1ed .on the diagram._ At fallure atmgdspan deflectlon

‘
1

o« of 7. 42 in. was recorded..
The relatlonshlp between the ax1a1 force 1n the top

strut and the applxed load is shown 1n Flg 3 2 4 14

vé/[ Flgure 3 4 2 15 'shows the relatlonshlp of shear forcexrjh

L . [ .
-rcarrled by the ‘top strut to the total shear at the E

open;ng,; Near fallure, ‘the top strut carrxed 41% of the

- ) - : . / . .
‘total shear.: ’-'x'." R ‘f7¥;' . v;'f : ’i‘:fr-"?ﬁf.
i T SRS P
"33 3 Shears in: Top and Bottom Strutsﬁ 'J | | .

3 eﬁ"" [ ‘ : R T

The tOp strut of all spec1mens qontalned demec pOlnts;~
’“;cemented on the upper and lower surfaces,'as szown in Fig.i ”>/
;,3 3 1, to prdvide informatlon oh the etralns at‘speclflci}f”*
'wfcross-eectlons._, These ‘heasured stra1ns> were,;used5 _1'_c.'>:~fj.-."_;~

”.calculate aX1a] and shear forces in the struts.f

~



. , . i . . - ‘» - T . - N : ) R .
N , o, . . o o

.. . - . ) s“‘ -
vy e -
%fj The values of the aveage strain at the tOp and bottom

flbers at each load step, were determined from',-

N B ni 2 L e 1)_ L
4 “(sFli"'jfl (8 )1,3 . \.‘3€1 o
| (s )"f*:g 2 (s-)" N T
.U bd j=1 b 11] T R f.‘ R
_where, |
l;mi.= section number: - ;‘ i A "w‘}‘, ;\;5‘

J = number -of demec p01nts across the surface /;Jf‘
',n =. load step “l~'w ”:t-'ﬂ'2~i 'f ‘e ;v.;,/ ,feer

p—

tOp strut at load step n.
1(Sb)“ # average bottom flber straln in sectlon i of the'

tOp strut at load step n._'

(dQ) = tOp flber stra1n in sect1on i ‘at p01nt j of‘

the top strut at load step n.f'\

’(sb)l 3 = bottom f1ber straln in section-i -at. p01nt 3

‘of: the ton strut at load step n.
- ‘.". ’\ ._ B R .. .- ., . “ . ( L ' ‘.’b .
X ' .A.i:'_k_J'.?_ L

. . SRR o . : .
Once tﬁe values of the average stralns at each sectlon

;:dﬁre de‘brmlned,.they were related %o sectlon and maferial

Y

'properties to obgkgn the ax1a1 force and moment.a‘Normal

.jstresses in the concrete were assumed to be uniformly

, .

,(S )n = average top fiber str51n in sectlon By of the‘.k

"dlstributed across the cross~sectlon and were determined"\' ‘

s

) - N N R S N < . ol S - i



lsfromethe~stre53-strain curve fOrfCOncrete;f By'integrating‘
: o

normal compre551ve stresses alona the crossrsection, the

-_fax131 comp;e551Ve force at’ that partlcular cross-sectlon

74

was determ1ned. The ax1a1 compresslve force at load step nf"

'-was determlned fromr.’ S (;gff'

‘fwhere:

Cn = average ax1a1 compresslve force in the. top strut,

i

at load step n.\*,*e I ﬂjf-'rg;f

‘ rcgfj=. ax1al compresszve force An - the. top strut in

_;4 x sectlon i at load step n.

m\- number of cross, sectlons consldered. Y

By 1ntegrat1ng normal tenslle stresses along the cross—

'sectlon, the axlal tens;le force in the uncracked top strut'
'gwas determrned. After crackinq of the top strut, the axialf

'-_ten511e force *was assumed equal to. the force 1n the._'

hsteel. The moment was then calculated based ‘on . equxllbrlum

.

3y

'h_condztlons for eaCh sectlon.d Values of shear forcé 1n thev*f.

\f.strut were determlned by the fo110w1nq expresslon-ﬂ

>

e T T e
Tt - i ke o T e ay
i i».,k:_ 2
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o where,, E

w'h'ere', "

. , PR . A .
. N e - . . . . ‘ . el N
. . .

LN

f‘ Vi k = shear force calculated from moments acting at R

+

¢
(d"A oy sectiOns\i and,k in the top strut at 1oad step n..

MY = moment at sectlon i at load eteﬁ n.x

Pﬂj

»% fj

= moment at sectlon k at load step n.

Xj k= dlstance between'sectlons i and k.'

75

AT T e g

n was determlned 'from average values of _all ,poss;ble ‘

comblnations of V X Thus,-“

v» .='.f,“ii'f=1-‘.1c=>;f1_‘._~'« A

o m o - : st
o (m-r) AL

The value of the shear force in the top strut - at 1oaéjstep->a3

Vn & avefhge ehear force in the top strut a%bload etept

.

numberdof cross—sectaons cOnsidered.z

V?;i.= shear force in the top strut actlng aJ:;ectlons;'.::

‘i and k at 1oad step n.“ifgf":ffﬁ jf“ﬁ; ﬁf‘ﬂ

R
v
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4. EVALUATION OF THE EFFECTS OF SELECTED .PARAMETERS

. 4.1 Introduction
“_ In this. chapter, an evaluation is made cf the effects

of selected parameters on’the behavior of the test beams.

Parameters varied ih the study were: length of Opeﬁihg,f

vertical position of the opening, and -shear reinforcement
details.  Particular attenticn is paid to the .effect of

- eath parameter on the extent of cracking in the struts,

distribution of shear between top and bottom struts,

yielding of ;einforcement;-ahd failure mode.

4.2 Effect”cf Lengﬁh cEgOpening.

-

‘Length of Opeﬁings considered in this test program

were: 56 in., 40 iq;v'and 24 in. "All web Openiﬁgs were

centered at 104.4_in.’from'eupports.

4

Sinceln cracking " was - detectedk through ae. viégal
1nspect10n on the spec1mens,'.difficulties- were 'fbund. in

dlfferentlatlng sbrlnkage cracks from cracklng caused by“

loadlng Therefore the cracking loads repérted are not

4

regarded as preclse. It is clear, however, that'Opening-

v

'length affected 5;;ck1ng of the struts.k'As-can be observed

\

130




& .
4

on load deflectlon curves presented 1n Flgure 4 2. l, ‘the

slepe after‘ cracking 1s smaller for spec1mens provxded _

, with.longer’cpenings 1nd1catxng greater‘loss of flexural
stiffness of the struts. S : S '//

"The,effect of'the'length;ofvthe-openingfon the shear

distribution in the struts for Series B, “Seryes C angd

Series' D are shown in Fig. 4.2.2, Fig. 4.2.3 and 'Fig.

<o

4.2.4, respectively, Fidﬁre 4.2.2 indicates5tha€ afterf

cracking, the top strut of BEAM Bl, which had the longest

~

opening, carried the"tetal 1ncrease in shear caused by
loading. This is 1ndmcated by the slope of the post- |

crackind- shear dlstrlbutlon ,curve belng approxxmately‘

parallel to the reference line. Asnthe’opening lengthu

K .’ S A

decreased, 'near ultlmate, the tbp strut 'carried an

~

1ncrease in shear greater than the total 1ncrease in shear'

caused,.by, loadmg,as 1nd1cated by greater slope of the'

~

: post— racklng dlstrxbutlon curves, -After cracknng of the

bottom Strut,'1ts stlffness decreased and consequently the .

- bottom strut had a tendency to carry a smaller portlon ‘of

131 .

’the 1ncrease 1n-shear caused by load1ng.i As the flexural‘;n

.stlffness of the bottom strut decreased w1th 1ncrease 1n'

.1ength of openxng a smaller portlon of the shear 1n that

fstrut. was transferred to ‘the tOp strut. Whens the. top

4

strut was near its flexural shear capacxty there was a

’transfer of'shearufrom~the,topvto the bottom strut.' ance

¢
. ~

-~ . ) .



the bottom strut was not able to carry any. addltlonal shear

\

due to its reduced- shear capac1ty a mechanism was developed

in the struts. The effect of openlng length on the change

132

in shear dlstrlbutlon after cracklng in spec1mens of Serles'

C was’. mlnlmal. d Thls result is dlscussed 1n the next}7

sect;on. Flgure 4.2.4. indlcates that the top strut of BEAM |

, Dl and BFAM D2 carrled approx1mately the same increase 1n

shear caused by loadlng.} The top strut of BEAM D3 which

P

had the shortest openlng length,- carr1ed -an increase 1n

shear less ‘than the increase in shear cauSed by loadlng.‘

Thereforefsome of that 1ncrease in shear was carr;ed by the

,bottom strut. Thls 1s 1nd1cated by a smaller slope of the

post-cracking - shear dlstrlbutlon curve corresponding to

BEAM D3.

The Vierendeel action invpeach 'strutA results " in

'addltlonal moment at the edges of. the openlng, equal tofthg

~

. product of the portlon of shear carrled by the strut times

the openlnq half—lenqth. It is clear that the moment in.

: the strut anreases w1th Openlng length.

Openlng length also affected the fallure mode of the

?

specimens in Serles B. BEAM Bl, thh the longest openlng

A

' ofi‘Series H; failed by formation of a full hlnglng

.‘\'

mechanism involv1ng two hlnges in the bottom strut and twov

"wtop strut. BBAM B2 and BEAM B3, wlth/shorter .

"deve10ped a partial hinglng mechanlsm w1th
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two hinges in the bottom strut and one. hinge close to thef

- ’

upper ten510n corner of'the opening Both spec1mens failed
in shear at - the shear span between the support and flrst
1oad1ng p051tion. A part1a1 hlnglng mechanlsm developed 1n :
the struts because the flexural-shear capacities of the,
struts were not reached before shear failure at the shear%
span. None,of t’.he spec1mens of Geries C and Series D,“
failed by developlng a’ full hinging mechanlsm.t For the
specimensv of these two series contalning the longest
: opening, the main longitudinal reinforcement beneath 'the:"
opening ylelded at 80% of the fallure load.~if

Opening- length d1d not affect Mthe failure mode ofp -?;
spec1mens 1n Qeries C and Serles D. ‘f All spe01mens ‘1nvi ;
Series C failed in shear at' the shear span between the 'ﬁ'

oport and first loading p051t10n. All specimens ‘ine:

Geries n failed in flexure at the midspan.

¢ o Kk

4 3 Effect of Vertical Posztion of Openlng

Test results for specimens of Geries é and Seriestc
indicate the effect of the vertical posxtion of the openlng:‘
on the behauior and fallure of the spec1mens. As discussed-?

in Chapter 2 the speclmens of Serles B had the qpeningyg'

"while in- Series Ci

oy

positioned 1mmed1ate1y below the flange

they were shifted by 4 1n.vftowardsf the‘sbottom or “the

- . : .- v > ‘ . s .‘».'



: spec1mens in Serles C. v e

_r;expected stnce cracklng in the bottom strut of specimens in

q -

]

_ spec1men.“' Web reinforcemest conslsting of W2 9 w1re

double-legged st1rrups was prov1ded in the top strut of

Cracking in the struts was affected by the vert1ca1

'pOSltlon of the opening.' In spec1mens of Serles B,-cracks s

““vformed at the tottom and top struts at hlgher lO&dS than

tSerles C. Thls reflects the effect of reduction in the

T I < : W

: ”Serles C. - _;f;;_(.ffﬁﬂ"'e : f 'fj7 e e

The efféct of the vert1ca1 posxtlon of the opening onv

M

ufﬁlengths consldered is. shown 1n Fxc. ‘.3 l,'Flg 4:3 2 ‘and

RS

- ;Flg 4 3’3. It can be“observed that the top strut Qf the

spec1mens in Series C carrled a larger portlon of . the tétal

shear than the specxmens 111-Ser1es B._ Thls wouqd be
6 .

_/¢

‘\]Serres C was more severe and occurred at loads between 50

M;.to 75% of cracklng 1oads of speclmens in series B, leadlng

: to a hxgher transfer of shear from the bottom strut to the

; ’

flexural stiffness of the top strut to the bottom strut for’b

L

3 specimens in Serles,c than in Qeries B.v c‘w'-f}

A

With the exceptioh of BFAM Bl, which developed a full

Hinglng mechanism, all other specimens in Gerzes B and C

o
N i

vdeveloped »ja ‘ part1al h1nglng mechanlsm. L“szh9 f mlld

. AT . . W ) e R CLr e

o

oo T
o

f:ﬁflexural stlffness of the bottom strut of the epecimens in

;"=the shear dlstributlon of the struts for the three openlng o

’”tOp strut‘_f_;Tbis; fact reflects the greater rat;o ofv‘ﬂl"

134
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longitudinalxreinforcement.in.the bottom strut of specimens

in Series C{yielded at lower loads than in Series B.

4.4 Fffect of Shear Relnforcement Details ‘at Opening.
!

To evaluate the effect of shear relnforcement details

" on the behavior of theuspec1mens tested»a comparison of

~ ' L]

test results for specimens in Series B and Series D is

made.

The specimens in these two series were provided with
different types and amounts of shear reinforcement. As

.reported in Chapter 2, specimens in Series B were proyided

s

with mihimum.webrshear reinforcement as speciﬁied/by the

ACI Building Code (318—77)(J). The reinforceﬁeht consisted

of vert1ca1 double-legged stlrrups bent from W2.9 wires and
' spaced such that a stlrrup was/placed ‘at each side adjacent

to the~open1ng. The spec1mens in Qerles D' contained the . -
Same'~minimum web ,shear reinforcement as BEAM A2 plus.

add1t10na1 0. 44 in. dlameter lncllned bars placed at each
/
tensxon/cérner of the Openlng f 2 : - l
P A - '
/”i.The ) type and , amount . of . shear reinforgement

\‘,/
=

- - -

signifiirntly affected the behav1or and failure mode of the

specimens.fe'*he *web shear relnforcement eprov1ded in the

propagatlon of cracks formed at the lower and upper ﬂen51on

.. Ty
M . . . e P
e ‘ - o, ‘ Lo e ’ A

e . A s
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corners ’of the openihg As .load increased to . B80% ‘of
failure load these cracks wldened.consideracly “The crack
'_formed at the upper tension corner of the Openlng, extended
A é“d “,penetrated into ithe flange " causing web flange
”,separation. The failure of BFE.AM Bl occurred through the
gformatlon of a hlnglng mechanism in both J!}uts, ghlle a .

N
R

‘partial hinging mechanlsm waslceveloped in BEAM B2 and BEAM

. R3.

The ﬁpecimens*in series D developed their caiculated

flexural fcapacity at midspan. - The add1t10na1 0.44 in.

\/r_

'dlameter 1nc11ned bars prevented} significant w1den1ng of
_tqracks that formed at the ‘upper and lower tension corners
cf‘the opening. These cracks were\well contalned,and web-
__flange' separation dic not occur. The vertical stirrups
~_p1aced at each side and adjacéht to the openlng were ;fv
stressed to a 31gn1f1cant1y ‘higher level inJthe speclmens
‘1n Series B than those in Series D.

- Figures 4.4. l,,4 4.2 and 4.4.3 show the top strut
shear %pr the three opening lengths consldered. As can- be
&observed the top strut of BEAM BI and BEAM B3 carried a
1arger portlon of ‘Xthe total shear, at ultimate, than BEAM
‘D1 and BEAM D3 respectlvely BEAM B2 and 'BEAM D2 had
1m11ar shear dlstrlbutlon. It is clear that the specimens
in %erles D were able to reach thelr flexural capacQty_at _
‘midspan.before the forwatlon of‘aAhlnglng mechanlsm‘in fhe;

¥ : =,

’

' v - ' ‘
. . - ; . .



.ilw‘
struts. Thls was due .to" the shear relnforcement prOVlded
at the openlng that restrlcted cracklng w1th1n the struts
. and avolded web flange. separation at the upper .tension’

- corner of the opening.

4,5 'Summary :
Q ~'Based on' the evaluatlon of test results, 1t can- be
concﬂuded that the selected parameters affected Varlous
ﬂ<aspects of the behav1or of the spec1mens, in dlfferent"
degrees. | | | o

The openlngrlength had some effect.on(the extentrof:
c:acking in t‘ne struts" whlch is related to the 105s of

flexural rlgldltY’ of the struts. It also affected the
e -
. shear dlstrlbutlon between the top and bottom struts,-andk

the fallure mode of the spec1mens 1n Serles B.' For_the
- N _ . . o .
‘other series the effect was m1n1mal L

Cracklnq in the struts and. shear dlstributlon between |
the top and bottom struts were s1gn1f1cantly affected byf

the vert1ca1 pos1t10n of the openlng
S : :
s
' The shear relnforcement details "at the open1ng

-

51gn1f1cantly affected the prOpagatlon of cracks at ‘the
/

corners of the open1ng, the shear d1str1butlon between the'j

v

top and bottom struts, and the fallure mode.

|

|

v ST . .‘
o . . ~ . . " N .
B . A . . .
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"+ 5. ANALYTICAL MODEL

. SO ) ) )
~ ; : TN . : R
. ., ‘¢ ! ’,/ . . \\, '. ’ o e
: A — \q____\'_\\“\/
5.1 Introduction . K
v, : h - ;

The analyticaljfﬁodel described  .in this chapter

provides ' a method*ffor determlnlng the lpad deflection
,.respohse' of prestressed 'concrete' bﬁims w1th large

_q_rectangular weh openlngs up to flrst yleldlng of “the - -

:mre;nforcement.i The analy81s 1s ‘based on a truss model that_: ’

1nc1udes' the ~effects of prigfessive cracklng.." Post-vu

‘cracklna responsexls based on appllcatlpn of the effectlve 

"moment of 1nertla concept. ) |

| o §f  comparlson" between | analytical' _:eéuigg-'fana;f7’f

’expefiﬁental results -in“th@ servxce' load ;rangé5fi;

: éreséﬁﬁeav and llmltatlons of £he i de1 Are dlSCUSSEdJ ‘ :

75;2 Assumpdlbns'anacB§S¥Si S o 'ﬂﬁ%',‘ s - |
et Reinforced ’-cohcrete4fjendi prgstressed concreteafc} 
He;structureivgg servzce lbad levels ar; expecej té'exhib;t

1”essent1ally 1inear elastac behavxor in terms £ sggess- s

| straln response of steel and compresslve o ) ;{

response of concrete.- Loag—deflectio‘”' eh

/nonlinear however 1f crackmg occurs ¥ the concy
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Building'\Code. (318-77)(1) _recognizes thisl‘nonlinearity
throogh‘the use.of Branson's effective moment of inertra
procedure(s) for .calculating beam deflections. Prestressed
 concrete beams with iarge openihgs‘vinr the web require
special attention because .of the siagnificant disconttnuity
in beam stiffneee that occurs et the opening, where the
.beﬁgzior more cloéely reeembles that of a Vierendeel trdss

than a simple beam. Consequently, in this particular case,

2

51mp1e beam theory is not strictly appllcable.

4

's_ Significant advances have been made over thg' past

fifteen years in the applicationtof finite elemeht nwthods

of analysls of concrete structures as outllned in a recent

°

state-of—the—art report(ZG) - The finite element approach

»

'”permlts detalled stress - ana1y51s;‘of relnforcedi,ahd
prestressed concrete strhctﬁres including effects of
- craéklng and other nonllnejrltles. However[~these,refinedh

fanalytlcal technlques are quite complex and may not be

warranted for' many appllcations. g

— An alternatlve to. the use of beam theory or flnite

' element methods is avallable through the use: of truss

(

~models. Some. of the earllest attempts to model relnforced

A

concrete behavior, partlcularly behav1or in shear, were

:tﬁgasea onfttrdee'rmodelg._ This 'approach has . seen’ new
develdbments in recent years 1nc1uding work relqted to' -
ohearct,ond torsion (7) g and i_aS‘g aﬁl ‘a}c» :to. proper
detailing(zz’ ‘ ELV 1;.f' o | r,“\,v

Cw ) R - ‘ /:\\'.A‘



‘The truss model presented herein is attract1ve in that
it is conceptually simpler than the more refined flnite

e}ement models and at the :Sme time provides wmore
\ ?r

Figure ‘5.2.1‘ shows' a simply supported prestressed‘

versatility than simple beam theory.

concrete beam with web opening and the respective truss
model. Locataons of top and bottom chord members are -
g,selected to suit the geometry of the beam, partlcularly the
‘details of the openlng. For the section below opening, the
top chord truss member is located at the top re1nforc1ng
steel level and the bottom chord member is located at the

prestressing strand centroxd For the sectlon above the

openlng, the top chord member 1s located’ at the centroid of

~

concrete compre551on zone and the bottom chord member is
located: at the reinforcing steel centroid. For the solid

cross-sectxon, the 1ocat10ns of the too “and bottom chord

& I

members were the same as those oorrespondlng to 'the top
chord member for the sectlon above the Openlng and to the
bottom,,chord .member‘nfor the section below the openlngi'

respectively LdCations of web truss members are’ def;ned

\

by pos1t10ns of- beam stirrups. To simdlate-the éffect of

.
~

»,prestressing, horzzontal forCes Py and Pb are applled to

the top and bottom chord members respectlvely, at each end

of the truss.“ Forces Pt ‘and Py, are determlned to prov1de'

.at the end of ' the truss a total ax1a1 force and moment*

@ =N
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: b
statlcally equlvalent to the actual prestre581ng force ‘and

'moment .in the beam. The force Py applied at the ‘top chord”.

member of the truss is:

" truss is: o S - )

- ) ) . - ‘l \‘“u /’

, : /’/.
\ hy = o '

=p & 4+4p L
P, = P g+ P i A ' (5.2)
~ where, e
P. -effective prestress force

e eetcentricity of strand
h »~depth of truss model
' hy -d1stance from centr01d of ‘bottom. chord to centr01d

Loy

, of-beam,seétlon,

' ‘beam section

Truss _members are assumed to have a modulus of

e1ast1c1ty equal to that for cdncrete; It is then

_necessary to determlne areas of truss members to proéuce a

flexural stlffness equlvalent to that e;\the beamt. 81nce'

i

-

~

it is assumed ‘that deformations due to shear‘.can "be -

2. (5.1)

. hé -distance from centroid of top,Chordfto'centrcid of

151
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neglected“ in comparison' ufth. flexural;.defqrmations,‘ the
areas' of‘ web members_ are . assumed to\xbef unchanced hy .
_craching.: | | |
_ f\\ |
S;3,Application of the Model | I R

Initiallylit,is‘assumed that the beam~is.uncrached{
vonce' the pronerties Aof truss - members are determined, va
llnear- elastic analysis ls made for loaalng due ‘to
orestress{ dead load and live load | |

By comparlng the tensile stress at sections aloug the.'

‘beam w1th the tensile strength of concrete, it is poss1blef-

“»

to scale ‘the applled load to the value at which cracking

first. occurs.' The moment and axlal force produczng the .

- tensile stress at a sectlon are obta;ned*from truss.member
~ forces.

The analysls can then be repeated at selected load o

\ Y

;levels above the load to cause first cracklng,,after truss

chord areas are adjusted to produce the ‘game: moment of .

A

xnertla astthe beam section. The ioad deflectlon respOnse‘*
 es affected;hy,proéresslve‘cracking is traced.

'

5.,3:1 Uncracked Section =~ = °
F1gure 5 3.1 l ‘Shows hbeam. cross sections : -and
: - s} o

equivalent top ‘and - bottom truss chord members,A Areas of

v

top and bottom chord members are calculated to provade ‘the -

\
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_same moment _of inertia as the beam within each trqss
panel. Top - and bottom ‘chord cross- sectional areas are_‘;.

' assumed to be equal and are determined by ﬁhe followxng'

expression: I .
‘ o o2 RTINS | o o
I = A (h/2) * Ab(h/.2‘) . S (;_.3)
FVEEN B C )
Where, - -.d". . . | ‘f : i ‘: . .

Ig = gross moment of inertia of beam section

h = depth of truss modell

A£ = area of ‘top chord truse member ,

Ap

= area of bottom chord truss member
Areas of web members are determlned from the. trlbutary_

-area of concrete based on truss panel spacing. Flgure.7

)

5.3.1.2 shows beam stirrups p051t10n and correspondlng web 

members.' Areas of vert1ca1 web members are dete;mlned by ’

-

-the following expressron:

. ‘.éf.” o s
s, + 8 ) S -
n,A = (- 1 2) W ”. B 4 f(595)"

Y/
. R ~2 y

-

-

Ay #_aree ofrﬁérticel‘ﬁeb members .

Qrsi} 8y = 1engths of?adjecent:trneS'panels.

_”w,?.widtn"of beam web .
"Areas of diegonalv-web"members ﬁ;fg determined by the
; o SRR . R R A

’

';foliowing,expression:

A it
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o o . ) { l
N e '
- Rg = (2 . 2y W slnB . (5.6)
: g .
1.fihere;:3i:”‘
| l ff97‘gf;5ngie"$éiéeéng diagomaL._And .bottom.'chord'
4;kmé$seg§,i s a " | ”
Prom truss member forces shown in Flg 5 3. 1 3, moment,
{and ax1a1 forces at a secttgn at m1d-pane1 are obtalned as;':
lfollows;f.  '1~.“"_i_';5.*,c';A‘tﬂ‘ . 't',‘ L |
e . T S L
M=c Digs Ry T (5.8
o2 t‘ia wfh._j;. . § SIN
rwhe}g;l _
| ".ﬂTP -‘net ax1a1 force‘at e-mld panel sectlon ~
*.7‘Mj- net’ moment-at a mld-panelﬁieq&%onv o -
\oc;;w-ften511e force in the truss bottom chord
. ( 7¢t,’ compressive force in the truss tbp chord
ﬁﬁ - horlzontal component of force in the dlagonal
--truss Member Z"‘ | B | .iw f_m o
B fvtruss height‘f}f‘:- ?’54;'A.'7.' ; 'f-;;"~~;';§% fT
_ i E dﬁ

:iﬁ,in' this’ partlcular 1nvestlgation, tne-’hg“

component of force in the dlagonal truss member,_m

"

nsidered in the calculaxlon of the net axial force. hnd~“

~ . IN Sl
- -l’ - . . N ;o >

Ry

.S l_f“



, the error induced was 1ess than l%. ‘ The tensile stressﬁ?
acting ‘at the corresponding beam section and compared to
'the tensile strength of . concrete is. determined by the

'following ekpression- '

L}
el
LS
0nix

.'(-5;9‘) :

' where,

A —“cross-sectionel area .
o s - section modulus

g&'

A’ﬂ‘

’-If the calculated tensile‘lstress exceeds the' tensile .

'strengﬁh of concrete, truss chord areas are re-calculetedt’?'

‘based on Ie as discussed as follows in the next section of,h

-

| -this chapter. -

,5 3. 2 Cracked Section S

‘ Behavior after cracking can be illustrated by thei:
;strain diagram ‘shown 'in Fig. 5 3.2. 1 ‘and the moment-':}e
'icurva:ufe relationship shown in Fig. 5. 3 . 2, 2r . The.i“;
..curvature. efter cracking should be considered - as the-:l;
average' curvature in s constant moment cracked zone.xi'l
‘-Application of the prestressing force produces a curvatureE
',“Op corresponding to the moment Mp =, --Pe e.v Applied moment,_

i_.:of opposite sign to the prestressing moment deCreases thefi\
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3tnet moment tlll zero moment and zero curvature are. presentlf
.at the cross sectiOn.- Further applicatlon of moment Ieads

-:to zero stress at the bottom flber when the net noment isn

1

'jMOV? Pe 2/C2 wlth curvature ¢o Appllcatlon of addltionali’: A&x

\ 7Mmoment Mc £ 82 producea cracklng at. the bottom f;ber

A'Further application .of . load leads to progresslve decrease

.ini_ stlffness as. . indlcated.\ l, Assumlng as ' a flrst
. - . A

‘approxxmatlon that cracks close completely' on unloadlng,i

R unloading of the beam from 'point D would occur alomg .

3

JDBOA,, In Branson s form of the r equation..

1= “)3 s - ( ) )1 A BN

e ‘n gf Lo n

AxMcf was taken as M .= f 42.3 This"ishidentical‘to-the

”iiexpresslon used for non—prestressed beams.' The correspond~_'

'{ing value . of the dlfference between moment due ‘to- the;  f

"-napplled load and the sum of the decompression and prestressff
. ; 2 -
‘éSE; fe).gherejMa 1s}the.

i

'.xmoments is g1ven by Mp =‘ .Ma

oment due to applled 1oad.

| Thls prdcedure for calculatlng Ie dlffers from thez'

'procedure glven by Branson and Trost(s), who replace Mcr‘by-lﬁ
‘the term 'M cr ' Mc} ‘+ P f 2/C2 w1th a correspondlng
‘7‘modif1catlon to. M .In elther case, however,~the effective.

L

‘moment of inertxa expresslon provxdes a gradual transltlon~v_f

‘1fﬂfr0m Ig to Icr as progressxve éracking takes place.;"fa,..}
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Uslng an 1ncremental loadlng procedure, the”vaiue of

’I'xat each panel is determlned At eaCh stage the momentf '

“and ax1a1 force at a beam sectlon are obtalned from truss’

\

r.member\forces.'~ Truss chord areas‘arevassumed ‘equal and

_then-adjusted“to:produce the same moment of ‘inertia, I,

.y .
N P

_-accordihg ta the followihg expression:

I, = Ach/2)2,4 mG/22 (s

Lt

v‘ yhere; | L, : .ﬂ;-'A A L Co ";L“

| fo-':Ie =deffective moment,o;jlneetia of heém.section 34
o - h = depth'ofitruss model. o

‘A£.= area of top chord truss meuberﬁ'

b‘= area of bottom chord truss member.3

| A S L o
‘ Once the truss chord areas -are adjusted, the"analySis L

- 'is. repeated _at the. same load level.," The analysls is h
“dstOpped when the force in the trus& bottom chord equals the'
force -correspondlng yleldlng “of - 'mxld 1ongltud1na1f

'relnforcgment, or fracture of the prestress1ng strand.f

O

,5 4 Comparlson of Analytical and Experlmental Results

To assess the accuracy of the analytical model,«

N\

I
it

aumerlcal results were compared wlth exa';lmental resultsx
: for le of the beams tested as part of thls inVestigatlon,,

efas well as three of the beams tested by Barney(4)

ce N e
VD
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ﬁ.In eacﬁ ‘case,l load deflect1on‘ readiugs were ﬁaken'
gjafter prestress and beam self—we;ght were applled~ ‘ For -
i'purposes of comparison therefore, prestress and self-welght
"effects were subtracted from numerical results beforeA:
t‘plottlng the load deflectlon curve. Whlle the beams were;;
'Vall tested to fallure, the analys;a is termlnated when the
flforce _in the truss_ bottom' c¢hord equals ftﬁe forcela
:”correspondlng to ylelding of mild longltudxnal relnforce— :

ment.- Flgures 5 4.1 to 5 4 3. show deta1ls of three of the

Aspecimens analyzed l ,'; ) - S ii;(

The 1oad defleoixon curves at mldspan and at the 1eft
"corner of the opening for . BEAM Bl are shown in Fig. 5 4 4
-.and Flg. 5 4 5 respectlvély Flrst cracklng is predxcted
:by the mddel at the 1ower tenSLdn éorner of the openlng, at -
2.0 klps. The change of slope 1n the loaddﬂeflection curve
‘.recorded durlng testlng re}lects the formatlon of a:crack

,at the 1ower ten51on corner of the openlng at 3.2 k1ps. “As

‘ can be observed in Fig. 5 4 4 and Pig. 5. 4 5, there 13 good e‘;'

‘ qreement betweenj“]'_
rl

e

'.f8 2 klps, when'yl ldlﬁgwﬁf mr

iy s

' beneath the openlnq is‘pxed1cted by the ﬂodel

d longltudlnal re1nforcement

F1gure 5 4. 6 and Flgu 5, 4 7 show the 1oad-def1ectlon
Curves at. mldspan and at left cbrnergoféthe openlng,'for'—

‘BBAM B3. Flrst cracklng is predlceed by the model at the

P

lower tennon corn’er of the. Opening,,at 2 4 k:.ps.- ’,'rhel,-‘

.~‘ - - k .
s . PR . - . . . 3
: B . . \ - e



-

- linear portion of the load- deflection curve plotted during

testing shows ev1dence of first cracklng at 3.2 kips. The

agreement tmtween analytical and experlmental results for

BEAM B3 is slightly better than for BEAM Bl Yielding of

mild longitudinal reinforcement beneath the opening is.

predicted by the model at 7.6 kips.

The 1oad deflectiOn curves at . mispan and at the left

_'corner of the openlng, for BEAM Ccl, are presented in Fig.

5 4.8/ and Flg. 5.4.9, respectively - The analYtiCal nbdelr

vpredicts first cracking at the 1ower tension corner of the
: Opening at 1.7 kips and cracking at the upper tension

corner. of the opening‘ at 2. Q kips. ' However, . during

«
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testing, first cracks formed simultaneously .at the. lower .

and upper tension corner of the opening, at. 1 6 kips. As

';indicated in Fig. 5 4.8 €he model overestimateg deflections

’

at midspan for loads higher than approximately 2 4 Xxips,

»

correspondlng to cracking predicted 'by the mddel at the

’

upper tension corner of ‘the opening.' The analysis of BEAM -

-~

'.rCl is stopped at 8 7 kips, correspOnding to yieldlng of‘v

mild longitudinal reinforcement beneath the opening.

Figures 5 4 10 and. 5 4 ll show the 1oad-deflecé&on‘

| curvesﬁat midspan and at the right corner of the Opening,l B
’for BrAM C2.i First\cracking is predicted by the model atiu
: the lower tensxon corner of the opening,vat l 83 kips, andn.i"

cracking at: the upper tenpion corner of the open;ng at 2 4}

\ , ST




-

”'QBEAM Dz._ F1rst cracking is predxcted by the model at the

” 160

kips. - Durlng testing, flrst cracking occurred 51mu1tan-3

. v
eously at the ‘lower ‘and upper ten51on corners of the -

i)

opening, at 2.ka1ps.:\ As shown.in Flg. 5-4 10, midspan
- deflectlons are overestlmated by the model for loads hlgher
,than 4. 0 kips., However, good agreement between analytical

and exper1menta1 results are obtalned for the right corner

5 B N Y
of the openlng. B Yleldlng of mlld longltudlnal

wrelnforcement below the openxng is predlcted by the model

k

at9onps. S T e e

The load deflectlon curves at mldspan and at the left

i]‘corner of the openlng, for BEAM Dl are shown.. in Flg 5.4.12

and Fig.‘ 5 4 13. respectlvely. . ,Tﬁé +analyt1ca1 model )
. , - “

_pred;cts f1rst cracking at the lower tenslon corner o& the
e openlng at 2.5, klps. o The slope of the load- deflectzon
'curve, recorded durlnc testlng, changes at 2 66 klps, -

. reflectlng €he formation of flrst crackxng. As indlcated

L
-

. in Fig.,5.4. 12 %nd Fig. 5. 4 13 the load-deflectlon curJeS'f;;
* .predlcted by the model and plotted during testing are
. almost coinc1dent until approximately 8 15 klps. At{8~25;‘“

.kips. y;eldlna of mild lonq1tudinal re‘nf°?¢ehégt?;at'lA7”°f’

midspan is predlcted by the model., f‘

5 4 15 show the load~def1ectlon .

\

rhght corner oﬁ the open1ngg for

Flgures 5. 4 14 an

curves at m1dspen and at

“"Jf‘lower tension corper of the opening,; at 2 65 kips.j‘*

I - B



’Cracklnq 1s indlcated by a change of slope in the loadt

deflection curve plotted durlng testlng, at 2. 72 k1ps.' As

. can ,be observed in Fig. 5.4, 14. and Flg. 5.4, 15 excellent_

agreement between analyt1ca1 and exper1menta1 results are

' obtained unt11 approx1mately 8. 15 kips.l ‘For higher loads

l6l

results become dlvergentr Y1e1d1ng of ‘mild longltudlnal ";

srelnforcement at mldSpan is predxcted by the model, at 8.4

P

. . : S v Pa .
klpso, B //

S0

The load—deflectlon curve at the rlght corner of the

Openlng for BEAM B7 is shown in Fig. .4, 16. - Ff&st

-cracklng is oredlcted by the model at the lower ten51on"f5’f'

%

_.corner of the opening, at 2 16 klps ; Durlng testlng firsti‘
crack formed at the lgwer tension corner of the openlng at;d
2. 7 klps.’ ?1gure 5 4 16 xndicates th@t fOr loads higherb‘
-vthan 3 s klps, the d1fferen¢e between ‘analytical andi'
exper1menta1 results 1ncreases with load., The analysls of

BFAM B7 1s stopped at 6. 65 klps correspondlng to fractureﬂ'

of prestre831ng strand beneath the open1ng.,

: Flgure 5 4, 17 shows the load—deflect1on curve at thev

rlght corner of the openlng. for BEAM BS. The analytlcal :

;of the openinq at 2. 0 klps.{}During testing flrst Crack“;:sf"’”

i occurred at the lower tensiOn corner of the opening at 2 04{1d,.7”‘"

dfd;analytlcalﬂgnd exper1menta1 results are obtained up to 3 18&3 gf:fl“

\‘ S . f N ‘,,.“) . '\, v,,l/- o

&

As shown in Flg. 5 4, l? good agreement betweeng;afoJFa
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klpS-v As load increases .analyt1cal.'and' experlmentai vl
reBhlts dxverge.' Fracture of prestre851ng strand beneath 1ff
v SRR -
the opening 1s predlcted Qy the model at 5 62 klpS. 'f;‘t;;jt;_‘
it o
The 10ad deflectlon curve atmthe rlght corner of thee‘
B L2 :
‘ openxng, for BEAM B4,. is. shown in- Flg. 5 4. 13 , Test
. e o o @".':i_/_r*

- tensxon, corner of thé openlng»‘ at 2 04 klps.fflfiﬁé”QV};'">"

3na1yt1ca1 model ptedlcts first cracking at the. lower ??';1‘"’
ten51on corner of the openlng at 2 4 klps.: Flfure 5 4 18

1ndlcates that for loads hlgher than 3 37 kips the ;yd]"ff

o dlfference between analyt1ca1 and vexperxmental ;gesults

14
1ncreases with load. The ana1y51s of BEAM B4 is stopped ag

it

6 38 klps corresponding to fracture

of prestressing strandff ;d:i*@

3’beneath theﬂopenino.,,ij5;,;;fﬂdf’?fjvxff

Yo,

1r;5 4 8 »agarhst Fzg 5.4, 12 that“ia“alytxcal ﬁésults-'a e-*5?"‘°;'

‘and BEAM Cl. This is‘expt'

: does nofthGelvﬁldenxng oqw_;’f"

iand in BFHM Bl and BPAM Cﬁftﬁf;ek“**
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The dlfferences among Barney 8. three beams presented -

in this ,chapter were lengﬁh of theA openlng and shearc

'7,re1nforcement near OOenlngs. BEAM B7 and BEAM BS contalned’L‘

‘10 X 60 in. openlngs and BFAM B4 contalned 10 x 45 in,

iOpenlngs.n ghear relnforcement near openlng con51sted of

welded wlre fabrlc was prov1ded 1n BEAM B5 and BEAM B4 -

'rAddltlonal no. Qertlcal stlrrups. near ppenlngs.»were'

2,prov1ded in- BEAM B7.

s 1nd1cated in Plc.; 5. 4 16 to Flg.‘ 5.4.18, the

discrepancy between analytlcal and experlmental results 1s,:'

-not 3 affected 51gn1f1cantly by;'jthe,‘ type Avof e_shearld'

"relnforcement near openlng in. those three spec1mens. .

S.SV‘StatistieaI Analysis of theTResdlts~’

Table 5.5, 1 presents the ratao of test to—predlcted; 

"cracklng load and measured4.o
_serv1ce load level and a
yLeldlng ioEA longltudlnal

s prestre551nc strand for all.-

-predlcted deflertlon at the-

.hee level | correspondxng tos} o
infdreement ;df- Eracture¥ oFl"

pecimens._ Ratlos of loadsi R

scorrespondlng “ﬁof detected ,and predlcted ylelding fftfh

flongltudlnal relnforcement are ‘also llsted.“’jgf LN

For' test to—predlcted\\cracklng load _a standard"

— deviation ,fofﬁ O 15 . found w1th ﬂ' correspondlngf“5‘

i,coefflcient of varlatlon of 12%.2' For~ test to—predlctedaizﬂ L

‘ defleétlons at the serv1ce load level, a standard dev1atlon; . B

Sy .



truss panel spac

'Q‘cracxlng

. Yy
Y

d‘jvariatlon of 18 8%\\ For test—ﬁo predlcted deflecthnS at

‘the, leVel correspon}ng ftcw yleldlng of . longltud;nal_

1

Qrelnforcement,'da“standard ewiatlon of*io;ié and aAL
7fcoeff1c1ent of varlatlon of'20% were determlned It should‘

j'be noted that the model glves the best predlctlons for.

s e

T~

B - v
.ooenlngSrwas restrlcted by the presence of d1agona1 web

-

'relnforclng bérs. The correlatlon obtalned between test"'

A

and predlcted deflectlons appears to! be conslstent wlth

”4rresu1ts reported by ACI Commlttee 435(2)

164

“of 0. 20: was found w1th a correspondlng coeffic1ent ofb

ﬂbeams in . Serles D where W1dening of cracks at corners,of.“”

For test to-predlcted 1oads correspOndlng to y1eld1ng‘1~'

v

lbbvarlathn Of 5 2% were determlned Thls 1ndlcates that the

dmodel can predlct v1eld1ng of longltud}nal relnforcement orl

l

"jfracture of prestre581ng strand w1th acceptable accuracy

t"l A

e5 6 Model leltatlonsft

N

The baslc assumptlon made ln deveIOplng the analyt1cal

'3‘mode1 1s that the areas of the top and bottom chord members‘

':g and are assumed to be unchanged by

‘\ .

o of longltudlnal relnforcement or fraCture of prestre551ngj :

“fstrand a standard dev1at10nof 0‘06 And a coeff1c1ent of__;

'are calculated'to prov1de the Same moment of 1nert1a as the;
]&heam w1th1n each truss \\hel The areas of web members are"”'

'.~diZerm1nei from the tributary area. of concrete based on -



nneglected L Thls assumptlon is con31stent w1th the usualz

_calculatlng deflectlon ‘of slender beams. Consequently’“

¥ i s h

3

AT

. The ;effect of cracklng on shear deformations is ™

»

assumption that shear deformatlons can “be neglected when -

w1den1ng of d1agona1 cracks at corners of. the Opening is'

not modelled However w1th proper detalllng,'signxflcant,

LS

- _levels. .. ' - - “ ’_ o

The'effectivefmoment of inertiafconcept as‘appliéd"to

the truss model makes the- procedure val;d only fOr loads up

3to yleldlng of relnforcement. No yleldlng 1n steel andgf

165

”w1den1ng of .cracks would not be expected at serv1ce load, o

.only 11near stress strain relatlonshlp “for- concrete are: -~ .

"7';the extenslon of]

5.7 Summary

”cannot 51mu1ate behav1or 1n the post yield range. However,~

/

coel i a

range- is p0551b1e and could provxde useful inslght 1nto thef

the nodellno technlque into _the post—yleld N

':} con51dered. ' Therefore. as results 1nd1cate, the model e

behav1on of - prestressed concrete members, partlcularly in .

4

.ﬂterms of - the 1435112ed behaélor ;n hlghly stressed zones as

in’ the v1c1n1ty of openlngs.
4 . : S . .

)

'

Comparlson between analytlcaI and experlmental results'

e SR

:_indlcates that ,t\ proposed truss, model provrdes 'ana

effrcient ‘method for_ determinlng th load-deflect1on7:‘

response at serv1ce load levels, and up to flrst y1e1d< of '

t " .
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P N . . . - R R N
T : ' ' L e o . £

o 'prestressed concrete beams wit‘h large web openings. ' Post—.

-

"crack:mg response '{s based on application of the " effect1ve~;
'-‘Amovment'of inertia concept. - Limitations of the\model are

- discussed. | e S

v
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6 EVALUATION . OF STRENGTH AND SERVICEABILITY OF“f‘

PRPSTRFSSED BFAMS WITH WEB OPENINGQ-

6:1_'Intrcduction'<”

CIn this chapter; con51deratlons related to evaluatlon

-

'of des1gn and deflectlons of prestressed contret =%
with web openlnqs are dlscussed“in”iight of the res 1ts of
'the analytlcal and exper1menta1 work descrlbed in'p ev1ous

'.chapters.

Des1gn for strength regu1res that crltlcal se!&lons
Y.

'5“have adequate strengt to r351st appllea 69519n 1oads In.

the‘ case of beag; w1th ‘Openlngs :it'his: necessary “to”
determlne fo\ces‘ln the top and bottom struts assoc1ated
- W1th the ultlmate 1i rt\state.; Once these fprces have been‘f'l

I'determlned the struts mustf\be de31gned tO»'have adequate -

strength to re51st the forces .,IT] addltlon,g'de51gn and

fidetalllng should be almed at prov1dlng'duct11e rather than‘:af

}brlttle fallure modes.- In thls respect, flexural fallure,

rather than shear and bond fallure, 1s the de51red mode.'

'._Forf prestressed beams thh web openlngs- thel,crltlcal
'"sectlon for flexural fallure may occur at the solld sectlon
" Qr‘ln the struts\abpve and below.openings, dependlng on the

geometry and location-of openings. - .

. oo -, (. - PN o . o .
yooe v s - PR U .
S 192 7 =
N T . ' N . . . Lo
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. T W B coL . . . . L
'

beamS-

~



Serv1ceab111ty refers to performance at worklng load

levels, particularly 1n terms of deflectlons.,‘Forubeamsf~‘_u

w1th Openlngs, deflectlons may be crltlcal -as. a result of

- decreased stlffness 1n the v1c1n1ty of the openlngs.

'
¢ oLt

6.2 _Strength

T .,

6 2. l Fallure Modes

P Lo .. R o .
- . ; . . . . . . \

As mentloned in Chapter 3 failure,modesﬂobserVed;in';

e

thls test program were. o

v'-full hinalng mechanlsm' 1nvolv1ng two hlnges 'ln the

bottom strut and two, hlnges in the top st ut.'

*ln-development oF a partial hinglng mechanlsm con51st1n9

193

. of two hlnges 1n the‘bottom strut and one hlnge 1n the

[

top strut followed by a’ shear fallure away from the

npenmg el e R

-,i,

A-shear fallure ‘at SOlld shear span followed by strand

LS

. debondlng ?\.h.};';1:';‘ﬁu;';lﬂi,lfftfff¥7§7;' ,n?li;f‘

'

f-flexural fallure at. mldspan.',f

‘*hese failure modes Sare' 1llustrated ,in'TPig. 6 2 l l

?Another p0551b1e fallure mode in. prestressed concrete beams;',_”“—

W1th.web Openlngs is - strand 811p : When openlngs are placedfwﬂ";;

..lin hlgh shear xeglons and the 1nc11ned cradk formed at the L

.*_

:lower tenslon corner of the openlnq 1s allowed to extendffu

’
v

e
q]o.
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:rntofthe required'strand embedment'iengtb; thedstrandingy,,; N
-_siip;_ To.av01d thls unde51rabIe type of failure, obentngshr_*
-himust “be located Out51de the' requrred strand embedmentdf
h-flength and adequate shear strength must be prov1ded w1th1n'
fthe strand embedment 1ength | r] f ;}5'j_:fﬁ.f;'} ;?;}.:
A slgnlficant factor that must be con51dered as well,
'ifas‘ the strength of prestressed concrete ‘beams wlth web. ,;
:openings is ductlllty Thls means ensurlng that the beamj’ .

“ﬁ'does‘not fail 1n a brlttle fashlon w1thout warnlng but isf‘}

.ffcapable of 1arge deformatlons_ near. the max1mum load-

1

.*f3carry1ng capac1ty ‘:vTo ensure ductlle behavior speclal .

"L‘attent1on must be given 5to deta111ng, ensurlng that all"

-fibrlttle fallure modes are- av01ded -; Therefore. flexural;:"
'dzfallure, .rather than shear and bond fallure and strand o
*ffsllp, is’ the de51red\/ﬁ11ure mode

R o

’7)fé.z;§f5.?nvaid§£ish<'6%7'Péréés:fisp”stru£é;-ouei to“ihppliedl‘
“ o Loads at Ultlmate ’ ' PR »‘.'\ S
The desxgn .of ‘a prestressed concrete beam w1th iarge’

'T'er openlhgs requlres ‘an evaluatlon of the forces actlng 1n&34‘
i;vthe struts so that the struts can be des1gned to resist the;‘:

plled loads.. Due to the 1oads applled of | the beam, g”:.

'Z‘shear force V and a nnment M, are produced at the middle"

.: sectlon of the openlng,, Flgure 6 2 2 1 shows the forcesf

._~~ : v



-actlog ‘on .a cross sectlon of a prestressed concrete beam
; .w1th web openlngs.v The top strut carrles ; portlon'vt and : ,; 'mé
;the bottom strut carrles a portlon Vb of the total shear -
-fforce actlng at the sectlon, at'the‘ultlmate load.level.'
:ﬁhe prestress.gorce.Pp'and the anent M produce an ax1a1
'ﬁensile' force'[Tﬂciu_'che bottom ‘strut ,ahdb aui:ax1a1

compreSS1ve force C 1n the top strut. The ax1a1 forces C

r A < )
“ahd T are assumed to be applled at the centroids of the too - -
. . S
and bottom struts respectlvely and are»'calculated ~at R

A

o ultlmate, from equlllbrlum cdndltlons at the mlddle sectlon'

- f

‘of the openlng,.where a poxnt bf inflectlon 1s assumed to

‘-_occur 1n each strut., The ax;al compre551ve force actlng in

- the-“topf strut is determlned accordlng to. the followlng

.expréssionr[, ST '
M=P_(8.) T e -
c=-—R P :
. d .
’ / . st o )
where } “ T
- “w ‘i;\‘\\ “(‘ N N <T‘ . - hnl .
| | P. = 0.7 f_ A 6.2
P fpuPp (6.2)

The. ax1a1 ten511e force actlng in. the bottom strut is. .’

=

:‘determlned as . follows-‘fii ner,; -;'{‘ S S
’ ' M= (8 4d) i :
‘ T o= Lo RSB (6.3)
) ’ ' 'l s‘t T . ; )
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. where, ' . I R _ S

M= moment at the Center of the openlng due to applied-

S
"_”';_"fpd’- tenslle strength of - preStreSSIng strand

N

Q\; ‘lnep’; area of prestressxng strand
,i'j'dE . distance between centEOLd of prestre551ng‘strand:
\ R : and bottOm strut centro:.d ol e
: 5 dst dlstance between centr01ds of t.oo | and] bottom
h struts-~:?1,:icl*,ia ,7\;” i’;:"}-di‘i~kf~af S

‘The shears Vt and Vb depend on the relatlve flexural’f

stlffnesses of t'he top and bottom struts at’ ultlmate. .'I_f_‘a{"_";" c

3 . <, * 1

ull mechanlsm 0ccurs at the openlng,‘ the shear 1n each'

S l ‘ “ ,

" strut .' is that ‘assoc1ated )wlth "5t‘fne" smaller " shear’.
'_.".'.correspondlng to the flexural and shear capac1t1es of each_f-‘-'

= .,

;strut.g The moment capaC1t1es in turn are affected by the“_:“‘

presence of axlal forces C and T.,‘ 'I'he shears 1n the top

and bottom members may however'be 11m1ted by the shear ;;"~ -

v’_ . -

cana01ty of one or both struts. j Thls 1s partlculanly the -
case for t'he bottom strut w‘here the presence of t’he tensu:e.

fOrce reduces t‘he ab:Lllty of the concrete to contrlbute to B
shear carrylnq capac1ty of . the strut. B -.

In Qectlon 6 2 2. 1 the method of calculatlng the_--"-‘_ R

X3

_shears correspondlng to a full flexural mechanlsm at the

- .o

opening 1s descrlbed The shear capac1ty of the ax1ally

he- B . <, N . . . . . . -
C e e v [ . . e o ; . o -
P : . . N AN PR Lo . .

]



loaded struts ;s determlned by expressxons glven in the ACI»~

197 -

‘Building Code (318 77)(1) as outllned in Gect'on 6 2 2., 2-f~f

ﬂThe shears -are then COmpared w1th shears obta ned from the'

ﬂtests,

602,241 Shears'Correspondingjto_FulI“Hinging“Mechanism'att_"-x

y opéning‘~A*” , 2

b

Once the ax1a1 fOrce in- a. strut. 1s calculated .the7
;cOrrespondlnc flexural :capac1ty 'be :determlned byT o

R consxderlng straln Compatlblllty and equlllbrlum c0nd1tlons_

“fo the strut cross- sectlon.mia'fo accomplash thls,'.a_,.5

,c0mputer program developed by Shushkew1ch(24) was used

\:The solutlon 1s based on a bllinear stress straln curve forfff'

~

'; m11d B relnforcement :and[’a_ mathemat10a1 ' stress-stra1n7

:relatlonshlp proposed by Mattock(ls) for the prestresslng?

.....

f‘steel."eFThe_ stress straln relagionshlp ior concrete '“s],f

,‘based on equlvalent rectangular stress block '

Flgure 6 2 2 1 1 shows free*body dragrams for the o

‘struts above and below an openlng ‘at formatlon of a full?

@hlnglng mechanlsm.: The end moments Ml through M4 representft:'

wth flexural oaoaC1t1es correspondlng to thef calculated[;~5*

':axlal forces 1n the members. The strut shears Vt and vbﬁ

‘,-correspondlng to these moments“ can_ be calculated from*f‘

\ .
<

pqu111br1um condltlons as



T ML+ M i L
R | 2 ‘ Co
3 vbf l N .'(6“.4)
M.+ M, . -
3T Y R
S Ve = IICRN
' .}\;v}'x_'_ere",)/” L S o - R S .

SRR ©, Vpe = shéarhcarried'by ggttom_strut>
th'— shear carrled by top strut . .l,;~‘§ C

(

: Mi;Mz - moments at the ‘ends’ of bottOm strut'

M3,M4 - moments at ‘the' ends of t0n Strut
B openlng length ' g  ',}:1 ; L _'; L

LR

©6.2.2.2 " Shear Strength. of Strut Based on ACI Design '~ -
“ l‘_‘ Eq'uat'i,‘ons l.:— | :". ) ..‘1:, .:. " _I~ .',’.‘ '\ .

N

~7*"':_ The presence of the ax1a1 ten51le force in- the bottom."’

*;

strut 1ncreases the longltudlnal ten51le~ stress and the'-

,..(,.- Y

resultlng tendency for 1nclined cracklng On the contrarv

‘ . \

“strut decreases the longltudlnal tens11e stress -and- the,';

)

. - -

- stendency for 1nc11néd cracklng.,

.slnce shear L is . assoc1ated w1th the phenqmenon of ..

"ﬂ;diacohalb7tension, 'it is exnected that ax1al compre531on
“;erl 1ncrease and ax1a1 ten51on w111 decrease the shear~
'.‘—capacities of'the struts.': , jj;f::r}

N

The ba51s for the ACI Bu11d1ng Codé (318 77) approach

i to the des1gn of flexural members subjected to ax1al forces e

.\ ‘.“" - . e -

| ST . e Lty a - P S R A S



is’ ‘that’ in web ,reinforced members the nomin&

; strength provxded by concrete can be carrxed together w1th_

the. shear resisted by the truss mechanlsm wlth 45‘ dlagonal

1

‘;struts.b The ACI Bullding Code proposes ‘a semi emplrlcal;

[y

“Equatlon, based ;on prlncipal stress concepts,i whlch:

«‘:conservatlvely predlcts the dlagonal cracklng load Thls;j'

?

.-equatlon, 1s sultably modlfled to ‘take 1nto account the'
:effeét of axlal forces.' However, because 1t is frequently

dlff;cult to be applled ih deslgn, the ACI Bu11d1ng Codew.

?~t(318 17). allows the use of Blmpllfled equatlons to compute,

the shear carrled by the concrete beams subjected to ax1a1

*z'forces.\
Thus,_the shear c0rrespond1ng to the shear capac1ty of'

-'the bottom strut determined accordzng to ACI Bulldlng Code
,ls glven by

;,-,:.,':"’ = .

RO _;Yb_ 2[1 _+ (500 oy )J /‘"' b,d *———Y—- - (e.6)

'where,“‘l:h
'zvbs shear at bottom strut

T - ten511e axlal force 1n the bottom strut

'AS;— area of bottom strut

- ‘ : . ~ Q N 'v -_ -
f’ci- compresslve strength of concrete
::bwls»web_w1ﬁth "'“'s:,.7'v,#?;



- : ro ' S L
S B ©o T 200 ©
.d - distance from extreme compression fiber to centroid -
~of longitudinal tension reihforcement_
As -.area of shear relnforcement - "1 N ' .
S S yleld strength of shear relnforcement

_.Y_
s - spac1ng of shear relnforcement

N When ~the. ' calculated shear :strength pIOVlded Byﬁ
,"vconcrete is found negatlve 1t is . assumed to be zero. 'The
Qshear correspondlng to the shear capac1ty of the top strut

' determlneﬂ accordlng to ACI 8011d1ng Code (318 77) is glven .

'byé

'YtS};-z[l +;9f000?,(izf)],{§¢;pwd *;ffExff‘ :
. where, o | T ey

-

Voo - shear at top strut -

ts

-C compre551ve ax1al force 1n the top strut

fAtfffarea;Pf tep_strut'

. A
&

;612453:I”Comparlsen Between ~€hearl Carrled y Qtruts ..t -
."Fallure and Calculated Qhear Capac1t1es., R

qtrut shear forces: correspOndxng to strut flexural

Mecapac1ty (formatlon of hinglng mechanlsm) and strut sheaq/

v“capac1ty -are-,llsted ‘ih Table 6. 2 3. 1 ;fl “the twelve

ﬂ‘specimens " with - openings con51dered : in-h”thisw'jstudy;

) .



o Calculations - of strut shear \capac1t1es -ate”'givén"iﬁ~'

Appendlx D. It can be seen that 1n some cases flexural o

.,capac1ty governs whlle .in other cases shear. capac1ty

governs' the ‘shear force... that tcani-he carried uby each<

.strut,' - To | estlmate the total - shear capac1ty "at'~the

‘openlng, the smaller values of each of the top and bottom

struts were added together and llsted in 'rable 6 2 3 1.

/

"7_Also shown in thls table are the test results for shear in

‘~each strut and total shear at the Openlng The procedure-“'

'”used to obtaln test results for strut shear is outllned in-

Section 3. A f»a .o ;._=g‘;'j L

P

A For all beams in. the study, the shear 1n the - bottom o

‘?

capac1ty 1 In all but two cases flexural capac1ty
{ed the shear carrylng capac1ty of the top strut.‘ ln

‘fCaseS‘fthe totaI calculated shear caoaclty at the

fallure assoc1ated w1th formatlon of a- full. hlnglng

'fchanlsm., In all other cases, part1a1 hlnqlng mechanlsms;’

occurr‘ing by flexure at mldspan or by shear in the end

BN
LI

shear span..

In the case of BEAM Bl, the shear at faxlure was 86%

of the calculated shear carryxng caoac1ty. The top strut |

o O .
R L

ias 11m1ted by the strut shear capacmty rather than_e

glng was greater than the total shear vat fallurerx_“

[ever 1t should be noted that in only one case, BnAM Bl,u.

:re developed at the opening w1th fallure of the beam :

L4

BN

<201



Lo 202
'.rattaiued ’84% .of :its :calculated~ shear carrylng capac1ty

- - R

f‘whlle the bottom strut attalned 89% of 1ts calculated sﬁ r;//// :
// , .

. —

' Carrylng capac1ty

In all other beams fallure occl"fﬁf/before the top

T .»"strut reached 1ts 1oad-carryxn§ capac1ty whereas at fallure'

B ) . L

*the bottom strut._

ear was 1n ‘the V1c1n1ty of- 1ts calculat~_

ed/v As outllned in Chapter 3, for all, beams the.’_

?%7;- bottom strut/was exten51ve1y cracked at . fallure and lt 1s;”

B apparent that the bottom strut was at or close to 1ts load- o
.carrylng capacity when fallure occurred.} The test'resultsb
:theref0re prov1de an lndlcatlon of the accuracy of the ACI;IV

'2: @eslgn‘teguatlpq"fcrﬂ calculatlng capac1ty of the bottom;f;,“

CCserat. o ' B

o Statlstlcali analy51s.?cf~'theabratids:'cfe té;t—td;.
f?calculated capac1ty values of bottom strut shear 1nd1cates.}'u.fgg
v?a mean value of 1. ll wlth a coeffxcxent of varlatlon of 3o%hf*'
}:and a range of 0 69 to 1 90, The statistlcs are given 1n*~'2‘5f;
.fnTable 6 2 3, 2._: Slnce the ACI equatlon is sem1 emplrLCal-# o
,Tf nd is lntended. to be a conservatlve esthate( of shear: ‘
: v R

fkﬁcapaclty based onwtest~result5f the relatlvely hlgh coef-

i - 2 . .

IS N :
SR _flc1ent of varlatlon rs hpt unexpécted However one. wouldj

D 3 N

ffftzkexbect not only that the mean value would be greater thanb

| Eunrty as ié the case, but that all values would be greaterth;u L
,“f ithan\unlt;. For those beams wzth test-to-calculated ratlos' .
“'lijless tﬁan unlty (Bl,_ Cl,* CZ,‘ Dl,. B4), the follow1ng’ihi€;fw

i~j:;;comments are related to the apparent dlscrepancy,,,: i'fﬁ"j

.
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. of Openlngs to control»~ racklng at the lower and upper‘

: therefore llkely that the lower strut had reserVe shear-

BN

e

'expected to carry lts calculated shear capacaty based on h

-

® ’ . L o

BEAM Dl was prOV1ded with dlagonal bars at theVCOrnersl

, : e T B |
tensxon . corners. ,‘,Asf a result : BEAM Dl sustalned

51gd1f1ca;}$y less - damage in the form of w1de cracks than

thoSe beams w hout the extra dlagonal bars._ It is qulte’ '

llkely therefor) that the bottom strut bad some reserve

capacxty- to carry addltlonal shear “at the load- causlng'

SN e

flexural fallure at mldspan. f,f_i';trf [f I % ‘

BVAM B4‘tested bY Barney(4) falled by strand fracture'

4

‘at- ‘the bottom strut(?‘As was the ‘case for BEAM Nl 1t 1sn

capac1ty at the load causing fallure by strand fracture. '

BFAMS Bl . Fl and C2 sustalhed slgnlflcant damage 1n the'

\

bottom struts due to wide cracks 'at the lower ten51on5.r'

-corner, whxle the top strut was Stlll capable of carrylng‘

addltlonal load.” The 1ow shears obtalned from test results o

are nost llkely thé result of softenlng of response due to

exten51ve cracklna causlng transfer of shear’ to the top

strut, and prenature fallure of the bottom strut.

TheSe results suggest»that, if premature fallure of'

the bottom strut 1s prevented by the proper detalllng 1n_

| the v1c1n1ty of the openlng, the bottom strut can’ be;ytf B

. “

L_-rthe sem1 emp1r1ca1 ACI de51gn equatlons. The remainlng

design Shear can then be- a551gned to the tOp strut..dFor' =

e

R s

203 ¢
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fcomparlson,"ln Barney 5 proposed de51gn procedure(A) for

,hlgh values - of - ten511e force in the bottom strut such as

/ :
those . .in the present test program no- shear would be

a351gned to the bottom strut and the total shear would haVe; -

to be resxsted by the top strut. h;,ﬁ;__tf_j ;'1;57;mw

‘a"'

6. 2 4 Detalllng to Pnevent Brlttle Faxlure.'*:'*fiffl-n, - R
Based on the fallure modes obserVed inr'this' teétﬁ

(4 16)

fproqyam and 1n test programs of other authors 1t is

'clear that proper relnforcement deta111ng ,arbund \themqu

openlng is. needed to av01d premature fallure _'»if,-}',ﬂ Ve

wldenlng- and. extenelon ,of 1nclined cracksl'etu;the;<

ten51on borhers” of; thé' openlng | bea ef 1oientiy
reéﬁrlcted by placlng inc11ned bars adjacent to each 51de
_of the Openlno, The force to be re31sted by the dlagonal"

bars can be determlned by equlllbrlum condltlons for the e

T
-2

free body dlagram shown in. F1g 6 2 4 P;» For' the sake of P
Simpliflcation the shear force ‘Vyfﬁisu neglected. Théf
';tensile force T; to Dbe carr;ed by-1nc11ned bars is..:

o ‘determtned as follows: , . "- . S

IF, = 0 - : |
\Y %
0 Ti=‘b - » L . (6.8)
..  COs @ L e e . .



vhere,,

,Vs -shear force at the corner of the opening
a. ~-ang1e. of inclination of- the. diagonal bar to the

3

‘vertical.

The inclined bars are-placed at the lower and upper tension -

corners of‘. the opening as shown-iri Fig. 6.2.4.2. The angle

of inclination of. 'tp‘e crack formed at the corner of the
. openinq' varied between 40° fand:,_'6.0° for the specimens of.

Serles B' and’ Series C--. _For t‘he"specimens‘, in Series D,

b
‘Petween 80° and 85°. The maln advantage of plac1ng the

rbar‘s‘\'at "a 45° angle is that they can 1ntercept cracks'

..\_whlch were prov:Lded w1th 1nc11ned bars,' that. ang-le' ‘v'aried"‘

.205

- emanatlng from the corner over. a’ wlde range of ~angle of, .

1nc11natlon. T’he tendency is for»c'rackxng to occur at

'approxn.matel/ﬂﬁ The dlagOnal bars will therefore cross'-.
the potent1al crack at approx:.mately 90°. This is vthelmost

’

des1rab1e situation since 1mmed1a_te1y after cracking the

’

: bar is subjected to dlrect ten51on.

Slnce: the main ob]ectlve is to \con’trol crack.

propagatlon and crack w1dth, the" steel stress should oe

kept to a relatlvely low level rather than allow1ng theb

.:'Isteel to y1eld at ultlmate load(2) ' For the beams 1n the

~

‘test program the shear 1n t’he bottom strut ranged from 2. 38,

4

/
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_Plps to 6 78 klps..7Assumingra Value of 5 kips asubeiné‘M

'representatlve, the steel stress 1n the dlagonal bars at',"”'

the ultlmate load . 1eVel is-

6= R cosa = 0.30x0.707 =23.5%si . (6.9) .

The teams in Series D exhibited - satisfactory behavior at

L T T I S
©  this .stress level, therefore-a steel stress of 24 ksi;is”_
recommended for'desigh. Note that this is the permlssablel:

'service 'load"'stress spec1f1ed -1n_ the ACI Buldlng Code

(318 77) for the Alternate Desxgn Method- (design‘ using"

unfactored serv;ce loads) _4f IR
’*.f;6 3 Serv1ceab111ty s .-.~”»f,i-z‘;’: '_ I”J”l7 T‘jf

Large web openlngs may produce a 81gn1f1cant decreasef

~“v1n beam stlffness as comparéd to a beam w1thout openlnqs.

-

~Further decrease in . stlffness wlll. occur when. crack1ng{,t;.f~ N

occurs. Deflectlons may therefore become a crltlcal de51gn'”'

'rlcon51derat10n for beams w1th 1arge web openlngs.‘-~'

In Chapter 5 _1t was. shown that the analytlcal model

P .. L

'fﬂdeveloped based op a truss analogy can predlct defleCtionsoﬁ,_A\

,wlth reaSOnable accuracy at serV1ce load levels and un to;w’”

’- “r

vloads cau51ng yleldlngn Such“ a modelr,howeyerv is?_tOO‘ 

,complex for routlne de51gn . Tn. the following, ‘a simpler

. )
. R oL A ‘ ’ .
. . S . o - e . PN . N
. 2 + - - . . PR oo - N :, -
’ ’ N 'y . . . C - » N . ’ t
. I . . N [ . ) R
9 . . . R . . . LS PR i
. . vt B PO . R . . .
. R ) N .- . S “ : . . . .
. » ¢ 4 ey -
. B » - - E .



'7approach is” éeveiopedfubesedf36ans£éhdafngbeam>}edslysis;}Ef

'1“procedures. e 1f‘i'ﬂf us_j¢fw*~ﬂ"
X - > L . . 1‘ . [ E . o . '

.

The"mldspanj deflectlon‘ caused by live ieadffisz?:f"‘”

"estlmated as the result of addlng the defléctlon caused 5y,_g,n;wp

‘<prestress and the deflectlon caused by llve load Eadh off:" 

B these deflectlons has two compoaentsx-gy'

' ‘1 flexural deformatlon of snedlmen as a whole
.ansfoJQ' add1t1ona1 deflectlon due to locallzed bendlng’bf

hp struts

'fn31ng 'moment area princxples, aceording to ?igw<'6:3.1\“'

"‘mldsoan deflectlon due to prestress 1s determlned to be~']

pe T B Pe"’

R T R L P T (e 10)

13
o]
N

L T - P

Lsf Span length o

1 [(4L 101)(8L-52)+(6L—-101)(3L 51) 10 E'I_' l(L+l2l)

. gflz- gross monent of yperéﬁa:‘ofg'e section  ‘through  the -’ - .

. A R R
| L - T T

;opening
"iisfyross moment ofxééér£;a Of beam sectlon -
iP’44effect1ve prestress force |

’&dé* ssp;and;écqeptt;eity;;ws '

591nce 1n thls test proqram all spec1mens were provxded w1th

e

'stralght strands, shear 1n the struts due to prestress 1s

'i‘zero. - Consequently 3:"add1t1onal deflection .due tp.f



T follow;ng.expre5510n:

;Looalized bending of the.struts’caused;bymprestress-iéiéleo :

zero.

pec1men as a,’ whole due to lateral loadlng 1s glven by the ‘

A»Q =

2 M. 3> 1 Ml : o (MZ-M

1)

SRS L PR (2L m)(sL 51) +-—;—.———-— (L- 52)(3L—51> +

"7% EI. .- 20 EI _ , .- 30 - EI

Mg Mgy LMy,
ha (1)(3L) +
CUEIL et L300 T 20 EI

St er et T F?‘i’ , :,;¢~ SRR

2 (M- M3) 9
+ ——ué——————(L 51)(5L) + —_— M L

30 T ~ 200

where, .. o .o iTore e e e

]F'a‘ff. concrete modulus of elast1c1ty S

o PR

' effectlve moment of 1nert1a of beam sectlon

: Ig"f' gross moment of 1nert1a of beam sectlon ,
"~crdcked moment of 1nert1a of a sectlon throagh

'ethe,openlng)gj[‘ f .;Hij,.5~ S fﬂj “f-_;\,f

/,...‘

.Accordlng to Flg

Accordxng to Flg 6 3 3 mldspan deflectxon of theﬂ-}

——1——2~(x)(9L+51) + ———(2L 101)(7L+51) + -ﬂ;f“

6. 3 3. addlt;onal deflectlon at mldspan"
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' vA:;.' ;ahear at the openlng due tQ applled llve loadf :;“‘
';LE‘eI;IJ-modulus‘of elast1c1ty of concrete B

.'ffif%.l f openlng length B |

'il'fg f;i.'bottom strut effectlve moment Of 1nert1a

e »'
- _top strut effectlve moment of 1nert1a

““3?1The total deflectlon at. mldspan caused by llve load 18 -

n*‘?g;ven by-'

viTaﬁie" 6 3 1.,, presents predlcted nd measured:o;'f
"jdeflections'_at mldspan and the ratlo of measured—to- o

n'fpredlcted deflection at the serv1ce load level for all.?n:k

e

"speclmens. ' The mean value of the ratlo of test to-ﬁz"‘

‘“fpredicted deflectlons was found to . be 1. 04 A standard

o dev1at10n' d,f 0. 11 Qa found w1th '.ag, correspondlng

"*coefflclent of varlatlon of 11%. ThlB level of correlatlon ’f"‘

can be compared to the concluslon of ACI Commlttee 435(3)

FSY

' that under controlled 1aboratory conditlons there is a 90% e

“-_5chance that the deflectlon of a Emrtlcular beam Wlll be

wlthln the range of 20% less than to 30% more €han the\



T

Lot

v

6 4 Proposed De81gn Procedure

calculated value us1ng the . effectlve moment of lnertla

approaCh as. 0ut11ned in the ACI Bulldlng Code (318 77)

RS

Based on’ the experlmental and analythal results for'_

/,

prestressed concrete T beams w1th web openlngs descrlbed 1n‘

: thls thesls the follow1ng deslgn procedure is proposed

. .210

The proposed design procedure is 11m1ted to slender beamsz .

i

W1th no signlflcant concentrated loads applled to the’ topff-r

strut and beams for whldh slenderness effects in the top~

-;_Ensure that a. vertical st1rrup 1s placed in the solld;’

‘strut ars not slgnlfxcant.-l'“

"-Insure that openlngs ‘are . pplaced out81de the¢icadé;f

fDe51gn the beam fqr flexure and shear acCordlng to the.
7hACI Bulldlng Code (318—77) or Canadlan Standard A23 3

tzas if the beam contained Tio web qpenlngs.; ;1:§V

‘“spec1f1ed strand embedment length. S )“/lr
-_Provxde in the bOttom strut,,vertlcal stlrrups of the"

»:same 512e and spacing as the beanl w1thout openlngs.

.(‘

N

;iDetermlne ax1a1 forces “in the struts from equlllbrlumh[

whsectlon 1mmed1ate1y adjacent to each slde ,of‘]the'lj

'1‘conditlons in the mlddle section of the openlng, as‘ .

'outllned 1n Sectlon 6 2 2

1

A T



©

Determine momez:/~capacities 1n the top and bottom-
'struts . correspo dlng to the calculated ax1a1 forcesh

’based on axial force—moment 1nteraction.~

-

211,

‘Determlne,-‘ from equlllbrlum . con81derat10ns.  ghear "~

'forces C°rreSP°ndlng to moment capac1t1es calculated lnf"""

'“Hstep 5. '1

accordlng to the deslgn equatlons for mémbers subjected‘

‘ jDetermine shear capablties of the top and bottom strutsl'f

" to 'axlal force as provided by ACI Bg;ldlng dee-sz

'(318 77) or Canadlan Standard A23 3

- Determine the shear that can be transferred. by each

i .strut as the. smaller of the values caiculated 1n steps,f‘f

‘Check that the total applled shear does not exceed the

.total shear ,capac1ty ‘ determlned from step 8

',Increase the shear—carrylng capac1t1es of ﬁhe struts 1f

'.jrequlred.

Alo..

-y

Provxde 1n011ned re1nforc1ng bars at the upper and

5lower tension corners of the openlng to Carry the

'ﬁfactored shear in each strut at a stress of 24 k51 as

R Y

7Ibeam ana1y51s developed in thls thesls.

foutllned in Sectlon 6.2, 4: _-“

'Check deflections at servxce load levels. Deflections

-

2

' S

. .
. " T e . - v < B B . »
. L . R - FEE K
- o . e NN . Lo .
] . g - ;. - A
. . o o .
. . , \ . . . .
. R ' .

fcan be estlmated by means of the truss ana1y51s or the r;



\fThe--major dlfference between the de31gn procedure.

pr0posed hereln and that prOposed by Barney(4) is 1n thef"

" assignment of shear carrylng capac1ty to the top and bottom?iﬂ -

struts. The proCedure proposed by Barney is conservatlve_h

'_-and 1nvolves 81mpler calculations, primarlly because thereﬂ

'
N

1s no calculatlon of ax1a1 force ~ff moment 1nteract10n..573'7ﬁ'

~requ1red In many cases the shear-carrylng capaclty of the f

bottom strut would be 1gnored by Barney 8 procedure and the,'

4

total sheig would be assxgned to the top strut._ However

from Barney 8 tests and the present test program 1t 19' o

AR

clear thgt & slgnlflcant amount of shear can be Carrled by’

the bottom strut.l The procedure proposed in; th1s the31s
prOVldeS a rat1onal approach to aSSLgnlng -a portlon " of

shear to the bottom strut.

It has also been shown that ductlle behavlor of the;f

‘ beam can be assured by attentxon to detalllng at the
. . ! . B

7;'cOrners of the openlng i' In the present procedure

’ ratlonal approach 'has been proposed for determlnlng the

amount of relnforCement requlred.__v LT

Flnally, twof approaches have.~been proposed for

estlmatlng deflections of beams w1th openlngs.' Slnce

openlngs tend to- decrease the stiffness of the’ beam, ]

deflectlon may be ‘a’ cr1t1ca1 de51gn conSLderatlon.'
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‘Table 6.2,3}2 Statlstlcs for Test to-Calculated Capac1ty
- Values of. Shear in the Bottom Strut. ’

~1 SpeCiméh,‘h . Vcaic.‘l) v ~."\‘71:esl'&-(:'” Vtesf/vcaic; .
' BEAM Bl seo0s5.70 0l 5,030 " o. 89(3)5'
BEAM. B2 4.69 . | s;19 | T1i1(4).
BEAM B3 T 357 - | 463 | 1.30(4).
.BEAM C1 . . 346 - | ’2.§8 |~ o.60(4)
cmEamc2 | o2.eut | 7 | 0.99(4)
CBEAMCI. | 2,14 3.0 | 0 1.45(4)
¢ BEAM D1 | 5,70 . 4.95 - -0.87(4)
' BEAM D2 469 .| 4.90  1.04(4)
'BEAM D3 3.7 |1 e.718. | " 1.90(4)
 BEAM B4 L 2,63 2,05  0.79(4)
.- BERM BS - 5,34 : o594 o 1.11(3)
- BEAM B7 o sws7 | 6.3(5 - 1.13(4)
Mean Value e R S
Sﬁaﬁdard" , L ’ R © - ‘ "
Deviation L : EE _ .. 0.33
Coefficient . R : | N
~of Variation : . - N e 30%

) Notes . .
,_(1) Vcalc is the calculated shear capaflty based on’ the ACI
design -equation given 1n Sectlon 6. 2 2.2.  This value 1s
11ntended to prov1de a conservatlve estlmate of the shear
7,capacity of the member rather thah a predlctlon of the
: actual shear strength.‘ £ ‘
‘(2)-Vtest is the shear in the bot )
on test results. ‘ ‘

‘strut at failure based

'(3) Failure occurred at the openlng. i
" (4) Fallure occurred away from the opening. :

o R
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'Full"ﬁinging mechanism

“Partial hinging mechanism "

A1, c2 W

Shear fallure followed by strand debonding
, "K

4

e "VBeams:;
-] A2,D1
: '*DZ 03

_ B ST
ORI, | Flexural fallure at mldspan.‘;

' f :Figure 6 2 1 1 Prlmary Crack Pattern Associated w1th

';,’ Fallure Modes Observed ln Tests«
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[Forces. in Top and Bottom Struts at Center Line of Opening
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| 7. SUMMARY. CONCLUSIONS AND RECOMMENDATIONS

.;7 llSummary
A comblned experlmental and analytlcal 1nvestlgat10n'
‘,'Qagl undertaken,hté] study -the behav1or h'f prestressedl:
*'oconcrete T- beams w1th web openlngs and to prov1de a. ba51s,

'for‘ de31gn recommendatlons.h"-The' experlmenta} program}

‘ ~1_con51sted of tests to fallure of . eleven beams, n,1-ne. wlth"'

\

"Vweb openlngs and two w1thout web openlngs.‘_'“In the - -

fanalytlcal 1nvestlgat10n a truss analy51s was developed to?

«trace the load deflectlon response of the beams 1nto the,

‘A

post cracklng . range! up. tolt-flrst yleldlng f : the
trelnforcement. . The * test spec1meds were de51gned ,far"

”7flexure and ~shear: accordlng to the requ;rements of the ACI
;'Bulldlng Code (318 77)(1) ;s; beams- w1thoutvfopen1ngsj'
';SUbjacted to four polnt 1oads FOpenlngs were\;;ovided in
‘?the;.webs' and web‘ relnforcement con31st1ng of vertlcal,

stirruns;{of the same 31ze and spac1ng as the beam w1thout'
.'fopéhiagsi7was prov1ded in the bottom strut.; The spec1mens
‘h_ were 1nstrumented to obta;n strarn and deflectlon readlngs F

throughout the full load range up to fallure.

e gy,
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.,’.’ |
Of prrmary 1nterest 1n’the test program were, the modesg'
A?oftfallure, dlstrlbutlon of shear between top and bottom:‘
struts, and load deflectlon response. Effects on behav1or:;
of length of opening, depth of top’ strut, and relnforcement o
detalls around the openlng were §tud1ed | | -

' A truss' model was developed to trace ,thef 1055; o
deflectlon response up. to the load causing post yleld u51ng
tBranson 5. effectlve moment of’ 1nert1a c0ncept to model the."
'.degradatiqn,~'of~‘-flexural.' §§1ffn¢$8. w1th.'.progresslvej
crac#ind.f i B R | ,gnt r.f-;‘ | L

Based oh the results of thlsvlnvestlgatlon a de51gn '
'cprocedure that assaqns shear forces to the top and bottom
~.‘struts, on %a‘-ratlonal ba31s‘ is prOposed. : The proposed:

-

-prbcedure .also contains,.recommendatlons for deta111ng R

. around the openings, and deflectionAcalculations. .

‘7 2 COnclu51ons

»

Based on the observed behav1or of eleven prestressed

concrete bea w1th large rectangular openlngs and on the

b

-analytical model deve10ped the f0110w1ng conclus;ons are

¢ ~

presented

l,l.‘eFallure-modé§”obsetved’in thiSiteﬁt program were:



) 'strut moments also 1ncrease,v cau51ng an 1ncrease 'in‘

”to the geduced flexural stlffness in the v1c1n1ty of

fa)'full‘hinginguﬁechanism=involwing two hingeS‘in:

~each strut,? T ‘;J

b) partlal hlnglng mechanlsm con51st1ng of two: -

. hlnges ln the bottom strut and one hlnge 1n the]

'top strut followed by a -shear fallure away from
COW ,

'the openlngh

ic) shear fallure at solld shear span followed by

.

fstrand debondlng, o 'f'-- . o Ty

d) flexural fallure at mldsoan.,

- o
. . 4

“Onenlng length afFects the,extent oF cracklng ‘in the”

1

“strutsﬁ As- the length of Openlng 1ncreases, ‘the: local

s
v . - A

cracklng -.The slope of the 10ad deflectlon curve 1s.

‘Jsmaller for spec1mens provxdeﬂ w1th longer openlngs due,

»\

\ ‘ .

Tl

_the struts Openlng length also affects “the - shear

:dlstributlon between the top and bottom struts.. After

'

cracking of the Uottom strut a redlstrlbutlon of shear'

' taVes place involv1ng transfer of shear from the bottom"

'

;to the top strut. The amount of shear transferred

[} . \
¢
. . Y

decreased as the Openlng 1ength 1ncreased.

b ‘

- Coay, \ o 4

~. Vertlcal p051t10n of openlng affected development of

4

cracklngfln the struts.' When the openlng 1s shlftéd

226



'bOttom‘strut.

towards the bottom of the spec1men cradks form—at the

-the‘flexural stlffness of the bottOm strut. jvertical

e

;its: depth reduced- the' top strut carries a larger_

~

ratio of flexural stiffness of tne top strut to the

- . . ’

N

7

51gn1ficantly a‘fected the pr0pagation of cracks at the

" .

corners»of the Opening, the shear dlstribution between
the top and bottom struts, and failure mode.  If the
web shear reinforcement»at thevopening is not effective
in limiting thpipropaéation of cracks at. the corners of
the opening, web- flange separation and loss of bond

occur causing brittle failure. . Proper detailing of

reinforcement around the opening ‘is. essential to

'prevent brittle failure and vwidening of cracks.

Inclined reinforcement placed at the ten51on corners of

i

the opening is ‘shownk ‘to tw eFfective in restricting

',

,-extensxon apd w1den1ng of the 1nc11ned crack formed at

-

the corner ,of the opening, preserv1ng the ~struts-;

.

connectlon and ﬁlowing redistribution of forces in the

‘ bottomfstrut at lower loads, reflecting a reduction 1n

rposrtion .of the'-openlng 'also ,affected the sheaék’

distribution of_the;struts. If the bottom strut has7

‘portion of the total Shear. This reflects a greater‘

‘The shear reinforcement details at the Opening .

.

227



: 3
openlng xs carrled by the top strut.

s : -
- .

Based on the combarisons’ between "calcu"l:at'ed flekural

~-and shear capac;,ty of the struts and the portlon of,'

shear carrled by each strut 1t is concluded that/

3
d /

‘reasonable estlmate of the shear carrled by. the bettom

strut is. th-at correspondlng to its talculated shear

"‘capacz.ty. - Consequently the rest of’ total shear at the

/

‘Comparison ‘between analytical and- experimehtal results’

f

1nd1cates that the proposed truss model prov1des an

'zprocedure valld only - for- loads ‘in the serv;ce load

Y

efficient method for determlnlng the load-deflectlon

l~response‘ of prestrbssed concrete beams .with large

rectangular- openings. . The effective moment ‘of inertia

\'conc'ept “as appllcable to the truss “model makes the

4

range although good ‘agreement was obtained | between

’

analyt1cal and experlmental results up to the load at

first yleld IR oL \

\

~ .

Large web ‘openings “may - produce a significant decrease

) Y

in' beam stiffness com;;ared to -a b'eam -without openings,

~'partlcularly 1f cracklng occurs at the serv1ce load

levels. ‘ Deflectlons may therefore become a crltleal

A

228

rdes'ign | cons:.deratlon ' for- beams. w:Lth» » large web?e,



8.

7.3

recommendations for prestressed concrete beams with large

NS

openings. AlthOugh ‘the analytlcal model based on a

. truss analogy can predlct deflectlons w1th reasonable

accuracy at worklng “load ~1evels, - such a ~model is

considered too complex ‘for rqutine design.

A simpler) approach based on séﬁhdard beam . anal&sis

3

procedure, considerihg flexural deformations of the

beam as a, whole and additional defléction due to

dlocalized bending of the struts, also predicts‘

deflectlons with reasonable accuracy at the service

'*load range, = o o

s AN

Recommendations.

07,

- Based on‘"\fhe\\;results "of this 'investigation,‘

[N
.

web openings are presented. - SRR e

7.3,

' TN

l.Design ReCommendations

A de31gn procedure for prestressed concrete beams with

‘web openlngs has been proposed in Chapter 6. The main

_features of the proposed procedure are as follows.

T,

Determlne shear—carrylng capac1t1es of the . top and

struts and ensure that the capac1ty avallabre is

’te to re51st the total applled shéar.

adl
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: 7,3.2'Recommepdations'for Further Research

1nformat10n concernlng a number of aspects ofy behavior

;ncludan.

1.

fallure in the struts rather than in the solld section of;,

Provide ‘reinforcement detaiis' at the corners -of the

openlng “to prevent rap1d propagatlon and w1den1ng of"

S

cracks 11ke1y to6 cause.premature brittle failure.

Check deflections, taﬁing, into account - the 'reduced

flexural capacity ‘due to the web _opening and local

fiexurai deformation of the top andvbottom etruts,

Adaitional‘ experimental work * could provide useful

v

3

Effects of - multiple. Openinge with narrow posts 'A\

separatlng the openlngs.

: Effectlveness of alternatlve re1nforc1ng detalls at thef

corners of openlngs. - : . R

~

L1m1ts on lengths .of 0pen1ng before stablllty of thef

e

compre851on strut’ becomes a slgnlflcant conslderatlon.

Effects of varylng degrees of partial prestress.,‘

TN
‘l'r"

De31gn of test specimené should attempt to 1nduce'~

v

the beam.

The truss. model could be P téhded to 1nclude the""‘

effect of yleldlnq of -relnforce ent and the effect of

1.
R .
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._f,,diagénal"wéb Acrackidg} '_Dg;ailéd,'examiﬁation of'iioad:~'
* _transfer, mecpanisms5arqdndfcognérs'df:épén{nés would be of

interest using advanced fipite element techniques. . ...° .
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STRAIN-GAGE LOCATIONS FOR LONGITUDINAL REINFORCEMENT
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L.

LOAD VS. FORCE FOR STIRRUPS AT THE OPENING
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APPENDIX D

AN

[

" ESTIMATION. OF SHEAR CORRESPONDING TO FLEXURAL AND SHEAR

' CAPACITY OF THE $TRUTS AND.COMPARISON WITH TEST RESULTS

'D.1 Intrpductibn

Ih‘this appendix distyibution of applied sﬁea; between
théy strutg‘ based ?oh caléul§£ed ‘flexural and shear
capacities of the struts are estimated ahd compéfed Qith 
test resuité.  First‘the-hltimaﬁe‘moment‘ané‘sheér at the
center of the obeﬁing are détermined from applied.loédé.
The axial tensile force T in'thé,bbttom strut and the axiai
EoﬁpréssiVe fofce C'in‘ihe,§0p sﬁruﬁcare determined from.
eqﬁilibfium 'cpnditiohs7'at the4 cgnter'-of. the opening, as
described‘in Chgpter 6. Tﬁe-flexgral éap%cit;es of tdp and

bottom ' struts’ are determined from the computer program -

'PREBEAM developed by Shushkewich(24), as mentioned in

Chapter 6. 5
D.1.1 BEAM Bl
'~ Failure load - 11.03 kips

1. Ultimate moment ét‘ the center - of ’the opening:

M, =_2(11.03)(104;4)—(11.03)(34.8)=1919.22‘in - kips.

Vo 332
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" .

2, Axial compressive forée‘in the top strut:
| T ,
9 -
c = 1919. 22 . 01;(250)(0 .32)(2) _ 150.4 Kips
3. Axial tensile force in the bottom strut:
. . - . . o’ 7 e -
o o 1919.22 o‘7§§50)(0 32)(7) _ ¢4.4 Kips
4., Moment capac1t1es ‘at] top and bottom struts obtalned
u51ng the computer program PREBEAM and the known
section properties are: | '
M; = 126.17 in - kips
My = 277.59 in - kips |
M3 = 233.15 in - kips . s
Gy My = 167 0 in - klpS : | . T j
where the locatlons of these moments are 1ndlcated in
Flgn Dl. - 7 " i . ) ~
Y M |
4C ' C
e R .M{—». T | ‘4— My
.| cl 1Y D C
S A B fl bA. S Bvb
_ R M ~ 1
M : A , T : T
: - M, (-— - — )M,
) !_

FIG. Dl - Moment Capacities at the Struts



)\\

Shear corresponding to the ‘calculated flexural

capacity of top strut:

. M, + M, 233.15 + 167.0 R
\V = = - = 7.15 kips
© ot 2 56 A N

vShear.corresanding to the calculated shear capgcity

of top strut:

v, = 2[1 + 0.0005 (127300)1/8500 = 290.73 psi

Vt = 0.85(290.73)(20)(0.8)(4) = 15.8 klpg
s .. B ‘ ° . . ] . -
Shear. 'cbrrespondipg to thé calculatgd _flgkurél

capaciiy of bottom strut:
126.17 + 277.59

vV, = ——2%X= — ‘;=.7;21 kips
£ -2 ' 56,

™~

of bottom strut:

RS
HA
s

v = 2[1°+ 0.002 ( 224003 /6'9‘0'0’ -368.81 psi

C
v 2(0. 02895)(81000)(0 8)(10)
b : 6. 5 .
s .
N -

= 5.7 kips

334

" Shear cdrresponding'to the calculated shear capacity °



'of top strut:

% ‘335

D.1.2 BEAM B2

Failure load - 11.40 kips
Ultimate moment at the center of-the}opening
My = 2(11.4)(104.4) - (11.4)(34.8) = 1983.6 in - kips

Axial compressive force in the top strut:

_1983.6 - 0.7(250)(0.32)(2
= = = :

) _ 124.7 xips

By

Axial tensile for¢e in the bottom strut: . ';

_%983.6 -~ 0.7(250)(0.32)(17)
15

T = 68.7 kips,

Moment capacities at top and bottom struts: ' oo ///~\;’//’

M, = 110.97 in - kips

M2:?.277'43 in - kips
M3 = 228.38 in - kips

My = 177.76 in - kips
Shear corresponding '_to _the calculated flexural

capacity of top strut: ' : ' A \.., ‘/'

228.38 + 177.76 _ .o i s
L. = 0 10.}5 kips

“.V-
. »f’.

Shear_correSponding‘£O'£he calcuiatéd sheaf,éapaCifj.,’u \
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v, = 2[1 + 0.0005(12219%)) /&€G0 = 288.4 psi .

'V, = 0.85(288.4)(20)(0.8)(4) = 15.68 Xips
s

7. ‘Sﬁear corfesponding to the calculated flexural
. capacity of bottom strut:

_ 110.97 + 277.43
b, T 40 |

= 9,71 Xips

8. Shear correspondlng to the calculated shear capacity

of bottom strut

y.
vé = 2[1 + 0. ooz(—Q%%QQ) /€€6“ ;395.6 psi
‘ 0 0 :
v, = - 2(0. 2895)(21000)(0 .8)(10) _ 4.69 kips
-8 ' ' .

v

D.1.3 BEAM B3 ';Sx.

Fallure load - 11.45 kips

1. Ultlmate mOmeqt at,;he center of {he:epehingi,

Muﬂ= 2(104.'4)"(.1‘1.45_) ;- (1.1.'415)(-3'4;8)  = 199 }in - kips.

2. Axial cohpresSive‘force in the top strut:

1992 3 -.0. 7(250)(0 32)(2)
, - 15 .

[ 4

= 125.3.kipsj"



Shear corfesébnﬁing to  the calculated . fléxural'

Axial tensile force in the bottom strut:

o o= 1992.3 - olg(zso)(o 32)(17) = 69.3 klps .

'Moment capacities at top and bottom struté:
My = 138.51 in - kips

M, = 249.33 in - kips

My = 217.96 in .- kips .

My = 174.51 in - kips

" Shear corresponding to. the calculated flexural..

cépaéity of.top¢stYUt:

- 217 96 + 174. 51
t 24

= 16.35 kips ..

Shear cotresponding to the calculated- shear papécity

of'tOp strut:

v = 2[1 +0. 005(135399) /€T66 = 278 04 psi

| vt,= 0.85(278. o4)(2o)(o a)(4) = 15.12 kips
8

capacity of bottom strut;

(

RS 138,51 + 249, 33 SR
Vgt = 16.16 kips
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8. Shear corresponding to the calculated shear capacity

of bottom strut:

v P
v, =201 + 0. 002 ( 69300) /6300 = -385.0 pei
_ 2(0. 02895 ) (81000) (0. ) (10)

b : 10.5
]

= 3,57 Xips

A

D.1.4 BEAM-Cl

Failure load ;]1o.o-kips" .
_1. ‘ ﬁltimaté homent'at.tﬁe~centéf of'£h¢ opening:

M, = 2(10.0)(104.4) - (10.0)(34.8) = 1740.0 in - kips
2. ‘,Axial’compréssiQe forcd_in the,toé\struti |

'1740.0 - 0 7(250)(0 32)(0)

¢ = 16.33

= 106.55 kips

3. foial tensile'force'in,the bottom strut:

T - 1740 0 - 0. 7(igo;§o 32)(1§ .33) . 50.55 kips
| L o g . -
;'4Lj- Moméht Capacitiés at top andIBOttom‘struts:

. My = 212, 50 in -rklps_’ : |

My = 212 50 in - kips

- Mg 293, 60 in~- kips

My = 231 42 in - k1

338
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Shear corresponding to the <calculated flexural

capacity of top strut:

_ 293.6 + 231.42

¢ 56 = 9.37 kips

Shear corresponding to the calculated shear capacity

of top strut:

2[1 + 0.0005 (106550)] /GO0 = 248.0 psi )

v =
c

V¢‘= 0 85(248. 0)(4)(0. 8)(8) = 5.39 kips

v = 2(0. 02895)(81000)(0 8)(8) _ 4 61 klps

s 6.5

.V, = 5.39 + 4.61 = 10.0 kips
S

Shear | corrésponding to the calculated flexural

capacity of bottom strut:

¥

2x212.50

Vb' = 3 = 7.59 kips

£ .

'Shear‘corréspOnding,to the célculated shear capacity

of bottom strut:

v; = 2[1 + 0. ooz(’5°559)] JEE00 = -513.6 psi
v 2(0 02895)(81000)(0 8)(6)

b = 6 5
o B . .

= 3.46 kips



340

D.1.5 BEAM C2 .

1.

=
-
h

of top strut:-

Failure load - 10. 57 xips

Ultlmate moment at\the center of the opening

Mu-= 2(10 57)(104 4)-(10. 57)(34 8) = 1839 18 in - klps

- axial compressive force in the top .strut:

1839 18 - 0. 7(250)(0 32)(0) - |
16,33 _ 112.6 kips

Axial tensile force in the bettbm strut: .o

_ 1839. 18 - 0 7(250)(0 32)(16 .33)

16,33 = 56.6 kips

Moment capac1t1es at - top and bottom struts:’

196. 9 in - klps

X
v
I

= 196.9 in - klpS‘

302.44 in - kips

LI |

243.4 in - kips

- Shear cdrreépending' to the calé%@%tﬁ% flexufal"

" capacityof ‘top struﬁ{

oo - 302.44 + 243.4 13. 64 Kips
M Ve T

- ’

Shear corresponding‘to'thefcaleulated shear capacity

/



o

of bottom strut:

112600

v, ‘= 2[1 + 0.0005( )J /6700 = 259, 47 psi

' vc = 0.85(259.47)(4)(0.8)(8) = 5.64 kips

_12(0.02895)(81000)(0.8)(8)
8 . 8 i :
V, = 5.64 + 3.75 = 9.39 kips

t
8

\Y

= 3.75 kips

341

Sheer ‘ corresponding " to the caloulated flexurel R

capacity of bottom strut:

b =_25%%§42'# 9.84 kips -

Shear corresponaing'tonthe calculated shear capacity

v_ =201+ 0. ooz( 56600)] JETO0 = -6b5 71 psi
2(0. 02895)(81000)(0 8)(6) '

Vé =’ .. LR = 2, 81 klps
c : o I
D. 1.6 BEAM C3 '-~_>; o el
Fallure Ioad - 10.50 kxps‘: |
, , . o
Ultimate moment at the center of the opening. -

.‘1,
i Mu

- 2;

= 2(10 5)(104.4) - (10. 5)(34 8) = 1827 0 in - klpS»ﬂyf::

Axial compressxve force in the top strut-
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1327 0 -»o 7(250)(0 32)(0)
. 16.33

c = 111.8 kips

o‘ .

3. Axial tensile force‘in;fhé‘bot£0m.strut:'*

1827 0 = 0. 7(250)(0 32)(16 33)°

—16. 33 = 55 8 klps -

. T
4. _Moment capacities at top and bottom. struts:

luM1'= 197: 94 in - kKips

'7M2 = 197. b4 in - kips .  :, §§

M3 = 301,85 in - kips

______ M = 167. 04 in - kips | i

<f§‘  Sﬁégfxl correSPond;ng :%§nithé-:vc§1cu1$§éd.n flexural

“'capa¢ity o:lxopJatrut: ‘vﬂ LT
| e S
v,

. . tg 24 % -
R _f  f} R ggiv‘

301: 85 + 167_04 19 53 kips_;  e

6;; Shear correspondlng to theégmlculated shear eapac1ty‘fi

.of top strut- e

.}\v, :

S
R

é = 2[1 + o 0005(111800)] /3566 = 235 .7 p81 ,ffffjﬂﬁ_Vﬂf, |

0 N

10 §

Vg = 0. 85(256 7)(4)(0 8)(8)‘5 5 58 kips\ i j1 .“f£;};#1§§'e@7



o Ba Shear corresponding to th

7. Shear corresponding - to the calculated flexural

capacity of bottom strut:

A =\211%%421 =.16.49 kips

‘
1

of bottom strut:

Ve = 2[1 + 0. 002(_§%§99)] /660 -593 05 psi,

v = 200.02895)(81000)(0.8)(6) _ 5 14 yips-

b_ . 10.5 .-
s . ) L _,e

D.1.7 BEAM Dl-
Failure load - 10.40 kips N

R

1. Ultimate’ moment at the center of the opening-\

jMﬁ = 2(10 4)(104 4) - (10 4)(34 8) = 1809 16 1n - kips

,~?.h Ax1a1 compressive force in the top strut: :

i

- . 4 \
. N . .-— :
® o e
- h

_ 1809, 16 - 0. Zé250)(0 327(2) = 113 14 klPs

C

3. Axial gensile force in the bbttom;st;ﬁé;

‘..\ .

\ T

>

1309 16 - o 7(§§o)(o 32)(17) 57 14 kipg'

9

calculated shear capacity

343
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Moment. capacities at top and bottom struts:

M) = 147.33 in°- kips

- My = 277.71 in - kips

M3 = 231.17 in - Xips | \
Mg = 167.04 in - kips
Shear | corresponding' to the calculated flexural

capacity of top strut:

- 231.17 + 167.04
56

v

. = 7.11 kips
te

Shear correspoﬁding to,the\calcuiatedjéhéaf;cgpacity

of top strut:

v = 21 + 0. 0005(113140)1 /B0 = 281.2 psi

V. = 0.85 (281.2)(20)(0.8)(4) 15.3 kips
tg L (QQ] A5>; |

¥

Shear 'correspondingf, to the calculated flexural

capacity of bottom strut:

v

- 147 33 + 277 71
/.56

~

= 7.63 kips

Shear correspond1ng to, the calculated shear éapacityf

of bottom strut-
N V
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1.

2..

ﬂ; ‘ ‘
ve = 2[1 + 0. ooz(—éz%gg)] /6800 = -305.1 psi
v. = 2(0.02895)(81000)(0. 8)(10) = 5.7 kips

b 6.5 : .
s .
D.1.8 BEAM D2 .
. Failure load - 10.50 kips
" Ultimate moment at:the center of the obening" _
Mu = 2(10. 5)(104 4) - (10 5)(34.8) = 1827.0 in - klps
Axial compressive force ih the topxﬁtrut' | 'f
o SR
S , - .
c = 1827.0 - o.7{§§Q)(0.32)(2) = 114.3 kips.
Axial,tenSile'force in the bottom strut:
T = 1 1827.0 - 0. 7(%;0)(0 32)(17) = 58.3 kips
Moment capacities at top and bottom struts:
: \ :
M‘l = 140.9 in-kips
. ‘ /
My = 281 9 in - klps
" M3 = 21§.04 1q'f k;ps -*r~fw'
M4 = 163.11 in - kips
Shear COrresponding to. thgb.-calcﬁIated

"<capacity of top strut:

216.04 + 163 11
~Vt_ ‘. a0

= 9.48 kips

flexural

345
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6. ’Shear"correspondihg to the calculated sheaf capacity

)

of top strut:

v =201+ o. ooos(1143°°)1 /ET00 = 267.1 psi

Vt - 0.85(267.1)(20)(0.8)(4) = 14.53 kips
s ‘

/
7. Shear . corresponding to the calculated: 'f}exbral
capacity oOf bottom strut:
140.9 + 281.9

v, = @& = 10.57 kips

‘8. Shear cOrresponding to the calculated shear capacity

_of bottom strut:

.4
<

‘v = 2[1 + 0.002(=28300 533°°)J /ETO0 = -299.1 psi

v S 2(0 ozees)(elooo)(o 8)(10)
b | 8.0

= 4,69 kips
8 ‘ :

D.1.9 . BEAM D3
Fazlure load - 10. Bo(kips

1. Ultimate moment at the center of the opening

346



347
+ Axial compressive'fofce in the top strut: . -
» ]
| 1879.2 - N *
c = : 013‘259)(0 :32)(2) _ 19,8 ips
~ Axial tensile force in the ﬁottom‘étrut:
79. f
p - 1879:2 = 0. 7(252)(9 :32)U7) | 61 goxips
Moment capacities at top and bottom struts:
M; = 128.2 in kaips“}
M, = 282.1 in - kips
My = 218.64 in - kips -
My = 167¢37vin ~ kips. | |
Shear corresponding to the calculated flexural
capacitylof top strut: 
’ / .

o

= 16.08 kips

E 218.84 + 167.37’
Ve, T 24 gy -
e S -
Shear'corfeSponding to the pa;chiated shear capacity

of top strut:

1

o 117800 . |
v, 2[1 + 0. 0005(——5———)] /EIUU 273 2 psi

t" = 0. 85(273 2)(20)(0 8)(4) = 14 86 kips '
s .

e Bl e



'D.1.10 BEAM B4 .

. 348
7. Shear - correéponding to the <calculated fflexural

capacity of bottom strut: ' L.

. 128.2 + 282.1
b 24

= 17.10 kips

8. Shear qotrésponding to the calculated shear capacity

1

of bottom struti

v = 2[1 + 0. ooz(’618°°)] /E300 = -329.1 psi

- 2(0.02895) (81 oo)(o 8)(10) _, ‘
AR : 10 : ='3.57 kips

8 o . S
. ‘ o

Failure ioad - 8. 61 kips

l.r' Ultimate moment at. the center o%fthe opening.»

< 2, 5(8 61)(108. O) - (8. 61)(34 O)Q! 2231 <96 in - klps
n .

 '2. Axial-compressxve forqe,in'the top strut:

2031 96 -,o 7(270)(3)(0 153)(0)

c = 112 8 klps
3. Axial ténsile fdrcelinlfhe;botfqm strut: S o
; ’ By

2031 96 - 0. 7‘27?)(3)(Q 153)(18) - 26 13ik l

? = 18



4

. 389.2 in - kips

=
N -
]

My = 244.75 in - kips
‘Mg = 212.18 in - kips
Shegr. corresponding. to the calculated flexural

'capagity ofipbp strut:

v

244,75 + 212.18
t ‘ . -

f. | a5 =\10515.kips |

Shear correqundihg'tb the éa;culated.shear capgcity

of top strut:

R

v_ = 2[1 + 0.0005(222899)1 /7820 = 228.15 psi
c _ S _192- : ) ,
v, =0.85(228.15)(48)(0.8)(4) = 29.78 Xips
8 o : P o o

» $%, '
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'Momgnt capaqities in the tbp'and bottom struts:
" sM; = 389.2 in - kips . | !
Lo - pe- w

Shear corresponding to',the calculated flexural

qapacity'bf bottom strut: . .

o '2x38§.2?;7' f '
bev = e | 1‘7.2 kips

7_Sﬁé§r’¢6r:esp6ndipgvtéithe calculated éhgar capacity

.

df'botfom.strut:‘,



o . 350
v, =201 + o.ooz(‘2§§3g)] /TBED = 3.12 psi -
V= 0.85(3. 12)(3.75)().8)(12) = 0.095 kips
v = (o 021)(7500Q)(0 8)(12)
8 : o 6\ .

= 2 52 kips

A

= o 095 |+ 2.52 + 2.61 klps
b, |

1
D.1.11 .BEAMlBS } 
Failure load - 7.62 kips
1. Ultimate moment at the center of the ‘opening:
'.Mu = 2,5(7.62)(108. O) - (7. 62)(34 0) = 1783 08 in - klps

2. Axial compressivg force‘in the top strut:7

[

1783.08 - - 0.7(270) (3) (0. 153)(0)
€= T 1B

A
’ ‘ | ‘ -
. .

- 3. _Axiél tensile forceiin‘the‘bottom;struﬁz

= 99,06 kips

: 1783. 08 - 0. 7(270)(3)(0 153)(18)
T T 18

= 12 33 klps

4. .Moment capacitles at top and bottom struts--
|  AM1 = 384 2 in - klps o |

‘2_3 384.2 in = kips

M3 -»1a9.94'in‘f kips '1_-,3‘A: ; 5
My = 161.92 in - kips . ¢
"_5,,lehé§f _édfréépondingY £0  ,£he ‘ calcuiétédayfflefu;al
"" capacitY of. top strut°'b | . -

y, = 189.94 + 181492

6.6.19.kipa'~
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m/

’ Shear correspondlhg to the calculated shear capacity

_of t0p strut:

v, = 2[1 + o, 0005(92830) /73‘6 ='216.06 p51

»vé = 0.85(216.06)(48) (0. 8)(4) = 28.2 kips
8

7. Shear . corresponding to the calculated flexural®
. ; 3 ;

 capacity of bottom stfuti

o v = 3¥%§543 = 12,80 kips \
| . : ‘ . Lo » )
. ( ‘ ’ . %
8. . Shear corresponding to the calculated shear capac1ty
' of bottom strit:
v 201 + 0. ooz( 12330)] /7ET6'= 92.1 psi RN :
c 53.2 2 L
”v&hs 0.85(92. 10)(3 75)(0 8)(12) = 2, 82 klps

V= 2.82 4 2.52 = 5.34 xips
s S |

Lo
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Dll 12 BEAM B7

N
Fallure load - 8. 55 kips ’
1. Ultimate moment at the center of the opening~'
‘Mu~= 2.5(8. 55)(108.0) - (8. 55)(34 .0) = 2000.7 in - kips
2{5-«Axial compress1ve force in the top strut°s
3. -Axial tepgile fofce in the bottomlst;gt:‘f
T"/eooo .7 -Gp 7(272&(3)(9 153)(18) - 24.4 kips
. : N
4. .Moment capacxtxes at the top and bottom struts-
1‘- 422 85 in - k1p3f a o e
M, = 422.85 in - kips e
. : ' cor i ’
My = 236 84 in - kips‘, _ S R

My = 194.48 in - kips .

5. -Shear corresponding to  the . calculated : flexural.
. o o A .,

;capacity of top 151:;'1.:1'..4,@)4,},r

J w& x*gi S :"‘ R I;' e
. ‘ 2%ﬁ.€?53 194. 48 ' . 19 xips
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6. Shear correSpondlng to the calculated shear‘capacity

of top strut:

v, =201 + 0. 0005(111330)] /8000 = 229, 8 psi : o
vt = o 85(229. 8)(48)(0 8)(4) = 30 0 kips
8

7. Shear cofresponding to  the calculated flexural

capﬁcitygcf bottom strut:

@

o 8
AN .

2 x 422.85 -
“.Vb ;fc €0 = 14.09 klps

\\

‘8. 'Shear corresponding to the calculated ahear‘capacity -

of bottqm strut:
o= 2[1.+ o-.-ooz(-%‘%u /m'cs = 14.79 psi
= 0. 35(14 79) (3. 75)(0 8)(12) = 0. 452 k;ps' R

Q -‘  | ~-Vs, (0, 021)(75200)(0 8)(12’ 5.0, kipé

e V, = 0.452 + 5.04 = 5.5 kips .



