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 This. thesis presents the'vésults'of tests conducted to
s . » i
1nvestlgate the behavréur of no,~prestressed concrete T-.

1ded wire fabrlc shearv

a2 g

t,relnforCement. The size é% ﬂ%@dpeamxdwas chosen to approxlw
: Lo o R TR

;mate half of a full 51zed double tee ‘beam: The layouts of

Abeams relnforced w1th/51ng&%‘19 ;‘

the welded W1re fabrlc relnforcement sheets were chosen 1n-
‘accordance w1th the proposals of the PCI Technlcal Act1v1—"

ties Committe;?s J01nt PCI/WRI Ad Hoc Comm1ttee on Weldedf'

5W1re Fabric fo

9 .
Ly

W

Ten beams were tested ‘E1ght beams were relnforced w1th A

I
..

“dlfferent a rangements of welded wire fabrlc

relnforce-
“: ment.- Two-beams w1th conventional relnforcement s1ngle leg
C \ .

stlrrups/ ere tested for comparlson purposes. The beams

- ‘were- tested under statlc loadlng u51ng a two p01nt loadlng‘,
S arrangement on a 51mple span so that the shea%gspan to depth

;‘ratlo was approx1mately 3 Ovb The tens1on relnforcementx
ratlo,Ow, was . approx1mately 0. 022 for all beams and the web :
relnforcement ratlo, r, was between 1.04 x 10 3 and

“i 52 X 10 3 . The 1nstrumentat1on 1ncluded measurements of
; \ load deflectlon, stlrrup straln, stlrrup slip and crack'f

'-w'wldtha The propagatlon of cracks was also mon1tored

. ’ 'v ' %’ ‘.
- o (

° : B ‘&-,‘,‘“ )
v . N B

Lo/

ShearﬁRelnforcement {198G%rj o ‘ ‘ ;;;d/,(i’/.f,x
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All/beams tested had d1agonal tension type fallures. The “

f% results 1nd1cated that the ACI and CSA Code equations

/ for predlctlng beam shear strength were conservatlve for the

welded wire fabrlc sheets used, prov1ded that there was -

/ / proper anchorage.” The Code equations were less conservat1Ve
1

¥ .
//// as. the web re'nforcement ratlo decreased. The best anchor—

age was pr v1ded w1th two horizontal cross w1res at the top

ropmsed by the

5.1

ooth vertlcal

om ‘of the relnforcement sheets as . p
T .PCl/ﬁgI Ad’ Hoc Commlttee for ‘the case of 51;§

and bo

. > _
;///wlre fabrlc shear . gelnforcement sheets w1th sm

[ )
w1res. In the case of welded deformed wire fabrlc, anchor-

. "~ i

age w1th only one horlzontal cross—wlre top and bottOm was .

also satlsfactory, prov1ded the bottom cross -wire was. not A
o

a1n relnforcement and the upper cross- -wire

-

-above the 1owest m

was close to the top face of the beam._ It should be noted

re . not effectlve in supportlng/the

@ 4.-"

1ithat these anchorages we

main- relnforc”ment to prevent dowel spllttlng. ThlSwtype of

cement was ev1dent in every

‘.cracklng along the main relnfor

1ch had welded w1re fabrlc web relnforcement.‘

1

beam wh

ST ST - LT N o ,
/ S ! Most of the vertlcal w1res in the welded wire: fabrlc sheetsl

n R f ~ that were crossed by the failure crack in the reglon where

they were well anchored, fractured wheéen ‘the beam/ﬁa led.

N : ThlS was not the case ‘in the beams w1th/tig/peﬁ§/.tlona1 .

stlrrup relnforcement.
/
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= stress 1n w1re shear re;nforcement measured at a
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'ﬁshear stress at ultlmate
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.straln of 0 005 (i e. y1eld strength for w;re

relnforcement as spec1fied ‘in ASTM Standards)

Overall depth Of member | ' v | : - pI——

B

effectlve moment of . 1nertia for computatlon of.

deflectlon
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nomlnal moment strength
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"_shear relnforcement spac1ng 1n dlrectlon of{

‘longltudlnal relnforcement

hlckness of compre551on flange 1n T beams f

jdbas1c shear stress, shear stress carrled by the‘”
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ishear stress. carrled by the concrete:
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= shear stress carrled by the concrete as glven 1n"

[
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o= angle between shear relnforcement and the 1ongls' ‘
. " ~ w“ . - ) . wtv
vtudlna; axls of the member ' L e C
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+ CHAPTER'Y
INTRODUCTION
The- PCI Technical (Activities Committee Joint PCI/WRI Ad Hoc

Commlttee on - Welded ere Fabrlc for Shear Relnforcement‘

(1980) has 1nd1cated that the use of welded w1re fabrlc

‘shear relnforcement in webs of double- tee beams has‘

'1ncreased s1gn1f1cant1y. Thls Commlttee has proposed w1re‘

LI -

s1zes and methods of anchorage for sheets of 51ngle leg

,welded wire fabrlc for shear relnforcement for these types

of,beams. The purpose of this program was’ to 1nvestlgatef

the behav1our,.under shear-loadlng, ‘of non—prestressed‘

(E)

concrete T—beams w1th welded w1re fabrlc web relnforcement
selected 1n accordance w1th these proposals. The ductlllty_u

of. the beams and the benav1our of the anchorage of the.web

p

relnforcement were of partlcular 1nterest.

. _ . . LT

g

‘In thlS program, elght beams with welded w1re fabrlc web

I

relnforcement and two beams w1th conventlonal 31ng1e 1egh

' relnforcement stlrrups were tested. All of the ‘beams had

thé same dlmen51ons,‘the same amount of main relnforcement,‘tj
and the same loadlng arrangement. The mainnvariables'were
the type and size of the vertlcal w1res in the welded w1re
fabrlc sheets and the arrangement of the anchorage for these

sheets. The beam dlmen51ons were chosen to approx1mate half

r

of a’ full 51zed double tee beam. ;l,'_‘ - IR

)

o
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‘the various beams tested. - '

investigation should be made.

5

A brief review of some procedures for‘calculating beam shear
. ) AN

N

capacity is presented in Chapter 2. fThis chapter also. pre-

;2h§s some background information aboutxwelded Wire'fabric

" . as well as results of some previQus investigations regarding

its use as‘shear reinforcement. A detailed description of

the . beam spec1mehs and the mater1al propertles is glven 1n'

Chapters 3 andg 4, nespectlvely.- Chapter 5 explarns the

'testing'arrangement as well as the instrumentation used.

-

In Chapter 6, the results of the- tests are p esented.‘ This
chapter,has been brokenflnto three sectiods. The first
section describes in detail the' behaviour, up to and includ- -

-

ing faiiure, of a'tYPical‘beam‘with welded wire fabric web

'relnforcement . The next section ¢ompares the‘ultimate

stfengths determlned from the varlous tests w1th the pre-

dlcted strengths obtalned from varlous proce&ures (a85

"I/

v;descrlbed 1n Chapter 2). The flnal section of this chapter

ﬂ‘points“out.differehCES ahd 51m11ar1t;es in the behaviour of

|
1

~ ;\'i_;

'Chapter 7 presents a summary of the results along/w1th

‘conclus1ons and Chapter 8. suggeits -areas. where further*



’ 2 1 1 General

' CHAPTER 2

LITERATURE REVIEW AND_ BACKGROUND INFORMATION

2.1 Shear Strength”of Concrete Beams - o

A tremendous amount of work has been done on evaluatlng and

‘predlctlng the shear strength of relnforced concrete beams.

However, due to- the extremely COmplex nature of shear fall—

ure and the large varlety of types of concrete beams, no one _

o

unlversal method of de51gn has been developed. There are

many dlfferent proposed procedures to determlne the shear

strength dependlng on’ such propertles as. amount of longl-

tudlnal or web relnforcement,,type of cross-sectloﬂ, con-
. : : e S _ >

crete~strengthvand;a/d ratio. ~In order to limit discussion, -

only a brief review will .be presented of éxisting code

‘Mprocedures as well as prev1ous testlng and analy51s relatlng-

\

| 'to shear strength of beams 51m11ar to those tested 1n thls

project. . An exten51ve review of factors affectlng the shear

strength of beams was publlshed by ACI- ASCE Commlttee 426

(1973) 7

2.1Q2 De31gn Procedures

The method used in the ACI Bu11d1ng Code, ACI 318-77 (1977),

for calculatlng beam shear strength is an adaptatlon of the
-sem;—emp1r1ca1'method‘proposed-by ACI—A@CE Commlttee 326
(1962). The nominal shear strength, vns is calculated as

"follows:



“4

-

Vn = Vg * Vg - - ' (2-1X

V.. is described as the nominal shear strength prov1ded by‘k

c

the concrete._ In the ACI Code it 1s emplrlcally assumed

"that this 1s equal to the 1nc11ned cracklng shear and would

be the fallure load for a beam«w1th no web relnforcement‘v

fV " ,is the nominal shear strength prov1ded by the web

s,

N\

vrelnforcement assumlng that the horlzontal progectlon of the.

| fallure crack is egual to the effectlveqdepth of the beam;-

‘d. For a concrete beam w1th shear relnforcement perpendlcu—,

Aiar td\the axis of the member, these quantltles are caIcu—

_lated as shown-

4

N

‘~._ v‘c =.‘(1.9_\/f‘"_c‘ + 2500 py, l\ng)‘ byd < 3.5VE', -ﬁbwfi' (2.2)
Vs = Avfyd £ 8VETC byd e (2.3)
Where: f‘c" = concreté compres51ve strength (p51)
bw : “=.beam ‘web width (1n ) '_ ff’ . t'
B g , s-beam_effectlve depth dlstance from extreme’
e cOmpre551on fiber to centroid of longltudl-
fnal tens1on relnforcement (in.)
£, - = yleld strength of ten51on relnforcement
y oo
- _(psi) -
s‘- ='Spac1ng of shear‘reinforcement in direction
, parallel to longltudlnal reinforcement
v (1n ) , :
V,;Mr = shear and moment’ due to load at sectlon
' ;belng cons1dered -
A, ]f‘= area of shear relnforcement w1th1naadls—

tance s (sq.rﬁnd_t.

\
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; Pw' =Ag
» | ‘bwd ‘
1 Ag = area of tension reinforcement (sgs in.)

e

The equation for Ve is generally simp¥ified to:

‘wi . , Vc = 2vE'g bwd (951) i (2 4)

The CSA Code procedure in CAN3 A23 8~ M77 1s very 31m11ar to.

the ACI Code procedure. )
\ S ",‘--

Although thls approach prov1des conservative estlmates of

N

shear strength for a w1de range of beams, 1t has been shown*

o
-

 to be unconservatlve for beams w1th low values ofF> (Raja-

gopalan and Ferguson,.1968) Also, thlS method does not,

\

. L rcorrectly predlct the e%fects reSultlng from- variations in .

. such propertles as concrete strength, a/d ratlos and amount'

ch

- of longltudlnal and web relnforcement (Haddadln et al,

L . Vg is reported in the next sectlons.
2.1.3 Equations for V¢ N .

- Several 1nvest1gators ‘have- proposed alternatlve equatlons

o

equatlon gave poor predlctlons of test results for beams

"_ with no web re;nforcement and low‘values of Vé ‘and pvcd

Mt

1971).o Some of the research done S“W%he magnltude of. V¢ and

'for calculatlng Ve - Zsutty (1968) showed ‘that the ACI_

L
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He carried out 'a combined dimensional and regression analy-

,sis.and proposed ‘the following equation for the calculation

! : ) .
of shear at inclined cracking, which the ACI Code assumes is
thevshearlvc= L

?

where: a = shear span distance (in.)

: b = width of compression face of member (in.)
\___._, . | | )

- = A [ . ‘ : . e e | St
bd . ‘ ' _ NRENE

+ . H
M = moment at section being considered

v"
Vi

. ! - o
i . : .
] . o

|2 { . W

Starting from a failire theory for concrete, Placas and

', Regan (1971) deriéedbyet another“équatiom-for'the shear

lforce produc1ng shear cracklng, Vcr o el ;
S . . Ch - B
Ver © 8I£', 100 Ajl /3b wd (psi) | | (2.6)
o ‘b,d o |

‘Thls equatlon glves sxmllar results to that derlved by‘

Zsutty for beams w1th a/d ratlos of approx1mately 4. 5.

based on a study of;beams w1th no web relnforcement and- low‘

values of the longrtudlhai\;ETﬁfo ‘ t ratlo.io,f

{
|

f

Ve = (0.8 ;vvloox;_p')'.,/f'c bud < -2.0\/_f-'_-c-‘.bwd (psi) * (2.7)

Vc = (59 3E c P )bwd (psi) ‘ "'” - (2:5} |

ARajagopalan and - Ferguson (1968) proposed an equatlon for Vo -
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equation for vﬁi

7
It was shown that for beams with P.less than about 1.2 per-

cent, the shear strength was significantly decreased and

that the ACI .equation did not predict this.

ACI-ASCE Committee 426'(1977) proposed a design equation

- . similar to that developed by Rajagopaian and Ferguson.

VE e <'vp = (0.8 + 120 p) JETg £ 2.3V (psi) | (2.8)
Lo o e

The quantity v, is defined as the basic shear stress and in

the case non-prestressed beams it is taken to be the

. : L, N
shear stress carried by the concrete.

1

~Batchelor and'KwunA(198l) hgve-suggeeted an alternative

o | .

VE'

c X Vp = (0.6 + 110 8y) Jf' <82 25\/f‘c (psi) 7(2,9)

‘ Equatlons 2.5 to 2 9 are emplrlcally derlveg and attempt to

allow: for the effect; ofﬁ)and f' c On Voo All give similar

results.

¥

2.1.4 Equatlons for Vg o s

In. addltlon to the work.done to determ1ne the shear stress

fcarrled by the c0ncrete, exten51ve research has been carrled

. out to examlne the effectlveness of web relnforcement in

relnfbrced concrete beams.“Haddadln,-Hong and Mattock

|
[
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(l971)wtested a- serles of T-beams Wlth varylng amounts ofv'

‘a

o

web relnforcement and derlved the follow1ng equatlons.

LV —\V~-— 1 75 rf Y, when.rfvy < 0 112 f' /2:f" (2 10)‘

u SCo

B T

SR

L 0112fc/§ B T PR T R (211)

S / ST R voa oo a - ) g N Lo o .

vl = 1_.‘9".‘\/f'é“'4”- 2566 Ou 'vd' "5;_3,.5 '-f' S (2a2a)

:égshear stress carrled by concrete, aisoinomfnal“

'gFT d{ {ji shear stress at- dlagonal ten51on cracklng (ps;)

s
BTN
- .< L

i

‘}:vf”%inominalaultimate'shearjstress‘fh

I.'= . '\',\" i & i U ; . _

aﬂg=ﬂang1e between 1nc11ned stlrrups and longltudLnal
O ax1s of member f‘}"a C e
B

D

'Y

- 0.

'.small amounts of web relnforcement the effectlveness of the{

"

ufrelnforcement 1s about 1“75 tlmes as great as predlcted by

=

’f1ft.was shown that these equatlons‘gave‘a better representa—hf

'hlahtlon of test data than the ACI equatlon for the effectlve-b

'VZJness of web relnforcement. ‘I& sheuld be empha51zed that thet >h>
avalue of Ve used 1n the analy51s was calculated us1ng thee"ﬁ

'jFACI equatlon. Based on thlS, these tests showed that ford;:f

"athe ACI approach Thls lS 1ndlcated by Equatlon‘Z 10..0nexg



poss1ble explanatlon would be that the crack has a horlzon—r“

‘tal pro;ectlon of 1 75d rather than d as assumed in’ the ACIY

.

’equatlon or that the web relnforcement extended the tlme

/

' over: whlch aggregate 1nterlock and dowel actlon were effece :f

'ui'tlve. Haddadln et al also showed that the ACI equatlons do’~

‘not accurately reflect the trends in- behav1our as parameters_?
:such as a/d and concrete‘stﬁength are varled."

' Attlogbe, Palaskas and Darw1n (1980) tested concrete T beams ;”,-,

x[w1th small amounts of web relnforcement and longltudlnal{n

v

?relnforcement and concluded that the web relnforcement 15#_ -

Afsl 5 tlmes as effectlve as that predlcted by the modlfledffh:

“?truss analogy w1th ‘a 45 degree crack,, Thelr beams used?hv

[

‘trand as longltudlnal relnforcement to get the necessaryws

"flexural strength w1th small amounts of 1ongltud1nal steelf B L

",In evaluatlng the effectlveness of the web relnforcementfm;t*fh‘

7hhthese 1nvestlgators used Vu : where bOth Of these quantl—hh

-
)

'rtles were determlned from varlous test measurements ‘and" notf-ﬁgi

";hfrom any of the prev1ously stated equat1ons.f These results‘

are in 11ne thh those of Haddadln, Hong and Mattock. Thus,{

small amounts of ‘web relnforcement were found to be more;

Qﬁ;geffectlve than predlcted by Equatlon 2 3.

'“tplacasj%nd Regan (1971) derlved equatlonsqfor predlctlng the'

7:fshear»fa;lure~load, shear compreSS1on fallure 1oad, and webvff”

. S J 'le‘



7‘1n transmlttlng V

o crushlng load for beams w1th web re1nforcement.v'For_T—beams R

falllng 1n shear the appllcable equatlon was:

| VU: (2(6'28) by, 5 wl *+ [25(f' 5')1/,3 tib, + 6)] (ps.i.)‘wn |
»'.ff( S e -er:_f T AN o (2,12)ff§'

where-, o IR RS SRR R .

tll: thlckness of compre551on flange

ﬁf\d' = depth from compéfssed surface to anchorage ofl,'

".shear relnforceme\t in ten51le zome SRR

”ﬂThe flrst term represents V and the second term Vc.“Infthef

'derlvatlon of Vb,‘lt 1@ assumed that a w1dth of\flangefy

-pextendlng 3 lnches on elther 51de of the web was effect1ve ;53"

o

Z.

:2 2 Welded W1re Fabrlc e ;ﬁjf‘ff[f;7~"'”’

‘"fThe use of welded w1re fabrlc (WWF) began in. the early Partfiv

e of thls century.g At that tlme, 1t wag used prlmarlly ashf

,3re1nforcement 1n concrete pavements. ThlS type of reln-_"

'c.7forcement 1mproved the performance of the pavements by pree

~
~
:
v
o
1
-

@l

‘ventlng deterloratlon after cracklng and by prov1d1ng morefff
f‘effectlvercrack control.m These propert;es, together w1thy-.jw
f:?the relatlve ease of placement of the fabrlc, contrlbuted to
-C}exten51ve growth 1n 1ts usev Today, welded w1re fabrlc lsh

l used“as relnforcement for concrete plpe, slabs, walls, footejfff

v Q\,. |
1ngs, and beams as well %s concrete pavements,;-



B . LR C" B . .
The manufacture of welded w1re fabrlc 1s covered by the

‘ - P 1

“'f"Spe01f1cat10ns llsted in Table 2 l.ﬂ The ASTM and CSA Stah—.»'

\dards for WWF set out requlred propertles and practlces
7'wh1ch must be met by the manufacturers.’ These spec1flca—'
lltlons 11m1t materlal chemlstry and requlre mlnlmum ten511e ':
flstrengths._ Although there 1s no requlrement for mlnlmum
telongatlon at fallure,ian attempt 1s made to deflne a m1n1—'s
amum ductllrty by statlng a mlnlmum reductlon in area and

Tbend test requlrements.
S " '.n',

3iThe ACI 318 77 Bu11d1ng Code has several sectlons related to

the use of WWF 1n relnforced concrete.‘ Generally speaklng,

»welded w1re fabrlc can be substltuted dlrectly for bar‘

‘;_.

3re1nforcement prov1ded certaln anchorage detalls are proh"d"

ffv1ded¢1 A Manual of Standard Practlce for Welded W1re Fabrlc
;;(1979) has been publlshed by the ere Relnforcement Inst1—7~.
:‘tuteu(WRI) based on these spec1f1catlons.‘ The ex1st1n§’
: de51gn rules, however, do not clarlfy all matters relatlng

';to propertles and uses of WWF. :

..“’

’f.hA p0551b1e area for confu51on results from the dlfference 1n':f

T*}T’determlnatlon of the yleld strength requlred by the ASTM and

~CSA materlal spec1f1catlons compared to that used in des1gn:

”?,under the ACI or CSA Bulldlng Code requlrements for

';jrelnforced concrete. The ASTM or CSA Standards for WWF



©ASTM

TABLE 2 1

ASTM AND CSA STANDARDS FOR WWF

P ]

.'AAASTM

ASTM

. ASTM:

’?ASTM;

OATitleT

standard A»ACSAfStandard’:
A 82 - CSA G30.3
A 185 . CSA G30.5 .

A»éésv;=AA-m‘ésAfG3o;14_jz

i

A 497 - CSA G30.15

P v

.Cold drawn Steel ere forff
- Concrete Relnforcement

‘Welded Steel W1re Fabric.
. for Concrete Relnforcement

.Deformed Steel ere for};j"‘
?JConcrete Relnforcement _

‘Welded Deformed Steel erém )
.Fabric for Concﬂete Reln—faj
‘forcement : :
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~spec1fy yleld strength as the strength measured at a straln‘
of 0. 005 whereas the ACI and CSA Codes for concrete de51gn‘
'spec1fy that the y1eld strength shall be taken as 400 MPa]
(60 ksi) or,the value correspondlng to‘a straln of 0.0035,.’
Y _‘t'hev"latite;rv i}algef"isf'aya‘iljabie.ﬂ e |
"AThe value of ultlmate straln for wlres obtalned from tenslon'
‘ftests has been shown to. be substantlally lower than that of:
}conventlonal bars for the tests conducted by Wlss; Janney,.o
”gElstner and A55001ates (1969)., erza and MacGregor (1981)f

_mfhave plotted the WJE data as a functlon of bar area as shown.g‘

4'7]1n Flgure 2 l. Although the w1res had yleld strengths of“

approxlmately 515 to 585 MPa (75 to 85 k51), the reduced

fultlmate elongatlon could be of concern for relnforced con—ggfl

_crete members where,‘at ultlmate load, the w1re would beL*j'

subjected to ten51ons 51m11ar to those resultlng frOm dlrect="

rten51on tests. The reduced ultlmate stra1n could result 1n
:(.-

-"a less ductlle member. A large reductlon 1n duct111ty would,,f

o be undes1rable, as the de51gn of relnforced concrete members;n'

: 1
"i concern was analytlcally 1nvestlgated by erza and MacG

;ls based on ach1ev1ng ductlle fallures to allow advance4<’”'

’\"

3,warn1ng»of fallure and to allow moment redlstrlbutlon in

vh#‘structures de51gned to re51st earthquake loadlngs. XThlsﬂf

e (1981) who 1nd1cated that wh11e slabs relnforced w1th weldedih'

‘f[;w1re fabrlc develop the ant1c19ated ultlmate flexural~f

L [ - . ; . ER Y e '

egor”u‘
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'-have been questloned by the WRI in a dlscu551on wrltte

1

strength,_they may not develop duct111ty comparable to 1de -

'u; »_ﬁ,

tical sﬂabs relnforced with conventlonal -rebars. Some of

by

"Mr. A.B. Dove of Stelco (1982) | Mr. Dove»ﬁelt‘that.des;gn

’

:oflultimate elongation.> He also suggested that some of the

s w3 ~

;low values for ulE&mate elongathon result from wire fallures

the assumptlonSPand conclu31ons%made by»erza and. MacGr gor

]

’rules‘50r welded wire ‘fabric should not: be based'upon'values

-fln the grlps of the testlng machlne.v,Further,work w1ll«be'

. necessary to clarlfy th1s questlon.

’

2. 2 2 Welded W1re Fabrlc for Shear Relnforcement

The number of tests conducted to 1nvestlgate the use . of

: welded w1re fabr1C'as shear relnforcement has been,llmltedtf

8 w1res."The vertlcal'bars in the meshes were between-S 0 mm -

'iLeonhardt and Walther (1965) tested T—beams w1th shear reln—

.forcement con31st1ng of mesh made of . sllghtly deformed

]between 50 mm and 200 mm. The dlameter of the horlzontal:

‘-(or longltudlnal) bars were between 4.0 mm and 8.0 mm and

the spac1ngs were e;ther 225 mm or 250 mm.: The mats were

bent ‘in-a U= shape and enclosed the longltudlnal relnforce—

N
,ment The results 1nd1cated that mats w1th 50 mm to lOO mm

,spac1ng of the stlrrups were best w1th respect to crac“

2N

T'w1dths and web c0mpre351ve stresses. Durlng testlng,-sllg

"of the upper anchorage of the stlrrups was notlced. This

and lO 0 mm 1n dlameter and the spac1ng of these wires wasgz'
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Aresulted 1n sllghtly lower ultlmate loads than for equiva-. .

&

lent beams w1th web relnforcement ‘made from deformed,“

twisted bars. ;Tests to-determlne the behav1our of.dlfferent

'_types'of arichorage were then conducted. The results are

. L B -
shown in the following section.

¢

"Taylor and El Hamma51 (1980) carrled out a test1ng program

to 1nvestlgate the web cracking behav1our of T-beams w1th

welded W1re fabrlc shear relnforcement They concluded that,:

‘welded w1re fabrlc appeared to be su1tab1e as shear

‘re1nforcement 1n these beams and that the use of WWF wasv"

effectlve for crack control.. Thls is 1n agreement w1th the'

_ results of the tests done by Leonhardt and Walther. " Unfor-

=7tunately,'no ultlmate load data 1s reported for these tests.

Even, though there has beenmonly a small amount' of research,

J

“WWF shear reinforcement ‘is ‘commonly used by precast_andg‘

. prestressed concrete'manufacturers. The use of‘WWF as . shear

'relnforcement 1s'perm1tted by the ACI 318 77 Code. The

/

deflnltlon of stlrrups in Chapter 2 of the code 1ncludes. -

'welded w1re fabrrc (smooth or deformed) as one form of

/

‘stlrrup. Sectlon 11. 5].1 states’ that WWF w1th wires per—

'pendlcular to the axis of the member may be used for shear

. relnforcement The ACI code method of determlnlng the shear

,strength prov1ded by WWF shear relnforcement in beams is

‘stralghtforward and 1s_the same~as for conventlonal stlrrup,

-
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reinforcement.’ Code,SectiOn 12.14.2.4 describes the
‘anchorage required for smooth WWF‘stirrups, No similar

- clause was given.for deformed wire stirrups.

:leltations in tge exist%ng/héf code7were pointed out. by the
~Joint Prestressed ConcretedInStitute—Wire Reinforcement
‘InstitutehAd Hoc Commlttee on‘Welded Wire Fabric for Shear‘
Reinforcement (l%&f) One 1mportant area requ1r1ng clarifi-.
cation.was the evelopment or anchorage of WWF shear
'reinforcementfl Thls will be dlscussed in the follow1ng,

‘section. The COmmlttee also indicated that the w;re‘spac1ngp'

.requireﬁents Prﬂsented‘in'seotions 3.5.3.6 and 3 5137 for‘w‘
‘normal WWF mats should not apply in the case of WWF shear

"relnforcement

fThetAd Hoc‘Conmittee;'in'addition‘to examining code'restrlc—
ftlons for WWE . shear relnforcement, also explored the pos—
's1b111ty of developlng standard 81zes of . thls type of
relnforcement. As a-result,a rat;onale_was presented_for
the'acceptance of straightvsheets of wiﬁe fabrlc as we1l as
' possible "standards” for thlS type of. relnforcement. The
proposed standards were for stralght sheets of WWF anchored
'_in both the ten51on and compre551on 51des of the beam as
follows. A'bj f%_//

lf : ForisnoothfWWF; two longitddinalvwireshwith‘a :

minimhmlspacing'of'2dinches (51 mm), with ‘the"
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inner w1reAnot less than the greater of d/4 or

2 inches (51 mm) from the mld—depth of “the member.

’"2. \‘For deformed WWF, one longltudlnal wire not more
than d/4 from the extreme faces, plus a develop-”

“ment length above.and below mld-depth k” accor-

dance with Section 12.8.2 of ACI '318-77.

s

rThese'proposals are sdmmarized indﬁ&gnres 2;2 and}2.3,}‘The
recommended wertical wire sizes for the‘WWF sheets are. W2.9

or D2.9_and~W2.5 or D2.5 which'are the_mostfcommon.in_cur;t
'evrent practlce. The mostfcommoh spacing”between verticalb
wires is 6 1nches (152 mm) for W2 5 and D2 5 and elther
6 1nches (152 mm) or 7 5 1nches (190 mm) for. W2. 9 and. D2. 9.
"The use of Wl1l.4 cross w1res(1.e. horlzontal w1res) in: the

"meshes was recommended.- These cross wires were only pro—

. vided where needed .for anchorage.

'The 1983 ‘ACT Code w111 recognlze the use of these meshes but”'
w1ll requ1re anchorage as shown in Flgure 2.4. . Also in the‘
;11983 code, the spac1ng prov151ons in’ Sectlons 3 5. 3 6 and

3 . 5.3. 7 of the ex1st1ng code will not apply to welded wire

“fabric used'as stirrups.

2. 2.3 Anchorage of Welded W1re Fabrlc Shear Reinforcement

.In order to develop the full strength of web relnforcement,

-

proper anchoragebls,very 1mportant. However, until
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jof qu shear relnforcement,

a_lwelded w1re fabrlc formlng s1mple U—stlrrups.i
fﬂlnvolv1ng the use of welded smooth w1re fabrlc_

“frequ1rements for development of WWF“in tens1onl

»hyeJZ 8 and 12 9 of the ACI Code offer some gu1de11

xann 1980, proposals for anchorlng 51ngle sheet;

-ﬂrecently, there has been 11ttle daﬁa regardlng the anchorage

[

1~"‘

‘In°1965,‘Leonhardt and Walther recommendqutypes of compres—

"”anchorages us1ng sllghtly deformed 6 mm (0 24 1nch) dlameter

.jstlrrups.<‘These recommendatlons are shown in Flgure 2. SL}

.’3'31on zone 51nce 1t was assumed that the stlrrups would be Ue':

-shaped and would enclose the longltudlnal bars._e

LA

T

The only sectlon 1n the ACI 318 77 Code related dlrectly to"h'p

’~3the development of WWF web relnforcement 1s 1n Sectlonﬂl

Q .

“h1nvolv1ng the use of welded deformed w1re f"brlc._ffhef,

a

F'spec1f1catlons for anchorage of convent10na1 re1n orc1ng bar

”;and deformed w1re stlrrups can be applled in- some cases.'w ;
. &°Lf;”. SR . R SR

Co22

Thls anchor—~

'n SectlonSj'

esvand the"

13#51on zone anchorages for WWF meshes after testlng_dafferent_w—wf

*]“No 1nformatlon was Prov1ded regardlng anchorage in the ten—l7”‘/

]fl2 14 2 4 whlch spec1f1es methods of anchorége of smoothvj

V}Qage only applles in- the c0mpress1on zone._ T"ere‘are no.d
,spec1f1c rules for ten51on zone anchorage or for othér cases,,"

r for caseS"
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- .

' FIGURE 2.5 - Anchorage ofWWF- Leonhardt and Walther ~ ~ .
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s
v

',and compress1on zones were made by the PCI/WRI Ad. Hoc Com-

m1ttee, as descrlbed in the prev1ous section.. As a result,

v‘xthe use of shear relnforcement made from 31ngle sheets of

WWF w1ll be spec1f1cally permltted in’ the 1983 ACI Code.

However, the method of anchorage has been modlfled from the_

As

° -

Ad Hoc Commlttee proposals to requlre two cr%&§ w1res, top'

o
3

and bottom-»

as shown 1n Flgure 2 4.

L’.,

°

These recent proposals‘help to clarlfy the problem off

behav1our of beams w1th thlS type of web relnforcementsbiﬂ*
Thls the51s presents the results of tests of T beams w1th's

) shear relnforcement based on the PCI/WRI proposals.;l'

By anchorage, but testlng 1s requlred to 1nvestlgate the“7
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PR jy- | CHAPTER 3

BEAM SPECIMENS

»1 3 1 General e :Zhd;
M~The experlmental spec;mens werebde31gned to evaluate the:

"behav1our of welded w1re fabrlc web relnforcement inﬁj
urelnforced concrete T- beams and to: compare thlS behaV1ourdh

"w1th that of ;dentlcal beams haV1ng conventlonal deformed

"

' bar-stlrrups.f,Partlcular attentlon was glven to the-
R anchorage of the WWF web relnforcement and to the ductllltyn

a”_fof the beams.i The beam dlmen51ons were chosen to approx1-

L >
=

:7fbmate half of a full 51zed double tee sectlon.- Ten‘beams,

5_7were tested 1n thls program. WWF shear relnforcement wasf"

jrelnforcement whlle TB 9 and TB 10 h

QL

'USed in elght beams and conventlonal stlrrups were used 1n i

\

.ﬂthe remalnlng two. A summary of the web relnforcement forfﬁﬁ5

it each beam 1s glven 1n Table 3 1. TB 1 to: TB 8‘had WWF webp_‘v"

' :stlrrups. The layouts for the WWF meshes are shown 1n

| feFlgure 3 4_,'

3. 2 'Beam Dlmen51ons

'-1Flgures 3. 1 to 3 3

J»»'

e 7_a

?The des1gn dlmen51ons for the T beamsutested 1nc1nded a%e,.dt
:'total depth of 508 ‘mm (20 1nches), a flange w1dth of 508 mmhp?fh
i(20 1nches), a. flange depth of- 51 mm (2 1nches), and a web[y
hdw1dth of 102 mm’ (4 1nches) ; The effectlve depth,» ‘wasi"

'fTA45vmm (17 5 1nches).« The,cross sectlon 1s shown'lnf‘f

25

onventlonal_'f'"
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N ,_‘_‘-;" | TABLE 3.1
SUMMARY OF BEAM WEB REINFORCEMENT

. Beam Number | St1rrup Slze -E‘vape of Stlrrup Anchorage

‘Q?‘.TB['; L wz 5 (smooth) L 2 horlzontal wires
: . IR © . top: and bottom

’.@>_ TB 2 . “@'DZ.Sl(deformed)v,fMZ horizontal wires
‘ S AT R . top and bottom

lJTB‘13M : . *“W2-9-(smoo£h)hl' 2 horlzontal wires

- SR .. top and bottom

.TB .4 . D2.9 (deformed) - 2 horlzontal w1res
\ SRR e ﬂtq>mmtmumm

horlzontal

. TB 5 D2.9 (deformed) ey

—— =0 . 'owm g . ' p2.5 (deformed)  exterior horizontal -
T T LN oo wire top. and bottom
oo wTB 70000 - D2.9 (deformed). . interior horizontal
ff/ D P IO TN I I O wire top and bottomw
N TB"8*:;'.ff'w2,97(smoeth)'a,'bJ2 horlzontal w1res
EE I BT PR R R o 'top and bottom _
Cmels o glum (desormea)’ 1500 hook around i
o .aw“‘ S 4“,];4‘“'glongltud1na1 bars
TB 10 6'mm (deformed) 180° hook around ‘7.
SR e e e T “.;1png;tud1nal_bars :

*Only thlS beam dld not . have the WWF web relnforcement
',centeredpln the web (see Flgure 3. 4) -

» -
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The overall beam length was 4560 mm'(l?9 5 inches) Two
s

‘concentrated loads were applled so that the a/d ratio was

approxlmately 3.0, where a was the d1stance ‘from support to

Jload and d was the’ effectlve depth.
. N |

The actual beam dlmen51ons var1ed sllghtly from the de51gn
_valuesy’ The actual dlmen51ons are summarlzed in the‘

¥

_ Appendix.'

3.3 Shear Reinforcement '

3.3.1 Single Leg WWF Mesh /
/

‘The WWF web reinforcement was sefected to conform to the

recommendations"presented by'the'Joint PCI/WRI Ad Hoc Com-
mittee (PCI/WRI, 1980){' The meshes used con51sted of W2 5,
.D2.5, W2 9 or D2 9 vert1ca1 wires at 152 mm (6 1nchrh

spa01ngs because these represent wire sizes and spa01ngs

"-commonly used by double tee manufacturers. Both welded

'smooth and deformed w1re meshes were used so that the

behav1our of each of these could be 1nvestlgated

‘The‘anchorage-of.the WWF'was'also made according'to‘the

’proposals of ‘the A4 Hoc Commlttée ‘as shown in Flgures 2. 2

-

and 2.3. Two horlzontal Wl 4 w1res were used at the top. and
at the bottom for. anchorage of the smooth wire meshes. The
deformed w1re meshes were anchored w1th elther One or two

. w1 4 hor1zontal wires top and bottom.
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’ The WWF meshes were made by a local memberﬂcompany,of the
" WRI. The wires were manufactured from hot~rolled rods which
were cold drawn to the spec1f1ed dlameters. 'The deforma~
t1ons for the deformed w1res were crlmped 1nto‘the w1res
u51ng gears as the w1re was being cold drawn.i The'welds in
the meshes were done by an automatlc weldlng machine.

fThe WWF was centered in the web of the beam except for TB. 8
. where the mesh was offset from ‘the web centerllne by about
12 mm (O, 5 in. ) Typlcal cross- sectlons showlng the loca—
~tion’of the WWF are in Flgure 3 4. There was’ approx1mately'
‘20 mm (0375 inches) of cover betweenithe endscof the’verti—

cal wires and the surface of the beams. .

3.3.2 Conventional Reinforcement Stirrups

The convent10na1 ‘'rebar st1rrup arrangement was selected to
g1ve approx1mate1y the same de51gn value forVS as for the

WWF arrangements.‘ The st1rrups had a single leg with
180 degrees hooks at each end and were made of deformed 6 mm -
(0.24 inch) drameter re1nforc1ng bars manufactured in.
Sweden.ﬁ The deformatlons were in the form of ralsed ribs
wh1ch were perpendlcular to the longltudlnal axrs of the
.bars. At the top of the beam, the hook was placed around a’

9.5 mm\(No. 3) longitudinal bar to improve the anchorage.
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The clear cover from the upper surface of the flange to the‘

‘top of the hooks was about 20 mm. (0.75 inches). The bottom

‘hooksfltaround the main longltudlnal relnforcement.vThe

N

'type of stlrrup.

-stirrup spac1ng was 220 mm (8 67 1nches) center to: center.

The- or1entat10n of the’ stlrrups was alternated sO. that all
of the stlrrup legs would not be onnthe same sxde of the

web. Figure 3.5 shows a- typlcal cross- sectlon w1th thls

/

3. 4 Ma1n Longltudlnal Relnforcement

.Two 25 mm (No. 8). bars were used for the main re1nforcement.

To ensure that a shear fallure occurred,'the beams were

de51gned so that the flexural strength was approx1mately 1.5~

tlmes as’ large as the shear strength. The main steel was

anchored u31ng 90 degree bends in the overhanglng sectlon of__

/

the beam. The relnforcement ratlo,pw‘, was,_ about 0.022.

4‘
|

— -5 .

The center of grav1ty of the 25 mm bars was at the vertical

,centerllne of the web for all of the beams. One bar‘was

A

e

placed on each side of the web relnforcement in the bea sf{

N .
that had the WWF located at- the web centerllne (beams TB 1

to TB. 7)' For the other beams, the .two bars were placed at

-the centerllne, one above the other.. Thls is 1llustrated in

. \\ . N ]

Figures 3.4,and 3.5. Y |
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3.5 Flange Reinforcement

'Flange reinforcement consisting. of 6 x 6 - W2.9 X W2.9 mesh

was placed within the center 3050 mm (120 inches) of each
beam at mid-depthvof the flange. This reinforcement was
1ntended to ensure that longitudinal cracks in the flange
would not separate the flange of the beam from the web at

failure.

3.6 Beam Construction

The beams were constructed 1n the laboratory at the Unlveé-

¥

51ty of Alberta. ‘The re1nforc1ng cages were put together
u51ng tie- w1re.ﬁ Cement amgﬁplastlc chairs were. used ‘to

pos1tlon the cage% in the F‘w&eb' The forms M%gk constructed

of steel and wood with a p}

{xx

beams were cast at one tlme. The concrete was v1brated

usxng a hand held v1brator. Four batChes'of_concrete were.

‘required’for each casting and three or four concrete test

cylinders were made from . each batch. -

The beams were covered with wet burlap and.enclosed in

plastlc for approxxmately one week after they were made.,

They were then allowed to cure uncovered in the laboratory
&

' the same manner so as to get a better - representatlon of the

- actual propertleeﬂgf»the concrete in the beams.

C

pé q 1nter10r surface for pro- ..

| tect1on and to give a smooth flnlsh to the concrete.: 'I.‘wo~

untll the time of testlng. The test cyllnders were cured in -
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Flguresi36 and 3'7show the relnforcement layv s for two_

-

typical beams. 'Flgure 3 6 shoWs the typlcal layout ifr TB 1
“iE{ TB 8 with Wﬁ? web relnforcement.: The only ch nge in

bhthls layout would be 1n the locatlon and’ number of hbrlzonJ
’tal anchorage w1r%s.{ Frgure:3.7 shows;therlayout,used.for
TB 9 and TB 10.” O ' “;‘_f_ . E

SN . n
}vSome photographs of constructlon are shown ‘in Flgures 3.8 to

',3 10 Flgure 3 8 shows thearelnforcement in. place 1r the

~o5forms just prlor to concrete placement.' Flgures 3.9 and

b?'3 10 show the re1nforc1ng cages for TB 7 and TB 6 ‘as well as

mfthe ty1ng of the WWF to the maln 1ong1tudﬁna1 relnforcement.
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FIGURE 3.9 - Reinforcement cage for TB,7
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CHAPTER 4
MATERIAL PROPERTIES

4. 1 Relnforcement Propertles

4 1.1 WWF Hesh S »e -

"‘The vert1ca1 W1re 31zes used 1n ‘the WWF meshes:were wa2. 5,

D2. 5, W2 9: and D2. 9. The 10ng1tud1na1 w1re size for all
efmeshes»wastl.4.\ The spec1f1ed and measured dlmen51ons.of’
the wires ‘are- summarlzed in Table 4 1 The measured area
was determlned from the weaght of the w1re spec1);a-u51ng

"-the unit den51ty of steel of 7850 kg/m : The deformatlon‘

“(dlmen51ons were measured accordlng to the appllcable ASTM

; . <
.standards.rlb 5

AT S
oy 4 .

" ASs shown 1n Table 4 1, there was con51derable varlatldn 1ng

f_some of the w1re dlmen51ons for the deformed w1res._ How-

ever, the average values for deformatlon spa01ng and helght

‘lfor the D? 9 w1res met the spec1f1cat10n requlrements and -
,J, : ;

[_the average measured area for thls w1re 51ze was very closef'

dto the nomunal area.h The average helght of deformatlon and
the deformatlon spac1ng were larger for the D2. 5 wires: than,
for the D2 9 w1res. The deformatlon spac1ng for the D2 5h
wire was sllghtly larger than the ASTM and CSA spe01flca—
‘tlons but ‘the deformatlon helght met the requ1rements of’
_these spec1f1catlons. Also,:the average measured area Qas,d

'lower than the nomlnal area for thls w1re 51ze.,
: ‘ o
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._The stress-strain curves and'ultimate elongation.were deter-

mined from ten51on tests done u51ng the vertlcal w1res from

the meshes. The 1n;t1al portfon of the curve ‘up to a straln

. of 0. 005 was obtalned using an extensometer with a Sl mmm

\_(2 1nch) gauge 1ength and a load straln plotter.' A 203 mm

\(8 1nch) gauge. length us1ng center punched gauge marks was

used to obtaln straln readlngs for the remalnder of the

. .

curve as well as ultlmate straln. The standard 254 mn

(lO 1nch) gauge length was not used because" of the short .

3

length of the test spec1mens. 8 .' I

The ten51on test results are summarlzed in Table 4. 2.:The‘

lresults from 1nd1v1dual tests are shown in the Appendlx

along w1th test data supplled by the manufacturer.‘ It .

‘ashould be noted that all stress calculatlons are. based on
1nom1nal area. Typ1cal stress straln curves obtalned from

.ten51on tests . are shown 1n Flgure 4. l These;show the,range

"f1n the results. |

e

Tests were done w1th and w1thout welded cross—w1res located

°

between ‘the gauge marks. In the former -case, the welded
;vcross -wire was located w1th1n the gauge length, approx1-

mately 15 mm (0 6 1nches) from one. end of it. - The 1n1t1al~

portlon of the stress strain curve .and the ultlmate load

-{were not affected when fallure occurred at welded cross—a

'wlres 1n the spec1men. Also, in the case ofcdiformed wlre,

2
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 TABLE 4.2
AVERAGE WIRE TENSION TEST RESULTS
, | 1 ” ' o ' |
. Wire »fy,Acx(_). iy,AsTM(z) fsu  eu . E From Test
- Size Mpa Mpa '~ Mpa. % MPa
o ' | | » (3 3
W2.5 625 673 .. ,693 1.4 ' 203 x 10
N ' . 5. (8
D2.5 494 522 - 53 °  1.1° 180 x 107
W2.9 . 563 597 . 640 2.8 205 x 10>
D2.9 545 577 . - 604 1.6 199 x 10°
(1) Stréss_heaSuredfét_s“= 0.0035.
(2): StreSS~meéshred at £ .= 0.005
(3) €u_for failure at crqsé—Wire
(4) €u for failure éWéy from cross-wire
)
IS /
L
e
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[
!

the value of ultimate Strain‘was unehanged.whether failure

occurred at or away from the cross-wires. The ultimate

strain of the W2.5 wire was higher when failure occurred

away from the cross-wires than when failure occurred at the

‘cross-wires. In the case of the W2.9 wire, no failures

occurred at the cross-wires within the gauge length.

Several test specimens failed either in the grips or. outside
ofnthe gauge marks. Such tests werebnot_oonsidered when

determining the ultimate strain, but the results for the

" . initial portlon of the stress- stralp curve and for the

ultlmate load were con51dered to be valld L

The smooth wire had hlgher ultlmate loads. and ultimate

'stralns than the deformed wire. This was partly due ‘to the

\

"reduced cross- sectlonal area of the deformed w1res at the
deformatlon 1ndents.? The 'deformed wire spe01mens‘that'didf

" not fall at the cross wires failed at these deformation

indents.

Reductlon in area measurements as spec1f1ed in ASTM A82

(CSA G30 3) were ‘made u51ng the smooth wire spec1mens. As

;mentloned,by Mr. Dove (1982) in hlS dlscussion of the Mirza

and MacGregor-paper'(1981), the reductlon in area is a

measure of the dUCtlllty in the w1re. The-reductlon in area

was_‘between 55 and 60 percent for the smooth wire. This was '
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. almost twice, the specified ASTM and CSA.requlrement. On the
'other hand, the measured stralns at fallure ranged from
1.1 percent in the case of the D2.5 wire to 2.8 percent in
_the case of the. W2.9 wire 1nd1cat1ng relatlvely little
ductilityf 'There is ncvrequ1rement Qﬁ the AéTM and CSA
Standardsﬂfor reduction of area for defbrmed'bars. No‘weld
- : : C i

shear tests or bend,tests were performed;

A _ SR _
'.4 1'2 Conventional Reinfdrcement Stirrupsﬁ

‘The stress- strain curve for the 6 mm (0.24 1nch) dlameter

stlrrup shown in- Flgure 4 2 was determlned using the same

[

"test procedure as for the WWF wires. The cross—sectlonal
area deternined by weighing a sanpie of the bar was
34.0 square mmfk0.0527 square inches). Using this value for

‘the area, the yield strength, fys Was. 477 MPa (69.2 ksi) and

-the ultlmate strength, fsu: was 659 MPa'(95 6 ksi). dThé : L

.

’ultlmate straln, €ur was approx1mately 15 percent..,

4.1. 3 Main Longitudinal Relnforcement

The 25 mm‘(No. 8) bars used for the ma1n relnforcement had a
'yield,strength,_fy; of 348 MPa (50.5 ksi) and an,ultimate:
-strengt@ fsu, of 574 MPa (83 3 k51) Ali calculations are .

.

based on»the nomlnal area of 500 square mm (0.78'square
- _inches). ‘The ultimate strain, eu{'wasvaprcx;mately‘lsjper\\ .

cent. L . ‘ R - . - Va
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4.2 Concrete Properties

Two mix designs were used in the program. . The‘mix design

¥

used in TB 1 and. TB 3 had a compressive sﬁrength of approxi-
mately 20 MPa (290blpsi) at thé:timé of testing and the
xemainingfbgams uéed a mix deéi@n with a compressive
‘J strength of apprpximately'BO MPa/(4350 psi). In botb cases,
‘the concrete was made with normal Portland cement and a
maximum aggregate.size of 10 mm (3/8 inch). Né ;dditives
were used. The "average Qluﬁp was.approximateiy 1op mm

<

(4 inches).
Thé.compressi%e strenth, £'cr Young's'Modﬁlus, E, énd’the'
tensile splittiﬂgvstrengths‘forjthe concrete used‘in each .
beam afe shoﬁn in Table 4;3. The '‘concrete chinderé us%di
- . for testing We;g 152 mm (6 inches) in diameté:‘and 305 mm:
&lzlinches)’iﬁ 1engthAOThey“wéré prepareé and tested in -~

accordance with the applicable A§TMﬁgnd CSA Standards.
. ‘ B34 } :

. i N

N
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CONCRETE PROPERTIES s

g

SR Compress1ve7w Modulus .~ Tensile » :

L . Strength® ..from Test .  Splitting . Beam

Beam '\ f'y o E Strength ' Age at
‘No. R MPS . ._. MPa . - .__MPa_ %est

B 1 '19,19-f i ‘.15906’“fx,',.-2,61 70
ST 174000 216 S

TB 20 . - 28.9 o «19700 o 2.47 e BLL Lt
Lo 018600 2.50 S

19600 . . 2.44 PR

19500 e L

o

CTB 3. 0 .19.4- 14400 . 2.38 77
Lo T 182000 0 T
TB 4 . 29.3 -~ 20800 . 3.16 - 6l .
R o ee217000 20750
o oTB S 28.6 . 18100 . 2.64 ' 56 .
T 213000 - 2061
oTB 6 13007 7 ‘f'g.§osoof ff4,f<>é;9i">‘ /59
oo T 213000 0 T2,91
E L. 18700 2092 0
| S 20400
'  TB;“5f  _ff 29,5 ' wfi'leseooﬁg»ﬁi ,fx2;66 ;}’a”._ ¢57“
SRS ' R .18800 . . 2.64 B
120300 .. 2.90
213000
7B 8 29.5  SeeTB7  See TB 7 s
TB 9 28.9 . See TB 2 wil See TB/; <‘ © 47
‘TBrid_s_'i‘ 30{7'“,.v See5TB'6. S See TB' % ' fj”62
g — - - : : - ' M . oo

é



”“:measurements, deflectlons at mldspan and load p01nts,isllp .

4 7" CHAPTER 5
L o . TESTING PROGRAM . = o
. | | SIS =

his'l 'General
fadlng arrangemente
on a\51mple span to glve a reglon of ., constant shear (exclud—.‘
1ng self welght) at each end and a region of zZero - shear 1n'
.'the center.' The data taken durlng testlng 1ncluded load

3

'-‘of the web relnforcement, crack w1dths,_and stlrrup Strain,

?kThe propagatlon[

of the ES§CkS durlng loadlng was also
‘marked ThlS data ‘was cons1de ed to be the . most 1mportant”ﬂ‘ﬁ;

:'for the analy51s of beam be av1our,:beam ductlllty and°

‘anchorage of web relnforcement

:_/54

‘“5 2" Test Set up

'uThe testlng was done u51ng a»6 2 MN (1. 41n11110n pound) MTS

testlng machlne whlch applle load from above the beam. fThe-

&

test set up 1s shown in Flgﬁre 5. 1. The actual shear spans

'lfhvarled sllghtly from the v'lues shown 1n the flgure. The'w

‘actual a/d values are glven 1n the Append1x4 F1gure'5;2

fshows a photograph of the 1 est set up. e 8

o
‘/\ i

vb5 3 Instrumentat1on

‘5 3. 1 Load Measurement S S af{'"” o fv‘f T O o

fThe load was recorded dlrectly from the MTS machlne. The -

é beam 901nt loads were one half of thls. 'Qurlng thevtesting'
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of TB 1, TB'B; TB 4 and”&B 5, the load was recorded from the-
dlgltal dlsplay on the machlne but for the rema1n1ng tests
‘;the 1oad was recorded directly by the NOVA computer. " The .
:machlne could be read to the nearest 0. l kN. At thls load

jlevel, the machine was accurate to w1th1n + 0 2 kN.

‘ T -

"\\ ;

5'322 ‘Beam'Deflectlon "' o

,Deflectlon was. measured at the m1dspan of ‘the’ '‘beam and at'
. s ‘

".both .load - p01nts us1ng llnear warlable dlfferentlal trans-;

v

"formers (LVDT) w1th a range of + 75 mm (3 1nches) For -
©TB l, TB 3,Ja8w4 and TB 5, the LVDT voltage ‘was recordedj
i ju51ng a dlg;tal voltmeter, but for the remalnlng tests ‘the

»readlngs were;recorded by the;computer. »{*

‘) v

'Load deflectlon graphs were plotted u51ng the MTS plotter '

;for ‘the. tests of TB 2 TB 67 TB 7, TB 8 and TBlO In these’

'plots, the load was the MTS load and the deflectlon was the
: deflectlon of the MTS loadlng head. 'These graphs-were made .

fpr COmparlson w1th the LVDT data and to monltor the deflec—”
Q- ) . ; :

tlon at fallure,_ e

.

"5.3.3 Stlrrup Straln Gaugesv

TrF01l type electr1ca1 re51stance straln gauges were. used to“ﬂ

r,,,?
R

measurd_stlrrup straln., The gauge lengths wvere’ l 5 mmi

d-j(O 06 1nches) and the gauge factors were 2 02 + 1.0 percent.

5at 24°c (75°F) One gauge was 1nstalled at each locatlonec



where the stra1n was- measured. The gauges were waterproofed
and wrapped 1n tape for protectlon. The lengths.of ‘the
~7wrapped portlons averaged about 35 mm (l 5 in. ) In order '
dfto get a smooth surface ‘to mount the gauges on ‘the deformed‘
':wxre in the WWF, some of the deformatlons had to. be ground

.-

down. Thls was done very carefully‘SO‘as not to 51gn1fi~

cant Yy reduce the cross sectlonal area of the wire at the

base of the deformatlon.. ' ' : T
. ' C %)

-The locatxons where the gauges were mounted arebshown in
1LFlgure 5 3 for the beans w1th WWF and in Flgure 5. 4 for the‘
beams w1th conventlonal stlrrups.f TB 1, TB 2, TB 6, ‘TB 8
. and TB 9 had all 16 gauges whlle the other beams only had"
gauges- 5, 8, 10 and 11, Not all of . the gauges worked
_properly as some- were damaged durlng constructlon."'
'Flgures ‘5, 5 and 5.6 show. photographs of somﬁ straln gaugesr

1nstalled on the stlrrups in TB. 9, s

{

'~The stralns were recorded u51ng a dlgltal voltmeter for the

tests‘of TB 1, TB 3 and TB 5. A Budd Straln Indlcator wast

used to determlne the stralns for the ‘test of TB 4 The
'fstralns were automatlcally recorded byjcomputer for the‘f
T\ e ,

7other tests. »%1
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FIGURE 5.5‘4 Relnforcement cage for TB 9 withs B
strain gauges installed b

: L

FIGURE 5.6 = Strain
gauges on.stirrup in
.TB 9 (also note lug
"brazed on near the
top of the stirrup)




N_Flgures 5.7 and 5 8. Figure 5.9»shows,a diagram- of this

ing thelr slip. This is'shown'in Figure 5. 9 Lugs were » /

>measured at locatlons 1, 2 and'3 in'TBoz, TB'4'and TB 5 in

_holes in ‘the bottom of the beam had any effect on the crac

T/

”5.3.4 Stirrup Slip Measurements
Dialbgaugesbwith an aCCuracy of 0.0025 mm (0.0001 inches)

‘fwere used to measure st1rrup Sllp. The base of the dial

14

gauge apparatus was: attached to the concrete beam .and the

stem of the gauge was placed sO that 1t .rested on the top of

a stirrup w1re. The slip was measured as the change in the

dial reading Photographs of the slip gauges are shown in
arrangement. ‘During constructiOn, rubber hose was placed A
around the ends of the stirrups that were to be monitored
for slip. This hose was removed before testlng, leaving a,
space for the stem of the dlal gauge. Lugs were brazed onto.
the 6 mm dlameter stlrrups near the p01nt of tangency ‘of the

180 degree hooks to prOVIde a su;table'locatlon for measur-

also brazed onto the emds of the wire stlrrups in cases
where it would not otherwise have been p0551ble to get a |/
measurement. The 1ocations and numbering‘for the‘slip

measurements are shown-in Figures 5.3 and 5.4." Sliprwas not

order to determlne whether the absence of the s11p measurlng

formatlon. It appeared that these holes had no effect. I

'should also be noted that durlng testlng several of the di 1

- gauges used to measure the sllp;from_the bottom of the belam
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- Dial gauges for measuring'stirrup‘

FIGURE 5.7
‘ - slip from top of beam

FIGURE 5.8 - Dial gauges for'measuring stirrup
’ slip from bottom of beam - :



\

FIGURE 5.9 - Mounting of Dial Gau

7z

Stirrup. Slip

SR

ge Appéra%@é for Measuring



fell off, so that readings could not be taken_rightfupgto#; =

failure. . o - _ h

- 5.3.5 Crack Data 2

The crack widths and crack growth were monltored durlng a

‘testlng. Crack 1nc11natlon was measured after fallure.

The crack“widths were determihed by comparing the width ot
the crack to lines of known width marked on photographlc,
paper. 1In order to 1dent1fy the cracks, the beam was spl;t
up intohnumbered segments marked by the location of eaCh‘
stirrup as shown in Fighres“S'B and 5.4. The crack number;
was determlned by the locatlon within the segment where 1t
crossed a reterence 11ne drawn along the beam at 200 mm
(7 9 1nches) above the base. Thus,‘crack 6.1E crossed the
reference line at 6.1 stlrrup spaces from the east end of
the beam. ‘The crack w1dths were measured perpendlcular to

«

qthe dlrectlon of, the cracks at the level of the reference

line. v

, N :
The - growth of the cracks was recorded by marklng the end of
the crack after each load step. Photographs were also taken
of each shear span at various stages of. testlng and after

failure to show the progre551on of the crack formatlon.

2 - Y



L 63
5.4 Test Procedure .. '
' The daterﬁas taken andftbe cracks weil mark:dﬁat the- end of
each load increment. The load was kept constant while the
readings>wete m%pe. Each of the two point loads was
1ncreased in increments of either 10 kN (2.25 klps) or 5§ kNv4
(1. 12 klps) until' close to failure, when smaller increments
of 2 5 kN (0 6 kips) or 1.0 kN (0. 2 klps) were used. The
tests lasted between two and four hours. The point loads
were increased atdan everage rate of 30 kN;hopr
(6:7 kips/hour). A typical load vs time plot is shown in

Figure 5.10.

L R ' i R ‘ . NN
) l{:‘\' . C . . R @

It should be noted that TB 3 .was 1n1t1a11y loaded up to

E)

v45 kN (10 klpS) “in the flrst-load step. The load was

‘removed and the test was re- started but 1nc11ned cracks had.

;already formed.
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o ment u51ng the results of two partlcular beam tests.. Beamsj

B Sectlon'6.3,' At S .?fe 5 aJ"[faf' ey

ufallure arew'hown 1n FlgUres 6].to 6 18. Beam %

,at 709kN (1§*7 klpsﬁk

leyels LN

CHAPTER 6

BEAM TEST RESULTS

: '6 1 Behav1our of Typlcal Beam w1th WWF ‘Web Relnforcement

\

6.1. 1 Introductlon-v L . | ev_‘ e ;p
"jThe purpose of thlS sectlon is’ to descrlbe in detall the

typlcal behav1our of the test beams w1th WWF web relnforce—t

v

;TB 2 and ‘TB 4 were con51dered to be the most reépese&%ptave-*’
) R R REN Ay A .-“" .
v;of the typlcal behavlour and one or the other is® used for"

"?dthe descrlptlons in each of the followlng sectlons.pr,“’

‘cemparlson of the results from all the beam tests 1s made 1n;

€. : RORRSY | R .

A AL
L \
‘,,t. e

Photographs of TB 2 and TB 4 durlng 1oad1ng and afterﬂv

P

g

(18 0 klps) The WWF web relnforcement in TB 2 had D2 5'
dvertlcal w1res at 152 mm (6 1nch) spac1ng wh11e TB 4 hadh

'D2 9 vertlcal w1res w1th the same spacxng.: In both cases,ff’
5 che WWF mats had two horlzontal cross‘w1res top and bottom;p
“‘It should be noted that TB 4 falled 1mmed1ately after allu\”

Vmeasurements were taken at the 80 kN load 1evel whlle “TB 2if

~
\

'ﬁalledtas measurementsgweretbelng_taken_at the.70gkN 1oadd::,

@ifalled R

Fand Th 4 falled &t a load of 8¢ kN'r




S

| . 4'?(,‘\)

1f FIGURE 6 l - Cracklng in- east shear Span of TB 4

i DR at P = 30 kN

FIGURE 6 2 - Cragking in east sheat}spanjofﬁwByén

. at P = 50 kN

T ’_1‘“

X ‘J.<
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, ‘ L- : . L
Q‘ ) »,
o % fln eastﬁshear span of TR 4 .
: j¥fimate load (P = 80 kN) with
L ult -
ST numbers shown'
@
R
é’}s& "
_‘/ g -
.
‘1%@§URE?3J4V~ Cracklng in- east ‘shear span of TB 4 ‘f Sy

‘after testlng with straln gauge
‘locatlons shown

)

tea, w



P

FIGURE 6. 6 - Crack:Lng in west shear span of TB 4
ék 50 kN

\ R ’. ’ AR




FIGURE 6 %

’.

West shear. spangéf:TB 4
oad (p ult
shown .

Cracklng in west shear span of TB 4
‘after ‘testing - with strain gauge
locatlons shown“\ . R E

= 80 kN) with

<

.69
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FIGURE 6.9

o

1
1
+
1
1

0

)
d
A

)

-

N

k2

- Cracking in pure moment
TB -4 after testin

g :with crack
" numbers shown~ S

region of"
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<A

FIGURE. 6.10 - Cracking in west shear span of TB 2

o

t Shear.span'of'TB'

in wes

50 kN

FIGURE 6.11 - Cracking

¢

;3&
y

at P

J



5w | b |

:12 - Cracking in west shear span of TB 2

crack numbers shown

FIGURE 6.13_— Cracklng in west shear span of TB 2
, . after testing with straln gauge
. . C : locations shown

N N | L'/: 4

o+ . at ultimate load (P ;4 = 70 kN) with.

72



Cracklng in east shear span of TB 2

FIGURE 6.14
at p% 30 kN | ,

FIGURE 6.15 - Cracklng in east shear span-of ™™ 2
‘ at P = 50 kN ' _



| FIGURE 6,17,

at ultlmate load (p .
~¢crack numbers shown"

lt

Crackln in east shear span of TB 2
after testlng with strain gauge
locations shown.

N
AN
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. 4 Q
FIGURE 6.18 - Cracking in pur

numbers shown

t

TB 2 after testlng Wlth crack

a
.

'r
!

e\moment region of *
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6.1. 2 Crack Formation in Shear Spans - TB 4

At failure there were 11 cracks in the two shear spans of
. TB 4 that crossed the reference line drawn at 200 mm

(BlincheS)fabove the bottom of the beam. Six of ‘these were

in the east shear span (Figure 6.3) and’five were in the

west shear span (Flgure "6.7). The west shear span was the

2

failure span. Three of the cracks in the east .shear span"
and two in the west span_developed 1nto inclined cracks thatss

extended-upwards beyond the centroidal axis of the uncracked

section. The numbers assigned‘toithese‘inclined.craCks are
shown in Figures 6.3 and 6.7. They were numbered according

to where they crossed the reference line as explained in

‘7Section‘5;3w§;

1

The flrst cracks to form in each shéar span were short'

!

vertical flexural cracks which started’ from the bottom of‘

the beam and extended up to apEroxxmately the’ top of the"'

main relnforcement.' As the load was 1ncreased, a few of

these cracks extended beyond theereference_line. In -

~,genera1; however,qthe flexural cracks did not extend beyond

the level of the top of the main relnforcement.. The

‘presence of the holes in the bottom of the beams used to
measure.the stlr;up sllp dld,not appear_to have any effect

. on.the;locations‘where'the_flexhral cracks formed.

s
W
b

Th




"‘r). . . .

'up to the web to flange transxtlon at a load of

-angle of approx1mately ‘60 degrees w1th the horlzont 1.

: 77
¥y

v
PR

As the load increased from 30 to 40 kN (6 7 to @ 0 kips)'

%

some inclxned cracks were formed in the web and as the load
increased»further,‘more inclined cracks beganato‘form. Most

cracks,'such‘as 6.1E, 7I3E} 10.2E and 5.8W formed in the

‘reglon between ‘the top of - the maxn relnforcement and the
centr01dal axis of the uncracked sectlon and then propagated'")
up . to the\web to- flange tran31tlon as the load 1ncreased.i
_Other 1nc31ned cracks such as 8. IW and 9. 6W also formed 1n'
5 this manner but they formed as- extens1ons ‘to exlstlng;

flexural cracks. All of these inclined cracks were con-

\

sidered to be "flexure-shear" cracks. S °

%

‘' The cracks that formed closer to the load p01#t were steeper

\

than those farther away and all cracks tendeB to- be steeper
1

7'below the centr01da1 axls. Also, in most cases, the 1n1t1a1

/
1nc11ned cracks were relatlvely steep and subsequent cracks.

werefflatter. In-the east shear-span, crack 7-3E propagated'
'p(ll 2-k1ps) ThlS crack crossed the reference 11ne at an

/ : :
the load 1ncreased up to 60 kN (13 S klps), a/flatter

”1ncl1ned crack 6 1E; formed on the support elde oé 7. 3E and‘

/

'jolned the upper portion of 1t. The flatter,crack'had.an,/

_ﬁ '

1nc11natyen of about 50 degrees with the horlzontal at the

J g '

alevel of the reference 11ne. “The averagﬂ 1nc11nat;oncbf”‘.¢_f,

7. 3E and 6.1E were 43 and 29 degrees,jrespectiVely.

As/”»’

.«

N L



Sy

‘“where-i,:ﬁ ghm'§{<.$:ﬁ‘rd,g.;-

tlon of 456 mm. . ThlS was’ equal to 1. 02 d. T ”*f.ij~f:]f5hgak‘§{

‘»The average 1nc11nat10n of the cr&cks waa determﬁned as
:'follows- . _ ‘v » . 3 s ,“' ’. : ,»A‘-“ _‘ : - ”'( “
davg = tanl (38) D

. ‘\._,

s e G

:i\\.' av% = average fncllnatlo? measurég’frOm the hor1Zontal

RO, e horlzontal pro;ectlon of ‘the. crack betwmen the R

:5 N G_. LA _c, . ..‘,. ?(9") ..,,._.. B ; :

,u. "& _'“.‘v‘

. \A
top of the maln relnforcement and the bottom of

>'40.

the web—to—flange taper (mm) .'k.f“hﬁf;ci{;fj

”f313_ the vertlcal dlstance 1n mm between the top of

u":"& o

.“

v \\/ ' s : ; T
Thls method waq\used because the stlrrups crossed by thas Toyer e

portlon of thel_racks were most effectlve.; Also, there were _;vzx”,f&j

large varlat'

J/ L

'nsaln the actual 1nc11nat10n along the cracks

so the average 1ncllnatlon was better for comparlson. f'nyg’

Bt . . B ST il L ' .
L S : e N e e T e
: R T T AT A SR L RO B

\

The average 1nc11nat{on of the cracks ‘in TB 4 rahged from

o

29 to 56 degreeslv The average 1nc11nat10n of the failure

e M

crack, 5 8W, was 35 degrees so 1t had a horlzontal progec-fgﬂ_f;"‘

¥ . . . . S 3
g'_».‘l‘i S - S .v,‘_!\ . : '.}1.:

. St SN S [ B

P ) :" K (

The 1nc11ned cracks crOSSed the reference 11ne 1n the range

from locatlon 5 8 to 1ocatlon 10 2 (see Sectlon 5 3 5%

3 N}




T relnforcement.'fﬂ

//X Two estlmated load ranges for 1nc11ned cracklng weref}_,?

There dld not seem to be amy pattern‘as to where they formed

- r
h.‘ .

- but thene was at least one 1nc11ned crack 1n each half of

S

RN each shear span.

- _.5\‘\‘ . - . B g PR

Secondary cracks formed algng the ma1n re1nforcement at the

34 lower ends of the 1nc11ned cracks 1n the same 1oad range
that the 1nc11ned cracks were propagatlng up to the flange.
'-5_1,\~} ‘-._ =73_3 \z “w;pﬁ-;u*s‘s ~

b

“As the load approal

NI Yy

”.w1dened and more second\ry\cracks formed.i Flnally, at the

fallure load, crack 5 éW propagated up through the flange to ;-

the load p01nt It 51mu1taneously propagated along the ma1n

o

‘“"'relnforcement and then down to the bottom of the beam near.itﬁ

he support as shOWn Ln Flgure 67._h.”

ﬂ . o . R O

;f 6 1 3 Inc11ned Crackrng Load - TB 2 R
l,,‘ e SRR
In thls testlng Program, an exact value of the 1nc11ned

correspondlng to the testlng load 1ncrement 1n whlch
'1nc11ned cracklng occurred was determlned both from the

crack pattern and fromvthe straln gauge re@dlngs on the web

',obtalned from the crack patterns of the beams.p In Method l
thls wasggetermlned from the load range 1n Whlih a crack

¥

ed ultlmate, the flatter 1nc11ned~cracks ‘hh

crack1ng load was not obtalned gowever, the 1oad range ff"

N R : R - ; aﬂ\ R, v S e . Lo
J

2

L e o T R e :;\:.“ e PERS B ~. . . Yo R A R
B R Rl T e e T e S

? ey
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Al

-

L6

"

e '

s

o

B0

(12 7 1nches) above the Y)ottom of the beam, at\ an angle pf

S

45 degrees or: less at that locat1on.”

was p0551ble for the lower portlon of the crack to be rela-f

Wlth thls method,

t1vely steep even though 1t hed the proper angle at the

helght of the centr01da1 axls,

: a.erage\
o By

a

1ned from the load range 1n wh1ch a crack w1th an

1nc11nat10n of approxlmately 45 degrees or less

\?

The estlmate for Method 2

4

crossed the centro;dal ax1s of the uncraqked beam, 322 mm

flrst extended from the maln relnforcement to the web to—\fﬁ

T

L

o

\

oA
flange tran31t10n.‘

L

P

The average 1nc11nat1on was determlned

;f as: descrlbed 1n the prev1ous sectlon.?

load for a beam W1th no web rernforcement 1s con51dered to

AN

.\-
be the fallure load.v

>

One of the load ranges determlned from

these two methods would probably have been the fallure load

/

o TR _
‘; range 1f the béams tested dld not have web\relnforcement.:

.'s"”'"

U51ng the stlrrup straln, the 1hcllned cracklng load was

determlned from the load rangelln whlch a 51gn1f1cant

r

f- ¥
_Dlncrease ‘in- stra1n first occurred.’

The 1nc11ned crackang

/ B
A

Before-lncllned crack—». :

Yo

1ng, the stlrrups would not be requ1red to carry load, so,_w"”“m'

once the stlrrup stralns started to 1ncrease 1t was assumed

In the east shear span of TB 2 (Flgure 6 14),

,that 1nc11ned cracklng had taken place.v§g_if

S

N S

for 1ncllned cr\CKlng u51ng Method l was determlned to be 20

-

' to 30 kN (4 5 to 6 7\k1ps)

ThlS was1the load range 1n

che 1oad range S

P



v

locatlon is shown 1n Flgures 6 16 and 6 17. SR

1 cracklng load range was estlma'

o

”-whlch cracks 8 4E and 5 4E. crosSed th‘

maklng angles o§ 29 and 38 degrees

horlzontal at that locatlon. U51 g Method 2,‘the 1nc11ned

9 0 klpsﬁ whlch was the range 1n Whlch crack 8 1E formed
“-w1th an average 1nc11natlon of 42 degrees.‘ Frgm the stlrrup

stralns, the rncllned cracklng load range was between 20 and

A

stlmrup 7E whlch was crossed by crack number\B lEu. Thls '

. \.,A/'.-’

In the west sHear span of TB 2, the 1nc11ned cracklng,load

- /

range u51ng Method 1 was estlmatéd as 20 to 30 kN (4 5 to

6 7 klps).. ThlS was determlned from crack 8. 4W wh1ch
’5Q B

load range u51ng Method 2 Was 30 to 40 kN (6. 7 to 9 0 klpS)

and was determlned from crack 8 4W whlch had an average.f f“

(¢

1nc11nat10n of 43 degrees.h From the stlrrup stralns, the

to 6 7 klps) from straln gauge 13 on stlrrup 5W. 1Th1S

v

All of these estlmates were below the value of Vc

(10 klps) calculated u51ng the ACI and CSA Code equatlons._;hh

'A summary of the estlmated 1nc11ned crack1ng load ranges for i

i

L ,,

Q-

d4.4 kN

centr01dal axls ﬂl‘

respectlvely, w1th the'gy

r

'd to be 30 to 40 kN (6 7 to .

[

L ’30 kN (4 5 to 6 7 klps) as. determlned by straln gauge 5 on_ff

”Jij crossed the centr01dal axls at an angle of 36. degrees.._The_»hb

'f}? estlmated 1nc11ned cracklng load range was 20 to 30- kN (4 % '7}-1”'



e e DR S e

‘ all the beams and c0mparlsons to the ACI and C§A value ifor L

.vc are’ glven 1n Sectlon 6. 3. _% - B Z;f,'h‘i-T v
vy‘;t:p,{ _‘,v‘ ;- : | |
"6 1. 4 Crack Formatlon in Pure Homent Reglon f.TB 4 y"

o

- As expected, the cracks 1n the constant moment reglon were_

generally vertlcal flexural cracis whlch started at the
. A °

‘f,hbottom of the beam and propagated upwards durlng testlng.'“»

; ~The longest cracks extended approx1mately up to the level of'

5

“lthe neutral axls. Several cracks formed above the malnl”7

y

]frelnforcement w1thout startlng at the bottom of the beam.'ff

“ﬂCrack 14 sw started in th1s manner but 1t eventually

*

lextended to theipottom of the beamjé Crack13 4W however{[-

L

4fd1d not extend to ‘the: bottOm.m In th1s case,kthe main -

-frelnforqement probably acted to conflne the crack anduf

‘_\
5

f 'prevent 1t frOm openlng.l {'”

v"6 1 5 Mode of Fallure - T8 g‘l |

3

,"t The fa11ure of TB" 4 was a dlagonal\ten51on type fallure. ‘As:

B )

'the beam was loaded, 1nc11ned flexure-shear crac s formed 1n¥ o

‘ffﬂl each span.» The flatter of theSe cracks wldened as the load'pf

: was 1ncreased.‘ At fallure, one of the wider créfks propa—f

'?;igated up to the top of the flange at the load polnt and down-';

: to the bottom of the beam at the support.i Thekfallure crackjfﬁ
'f w1dened the beam began to deflect rapldly and the applled'
. load dropped off 1mmed1ately. As the fallure crack w1dened,-v

"fithe segment farthest from the support dropped down relatlve'x
,.
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to the segment closesg to the support. ThlS caused thej

“lfflange -to k1nk 1n the reg1on near thelload p01nt. Trans-fg

7,verse cracks formed ac'

s.the top of the flange at, the load

~vfp01nt and also in. the reglon b»tween sectlons 7W and 8W as

] Ve,

ﬂ shown 1n Flgure 6 7. A longltudlnal crack along the centerf

&

:W“_of the top of/the flange.also formednbet&een these two :

'?f‘level

AN <

gtranSVerse cracks.’ There was ‘no ev1dence bf concTete crush--

]1ng-after fallure-: In thls beam, the fallure crack was. 5 8W ;
~in the west shear span.: Fallure occurred 1mmed1ately after.'

:the measurements were completed at the 80/kN (18 klp) load

v

<

7wThe upper end of the fallure crack propagated along the web-n

R-to flange tran51t10n before enter1ng the flange near &he_‘

loadlng p01nt Thls hor1zonta1 portlon -of - the crack crossed;f'

A

"lfabove the horlzontal cross w1res used to anchor the stlrrup5v

'"fﬁln thxs reglon; Therefore,fas the segment of the beam"v

!ltfarthest from the support dropped 1n relatlon to the other‘

“

segment, these stlrrups were no . longer anchored 1n thefg'

P2

T‘:flange and could not carry any load across the crack 'Afﬁ-f

’_photograph of how thls portlon of the fallure crack formed""7

!

B above_the-anchorage 1s‘shown,1n Flgure 6519‘forvTBv2.g

'vgeThe fallure crack 1n TB ﬂ crossed four stlrrups 1n the

"f7r§§10n between the top of the maln relnforcement and the't‘

fweb to—flange tran51tlon.. Stlrrups 5W and 6W were crossedh

o
&




 )‘__

o | L
- Failure crack;above.
~wire at top of TB 2
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in the mlddle reg1on of the beam. Both of. these stlrrups
‘ were well anchored above and below the failure crack and as

the fallure crack w1dened, they y1e1ded and fractured.

A

'Stlrrup 4w was crossed near the top of the main re1nf6rce—

vment and stlrrup 7W Was crossed near the web- to flange

rtransxtlon. These stlrrups d1d not fracture because their
) .

anchorages were damaged and they were not able to develop

;enough load

. The lower portlon'of.the failure crack‘propagated aﬂéhgﬁ}pe.
~tobvof'the main‘relnforcement for about 250.mm tlﬁ\incheS)
;alohg the secondary cracks‘that'had formed;H It then
.extended to the bottom of the beam near the supbort.:bThe;

‘stlrrups }n thls reglon d1d not develop enough load to

qfracture«_ Th1s was probably due to the'reduced effectlve—lr

»ness of the anchorages resultlng frOm the large amount offL

‘crachxng near the anchorage or due to damage caused to the

‘1anchorage at fallure.u'Thls w1ll be dlscussed more’ fully 1n”

‘Sectlons 6. 1 8 and 6 3 6.

6.1,-6' Crack Widths - TB 4
There was no well deflned relatlonshlp between 1ncl1ned»
kcrack w1dth and load. The flatter 1nc11ned crack, however,

widened consxderablyvmore than,the,other§.

-



In the west shear‘span of TB.4,. crack 5 8W was 1.78. mm
(0 070 inches) wide at the load step prlor to failure..

Crack 9. 6W was steeper than 5.8W and at thlS same 1oad step_‘

-1t had a w1dth of 0 28 m (0. 011 1nches) Crack 5.8W

‘w1dened con51derab1y W1th each 1qad step while 9 6W wldened

morelslowly. The other cracks that crossed the reference‘

lline in this shear span dld not‘w1den durlnggloadlng.‘

. .
- 2
~ : AR i“
.

"In ‘the east shear span, the w1dths of cracks 10 2E, 7.3E and

6 1E at the load step prlor to fallure were ‘0. 25 mm (0.010

”1nches), 0 18’ mm (0. 007 1nches) and 0 61’ mm (0 024 1nches),
,'”‘arespectlvely. Crack 6. 1E was the flattest 1nc11ned crack

F’Crack 7. 3E w1dened only untll crack 6 lE jolned up w1th 1t.A

L : o . s -
As the‘load approached ultimate, 1t was clear from the crack'

o

‘ w1dths that elther crack 5 8W or crack 6.1E would be the Q

{/

kfallure crack Crack 5 ew became con51derably w1der as the'

—

iload 1ncreased and it ultlmately caused the fallure.

Vo

6.1.7 Stlrrup Strains - TB 2 '._ S .

dThe stlrrup straln was negllglble untll the stlrrup was

1

crossed by ‘a v151ble 4nc11ned crack.; The str}1n then‘
[
1ncreased 51gn1f1cantly and contlnued to increase as the ,

beam was loaded In some cases, the straln did not begln'to
e

1ncrease untll the 1oad step after that durlng wh1ch the

°

stlrrup was crossed by a crack.‘ As,mentloned prev1ously,



A ' o 87
the load range in which the strain began to increase sig-
‘nificantly was used as an estimate of the inclined cracking

'
1oad.

In_TB 2?;16 strain_gahges“were‘installed but only‘ll gave
reliable readings. _FcUrNSEJthese were in the east shear
Span'(gauges 2,g5;'5 ang'7).and'seyen in the west span-
(gaqges 9, 104 12, 13,;14, %S'ané‘ls).‘tTWOngaUges were
hmcuntedhon each stirrup that &as mcnitéred' These gauges
were located as shown in Flgures 6. i3 and 6 17. Figures

6.20 and 6.21 plot.st1rrupvstra1n versu5ﬁload usthg the
'strainygaUgesfthat gaveytheﬁXighest readings'fcr-eachH
’.stirrup.monitored;"Strain‘gaugesil4-in the west'span and 5

L~ . . N

:in-the‘east‘spanfrecOrded*the largest strains. These gaUges

-

were 1nstalled on well anchored stlrrups that were crossedh
' by the widest 1nc11ned cracks in the reglon between the . top
of the maln relnforcement and the web- to-flange tran51t10n.
-iBecause these stlrrups ‘were- well anchored on each 'side ofy
the cracks, they were able to\develop 1arger loads, as was
.borne out by the measured stralns. The gauges that gave
lower readlngs were located on stlrrups that were elther‘
1crossed by narrow 1nc11ned cracks (gauge 10 in Flgure 6 13)
or they were crossed by the w1der 1nc11ned cracks in the-f

reglons near‘the web to- flange tran51t10n (gauge 7. 1n_

Y

"nF1gure 6 17) or near the main relnforcement @gauge 15 in f

Y

-,Elgure_6,13).

&
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If the yield strdin of the vertical wires is taken as 0. 0035

ﬁi& ngen in the ACI and CSA Codes, then the only gauge that

meagured a strain larger than yield prior to failure of the

beam was gauge 14. Strain gauge 5.gave a reading that was

very close to yield.

Stirrups AW,'SW. sw and 7W, fractured when the beam failed.
Stlrrup 5W started to yleld at the load step prior to
‘fallure as 1nd1cated by the readlng from straln gauge 14.
IF was nqt poss1ble to determlne whether stxrrups 4W and 6W
were yieldfﬁg‘prior t; failurg'bécause they were not instru-
,mented. In the case of stlrrup 7w, straln gauge 12 did not
show a readlng near yleld at the load step prior to failure.
However,,thls gauge was located appro§1mataly 40 mm
‘(1.5'inchesj-bélow the‘iniérior'qnchorage wire at the top of
ftheéfam :heréas»the stirrup f;actured abprox?mately‘ZS mm
(1 inch) above this anEhorage wine. It is probable that
thl; stirrup had a hrgher strain near where it fractured
‘uthan it had at the locatlon of strain gauge 12. ThlS sug-
| ges€s that the crﬁss—wife ;;§ an effectiv; anchorage for the
-stirrup‘wire. |
. The effiq{eﬁcy of the bond'Between thé concrete and the
deformed wire stirrups can be éstﬁ%ated from the differénée
- in the reaéing$vfr9m.tw9 éauééé iﬁéﬁalled on the same

‘stirrup in cases where a crack cro%sed either above or below

-



‘“)gi 'both gauges and not betwéen them. Thls occurred for gaugesf
. e 1 : .
5 and 6 and gauges 15 and 16 in TB 2,3 The dlfference:

it . )
between the straln readlngs for these gauges as shown 1n_>'

4"“ Flgures 6 22 and 6 23, represents a change 1n w1re stress ":M
due to bonddor frlctlon. In each case;_the stralnﬂgauge_»'
w1th the largest readlng was closest to the crack

'__‘.:5_. ""."'v_»u‘, T . . e Lo ’

Gauge 5 was located approx1mately 70 mm (2'71nches) from.
T I .

the crack and gauge 6 was approxmmately 180 mm (7 1 1nches)fﬂig

ﬂThe ba51c development length of D2 5 w1re glven by’fa_bf

"l?‘_- i ARE

thl ACI Code Sectaon 12 2.2 is- 137 mr (S 4 1nches) 1f the 200 mmf7’ |

b

(8 1nch) mlanum value 1s neglectedua The bond length?

1':ﬁfl between these twO gauges was between 50 mm: (2 anhes) andhi""
75 mmL(3 1nches).. Thls was less than the 110 mm (4 3 1nch) e

o :Spaclng between‘them because of the protectlon that was,t

%.avwrappeé around the gauges._ If the stlrrup was well bondedii
over thls length, then the dlfference 1n stress betWeen theﬂ,*'”

S gauges should hawe been about 130 Mpa (26 k81) at a load oft}d

40 kN (9 klpS) However, the dlfference 1n straln corre—'a

A

sponds to a dlfference “in stress of only 35 MPa (5 l ks1) orYu‘

K3

d:f' approxlmately 20 percent of- that expected from the ACI Codelg

pr@cedure.‘ Th1s suggests that the bond was relatlvely poorfawf’

'*'_, ‘Jy

'1n thlS case.3

A 51m11ar sxtuatlon exlsted 1n the case of straln gauges 15_l

and 16.ﬂ Gauge 15 was 50 mm (2 1nches) from the crack whlle?ii.f'
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'~> gauge 16 ‘was’ 110 mm (4 3 1nches) farther away.} The dlffere,

"ence in- straln at a load of 60 kN (13 5 klps) corresponded‘ R

o_to a stress reductlon of 100 MPa (14 4 ksx) whlch was much’;’

'eless than the expected value.;gi

| R S %vabj'l“’ M,<,_*__;;. 2
6.1:8 Stlrrup Sllp and Anchorage Fallure - TB 4

“‘lThe graphs of . load versus stlrrup sllp were very 51m11ar 1n& :

’kshape to the graphs of load versus stlrrup straln..,The&i

fmeasurements were negllglble untll 1nc11ned cracks formedf»

-

et o .
‘tf.across the stlrrups.V The readlngs then began to 1ncrease1«

'and contlnued to do so as the beam was loadedr-

R N T S : B

T N . b

’ﬁﬁ?51lp gauges 4 to 12 were 1nstalled on TB 4 and measurements;

'aekwere taken at each load step up to and 1nclud1ng the*v

“;fallure.‘ The load versus stlrrup sllp graphs appear 1n“'”"

_*Flgures 6. 24 to 6 2& : The readlng at the fallure load wasg

e'_taken whlle the beam was st111 stable before the fallureﬁh"l"

';hcraCk bé?&Q tO 0pen.; No readlngs could be taken afterf:h

o
R

‘hl'ifaulure elther because the Sllp that’ occurred was too great”t'

TfVor because the gauges became unseated.1 Sllp gauge 12 fell///
' S

fﬂoff at the load step prlor to fallure of the beam. ﬁfvp;g»;/ﬁ

'/l

'"%The largest sllp measurements occurred at the gtlrrups whlchvfbﬂat

”7fwere crossed by the 1nc11ned cracks elther 1n the reglon oﬁhgf;f

b'rthe top or bottOm cross—wxre anchorage. The readlngs 1n theﬂg;us

,,4esfa11ure span were generally larger than the readlngs in the?f‘
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/

‘other span.” Damage to the anchorage wag ev1dent after the

.98"

beam falled on the stirrups crossed by the fallure ‘crack 1n

the reglon near the anchorage w1res.

The 1argest s11p measured before fallure was l 37 mmw
(0 0539 1nches) at Sllp gauge 9 on: stlrrup 7W (see Flgure
5. BL The fallure crack crossed thls stlrrup near the

: : l
olnterlor cross—w1re of . the top anchorage. ThlS cross—wlre

k fractured at/ the weld to the stlrrup as- the fallure crack
')// w1dened and the- segment of the beam furthest from the sup—.
//‘*-, | port dropped. The weld at the_exterlor anchorage»alsov
| | falled._ The stirrup-was no longer“anchored above,thep
t fallure crack so 1t 51mply pulled out of the flange. At the-
load step prlor to falluref the d1a1 gauge readlng began to:
increase even though the load rema;nedfcons;ant.'_Thls creep.
wasAa good indication that‘the ultimate load‘was:close.*

N

At stlrrups 8W and 9W, the failure .crack crdSsedvaboverbothw
anchorage wires at the, top of the beam. The'slips,measured
just prlor to fallure were 1. Ol mm $0g03987inches) and
Lo 0. 32 mm (0 0124 1nches), respectlvely{§'Because these;’
o stlrrups were not anchored above the fallure crack they
pufled out of the flange when the beam falled.

@

Stlrrup 4W was crossed by the fa1lure crack near the level*_}

SR

of" the maln relnforcement. The Sllp at th1s locat10n wascm'g

v



/

o/
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b.79 mm (0.0312 incheS)'just before failure. At failure,

N,
the 1nter10r cross—w1re at the bottom anchorage fractured at

the weld to the stlrrup as. the segment of the beam furthest
from the support dropped relatlve to the other segment. The
exter1or cross- w1re also fractured at the weld ‘and the weld

at this location failed. Thls.can be seen in the,photograph

in Figure 6.27.

Stlrrup SW fractured at the location where it was crossed by

~‘the fallure crack approx1mately 100 mm (4 1nches) above the.

S |

1nter10r cross—w1re for the bottom anchorage. ‘There was no

damage to the anchorage above or Welow the fa lure crack

and, as expected, the s11p readlng measured from he bottom

of the beam'Wasvrelatlvely small, 0 10 mm (0. 0041 1nches)

. v < Pl
In the east shear span, the sﬂlp measured was 1argest at
stlrrups 7E and 8E; O. 34 mm (0»0133 1nches) and 0. 37 mm,

(0. 0144 1nches), respectlvelyﬁ These stlrrups were crossed

P

, by 1nc11ned cracks near thelr top anchorage. Stlrrup 9E was

o

crossed by an’ 1ncllned crack ih - thesmlddle reglon of the

S

beam and, as‘expected, 1t had a low s11p measurement of

0.07 mm (0.0029 inches): T SN

6.1.9 Deflection - ™ 4 'a;i."f W e

The load versus centerlinq_deflectiph*graph fbr.TB,A~ish

ﬂ . N N . LI o
. Y4 - - .- . ]

shown in Figure 6.28. - The graph can’be broken inmto three

. . . . . I - :
- L . .o A AN ¥



FIGURE 6.27 - Damage to anchorage at bottom
‘ ‘ fallure crack in TB 4
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moment for this beam is approximatel

("beaﬁl- . : o ’ oL “,

o o .4
sections. The initial portion of the graph from 0 to 10 kN

represents the uncracked region. T:f calculated cracking'

19 kN/m (14 ft./kips)

'whlch corresponds ‘to a load of 13.8 kN (3. l klps) After

the cracklng-load the rate of deflection 1ncreases; " The

slope of the second portlon of the graph between 10 -and 40
|

kN ls relatlvely constant. Thls corresponds to the load’

stage betweenuthe'flexural cracking load the theeinclihed
cracking load.“In'the-final portiohhof the graphs_from

1nc1Lned cracklng to fallure, the rate. of defiection

1ncreases agaln.

-The'estimated'deflection caiculated csing the prpcedure

“glven 1n the ACI and CSA Codes for 1mmed1ate deflectlon LS

c.’:‘

’w1th the experlmental'results up to approx1mately the

1nc11ned cracklng 1oad. After th1s, the-experlmental

(I

_deflectlons 1ncrease at a much hlgher rate. Add1ng an

l

estimate’ of shear deflectlon (shown by horlzontal 11ne 1n:

o

Flgure 6. 28), such as. that glven py Park and Paulay (1975),

cracks has a significant:e}fect_dn the deflection of the-

L

102

1

'also shown' in Flgure 6 28. These values agree qu1te well

'to the estlmate obtalned from the Code eqdatlons results_lh'

~a better predlct;pn‘of actual results.‘ It is obvious_fromrv

1

|

this graph that the formation and widening of inclined
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6.2 COmparison’of Beafn Strength o J
Comparisons of the Heam strengths obtained\trOm the tests
with those calculalte 3ing the various procedures outlined

in Chapter 2 are ‘given in Table 6.1. The beams have been

-

categorlzed accordlng to Web relnforcement ratios, r = Ay .

BWS

The value V,, test ¥aS the shear resulting from the point
loads applied to the beam from thé MTS'michine. The beam
.self—weight'was neglected{ ~In calculatlnjlthe strength of

the beams, the yleld strength of the wires . in the WWF“sheets

V

was the stress measured at 0. 0035 straln. No strength

reductlon factors, ﬂ, were used foriany of the calculations.

P

In'the’Haddadin et al approach[ the value VQ.WaS Caléulétéd
using Equation 2.10. For the (Placas and Regan approach
(-,"_ Equation 2.12 waﬂ used. The ACI Ccode estlmate was calcu-
lated from Equatlons 2.2 _and 2 3.(For the fourth estlmate,ﬂ

' Equatlons 2.8 and 2.3 were used.

B}

For the beams with the WWF web relnforcement the best

o . estimate of beam strength, using - the‘ £ ur approaches
{

descrlbed/above, was calculated us;ng the ACI (or CSA) Code

%approach . EaJh of the other procedures over estlmated the-

1

- strength of. the beams. The prbcedure outllned by Haddadlnr

l et al. prechted strengths approxlmately 15 to 30 percent

h;gher than those obtalned.. However, this procedure,was

"developed from tests of beams with b/by = 3.5 whereas the

. ) B - e ) ’ . ’ .
Y . . . . .
El . B [ 7o
) . . ' 1) \ ‘ \ .
. . . - . . . - ’ . .
>
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MVQvertlcal w1res w1th only the 1nterlor cross w1res for

'hf:beam strength whlle the Haddadln et al approach over-_AE

':wtstrength for each of the categories ‘was the ex1st1ng ACI andlh;'
"*_jCSA Code approach However,‘as the web relnforcement ratlo_j

‘ fgdecreased, the predlcted strength became less conservatlve.;v

-

";anchorage.g]‘f

i jestlmated 1t.r

'f‘beam tests d&ne for thls program had b/b 5 0, »The-dtﬁéf”f‘

*@two procedures over—estlmated the beam strength by between 5

1~3The strength of TB 7 was’ lower than the other beams in thls‘“

L

tcategory because the web relnforcement was not anchored asf*w'ﬁ

o o

"foj;well as 1n the other beams. TheaWWF sheet in. TB 7 had D2 9

e

| R “:'.

S .
AR

‘-fFor the beams w1th the conventlonal 6 mm dlameter stlrrups,f-:»
',3the best estlmate of beam strength us1ng these fourﬂq
’,H;}approaches was glven by the Placas and Regan procedure.; Theb

gfprocedure\u51ngvvc from the ACI ASCE Commattee 426 equatlonhf:

0 .
x

'5}and V from the ACI and CSA Codes also gave a good estlmate{Je"”

1The only procedure to glve conservatlve estlmates of beam

e

nIn the Haddadln et ai*approach, the web relnforcement 1sw

ldjl 75 t1mes as effectlve as. that glven by the ACI and CSA‘:""

o

ﬂJThe ex1st1ng ACI and CSA Code approach under—estlmated thelT[‘jf:h

P
o



B \\

'Codes. ThlS was not ev1dent from the tests conducted 1nd

‘bthls program.' The ratlo vu test = Vg, ACI as obtalned from o

r f y

: 'Equatlon 2 10 1s used as a- measure of the effectlveness of.

- '--“1'06'."

”dthe web relnforcement i For category 1 from Table 6 1, the}ig

v;.faverage value of . thls ratlo was 102.] The correspond1ngfﬂ:”7*“

o

1;values for ca%egory 2 and category 3 were l 27 and l 48,~'

f‘vrespectlvely.j The test results for TB 7 were neglected

gThe Placas and Regan approach assumed that the angle qf thei;'

"ffallure crack was about 26 degrees.r, he average value for;j"

S

tlejﬁthe average 1nc11nat10n of the fallure cracks for the beamsx'\

.‘jtested here was approx1mately 37 degrees,” If Eguatlon 2 16:

*;tgls adjusted accordlngly, bhen the results are much better asv

:Thﬂi?shown on the second 1ast column f Table 6. 1.N‘g

Syl

e

" “_'f'The Strength predlcted usmg Vc from the ACI-—ASCE Commltteef‘gf

'5426 proposal plus Vs from the ex1st1ng ACI and CSA Codesrhf

jgave good results for categorles 2 and 3 but not forj.'

'T=Category l.

”f:In all cases,vthe procedures for estlmatlng beam strength

fgave better results for the beams w1th the hlghest web

,__afrelnforcement ratlos. Care must be taken when u51ng these

2

‘tfprocedures for beams w1th such small amounts of web

frelnforcement.;_nV:'



¥

"~ﬂAlso shown 1n Table 6 1 1s the ratlo of the calculated beam .

= moment capacity d1v1ded by the maxlmum beam moment at fall-fff

~ .

'jure.ﬁ The 1owest value, 1 13, occurred in the test of TB lO.

AN

' The beams were de51gned to fall 1n shear before flexure andV“'

14

N

were loaded well below thelr moment capac1ty when theyyift

falledwln shear..z_'

Y
R

;_:6 3 Comparlsons of Beam Behav1our T

‘11¢6 3 1 Introductlon

fu']Thls sectlon c0mpares the results from the varlous tests to,f;fTV

O SR
)po1nt out dlfferences and 51m11ar1t1es between the behav1our y“"

f'ﬂfof the beams w1th the varlous types of web relnforcement andf

'f,i_anchoragesll Photographs of the beams after fallure'areh

e

ﬁlpg1ven 1n the Appendlx.-'“

vf\f.' g
6.3, 2 Crack Formatlon rwij,ﬁf
{The formatlon of cracks as- descrlbejﬁln Sectlon 6 1 2 fdr"
'TETB 4 was generally the same for all the beams tested.,;Thequ\f =

itype of web relnforcement d1d not affect the type of crackﬂw‘

'j:formatlon. '-i;f“ f e ’Tfj fﬁf'-ffhuvr'W: i~'

¥

'f'In the shear spans,'the f1rst cracks to form were shortE;Q“"h

:ﬁ;fvertlcal flexural cracks whlch generally d1d not extend pastg¢;7~f

e

‘hthe top Of the ma1n relnforcement ThlS was followed by theﬂf‘t

| 'U]format1on of 1nc11ned flexure shear cracks at loads above_h_»“" ;

=3 i
) \.‘:, -



.'-'the 20 to 30 kN (4 5 to 6.7 klp) range. As the 1load

_1ncreased these cracks propagated up towards the loadlng,f~'

v‘p01nt to the web to flange transxtlon and 1n some cases up' |

'to the bottom ‘of the flange. At the same tlme, secondary_
hhcracks along the maln relnforcement at the lower ends of the ,

V1nc11ned cracks began “to form. Flatter 1nc11ned cracks

-_formed on the support s1de of the orlglnal 1nc11ned cracks."‘L

'-ja&~the load approached ultlmate.g If the 1n1t1a1 crack mades.h‘

\,

_dan angle of approx1mately 60 degrees or greater w1th the;‘

‘d-vhorlzontal in the reglon between the: reference llne and the~7'u

V‘?neutral axxs, then generally a flatter crack would form next.ixm‘

oto'ltf'orujoln@w;th_the‘upperfportlongof'lt,-
}At ultlmate load,‘one of the w1der cracks entered the flange

't:near the load p01nt and in the beams w1th the WWF web;

(

'fre1nforcement 1t 51multaneously propagated along the malnf

' “?relnforcement before 901ng down to the bottom of the beamifn

“near the support.f In the beams w1th the conventlonalf.ﬁ

{stlrrups, the fallure crack d1d not propagate along the maln'

' Q“relnforcement before 901ng to the bottom of the beam.p Thelf

'ﬁ.g70pen1ng up of the secondary cracks along the maln relnforce—f'f;

:-tment 1n these beams was not as 51gn1f1cant because theflff'

'_stlrrups were hooked around the maln relnforcement whlcho”;f

:v%'apparently conflned thls horlzontal crack1ng._3 g

. : k o
v\.,» S ;



"In every beam, except TB 10, the fallure crack propagated up

through the flange at the load p01nt. Thls resulted 1n a.
et

.transverse crack across the top\of the fl

'nt1on._ These beams also had another transverseacrack across

the top of the flange above the locatlon where the fallure

: crack entered the web to flange tran51t10n. The beam flange

g ®

fwas klnked downwards at thls locatlon after fallure., In»_?'

these beams, there was a longltudlnal crack along the centerf

gVof the top of the flange whlch formed between the two trans-V'

verse cracks. In TB 10 the only transverse crack across theTk‘i:'=f‘

|top of the flange occurred above the locatlon where thef"
eV :
fa1lure crack entered the web to—flange trans1t10n. :

lThere was no pattern regardlng where the 1nc11ned.crackst‘*
formed, but there was at Ieastvone 1nc11ned crack that]a
h;cros§ed the reference 11ne in each half Jof" each shear span.f”*°
:1The locatlon where the fallure cracks crossed the referencet‘

iﬁllne varled con51derably._ “In four of the beams, the fallurer
z”fcrack was 1n the 1nner half of the shear span and in. their‘

remalnlng 31x beams,’lt Was 1n the outer half.i The falluref

-Lcracks are superlmposed 1n Flgures 6 29 and 6 30._ In TB 8

x”fand TB 10, there were two major 1nc11ned cracks 1n thef*~h

‘7fa11ure span and both are shown 1n these flgures.“ TB 3 and"
. TB 6 also had two major cracks but only the fallure cracksf"'

};\are shown for these beams.
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In the constant moment reg1on of each beam,'the cracks were /

v1rtually all vert1ca1 flexural cracks.‘_The longestuof E

these generally extended up to the centroidal‘axis of the
uncracked sectlon, ‘although in some casespthey‘extended

Sllghtly beyond.~-The type or spacing of the web reinforcee

ment did not affect the formation of cracks- in this region.

It should be noted that most of the beams had ‘some vertlcalt
\\shrlnkage cracks at’ the bdttom prlor to test1ng.» As the_

' beam was tested, further flexural cracklng usually. formed as

extens1ons to these. There was also some horlzontal shrlnk-'

/

L age cracklng at the bottom of the web to flange trans1t10n
gln most beams;F'Thls did not appear t0‘affect'the cracklng

,during'testing.‘ A photograph of th1s second type of crack- :

1ng is glven 1n Flgure 6 31.

The number of cracks that formed in the shear spans was not
51gn1f1cant1y affected by the type of web relnforcement‘
although the beams w1th the hlgher web relnforcement ratlos
had sllghtly more cracklng.._' | ’
o . - ‘f}:‘ 'fw.h ’ j ‘ -"'fff'”‘
There-were from four to six cracks cross1ng the reference,

llne in. the shear spans of the beams Wlth W2 5 and D2 5"

L N o
; stlrrups._ The correspondlng numbers for the beams w1th W2. 9

and D2 9 stlrrups were f1ve to seven. For the two beams g

"



@

4

FIGURE 6.31 -

‘Typical shrlnkage cracks at bott°m

of - web~to flange taper.

'
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| w;th»the 6 mm diameter stirrups, there were from five to

!

éight cracks of thiSrtype.

There were e1ther two or three 1ncllned cracks cr0351ng the
.centro1dal axis in. each shear span in the beams W1th W2.5
and D2 5 wlré stlrrups,awherEas ln the beams w1th- W2.9»or
- D2.9 W1re stirrcps, there'were‘from téo to foar such cracks.'
There were three to five of these cracks in each shear 'span
1n the beams w1th the conventlonal stlrrup relnforcement.
-The average 1nc11natlon of . the 1nc11ned cracks nhlch crossed
the centroldal axis ranged from 28 to 64 degrees w1th the
steeper cracks generally closer ‘to the load p01nt Thev'
:average 1nc11nat10n of the w1dest of these cracks ranged
from_28 to;46 degrees. The average value'for‘the fallure

cracks was 37 degreesr

The type of web relnforcement had no effect on the load
"range 1n Wthh 1nc11ned cracklng took place. -:The estlmated;’

load. ranges for the 1nc11ned cracklng load for each span of

each beam are shown in Table 6. 2 along w1th the ACI (or Csa)

'COGe values for Ve The methods used to - determlne these

,estlmates were explalned 1n Sectlon 6.1.3.

'.The 10ad range estlmated u51ng v1sual Method 1 was generblly@

“mlower than ‘the value of V predlcted us1ng the code



INCLINED CRACKING IOAD

TABIE 6.2
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Inclined Cracking Load Range from Tests - kN

___'East Shear Span West Shear Span _ °
Visual Visual . | Strain }Visuall' .Visu'éil'z Straln a Vc-,ACi
Beam | Method Method Gauge Method | Method | Gauge R
No.. 1 2 Method | = 1 2 | Method kN
e ,25‘—130 | 40 - 50 40 - 507 30 - 40 | 30 - 40 |20 - 30 | 36.6°
2 |'20-30 | 30- 40 | 20 - 30 || 20 -30 | 40 - 56' 20 - 30 || .44.4
3 |, - - - 0 - - - 37,1
4 | 30-40|40-50]50-60] 30-40 | 30-40 | 40-50 | 4ades |
5 .30 - 40 ‘40,; 50 - |.30-40|40-50 | 30 - 40 | 43.7 L
6 | 40-as 40-45| 45 | 35-40 3 - 40 |35~ 40 | 45.3
7 | 35-40 | 40 -45 | 40 - 45| 40 - 45 | 55 - 60 | 30 -35 | 43.8
8 | 40 - 45 '140'-‘45 35 - 40 | 30 -35 | 45 - 50 | 30 ~ 35 44.2
9 | 20-30 10 - 50 120-30] 20 - 30| 30 - 40 {20 -30 | 43.8
10 | 35-40 | 45-50 |20 - 25| 40 - 45 | 45 - 50 | 35 - 50 45.0°
T v '
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, equations. The estimates obtained"using visual Method 2'

agreed qulte well w1th the code predlctlons. The method of

' estlmatlng the 1nc11ned cracklng load range as the range in .

which the stlrrup strain began to 51gn1f1cantly 1ncrease,

also gave values lower than the code values.

6. 3 3 Crack Widths'

~

.As the 1load 1ncreased the width of the inclinedvcracks also’
1ncreased but no well deflned relatlonshlp was exhlblted.'

: Some general trends were ev1dent from comparlsons of the

average and max1mum crack w1dthsr The average crack w1dth¢
;‘was calculated uslng the\W1dths of " all the cracks 1n bothw
-shear.spans that crossed the reference line drawn at 200 mm

(7 9 1nches) above the bottom of the\beam. The crack w1dthse

'were measured perpendlcular to: the dlrectlon of the crack at,'

e,

, the helght of the reference llne.ﬁ DR \\.

I~

. - ‘ » - _ ‘ S
. . o L . o L . : N : . A B
In order to make better comparisons of‘crack’w1dth,for”béams
T \\

'k'w1th different web relnforcement and concrgte strength,\f

graphs of P versus crack w1dth were plotted u31ng both
' ult - - o :

maximum and average crack widths. .These graphs\appeariin

'Flgures 5,32 to 6.37,

“ L DR _df‘ S - ‘ j

' The crack widths for values of k& ‘.equal to 0. 50 and 0. 61

_ ' - WPaie -

~'and also the crack widths prlor to fallure are summarlzed in’
B \.
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Table 6.3;;5TheSejvalues of P ' correspond tc»the service
R TP, ‘ " SRR -

"loadjrange for,thehbeamsgandfwgﬁefcalculated asgfolloWS;L.l
Pult LE .~ 8 ; s o i
lwhere." o L R
‘t g = strength reductlon factor ?lOTBS du

zg;pf 1oad factor

The load factors used to obtaln the above values were lu7'

hand 1‘4, Wthh are the llve load and dead 1oad factors ~given

iuln the ACI and CSA Codes.,lg

H
)

: :A comparlson of the average crack w1dth curve for TB 4[~

‘whlch had D2 9 wire. stlrrups, and those for TB 3 and TB 8,~

vwhlch had W2 9 w1re stlrrups, suggested that the average i

v'h‘crack w1dtps were 51m11ar up to serv1ce loads w1th the crack‘rﬁif

[

fw1dths 1n the beam w1th the smooth w1re stlrrups 1ncre351ng

,5more rapldly for hlgher loads. In all of these beams, two”g
“flongltudlnal cross- w1res,:top and bottom,iwere used to
Bflanchor the WWF sheets. A 51m11ar observatlon)was made whenglb
'7ithe average crack w1dths 1n TB 1 and TB 2 were combared;
'dfTB 1 had W2 5 w1re stlrrups and TB 2. had D2 5 w1re stlrrups.j
hTA comparlson of the manlmum crack w1dths-for these beamsz

h;showed 51m11ar trends to the comparlson of average crack7

f?w;dthy vIn the lower load range, the max1mum crack w1dthsf'j

e
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" were approx1mately the same for both deformed and smooth

w1re stlrrups but in the hlgher load range, the max1mum

stlrrups. q»43‘/‘

. ThesécmservatlonSSuggest that the crack wldths were essen-—

tlally 1ndependent of the type of w1re (1 e. deformed or

smooth) up to the serv1ce load but were w1der 1n beams w1th

crack widths were larger in the beams W1th smooth w1reb

'»smooth w1re stlrrups at hlgh loads,, Presumably thlSu

resulted from the poorer bond between the stlrrups and the“

o concrete 1n the case of the smooth w1re.

e

VA

A comparlson of both the average and max1mum crack w1dths;

between the beams w1th D2 5. w1re stlrrups (TB 2 and TB 6)Efz

‘cated that there was relatlvely l1ttle dlfference.— However;

IR

the crack w1dths for these beams were lower than for the

was. in- agreement w1th the results of Haddadln et al (1972)}'

. whlch stated that the serv1ce load crack w1dths 1ncrease as

(400 psi).

‘7and the beams w1th rm 9 w1re stlrrups (TB 4 and TB 5) 1nd1—s'f'
| beams w1th the conventlonal 6 mm dlameter stlrrups. Thlsr'

”,the Valuelof,rfvy.lncreases for rfvy less than 2 76 MPa_‘”

The suggested maxlmum crack w1dth glven by ACI Commlttee 224'

-..r_'

(1972) are summarlzed 1n Table 6 4. The max1mum crack j

Nt

I

-
\rf



1260

TABLE 6 ¢
SUGGESTED MAXTMUM CRACK WIDTHS

‘ ACI COMMITTEE 224 (1972)
N |
S O '.w.Maxlmum Allowable’ Crack -
Exposure‘Condition Lo ;, W1dth - mm

Dry a1r or protectlve membranev" 5 ‘ .' 'f' 0-41{:
'Humid1ty, m01st air, 501l,v ' .._f ‘ ,‘3 0.301 
_De71c1ng chemlcals n ly\v" _ | .. 0.8

'¢Seawater and seawater spray, = '  ‘,0.15,
wettlng and drylng ' Lo R

Water :eta1n1ng structures(fi' L ‘V’ﬁv " J‘o;io
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widths at P = 0.50 for the beams tested here were genv¢
o SPae ‘ I
'eralLy within these limits. However, at P = 0.61 some of
| | Palt |

the max1mum crack w1dths exceeded these 11m1ts.‘ This
"occurred 1n the beams w1th the smooth ‘wire stlrrups‘and 1n
one of'the beams with the 6 mm dlameter conventlonal'
' stirrnps.*, | |
. ‘ B . 2 ‘ ' o T

In ‘almost every beam, thedhidest crackfcrossed“the'referencev
'_11ne in the outer half of the shear span. Thevwidest.crack
'.was not. the fallure crack in all of the beams. In)fB:B,
TB 6 and TB 8, the w1dest crack prlor to fa1lure was . in thek"

‘.pouter half of the shear span but the crack that eventually‘

caused the beam to . fa11 was in the 1nner half

6.3.4 Mode offFailure
ﬁAll’of the:beamsitested in‘this‘program had-diagonal tension“

‘type fallures 51m11ar ‘to thgt descr1bed 1n ‘Section 6 l 5 forf‘
TB 4. Fallure was 1n1t1ate when one of the 1nc11ned cracks-
n,ns1mu1taneously propagated ép towards the loadlng p01nt 1nto
the top flange and dghnlto the bottom of the beam near the
. support.‘ As thlS happened, the crack w1dened and separated_p
the beam 1nto two segments. The segment farthest from the

,support dropped relatlve to the segment closer to the sup-

fport. " The applled load dropped off sxgnlflcantly at:
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failure. No concrete crUshing was evident in‘any of the’

beams. | y y }f

At failure, the anchorages for the stlrrups in the WWF

sheets were damaged at the locatlon where they ‘were crossed

by the fallure cracks. Also, many of thd w1re stlrrups
crossed by the 1nc11ned portlon of the fallure crack frac—

e

tured at failure. In;the case of the beams w1th the conven-
tional stirrupsf the’9 5 mm’(No. 3) . bar around wh1ch the
'stlrrups\were hooked was: sllghtly bent at fallure in. the
' ‘region mhere:;t was crossed by the,upper portion of the

“failure crack. There was no gamage'to the lower anchbrage.

~and none of those stirrups fractured at failure. //.'

t

The failure cracks were much wider atter failure in the
beams with‘WWF web-reinforcement‘than in the beams'with'the’
7,'6-mmhdiameter stirrups. This was a result ofvthe anchorage
vhbehav1our and the. fracturlng of the stlrrups._IAt the'lowerf
“end of. the fallure crack at the beam fallure load, dowel
,vspllttlng occurred along the ma1n relnforcement in the beams
1w1th WWF web relnforcement The anchorage of'thls'
'.relnforcement apparently‘dld not support the maln relnforce—,'
ment‘to help prevent thls. The.lncllned portion of the
tfallure crack- then became ‘wider and as a result most of theq

Jstlrrups that were crossed by it fractured. Thls enabled,

the crack to w1den further. Also, the stlrrupsuthat had“

A



cracks in these beams did not widen as much.

~6‘3'5 Stirrup Strain B S RO
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'damaged anchorages and the stlrrups that had the uppé?

&

portlon of the crack cross above their top anchorage were .

not effectlve in preventlng the crack frOm widening. 1In the

. 1

beams with,the'conventional_stirrups,_dowel solitting did'

. not occur. Because these 'stirrups ‘did not. fracture and .

because dowel splitting did not take place,”thelfailure

-~

The measured sﬂrain‘was negligible until the load range at’

or near which an iﬁclined crack crossed thefstirrup. -After

-this, the strain increased with loading. The ambuht of  this

increase was dependent on the’location of the_gauge‘with‘
respect'to the'crack,'the type of crack,and‘thefanchorage of;'

the . stirrup.

>fhellargest Stralns were.recordec“ihvthe:stirrhps which were
:crossed by theIWlder inclihed‘cracksvin‘the reglonvbetween
~the - top of the main relnforcement and the web-to- flangei
‘tran51tron,< These stlrrups ‘were able to develop larger

~ strains because they.-tended to be well anchored above and‘

below the crack.

. : . : : . S . sl

The stlrrups w1th the lower strain readlngs were elther,

.‘crossed by the w1der 1nc11ned cracks 1n the anchorage &ghes -

near the top or bottom of the beam or they were crossed by
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| relativelg minor cracks'that dia rot widen signrficantlyg
during.testing," | | N | \
Strain gauge readlngs 1nd1cated unbondlng between the con-
crete and smooth wire st1rrups in several locatlons. At
these locatlons, a crack crossed either above or below both
gauges on the stlrrup but not in between/them and the read—
ings from the two gauges were almost 1dent1ca1 An example
of this 1is shown in Fiqure 6.38 for strain gauges 5 and 6ton>
stlrrup 7E in TB 8 (see also Flgure A, 11) In th1s beam, a

crack crossed below both gauges between 35 to 40 kN (7.9 to

9 0 klps) "No other crack crossed the stlrrup until between

";60 to 65 kN (13. 5 to 14. 6 klpS). This second’ crack crossed ’

above both gauges. The readlngs from the two gauges were so .
rclose durlng testlng that the stlrrup was obv1ously not;
bonded to ‘the concrete. o

Some‘éartial 1o3s of bond was evident ﬁn'the’caSe of the‘
deformed wire stlrrups as dlscussed in éectlon 6.1 7.: This
was not observed 1n the case of the convent10na1 stlrrups.

For: the conventlonal stlrrups, the stralaﬁgauge located

'~\closest to the crack generally had the hlghest readlng.

ThlS 1nd1cated that there was some bond between the concrete
L4 .

and'these stlrrupsx

AW
A
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Relatively few strain gauges gave readings indicating that
the stirrups hadfyielded prior to failure but in the cases
where yielding was recorded, the failure crack crossed near

the middle of stirrup‘and the strain gauge was located close
! o '

to the crack. It is possible that more'of the'stirrups‘

\

 crossed by the fallure crack yielded before fallure because

not all of the stlrrups crossed by thlS crack ‘were 1nstru-
mented. It 1s also poss1ble that the stlrrups yielded at
the failure crack but not at the location of the straln

gauge. The differehce would be due to the bond between the

¢

- concrete. and the stirrup.

v§~ _
L
In the beams with t?e WWF web réﬁnfor%gment, most of the

stlrrups crossed by the falhﬂ'

~ack fractured when the

ultimate ioad was.reached.'”f hwas obv1ous.that_these
"~stirrups yieidéa”and fractured in tension butlit could not

_be determlned at what load the yleldlng began. The frac—
tured wires exhibited necklng down at the locatlon of the

fracture 51m11ar to that obtalned in’ the tens1on tests. The

o

stlrrups that fractured were well anchored both above and'l

_below the fallure cracks. The stlrrups which fractured in
each of these beams”are listed -in Table 6.5.

None of the conventional stirrups fracturedJ@t thée beam

ultimate load. The strain readlngs in the stlrrups crossed

by the major 1ncllned cracks were. close to yield in most
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)

TABLE 6. 5

WIRE STIRRUPS FRACTURED AT FAILURE

. ,(\-

- Beam.

1‘3-_‘3.. . j“~f
- Anchorage .

Stirrups whiéhj e
Fractured

fiNo, -

“Size

_vwz_.'fs“ .

?
' SE,

GE

B

“D2.5

- e

4w,

;SW'_

6W,

™|

o

85

e

© p2,9

o

6W,

W,

8w:_v

@

D2.9

s GW'r.

™,

8W . b

| b2

- 5W,

6w

. None .

133
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EN

'_cases but only two gauges/gave readlngs greater than yleld'?
) /

-before the beam fallure load.ﬁ Nelther of these gauges was
e .

' jepn a stlrrup that was crossed by a fa1lure crack

: '?6;3;6 Stlrrup 811p and Anchgrage Behav1our‘:c

TT}of re1n3

'-»The stlrrup Sllp was:neasured as close as p0551ble up to the

‘"jfallure load of the beam.1 Many of the gauges mounted ‘on- the”

;»bottom of the beam fell off either durlng testlng OF at:.gf

l

’vjfallure. Readlngs from the gauges ‘on’ the top of the beams "

-guwere taken up to the fallure load but no readlngs could behf

» *taken after fallure elther because the sllp was too great orf e

-because the gauge became unseated from the stlrrup. ﬂ’s

R BT

| There was a large variatlon 1n the amount of sllp that wasffg,f

.,measureda The range 1n 511p measurements taken Just prlor}f

to fallUre are:. shown 1n Tables 6 6 and 6 7., The resultsn*7‘“‘

have been categorlzed for each shear span accordlng to type'v7

r‘emehtv concrete strength locatlon of 1nc11ned;a

Tcrack at the stlrrUP:;and anchorage damage.. Because of the'g'

1n the

N

.th ,WWF sheets.,/However; some general observatlons were

esults,_lt was not p0331ble to determlne any dlf— o

’“made and the results were compared to those from the beamsgfhjf

a.
]

: w1th conventlonal stlrrups.

T
I
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e _"j TABLE 6 6
FINAL SLIP MEASUREMENTS IN FAILURE SPAN - mm
/WWF“Web B - mm Dia.

B 'f TN Relnforcement . Stirrups.
Category L Erg =200 flpo= 30 f'e = 30

fStlrrup with damage to - 0.26 to  0.15 tO.-:{O 61 to S
-anchorage - and crossed by 2,96 . 1.37 00 2,900

n'fallure crack

';Stlrrup fractured at” ;: 'rOQOOT;&‘: ‘0;10 to =0
" failure :-and crossed by oo 10484 10220 e
,ifallure crack ' , R ST TR :

NNSllp measured at bottomif;"0.0Ziat-f:a0.07-to‘f_~6.04_tof*

of -beam on stirrup- -~ 0,10 0 0.52}>AJ}N 0.24

“ crossed by failure crack~ ;

" propagating: alqu main-
. reinforcement (no damage‘
‘to anchorage) .

]Stlrrup crossed by fall—v 0.83 % 0.07 to - 0.08:
" ure crack either above . oo o 1001 o
top anchorage orﬂbelow - e e
vbottom anchorage R

LA

SR TABL;'6'57 , e
¢ Yy ’ o ' “5

FINAL SLIP MEASUREMENTS IN NON-FAILURE SPAN —mm

o
Bk
W AN

VHfN B WWF Web KR 6 mm Dla
ST ’fRelnfdrcement " IStirrups

 category " L Elges 20, £l0=300 flg=30

Stirrup crossed by . 0.73 T o0 to ”:,0;32 i
‘inclined crack ne§r top T Jr.b~¢f_; 0,43 r_’ o
'anchorage zope« 7 RN A o o

7

e

"Stlﬁryp crossedcby B "g 7D.09rto.5'-0.04 to l'bQiGﬁto“‘
‘inclined crack ‘at loca- #0520 0.34 - 0.33 0

- tion other&than ‘near top et i S
%Hanchorage T Dy L e
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ﬂThe maX1mum sllp 1n almost every beam occurred at a stlrrup‘7
that was crossed by the fa1lure crack elther in the reglon"

of the top anchorage in the web to flange tran51t10n or 1n_

the reglon of the bottom anchorage at -the 1evel of the main

grelnforcement In the beams w1th WWF web relnforcement and

'Elconcrete strengths of approxlmately 30 MPa (4350 ps1), thlsi

Sllp was: between 10.52 mm and 1 37 nm (0 0203 to 0. 0539

{F web relnforcement and w1th

:t;nches) the beamSﬂwath
”‘Jconcrete strengths of apﬁh

_‘max1mum values were l 92 mm (0 0759 1nches) and 2 96 mm

7

3

>w1th the- conventlonal 6 mm. d1ameter stlrrups were 0. 61 mm}

:54,;(0g0241;1nches) and 2.90 mm,(0.1142)-;nches¢;

Qar the fallure load., An 1ncrease 1n the sllp readlngs

Y

fallure wasvclose.””

h»"

At the stlrrup w1th the max1mum sllp 1n the beams w1th the

.WWF web relnforcement (excludlng TB 7), there was some type”

~of damage to the exterlor cross w1re anchorage 1n almost

¢

v,every case. Becaué@ of thls damage, the effectlveness of ,
fthese anchorages was reduced and the stlrrups were not ablef’

to develop thelr full loadsr In two of the beams,;thevd

'”stlrrup w1th the max1mum sllp d1d not have any damage to the

gV',. "”'-l';*g.j' vrrfa "t i vb ' ,’ﬁ,

gely 20 MPa (2900 p51) the'

”(0 1164 1nches) e The max1mum sllp measured 1n the beams‘g

;hen the 1oad was constant was . a: good 1ndlcat10n thatﬁHt



i ', R )
Vexterlor anchorage SO the stlrrups were able to develop
- fully and they fractured when the beam ultlmate load was
‘?eached. | T R e e

’ After enter1ng the upper flange in the: beams w1th the con—

“._'ventlonal stlrrups, the fallure crack propagated along ‘the

top of the 9. 5 mm (No. 3y bar that ran through ‘the top
ycstlrrup-hooks, ThlS effectlvely destroyed the upper anchor—‘7n
;age of the stlrrups 1n th1s reglon. ThlS bar was bent as

',the stlrrups were pulled down at fallure. The max1mum sllp

oy

foccurred at the stlrrups where this took place.l The crack-‘f

1ng above the 9 5 mm (No.‘3) bar 1s shown in Flgure 6 39.

e

;i'The damage to the anchorages of the w1re stlrrups resulted fp;'

e1ther when the weld between the stlrrup and the anchor‘ge

»w1re falled, the anchoragq/w1re fractured at the weld, or

ev“{both of these occurred togeth&r.. A typlcal fallure case;ls .
7r_1llustrated 1n Flgure 6 40. The exterlor anchorage at t e»'
aitop of the beam was usually damaged when the\fallure crac
"wcrossed the stlrrups below thlS anchorage 1n the web tO—L"\

vflange trans;tlon. The st1rrup remalned well anchored below ,lv-

ifthe fallure crack so as the crack.w1dened and the segment.of.

-the beam below the crack dropped, elther the exterlor weld

BT

or cross w1re or both fa11ed and the stlrrup was. pulled out

fof the flange.v The exterlor anchorage at. the bottom of the'“
AN ) .
beam faxledfln“aVSLmllar,manner. ‘Damage,to the_anchorageg'

-
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"FIGURE 6.39 #-Crack forming ‘above 9.5 mm bar at
: o ' to? of. failure crack in TB 10
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A ’ o . -

‘ \TOP OF FLANGE® - . - EXTERIOR ANCHORAGE WIRE:

INTERIOR
ANCHORA GE
WIRE

VERTICAL

/'\’ — | | [ 7 wiRe'sTirrups

LOCATION OF FAILURE CRACK

© BEFORE BEAM FAILURE LOAD

A

/—WELB F'AILURE:

, , : <

f sTirrup N L
ERACTUREN | . _~7 7 . "J~ANCHORAGE
S \ - oy WIRE FRACTURE
7" FAILURE : -

270 .77 CRACK : , _

PR o \/ LOWER PORTION OF BEAM DROPS AT -

o - Y FAILURE AS FAILURE CRACK OPENS

* AFTER BEAM FAILURE LOAD

FIGURE 6.‘4_0' —’,I.l'l»ustravti_on Showing i the Anchorage .
‘ ‘ Wires at the Top of th. 3eams were =
© - Damaged at the Beam Failure Load
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e because they wer‘

140

‘wires at the bottom of some beams is shown in Figures 6.41

-and,6.42.A Thetinteribr_anchorages_both at the top and at

bottomvof the beams'usually‘failed when the'crossewire'was
sheared off at\the weld as the segment of the beam below the
crack dropped w1th respect to the segment of the beam - abovev
the failure crack,

o - . . . R K S

”The faiiure cracks‘were much wrder after failure in the

beams with the WWF web'relnforcement than ln the beams with
the G\mm dlameter stlrrups., Th1s was partlally due to the

behav1 ur of the anchorage of the web relnforcement.‘ In the-

beams W th the WWF web relnforcement, the bottom anchorage-

d1d not 1ve any support to the maln relnforcément to

prevent d wel spllttlng and the damage to the stlrrup

Yoo

anchorages\crossed by the fallure cracks in. these beamsf_1
reduced the’ ffectlveness of these stlrrups. " The failure

crack was, thérefore, able to. bpen up and the portlon of the

a”':

beam below thl crack dropped relative tp the portlon above.

The conventlona
,

crack from wide 1ng 51gn1f1cantly after the beam falled

st1rrups seemlngly prevented the fallure/

hooked around the ma1n relnforcement at
“the bottom of the beam and around the 9 5 mm dlameteri-

(No.'3) bar 1n the flange so that the effectlveness of the

anchorage was-not as severely damaged.f Also, the supportﬁ

' glven to the ma1n relnforcement by these stlrrups apparently

prevented dowel spllttlng. N Ll f-x_y :é§¢%

R



' FIGURE 6.41

FIGURE 6.42

- Damageito anchorage.at'bottbm of

failurg;crack in " TB 5~

-‘Damage-tovanchorage at.bottom of
_failure crack in TB 8 \
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vIn B 7, only the 1nter10r Cross- w1re'anchorages were pro—
vided on.the WWF sheet. Thls was not a satlsfactory method
of anchorage. The portion of the stlrrups that was_effec—‘
,‘tlvely anchored was. reduced apprec1ably. fhe stifrupé'
crossed by the 1nc11ned cracks out51de of the zone betweenx
the anchorage wires were 1neffect1ve. Thls beam falled well

below the 1oad‘reached by beams w1th s1m11ar stlrrups but

- with exterior anchorage wlres.v"

-The'behaviour of the beams withfonly'the exterior anchorage
.'w1res ‘on the WWF sheets‘was comparable to that of the beams:’
iw1th both the 1nterlor and exterlor anchorage w1res. |
iIn the beams w1th two anchorage wires top and bottom on the
_ WWF sheets, the stfrrups that fractured d1d S0 1n the region
'between the top‘and_bottomvanchorages in every case except

AN

one.,

db 3.7 Deflectlons
hThe load versus deflectlon graphs. for all of the beams wereg
hsimilar £o that desdribed in Section 6. 1 9 for TB 4. There'
was con51derable dlfference between the measured and the

o \

' calculated mldspan deflectlons. The calculated deflections.
: ?

were made u51ng the average value of Young's Modulusv‘>

‘obtalned from the cyllnder tests for the beams and the.

4
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effective moment of inertia, Ig, given‘in'the ACI and CSA

Codes. . No estlmate of deflectlon due te shear was included.
These values are shown in Table 6.8. The dlfference between‘
the measured and the calculated deflectxons is due to effect
of the 1ncl1ned cracks in the shear spans._ ' S

The deflections from the-ioéd versus'deflectionvgraphs made
‘with tue MTStpldtter were Very'close'te the deflections

measured with the LVDT. .

N



vTABLE6.8>

BEAM DEFLECTION PRIOR TO FAILURE

:1) Measured.with LVDT

Q '\*r.
Load at pifference
. Reading  Midspan - - Between
- ‘Type ) Prior .Deflection Calculated Measured &
A of - Failure ' to. Prior to Midspan Calculated
" Beam Web  Ioad  Failure = Failure (1) peflection pDeflection
No.  Reinf, (kN) ~ (kN): " (mm) - (mm) (mm)
TB 1 W2.5 65 - 60 9.47 5.52 . 3.95
M2 D25 70 70, 10.43 6.07 4.36
TB 3 W29 78 75 11.24. 6.91 4.33
'TB 4 D29 80 80 10.51 6.95 3.5
T 5 D29 8 . 80 10.18 6.95 3.3
™ 6 D2.5 6 69 9.96 6.07. . 3.89
B 7 D29 70 65 8.79 5.63 3.16
B 8 W2.9 80 80 14.50 . . 6.95 7.55
‘TR 9 6mm . 9 . 8  12.53 7.38 5.15
"TB10 6mm 9% 9% 16.01 8.26 - 7.5

144



CHAPTER 7

SUMMARY AND CONCLUSIONS

The existing ACI and CSA Code procedures for calculat-

ing beam shear strength gave'conServatiQe estimatQ@sforn
)

the -beams with adequately anchored web reinforcement

tested in thls program. However, the amount by whlch

‘the estlmates were conservatlve degreased con51derably

as.the web reinforcement ratlo, r, decreased. The

ratlo of test strength d1v1ded by predlcted strength

based ‘on the Code procedures for the dlfferent web

»

relnforcements ranged from approximately 1. 0 for the

W2.5 and D2.5 wires (r = 1. 04 x 10-3), to approxlmately

,The'ductility,of:the;

All the beams tested had d1agona1 tension type fallures

1‘1 for'the-w2 9 and D2.9 wires (r = 1 21 x 10-3),”to
approx1mately 1.2 for the 6 mm diameter’ conventlonal
st;rrup (r = 1.52 x 10-3), - Thus, for smaller amounts

of web reinforcement, the Code equations were'less con:

servative. S 'ﬁ

[

reinforcement ratio, . - . = Ll

¢

o

vw1th the fallure cr?ck enterlng the flange nearﬁthe

-

145
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The average value of,theuaverage‘1nclinaticn of the

failure cracks was 37 degrees.

4. Secondary‘cracks (splitting cracks)iformed along the
‘maln reinforcement as the fallure load was approached
When the ultlmate load was reached for the beams with

ﬂ' the WWF web‘reinforcement, these cracks opened up and
formed‘part of the failare crack near the bottom of the
beam. vThis did not'occur in the beams with the’conveh—

ational stirrups which were hooked around the lcngitudi—‘

nal reinforcement. Therefore, the anchorage of the WWF
‘sheets was not effectlve in.- supporting the malni
reinforcement to prevent this dowel splitting. |

| o \ . . . ‘

5. . Ih most-cases, the vertical wires‘in_the WWB-sheets

. | swhich were crossed by the failure crack in the middle

@aregion of the beam fractured when the beam failure lbadg

was reached. ThlS was due to the gelatlvely low values

of ultlmate Stralnr Eu, for these wires. These frac-
'?tures, along with the lack of confinement’ of the dowel
Tspllttlng, caused the fallure crack to open con51der—
“ably at the ultlmate load of the beam. None of the
‘conventlonal 6 mm diameter stirrups fractured when the
beam falled and. the fallure crack did not open up as

w1de as in the beams w1th the WWF web relnforcement.

The fracturlng of the WWF stlrrups eliminated’ the
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——— B L ) o

6

uﬁsfilnterlor cross w1re anchorage top and bottom aia notg

for.

lohger effective.”

| L Jr47

Strength component Vs and the openlng up of ‘the. fallure;
crack ellrlnated the aggregate 1nterlock The loss of

these‘shear transfer meghan1sms together wlth the.'f

4

reductlon of the 'dowel shear due to the spl1tt1ngf

of these\beams.. Thls would not be de51rable in s1tua—f

tlons where load redlstrlbution would be required ‘

_The anchorage of the WWF sheets us1ng two horlzontal

D

‘In the case of the welded deformed w1re fabrlc‘ the use

P

of only the exterlor cross wire anchorages top:andi

bottom was also satlsfactory., The use of only the“'

A

." 1 /

' along the main- relnforcement resulted in shear falluref

'Q cross w1res top and bottom proved to be satlsfactery..wf

p

glve acceptable anchorages. The 1983[5CI Code proposalf .

L

R}

w

o

S B

o

anchorage of 51ngle leg WWF she r relnforcementec:

{ﬁwould be afceptable for these beams.f’It should" beéi"

‘fnoted that the exterlor cross w1res ln the compre551onji
éone (1 errln the flange) should be as‘close asf
'p0551ble to the Outer face because once the 1nc11ned

"crack<crosses.above the anchorage, the stlrrup is. nov

“Total loss of bond between the concrete and the vertl—;“
ical wires in the welded smooth W1re fabrlc was evxdent,”‘

'_Also; partlal loss of bond was ev1dent between theﬁr



v““concrete and the vert1ca1 w1res in the welded deformed

fw1re fabrlc.

148

o
o N

,h the WWF web

relnforcement were essentlally‘theV- 'or'the‘smoothf

»and deformed W1res up tov serv1ce load levels;p

( P ~0.5): At hlgher loads, the maxlmum crack w1dth~

S

kfwas larger in the beams w1th thé'weldedFSmooth wrre‘

f'fabrlc, At the upper end of the serv1ce 1oad range

'YF 0. 61) the max1mum crack w1dth in the beams,:;

f‘Wlth the smooth ve tlcal w1Jes were larger than thehh?

f‘suggested max1mums .1ven by ACI Commlttee 224 (L972)

1

"‘Plac1ng the WWF steet sllghtly offset from the center— ’

4 llne of the web (TB 8) d1d ‘not appear to have any;uﬁ-

,. P

behav1our.



b,'pass above thevupper anchorage should be tested tofs

‘vfiitlgated under dynamlc loadlng condltlons

~The behav1our of WWF‘web relnforcementf

CHAPTER 8

' . RECOMMENDATIONS FOR FURTHER 'STUDY -
T T T et
L . - C ‘m.,. »

‘The beams tested in thls program were de31gned to fa11

1n shear before flexure., The behav1our of thls type of

"‘web relnforcement should be 1nvest1gated in the case of

 beams des;gned‘for a-balanced fallure. L R

d% ) ~‘ :, .

'Because of the large number of factors affectlng the‘

R Y

A

\’yary;ng spchyparameters as*a/d,‘b/bw, and‘owz_ ;r“nffih

'_fcompare thelrwbehav1our to that of the beams w1th the

",WWF web relnforcement.’ 1ﬁ~h \'@%‘

-' o

N‘

"6

149

|

5Tbehav1our of beams under shear loadlng, further 1nves—t

i__'Atlgatlon should be carrled out to determlne effects of3

'z,ddltlonal spec1mens w1th the conventlonal reinforce—f

: ment stlrrups detalled so that the fallure crack cannot },f"‘

fould be 1nves—'
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cross-wire

[ \
t
TABLE A.1 :
- T ! . . . S
. TENSION '{EST RESULTS FOR W2.5 WIRES C
) . . . Young's
Stress at Stress at o sModulus A
0.0035 0.005 Ultimate Ultimate i )
. ) : From Crgss-wire
Strain Strain Stress Strain
R . e oy . _ Test Between °*
Tegt y,ACT v ,ASTM “Tu €y E Test - - Gauge o ] :
No., _ __MPa MPa MPa s . Mpa “%.~ Marks . Type of Failure
1 632 676 701 - .207.9 x 10° No Failed at cross-wire
’ - : : i o ‘outside gauge marks
I1 626 - 682 - - . 202.1 x 10 No _Failed at cross-wire
' o : ‘ outside gauge marks
111 620 - 670 - 201.8 x 10 No Failed in grips
CIvo - - 707 - ' - ‘No Failed in grips
SV 601 651 701 2.0 '193.8 x 10 Yes "Failed at -cross-wire -
: s E ‘between gauge marks .
vI 626 . 682 701 1.2 194.5 x 10 Yes Failed at cross-wire
: T B : * i S " between gauge marks
: 2 . : . . o .
viI. = . 614 - " 651 1.0 202.0 x 10 Yes Failed at cross-wire
. i : : : _between gatige marks -
Vi1l 645 - 707 - 213.5 x .10 ‘No  Failed outside of
) ; e : : gauge marks
_va S 639 682 719 3.1 205.3 x 10 No _failed between gauge
' : : ' marks’ (30 mm from mark)
L . . o ; . , . ; ' o | ) .
AVG 625 - 673 693 | a) 1.4 202.6 x 10 - a) Failure at cross-wire
' b) 3.1 : g ’ b) Failure away from



155

N
e
(e

"

P .mﬁ,_ A. | | | |
5 - - ot X (°v0Z. 8'z.. 0¥9 . L6S
xuma abneb . . . B , . . IS 3 
© 3semoT 3e parTed sox - 0T X 77112 - . 199 709 LLs IA
sdtab cﬂ.m&umﬁ.wozmm. . | v . - . - .
apTsino parTed sex - (0T ¥-2°82C - . Tv9 - 609 885 A
vmxHWE.mmsmm v : ;h o oo o
2pTsino paTred oN - 0T X §7€6T = - 9€9. 88 155 AI
, mxme abneb . . [ N S
cmmaumﬁvwﬂmm °N . .moa\x\o.mﬂ 67T zSs9 S - - III
, mxu@% wmsmm. ‘ o v .
uoshisq be1TRd ON ., 0T X £7661 872 €9 - 66§ 195 II
, syxeu abneb ‘ R o \\\, . ‘ .

JO 9pTSINO paited ON ’ moa X 6°661 - 6€9 €8S ovS: S
aInTTed 3O wmww ..mxumz edW ‘% edpW BdH edW *ON
. - , abnes 3s9L & ng S 3 .vz.amm:m hve) & ;IS

usaMIgd - 3534 ,cwmuum. mwwwuw, . cﬂmuum :ﬂmw%m
9ITM-SSOID WoI g ‘ , . SR
: sn i sjewuTayN 3JeUWTITN S00°0 Se00°0
. TDPOW . ) -
. , : ‘ . .° . 3e ssSa13§ 3e S§S8I§

.mrocsow

LR

LY

L

| SHMIM 6°gM HOd SLINSHY ISAL NOISNEL

g ¥ ATHEL.



156

- pouxotoer T 9€s zes . wek - OAY
 sxxeW 2bneb usamiaq . e . - -
 ®ITM-SSOID e PaTTe] sex mOA N.m.mwa. 01T’ StS : =% (T - X1
‘sszew obneb wmmauwnv L L . P ,

. 9ITM-SSOID 3B PaTTed SaK _WOH_x‘w.opH : o't - Tes - 806 - ITIA
sd1ib ur perTRd . s9X , woﬂ X p°08T - . = - ummm. , 20s S VA 2 IIA
sdrab ut pefred  ON - 0T ¥ 67°6LT - zss . g€s - 06V IA

syxew abneb cumzuma ) o o o . ,‘. :

5ITM-SSOID 3@ pafred ' mmwm ‘ moa X L°T16T A £eS LZS “,mmv‘ A
sdtib ur peTTed - .- ON. mda,x (voT - - . . ves . €€s Ly - AL

syreu sbneb jo aprsino _ , - :

2ITM-SSOID B PRITEd . | ON 0T X 67LLT - £€S o Les - 9%y - III

syzew abneb ) I S E - . o
. uesmiaq palTed . ON - gOT X 5781 1 ©6ES - SIS .96 . o II
. mxumE abneb. . .‘ o Lo . . A SRR
.usam3aq parTed ON > ;moa X 8°GLT AL €€ - - - I
sIn{Ted 30 9dAL SSAEH T eaw Y ’ edn © BAW. - ®BdH . TON
a _ abney - 3saL 3 n3 - ‘su . ,zamm\mu . Huc.uw. " .3sel.
cmwzumw o wwwa. uger3s = SSOIIS uyerss - UTeIAS
. PAM-ISOID - o syewTIT - °3RWFITA  S00°0 5£00°0
' DINPOW o : J® Sse13S§ 3e 5S8I3§S
B s, bumox , , : _—

SIYTIM G°zd ¥Od SIINSTY LSAL NOISNAL

£V AIEVL

e



157

™ »
- - moa X 17661 9T - .poo- LLS ..mvm U>4.

({IEW WOIF wu g) SITM ///w

-SS015 3® 30U INg SHTew - _ : . .

abneb ussmisq patTRd S8k 0T x 6°G2¢ - 6°'T LS 1959 - PES IIA
mmeE,mmsmm usem3aq »//M/W/J

muﬂzlmmouo.um paTTIRI S3K - SL T 1€9 - - CIA

(3IeW wWOII un 0T) SjIBW , N

abnehH ussmiaq paited ON moa.x4a.mma 51 965 €865 - 165G » A
s)Tew abneb ussmiaqg .. . u

9ITM-SSOID 3B pIaTTed S9A mo,m X 97961 f8°1 LS9 " 609 198 AT

syIeu aHneb . . . - p
} Ussmiaq poaited ON ! mOH X 00T SC°T £6S. L9S 675 IIT
’ syzew obneb ) C
IpISINO paTTed . ON - - 609 - - i1
syIew 26neb usam3IDq ; :

BIATM-SS0ID Je pdTTed S9& 0T X.1°88T AN LLS' - - I .
“aanytTed wommmxa SYIRW edi ‘% “BdW edi “RBdn . “ON
v o . abnen '3salL 3 n3 n . WISY'A_ ‘& 3Isag

- uesAISd 59L ureIas ,meW Tu mu@m utex :
ITM=S501) WOxg " UTeIls . um Tea3s Tea3s
) T 93BWI3TA. - SIRWTIIN S00°0 - SE00°0
. SNTNPOW " i - ,
. . e SSaI3§  3e SSaMS.

s ,bunocg

SHYIM 6°'Zd ¥Od SLINSAY LSAL NOISNAL

14

¥ ¢ J1dYL

5



TABLE A.5
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 TENSION TEST RESULTS SUPPLIED BY WIRE MANUFACTURER

o

‘Specimen Area of Specimen
. sq. in.

0.034 -

No.
1 .
2.
3

0.034 .
0.034 .

0.029°

0.024

0,024

' These tests were performed'using

i

0.025

SS. mm
21.9

21.9

1 18.7

15.5
15.5;:
16.1 -

3

Ultimate

‘ Ultimate = Size of .
- ¥ Stress Strain. = Wire Made
£y Eu with this
MPa % - Specimen
671 2.3 -
A W2.9
608 - '
e or
- 614 2.3 . ,
: D2.9
637 2.3 |
698 1.6  W2.5
664 2.3 .7 or
582 3.1 °  D2.5

‘plain, smooth wires



"TABLE A.6

AS—-BUILT BEAM DIMENSIONS

*Estimated value

AL

1380

- Shear Shear Span
, ‘Span at ~to Depth
: Effective Flange Beam Failure Ratio, a/d,
Beam - Depth,‘d - Wwidth, b ~ Depth, h End, a at Failure
Number mm mm mm mm ‘ End '
TR 1 443 - - 1380 3.12.
TB2 . 450 509 512 1377 " 3.06
TB 3 447 = - - 1375* 3.08
TB. 4 447 - - 1375* 3.08
TB 5 445 - - 1375* 3.09
TB 6 448 - 510 1385 3.09
T8 7 441 517 509 1378 3.12
TB 8 445* 512 508 1382 3.11
TB 9 . 445% 510, 510 '138'1,i 3.10
TB 10 | 445* 510 '508 1381 3.10
" Design . 445 508 508 3.10

NOTE: In the cases where no value is shown, there were ng mea-
surements taken . S - o A
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FIGURE A 2' - West shear span of TB- 1 after fallure
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A.20 - Pure moment -region of TB. 6 after failure’
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