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·TOP ... BAR AND BNBBIIŒNT LENG11I EFPEcrs 
. 

IN RBINFORCBD CONCRBTE BSAMS 

'l1l1s thesis presents astate of-th .... U't report .. of bond and 
~ . 

elescribes uistinl bond. testinj .e'thocls. 'lbe results of tests on six 

,taply supported beas with central point loacliDI ue useel to study the 
\ , 

"top-bar" affect and .the effect of varyina ""'at leqths of No. 8 
J 

o 

, (25.4 _) reinforcina bars. Tbree speciaens with~tensiOll bars cast in 

the top of 'the bHllS and three cœpanion spec:i.ens w1 th talion bus 
r""? 

cast in the bottca of the beas havina ""'ent leqths of 30, in 

(76.2 C1I), 36 in (91.4 C1I) and 40 in (101.6 CIl) were testeel. The bea 

spa is 10 feet (3.05 al lDcl the overall c:ross ... sec:tion cli:aeJlsions are 

9 x 18 in (22.9 x 45.7 C1I). 

The overall perforunce of the Ii~as is UJlistrated ~n load

eleflection curves.- 'lbe experiaental results are cœpared with the 

theoretical predictions obtainecl fr~ , .. eral flexura1 theory assuailll 

perfect bond. Caaparisons of the load-deflec:tion responses indicate 

that specillens with bottca-cast bars are stronaer. stiffer and faU' i1l 
, 

a .ore eluctile lIIDJler than their cœpanion sptctaens with top-cast bus. 

'lbe expert.ents a1so indicate that the strellith. stiffness and ductility 

are increased with an increase in the _bedaent length. 

The strain distributions anel bond stress variations al011l tlle 

tension reinforc~na barS' were obtaintcl frOli e1ectrical resistaDce strain 

'aules fôr each loaclina st .. e. Coçarisons of the results 1ncI1cate that 
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beaas vith bottaa .. cast bars uhibit hiaher 1>ond strengtb. and thlt the 
, 

increases in eabedaent Iengths result in'& reduc:tion of maxÙlUll bond 

stresses developed. 

The results of this investi,ation indicate a strenath reductiOd 

of 10 to 18 percent lU. well as a reduction in duc:tility for specill.ns . '-- . . 
containi1ll top-cast bars. Cœparisons of the behaviOUl'-of the be-.s . 

-'" ·te.ted. indicate that top-cast bars' reqûire an incr.asecl .bedllent lenath 
/ . , 

betveen 11 and 20 percent lonaer than bottom-cast bars in order. to reach 

the sue stress levels in thO---bars. 
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_ BPFETS D' ARMA'I1JIUi S~ERIEURB ET DE 

DANS LES POtmBS EN ~ BBTO ARMB 

Q 

Cette thase pr8sente une synthase de l' 
</.' ~ , 

~ paraa.tres et d'exit les .6thodes actuelles ~es '1 Les 
1 

• ! 

y'es avec charge 
1 

r8sultats des essais 'SUl' six poutres simpleaent 

centrale sont utilis6s pour 6tUdior l'effet "d' U'II&ture sup'rieUre" et 

l'effet de la variation de la longueur d'ancra,e ~'une barre d'acier 

" 

No. 8 (25.4 _). Trois sp'ciaens avec araatures suplrieures de tension 

et trois autres sp'ctmens seBblables avec ar.atures inf6rieures de 

tension, ayant des lonsueurs d'ancrale de 30 po (16.2 ca), 36 po (91.4 ,ca) 

et 40 po (101.6 ca).' on.t St6 mises en charge. La portle des poutres est 

de 10 pieds (3.0~ Il) et les dimensions transversales sont de 9 x 018 po 

(22.9 x,4S.7 ca)' 

ta perforunce l'n'l'ale des poutres est illustr6e par des cOUX'bes' 

charge-d6plac_ent. Les r6sultats exp'riaentaux sont caçarIJ avec les 

pradictions thforiques obtenues l partir de la th60rie de flexion bas'e 

SUl"l'adh6rence parfaite. Les cœparaisons des co"arbes charge-d6pllc_ent 

indi,uont que les poutres avec l1'IIatures inf6ri'eures sont plus r6sistante~. 
, . 

pl~ ria ides et .ont plus'ductiles l la rupture. Les essais aontrent 

_. 'aal_ont que la dsistance, la riaidid et la ductilit6 aupentent avec 

lm. plus arande 10ftlUeul' d" ancrqe. 

Les distributions des clUorutions et les variations des 
" 

~ contraintes cl'àdh'ren~e ont 'ta obtenues l partir cie java" 'lectriques. 
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que les poutres.,. avec araa~e.· inf6rieures da.ontrent une p,lus grande 

r'sistance dladblrence et qu'l ~ès'auaaentations des 10ncu~~ d·anerase. 

conduisent l une rCduction d s contraintes maxiaales d'adhfrenc~ 
1 

Les 'r's~ltats dé ce~te recherche indiquent une d~nution de la· 

l'Isistance ~~ 10 l 18' ains~ /qu'une l'Nuction de la ducti~id:7pour les 

poutres contenant des amatui-es s~rieures. Le cœpon.ent cc:apar' 

des poutres souais~s l l ' essai montre que les barres supll'ieures 

nlcealitent un anerlle 11 l 20' plus lons que les barres inf~rieures 

1 afin ci t atteindre les ."es niveaux de contrainte. 
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'Dle f011QWina is a list of the conversion factors for a11-

Ùlpel'ial units (!na1iah S1st.) usee! throulhout this thesis to the 
" 

"SI S,St.". 

1 Poot 
1 - 30.48 centiaeters 

1 ft2 - .09290304 aeter2 

1 Inch - 2.54 ca 

1 in. 2 - 6.4516 c:a2 

1 in. 3 - l6.S87, caS 

1 in." - 41.623 ca" 

1 Mp-force ~ - 453.6 kll0ar... force - 4448 .• 2 Newtons 
~ 

1 kip/in2 (ksi) - 6.895 Mela-Pascal (1 Pascal -1 Newton/a2) 

l' Pound-force -- 453.5923 araas-force - 4.4482 NewtOllS· 

1 PouftCl-force/inch - 178.5796 Ir/ c:tA 

1 Pound-force ln. - 0.112985 -NeWton-.eter 

l Pound-force foot' - 1.'355818 Newton-.,ter 

1 Pound-foree/ft2 
<, , 

4.88242 ka/ll2 -.-
'Î Pound-foree/ina (psi) - 6.895 kilo-Pascal - 70.306g J'r/ca2 
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CHAPTBR 1 

STATE OP nIB ART OF BOND AND SCOPE OP RESBAltCH 

\. 

( 
1. 1 Introduction 

Since extèrnat' clo.ds are very rarely applied directly to the 
• • ~_ 1 \1. 

-t ....... 1... ~~ • 

reinforcement, stee~can receive iu share o~ the load only froa the 
• 1 . 

. surrounding concrete. If one defines "slip" as the differential dis-

plac8Ilent beneen steel and concrete. the tena ''bond'' 15 then used to 
~ 

, 

describe the means by which slip between st,el and concrete is aindBdzed 

or prevented. "Al en , one of the most iIIportant prerequisites of reinfOl'

~ed concrete construction is adequate bond between thè reinforceaent and 
~ \ 

the concrete. Inadequate bond usually results in preuture failure. 

Therefore. the attainment of satisfactoty perforaanse in bond is an la

portant aspectrof the design and the detailing of reinforceaent in struc

tural c~ent~ ! 

~s~)l' :und stress" is defined as the unit shearing force acting' 

paraUe! to the, reinforcitll bar axis at the concrete- steel interface and it 

15 glven by: 

b.f.~ 
~ .-, An 

o - .:::.::s... -
~ 

(1.1) 

wben b.Q - chante of bar force over unit length 
o "\. ~ ~ i 

~ - nœinal surface are. of a steel bar of. unit Itm(th 

O~'::\,· 0 
'\II. - $ .. 
\,!.~~ 

.. 
. .

"., 
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c;, - nœinal di .. ete~f the steel bar 

\ 
tafs - change of steel stress of over unit length 

\ - area of the steel bar 

Bond stress is less apt to be cri tical in design today than i t was 

30 to 3S years agQ when only plain reinforcing bars were used. Defo1'lled 

bars have provided an extra element of strength and -safety. On th'e other 

hand, bond 15 probably less throughly understood today than it wu in the 

days of plain bars. The behaviour of deforaed bars. in· particular the 

introduction of high-strength steels and large di_eter bars, have created 

some new problems. Aiso it has required that engineers re-examine their 
~ 

basic knowledge of bond and put more emphasis on soae of the parameters 

affecting bond strength such as development Iength, the so-called "top-baril 

effect, the concrete cover thickness and the clear distance betwe'en bars. 

In this chapter, the evolution ,of the de~elop1ll~Jlt length concept will be 
1 ~ 1 

presentedj then, the basic concepts of bond stress-slip relationships 

will be reviewed and the parameters influencing bond strength will be dis

cussed before defining the obj ectives of the present experiDlental research 

program. 

o < 

1. 2 Conceptual Shift fram Bond Stress to Develeent Lenlth 
o 

. Prior to 1971. developl8nt and anchorqe of bars wu &lways treated 
, ~ 

as- a sub-sec~ion of the chapter on bond stress in the American and the 

Can4ldian. Cod~s (1,2), This bond concept! which h~ long been used as a 
'\' 

meuure of bond perfonaance, 15 the flexural bOnd stress defined by the 
c' 

following equation: 

..... -' J 
_r-_ • 

" . 

4 

" 
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a • • ; ;ca 
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'" 

( 'r. 2 ) 

( '" 

where Vu is the shear, as a measure of the ch~ging lIloment ~ :-to is the total 

perimeter of the bars at the section and ~ is the ara of the internaI 

résisting couple. 

a However, Equation (1.2) grossly oversimplifies the situation, and 

does not even approximately stmulate what actually happens in realistic 

beams. Hven in the region of constant bending moment where shear force 

is zero, bond stresses are developed on account of cracking of the concrete. 

Studies over the past fifteen years have shown that the bond stress calcula-
u 

tions are not helpful in the present state-of-tbe-art and that Equation 

(1. 2) must be supplOlllented by developillent length checks. When a bar has 

enough eœbêdment in concrete, it does not fail by bond but reacbes.its yield 

strength and fa ils in tension although the concrete may have cracked along 

its length. ... 

It is noteworthy that bond stress cal'CUlations are not lIlentioned 

in the present Codes (3,4,5) t however this does not Mean that "local" bond 

stress 1s unimportant. Three main reasons have loci t9 this change in 

emphasis. Firstly, bond stress 15 a very cOIlplex probls for which there 

is no immediate dependable solution available ror use in desian. Secondly 
,!)' 

strength over a given lenath seeu not to be sensitive to local peak bond 

stresses, but can be based on an average value. Thirdly, the developaent 

length concept sUI8arizes or incolpOrates IIOSt of the present usable know

ledge in this area. That is why, according to Watstein and Bresler (6). 

i t i5 now generaUy recoanized that a acre realistic approach to the bond 

probls 15 to regard it as a probl. of caaputing the ancboJ'qe or 

=-
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dev,el~~ent length of a bar necessary to tranSlli t the stress in the steel 
, 

to the surrounding concrete. This is given by! 

whare 1* d -
u· -
fy -
~ -

1* 
d - fy~ 

4u* 

lIliniaum pemissible anchorage lenlth 

pel"llissible average bond stress value 

yield stress of the steel bar 

nOlDinal di_eter of the steel bal' 

(1.3) 

1.3 Bond Stress-Slip Relationship 
--./ 

In Any bond test either pull-out 01' be .. test, the evolution of 

bond between steel and conCl:'ete depends p-eat1y on the uount of slip that 

occurs either at the free _d .01' at the' load end of th. specillen. lt il 

shawn qualitatively in Pi,. 1.1 where four differtllt st .... ! are distin

guished: 

Stage AB 

Stage Be 

~ 

St .... CD 

St .. e DB 

The load increases w}thout slip. 

There is loss in bond at Bovel' the .bedllent lenatJl 

and slip occurs at aradua11Y Inel'~ina rat .. Vith 

the iIler .. s. in load. 

There is caç1tte rupture at C of the sunoun{lina 

concrete and lUit., continue~clel' constant l~ • 
, 

Pr..ature failure of speciaen by pul1ina of th, bar 
~ , 

or ~ittlalof c_"t". ~ 

- \ ... 



l 
1 
1 

'., 1 

1 
r 
t 

1 

i 

t 
f 

f 

. , 

) 

1 ~ \. 

5 

1.3.1 Conc;epts of Bond Action , 

... 
1.3.1.1 Plain Bars 

Mylrea (7) reported that bond failures in pull-out speciJaens 

reinforced with plain bars are characterized by the extraction of the bar 

froa the concrete speciJaen. once slippina becomes aeneral and bond stress 

is nearly uniform aIona the full 1enath of the bar. In the ear1y days 

of reinforced concrete, the bond resistance of plain bars was often thouaht 

of as chemical &dbesion between the aortar pute and the surface. However. 

oven a low bar stress causes slip sufficient to break the adhesion -!Dedia

tely adjacent to a crack in the concrete. Once slip occurs. only the fric

tional resistance remains and the bond stress can be thousht of as the 

overall averaae of the bond on ~e section where adhesive bond 15 still 

intact, and the lower bond stress at the section where only frictional 

resi5tance 15 present. 

Mikhallov (8) studied the relative values of &dbesion and frictional 

bond with hot rolled and saooth cold rolled bars and concluded the followint: 

a) The adhesive forces between the steel bars and the concrete are 

quite lowand amount only to 70 .. 100 pst (0.5 .. 0.7 NPa), therefore &db,. 
sion itself is of no sianificance in preventing slip. 

-~ 

b) The Adhesion and frictional resistance resultina fraa sbrinkaae 
- ---------- l 

account for ~s to 30\ of the bond itrenath. 

c) The dear., of rouahne.. of the surface and the chanae in the lateral 

dirlension of the bars dong their development lenath account for about 70 to 

75\ of th, total resistance to sUp • 

o 

.../ 

, ' 
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1.3.1.2 Deforaed Bars 

Ni th the advent of modern def01'llec:l bars the pattern of bond failure 0 

o 

chanaed radieaUy. Adhesion and friction still exist, however they are 

secondary because the primary relianee for bond resistanee is on the bearina 

of luas and the strenath of concrete sections between lUIS. The bond 
~ 

strenath developld between two ribs of a bar (see Fia. 1.2) is associatec:l 

with the fOllowing forces: 

a) The for~es Va' dev~loped throuah adhesion alon~ the surface of the 

bar which can be ignored for practical pUrposes because thi! adhesion.br~aks 

down inevitably as the load i5 1nereased. 

b) Bearing forces Pb' against the face of the ~Ui. 

e) Shear forces V*c' acting on the cylindrical concrete surface between 

adjacent luas. 

The relationship between these two important component! of bond 

force development Fb and V·c ean be expressed as follows: 

whare 

'b CI v* 
- - CI .* 

c' - inslde lUi spacin, 

a· -' lUi heiaht 
.. 

(1.4) , 

In 'ale situation •• wh.r. the bar ls short, the ~he&r c~n.nt V·c 

will aoven the bthaviour of the specillen. This il the casl vhen the l'lbs 

art hiah 'and sp.cld ,too closel)!., or when su11 bUI are ustcl vith concrete 
, - '-.... 

of low cGapl'e.siVi ltl"nath. or wh .. lu" sill bar. Ire lAIed with lar •• 
'1 

'" . , 
- ' . , " 

/' 

.. . ~ !. 
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concrete cover. The bar will, then. pull-out without yieldina and will 

sheu out a sheath of ~oncrete with its outside di .. eter equal to that of 

the luas. 

In bond type s~cimens wi th usual def01'lled reinforcina bars, most 

, bond faHures are normally splittin, fallures of the s\,ll'fo",dina concrete; 

this splittina ,on.rally results fram the wedgina action of the lugs against 

the concre:te. Strictly interpreted, splitting 1s not the s .. e as boncl

fallure accord.ing to the "traditional" concept of the bar pullina out of 

the concrete or the specimen failina by crushina aaainst the lUIS. 
1 

Splitting failure i5 basically a tension phen~enon tut a better knowledae 

of the strength and the deforaation properties of concrete in tension is 

, needed in order to obtain a better understanding of the splittina phenomenon. 

Unt!l luch time, splittlna must be grouped to~ether with other aspects of 

bond and progre~sive splittina can be considered as the first evidence of 

bond distress. 

1.3.2 'Phe Mechan! .. of Bonel S,li ttiy 

In the forties. the developlent of deforaed ~s resultecl in areatly 

Inor~asld relistance to local slip •. With the advent of Mahal' yield strenath 
. 

reinforc .. ent and the consequent incre .. e in the service load .tre •• e. of the 

reinforcing steel, cracking hu becœe one the .Olt important factor. in 
, . , 

deteninlna the durabUity of reinlorcH c~ncrete •• bers ,(9) • 'I1lettfore, 

extenaive investigation.'have been carried out recently on the crack foraa

tien in the concrete adj acent ta the defo1'llecl reinforcina barl which finaUy 

results ln splittina fallure.. nie • .chanis. can be deacribeclll 10110..:" 

,) 
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When a deformed reinforcing bar ls embedded in mass concrete, 

bond forces across the ribs (bar deformations) need to be transferred to 
, 

1 enable the full strength of the bar ,ta be developed. As slip prorresses, . . 
the average bond resistanee increases and eonsequently the stresses in the 

\ 
concrete adjacent to the deformed reinforcing bar also increase and lead 

1 

to cracks and deformations of the concrete as shawn in Pig. 1.3. 

8resler and Bertero (10) indicated that at low load levels princi-

pal tensile stresses at the steel con~~ete interface are inclined at an angle 

with the longitudinal axis varying fram about 600 at the crack face and 

decreasing to 00 at the midway section be~ween two adjacent cracks, as 

shown in Fig. 1.4. Broms (Il, 12) and Goto (13) devised ingenious techni

ques to study the internaI cracks. Broms and- Lutz (14) from the~r ana1y-

tical and experimental data, established the existence of radial cracks 

oriainating at the steel concrete interface and not extending to the' 

concrete surface and therefore not visible at the outside surface. 

Goto (13) injected red ink into his specimens which were 

then sawn to examine the crack pattern as illustrated br Pig. 1.5. His 

experimental studies confbmed that numerous incl1ned cracks developed 

around the deformed bars within the concrete pris •• These cracks form 
~ 

canes with their apexes near th. bar luas and with their bas'. aenerally 
. , 

directed towarcis the nlarest prillary crack or towards th. specillen end. 

Accordin. to Goto. the formation of internaI cracks Ulually ,tarti ,at low 

steel stre.se. and ia influenced by the surface d.formations of th. rein-
- " ~ \ 

f01'tina bar. In the photolraphJ s~own in Fig. 1.S for the crack pattern 

after l'.oval of the reinforctna bar, the dark ar.as indicate that adhesion , 
between the steel and the concret. had be.n lOlt in tlle .. r'aions 1 AllO 1 t ' 

indlcates- that the -bond' b.tween the d.fo1'll.d bar and the concrete therefore 
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depend$ on the mechanieal resistance of the lugs and the frictional resis

tance between the concrete and the steel. 

Referrini to Fig. 1.6 a cOIIb ... like struct~e 15 fomed and it! teeth 

are deformed by the compressive forces transmitted through the bar lugs as 

the tensile force in the steel bar is incl'eased. These foreès ean be 

resolved into two components: 

(i) A component parallel to the bar axis tending to sheal' a eylinder 
J 

·of concrete, concentric with the bar deformations. 

(U) A radial component whi,ch tends to split the concrete lUe the 

burstina pressure in a ~e. ( 
Goto also noted that the complete relaxation of the extern~l ten

sUe load on ~h. steel bar after the formation of internaI cracks dots not 

retum the steel stress to zero. He concluded that, once the comb-like 

structure is deformed and undergoes plastic deformations, it do es not retum 

to its virain state even when the'stèel tensile foree is relaxed, due to, 

the interlockina friction at the surfaces of the internal cracks. 

Lutz, Gergely and Winter (15, 16) studied the fundllllental mechanism .. 
of bond transfer on machined bars and thèy'established that slips result 

from the aradual deterioration (crushing) of the concrete under the high . 
beuin. pressures and she.ring stresses applied by th. bar l'ibs. This 

conclusion, which ia generally ICCepted by other invest1gators, 1s not'in 

agreement with Houde and Mina', (17) recent findinas. Houde (18) tested 
"-

sixty-two concentric t.nsil.'specimens •• ach reinlorced with only one centr~l 

bar. Thineen of the tests were conducted on spec1Jaens reiJtlorctd with . 
special internally instrumented bars. Aiter testint, five 01 th. wtre 

\. saWft puaUtl to the bar axis to expose the ilaprint of th,' bar and .txaalnation 

i) " 
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" 



, 
~ 

1 • 'Ij 1 

1 • 

1 

t 

10 

of the sliced specimens revealed that the bar deformations were sharply 

stapeel into the concrete, as can be seen frœ Pia. 1. 7. There wu no 

de~ection of powdery &'HU on account of crus~ina under the rib pressure 

, . 

or polished surfaces du. to th. sliding of th. bar. Houde (18) concluded 

that the snp at the steel-concrete interface can be explalned br th. in

ternal crackina al the lirst layers of concrete surround~na the reinforcina 

bar and by bendina of th. saall concrete te.th of th. cœb-like structure 

idealized in Pia. 1.6. However, more basic research il needed in this are •• 

1.3.3 BOnd Stress-Slip Relationshie 

Barly investiaators and desianers al reinlorced concre~e recoanized 

that slip of the reinforc.ent had to be prevented in order to minaize 
, 1 

crackina, to develop floural and shearina 'strenaths and to maintaln the 

composite behaviour 01 reinforced concrete. Ther.fore in their bond tests, 

they deteminecl the slip values at one end of the bar at all loadina staaes, 

ln order to obtain the important load-slip history of the specimens • 

. ~ Clark (19) conducted sCIlle pull"out tests to check the influence of . 

bar deformations on the bo~d .fficieney of del01'lled bars. ~He testeel 7/8 in . 
(22.2 _) cU •• ter bu. with 11 cliff.rent patterns of defOl'llatiOllI, usina .. 

concrete specaen ofax 9 in (20.3 x 22.9 ca) in crois-section anel of two -
, 

lenathl. 8 in (20.3 ca) and 16 in (40.6 ca). He compued their load-.lip 

curv •• and concluded that helaht of d.fo~ations and-the inclination of the 

faci of the defol'llatioM wer. iIaportant factors in cleterainina the bond 

resistance, but not .the pattern of the deforaations. 

Nenlel (20) allo Usecl the "load-.llp" c:urYe .. a criterion lor, bond 

.l' r 

.. -- .. , , ~ " 
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efficieney when he showed the eff,ct of s,ttl.lnt of concrete on bond 

performance. Bresl~r and Bertero (10) conducted experiments on tension 

specimens under repeated laad and reported experimental results on bath 

the bond stress distribution and the .easured .bd-slip. 

Math.): & Watstein (9), frllll their investiaation of bond strenlths 

of bellls and pU,II-out specillleM, cansidered advisable to estabUsh limit1nl 

slip values in terms of max~ permissible crack widths in an effortito 

ensure that the reinforcement would not rust in an exposed situation. 
) 

They cansidered critical, a ,iven fraction of the uitilllate bond stress 

developed in a particular test. According to them this critical bond 

stress Dlay be definecl as the least of the bond stresses associated with 

either a free-end slip of 0.002 in (0.05 II1II) or a loaded-end slip of 0 .. 01 in 

(0.2S mm) in beam tests. 

On the other hand, with the advent of modern comput ers and the 
" 

development of finite el_ent techniqu,s, Dlany researchers have att.pted 

to slmulate mathematically the behaviour of reinfarcld concrete elaments 
, 

frOID zero load up to failure. 
o 

In arder to aodtl the bond condition. at 
, 

the steel-concrete interface, they tried to define a bond stre •• slip law 

of the fOrll: u - lIed) where u is the n~inal bond stress.ad P(d) il a 

function of the local 'bond slip d. 8y differentiatina both sides vith 

respect to d. they obtained the bond spring' stiffnes. which can be introcluced 

At the ,connect1na nodes between concrete and steel. 

Hibon (21, 22) used the results of Brider and Bertlro (l0) to de

rive a tentative bond strlss-sUp rllationship as follows. Th. difference 

bttwetn the local steel displac.ents ,ds ' and the local, concret. cH.plac_ents 

de aave the local bond ~1ip between the concrete and the steel who.e value 
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wu dlfficult to obtain experiaen a11y -(Pli. 1.8)--;-- H. obtainecl the steel 

displae .. ent by nuaerical !nt 'lbe 

eonprete displac~t.he face of the conoret., d ., was evaluatecl by 
, c , 

o ' '~ 
substraetinl the lIleasurecl slip at the eœs, d"', frcm the ,ste' displaeement 

1 at the salle location, ds"'. AssUlDinl the concrete stress ta vary line 

at a rate proportional to the rate of the stress- in the steel bar, the eon

crete displacement was expressed by the curve OP which devlated fra. the 

strallht line ON parabolieally (see Fi,S. 1~8a, 1.8b and I.Sc). Ke ealeu

lated the bond stress distribution along the lenlth of the bar fram the 
\ 

values of the steel stresses Ileasured at elosely spaceci locations and 0 

plott~ it alainst the local bond slip. 

Four sets of ~.ta were obtained tram the four nominally identical 

bond zones l, II, III, IV, and are reproduced in Fil. 1.9. In spite of 

the considerable scatter. Nilson (21, 22) fitted the followina third 

delTee polynomial to the data: 

u - (l.S) 

. ' 

Based on the results of th. res~ d&rried out by Tanner (23) ,. 

Hilson (24,0 25) derived the experiaental bond stress-slip curves, as shawn 

ln Fi,. LlO, u well as an idealiied bond stress-slip relationship wJ\ich 
\ 

II llnear up to the critical slip I.e., that slip where bond becOlos nearir 

eonltan~. The research involved three coneentric tension tests condueted 

on 6" x 6" x 18u (15.2 x 15.2 x 45.7 CIl) lona prisas reinforced with a lit 

(25.~ mm) di .. eter bar. Contrary to the results of NIO and Scordelis (26) 
J 

MUson (24) showed that far frca beina constJllt, the sUffit ... varilCl ' 

4" 
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c01lltantly with th~ bond stress which inçreased with slip up ta a certain 

aaxiJrœ value and then decreased prolressively • 
.., 

The recent work of Houde and Mirza (17) lives a more leneral 
o 1 

expression of the bonG stress-slip relations. The experillental pr0ll'IJI 

co~~ of study of th •• ffect of th. followinl paroaot ... : 

(i) the load level, 
, 

(ii) the size of the concrete restrainina the bar, 

(iii) the type of test, 

(iv) the quality of the coneretit, and 

(v) the bar size. 

Houde (18) ealculated local bond stresses for clifferat pull-out 

specillens reinforced with inst~ted. bars by .e&surina the, sIop.s o~\Jbe.ch 
-H 

bar force variation curve 'at uny load levels. At each of th_, espeeiaUy 

the hilher one, four values of the slopes were recordecl and ~veralecl. 

Slips of the b~s at th. s.a. locations, for known stress levels, were also 

eva,t.uated. Usina a correction factor, Houcl. noraalizec:l aU the curves ta 

a c~on conc~ete strenâth of 5,000 psi (34.5 NPa) and obtainecl the plot 

shown in Fia. 1.11 where the bond stress at the steel-concret. interface 

reached a maximum value corresponcliq ta, a slip of 0.0012" (0.03 .). 

Sefore this peak value is reached. Houde expressed the relatianship between 
1 

the boncl stress u, and the local slip, d, with the follow1na fourth-clel1'eè 

polynœlal: 

u _ 

~ , 

C01\truy ta Milson (24, aS) who obllrved tut the bOncl Itftil 1.e1 

Il 

, 
J 
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is -related to the distance frc. the end 'fac:e, Houeie did not note JUch a 

relationship and the.ax~ stress level was'attained at aIl locationa 'at 

a .axÙlUll slip value of 0.0012" (O.~ -l. His bond stress-slip relation

ship is thus applicable directly at any, point alona the bar. This consti-.. 
tute! a uaeful advanta,e in a finite element analysis where cracks progres-

, ~ 

si,vely appear in a rand_ unner under increasina loads. Put the peak 

point, the behaviour was found to Ifepend on the 'distance frai the end face. 

1.4 Variables Influencinc Bond Strenath 
\ 

Due to the coaplex nature of the phenœena actiq between steel 

reinforcement and concrete, bond strenath dep~ds on a areat nuaber of 

paraeters. There 15 a leneral qre.et __ 1.11 reseuchers on the 

qualitative influence of some of th. on bond strenath but it is still 
1 

difficult to cCllpUte c01'l'ectly their quantitative influence because of the 

diversity-of thé testing •• thods and of the difflculty of interpretina aany 

results. Por others, it is not euy to show s~a:rat~ly their influencë-on 

bond, ei ther because they act contrary to bond or tney &Ct directIy on "ch 

. other. Nevertheless, four _&in çattlories of variatiles ,can he distin-

auished: 

(il variables related to concrete. 

(li) variables related to st"l reiafare __ t. 

'CUi) variab,les related to speciaen ,ecaetry. 

(iv) variables related to types of te.ts. 

',' 

. , 
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1.4.1 Variables Related to Concrete 

1. 4 .1.1 Type of Concrete 

Tests haYle been done at Univer~itY of MisSQ~i (27) on li:ghtweight 

aggregage concrete to compare its bond characteristic5 with that of normal-1 _ 

weight concrete using plain and deformed bars,. These data c~ted by 

Ferguson (28) indicate that their mode of fa~lure is sOIIlewhat different. 

Roughly one-third of the bars, partic,ularly' the top-cast bars, pull-oUt 
, , 

withou~ splitting the concrete: a mode of failurewhich indicates tha~ in 

liiht~èight concrete ~ the lugs cruSh and shear the concrete instead of 

splitting it lib in n01'1ll&1 concrete • 

The first analysis of the data showed lower bond strengths for 'the 
.1 

lightweight concrete than for regular concrete. The ratio varies conside-

rably with the criterion selected, ranging from 87 percent when based on 
..• 

certain slip comparisons, to 64 percent when the average ultimate bond 
< 

values are considered. For this reason the Canadian and the American 

Building Codes (4,. S) recoaaend a 33\ increase in basic development length 

of deformed tiars in lightweight aggrelate concrete. 

The type of cement has received little attention from the researchers· 

but based on the work of tobline and Astrova~29) in Russia, the following 

concl~ions 'can be drawn: 
o 

a) For' p.lain bars, the Portland Puzzolan cement and the aodified 

Portland cement (au laitier) red1,lce bond frOGl 25-75\ compared to ordinary 

Portland cement. The type of aaaregate is not iIIportant and a decrease of' 

the water/cement ratio Ùlproves bond. 

b) For deformed bars, bond varies lianificantly wlth the quality of the 
~ -

, ' f' • 
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cement aand the nature of the aggregates. It increases with the amougt of 

grave 1 , but there is no unanimous agreement on the influence of the cement 

content on bond between steel and concrete. 

~ome experimenters like Davis, Brown, Kelly (30) studied the 

influence of the richness of mix on bond perfol'lllance. From their work. it 

is seen that. for the age of 28 days, for aIl t)les of cement. the bond 

strength at initial slip is less for the rich mix than for the. lean mix, 

while the maximum bond strength is greater for the rich mix than for the 

lean mix. Also for the lean mix» there is -li ttle difference between initial 

and maximum values and among the various cements these values are nearly 

constant; for the ria)l, mix there is a large difference b~tween initial and 

maximum values for -a given cement and among the several types of cement the 

differences both in bond strength at initial slip and in maximum bond 

strertgth are large. Menzel (20) showed the influence of cement content. 

fineness of cement and consistency of concrete on laad-slip relationships 

for companion top and bottom cast pull-out specimens. 

1.4.1.2 Methods,?' Platins Concrete 

" 
It 15 aeneraUr aareed that the compactne!s of concrete influences 
, 

bond between steel and concrete in a manner similar to iU influence on the 

",,-,compressive strenath. This compactness depends on the methods of placinl " 

the concrete: hand roddina. vibration, disturb~nce durina hardenina. delayod 

vibration etc:. 

Accordina to Lamach (31). direct 0 vibration at the Ume of concretinl 
\) 

does not haVe any ,ffoct. Bichara (32) noted that vibration ,ither lIIlproVtS 

l, 
, \, 

" 
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or reduces bond strength depending if the concrete is dry or saturated. 

Robinson (33. 34) 5tudied the effect of vibration and concluded that 

vibration of concrete decreased the differences due to the casting position 

of the bars in the specimens. Davis. Brown and Kelly (30) using vertical 

bars in their pull-out tests compared different methods of compaction: 

hand tamping. external vibration by means of a vibrating table and lnteTnal 

vibration with a 1 in (2.5 cm) diameter shait. They noted that external 

vibration increased the bond strengths just slightly over those obtained 

by hand tamping alone (10-12\) and that the percentage 15 &round 40\ with 

internaI vibration. The reason for this is not c1early evident but it 

seems possible that vibration may have produced a "remixing action" of 

the cement paste in the immediate vicinity of the bar, and that through 

this action was formed a maTe hODiogeneous paste structure at the contact 

surfaces. Roughly the same observations were made when the vibration was 

delayed for a period of 3 ta 9 hours. For effect of disturbances durina 

earlr hardening, Menzel (20) tried Many possibilities l11<e: 

(i) Specilllen allowed to settle for 10 minutes, then 5ubjected for 

14 hours ta mild vibrational disturbance of small motor claaped to mold 
ri 

table wi th shaft at right angles to reinforcing baT. The motor speed wu 

2650 RPM. 

(H) SpeciJaen allowed to settle for 1 hour and 20 minutei th~n 
~. 

reconsolidated by "rappinall each side of mold 20 tilDes and "r .. ina" and 

preuina concrete around top bar with end of stick 2 in (S.l CIl) square. 
", 
~ -

• 

- (iii~;. Spec1men cast with special stee,l lIoU and reroddec1 2 hours after, . 
placina the upper part of specimen. to conaolidate the concret. around the 

upper bar and to eliminate'lonaitudinal cracks fomed oveZ' thb, bar 10.inutes 

1 , ,. 
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after original placing. He conclu4ed that none had enQUlh influence to 

materially alter the bond resistance ln the correspondins undisturbed 

specimens. 

1.4.1.3 Bffect of Storage Conditions 

This category includes the storage condition besides the temperature r 
effeet and weathering conditions (freezing and thawing; wetting and drying). 

These parameters have been studied br n~erous international investigators: 

Davis and Kelly (30); Bichara (32). Monzel (20). Plowman (35). Koh (36) and 

.Robinson (33). All of them have the same general conclusion that bond 
o 

strength 1s more sensitive to certain factors than is the compressive strength. 

For examp1e Davis et al (30) showed from their experimental work 
Q 

that regardless of the duration of moist curing. the maximum bond strength for 

air stored specimens 15 greater by about 40\ that for the specimens maintained" 
û 

continuously moist. They also di~covered that bond strength is substantlally 

affected by either an 1ncrease or decrease in the room temperature. Their 
D 

tests are perhaps not sufficiently comprehensive to justify any conclusions, 

but the decrease in bond str~nith due either to a raisin, or lowerina of 
, -

temperature il ,ianificant and th!s suaaests more extensive investilations 

of temperat~re effects on bond strenath. 

Koh (36) and Davis et al (30) studied the effect of freez!na and 
~ 

thawin, at an tarl)' &ae on bond ,trenath of PU1.!-out specimens. They concludeci 

trOll the results of their"pull-o~t te.ts the fO,llowina: 
\ 

Th, maximum bond ~trenath i, s~b.tantially reduced by r'Pttitions 0 

of freez1nl and thawin, at an tarIr Il'. The ,ffect il lori ,ronounced 

, '1 ~ 
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1 
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when the concrete contains .ore water. The temperature durina the first 

three days of hardenina has a great influence. A thin layer of içe on th. 

surface of th, bar at the tilDe of ~~ncreting reduces the bond strenath 

considerably and defo'1'lled bars with good surface conditions are advantlleous 

for winter concrete. 

i', 

1. 4.1. 4 Strenlth of Concrete 

Thil parameter is considered of prime importance in. the developMnt 

of bond resistance and has received considerable attention frem many re-

searchers. It is generaUr agreed that the slip reslstance of steel l'lin-

forcement increas.s with the concrete strength for both, plain and deformed 
\ 

bars and for II\)' type of bond test. Davis et al (30) attributed this in-
o 

crease in slip resistance to the compressive strength of concrete, but later, 

with a better understanding of the lIlechanies of bond flUure, new inv.stiga

tors reali:r.ed that perhaps the tensil. str,ngth of ~oncr.te was lIlore critical. 
Q 

SOIIIe investigators (32, 37) are ev.n coflaiderina the shearinl strenath to 

have a s1gnificant effect on the bond perfo1'll&nce. 

Same investigators (33, 3a, 39, 40) have 'UJ.ested different equa

tions for the ulU.IIate bond strenath a. a lunction of the strenath of concr~ 

te. ln Burop. the aOlt cCIIIIIon one il the foUowina linll: variation: 
" 

(1.7) 

, . 

whe~. Ua and fI c reprùent 1'IIpecti.v.ly- th. bond ~tr .... th and th. concnt. . - - , 

c'aapre .. iv •• trengtbi k1 and 'kz ur .pl:rJcal CO.~lCl.ntl. which d.,.. ~ 

l' 
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th' type of bars, the1r cU •• t,r, _b.'nt l'nath and th, type of the t,st. 

Based on his data, F,rauson (41) estabUshed that the bond resis-
-. 

tanoe varied approximately as the square root of the compressive stt'enath 

and proposed the equation: 

- (1.8) 

The eff,et of the concrete strenath on the distribution of steel and, 

bond stress Along a reinforcina bar was inv,stiaated, in eccentt'ic pull-out 

specimens and in bellllS, by Perry (42) and lerry and Thœpson (43). SOIIe re

sults of the eccentric pull-out specimens are s~own in Pia. 1.12 for a bar 

tension of 8.4 kips (37.4 kN) at the loa4ed end.' One can note th, shiftina 

of the point of lIIaximum bond stress toward the unloaded end for the lower 

concrete strenaths. M the maximull bond stress was reachecl at sClie point 

alona the bar. the bar slipped and caustci the bond stress on the side of the 

loaded end to reduce araduallr to the value of frictional drq betwe.n the' 

bar and the conc.ret.. The point of lIIaxilaml bond stress il beUeved to be 

jUlt ahead of the propaaation of the splittina crack. 

U4.2 

1.4.2.1 affect of SUrfae. Condition! 

The bond ch&racttl'iat:lci of d.foraH bars do no"" tpp.ar to be 

adver.ely Iffeette! by varylnl d'Ire.. of .urflce l'UIt' or orciinar,y mil1 ,cIle. 

On the eêmtrary, it cu Ic~111 be ben.f:l.c:l.al to bémd. and it ia practicii 

to consider tut .etal reinforc •• t, IXCept pre.trtldna .tltl, vith l'UIt, 

-" 

Q 
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.ill scale or a cOlbination of both shall b. considerld as satisfactory, 

provided the unit weilht of • cleaned piece of bar .eets the ainiaua re

quirements of the Standard specifications. This was the conclusion drawu 

by K"il,l~ al. (44) alter an extensive series of bond tests on .tub-cantile

ver concrete be .. s reinforced with deformed bar. with co~~rolled varyinl 
, 

amounts of rust and .ill scale. They also found that it i. not necessary 

to clean or wipe the bar surface before usinl it in concrete construction. 

In a aivln rust aausina environment, the thicknels 01 the rult layer will 

be about the Slme "01' all bar sh... Therefore larler diameter bars. whicb r I, 

have hilher ribs, will be less affected by ru.t. Other t •• ts on artificial

ly rulted deformed reinforcina bars made by Ghaffarzadeh (45) at Univer.ity 

of Oklahoma, have txhibited varyina effects of ru.t on bond ,strenath but no 

slanlficant reduction.in the bond stren,th of moderately rusttd bar •• 

the bar. 

1.4.2.2 Bffect of Bar Profile. 

This is a more important pu.et'Il' th.n the surfact conclitiona of 

Accordin, to Bichara (32) who studltd tht tffect of the bar pro-

-file, bond a. a ch.icd &dhesion between .tltl and concrtt, do .. not deptnd 

on tht-.hap' and deformation. of th. bar. but l' a rt.t.tane, ta .lip, it 

1. Il'.atly-~feettd b1 th. bar profile.. Many investiaatorl have ana1yz" 
"-

~ . 
th' influence of bar protUt on bond .trqth: Mtnltl (46). Clark (l~, 47). 

Lutz'(48) Ind W11h .. tt al (4~). 

PtOi the ttst. rtpOrttd by Menltl (46), it appear. that pl11ft and 
, 

knurltcl bats pull throuah the pull-out .pteiatn. tilt Id but deforald bus 

elU.t fallurt by lonaitudinal ~littina. Xnufltcl bu. JMrtorll .. 11 qnly 
, 
\ 

. ' , 

i. r 
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as bottClll-cast bars. Abo Nenzel made lcae r.c-'ncll~ions with respect 

to close spacinl ~f lU,s to minimize th. effect of concrete IItU •• nt for 

vertical bars ancl lUi heiiht. spacina and thickne.s to furnish a proper 
1 

ratio of concrete sheu area to burina area. His suuestions have IreaUy 

influenced the formulation of the ASTM Specification. (50) for the defonaecl 

reinforcina bus presently used. 

Later, Clark (19, 41) conducted some tests to determine the re.is

tance to slip in concrete of 17 different desips of d.fomtel rtinforcina 

bars. The t.sts ~e of the pull-out type in which the 1/8 in (22.2 _) 
~ 

(, 

diaeter bars were cast in a horizontal position. Heiiht of d,forllations 

appears as ln important factor Il far as effect of concrete settl .. ent is 

concernecl. }he pattern of defOl"lllaUons doe. not selll ta be of importance 

in dtt'tminina the bond resistanc., but the slop. of the lUiS appears to be , 
a critical factor. As suaaestad by Menzel (46), Clark (47) also lound 

~ . 
that ratios of shearinl areu to bearina areas of le .. than 10 lave best 

reluIts. 

, , 

" 

) 

Wilhtla et al (49) eonducttd a reeent study of the, comparative bond ,; 'k' 

tffiei.ncy of reinforcina bars with bei,htl and'Ipac~na. of d.f~tionl 

cliff.rina from th. AS'lN Specification.. The purpOI' of the .tudy w.. to 

cleteraine if th. hellht of deforutionl couicl be lov.rtel at & rtlat~v.ly 
• 

reductd Ipaein, wlthout advers4!ly afflctilll b,nd .trlnath. It wu tound 

that. chaq.. in d.formation h.l,ht do not affect boncl .trenath ltanitlcantly 

providtd the total bearina ar.a .,.r unit leqth ot the bar 11 the ..... 

Henee, the work of the pllt few year. lead. on.' ta the conclusion 

that the bearin, arll pel" unit 1eqth of bar il pl:'obably the erlt,lcal bond 

.trtnath paru.ter. .for r.infol"cina bU' deforll.tl~ •• wlth th. requ1r •• nt 1 
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that the fac, Qll' be not less than 4S d'Irees. Heilht and sp.cinl of 
-...; 

defol'll.tion. are iàportant in the c •• e of specim.nl with bottca-cast bars 

only. in.ofar al they affect th. beuina aro •• 

1.4.2.3 8ffect of Bar Di .. oter 

Many authors have usea either the pull-out tests or the b ... telts 

to stucly the influence of th. bar dideter on bond str'nath. In Ica. te.tl, 

the embedaent lenath 1. held constant while the di .. eter of the bar varies, 

~ and in others th. raUo of embedment lenlth over the bar di •• ter 11 held 

constant. Neverthelesl, r.sults differ ar •• t1y dependina on the authors. . , 
1 

8emander (51) and Robinlon (33) fram their pul1~out tests on pl.in and 

deformed bars conclucled th.t practically, the bar di .. et.r do.s not h.ve any 

influ.nee on bond Itrenath. Aeeordinl to reports frCII Dj abry (52). JonlSon 

et al (40) and Voellly and BlI'nldi (53) obs.rv.tion. w.r • .ade that in the 

majority of the ca ••• th. bond, Itr'nath v.1u.s d,er"led with an iner •••• 

in the bar diu.ter for a ,lv.n Iteabec:ba.nt l'nath ov.r di .. ettr" ratio. 

Thi. d.cr •••• 11 l •• '~ for plain bu. thaa for d.foraed bar.. Howev.r, th.r. 
. .. 

is no unanimit)' on an expression of , •• ra1 vaUdit)' which varies with the 

e iuthor.. P.rauaOft.t.l (41, 54), Ihowed that 'th. slip. of lar,. bars w.r. 

sam.whàt ar.at.r th.n tho •• " .. al1.r bars, and tha~ iner.a.ed loaded-end 

slip for lar,. b.rl. rouahl)' ~n proportion to th.ir di ... t.rs, app •• rld to 
, 

be • r.asonabl. approxim.tion. 

" ')' ,: , .. ,' , 
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1.4.2.4 Bfflct of Babedaent L.nlth 

Usina pull-out, and f1exural tests, uny investiaatorl have verified 

tut bond stress 11 primarly a function of lenath rather tban of the bar she. 
/ ' 

Math.y and Watstein (9) determined bond strenaths in 18 beaes and 18 pull-out 
o 

specimens with No. 4 (12.7 ma) and No, 8 (2S~4 mm) deformed r~inforcinl bars 

of hiah yield strenatb. The lenaths of embedment ranaed frQlll 7 in (17.8 cm) 

ta 11 in (43.2 cm) for No. 4 bars (12.7 mm) and from 7 in (11.8 cm) to 34 in 

(86.4 cm) for No. 8 (25.4 mm) bars. Pia. 1.13 (9) shows clearly that~oth 

U.,l and u·c decrease witb an increasina le / ~ for a aiven bar size. Poi' 

example, u·c decreases fram 1170 psi (8.1 NPa) to 530 psi (3.7 MPI) for the 

No. 4 (12.7 mm) bars, and from 650 psi (4.5 NPa) to 470 psi (3.2 NPa) for 

the No. 8 (25.4 mm) bars, as le 1 ~ inc:ease. trom 14 to 34. It may be 

notec:l that the valu.s of u· c for the two sbe bars approach each other as 

le 1 ~ incr.ases. Also, Pia. 1.14 (9) shows the relationships between 

(f.) c and le / ~ and indicates that it il possible to dev.lop a steel stress 

of about 70,000 psi (482.1 NPa) with a l4-di .. eter .. bedaent of NO. 4 (12.1 
, 

~" 

mm) bars wh.reas a 34·diameter .. bedaent i. requirtd with No. 8 (25.4 mm) 

bars to dev.lop an averaae stress of about 66,000 'Si (455.1 NPI). In 

thes. two fiaures: 
, 

U.,l' u· c - aaxillwa bond strlS. and crlU,cll bond .t~ess &cljUited br -multiplyinl by a factor fic 1 fic 

f' c - averale coner.t. cœpr'1I1vI .trtnlth of. a Il' 

contalninl the .... lill bar 

ofb .... 

i 1 
C 

l' 

\ 
_. concr.t. cœprlSl1 ve .ttenath 

\ 
critical bond st: ... which 11 th., 1 .... 1' of th. 1:wO valui 

of bond atre •• corrllpondina to a loac!td-encl Ilip of 

• " .... w ~ 1. 

-,\ 
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0.01 in (O. 2S 1DIl~ and a fr.e- .nd slip of 0.002 in (O. OS II1II) 

(fs)e - steol stress correspondin to Uc 
le - eab,daent lenlth 

~ - nominal diameter of the stetl bar 

Perfuson and Thompson (41) pl' erreel beas tests to study the elfects 

of uveral variables on bond strenath ineludlng emb.ent len.th. They und 

malnly hlah yield strength No. 7 (22.~ mm). No. 3 (9.5 mm) and No, 11 (35.8 

mm) bars with beams of varyinl cross-section dimensions in order to achieve 
. . 

a bond type of failure. Fia. 1.15 shows some of the results obtained by 

Perauson and Thompson (41) for U.,2', with varyina embedment fen.ths. In 

Pla. 1.15 ~;2 is the maximum bond stress adjusted ta a concrete compre~slve 

strenath of 3300 p~i (22.8 NPa) and a clear bar cover of 1.5 in (3.8 cm). 

They concluded that the bond stress decreased with an increasinl embedment 

lenlth. Neverthele.s, th!, are. needs further study; because recent tests 
o 

on beams by Untraulr and Warren (55) show that the ultimate bond stress ,.. .. ,J 

incr.ased with an iner.as. in th. embedm.nt l.nath. 
a 

~.4.2.S Bffect of D.ta11in, 

R.cent t,'ts bY M.aa.t and Park (56) on txterior b ... ·coluan joint. 

lndiclt. that th. .abtdment l.n,th of th. b, .. r.lnfor~ ... nt il .xtr ... ly 

iaportant in d't,rainin, th. -perfo1'llanc. of th. bt.-colUlll1l joint under 

, ' .. 1I.l~ IOlcl.. 'Pl.'Ga th. work of PtrlUlon ancl ThQ!'plon (41), it appears 

thlt end anchorll' br extra l.n,thl .1th.r Itrli,ht or hooked 11 1' ••• onablY 

,ood but i t uluilly r~c.. th. IvaUlbl. 'bond strl.. 0~1Z' th. tnUn ltn,th 
, ' 

. br IpproxiJIatlly 7 to 24', th, '111'111.' rtcll.lction. btlnt fo~ th' hooked bar •• 

,.f " " 

1 

',1 

, . , ' 
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nevelopment lenith must therefore be longer if part of the lenBth is in 

the form of end anchorase. As noted br Hri&ar and Vasko (57), the inclu

sion of compressive stre.~.~ .~s a factor in the bond strength of bent bars, 

produces some marked differences between the behaviour of straiaht bar 

embedments and hooked bars of &quaI embedded length. The position of the 

bar relative ta the direction of concrete cast~n, has a Breat influence on 

the slip behaviour of hooked bars as reported by Rehm (58). 

FerfUson (41), Brooks '59) and a1so Perauson and Husain (60) studied 

the effect of multiple ellt-offs. Their results illustrate" the diagonal 

tension complications which are always incident to cuttin, off tension steel 

in a tension zone where sorne ~easonable shear stress already e~ists. ' 

Apparentl~ effective development for the multiple eut-off would calI for at 

least 30\ more length than for continuous'bars. 

Tests on tension splices (61, 62, 63, 64, 65) reveal that the danaer 

of concrete splittini i. particularly areat in the vicinity of"tension splices~ 

It was observed that'the free ends of spliced bars fOTm sources of discanti

nulty and let as crac~ initiators across a tension zone which in turn trigger 

splittina cracks. Tests at the Univlrslties of Oklahoma (66) and COlorado 
\ 

(67) Ihow that for No. Il bars, the ACt Code spli~e lenBths are conservativ •• 
j 

Th.y allO show thlt splie.s in a varying .om~nt resion required less •• bed-

•• nt lenith than prescribed. pOls1bly becausf one end il at a low~r stresl. 

~OIPresllon Iplices haVe not r.ce1ved as much' attention as tension Ipliees. 

how.ver the limited test data (68) illustrate. that bearins aaainst the ~nd 

of th. bar .trength.ns the .plle. whlch ha •• beneficial .ffeet on bond. 
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1.4.3 Variables Related to Spect.en Geo.etrf -
As r.s.arch.rs are l.tt1na a batter und.rstandinl of the natur. of 

bond stren,th th.y r.alize the priae iIlportance of th. paraeters in this 

,roup which includ..s: 

1.4.3.1 Bff.ct o~ Shape and Dimensions of Speciaens 

Bichar~ (32) showed that the be .. width does not have any effect on 

bond as ,it varies fl'a., 6 to 12 inch., pS.2 to 30.S CIl). Many, r.ltuchers 

'do not aaree with th!s conclusion. PloWilan (35) found that bond l'esl.tanc. 

varies with the ratio of the b •• width to th. bar diaeter. Voelllly and 
\ 

'\ aemadi (53) believe that the shap. and dill.nsions of the specilÎens affe~t 

bond b.haviour. Th. work of Perpsod and Thoapson (41) prove4 that the 
\ ' 

width of the b ... · has a cleoisive .tfect 01,\, the type of failure: bond 

splittini or dialonal tension. Purther stucly of his data showed that the 

be .. width 'was still a critica1 faètor .ven wh.n th. failure w~ in sp1ittinl. 

In fact narfower b.als failed at bond stresi values 7 to 20 ~ t low.r 

than wid.r ,be... This can b. explainecl by the hiper dlqonal ten Ion 

stresse. whicb r'luIt, po •• iblY becag,e of th .... 11.1' lat.ral resist ce to 
': 

spl1ttina provlded by th. nar;rowel' b ..... 

Pi,. 1.16 illu.trate. th. variation of bond .tr'ftlth with the b ... 

wiclth IS d.fived by PerlUson and Thcç.on (41), Laœitzen (69) and Ber~ 

(70) • In Pia. '1.16,1 1. il the _bedaent l .... t}l ,and Q il the ratio of 

"-,b 1 U.,18 wh.re "m,b b the auDua bond st~es. for. be .. of width ,b and· 

Ua,la is th. maxtmum bond str ••• for & b ... , 18 ln (45.7 ca) ~ld~. , It 'is 

cl.u that th, variation ln b ... width 11 aor. ,el'toua when th. "'tIlt,. 
, " 

=. 
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length is shorti" which 15 reasonabl, because & short length aives hiah bond 

stress and, resul ts in larger shear stress. Recently Untrauel' and Warren 

(55) reported that the tffect of the be .. w~dth On tension steel stress 

development and ul taat. bond, stress 15 very sianificant and thàt wider beus 

develop less stoel stress than the narrower be .. s. 

" 

1.4.3.2 Bffect of Bar Cover 

Investiaations at the University of Texas on development length of 

No. 3, No. 7, No. 11 (9.,5, 22.2',,35.8 _) bars have indicated the cleu cover 

over the bar to be an important variable. Clear cover thickness influences , , 

slip resistanee an~_lar8' cover results in,smaller end slip. Clear cover 

over a relnforcina bar 15 a1so significant in-connec\ion with splitting 
\\ 

, " 
resistance. Accordini to Robinson (33) it 15 due ta ~e qua lit y of the 

, ~ 

concrete cover which. when it is thin, ls weak because of side effeets 

(6ffots de paroi). Thin conr can spUt easlly; very thick cover ean 

greatly delay splittina if bars are not too closely spaced laterally. Piaure 
l , 

1.17 from Reference (41) indicates an approximate inerease of bond ,stress of 
• c 

100 psi (0.7 NPa) pel' in (2.5 cm) of cover. In this Fiaure u..,3 l'epresents 
1 

the aax~ bond stress adjusted to a concrete cOipressive strtnath of 3300 

psi (22.8 NPa). 
~ 

However the iIIlproved bond performance is not proportional to the 

additional c9ver thickness and it ~s not eeonaaical to inertase ~nd strenath 

,by increa.!na the ~over t~ic:kneJS. For IU,_ .be bus, th.~ benefieial 

tfflet b not ver.y'·si,nlfieant. For tbese bars, the effect on the f01'lUtion 

~d widths o~acks under service lold conclitionl ia t~. lov.mina Cl'iter101l 

, ' 

.. 
" 
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in selecting an appropriate value for al10wable average bond st~esses. 
, ~ 

Extra cover do es not provide protection against excessive su~face crack 

widths. From research progr8l\ls condutted at the Cement and Concrete 
, ..:l .) 

Association in London (71), it appears that medi~ size top bars benefit 
. , , '\ 

Diore front the added cover as indicated by Fig. 1.18. When dowel a~tion 
. , 

affects bond, the influence of cove! on crack formation and splitting resis-

tance is eliminated. 

1.4.3.3 Effect of Bar Spaeins 
f C1 

i 0 

In the early development of'the n~ture of bond strength. ~,r~on, 
, 

Turpin and Thœpson (12) realized, from theïr tests on pull-out and- bpam 
, 1 

l' 

specimens, that the maxtmu. bond stress increased approximately lineariy with 

the clear spacing of the bars. Neglected later by most researchers. the 

claar bar spaeing is not even eonsidered in the development length equation 

in the present Canadian and American Building COdes (4, 5). More recentIy, 
• 

~ , 

Orangun, Jirsa and Bteen (73) der~ved a proposed equ~tion for calculatina 

development an~ ~plice 'lengths, from a nonlinear regression analysis of many 

test results of beams with lap\~plices. , The effect of cleu bar 'paeina 1s 
• > , 

include4 in their equ~tion as weIl as the thickness of the concrete cover. 

Later, Üntrauer and warr~ (55) pr~~ented sœe data on ,the effect of .bar 

spacing, whlch was obtaln~ frOli ,tests on 27 beas. They found t~at bu: ~ 
, 

spacina has a sianilieant influence on the stt'ess that can obe developed in 

the tension steel. Thls i~ illustrated in Fi,. 1.19. Based on ,the. resu~ts 

9f thest two reportaI Perauson (14) .. phashed that if the, clear spa,cina 
< J /, ' 'r 

between bars i5 le~s than.4 in, (10.2 cm), th. present ACI.8uildiua COde 

", 

" 
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development' lengths for Grade 60 bars, and possibly Grade 40, are not con'· 

servative. Further study of this phenomenon is needed. 

1.4.3.4 Bffect of Transverse Reinforcement 

Transverse reinforcement in the form of stirrups, particularly when 

closely spaced. slows the propagation of a splitting crack or prevents the 

opening of cracks that form along embedded bars and enables greater bond 

forces to be transmitted. Stirrups cannot prevent splitting cracks, which 

always form when large bars are used in beams, but they enable frictional 

-'foices to be transferred along tha cracks. Stirrups reslst dowel forces 

directly /Uld transfer them into the body of the be8lp, greatly reducing the ... 

importance of splitting stresses developed by dowel action across the plane 

of the bars. Ulttmate bond strength of the beam is little influenced by 

the st~rrups if they are simply adequat' for the expected shear, although 

toughness of the b.am is consid.rably ~roved. If hOwev.r surplus of 

stirrups are present, ultimate bond strength 15 conslderably increas.d 
, 1 

because the stirrups can similtaneously perform the functions of sheu re~n

forcement. split retarder and precluder of dowel action. These observations 

. ar'. reported by many Buropean investigators (34, 35, 7S, 76) and are in 

aener.l agr~ement with the findings of Perguson et d. Howev.r fram their 

tests, perauson et al (41, 72, 77) h.ve b.en unable to show satisfactorily 
• , l~ (1 

the quantitative incre~e of bond strenith wlth increase of the stirrups 

ratio r; d.finod 1. the ratio of vertical shear reinforc"fQt area to the 
" 

arolS concrete area of a horizontal section. -Neverthelell. he noted a boncl 

ostrtnl~ ~ncrease of aboût 18 pli (0.12 NPa) with,e.ch O.OOOt incr .... in r 
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(Pla. 1.20.). 

Also it i5 clear from the test results reported by Tepfers (61), 

Robinson (34) and others that transverse steel tmproves ductility of the 

anchorage. Oranaun, Jirsa and Breen'.s (73) proposed equations show a 

considerable reduction in the development lenlth with the addition of 
, 

stirrups. Bond resistance setms to be tmproved by the presence of spirals 

over the bars. However this il not cOIIIIIonly u .. d and thb area is inade

quately exp~9red experimentally. 
l> ~._ 

1.4.3.5 Sffect of Castinl Position of Bar 
. "' 

Several researchers have studled the importance 01 the bar position and 
1:1> 

type of attachment with respect to bond strenath. Davis et al (30), Clark , 
(19), Menzel (20), Outron (78) and lehm (58), who were the first to present 

a report 4f their work on .ettl.ont of concrete. talM thre. dilieront pull

out specimens ~ 

(i) Specimens with vertical reinfore.ent. 

(il) Specimens w!th horizontal roinforc .. ent cast at the bottOi of 

the fOflllWork: Itbottom-caat" Ipecilll~. 

(ii1) Specimens with horizontal reinforcem.nt clat at the top 01 the 

fot'llWorlc.: "të)p-c&lt" .peciJaenl. 

Leonhardt (79), Soretz (80) ancl Perauton (28, $4) pref.nad th. be. 

telt. wlth th. bars Calt horlzontally e\ther It the botta. or at the top 

of the b .... , Th,., ~nv •• tila~r. Ob.e~ the pOOl' bo~d performance 01 

lame bar., dut to th.ir ca.tlnl po.it~on. 

Th. IbOY' inve.ti~at:1on. ltd to the conclualon tbat th, •• tU_eut 

,. 
, , 
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of concrete in the forms, left the concrete better consolidated on top of 

the lUiS of the vertical bar than beneath the lUiS. The slip and the 

ultimlte bond re5istance w.re thus more favorable when the bar was pulled 

aaainst the direction of casting of the concrete than in the opposite direc-

tion. Likewise, a horizontal bar has better consolidated concrete above the 

bar than under it. Accordina to Clark (19~, Menzel (20) and DIvis et al (30), 
Ji<" 

these can be cl~sified in the sequence of decreasina str8naths as followl: 

a) Vertical bar pulled in a direction opposite to tbat of castinl. 

b) Horizontal bottom-cast bar. 

c) Horizontal top-cast bar. 

d) Vertical bar pulled in the same direction as casting. 

From their pull-out tests. FerJUson et al (28, 54) observed a liani

ficant dilference in slip behaviour between top-cast and bottom-cast bar.' 

Top-clst bars sU.pped at th, unloaded end at very low loadl and thtn continutd 

to accept IIlUch more load& Bottom-cast bars ~d not sUp at tht unloaded end 

until almost at their ultimate load. o 

The American and Canadian Code. (4, 5) dtfin' "top-baril al a hori-, 

zontal bar sa placed that' Dlore th~ 12 in (30.5 CIl) of concrete il cast 

below the bar. Based on Clark'. experillental work (ID), th, .. Cod .. reco,-

nize a 101t of bond strtnath for top-ca.t barl. of approx:1llately 30\ and 
" , . 

recomatnd an 1nc~,aled dtvelopatnt Itn.~h of 1.4 Id- Id b.~nl the diVtl0Jatnt 

lenlth for the bottO!l-ca.t bar.. In rec.nt ttlU w1th concrete dtpth. of 

12 to 18 in (30.5 to 4S. 1 ~) btlow the b&l'l, thil 10" w" ob"1'Vtd ta be 

d1rtctly rllattd to the dilieranc. in th. tenl11t .tl'tnlthl of the conOl'ttt 

in the v1cinlty of th, top and th, botiOl-ca.t bar. and w .. of the order' of' 
/g 

\, 

" 

1 \' 
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10 to 20'. This repTtllnts 1 con.iderable .catttr and the III&lnltudt ot the 
. Cl 

10" of bond. is thu., nct vtry well elocutnttcl and further experi •• ntd work 

is nec.nary, before th. dedaner cln re.lly know what bond strenath 11 , . 
possible fow top bars ln ordlnary cast-ln-plact concrete menbers of standard 

and hlah depthl. This i. an important probl'tm wh.n one considera tht trlDlln" 

dous lIDOunt of pOllibh .avina' lnvolvtd in the ltnlthl of the r.intorcina 

suel Ultcl. 

1.4.4 Variabl .. Rtlahd to TYpes of Tilts 

AlthoU,h th •• , p,ramtt.r. d ••• rvt , ar.at d.al of con.iel.fation, 

o thty have not rtceive IllUch attention ln the tarUII' bond Ituditl. Thil 

d.ficiency may b, .xplained br the dlfflculty involved ln lnalYl1nl thtir 

.ffect on bond .trtn,th. Th ••• par .. ettr. Irt! 
....... 

1.4.4 Ll Tn .. of Stnact\ll'Il Mebtr. 
; 

Tht bond. )robl. ln allb •• connect1onl. buck.t., corbell Ind.· 

txtr •• ly ~hort cantUtver. 11 'luite cUft.rtnt, trOll that ln convenUonal 

puU-out and tlexural •• ber.. Howtver' there i. 1 llck ot data in th1. 

~ art'. Mortovtr. thert 11 a IClrc:l.ty of data on, bond charlcttr:l.ltlc bttwt.n 

roUtcl .tructur,·l Iu.l .teUon. &Nl concrlte. Thil typt of bonèl 11 iapar-, 

tint ln th. citl1an of" co.pol1tt Itruct\ll'al •• b.rl ln ol'dtr ta a .. um. coapo-

.... , .. _ ....... _ 'wI<O 

tite IcUon of tuCh 1 ;tfuctural unit • 
1 - . 

. ' \ 
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1.4.4.2 State of Str ••• of Concrete 

The loadina Iconditions influence the state of stres. of the concrete 
\ 

and have a considerable effect on th, bond b,tween the ste.l and, the concrete. 

In thi. respe~t, difitrent research works have shown some marked differenee. 

between the results of the pull-out and the beam testa. ~owlvêr, the effect 

of transverse compression or tension which exists in beam-column connections 

and other structural element. has not beln well documented yet, Similarly 

the effect of shear on bond is not well known, because ~t of the beam tests 

hJve considered only th, portion of the beams under con.tant moment ria ion 

which i. a case'of pure flexure. 

Bond fatiaue ia anoth.r are. not thorouahly explor.d in reslarch. 

Bond fltiaue i, thl p~re.sive det.rioration of bond and the slip of tenlil, 

rtinforc.ment under sOIe form of rlpetitivt and sustaintd loadin. and carr' 
"-

lead to collapll of the concrlte member. Howlvtr. even without comp'lete 

t.ilure, prolrl.sivl slip is of particular importance in rilid trame buildins', 

,whlra it relults in prolrls~ive d,terioration of the flexurl!, .tiffne ... 
\ 

Some flUlue tests (81, 82) on l'einforeed conerete spicimtns"havi ex .. inld 

the bond problemJ but have not lua.e1ttd a con.iatent ba,i. for a .pecifica-
j 

tion to pr.vent bond tati",e. Thus i t 11 neelllary to eonduet mort re .. arch 

in thl ar.. ot bond fallur. du. to rtp.ated and .u.taintd load. and to lnvl'-
"- ' 

tilat, th. r •• pon •• ot\critical portion, of .trùcture •• uch a •• pliee r.,ion. 

and cdnn.ctlonii 

'1.4.4.3 R'P.aS.d end Crelle RIYer.in. Lold&DI , 
Thil 11 an iiportant par.IUr whlch aff.et,' not only th •• t1ltn ••• 

, , . 

, ' 
,""'~ 1 

,"" .. 
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but a1so th. strenath of the structural member. Whtn a rtinforced concrete 

member il subjected to repeated and cyc1ic rev.rsina loldin •• cracks formed 

durina the tens1'onina of a bar do not clo •• complet.ly alt.r th. remov.l of 

the lo&d bec.use th. Inelastic d.formation in th. vicinity of the ribs, 

microcrakina in the concr.t. and the r.1 •••• of shrink.,. strains cau. •• 00e 

peraanent slip. With r.ptated lo&dina, t~' frictional re.iltanc. dimini.ht., 

resultina in a deterioration of the .tiffn.l. of the bond m.chan!... Thi. 

lOI' in bond has be.n obstrved by Bresler and aertero (10) fram thtir c.re

fully inltrumented experimentl. Recently IsuU and J1r.a (83, 84) obatntel 

yield penttration under cyclic overload to a dl.tanc. of 14 ta 18 b.r di .. tters 

when the concret. in th. anchora,1 Ion. w •• stmultlneou.ly .ubjected to 1000 

psi (6.9 HPa) tranaver'i coapr.l.ion. Piaure 1.21 show. tht ten.ilt .tr.ln 

distribution at two level. of stre •• alona 1 16 in (40.6 ca) lenath of diformed 

bar No. 9 (28.6 mm) embedd.d in a 6 in (15.2 CI) di .. tttr concrete cylinder 
'-

, 

after cycUc 10adlnl. Thil il l'epre .. ntative of th. bond condition. around 

a blr in a beam under pure fltxure, when crack •• 1'1 ,plcld It 8 in (20.3 cm) 
\ \ 

center.. The curv.a illu.tr.te quitl w.ll \the lOI. of bond betwe.n cr.ck. 

after a.verll -cycle. of loadin. a. the ten.ile atre'l tend. ta beco.e unitora 

over th. full ltnlth- of the bar. Thi. 1011 of bond contr:l.bute. to the ov.r-
d=' 

.. 11 lOI' of st:l.ftne •• in a reinforced concrete ItruÇtvl. Perry and Juncl1 
\ " , " 

(85) reported that in th,ir te.t. 80' of the ultiaat •• t.tic .trenath w •• 
1 

.ttained alter Itver.l hundred loacl cycle.. Nevarthtl ... , thil prob1. 
" , 

nlldl furth.r IXllin.tion. 

..... 

'. 

, . 
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, \ 

AI dilcu .. ed. IlrU.r, th. _btcIm.nt- Itnath and the "top-bar" .ff.c:t 

h~v. a .ipificant ,influence on th. bond .trensth and dtlerv. fuzothft 

" quantitltive explrt.entll inve.tiSltion. The objective. ot th. pr •• ent 

inv.stisation are ~o .. k, u •• of 1 pra~tical'and relli.tic, bond tilt and, 

br vlryinl th. _btda.t l'nathl of th. t .. t blr: , 

(i) to an.ly •• th. ov.rall b~hlvlour of .p.cta.n. hlvins top vlr.u. 

bottOll-.cut -bar. fl'GII .ero 101d t9 la11ul'l and to, tvllultl their rtlptetive 

'ul tillatl bond .trellitha. 

(i1) to an.ly.. th. di.tribution of int.rnal .tr_ln. for both top 

and bott.-cut bu. Incl li,o th. dut2"1but1on 01 bond .tr..... in bOth 

c .... a. t1\. Ipplild load. 11'1 iner.a.ed trOll Uro unUl '-11urt. 

(il1) to point out any b .. ic dilf,r.nci' in .trensth and b.hâviour of 

Ipteil'JlI and cGÇll'e th. r.lUlt. obtainld with thl current Cod. pl'Ovblont 

and pr~ltd recaII.ndltion. of Jlrl. et Il (7S). 

, " 
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Qualitativ. Load-Slip R.lation'hip (16) 
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D.tQ1'IItcl Concr.t. B.twe.n. Trlnlver .. Crick. of-
1 1"1\lion tot.ber (16) 

n •• l, -tonc".t. 
lntll'f.c. 

, ' 

dr.ok ria. 

l ' 

,,"iM',,~. TtI\.l.~. Stl",,, It -St •• 1·C:Onc~.tt 
1ft'.'"' in Axial1y R.infotctcl concret. hll1l 
lubj.o,td to Ten.ion (10) '-- ... -

~ • l ' 
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t '" r-J'\ \ ,..'1'. 

, " . "~~, " . \ '\...,. 

(.) Sp.cimen vith 0.75" (l,9~) 1.intorcin9 Bar 

'1 • ,"'" 

• ' ( ,-, 4~ '" • .... • _,:o., 

• ,". " .' '. ',.' .• l~~ 
. " " l' ' " 

'+'II j , 

(b) Sp.ctm.n after th. a.nof'..l of th. 1t.1ntorCl1n9 Bar 

~ tlo..\,..';::, \ .' ~ ........ "" ' ',#!!A. .... 
1 

;~~\~ 'if\,' ' ' '. 1 ~. :'J,~' \~';2:': .' 

(a) Specim.n vith 1.26" (3~a CIII\) Ittlnfol'c1ntl I.r 

-
Photo,raph* of the Inttrnal Crick Pattern, of 
Goto'. AxlaU1 Loaded T.aUe SptCiI"" (1S) 
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cro.. Section .. _-....... ------

Internally cracked 
concret. .one 

T1ght.ning foret on ~r 
(du'oto ;. action an4 
cSeformat on of t'eth of ; 
the comb l1k. Itructurt) 

Deform.tion of Concrete Aro~d Reinforcina Steel Bar after 
Formation of Intern&l Cracks (13). , 

'ia- 1.7 
, ; , 

Photo'l'lph of the Int,rior of Houd' t. Aliall, Loaùc1 
T'n'U, Special.n '10 ait.:, Sa.i.1II '(11)' 
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Dhtance from centre of 8100lt (ca) " 

1 

/ 
, , 

, ' 

/ 
.II (IV) 

Diltance frOIl centre ot Block (in.) , 0 , 

(e) 

(b) 

Diltance trOll Ki.4dlè Plane (OII) race of COncrete 

4 6 8 

conc. cU1F1. 40 

3 4' 

D~.tu.ce trcl\ M1441, Plane U.n.) 
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, 1 

( 

0 
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'IDeal a:and Slip x 1.0 .... , cm 
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Pil_ 1.9 Nilson's Experiaental aond Stress-Slip Cune (22) c 
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SÜ.p x 10·1t , CIl 
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CHAPTBR II 

CHOIe! OP BXPBRIMBNTAL BOND TSST 

2.1 R.quirpnt! ,of a Bond T"t 

An .valuaUon, by m!ll\b.r. ot ACI COlllllitt .. 408 of th. r.quir •• nu 

of a bond t.'t, l.d to th. tOllowlnl alft.rll aonclu.ion.: 

(1) Th. bond t.lt .peeiltn lUit .imulat. l' elo •• ly 1. polllb1. th. 

Ictull mlnn.r-ot loadina in 1 concr.t •• tructur •• 

(11) Th. bond t.,t Ip.eim.n mUlt contain a r •• li.tle lIOunt of rtln

toretm.nt with • r ••• onabl. blr .paeina Ind eoncr.t. cov.r. 

(111) Th. bond t.,t I"ci •• n mu.t contlin 'OI~ .h.ar r.lnforc ... nt and 

IU.t avoid th. confln ••• nt .ff.ct of th. 10~a .y.t.~ Ind th. r'lction , . 

which influ.nc. bond. 

Uv) Th. bond t .. t lUit b. inlxpen.lv. and lilph. 

ln th.'llaht of thl abov. r.quir~.nt. th •• ~l.tlna bon4 t •• tin • 

•• tbodl will bl IXllln.d in 1011 dttlll b.'ort 4tOldift. on th~ bond t.tt 

which will b. u.t4 in,thi •• xp.~t.tntal 1""lrc~ pro., ... l ' 

'1 

2.2 txp •• of I~ T •• t. 

,~ obviou. 1'11.ona of .tlpliaity, ii wou~. b, .,.1Jtbl. to •• tl

bilth • ".uMaR .itheMI of bn tt.Un.... HOWlYtr, tl\b~. Mt, an "'Y 
'" / ' 

t •• ~ YVitw 'Of thl un~ varllb'll. whioh. ln'l\ltft~~ th. utlbl' boftd·.tt~th, 
, ~th. vulOUI phY""I' clin' ..... unif •• itel at 'bOll4l I.Uut--, fti. il 

.< q' 1 • '" • ri , '1) \ ~ " -~' • 
, , ) 
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the rl •• on wh)' •• urvl)' 01 the I1t.ratur. indlc.t •• a prol1~lr.tio~ of th' , , 

typ •• of bond t •• t. u •• d by dilt.ent lnve.tl.ator.. Th.)' can b. 'J'QUp.d 

lnto ti V,I maln eatt'ori ... 

(i) the pull-out tl.t. 

(ii) the pu.h-out tl~t. 

(111) the axial t.n.1on tI.t., 

(iv) th. b ... te.t. (fltxural t •• t.) 

(v) the tor.lonl1 te.t. 

Z.2.1 Pull·OU, TtU' 

Il 

Thil 1.' the lIO.t e.-on type 01 t.~t and d,plndin. on th. po.:l.tion 

. , 

01 th. b~r thel" oan ~. 1:wo t)'Ptt of .pRia.h.1 th. cl •• llcll puU-out t .. t 

wh.r. thl bar i. conaentria wlth th'l Qi. of ,plel.ln, and th. 1D0d1f:l.,cl pun- -. 

out wh.rl th. MI' pull-out forc. 11 Iccentl':l.c. 

, \ 

2.2, 1. 1 C1H,&,.I "'U·OUS ~.'S 

Thi. 11 probably the 01d"5 and .tlpl •• , 01 'boRd t •• t.. In thi. .. . , 
Stlt, th. ba ••• Uh'Jl 'pl.ln of 4,'onlct 1. initill11 CI.S ln the clftt.e ~I 

-
\ ' . 

1 black, cube •. p'il. 01' a o~Und., of conCI'I". Th •• "oatll 1. plloecl in 

• t.~tin ... chin. aM, ""il. Sh. oono1"S, ia h.14' by the r .. ction ", •••• 

on on •• d. ~b. r.i~'Hcln. bar i. ,pull" ou, Ir_. sh' .... tneI (It, .i •• 
• J _ " 

1.1). 11l,.o.t'c ••••• th. bu- il' p05N11"1 IlOl 'bOth '..... WhU, the .. " _ ,) 

10.,Un,' ~tl,.~, arl r.eordlcl, , ,th' re1aUve .1ip ",""tlt •••• 1 .. oon~lt • 
t,~.f ~ ) 

, -. 
, " " 

" ~ 

• ~, ' '. ~ 1 • : • ~ ~ • • , 

!~, ;,~ .. ~ - .. ,< 
\:~~\\i~~·~~.~ ~.~~~ ~1~~f:.-,._<'''_" - .. ;,~ : .• 1, .. ·._.'. _c"" • 

.' , " 

\ ' 
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, • 0 r-
It on. or bath .nd. 1. m.llur.4 ~y m.~ 1 dlll 'lUI' Cl~P'el to .ith.r 

th. bar or th. conerete block. 1 

In Aa.rlca, vlr1ou •• hlp •• Ind elim.n.lon., of pull-out t.,t aptcimtn. 

art reported ln th, lit,raturt lik.1 

Cl) Th. a x g in (20.3 x 22.g cm) anel 10 x 10 ln (25.4 x 25.4 cm) 

concr.t, prbïDl witb varyin, l.n,th. of ,8, 16, 21 ln (20.3, 40.-6, 53.3 cm), 

(11) Th. 6 Je 12 in (15.2,1 30.5 'cm) and 6 x 11 in '(15.2 x 45.7 cm) 

concr.tt cylinel.r with • bar protru4ln, from on. ,nd. 
, 

Th, Burop'ln pull-out a~.cim.n i. mol" 01' 1... .tand.~el wlth • 

• quare croll-.. eUon of 20 x 20 CIl and a len,th vlrylnl frCIII 18 to 60 CID. /
/ 

Pull-out t •• t CID b, u •• cl for .any purpo •••• 'por 'Xampll, Wat.e.ln 

(17) and Main. (81) u •• d lt' to It .. ur. th. distribution of ten,UI In,d bond 

.tr ••••• 110n, th, .. b.ddtel blr, Clark (11) cOiparld th. Ifliatlney of 
f) 

4ifl,r.nt typ •• of bal. by m.an. of pull-out t •• t.. AI.o Cllrk (l~) Ind 

N.n'tl (20) .tudltd th. .,f.ct 0' ,.ttlilent and wlt.r ,atn on bond by •• kina 

ua. of double puU-out· ,plct •• n.. Th.y ar. r.ctanaultr prbll 'l'oov.d at 

mld-h.l,ht in whlch l, top bal' and a bottoa blr Ire clat\hori&ontally Ind . , 

c.nt"td' ln th. top and b~ttOl halv" ",p.cUvlly. Alt.r concl'.h . 
'1 hardenln" th.)' Ir •• pUt alc.m. th. ,roovtl to yield two ,pldJltn.. Th • 

.. , .. adVint .... 01 th!.. ten u. iU- UapUclty and low COlt. 

HOWIV.t, th. puU-out itlt hl. two •• jor d1tadvanti.tI: 

(1) lt d~ •• not .tlulat. r.al1~tlcall)' th, b~~d condition. of 1 ten.i~ 
. 

,n .. 1 blr ln l'tll-UI. concfttf b .... 1 du. to th •• b .. na. 01 ,h." 

"inlolo •• nt .Nt 111'1' OOft<lfttt oov.n. 
1 

CU) Tbe' .unouncu,na co~or.t. ,o~ the .t.'l bu in th. puU-out .p"~.n 
\ . 

~ . J 

" 
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il in compr'llion, whil. in r'll-lif. concrete belli it i. in ten.ion. 

Thu' t the pull-out t.lt may b. uletul only for complrin. 4iff,rlnt 

.hape. of blrl, differlnt .il •• of ba:, ditt.:ent lenathl of bar. 

2.2.1.2 Modified Pull-Pyt T,.t 

Thi. il balicll1y the cll.licil pUll-Qut IPlcim.n wlth the dilt,r.nc. 

thlt the blr i. pllcld ecc.ntricilly. The cover i. u.uallr about 2 to 21 in 

(5.1 to 6.4 cm). It hal b.en UI.d br F.rau.on, 8ree~ and Thomplon (54), to 

Itudy the .tt.ct o~ bar .iz., .mb.dm.nt l.n,thl .nd ~I.tinl pOlition on bond 

performlnce. Al.o Perry and Thomplon (43) ulld the .êc.neric pull-out tilt 

to d.t.rmin. the t.nlile anQ bond Itre!. di.tribution br .ean. of '1:Tain 
1 • 

m.llur.m.nt ulin, .l.ctriell r •• iltlnee Itrain 'lU'" mounted at .pecilie 

location. on the .t •• l bar. ,S.v.ral vlriltion. of th. Icetntrlc pull-OUt 

t.lt hlv. b •• n u •• d to .tudy t~. m.chanic. of bond and Ilip, r.pr •• entin, 

mol" clo •• ly th. barl ln tl.xural ... b.r. whlch 1. • bl, Idvlntll' ov.r the 
~ 

cone.nt:le pull-out t •• t. s •• Pia, 2.2 for illultratlon. 

Th, pu.b-out ~ •• t i. a drv.loPl.nt of th. pull-out t •• t,ln chat th, 

10d11\1 ni'" Ind rehUv. 111pI Irt obu1nt4 in a Ii.ilal' wly. A. ,011\1:14 out br 

'~oh (36) .nd Plowa.n (S5), th.y only dltt.r ln th.t ln th. pUlh.out t •• t. 

th. r.lnlorcl1\1 .t •• l Ind th. concr.te If. bath pllctd ln cOlpf ••• 1on by 
l , 

pu.hinl th. blf throu.h th. concr.t. l' .hown ln '11' 2.3. .t.ule. ditf., 

" . 
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.imille.ntly !rOI tho.e obt.intd ln pull-out t •• t bec.u •• the dilation 

of the bar und.r load Iner..... th. pr ••• ur. b.tw •• n t~. coner.t. and th. 

bar .url.e., wh.r.a. ln thl pull-out t"t th. bar contr.ct. und.: laid, 

th.r.by reducinl"the l.t.r.l pT •• lur.. Th ..... critiei .... pply a. for 

pull-out t •• t., .xc.pt that bath tl ... nt. Ir. in comprt •• lon. Thi. 1. not 
, \ 

a type of bond tilt cOIIIIIOnl)' u'ld. 

Z.2.3 Axi.l Ttn.lon T •• t, 
\ 

Axl.1 tln.lon .p.ell.n., whlch w.r. not olt.n u •• d ln th •• Irly . ' 
dlv.lopl.nt of bond t •• tina, h.v. r.c.ivtd con.id.rabl. attention ov.r th. 

pa.t d.cad.. They cln b. divid.d 'into th. followin, cat.,or-itll 

Thi. 11 the IIIO.t wlet.ly \lltet ,pleilllin ln thll ,l'ouI'. The b.r il 
\ ) 

.. bldd,et in , prl •• of coner,tl and protrud •• frOl bath .nd.. Th. t •• t 

con.i.t. of .ppl,lnl a pul1.~t lo.d .t the .04. ~t tb. b.r and Inc~.lna 
l " 

i t untU f.UuI 000\11", (Pl,. 2.4 h IdonaUon 1. crack .pacina ancI width 
, 

II'I recoNtd • 
l' " 

Wh.n th-)al' 11 lnau_enc", dlltl'ibuUon of ten.U. 

• tr ••••• and bond .il' ••••• o.n al.o b. obtalntd. 

Haud. (1'), Nil.on (21), I.I.il .nd Jir'l ~14) and .011 ~h.r ' 
, Il 

,1 

Ixptri •• nt.r. Ulid the tli:hniqUI u.1d br Mlïn. ,CS,) and by Perry ancl Th.,.on 
, 1 

(43) whioh .U"'inat .. ett.npdon. in thl boNiteS ,ul'flo,. Thla t.chniqu. 

aan.i.t. of 1111ina t~_ .t •• l bar tO,'lIicirel... A S/I ~ 11' ln " •• ' x 
~ " , " ,~ J 

1.2 .) arooy. b th.n aUltcl in IIch hal' bu and .11'1,.1 .. 1 J •• iltlAot 
1 - ~ _ " • 

, , 1 

-, , 

1 • ,,',:I)_,,;~~.«{,;,'~ :,;';::.' ',.'," l : ; 1; 1 ~ 'J'" ,) f'-

.', .•. , 'oC.. ,,! . .' ~.. ',.' • • 
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l' r MI1.11 ... ,..,riUf,1._._ftrJo>i. 1I1:1drlll __ ~ 

4:J .train Ilu,e. Ire mount.d in the Iroov •• ot .ach haIt bar. Pollow!nl the 

lnsulation and checkin. of th~ aIUI'S, a few COlt. ot a wlter re.i.tlnt 

.-

.. 

" s11icone ro.in are Ippliod to al1 Sau,e. and connectionl. The aroove. are 

then flll.d wlth .poxy r.sln. Alt.r hlrdenins, a ntw lay.r of Ipoxy i. 

applied to fill out th. romain!na d.pre •• ions and cov.r the contact surface 

of .Ich hllf-bar which il then clamped tosether and tlck w.ld~d It 2 ln 

(5.1 cm) c.ntr •• usina a w.ldina sequ.nco wit~ int.rmittent coo1in, to 

protlct the Sluge. fr~ damll', 

Th. axial t.n.ion t.st, althoulh ar.stly inf1u.nc.d by th. ratio 

6f transv.r.e cro.s-s.ction dimen.ions to the bar dlamet.r slmu1It •• b.tt.r , . 

th. reinforc.d portion of a conltant moment reaion in a beam. Al.o, the 

transverse compr.sslon whlch tend. to lncroa •• th. bond .trenlth of 1 pull

out or a push-out sp.cim.n i. rolatively sm.ll and can b. nellect.d. It i. , 

recomm.nded thlt the specimens be lona enouah 10 that at lel.t two crack. 

cln qccur ln a reaion not lubjected to the .nd effect of th. load. Djlbry 

(52) and vo.nmy (53) pointed out thlt th.'-maxll1um bond .tr ..... attained 

wlth this t.,t Ire lam.tillel, approxilllt.1y thr.e t~'1 1II111er thln vllu •• 
• 

comput.d from clll.ical pull-out t •• t •• 
) 

Thi. type of bond t •• t ha. Inabl.d rel.arch.r~ to achi.v'oa b,tt.r 

und.r.t&ndilll of th. bond probl.. A. an .x.pll, lt h.lp. th. to d .. on.

trlt. that crack width. at the .urfacI,of a r.intorcina bar wl11-t.nd to bt 

con.lderably l'l' thln th, corrl.pondina ,urfact crick wldthl. 8: •• 1.r and 

aertero (10) and lat.r JI.mlil and Jir'l (83. 84) made UI' of thi. t •• t to 
1 

d.t.rminl 'thl influlnc. of lold hlltory on bond and crlck!nl. ' Th.lr t •• t 

'relultl indlcattd that th •• tr ••• tran.f.r betwI.n .( •• 1 Ind concrete 1. 
" influtnc.d by th. pr.vioui lold hi.tory arid that bond dlterioration incr ••••• 

" 
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4C) with the peak streaa. Othèr experisenters Juch as, Houde and Mir~a (~7) 

derlved th.lr bond Itre.s·alip charlet.rlaties for us. in finit •• lement 

analysis of reinforeed concret.. In conclusion, thi. test which does not '. 

• 

aatisfy aIl of th. requirementa previously defined, can be con.id.rad to 

be,better than the pull-out or th. push-out test. 

2.2.3. 2 Mad1!1" Direct Pull ... Out: Test ' .. 

Variationl--of the' direct pull-out telts, as sUllllted by Hajnal-
1 \ 

o Konyi (89). Leonhardt (75) and Riessauw (90) ar~ shawn in Pil. 2.5. The 

pull-out 10ld il app11ed tithtr, It the end of Jne bar and the hook fo~ed 
by the other adjacent bars as illustrattO ,in Pil. 2.51 or at both .nds of 

two bar. of the ... e .ize placed on 'line with the axis of th. sp.cimen 

(Pil. 2.Sb). The Il, •• of the sp.cim.ns uled for the modifl.d dir.ct pull-
" 

out test are ulual1y bill.r thln thol. u.ed for the classical pull-out 
, . 

t •• t.. Also th. concret. 1. in tenlion while lt i. in compre •• ion e ln the 

cla .. ical p\lll-out tests. FinaUy, as r,eport.d by RielSlUW (90), bond 
" 

strlll rt.ultJ obtained with th.' modifi.d dir.ct pull-out t •• ts ar. sma11.r 

than tho.e obta1n.d for th. clallical pull-out t.st.. How.v.r, thi. type 

of t •• t i" not cOIDonly u.tel. 

'\ 

2.2.3.3 Dir.et Pull-out T.lt with LapPtd aarl 

In thi. te.t, two or mol" bar. At. la~p.d in different way'o within, 

a priall of coner.te and th, pull-ou~ lorci il appU,1d .,ithlr tQl, th. bar • 

, o , 

1 /, 

, ' 

o 
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" 
àlon~ or to one bar and the concret. specimen. 

variations of this type of bond test. 

Pia. 2.6 shows different 

" ~ 

Whtn opposina ban ar .. pull.d. the concrete 11 placld ln tensi~. 

and the test saulates a portion of a be .. betwetn two cracks wi~h zero 
\ . / . 

curvatur., ~sinc. the horizontal .xtens~ol) i.~ th.
o 

.... on alfplan, •• ; 
. 

This test !s ~ncreasinl in importance due to IXte~siv. use of lapped, bars 
, Q 

in contlnuou. be~s °and slab. in modern concrete construction. 
r. 

o 

2.2.4 Pllxural Tlsts" (81 .. Test.) 
; 

In flexural t.sts. aetual beams ofDsait.ble dimensions al" loaded 
" , 

ta bond f.llure wlt~ a 'yltlm ~hlch cona4sts of applyln, • bendlna'mom.nt 

by sini;' or PI1~f.ra~lY two-point lo*ds. d U~ed toI' ... veral purpole." th~y 
• ... ~ D 

dO,not fulf1l1 th' r.qUir.men~. ~~ l~.t,,, ~im't mat.rial, llbo~atory 

.pac. and labour t which very often can prov. to be ~ifficul t to ov~rcOlle,. 
, , 

the •• te.t. have tht &dvln~.a. of bein.:more 2'tllhtic Ift(\ abo of IItbty:ln, 

most of the bond t.st requir ... nt •. 
1 

- 0 

2.2.4.1 C~".ic.l a ... ·T.at 
j, J 

o 

ln chis tilt. • .illply .upportH be .. w~lch contaln. 1 I1nal' _btd· 
" 

dtd bar protrudlna tro. both end. 1. lubjtcted ta either a c.ntral load or 
, . ~ 

• two-point load. Th. bt .. , who.~ cro •• • •• etion 1. u.ually ,mali •• ., hav., 
q 

.piral. around th, t.lt bar. ' ~ln. the loadinl .t..... the .11p ,il reçor-
, " , 

dtcS. Thil bl .. tt.t cln b. ~td to .tucJy th. txp.rillental r.laUon.hlp. 
o '0 

, -' 

, ' .. ", 

\ ' 

, ' 

'p , 
.:;"." " 

" , 

( , ' . 
~ ,~ , . 

- ,,1 ù, <,1 f :~,), ' 
, tr ~ . 
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), 
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between bond stress and .slip. Prom the .raphl 10,obtained. on. can compare 

the bond effiCieney of different types of reinforcina bars. Dj ab~ (52) 
-

used th!. be. wlth the two point load syste to determine 'the dis.tribution 

of bond stresi alonl reinforcins bars. _ His results 3how that, in the 

f'tlon of conltan~'~alent. the ~~Itributlon c~ar.s f.lr~y will with that 

~th. axial pull-out test on a sinale _bedded bar. : On the other hancl. 
, \ D • 

th. distribution in the lIteraI Ion,. 15 .imilar to the one obtalned.from 

the pull-out- test, with comparable valuos of _averlle bond st~"I., It ha. 

bltn used à1.0 by McHenry and Walkor (91) for the '.0 purpole. 'lb • . 
seh .. atlc representation of th,ir splcimens ls sh~ in Fil. 2.7 alona with 

, 

thei!;' 'dimensions. HO,!,lver thls bl .. test has m\ny draw bacts': the diJaèn .. 

sion. are too •• a11: sti1'l'U.pi are abient, the }.lna1. bar il not represen- , 
" 

tativi of pracUcal situations and the hi,h b,.rina st~o .. tI ~t the end. of' 

tho bar lncre"l bond ro.i~taneo unduly and liv.s hiaher valuo. of bond 

stresses. 

2.2.4.2 a.am Tlst wlth'Lapped 8ar. 

Tht tilt Ip.c1a,n, Inst.ad of, Jav"tna on., ainslt -\)pt, contain. two . 
, [ 

bars of th ...... hl' 1.pped at th, lIiddlt al Ulu.trattd by Fia. 2.8. on. 
, < 'r 0 l' , 
patent!'1 application 1. to dettrminl,tht b.haviour of .pliees whlch ~e . . , 

, . 
ca.only ulld in cont1nuOUt ·b..... lt ha. t~t sam. aclvantas'rl and dia-

, " 
aclvant., .... th. 'cla.sicil be .. te.t~1.... 

" ~ " 1 
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2.2.4. 3 ACI 208 Bond 8 •• 

The ACI 208 Bond Committe. (92) dev.loped a t.st procedure to 
. , ~ 

, . ..proVid~, 1 uniform baais for compulson 0'-fl)xurI1. bond value. O{ diff.rent 

r.inforcin8 bar.. Thelr propolld S~andlrd t-l1.d th. "ACI 208 Bond B.am" 

II a stmply supported b.am, 78 ln (1PS.l cm) lona wlth 1 cro •• • •• ctlon of 

~ 

-' 

-. 

8 in (20.3 cm) wide by 18 in (4S. 7 cm) deep. It il lOld.d with two 

s)'IIIIIetx:ical concontrlttd 101d. It di.Unell varyin, from 8 in .(20.3 CI) to 

a maximum of 16 in (40.6 cm) from th, 'Iupportl Ind the t.ndon .te.l 11 

Ixpo.ed ~t two locationl la thlt .lip and .t •• l .train'cln b. m'I.ur.d. 

Th. bosm il Ihown ln Pia. 2.9a and 1 variation u •• d by P.rry and ThOlp.on 

(4~~, which ha. 1~11~r dimen.ion. i. i1lu.trated in Pla. 2.ib. 
~ t 

Several pot.nUa-l applicat!on. ~an b. found for th. Standard b,&ID 
~ ~ 

" - , 
propoaed br th. ACI Committe. 208, for exuple, .tudy of th.~top bar ett.ct. 

/' 

It ha. th •• elvantla' of .lmulatins th. bcn~ .tr ••• di.trlbution th~t noraa11y 

~xi.t. in r.al 11t. b~aml How.v.r, th •• 1nlle t.n.ion bar i. not v.ry 

r.pr ••• nta~iv. and Il.0 t • exilt.nc. of b~arinl .tr..... .t th •• upportl 

!lociifi.. th. bond .tr.nlt Finl11y th. Standard beam i. rath.r r'ltrictiv. 

tinc. it limit. bar. ta on du, concr.t. to on •• tr.n'th, and th •• b.dment 
/ 

lenath to a IIx111UID of 16 in (40.6 cm). 

, Q Th. National Bur lU 6f Standard .. dtV.loped a b.1II 'P'c •• nd 1 
, ' 

, t .. t proc.dure which. r.pr .. nt. 1 con.id.rabl. d.putur. frCfA th." Ac! Standlt'd 
0' " , \ . , ,. 

~oa (U).. .' Thil 1l~9Q.6ur pl'~idl. t.1.x1bUity 1,n ~. "Id.n ot th, r.-

commlndecl t •• t-.pleta.n d p.rmitl ~h. u •• ot ~~tfer~t .il" 01 bar., . ~. . \ 

..... 

, 

I~ 1" 
- \ 

\ 

" , . 
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different concrote 'tren,th. and 10nler embedment l,ni th. needed to develop 

stres ••• equal to the hiih yi'ld .trenithl of modern deformed bar.. Latef, 

with a f,w modifications, the National Bureau of Stand.~d boam'wa. adopted 

br the ACI Committoo 408 (93) aa a recommended specimen ulually tormed the 

"Hammerh.ad boam". Both .pecimenl an shown in Fi,. 2.10. 

Both ~eams have a variable lonath and .holr span ~nd wor. doli'ined 

to p.rmit th. moa.urement of th. avera,e value of bond .tre ••• nd the Ilip 

.It bath th, lOlded and fret endl of the portion of the blr betwe.n the 

.upport. and load point.. Th. beam. wore prov1ded w1th T-.haped end. in 

ord.r to Ihitt th. r.action. to point. whore thoy wou1d not contrlbuto to 

th, r •• traint of lonaltudinll .plitt!n,. A tran.vor •• mltal .trip embld· 
/ 

dtd in thl concr.te dir.ctly oppo.lte ,ach 10ld point-al.ur •• formation 01 --
a crack It thlt planl. and .lip, ml •• Ufement. w.re made at tlch lold point 

• 1) 

plln.. u.td br Nath.y and Wlt.tlin cg) t~ .tudy th •• fflet,of embtdm.nt 
, 

lIn,th on bond .tr.n.th, th ..... H&IIIII.rhoad blu" ha. th. advlnta,1 of .U.ina· 

tin. th. confln~.nt .Iflct ~f the. l.action. Howev.r. othlr criticl ... 

,a1.1d Ala1n.t th. cll •• teal b.am tOit and, th. ACI 208 Stand_rd b.am ar. 

allo applicable to th. "H ... rhlad bl.", 

2.2.4.~ CagSl1lv'f O~ Cont!nyoy, , ... 
/ 

1 • 

'.rlu.on and ThOlllj'.on (41)" at thl Uriiv.rdty of Tp&., dlV'~optcl -. , . *'" 
• cantUlv.1' bllIII lor A lIorl r .. U.tic bon'd tilt, o •• p.elaU" ~ft dtor4i~ ,., 
thl podtioninl of th. un.tf ... tdend. qf thl bar. It locaUon. away-frOll 

th. b.arin, ~t 'ext'l'nlÎ r.action.. f Thi' tYPI of b... 1~ co.only kn~ al 
1 ? Univer.ity of T.xII B •• ", 

• 
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Th. Univlr.lty of T.xa. b.am. w.r. dl.ilnteS for invI.tllltlnl bond. 
, 

ln th. ar.a 01 blr eut-off. Ind point. 01 inll.ction. Th •• mb~m.nt l.nlth 

of th. tl.t bit, l , wa. placld in 1 nl.lt iv. mom.nt rtli~n b.tw'!tn th, point 
• 0 

ot lnfltction and th. point of mlxt.m\ll\ .tr.... In .om. c .... , "1." includtd 

an Ixundon b.yond th. point of 1nlltct10n. Differ.nt du. Dt bar. w.r. , 
. \ ' 

ulld:' No. 3 U.5a), No. 7 (ZZ.Z .), No. 11 (SS.I .), Ind No. 18 (57.3.). 

Conl.qu.ntly th. fMbedm.nt l.nlth. of th. t •• t bar vlrled con.ld.rlbly and 

1110 th. ov.nU lIn.th, of th. b.M. with 1 mlximwa of 22 tilt ~~ in. (6.86 Il). --

Th. dill.n.lon. of thl cro ••• ~tlon and ollar cov.r. ov.r th. aain " 

It,,1 w.n vlriteS conlidt1'lbly, 110nl with th, podtive 1IO •• nt .t .. l, th. 

aweil ilr)' nlllUv. IIIOII.nt It •• l, th •• t1rrup. in th. cant il..,.r .nd, and 

tho .. b.twlln th'oc.ntU.ver Ind th •• tart of t~ III\b.dm.nt ltnl1=h. Th. :; 

r.lativ •• 11. of th. load 'appli.d to th. cantilev.r .nd .nd to th. oth.r , ~ ~ 

load point wa. al.o v.rl.d. 

Th. Univ.rl1t)' of' T.X&!JI.IIIl. cln b. ulld .,llehnt1)' to .tueSy th. 
, ' -: ~~ ~ 

.ft.ct of uny vlrt.L1t. on bond .tr.nlth and &1.0 to d.tmain. th. dhtd· 
~ , 
buHon 01 b9nd nu ..... , alonl dUt.r.nt rtinforcin. ban. Th.y ar. allo 

o ' 

.~ condd.rtd Il • Jood bond rll"rch tool, b~uII of th. lack of conlin •• nt 

du. to load., at t~ •• nd of th. t •• t bar and a r.al1,tic build-up ol t.n.ll. 

tore. in' th. bar. HowlY.r th.y Ir' IIOrI .xp.ndv. and mol" éUffloult to 
r 

handl. and to tilt blOlUII o. thlir .h.. Th. llr •• Il'Ia of conor.t. 
. 0 

.uttoundlftJ .ach bar Ippar.ntl)' provldt • .!tllf fI.houldtr." whlch unduly 

briC' th~ conortC. a .. ll\l1: lonaltwUnal .pUt-tin.. Tbu •• th. Un~trd'y 
. ' 

ot T.xlI b .... tilt data can b. oonlld.r" to ,,, th. upp.r boUM o~ bond 

.trtn,th whil. narrow.r b .... with .ultipl. bar •• t r.a.onablt ,plalna' 

would ·con.tltut. th. low.r bound. 
\ 

- , 
1 

- \ 
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Pil. ~.ll .hew. th. typicil d.tail. ot th. Univ.r.ity ot T,xl~ 
, 

b .... 110nl with th. b ... u •• d by P.rry and Thomp.on (43) in th.ir inv •• ~i,a. 

tian ot band .tr ••• di.tribution 110", th. No. 7 (22.2 mm) d.lormed bar. 

Pil. 2.11 al.o .how •• r.cent variltion of th. Univ.r.ity of T.xa. b'lI, al 
~ . 

ui.d by Untraw.r and Warren (55) in t~lir .tudy 01 th •• fllct ot bar .pacinl. 

and bl. wië:l th t~r "top-Clat bar.". 

2.2.4.6 Srmp.trical 8 ... 

HIU and Mirza (94) and H.", (95) at Mc-Oill Univ.r.ity dtv.loptd th • 

• ymm.trical bond be ... hown 1~ Pil. 2.12. Thi, 1 •• 0 cal1td b.cau •• th. 

,plclm.n ,.om.try and th. lo~dinl condition. ar •• ymm.trical, .0 that only 

on. t •• tin. machin. can b. u.ed te apply th. lour .qual lold.. Th. lI1in 
'" 

èharact.iilt1c. of thi. llexural bond t .. t .p.cim.n an .. lollow.: 

(i) Th. e.ntral portion 1. a r.,lon ot known Ilnlth ov.r whic"'- th. 
'-........ ~ l ' '''" 

.ho.rinl fore •• nd ·th. b.ndinl.mom.nt ar. i.ro. Thi. 1 •• 1milar ta th. tr •• 

.nd condition. in th •• cc.ntric pull-out t •• t. / 

(ii) With th. two lnt.rior lold. b.tw.tn th. r'letion., th. top bar. 

may b. t.rminat.d wlthin th. c.ntf.l portion ot th. b.am, thu. makin, it .,.. 
po •• ibl •. to .tudy th. dIV.1apm.nt Of bond betw.tn .aèh lnt.~ior.lold and 

th. adjacent rlletion. " , . , 

r",,-- " ',0 
Ci1i) It can b. u •• d to .t~dy bond charact.rl.tic. ot ,.intoreift' bar, D 

anchond, in ,on.. of '~.ro 1II00.nt and I~O .hll'. . 

(iv) lt i .... ter to apply and control th. tour .qu'l c~tntTattc! 
• ~l i.'! 

lold. duT!n, th. tt.t unlU. th. T.xi. b.lII. which r.quiT. tvaluation ot, 

, ; , r~ 

, r ~ • ,,1 ' 
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di.tlnc •• b.tw'tn th •• upport. Ind th. two conc.ntrlc.d lold. I.n.rllly not 

equil. 

HowlY.r 1f 1nt.rior load. Ir. pl.c.d dirlctly OVI: th. blr. b.inl 

t •• tld. thlY will hlv. a confin ... nt .ff,ct in which CI" th,'bond .tr,nlthl 

will b. OVI: I.ti.ltld. AI.o, .v.n if lt .Itl.fi •• flirly w.ll oth.: 

r.quirta.nt. of 1 bond t •• t, it i. Il .xp.n.tv. Il,th. UnivI:.tty of T.XII ' 

b.lII. 

2.2.4.1 ,tuk-Clntil,y.r l'II 
l ' 

T,o r.duci .p.dll.n dl .. Ind hP.n.,'" .tub-clntUtv,,, or b ... l'ftd 

.p.ctm.n., clplbl, of Ittlininl mo.t of th. advint .... ot th. T.xl' ~ ... 

hlv, b,.en d~ll0p.d (h •• 2.13) 1 Th. clnUlev.r b ... ttlt repr .. enU 'the 
, 

bond .itultion .xi.tin, b.tw •• n 1 fl.xurll cr.ck Ind th •• nd of 1 .~pl. 

b.UI Ind produc •• 1 dmUlr .tl'lin:aradittit. Althov,h .IV.ral vIl'Yina 

d.t.il. ar. u.id, Pil_ 2,15 ~~id •• 1 IChllltic r.pr ••• ntltion. The pull-
~ '-. ./ 

~ . 
out fore. i. Ipplied di ctly to th. bar 1. .hown Ina th. bottOi r.actlon 

"- r '-, 
Jlay bill' IJlln.t t .nd of th. blr, 01' .Iy b. Irran,td .0 Il not to b~ n"lf 

th. blr. 
) /~-----

Th ov'f,ll1 l.n,th 01 th •• p.oi •• n Ind th. t •• t 1.nlth-~.n .Ich 
( " ,,/ 

b. vlrl.d On. 01' .IV.ral bar. u)' b. u.td, with 01' withoût .Urrupl. 
1 

Th •• Ijor advint •••• 0' thi. ,p,c~1ft li~ in it •• tlplieity, inex-

pen iv.n .... ncI 1t. flexibUby of load appl,1clUon dne. th. rtlldon.hip. 

1 bo'nd .. ~<IIOI.nt .nd dowel "oree CI" " •• Ilily Vlril.ct' to procSu~. 
(lH~r~t typ •• 0' f.Uur_, thu. fldÜ~lti.n. th. nud)' 0" th. cOIPu'clhd 1 

tnt"lctlon. 01 bond; .he.r, Ind Il.xure. Xt.'di.ldv.ntll" 11. ln th. , 
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o pOllib1. conlinin, pr ... ur. llain.t th, tr ... nd of th. bar and in 'th,. 

ti,' incr.a.td lon,th ovlr whlch .pl1tUna r •• iltanQ' tend. to bt mobilbed. 

•• 

Al.o th. validity Dt th ••• tl.t. with l"'plct to"th. rtport.d r~,ult. of 
, 

pull-out and bl .. t •• t" ~hloh h •• b •• n di.cua •• d by • few inv,atilator., 

n.ld. turth.r .xp.rimlnta1 Ivid.nc •. 

2.2 .•• 1 Oth.r 8 ... T,.t. " . 
\ 'i .' 

A bl .. widtly uatd at Unlvtr.it' d. Li'ie 1n aellium (76) ia, 

illu.tratld in Pia. 2.14. Th, .p.eim.n conai.t. ot two prilml of co~cr.t. 
1 

., .ttach,d -at thdr b .... by thl t,aUns bar Ind It th,ir top. br a hin.'. 

Th,'loadin, 'r.tem 1. 1 two part lOldin •• y.t .. whioh i. th ..... 1. ln 
\ 

mo.t Amlrican b.1I type t.at.. It. adVlntl,e 11,. ln th. pr.oi,. d.t.rli· 
'Ii ' , 

nation ot the t,n.l1, lare. on th •• t"l bar du. ta ,th. pr •• tnCt ot th. 

hin,. wh.r. th, r •• ultant compr ••• lvi tore. mu.t n.c •••• Tl1y p"" Thi. 

fore. 11 Il v.n br 1 

• x .I.! 
H* 

(2.1) T -

wh.r. T i. ch. toe.l ten.il. IOre." L* and Ht If' th. r.lptotiv. l.v.r .,. • 
. 

ot th. ut.rnal .nd internaI 00\&,1 .. , ancl P 11 th •• ppli.d cono.netleld 1014. 
~ , 

Q Th •• 1ip. al" •••• Gr.d ae th. end. ot th. b.r .nd th. t •• t c.~ b. 

o ultd 'or pr,oUoll .vlluation. al abtclment "l.nlthl 01 ,.!nlololn. bll •• 
n n " , 

. ' 
.. 

, '. 

\ 

." " 
.' il ~ , 

.1 _ .... 0 

, " 
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2.2.5 Tor.100.1.8004 T.,t. ' 

Tor.ioo tilt. hivi blln u.ed to • very 111111 ttd IxtlDt to obt.1n,' 

bond ,tr.n,th. (32). Thi. tl.t con.i.t. ot twilt!n, th,'blr, .. btdded in 

1 pri •• ot oonor.tt, Ibout ita Ixi. r.lativ. to th.'concrltl. Tht torqut 

.pplild i. obt.ined trom dlal 'Iua ••• 11.urln, th. In,ullr d.tlection 01 th~ 

blr out. id. thl ,pld.ln OVer 1 .uUlbl' 'lU" lln,th. Tht rotltiôn 01 tht 

blr r.lativi to th. concr.t. i. 11~0 obtalntd It both lo.dtd Ind tr.. end. 

by m,ln. 01 '\litabl. llVlr. and 41al 'lU"'.' ,Thi. tl.t cln provid. a ua.lul 
, -

ippro.eh to th. COIlpl,tl und,r.tlndin, ot 'Ch. m,oh.n1l11 of bond. 

'~'tptn, i~ _ind th. obj.ctivi. of th. pre •• nt .~p.ri •• nt.l pro,r .. 

Ind 'ftlr cGlplrin. th. Idvantl", of th. vlrioua bond t •• ", it WI. d4cidtd 
• not to pr.clud. pOI.ibillty 01 .h.ar tore. in th. ~ond t.~t .,eeilen •• inc. 

• • 1 

th. int.r.ction of bond_.nd .h.lr oeeur. und.r mo.t u •••• condition. in ' 

~"'pricticil Thu. le wa. oon.ld.rtd Chlt a eontinuou. b ... , with a lew blr. 

It rf •• enlbl. ,plcin •• Ind d .. l,n14 not to f.U in .hlar, would b. lIor. \ 

luitlbie th an oth.r t •• t. not only to; tund".ntll bond rt.tlrch bu~ al~o) .. ' 
o - -
lor re1ilbl' quantil.tiVt r.ault •. 

, 

lut th, pr.l!1'oary d •• i.n wtth c,~ ••••• ctionl of ,~ 1. in 
, 1 .... _ 1 

(22.' x 41.1 CI) .av. & ltnlCh of b, .. v.ry1nl frOi 21 , •• t (7.6 1) to 10 
Ct , , 

I •• t\ CI.l al dep.ndina on th • • 1c. 01 tb. t •• t b.r •• 11 confin~_tnt .fl.ct 
o 

, 11'011 10ldln, ,"cUon hll to 'b. ivoi~td. \ To cut th. r.laUv.ly htll\ oo.t. 

of '\lCh • b, .. il wa.' "toid" to trullOlt •• U but th. n ... t4v, .00ent l'fltem 

- " , ' 

• ;h: 

" , ' 
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>/ 

o which r •• ults ln ~ liap1)' .upportld b ... with .. conclntl'at.d 10ad ,At th. 

\ 

.' 

" : 

middl. a. Ihawn in Pi •• 2.18. It wa. Il.0 dtcidtd to u •• " rta.onabl. 
, . \ 

.. ount ot t,n.ion .tt.l r.inforclltnt and adtquat. Ih.lr r.inforc .. tnt to 

. pt'tv.nt .h.1I' 'aUure,. Thi. b •• t •• t, which ,liJ11nlt •• c'onfineunt 

.ff.ot. trô. dir.ct b.arin. ot r.letion load allin.t tht .nd. of th. tt.t 

bar, can bt ~on.id.rtd a 100d choiet for .atbtyina th. obj.ctiv •• 0' thh 
\' 1 

l't'tarch prolr". Pabricltion and t •• tina of tht .p'O~tnl Irt dilcu •• td 
o 

ln th. nlXt ohapttr. 

,/ 

, " 

o , 

.\ 

, '1 

, 
.~ l' 

.~ t, " Il'''' 

• 1 ', . 
! . 
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o , 1 

o 

Pi •. 2.1 Clal.icll Pull-Out Tt.t, Sch ... tic (lf. 20, '1) 

- ... ------ -:t:==). .. ~ --.. ------

Modifitd Pull-OUt T.,t, Sch ... tic (41, 43, 54) 

, . 

" , 

! : 

" ,.'.. ,." 
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Dir.ct Pull-Out T •• t witb Sinll. Bir; Sch ... tic 
(10, l'f ,2

0
1)" \ , 

• 

"".reno. ('1) "'."no. (tO) 
" 

. / 

Pil' Z, 1 " Nod1'1td Dirtot hU-OUt T.IU, Sch •• tic 
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o 
2 11~~.-________________ ~~a ln 

(5.1 cm) (5.,1 CIl) 

1 

Pli. 2.' Cla •• lcal Bond alam (S2,e\? 

-----.... '----
• ., 

'\ ... 

Pli. 2.8 Bond atam with Llppld 'Ir. (ea, 

VII'J. •• 

.r1 j 7 (~2.2 .), 

.Ii •••• 

Pli., 2.el AC~ C_ltt •• 208 Bond 1 ... (U) 

17.5 ln 
1 

-1' 
(111 •. 5 ~) 

, , 

• Cl'ack 
'J n 20.1. in 21 'in . 30.as .~ 

(7 •• ' .. , (51.4.'" (U.S .. , (lt4."'. .j.'" 

Pi,. Mb' VarIation 01 ACI aT~.~~ 'O •• ~~!(!~) .•.. '. 
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UVUîON 
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Pl,. 2.10a National Bur.au of Standard. Bond a ... 
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Pia. 2.12 S~etrical Bond Beam (95) 

1 

Bar S.puatecS hem Concdt .. 

, -- - ~ _..-- .. -.... _--- ... - .... ,--

_action 

. . 
Stub-Cantllev.r 8 ... ~ 

. \ 
, 
1 

r 
~ 

" 

f ~. 

~ .. ~ ,:: -_.-:; 

, " l';' , 
. .. 

" 

ReacUon. 

1. 
, , 

• 1 

Jack 
Pull 

, tI 

:,' .1 " 

.' 

t 
1 



• ." 'i '" ..... - ~"""""""-·---"""'4""""""""zzq; ".,.......-............... --
1 ..r ,( ~:' .<\.., f .. _ 

-~&~I.g" •• Z ••• I""" ______ ~_I_b"" •••• _!1--______ ~ _______ ._._AiO __ 1J~MI.IM-•••• -.~-.--'-Jdd_. _____ ~ __ ~ __ ._._· __ __ 
~ '\ .. 

.f 
1 

72 

'. 25 cm. 
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37 cm Section 1-1 
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Fig. 2.14 Bond Beam of Universit6 de Li~ge (16) 
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Ca) BtEVATION 
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O.727L 

(b) 8li:NJ)ING MOMENT DtAGBAM 
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(c) BL2VA'l'ION cl 
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Fig. 2.15 Tentative Continuous Bond Be .. ana Sillply Supporteêi 

Bond 8eaa wi tl\ Central Point L~lDi 
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CHAPTER III 

EXPERIMENTAL :t'EST PROGRAM 

3.1 Introduction b . 

Having outlined the general requir.enu of the bond be .. to be 

used, the first step was to dec:ide on the sb'e and type of the test bar to 

be used. The ccm.ercialy available, standard No. 8 (25.4 _) defcmled bar, 

which, is cOlIIIIIOnly used in practice, vas se1ec:ted as the test bar. 'The 

second step was to design and detail the bema ~ order to ensure a bond 

failure. 

3.2 Design and petails of Tes! Spectaens 

~ 
After sOlie trials the be. e~ss-sec:tion vas, set at 9 x 18 in 1 

, (22.9 x 45.7 cm). The design vas basedr on flexural and shear requirements, 

of the AIlerican and Canadian Codes (4, 5)" The beu details are shown in Fig." 3.2. 

(i) Flexural Reguir_ents 
t 

Given 

,~ 

.' ... ~\: 

f' e 

fy . 

i -
-

~.l ,-

'-2 -
dl -
d2 -
dt -

4,000 psi ~.6 NPa) 

60.000 psi (413.7 NPa) 

0.79 1n2 (S.l CJl2) 

0.44 ini (2.84 a 2) 

16 in' (40.6 ca) 

1S~7S in (40 ca) 

15.9 in (40.3 ca) 
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b - 9 in (22.9 ca) , 

where f' - concrete compressive strength. c 

fy - yield strength of the steel bar 1 ./ 

,~,1 - area of the,IS steel bar '[r ,r' 

'\,2 - area of the 16 steel bar 
1 

dl , - distance from extre.me compression fiber to~centroid 
, 0 

.- · of IS' bar 
, 

d2 - distance from extreme compression fiber to centroid 
• 

of '6 b,ar 

dt - distance from extréœe coopre •• ion fiber to ~ 

of tension reinforcement , . 1 

b - beam width • 1 
" 

Fra. the rectangular stress distribution shown' in Fig. 3.1, the coa-

pression force in the concrete (Cç) and the total tensile force in the 

reinforceaent (T) are given respectively by: 

-
_ 0.85 f'cha - 30.6 a 

T ~-;;;- (fy x ~,1) + 2\fy ~ ~,2) - 100.2 ( .2) 

Fra. internal ,équilibriUII (Cc - T): 
, ., 

a - 100.2 
30.6 - 3.275 in 

The ult~te design mOJIent is given by: 
I~ 

l, • 

+T(dt - a/2) - u 
(3.3) 

• - capacity reduction factor (0.9 far f exura) 
, , 



o 

~ 

\.-e 

7S 

" - - 0.9 X 100.2(15.9 j- 1.638) 
12 

- 107.2 kiP8-f1: 

The external aœent is given by: 

"ezt - (3.4), 

Pu - ult:fJll&te design load where .. 
L - span 1ena:th of the be_ 

but Mut - M ---u- -

PL 107.~ Md PL ....!!... - - 420.7 ldpa-ft 

" 
u 

Helice 

assuaiDg L - 10 feet 

_ 042.1 ldpl (187.3 kif) 

(ii) Shear Reguireaents 

'l1le noainal shear stress of the 'besa is çCÇUted by: 
< 

- (3.S) 

Due to the eut-off of the No. 8 bar_ and to satisfy cl~e (12.1.6.1) 

of the ACI Code (4) 

" - 2 Cv + v' ) - c u u 3 
(3.6) 

'-

where v c - 2r;r-
c (3.7) 

f -.A 
v' - X!: v 

u b" .• 

" 

~!' .f , ~ ~>:" -;'" 

, --

" 
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In the above Equations 

• V 
u 

b j 

w 

Vi 
U 

- total applied dfSign shear force at section 
l' - web width 1 

- noainal permi sible shear stress carried by concrete 
" ) 

- shear stress carried by web reinforcellent 

fi _ concrete c 
c essive strength 

- yield str gth of transverse reinforcement 

- area of s ear reinforcement within a distance s 

s - f transverse reinforcement centre to centre 

• - reduction factor (0.85 for shear) 

AssUllÙng '3 stirrups at 8 i (20.3 cm) centre to centre ., 
v' - - 183 psi 

u 

v -c - 127 psi 

v - + 127) - 206 psi 
u 

v - - V 
--.!!- psi 

u 15.9 121 .. 6 ... 

then V , 

.....!t-_ 
121.6 ;. 

v , 
25.1 kips u 

V P i2 u u 
i 

but 

, 
Hence P u, 2 x 25.1 -, 50.2 kips (223.3 ka) 

t1' 
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, 

(iii) The u1tilltate design capacity of the bea:m is governed by fleXUl'e 
\. 

and is given by: 

p 
. ,u 42.1 kips (87.3 kM) -

3.3' Description of Test Specimens 

Bond type of' fai1ure in reinforced concrete beams subj ected ta a ' 
, 

moment-gradient is usually difficult ta obtain, due ta the close interactign 

of bond with shear and flexure. Therefore 6 it was'decided ta use the first 

beam as a pilot test and ta make the necessary modi,fications if the resu,~ts 

were not satisfactory. The pilot test consisted of a simply suppoTted beam, 

11 ft (3.35 m) long with the reaction 10ads at 6 in (15.2 cm) frOID bath ends. 

The beam cross-section was 9 x 18 in (22.9 x 45.7) ~d was reinforced with 

Grade 60 steel 

(i) test bar: consisting of one No. 8 (25.4 mm) deformed bar with 

an embedment 1ength of 30 in (76.2 cm). This is the length required by bath 
, 

American and Canadian Codes (4, 5) for the No. 8 (25.:4 mm) ''bottOIl-Cast'' bar 

of Grade 60 to deve10p its full yield stress. 

(ii) Two No. 6 (19.1 II1II) deformed bars, as adjacent bars, which run 

the full length of the beam specimen. The No. 8 (25.4 _) bar is tied to 

the No. 6 (19.1 l1li) bars and held in position at three locations along 1ts 

length, by means of a small cross-bar 1/8 in (3.2 _) diaaeter, approximate1y 
o 

8 in (20.3 cm) long. 

(Ui) Two No. 3 (9.5 DDD) deformed bars placecl on the opposite face and 

running the full 1ength of the beam, lielp as hangers te) tie the shear rein- , 

forcement. 
1. 

, , 
". 
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(iv) The shear' reinforcement which consists of stirrups, made vith"' 

No. 3 (9.5 _) deformed bars, placec( at 8·ln (tp.3 cm) centre to centre. 
J ) 011 ~ 

The stirrups conformed to the American and Canadian Code speclfications 
. , 

except for the hooks around the No. 6 ~9.'1 mm) bars which"had a diameter 

and a length slightly less than prèscribed. '~t The' test bar had' a clear . .' ./ 
" . . 

spacing of at least 1.2~ in (3.2 cmJ from the .adjacent.bars and was left 

'caaplete~ free from the stirrups. 

The pilot test be8ll had a side cover o~ O.7S in 1 (19.1 mm). Cast 

vith the tension bars on the top of the specimens, it had a depth of concrete 

of 15.5 in (39.4 cm) below the No. 8 (25.4 mm) test b~r. \ According to the 

American and Canadian Code' specifications, a:,"--top, bar" 1s a bar cast vith 
o < v 

at least 12 in (30~5 cm) of concrete below the bar. Therefore, the pilot 

test, named beam BI was considered as a specimen with "top-cast bars", or 

simply a "top-cast specimen". La~er, it was turned upside down for testing. 

Having performed very weIl, the same design and detailing were kept for the 

rest of the experimental program. The beams whose details are shown in 

Fig. 3.2 are classified as follows: 

(i) Beams BI and B2 are respectively the "top-cast" and the ''bottom-

cast" specimens. The 'elDbedlllent length of the test bar is 30 in (76.2 mm). 
, il 

(H) Beam B3 is a "top-cast" specimen while beam B4 is a ''bottOdl-cast'' 

specimen. They both have an embedment length of 36 in (91.4 Cm) for the 

test bar. 

(iH) Beams B?" and 86, which have an embedment Itmgth of 40 in (101.6 CIl) t 
,.,. 

for the test bar are cast respecti vely wi th their main bars at the t~ and 

at the bottom of the specimens. 

.. ... 

" 

J,' 

• 1 
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(,J 3.4 Matèrial Pr2Perties 
". 

3.4.1 Steel Reinfdrcemmtt , 
.~ - -

Each group of the steel· reinforc,ing, q.ars usee! in this res,~ardt 
program, had the sme 'heat treatment and wu frOll, the same stock. , They 

were aIl standard-deformed bars corresponding to ASTM 615-68 sPeciJicatians. 

For e~ch size of bar at ieast three randOllly eut specimens 18 in (45.7 cm) 

long, were selected for an axial tension test. These specimens were 

ins~ented with electrical resistancé strain gauges in a mann,:r similar to 

that 9f the bars used in the specimens. Two gauges J diametrically opposed, 

were placed at mid-length of each coupon, which was later held in the jaws 

of a 60 kip (266.9 tH) capaci~y testing machine and tested until failure. 
~/ 

The physical properties of the reinforcing bars were then detel'DÛnedi thel.r 

average values are sUllllUlrized in Table 3.1. Results of the tendl" tests 

of the coupons are presented in Appendix A. 

TABLE 3.1 

PROPERTIES OF REINFORCING BARS 

, 

BAR NO. 'i, ~ fy fu Es 

in 102 psi psi 106psi 

(-) (cr) (MPa) (NPa) (l03MPa) 

No. 8 1.000 0.190 59,500 88,600 30.~ 

(25.4) (4.030) (410.3) (610.9) (210.3) 

Ho. 6 0.750 0.440 58,500 89,100 31.0 

(19.1) (1.250) (403.4) (61~.3) (2U.1) 

No. 3 0.375 0.110 60,300 91,!}00 30.8 
- (9,S) (0.078) (415.8) (633.1) (212.4) 

'. ~,," 
.... ~ 

~ 

" . 
• -'< 

" 
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3.4.2 Concrete 

Normal. Portland Cement,' meeting the current ""standard spe ifications 

of the AS'l'M C150 - 69a for type l (or C.S.'(. type 10) was used. e fine . . 
1 

ag~regate ~onsisted of,natural concrete sand w~ile the coarse/ag~e~ate 

consisted of crushed limestone.1!Iith a ,maximum size of 3/4 in (19. i mm). 

The mu (97) designed for a sl';D'1P of 4 in (10.2 cm) and a water-cement 
" 

ratio of 0.54, consisted" of the fOllowing by weight of one çubic yard of 
\: 

concrete: . 
~ 

" 
, , 

Fine aggregate ' Sand 1610 ,lbs 

Coarse aggregate 1/4" Stone - 510 lbs 

1/2" Stone - 840 lbs 

'" 3/4" Stone - 340 lbs 
n. 
Coarse aggregate Total - 1690 lbs 

P'ortland Cement Type 1: 500 lbs 

Water '- 270 lbs 

Water reducing agent (W.R.D.A.) - 3S oz 

The ready-mixed conc~ete was delivered int'o the laboratory and for 
, 

each specimen sli standard 6 x 12 in (15.2 x 30.~ cm).concrete cyl~ders 

were . cast at the same time. They we're stored and cured in the saae Jlanner 

as the beam specimen and vere tested on the following day, to determine the . ' . . 
physical characteri5tics of the concrete. Pri9r to testing, the control 

cylinders were capped at both ends with 11 stron, inë:lustrial plastel". In a 
,J , 

few tests, electrical resistance strain gauges were used and a typical con-
1 • 

crete stress-strain curve i5 illustl"ated in Fig. 3.3. The conCl"ete 

.' \ ' 

" 
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compression test results are listed in Appendix A. The average values of 

~ the compr~ssiye strength and the modulus 'of ~~asticitY qf th~'concret~~Sedl 
. far ea~ beam are shown in Tàble ·3.2. ' r 
j 

, ' 
TABLE 3.2 

, \ 
\ 

ff Ee - 57,OOO,~ f - 7.5 If" c r ,c 
0 , 

8EAN NO. psi 106 psi psi 
(MPa) (103 MPa) (MPa) , 

81 4;040 3.63 478 

(27.9) (25.0) c (3".3) 

82 3,890 3.56 468 
" 

(26.8) (24.5) (3.2) 

83 4,070 3.63 478 c 

(28.1) (25.0) (3.3) . . 
84 4,240 3.71 488 

1 (29.2) (..25.6) (3.4) . " 
: 8S 4,030 3.63 478 
-

(27.8) (25.0) (3.3) 

,86 4,070 3.63 478 

(28.1) (25.0) (3.3) 
fi 
ï 

". 

(, 
, . 

\ 
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3.S Fabrication and Curing of Spectaens 

, AU 'spec~ns were cast in the MeGill Civil Engineering 1 aborat ory . 

"" After maUng the stirrups. the reinforcing cage was fabricated by tying each 
. , 

junction o~ longitudinal and transverse ,reinforcement together vith wire. 
~ , 

The day befO(e casting. the caae was placed in 'wooden foms made of 3/4" 
\ 

(19.1 _) stiffetied plywood fOl'llWork. 

Prior ta placina the cage, the inner faces of the foras were given 

two-:coats of liquid p1lls'tic (fora grease)" which facUitated the removal 

of Ihe forms after casting. Latet..,- the cage was held rigidly in its exact 

position to satisfy a11 caver requir_ents and the laad vires from the 

instrumented bars were carefully tucked away to the outsi4e of the forms 

through holes dril1ed in the forss. The concrete vas carried by a wheel 
\ 

barrow from the truck and deposi ted by' shavel into the fortlls in a few layers 1 

. .' 

( 

starting from oné end to the other. Each layer, approximately 6 in (15.2 cm), 

vas vibrated carefu11y vith a portable electric vibrat~ 1 in [2.5 cm) diameter 

to remove air voids and special attention vas paid in the vicinity of the 

strain g~ge sections. During the concreting. external vibration vas a1so 

applied a few times to the outside faces of the foms using the same needle 

vib)8tor. The slump of the concrate was recorded and averaged 4.5 in 

(11.4 cm) for the six beu specimens. 

The exposed surface of the concrete vas finished vith a trowel 

approximately half an hour aiter placing. The speelmens vere then covered 

with burlap which wal wetted each day and a 'layer of p~lyethy;. 

lene. The foms vere then' Itrippeci and the specimens were laid 

horlzontallyon the floar and vere aaist-cure<! \Dlder the polyet)vlene sheets 

for seven days~.. SUbsequently, they were allowed to cure, without any spec~al 
.: 
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in th,e dry air of the laborat0rr. until they Wère moved into the 
Q 

floor for testing. 

3.6 nstrumentation 

ri .6.1 Basic Measurements 

~ 
1 

In any ~xperimental study, it is important to measure the loads, 

reaet ons, defiections and strains. Loads and \reactions give a check on 
1 
\ , 

equilibrium and the 'aecuracy of the applied loads. Defleeti~ 

ngs are very signifieant, as they indicate the ranges of Hnear and 

Strains are a me~ure of the extent of deformation 

in the structure and eonstitutel the basis for aIl further 

and evaluation of internaI forces and moments. Also, bond 

s resses can be derived from the interna! strain deformat!ons. 
1\ 

3.6.2 Choice of Instrumentation 

As far as the load is concerned. there W8S no need for using load 

cells because of the high precision of the "Roylyn" pressure gauge model 

2554-38C53 series. AIso, the beam being simply suppo:tted the reactions 

were not measured. Only the vertic8:l deflection readings at the centre-Une 

of the specillen were made by using a two-inc~ travel dial gauge. The 

inst1'Ullentation for the measurement: of strains on the reinforeing bars and 

on the surface of concrete cons'isted of electrical resistance strain gauges. , 

This strain gauge scheme was divided into three parts. Its JD8in obJ eetive 

" , 
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WU to obtain information whieh would enable plotting the entire strainand 

bond stress distribution along the length of the instrumented--bars. Also, 

at critieal sections 5uch as the section" woith the ~a:JdJII~ bending 1aoment 

and bar eut-offs, a check cquld be made on the equilibrium between internaI .. 
., 

couple and external moment to. verify the validity of the basic assumptions: 

3.6.2.1 Test Bar 

The gauge type and their mode of application were {miform for a11 

te~bars. Application of the gauge required grinding of two bar deforma· 

tions over a length of approximately 3t4 in (19.1 DUn). Then the bar sur-
'--.. 

face at the gauge area was sanded to obtain a smo~SJ1 surface for the 

insta1lation of the strain gauge. Degreasing was done by cleaning the 

area wi th acetone. After the gauge was set and tested with a D.C. ohm meter. 

the area was covered with waterproofing tEl protect the gauge frOID getting 

damaged during the concreting operation and to prevent bonding between the 

gauge and the eoncreté. Lead wire connection, waterproofing and other' 

disturbances ~ ta bond action were confined to this narr~w region. The gauges 

·on the test bars were all PL-S·ll and were typically placed 4 inches (10.2 cm) 

apart stahing from the" centre-Hne. The l'llyout of strain gauges 15 show 
\ 

in Figs. 3.4 and 3.5 and also in Fig. B.l in Appendix B. 

'--.. 

3.~·.2.2 
~ 

Adjacent Bars 
~ 

~ 
\ 

Only one of the adj acent bars was instruaented along part of i 1:5 

/ 

.' 
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, , --
length. in the sae JU.nner as the test bar. However the gauge distanc~", , . 

'varied froII ~., to 12 in (IS ~ 2 to 30.5 cm) as can be seen frOID the layàut 

shawn in Figs. 3.4 and 3.5 (or in Fig. B.2 in Appendix B). 

3.6.2.3 Conèrete Strai~ 

For the first beamJ D_ec gauges wer, used. to Jleasure the concrete 

comPressive strains at selected stations. For the rest of the be .. , 

Pl..;20-11 electrical resistance, strain/gauges vere preferred, and were 

installed at Ipcations along the span length, as illustrated in Figs. 3.4 

and 3.5, and in Fig. B.3 in Appendix B. Their installation was sblpler 

than th~ gauges on steel bars because it did Dot require'any special 

3.7 Test Set UR 

3.7.1 Loadins ArIan8~nt 
) 

The beaa was sillply supported with'a span length of 10'·0" (3.05 .). 

Bach support reaction consisted of a 2 in (5'.1 CIl) steel roller placecl between 
.. 

two bearing plates Il in (3.8 ca) thick. The roUer .was fixed at one end 

and free at the pther end. These' syst..' were supported on otwo steel 1-be811S. 

séated on two concrete,blocks which w~e resting on the strong floor. A 

neat DIOrtar of industri~l pluter was applied between the lover faces of the 

>~eaa spectaen and the top surface of eaçh burina plate. to provide a true 
f, • 

bearing surface for the end reaction. 
."' I? c" 

These caps., vere alloved to hârden 
,-

one day before testilll. 

, . 
• 

, " 

'_~ f , " . ,>;,.;,:".,,', ,;: :~,;:",:::.:\; ';, '., -lo:. ,',-~ 
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) 
A double channel steel bem was seated on top of the specimen at, 

mid-span, which was capped at this location. Two high strength steel 

vthreaded rods, 1-1/8 in (28.6 am) diameter, with a tensile strength of 125 ksi 
, \ 

(861. 9 MPa) and corresponding to AS'l'M Standard A193 were symmetrlically placed,' 

19 inches (48.5 cm) apart on bath sides of the test beam. They extented 

from the top of the 10ading beam to the bottom of the strong floor and were 

cqnnected to a 30 ton (266.9 kN) hydraulic jack. They were bolted on both 

ends. 
.<i 1 

The hand pump applied a givenl pressure through a system of hoses to. 

the Simplex jaçks and was measured by a ,"Roylyn" pressure gauge. The 

Simplex jacks in turn applied the tensile force to the steel rods, resulting 

in a centra~reaction on the top of the beam specimen (Fig. 3.6). 

3.7.2 Testins Procedure 

the load was applied with the system described ab~ve in increaents 

of 200 psi (1.4 MPa) corresponding apptoximately to a midspan 10ad_of 2.61 kip 

(Il. 6 kN). AIl strain gauges were calibrated before the test. The strain 

- re8di~s were obtained br means of an electronic multi-channel strain indi-
l 

cator, model SYl61 series. The-tndic.tor~controlled and syn~hronized aIl 

scanning and printing operation and gave strain readings in micro-inches per 
\ 

inch. At each load increaent, tlie printing unit provided aU readings of 

strains acting on the concrete surfaces and the reinforéing bars. The 

doflection readings were aIso recorded. In addition to these measurements, 

the location, extent, type (transverse flexural, longitudinal splitting etc) 
, "' 

and width of cracks were record~ iuediately alter the application 01 èach 
o 1 

" 

increment of load. Hear failure lOad, deflections incr~ed' ~ore rapidly:and 
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the test procedure was switched !rem load control \0 a control ~f d~flection. 
. 

On the average~ eath test required approximately three hours. The test 

~~ta (Appendix C) is pre~eJlt~ and discussed in the next two chapt ers . 
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Fig. 3.1 Reetangular Stress Distribution 

c 
c. 

~2 • 3 (19.1 1IIIl) 
- StlIruPS ,. 3 @ 8 in c.t.c. 1"'" 2 1 6 (19.1 l1li1) 

o ~r 

ü 

1 t l t 8 (2S .4 1IIIl) Test ~~ 
1 

1-4 ,?"badlDent "1.- Rlnbedment 
~I 

Length IAmgth 

- la feet ... 6'!p .. ... 
Id (304.8 CIl) 9in (15.2 cm 

J 7 
BEAH CLASSIFI~TION ! EMBEDMEN'1' LENG'l'H 

BeUl B1 
0 

SeUl B2 

BeUl B3 

Beai B4 

SeUl B5 

BeUl 86 

: 'l'Op-calt specimen 30 in (76.2 CIl) 

: Bottom-c&st specimen 30 in (76.2 CIl) 

: Top-calt Specimen 36 in (91.4 cm) 

~ Bottom-cast Specimen 36 in Il. (91.4 cm) 

: Top-calt Specimen 40 in (101.6 CIl) 

: Bottœ-c&1it Specimen 40 in (101.6 cm) 

f 

Fig • 3.2 ! Bea Specimen, . 

--

TOp-cast Specimen 

9in ,. .. 
(22.,9 cm) 
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o 
TEST JlISUJ.TS AND EXPERIMENTAL BEHAVlOuR 

rus chapter presents the experiaental results of tJ:ie six ~ams 

tested in teras of load-deflection rèlponses, strain distributions in .-

both concrete and steel, cracJdng, behaviour and faUure mechanisms. 

The ~asured steel strains on the No. 8 (25.4 mm) test ,bar were 

used to calculate the variation of bond stresses in each beam. The 

behaviour of the beaas i5 discussed in tlu"ee groups having embédment 

lengths of 30 in (76.2 cm), 36'in (91.4 cm) and 40 in (101.6 cm). This 
~ , 

enables a direct comparison of the "top-éast" vs. ''l)ottOll-cast'' bars 
.. ' 

having the sue embedDlent length~ 'The behaviour of the thre~ "top-.c:ast" 

specimens, BI, B3 and 85, i5 then compared to study the influence of 

different embedment lengths. A simi1ar comparison is then made for the 

three ''bottOll-Cast'' specillens, 82, B4 and 86. 
"'" 

4.1 Response of 8eaas with Top-C&st and 8ottoa-C&st Bars 

4.1. 1 Beau 81 and B2. Embedaent Length of 30 in (76.2 ca) 

4.1.1.1 Response of Be .. BI 

~e Joad-deflection response of beam BI ("top-cast") is shown 

in Fig. 4.1. Beam BI deflectecl aImost 1inearly under the first four, 

load increm~nts, without Any 5ign of flexural cracking. At the 10ad of 

10.4 kips (46.3'kN), a hairline transverse crack appeared ri~t at'the 
{'; 
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\ 
centre-Une of the bem: '.}.s' the applied load was increased, a 'few more 

cracks' were fo~ed on eaeh side of the centre-line in a fairly symmetrica1 

manner. "Their widths were approximately 0.002 in (O. OS II1II). Whe)) the 
, 

load reached i3.5 kips (104.5 kN) a flexural crac~appeared at eabh cu~~ 

off location and widened, with the next load increment, to a width of 

0.008 in (0.20 mm), whi1~ other cracks were finer. Another increase of 

the load moved most of the cracks ~~gher up into the compression zone of 

the beam with a slight inclination towards the centre. . . . 
, Finally longitudinal splitting cracks started appearing on both 

ends of the No. 8 (25.4 mm) test bar at a load of. 36.6 kips (162.8 kN) •. 

Their length was approximate1y 6 in (15.2 cm) 'and their width 0.03 in 

.(0.7 mm).~ With further increase of the load, a large fle~ral shear crack 

appeared suddenly ~t one end of the No. 8 (25.4 mm) bar as can be seen in 

Fig. 4. 2a and the load dropped off. The maximum load recorded was 37. 0 kips 

(164.6 kN). The final splitting cracks had. propagated to a length of 14 in 

(35.6 cm) on one sid'e'and 8 in (20.3 cm) pn the other side. The maximum 

widths of the splitting and the major shear cracks were measured and"were , 

both 0.25 in (6.4 mm~. This bri~tle failure WBS aggravated by the presence 

of diagonal tension due ta the eut-off of the No. 8 (25.4,mm) bar in the 
1 (l"" 'Ir 

tension zone.. The maximum deflection reached bèfM'e the load dropped was 

0.444 in (1.13 cm). 

The theoretical load deflection and lhe ACI yield prediction are 

aIso shawn in Fig. 4.1 with the P-A curve of beu BI. For the deflection 

at yielding, Branson's equation is used to compute the effective moment 

of inertia: le 

" -................. --- . 
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Mer - cracking moment 
. 

Mmu-- maximum externa1 moment at 10ad into consideration 
) 

Ig - moment of inertia of uncracked section transfo~ed 

to concrete 

1 cr - moment ~f inertia of cracked section transformed to 

con crete 

I~ is apparent from Fig. 4.1 that beam BI did not reach the ACI 

yield prediction, having a maxtBum capacity of only 78\ of the ACI yield 

prediction. This is explained by the fact that beam BI doe~ not have 

perfect bond between steel and concrete and does not deve1~p its yield 

stress of 60 ksi 1413.7 ~a) because the embedment !ength is tao short. 

An examination ôf Fig. 4.3, which shows the variation of tensile 

( strain along the test bar of beam BI at di/ferent load stages, confirms 

tha .... tQ.e maximum strain reached at centre is only 1430 micro in/in.. This 

is les~_than the yield strain of 1950 micro in/in. The theoretical strain 

" dist~ibution 1s obtained before cracking and after cracking. This is 

~t a straight line gOing~from zero ~t the end of the bar to ~ maximuœ 

. . 

1 

value at cehtre. " Before cracking, at a load of S.2 kips (23.1 tH), the , 

strains are low and qui té close ta, the piedicted )alues. For the subse-

quent 'load stages, cr,acks occur along the beam length and their locations 

govern the magn~tude and the distribution of th, tensile strains. Crack 

locations.J;,are close to the measured peau in the bar strain curves due to· 
A 

~ . 
the increaSed tensile force carried by the steel at crack locat~ons. 

id ... _,ot;! 
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Between cracks, the concrete helps to ~arry tension and the steef strain 

drops off in a compensating ~anner as illustrated by these distributions. 

The bar strain curves may very well not show the true peak in 

the strain curve unless the crack happens' to occur within about l in 

(1.27 cm) or less of the gauge length. The strain curves increase 

gradually with the applied load and most strain values at the ends of 

the test bar are much higher than the predicted values. The tensile 

strains along the continuous No. 6 (19.1 mm) bars are'presented in Table C.3 . " 

,in Appendix C. This table indicates a yie1ding of the No. 6 (1\9.1 mm) at 

the CU:-Off locations, at ~ailur~of the specimen. This i5 due to'the 

large moment and the stress concen~ration at the eut-off location'. No 

yielding of the No." 6 (19.1 mm) bars was reéorded at the centre of the beam. 

Bond stress is the slope of the "force in· bar" curv~. The av~rage 
""-

local bond stresses can be 'derived between two gauge locations by the, 
, 

following equation: 

AFAB - (4.2) 

where Ut - average local bond stress obtained in tests 

âFAB III!- .. - differ~ial force between two gauges A "and B 
~ 

~ - diameter of the steel bar 

âAB - dis.tance between two gauges A and 8 

ES - modulus of elasticity of the steel bar 

\ - cross-section area of the steel bar 

,eB,eA - strains at gauge A and gauge B 

/ 

) 

! 
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.> 
The bond streu distributions of beu BI are shawn in Fig. 4.4. 

As expected fram the strain variation, the average local bond stresses 
. 1 . 

are higher at the ends of the test bar at aIl load levels due to,tne 

. increased build up of steel tension at the bar ends. At failure, the 

average l~cal bond stresses at the ends of the test bar are 1572 psi 
î:" 

(10.8 MPa) and 1534 psi (10.6 MP,a) which resulted in a~rittle longitudi-

nal splittingofailure. 

4.1.1. 2 "Response of Beam Bi 

Fig. 4.1 also shows the load-d~flection response of bea. 82 

(''bottOll-cast lf). Beam B2 undergoes a smal! deflection, under applica-
, 

tian of the first l~ad Increments. As the load is increased to 13.1 kips 

(58.3 kN), two flexural cracks occurred close to the centre of the beam . . 
Afterwards, cracks continued ta forme and at a load of 23'.4 kips (104 kM) 

flexu:ral cracks appeared at the ends of the test bar. Bea B2 continued 

deflecting slowly under load, as more fine cracks continued developing and 
o ~ " 

the previous cracks progressed towarqs the compression zone. 

At a load of 34.0 kips (151.2 kM), an additional flexural erack 

formed approximately 10 in (25.4 ,cm) fl'OlD one end of the ~est bar. It 

transformed into a flexural she4l' crack vith sians of splitting on the 5148 . ~ " 
of the beam near the end of the bar, as illustrated in Fig. 4.2a. At 

, , 
this stage most cracks attained a width of 0.006 in (0.15 -J. Aiter the 

~ . , 

- next load stage of 36.6 kips (162.8 kN) J the fol1owing observations were 

made indicating a,near failure by bond splitting. 

! , 

0-

c 
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An increase in deflection shown in the P-A curve of Fig. 4.1. 
~ . 

A large widening of the flexural shear crack at one end of 

Lthe test bar. The recorded width is 0.125 in (3.2 mm). 

(Ui) , A formati()n of longitudinal splitting 'cracks 0.03 in (0.8 mm) 

wide at both ends of the test bar with lengths of 7 in (17.8 cm). 
(f 0 

A very large deflection 1s observea in the P-A curve with further 

increase of the load. Beam B2 reached an u1timate capacity of 39.0 kips 
1 

(173.5 kN). Then the 10ad dropped off slightly and deflection continued 

until failure occurred at a maximum def1~ction of 0.60 in (15.2 IIDD). 

After failure, the major shear crack was 0.22 in (5.6 mm) wide. The lon-

gitudinal sp~itting cracks on both ends of the test bar, had propagated 

to a length of la in (25.4 ~) approximately, with a width of 0.22 in --, 
(5.6 mm). This i~ shawn in Pig. 4.2b. 

As observed in the load-deflection curves beam B2 reaches only 82% 

~ the ACI yield prediction. The variatiàn of tensile strain presented in 
,) 

Fig. 4.5 a1so shows that the No. 8 test bar (25:4 mm) did not attain its 

yield strain of 1950 micro in/in. The maximum strain developed at the centre 

was 1485 micro in/in which represents 76\ of the yield strain. The tensile 

strain variations at aIl load stages resemble a Jrarabolic curve with zero 

strain at the ~ds of the bar and a peak strain at the centre. Before 

cracking, the variidon w&s fIat and after traéking, the peak strain at 
1 

centre increased with the 10ad. 
\ 

As observed with beam BI, the strains at 

the ends of the test bar excèed the predicted strain values. In addition, 
\. 
"-

the st~ains along the continuous No. 6 (19.1 mm) bars also indicate ~~ 
, '" 

yie1ding at the eut-off locations without yielding at the centre of the. 

beam (see Appendix C). Average local bond stresses are a150 obtained for 
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" beu B2 and are shown in Pi,. 4.6. They .ax~ ,!,a1ues at failure, 0 

attained at the ends of the test bar are 1600 psi (11 MPa) and 1580 psi 

cuY. 9 MPa) . 

\ .~ 

CO!p!!ison of Be .. , 81 and B2 

'I1fe behaviaur of beBlls BI and 82 15 very smUar in' th~ sequence 

of'physica1 distresses asso~iated with 10ss of bond streng~h .. However, 

bea B2 showecl signs of vJ~ible cracks at a load of 13.1 kips "{58.3 tH) 

while beam BI cracked at a 1o~ of 10.4 kips (46.3 kM). ,This indic~es 
, , 

a hi,her tensile str~gth for the ''bottoa-cast'' concrete. In its response 
, 

1:> ,-

to the appli~ '~oadJ beaa 82 exhibited aore rigidity than its companion 

beaa BI, as shown in Fig. ,4 .. 1. Beaa 81 failed at o 37.0 ktps (164.6 tH) 
, , 

in a very brittle way "hile be •. 82 showed ~re ductility after reaching 

, its ulttUte cap.city of 39.0 kips '113.5 )eN). Although the difference 

o in u1tiaate capa'dties is only 5', the difference in ductility is quite 
, 

si~ifican~. The observed aax!aua deflections were respectively 0.444 in 

'(1l~3.) for beaa BI and 0.60" in (15.2 _) for beu 82. 
o 

, The cracking pattern of both besas after failure, shawn in Figs. 
. ) S < 

4.2& and 4.2b, indicates aore :Elexural cracks forbea 82 than forbe .. BI / 
1 

) providiug further' ~ide~ce of the better bond perfcmaance of the "bottca-

eut" specimen: 
• J 

o 

,~f'~ .the splittiq and .. j~ ~hear cracks at fallure we~e. 0.22 in 

(5.6·.) ride for bUll 82 and 0.25 in (6.4 _) wide for beaa 81. When tho 
• \ • d 

tensile strain curves dong. the test bars ·of both\beas are coapued at 
, /, 

".' the saio 'loact lovol,. hilher strains are observee! for b ... ·Bl·'at lover load 
. ~ 

. " 

. ~. 

- ~ 1 \' 

.f". 
:": ~',_'::, 1: 

.'",-, J..~ ,,' , 
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levels. 
r' 0 ' • 

This lI&y be attributed to the lover tensile strenkth o,f the "top- • 

cast Il concrete in be .. BI. The t.nsile strain variations of both beuS at 

respective ultaate strenaths, are cClipared in Fig. 4.7. Bea B2 shows 

slightly higher strains than its ca.panion besa BI. The bond stress 

_ distributions of both beaas. are also presented in Fig. 4.8 indicating that 

be. B2 developed higher bond stresses than beu BI at the ends of the test 

bar. ,-

4.1. 2 Beams 83 and 84. Embedment Lennh of 36 in (91.4 cm) 

4.1.2.1 Re!l!OJISe of ~ B3 • . \ ' ' 

Alter a load of 7'.8 tips (34.7"]eN) was reached. \ a s light change 

in the slope of the load-defl'ection curve of bea B3 shown in Fig. 4.9 is 
/ , , 

noticed. At a load of 10.4 kips (46.3 ]eN) a couple of hairline flexural 

cracks appeared in the central region of the ~e_. They were followed 

later,'at a lo~ of 20.9 kips (93 kN), by additional f~exural cracks at 

both ends of the test bar. At the sae tille, .ost cracks widened and 

progre~sed towards the ~op of the be .. at a small inclination. At a load 
.<). 

of 31.3 kips (139.2 kN). the average crack width was 0.006 in (0.25 ma) 

except 'for the one close to the eut-off locations that bad a width of 0.01 in 

(0.25 _). 

An additional flexural crack appeared at a load of 34 tips 

(151.2 lcN). approximately 12 in (30.S CIl) frClll one end of the test bar and 

vas accœpat:ùed br soae longitudinal splitting cracks on the bottClll fac. of 

the be ... ' This flexural crack transfomed into a .. jor shear crack at the 

following 10&4 incr.ent of 36'.6 kips (162.8 kN) J as it foraed "ith previous 

'~.·r -_-.' ... 
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cracks' a CTitical region of "debonding acdonu at one ~ of the test 
\ ; 

) 

specimen. The maxilllulll widths of cracks were observed in that region and . 
averaged 0.02 in (0.5 _) for both longitudina1

1
splitting and lUjar shear 

cracks. These cracks widened to a ..,idth of 0.19 in (4.8 II1II). as the b!llllll 

attained a maxÏlllUll 10ad capacity of 40 kips (177.~ kN) and failed abruptly , 
with a drop ln 1aad. ,The cracking pattern at failure. illustrated 

in Figs. 4.10a and 4.10b, shows a 1ength of splitting cracks of 10 in 

(2S~4 cm) and 12 in (30.5 cm) at the ends of the test bar. The IlUIIbers 

written on t~e sides of the'beams in Fig. 4.10 indicate the 10ad stage 

number. 

As illustrated in the load-deflection curve of beam B3, it did 

not reach the ACI yie1d prediction of 41.0 kips (209.1 kN). It attained 

only 8S\ of this. value at a maximum observed deflection of 0.486 in 

(12.3 JIIII). 
, 

The variations of tensile strain along the test bar of besa 83 
, . 

are shown in Fig. 4.11, at se1ected 10ad leve1s. The increa.se in strains, ' 

as load 15 applied, is readi1y noticed and aIso the ilIpOrtance of cracking 
, ' 

pattern on the mqnitude of the tensile strains. The increase in tensile 

, strains at the ends of the test bar is also observed at a load of 36.6 kips 
• JI 

(162. 8~ kM). correspOJ1ding to the appearance of longitudinal splittina 

cracks. At faUure, beall 83 reaches a JIl8JCÙIUII tensile strain, at the t--. 

centre of the test bar, of 1750 micro in/in which is 90\ of the yielcl strain. 
oP • 0 

Averale local bond stresses are derivecl for the s.e load st .. es 

and their distributions are shawn in P~g. 4.12, where very high bond 

stresses are ,noticed ;t th~ ~ds of the test bar when failure ls approached.o 
--~. -

The JlaxÎIIUII bond stresses calculated were 1296 psi (8.9.a) ad 1227 psi 

.,.. J ,.~ ... 
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, , " 

(8~5 HPa). Finallr. the tensile strains of the~adjacent No. 6 (19.1 mm) 

bar$. presented In 'Appendix C, indicate that' yielding only occurred at 

the eut-off locations. 

4.1.2.2 Response of Bea 84 

The load-deflection readings of beu B4 are also p10tted in 

Fig. 4.9. Bea B4 showed the first sign of visible cracking around the 
-.' . 

centre a~ a load of 13.1 kips (58.3 JcN) accaupanied by a drop in stiffne,ss. 

At a load of 23.5 kips (104.5 kN) ~ the first flexural cracks occurred at 

Iboth ends of the test bar. Ni thin the nut four load iner.ent!, a lot 
, , 

of fine flexura1 cracks deve10ped anef. moved towards the neutral axis, as 
" 

illustrated br Fig. 4.l0a. With further increase of the load to 36.6 kips 

(162.8 kM») hairline splitting cracks, 3 in (7.6 am) long, appeared Along 
1 

the length of the test bar. A$ the load was inc:reased, the flexural cracks 

widened and extended towards the cœpression zone. At a 10ad of 41. 8 kips 

(185.9 kM) the cracks at the eut-off locations also widened and transfor.aed 

;; .. - into Jl8jor shear cracks, as ther progressed towards the top of the bem. 
, 

Side splitting cracks vere also noticed near the ends of the test bar. 

Ri The laraest crack vidth aeasured at a load of 45.7 kips (203.3 kN), vas 

0.09 in (2.3 -l alcma one of the _jor shear cracks. At the sue tille, 

the JPlittina propagated alona the length of ~he No. 8 (25.4 m> bar between 
j>I 

ttansverse flexural cracks. AIso a considerable inèréase in deflection vas 

observee! at this stage and can be seen in the loacl-de.flection curve. A 
?_'> 

. '~_1l increaent of laad to 47.0 kips (209.1 kM) resultecl in increasecl 

deflect~ons vi th the widening of a11 cracks. 

; 
, 1 
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Before failure OCc:uned. beaa 84 s~owed a fairly ductile behaviour 

with a lot of cracking and reached a maxbmwa estimated deflection of 0.656 in 

(16.7 _). An exaaination of the bottOII face at fa'ilure. indicated that 

splittiDg cracks propagated along the length of the test bar and reached a 

length of 7 in (17.8 CID) at one end, as can be seen"in Fig. 4.10b. The 

major sheu cracks had a JIl8Ximum width of O.13.in (3.3_)..,. :;.The splitting 
. , -,' 

cracks vere' finer and about 0.09 in (2.3 mm) vide. 
, 

fig. 4.9 shows that the deflection5 of bes B4 are very close to 
1 

the predicted values at the early load stages up to 23.5 kips (104.5 kM) 

approximately. Afterwar4s, be8ID 84 loses stt,ffness until if failed at 

47.0 kips (209.1 kN), when it reached ~he ACI yield prediction. In 

Fig. 4.13 it is easily observed how the ten5ile strains along the length 

of the test bar are rapidly increasing with loads, especiaUy at the ends 

where they alvays exceed the theoret ical strain values. The laaximuJa 

strain reach~ lat centre i5 1965 micro in/in at failure. and aIso indicates 

that beam 84 reached the yield strain of 1950 micro in/in. The distribu

tion of bond stresses shown in Fig. 4.14, i5 again derived frClll the strain 

variation. As for the previous beams, the maximum values of the aYerage 

bond stress are attained near the ends of the test bar. For b~ 84, 
, , 

theyare 1553 psi (10.7 ~a) and 1476 psi (10.2 MPa) at failure. \ As for 

beaa 83, yielding of the No. 6 (19.1 _} bars only - occurred at the eut-off 
\ 

locations. However J the No. 6 bars reaehed 9S percen~ of thei'r yield 

strain at the beam centreline. \ " 

4.1.2.3 ~of_B3aadBe"'~ 
Proa the load-deflection plots in Fig. 4.9 a few ccaparisons ca 

-. ' 

.. lU: U ~ .. 
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be made. 

(i) The ''bottaa-cast'' concrete of bem 84 has a higher tensile 
. 

strength than the "top-cast" concrete ,of beam 83, as indicated by the 

larger cracking load for bem 84. 

(ii) Bema 84 shows higher stiffness than beam 83 during the 10ading 

history with a maximum difference of 25\ at the load of 40 kips (177.9 kN). 
1 

(iii) Beam 84 exhib~ts greater ductility, than beam 83, having maximum 

measured deflections of 6.656 in (16.7 mm) and 0.486 in (12.3 mm) respec-

tively. 

(iv), 8eam 84 failed at a load of 47.0 kips (209.1 kN) while bem 83 

failedat a load of 40 kips n77.~ kNl, resulting in an 18\ strength 
, 

increase for the "bottom-cast" specimen. 

The better bond performance of beam 84 can also be observed in 

the cracking pattern shown in Figs. 4.10~ and 4.l0b. More fine flexural 

cracks are developed in beam 84. Also the splitting cracks and the major 

shear cracks are not as wide. Tensile strains are compared at different -'-

load levels and show less strains in the test bar of be.. B4 due to the 

difference in tensile strengths. Finally the campared tensile strains 

and bond ,tresses at failure are presented in Fig. 4.15 and Pig. 4.16 
< 

respectively. T~ile strains at failure are higher for beam 84. The 
! • 

strains at the centre of each bem at failure load were 1965 micro in/in 

~ , for beam 84 and 1750 m~cro in/in for beam 83. . Average local bond stresses, 

developed at the ends of the test bar at failure, are aIso higher for 

be8JI 84. 

,'" 

/ 
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4.1.3 Beams 85 and 86. Embedment Length of 40 in (101.6 cm) 

4.1.3.1 Response of Beam B5 

After the appearance of a few cracks in the central region of the 

beam at a load of 10.4 kips (46.3 ]eN), beam B5 showed a decrease in i ts 

fl~ra1 rigidi ty as more cracks formed and elongated. The cracks propaga

t~ to the ends of the test bar at a 10ad of 23.5 kips (104.5 JcN), as 

il1ustrated in the load-def1ection curve shawn in Fig. 4.17. At the load 

of 31~3 kips (139.2 kN), some f1exural cracks at the ends of the beam in

c1ined towards the centre-line. At a load of 34.0 kips (151.2 kN), fine 

splitting cracks initiaied from fle.xural cracking 'at the eut-offs. The 

flexura1 cracks showed a maximwn width of 0.006 in (0.15 mm) at this stage. 

At a load of 40 kips (177.9 kN) a wide flexural shear crack rapidly 

deve10ped approximately 16 in (40.6 cm) from one end of the test bar: It 

became a major shear crack at the load of 43.1 kips (191.7 kN), and formed 

a definite "debonding region" at this end where longitudinal splitting 

cracks were larger and averaged 0.04 in (1 mm) in wi~th. The be8ll reached 

a peak 10ad of 45.0 kips (200.2 kN), as observed in th;~ curve; then, 

the load dropped off slightly and, after an increase in deflection under 

constant load, the specimen failed abruptly. The maximum crack width was - ,-'" 

noticed a{-the majo~ flexlal shear crack and the splitting cracks close to 
• 

it. Khen aeasured, these cracks averaged a width of 0.06 in (1.5 ma) while 

others were _pproxÏ8ately 0.008 in (2 mm) wide. Figs. 4.18a and 4.l8b 
" .. 

illustrate the cracking paRern of beam B5, which exhibited a maximull 

deflection of 0.588 in (14.9 mm)~ theO def1 ect ions of beaœ BS started 

deviating considerably· fre. the theoretical values after a load of 23.5 kips 

• 'r 
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(104.5 kN), and continuee. the sue way until fallure wher_e it attained 

o 96\ of the ACI yield" prediction. 

The tensile strain readings obtained for the test bar are plotted, 

at selected load stages, in Fig. 4.19. The~ame geBerai shape of the 

distributions is also found for beam B5. The maximum strain at the centre, 

at failure is 1865 micro in/in. This represents 96\ of tbe yield strain 

which is exactly the same percentage obtained fram the comparison of ulti-
'<\\ 

, 
mate·capacities. The maxÏJllUal càlculated bond stresses were 1114 psi 

(7.7 MPa) and 1170 psi (8.1 HPa) at the ends of the test bar (see Fig. 4.20)." 

When the tensile strains of the No. 6 (19.1 mm) bars are examined (see 

Appéndix Cl, they do not show any yielding at fai1ure either at the eut-off 

location nor at the centre of the beam. 

4.1.3.2 Response of 8eam 86 ( 
~Flexural cracking for beam B6 occurred at a load of 13.1 kips 

" 
"-

(58.3 kN) with cracks on bath s~des of the centre-l~~_e. The cracking load 

is displayed in Fig. 4.17 with the cracking patte~ of beam 86 illustrated 

in Figs. 4.18a and 4.18b. Thereafter, new cracks formed and aIl progressed 

slowly'towards the c01DpTession zone. At a load of 26.1 kips (116.1 kN), 

many fine flexura1 cracks were observed on the tension side. F1exural 

cracks appeared at the eut-offs at a load of 28.7 kips (127.7 tH) and 

started s~oping at the next load stage to beeome flexural shear cracks. 

Further incresents of the load up to 36.6 kips (162.8 kM) caused SClle fine 
. 

splitting cracks. 2 in (S.l ca) long, at both ends of the test bar. These 
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cracks propagated with subsequent increases of the 10ad to reach 6 in 

'(15.2 cm) each, at a 10ad of'40.5 kips ~(180.2 kN) where they were 0.004 in 
,'~ , 

, (1 DDD) vide. The maximum flexural shear crack at one of the eut-off loca-

tions measured 0.007 in (1.8 mm). ' The propagation continued until a major 
~ 

sh~ar ,crack suddenly appeared 16 in (40.6 cm) from the end of the test bar, 

at a 10ad'of 45.1 kips "(203.3 ]eN), as shown in Pig. 4.18a. 

Further increases in load led to increasing deflections vith a maxi-

mum 10ad occurring at 49.5 kips (220.2 kN) and at a deflection of 0.792 in 

(20.1 m). The resulting failure vas ductile, as shawn in Fig. 4.17, after 
~ . 

two symmetrical flexura,l cracks close to the centre videned considerably 

indicating possible yielding. The average width of these two cracks vas 

0.06 in (15 mm) at failure. The longitudinal splitting cracks indicated a 

maximum width of 0.02 inl (0.5 DDD). Branson's equation predicts the pre-

yielding response vèry weIl and ultimate capacity of beam B6 is 5\ highe~ 

than the AC! yield predictio~. The tensile strain variations shown in 

Fig. 4.21 indicate that yielding of the No. 8 (25.4 mm) bar had occ~rred at 

failure. Average local bond stres'ses derived fram the tensile. strain varia-
.. \ 

tians are presented in Fig. 4.22., The maximum bond stresses at the ends of 

the test bu are 1304 psi (9 MPa) and 1342 psi (9.3 MPa) •. ' Table C.2 in 
• 

Appendix C indicates a yielding of the No. 6 (19.1 mm) bars only at the 

centre of the beam. 

4.1.3.3 Comparison of Beam BS and BeD 86 
. , 

The load~deflection responses of the beams are firs~_cœapared and 

show several important differences as indicated below: 

(i) The ''bottCID-cast'' concrete of beu 86 has a higher tensUe 
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strensth than the "top-cast" concrete of beam BS.' 

by the higher cracking load observed for beam B6. 

This is demonstrated "r~' ", 
1 " 

" , 
,.,.~~!,.- , 

" 

~" 

(H) Beam B6 is stiff'er than its companion beam BS at 'aU ldad 

levels. 

(iH) The failure 0", ~,eam }J6 is more ductile than the ~orresponding 

faHure ,of beam B5. At failure. beas B6 and BS show "respectively maximum 

" deflections of 0.792 in (20.1 mm) and ,0.588 in (14.9 mm). 1 

(iv) Beam B6 atbined a higher capacity than beam BS. They failed 

at 49.S.kips (220.2 iN)' and 4S kips (~0~.2 iN) respec~iv.ly, resulting ~ 
in a dUference of 10\. 

The cracking patterns are compared in Fig. 4.1a, and it is observ~ 

that beam B6 exhibited a larger number of small,er flexural cracks than bem 

BS. This is another indication of the better bond performance of beam B6. 

At faHure, beam B6 developed a maximum tensile strain at the centre which 

was 8\ higher"'!tan ·that of beam BS '(see Fi~. 4.23). ,: Finally average local 

bond stresses are 'compared in Fig. 4.24. Beam B6 indicated a maxÎllUlll bond 

stress which"was about 15-18\ larger than the bond stres~es calculated for 

beam BS. 

o 

4.2 ' Effect of Embedment Lengths on the Re!ponse 

l " 4.2.1 C9!parhon of Beams vi th Top-Cast Bars: B-l, 83 and BS 

The load-deflection curves of these béas are coarparèd in Fig. 4.25. 

Soae of the ca.on charaeteristics are compared below: 

(i)" AU of the "top-cast" beaas cracked at the sae load 1eve1. 

" 
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(U) AH beams showed signs at aboù"t the s8Ile 

load level. 

(iii) AlI three'beams did c each :h~ ACI predicte1 ~ltimate load. 

·Some of the differenc;:ès in behaviour are compared ~10W: c 

(i) The·stiffness at'all load levels increases as the embedment 

length increases. 

(ii) Beam BS with the largest embedment length displayed a more 

ductile failure than the failure disp1ayed by beams 81 and 83. 

(iii) The strength increases as the emhedment length increases. 

The cracking pattern of these three beams is shown in Figs. 4.26a • 

ahd 4.26b. It can be seen that an 'increas~ in embèdment length leads to 
, 

a larger number of· more c1ose1y spa~ed, finer f1exura1 cracks. Thus an 

incre~e in embedment 1ength 1eads to a more desirable cracking and bond 

behaviour resulting in larger stress being deve10ped in the eut-off bar. 

The deve10pment of larger bar stresses is confirmed in Figs. 4.3, 4.11, , 

4.19 and 4.27. For example~ beam B5 develops 7% higher stress than beam 

83 and Bearn B3 develops 22% higher stress than beam BI. However, as 

i11ustrated in Fig. 4.28, lower bond stresses are obtained at failure for 

beams vith longe~ embedment lengths. Beam "85 has a maximum ~ocal bond 

stress of 1170 psi (8.1 MPa) compared to 1296 psi (8.9 MPa) for beam 83 

and 1572 psi (10.8 MPa) for beam BI. 

4.2.2 Comparison of Beams vith 8ottOll-Cast Bars: 82. 84 and B6 

Wheri specimens 82" B4 and 86 are cOilpared, the following significant 

. ,~ 

" . 
" 
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differences are observed: 

(i) As shown in the P-A curves of Fig. 4.°29,0 the stiffness inë:reàses 

as the' em~edm~nt length is increased. 
\ \ ,l' 

(ii) 8eàm 86, 84 and 82
0 
failed in the same ductile""'Dlanner, but a 

significant difference 1s observed between the def1ections reached A.t the 

maximlDD 10ads of 86, 84 and 82. They are respective1y 0.792 in (20. i m), 

0.656 in (16.7 m) and 0.600 in (15.2 a). The ducdlity therefore 

increases with increasing emb~ent lengths. 

(Hi) Beam B6 exceeds thef'ACI yield prediction of 47 kips (209.1 kN) 

by st, and beam B4 just reaches it white beam 82 attains only 83\ of the 

predicted strength. 

-
(iv) The cracking pat.terns illustrated in Figs. 4.30a and 4.30b 

indicate that a larger nwnber of sma11er cracks are formed in specim~ns 

with 10ng~r embedment lengt.hs. 1 This provides visual evidence of bet.ter 

bond behaviour as t.he emb~ent length is increased. 

(v)' The difference in tensile strains and obvious1y the tensile 

stresses is, illustrated in Fig. 4.31. Beam '82 attains a 'maximum tensile 

'" strain,. at "centre of 1485 micro in/in while beam B4 reaches the yièld 
'-

strain at 1965 mï"cro in/in. and beam 86 eXceeds the yield strain with a 

value of 2018 micro in/in. 

(Vi) The average local bond' stresses shawn in Fig. 4.32, indicate 

,maximum values at I the ends of the test bar of 1600 psi (11 MPa), 1553 psi 
, . 

(10.7 MPa) and 1342 psi (9.3 NPa) respective~y fo~ beams 82, 84 and 86. 
1 • C 

This indicates a d rease in bond stress with longer _edIIent len_ths. 

" 
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() '4. 3 SlDDIIlatt of Experimental Resul ts 

Tables 4.1 and 4.2 SUDDarize the basic experimental test results' 

- « 
and" can be easily referred to when comparisons are made to show the 

"top-bar" effec:t" and the "embedment length" effeçt. 
J ! 

TABLE 4.1 

i , 
1 SEQUENCE OF PHYSlCAL DISTRESSES ASSOCIATED 'lm BOND FAILURE 
[ ~ 

F1fYSI~ DIST1tESS BEAN BI BEAM 82 BEAM B3 BEAN B4 ,BHAM 85 BHAM 86 

First Flexural kips 10.4 13.1 • 10.4 13.1 10.4 13.1 

Crack (1cN) (46.3) (58.3) (46.3) (58.3) (46.3) (58.3) 
. - . 

; 

First Flexural kips 20.9 23.5 20.9 23.5 23.5 28;1 

Crack at eut-Off (1cN) (93.0) (104.5) (93.0) (104:5) (104.5) (121.1) 

, 

First Splitting kips 36.6 36.6 34.0 36.6 34.0 36.6 
,-

Crack (1cN) (162.8) (162.8) (151. 2) (162.8) (151.2) (162.8) 
- 1 

, 

---
Major Shear kips 37:0 39.0 36.6 41.8 43.1 45.7 

, 
.- -

Crack -'. (kN) (164.6) (173.5) (162.8) (18S.9) (191.1) (201.3) 
, 

, 

Failure kips 37.0 39.0 40.0 47.0 ~.O 49.5 

(kN) (164.6) ('173.5) (117.9) (209.,1) (200.-2) (220.2) 

• 
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"TABLE 4.2 

RESULTS 

o 1 

First Flexural 

Crack 

, 

Maximum 

Def~ection 

MaximuDl 

Capacity 

Spli tting Crack 
, 

at Failure 

" 
Major Shear 

Crack at Failure 

Type of 

Failure 

Strain a1i" Centre of 

'8 Bar at Failure 

,Local Bond Stress 

at Ends of 18 Bar 
, 

at Failure 
0 

0 

kips 

(kN) 

in 

(m) 

kips 

(kN) 

in 

(mm) 

in 

(m) 

( 

~ 
micro 

in/in 

psi 

(MPa) 

psi 

(MPa) 
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BE»! TEST RESULTS 

BEAM BI BEAM 82 BEAM B,:; 

10.4 13.1 10.4 

(46.3) (58.3) ( 46.3) 

0.444 0.600 0.486 

(Il. 3) (15.2) (12.3) 
\ 

37 39 40 
" 

(164.6) (173.5) .(177.9) 

"- ! 
0.25 0.22 0.13 

(6.4) (S.6) (3.3) 

0.25 0.22 0.18 

(6.4) (5.6) (4.6) 

\ 

~ir 
~uctile Brittle 

p'-l 
1430 01485 1750 

1572 16<Ul ,1296 

10.8 11.0 8.9 
, 

1534 1580 1227 

10.6 10.9 8.5 

BEAM B4 BEAM B5 BEAM B6 

, 
13.1 10.4 13.1 

(58.3) (46.3) (58.3) 

1 

" 0.656 0.588 , 0.792 -

(16.7) (14.9) (20.1) 
<-. . 

47 45 49.5 

(209.1) (200.2) (220.2) 

0 

'-

0.09 0.06 0.02 . 
(2.3) (1.5) (0.5) 

'0.13 0.06 0.02 

(3.3) (1.5) (0:5) 

Ductile Brittle Ductile 

>Il 

1965 1865 2018 

1553 1114 1304 
, 

10.7 7.1 9.0' 

1476 1170 1342 

10.2 8.1 9.3 
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(a) Sida Faces 
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(b) Bottom Faces 
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,Crack Pattern! <Jf Beams 81 and 82 
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OIAPTER V 

DISCUSS1~ ,OF TES'l' RESULT~ 

1 

Compuisons vith ACI 1977 

, ' 

The results of be .. 84 with an _bedaent 

AI FI 

gth of 36 in (91.4 cm) 

indicate that the bottai-cast bar just yielded while 'the be .. reached the 
-

" 1 

theoretical llOIent capacity. None of the be8lls with top-cast bars 'reached 

the theoretical moment capacity & Beam 85, with an athedlaent length of 

40 in (101.6 ~) had a maximum strain equai 'ta 96 percent of th~ yield 
~ 

strain and failed at a load, corresponding ta 96 percent of the thlC?retical 

.caent ,capacitr. 

Fol' noraa1 weight concrete and for ,Grade 60 steel reinfol'cellent 1 

the ACI (4) formula for the developaeJit ,length, Id' of bottoa-cast bars' 
, , 0 

smaller than No. Il (35.8 mm} 1s expressed by:" 

o l' _ 
, d 

but not less than 

where \ ' -

o , 

0.04 "b ~y 
. rFë 

1 

0.0004 ~ fy 

area of the, steel bar 
. '" 

(S.l) 

(5.2) 

f v - yie1el strenath of the steel bar y . 
concr,ete cQÇressive stl'enath ft -C 

ct., - nœinll cU .. eter of ste.l bar 

The ACI prov~sions (t'rea SCluations 5.1 and 5.2) requJ.rt a 
, ' , 
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development length of 30 in (76.2 ca) for the bottOll-cast bars. The Code 

also requires that the reinforc .. ent continue a distance ~ or 12\ beyond 

the theoretical' eut-off point. This requiremen~ would resul t in an 

embedment length of 45.5 in (115.6 cm). The results of boam B~ indicate 

\ 
that an embedment length of 36 in (91.4 cm) is required to develop the 

yielding of the bottom. .. cast reinforcing bar. The AC! Code requires a 

development length of 1.4 Id for top-cast bars. In order to assess the 

top-bar effect, it is of interest to compare bot tom-cast specimen B2, 

with 30 in (76.2 cm) embedment length with top-cast specimen B3 having 

,a 36 in (91.4 çm) embedment length. Both beams failed at approximativ~1y 
1 

the sue load. This suggests that top-cast bars require an embedment i 

. i 
length e'lual to 1.20 times the embedment length for bOttom-cast bars in. 

" 1 1 

order to develop the same str~ss. A simUar comparison between bea. 
, 1 

84 and BS indicates a factor of 1.11. / 
, , \ / 

/ 

Ir / 
S.2 ' Or~, Jirsa and Breen's Equations. 

Oràngun, Jirsa and Breen (67) have deriv~ frcIa a non-Unear 

regression analysis of many beam test results an equ,tion for splice len(th 

and development length of steel reinforcement. This equation considers 

the effects of bar diameter, steel stress and concrete strenath and in 

acldition accountos for the effects of concrete cover, bar spacing and the 

a.ount of shear reinfofceaent which have been neglected by current Cod. 

specifications. This result~ in a basic developaent le1llth for a "bottca .. . 
eut steel bar" having a yielcl stress of 60 ksi (413.7 .a) çalculatecl as 

follows: 



1 

r :; 
,'. 

,t ~ 

1 

t 

, , 

. , , 
" 

, , 
l , 

• 

Ktr is an index of the amo~t of transverse reinforc_ent alODJ 

the embedded bar ~d is given by: 

- < 2.5 (5.4) 

0 

where ~r - area of transyerse reinforcement !'lormal to the plane 

of spli tting througth the esabedded bar 

fyt - yield strength of transverse reinforcaent 

s - spacing of transverse reinforcement centre to centre ' 

POl' this series of beus C.. <1, - 1. 5 in (3.8 CJI) and due to 
,,:;; 

the details of the stirrups Ktr - o. . 

, The predictecl basic devel.ent length for the No. 8 (2S.4_) 

bottœ-cast bar 15 34 in (86.4 cm) frœ Equation (5.3) with • - 1.0. This 

basic development 1enath 15 areater than the 30 in C?6.2 ca) requirecl by 

the ACI Code (4). Also, ~anaun, ~irsa and Brean proposecl a factor of 

1.3 for top-cast bars • 

'/ 
~.. , 

" , 
, . ~" 

" ' 
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J 

S.3 Consideration for Future Research 

The simply supported be81l with central point loading has been ' 

used in this experimental progr81l to study the top-bar effect with varying 

aabedment lengths. The ACl Code approach with a top-bar factor of 1.4 

and a required extension of dt or 12 bd beyond the theoretica~ eut-off 

-point is conservative for othis series of tests. However more research is 
, 

needed in order to quant if y t~e top-bar effect. 

Other variables that could be investigated are: 
, 
" 

(i) different depths of èoncrete below the top bar" 

tii) different strengths and types of concrete, 

(iii) different sizes of reinforcing b~s. 

(iv) different percentages of tranSVerse reinforcement. and 
'" (v) different orientations of reinforcement (e.g. vertical bars in 

walls) 

These investigations would help to quantify the top-bar effect and 

wou1d add, to the knowledge of this coaplex bond problem. 

Q 

" 
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CHAPTER VI 

CONCLUSIONS 

\ , 

The behaviour of specimens containing top-cast bars was campared 

with t~e behaviour of companion,specimens c~ntaining bottom-cast bars. 

The results of the tests'indicate that beams containing top-cast bars do 

not perform as weIl as beamscwith bottom"cast bars. The observed top-bar 

effects on >he behaviour are"as follows: 

(1) A decrease iF the ultimate strength (10 to 18 percent for this 

series) J 

(2) A decrease in cluctility. 

(3) Lover bond stresses at failure, 

(4) Lover stiffness at aIl load levels. and 

(5) L'?Wer cracking loads due to', the reduction of tensile strength for 

top-cast concrete. 

Comparisons of the,. behaviour of the beams tested indicate that 

top-cast bars require an increased _bedaont lenath between 11 and 20 

percent lonaer than bottOli-Cut bars in order to reach the sue streSS 

levels in the bars. . l' 
The three beus c9ntaiDina top-cast bars and the three be .. s 

containing battOIR-Cast bars indicate that increases in abedJaent lenath 
, . . 

resulted in higher strength. hiaher stiffness and higher ductility • 

... 

, , 

. / 

\, 
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TABLE A.1 

YlELD AV. y~ OLT. AV. UI.T 
fy f 

'l'EST SM AREA WAD LOAD. LOlO LOAD u 
No. SIZZ in2 

~r- kips kipa kipa psi pei 

t~~J" .,,;.' ) (kN) , (kN) (kN) (MPa) (HPa) , 

• " 

1 6.8 0 10.3 - (30.2) (45.8) 

~~ 2 '3 0.11 6.6 6.6 10.0 60.3 91.90 

(9.5 l1li\) 0.71 (29.4) (29.4) (44.5), "(44.9) (415.8) (633.7) 

3 -: 6.4 10.0 
(28.5) (44.5) 

" 

, 
1 25.6 39.3 ) 

(113.9) (174.8) 
\ 

. 

2 16 0.44 25.8 25.7 39.0 ,39~ 58.5 89.1 
(19.1 BIll) 2.84 (114.8) (114.3), (173.5) (174.4) (403.4) - (614.3) 

1 
-

3 25.8 29.3 0 

(114.8) (f74 •8 ) 

"-
1 46.8 69.0 

-1 ' " 

(208.2)' (306.9) , 

2· .~ 0.79 47.0 47.0 70.5 70.0 1, 59.5 88.6 
(25 • 4 111ft) (5.10) (209.1) -(209.1) (313.6) (311.4) (410.3) '(610.9) 

0 '. 

3 47.3 70.5 
~ 

,- ,(210.4) (313.6) 
) 

a 
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o TABLE A.2 

COMPRESSION TEST RE:SUL'l'S 

ULTDJATE AV. OLT. AVERAGE 
DAM CYLINDER ABEA LOAD LOAD STRBNG'm 
No. No. in2 , 

lbs 1bâ' psi 
(c:m2) (kN) (HPa) 

---~-
, 

1 114,500 
2 113,500 

al 3 _ 28.27 , 113,000 114,200 4040 
4 (182.4) 114,960 (508) (27.9) 
5 113,300 
6 116,000 

1 108,920 ; 
2 ; 109,500 

82 3 28.27 110.980 109,970 3890 
4 (182.4) 108,300 (489.2) (26.8) 
5 110,200 , 

6 111,920 
- " 1 , 115,310 

2 113,690 
83 3 28.27 116,600 115,060 4070 

4 (182.4) 115,700 (511.8) (28.1) 
5 

J 
114.,200 

6 114,860 , . ; 

, 

1 119,290 
" 2 120,200 

B4 3 28.27 121,500 119,865 4240 
4 (182.4) 118,650 (533.2) (29.2) 
5 . 120,900 
6 118,650 

\ 1 113,900 
2 112,500 

85 3 28.27 115,000 113,928 4030 
4 (1~.4) 114,070 (506.8) (27.8) 

-
5 . 113,000 
6 115,100 

1 116,000 
'2 

" 
115,500 

B6 3 28.27 113,900 115,060 4070 

• 
4 (182.4) 113,460 (511.8) (28.1) 

1 
~ 

5 116,500 
6 115,000 . 
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Fig. B.l Locations of Steel Strain Gauges (18 Bar) 
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WAD. P 

lelps leM 

() 0 
2.61 11.62 
5.22 23.24 
7.114 34.86 

10.45 46.41 
13.06 53.09 
15.67 69.71 
IB.28 81.33 
20.90- 92.95 
"23.51 IQ.4.51 
26.12 ll6. J9 
28.73 127.81 
31.14 139.42 
33.96 151.04 
36.59 162.66 
37.00 1M.58 
34.61 153.95 
39.00 173.48 
38.25 170.14 
38.25 110.14 
39.18 174.28 
40.00 177.93 
34.75 154.57 
41.79 185.89 
"3.10 191.72 
44.40 197.51 
45.00 200.17 
4".40 197.52 
45.68 201.19 
"6.98 lOI. 91 
46.91 201.98 
46.91 108.91 
41.50 US.74 
4111.25 U9.07 
49.50 220.19 
49.50 220.19 

~ 
~ 

-

BtNl B1 

11\ -. 
> 

0 0 
0.0120 0.304 
0.0220 0.558 
0.0290 0.736 
0.0480 1.219 
0.0620 1.514 
0.OB20 2.082 
0.1060 2.692 
0,1260 3.200 
0.1540 3.!Hl 
O. J830 .. ' 4.648 
0.2160 5.486 
0.2500 6.350 
0.2810 7.131 
0:3180 - 8.077 
0.3860 • 9.804 
0.4440 11.217 

-' 

...... ~ 11 ft ,...,..........~~~~ ..... .,. u~,~~~"'."l R ;_~""" ..... ___ ~ ..... ~'~ ~f""'~.o;~,:···~lt,t ,_ .... 

TABLf: C.l 
~. --

1 

Df:FLECTI<lH. lJ. 

BEAN B2 Br:»1 83 BEAN M REAN BS REAN B6 aNlENTS 

in - in - in - in - in -
" 

0 0 . 
0 0 0 

, 
0 0 0 0 0 

0.0065 0.165 0.0064 0.162 0.0060 0.152 0.0060 0.152 0.0040 0.101 
0 •. 0170 0.431 0.0180 0 .... S7 0.0140 0.355 0.0140 0.3SS·· 0.0100 0.25. 
0.0240 0.609 0.0260 0.660 0.0210 0.533 0.0230 0.584 0.0160 0.406 
0.0410 1.041 0.0400 1.016 0.0350 0.889 0.0350 0.889 0.0260 0.660 0.0510 1.447 0.0570 1.447 n.0520 1.320 0.0500 1.270 0.0380 0.965 
0.0760 1.930 0.0750 1.905 0.0710 1.801 0.0700 1.778 0.0620 1.574 
0.0980 2.489 0.1000 2.540 0.0900 2.286 0.0900 2.286 0.0780 1.981 
0.1200 3.048 0.1230 3.124 0.1140 2.895 0.1160 2.946 O.otao 2.489 ! 0.1480 3.759 0.1470 3.733 0.1340 3.403 0.1380 3.505 0.U80 2.997 
0.1170 4.495 0.1750 4.4450 0.1660 4.216 0.1620 4.114 0.1390 3.530 
0.20BO 5.283 0.2040 5.181 0.1920 4.876 0.1900 4.826 0.1610 4.089 c 
0.2400 6.096 0.2350 5.969 0.2150 5.46. 0.2160 5.486 0.1870 4.149 . 
0.2700 6.858 0.2650 6.731 0.2430 6.172 0.2400 6.096 0.2110 5.159 -
0.3060 1.772 0.3000 7.620 0.2700 6.858 0.2740 6.959 0.2~80 6. Q.45 

Nu.iaa capaclty and 
, Failure of .... al 

0.4300 10.922 Naxi.u. capaeity and 
,0.5200 13.208 Fallure of I~ 12 0.6000 IS.240 

~ 
0.3540 8.991 0.2980 7.569 0.3Q.40 7,721 0.2MO 6.70S 

pa' 3780 9.601 Naxi.u. capaclty and 
0.4860 12.344 n Failure of 8e .. 83 . 

0.3280 8.131 0.3320 1.432 0.2910 7.191 . 0.3420 8.686 0.3500 8.890 0.3060 7.772 > 0.3660 9.296 0.3840 9.753 0.3180 8.071 
0.4460 11.328 t Maxi.u. ca~citY and 
0."800 12.192 Failure of e .. 85 

0.4440 11.277 0.3510 8.91S 
" 0.5700 14.478 ~ 0.4200 10.668 \ 

. 
0.6180 15.697 Maxiau. capacity and 
0.6560 16.662 Failure of 8e .. B4 . P.SIIO 13.157 

, 0.6300. 16.002 
0.69'0 17.729 Naxi.u. capad ty and , 
0.7920 20.116 FaUure of -ae_ &6 

. , . 
\ 

. 
, . -

~-J'f 

[ , 

-

-

~ ..... 
Q 

:0 

! 

1 
i . 
! 
, . 

, 
\ 

,... 
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TABLE C.2 . -

TENStLE STRAINS ALONG lB REINFORCINl. BAR l~IICRO IN/IN) 

DISTANCE FRON in 36 34 32 28 24 20 16 12 8 4 IrtNTRE 4 8 
CENTRE 

CIl 91.4 86.4 81.3 71.1 61.0 50.8 40.6 30.5 20.3 10.2 0 10.2 20.3 

LOAD GAUGE m.tBER 1 2 3 4 5 6 7 8 9 10 11 12 13 

kip! 
, lN ~ 

BEAN BI 0008 0014 OlU8 0018 0018 0020 0033 0035 0028 0020 f 
8EAN 82 OOO~ 0015 0016 0021 0020 0026 0023 0026 0023 0025 / , 

2.6 8EAM 8l 0010 0010 0016\ 0019 0021 0026 0031 0049 0042 0050 OOl6 00 .. 4 11.6 SEAN 84 0010 0010 0012 0015 0016 0017 0020 0020 0025 0030 0022 0026 
BENI 85 0023 0023 0015 0038 0056 0050 0052 0050 0053 0058 0053 0055 
BIWI B6 0015 0028 0035 0038 0045 0038 0048 0045 004S P060 0055 0052 

~ 
B!!AN BI 0016 OOlO 0035 .0041 0016 0047 004 .. 0054 0040 0050 ~ 8EAN B2 0022 0030 0012 0041 0038 0052 0045 0051 0047 0050 

5.2 BENI 113 0020 0020 0033 OOl8 0040 0045 0068 0090 0080 0100 0070 0095 23.2 
BEAN 84 0017 0020 0024 0030 0032 0011 0038 0045 0050 0054 0042 0050 
BWI BS 0041 0048 0020- 0073 0103 0095 0100 0098 0106 0110 0103 0105\ 
SEAN 86 Oa.4 0050 0070 0071 0088 0085 0092 0090 0093 0100 0098 0108 

,... 
lEAN BI 0055 00"5 '0105 0015 0136 0089 0076 0120 0136 0135 . 
BENI B2 0040 0071 OOS5 0090 0071 0080 0105 0090 0140 0120 

7.8 BENI a~ 0042 0032 0090 0095 0000- 0146 0119 0141 0179 OISO 0145 0196 34.9 < 

SEAN t4 0035 0028 0060 0090 0118 0140 0120 0135 0165 0120 0150 0110 
BEAN 15 007$ , 0015 0105 0105 0150 0132 0149 0165 e210 0195° 1>150 0204 
8EAM 86 0060 0080 013'1 0090 '0106 0106 0185 0183 0196 0210 0226 0130 . - -

" SEAN BI 0090 OO?f) otas 0166 0284 0150 0180 Oll8 02SS 0240 
0 BEAN 82 0051 0110 Q091 0121 0136 0141 0195 0139 0221 0170 a 

'00.45 
, 10.4 BEAN 83 0058 o ilS OISO 0180 0254 0285 0210 0306 0225 0230 0342 46.5 .'1 BEAN 84 0045 Q028 0090 0148 0196 0255 0211 0212 0269 0195 0270 0268 

BEAN 85 0105 • 0105 0170 0164 0225 0196 0269 0285 0375 0363 0276 01S8 - DEAN B6 0090 0105 0179 0165 OlS 3 0137 0300 {)299 0326 0310 0375 0197 
/ . . 

~ 

,.. 
~ 

:Ji ' 

12 16 20 24 

lO.5 40.6 50.8 61.0 

14 15 16 17 

0022 ooUt 0015 0009 

0028 ,0025 0014 0016 

0934 0023 0024 0017 
0017 0016 0014 0017 

0050 0050 0045 0038 

oIJ45 0048 0037 0030 

" 
0039 0G46 0030 0025 , 
.0055 OO4S 002a 0032 
0010 0040 0045 0032 

0030 0032 0029 0022 

0095 0100 OOa2 0019 
0 

0090 0096 0073 0069 

, 
0015 Olla 0092 0015 
0104 0065 0045 006~ 
0185 0085 ,!)139 0075 

0080 0109 0089 0071 

0196 0166.' OISe. ;PUI 
O~lS 0150 01S0 0135 

-
0165 0225 0148 0070 

0165 0099 0074 0089 
0319 019- 0233 0121 
016~ 0195 8171 0109 

0320 0239 0256 0195 
0210 , 0210 0250 0225 

, 
J:L 

Err IF 

_ "'''''<''_~''~;I!IIIilII.IIIl!llI ••• _"7" .. .,~,,~WlJ4!.!&i 

~ 
__ ~t{ 

28 32 

71.1 81.3 

18 19 

0012 

0006 

0014 0010 

0010 0010 

0040 0030 

0030 OOl2 

0023 

0026 

0030 0020 

0021 0022 

006.'5 0055 
0065 0056 

0045 

0055 

-0070 0045 

0010 004S 

0150 0105 

0100 0095 

0075. 
1 

0066 

0106 0070 
0100 0060 

0239 ' 0150 

0150 0133 
.' 

. 

Q 

34 36 

86." 91.'4 

20 ----21 

0010 

0012 

0018 

0010 

. 
0020 

0022 

0032 . 0034 
, 

. 
J 

'tf40 r 
0030 

0060 

OOSS 

~ 

0053 

0040 

0105 

0096-

~ 

j ! 
1 
l 
;,t 

1 
1 

~ ~-4 

. t 
Sj 

l 
J
I 
i· 
l 
1 
î 
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TENSILE STRAINS ALONG '8 REINrORCING 8AR (NICRO IN/IN) 

DISTANCE FRQt.1 , in 36 34 32 28 24 211 16 12 8 4 FEN"fRE 4 8 12 
CENTIlE 0 c. 91. 4 86.4 81.3, 71.1 tll.O 50.8 40.6 30.5 20.3 10.2 0 10.2 20.3 30.S 

1.oAD GAUGIl NtJ.IBER 1 2 3 4 5 6 " 7 8 9 10 11, 12 13 14 
kip!I -
tH" 

BEAt-1 BI 0120 0202 0270 0315 0404 0389 0411 0470 0384 0403 0320 
8EAN 82 

1
0063 0150 0190 0200 0210 0252 0310 0255 0330 0264 0288 

13. J 8EAN 83 0071 0090 OJ82 0327 0313 0421 0448 0420 0452 OS18 0450 0503 0454 58.1 
BEAN 84 0060 0030 0154 0192 0265 0351 0335 0365 0375 0432 0376 0418 0332 

- BEAN 85 0128 0201 0242 Ol08 0400 0419 0455 0530" 0490 0525 '0420 0500 0461 
BEAN 86 0103 0142 0231 0300 0313 Ol49 040l 0428 0500 0417 0517 0412 0345 

, ... 
. 

BWI 81 0165 028S Olbl 0434 0481 0411 n532 0569 OSlO 0441 0419 
BEAN B2 ooas 0209 0275 0316 0375 0375 0436 0406 0466 0391 0420 , 

15.7 BEAN Bl 0090 0120 0269 0420 0390 0535 0558 0550 05a5 06411 0569 0609 0586 69.7 
BEAN B4 0075 0075 0448 0451 0556 0452 0181 0276 0360 0500 0512 0506 -0556 
BE ..... I B5 0180 0290 0330 0436 0496 0610 OSSO 0662 0573 0632 0529 0628 0560 
BEAf.1 B6 0120 0208 0330 0405 0450 0450 0510 0556 0612 0525 0637 0523 0451 

~ 

BEAN BI 0210 0375 0452 9526 0586 0615 0645 0692 0645 0658 0523 
BEAN 82 0104 0255 0358 0434 0495 0510 0548 0526 0574 0510 0526 - 0713 18.3 BEAN 63 0112 0140 0370 0495 0470 0645 0680 0675 0719 0760 0692 0708 

81.3 
BEAN B4 0091 0120 0226 0332 0435 0555 0552 0630 0647 0658 0635 0673 0562 
BEA)I B5 0218 0~76 0422 0552 0601 0615 0643 0716 0677 0758 0629 0742 0662 
BENI B6 0150 0302 0405 0500 0572 0548 0617 0673 0735 0630' 0755 0640 0560 

Cc , 
BENI BI 0240 0450 0515 0660 0688 0750 0759 079S 0778 0809 0629 
BE ...... B2 0121 0306 0439 0556 0603 0645 0673 0650 0707 061~ 0640 

20.9 BEAN B3 0129 0210 0450 0570 0542 0750 0810 0810 0853 0886 0822 0810 0837 92.9 BENI B4 0122 0152 0258 0406 0510 0657 0674 07S2 0784 0790 0762 , 0793 06&0 
BENI 85 0260 0469 0495 0672 0688 0710 ons 0898 0780 0877 !l737 0871 0758 
BEAN B6 0170 0368 0478 0599 0675 0662 0722 0780 0850 0750 0870 0749 !«J663 

-. 
-

'. 

16 20 24 28 

40.6 50.8 61.0 71.1 

15 16 17 18 

0352 0250 0156 0095 
0200 0183 0116 0078 
0355 0334 0300 0152 

0270 0239 0151 0163 

0429 0455 0346 0323 
0373 0345 0348 0225 

0459 0329 ons 0120 

OlOl 0255 0179 0109 

0496 -0422 0390 11220 

0389 0~35 0226 0225 
0645 OS46 0469 0359 

0486 ,0450 0445 0300 

" 0545 ~21 0310 0150 
()406 0334 0255 0151 

0619 0508 0495 0285 

0508 0435 0300 0273 
0658 0629 0578 0399 

0582 0523 0542 0370 

066\ 0495 0376 0175 

0525 0418 0329 0166 
0750 0586 0585 0345-

0628 0526 0358 0329 

0764 0722 0710 0436 
0693 0630 0633 0425 

~ 

U 

81.3 

]9 

0083 

0069 

0210 

018l 

0135 

0080 

0269 

0232 

0180 

0106 

0335 

0273 

0 

0224 . 
0112 

0400 

0325 

..,,~ "'1"V'"-~-,.w:-~ 

34 36 

86.4 91.4 

20 21 

0067 

0049 

0132 

OIlO 

0080 

0061 

01S0 

0150 

~ 

~ . 

0100 

0015 

0175 

0185 

011S 

0096 

0196 

0216 

-

J . f 

i . .. 
1 
1 
~ 
1 
! 

1 
1 
i 
t 

1 
î 

! 
1 ~ 
} 

i 
1 

~i 
N ' t 

'-

1 
j , 
'. 
î 

1 --
, j 
i 
f 

J 
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TABLE C.2 (continued) 
-a . 

TENS1LE STRA1NS ALONG 18 REINFORCING BAR (NleRO IN/IN) 
• -:J 

DISTANCE FRC»t in 36 34 32 28 24 20 16 12 8 4 CE~~I 4 8 12 16 20 24 28 32 34 36 CENTRE c. 91." 86.4 81. 3 71. J 61.0 50.8 40.6 30.5 20.3 '0.2 0 10.2 20.3 30.5 "0.6 50.8 61.0 71.1 81.3 86.4 91.4 --- JtoAIl t----- GAUCE H\JID~ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
UPl' ~---------kH 

~ RENoI 81 1------ 0290" 0525 0598 0764 0762 08711 0871 0900 0902 0945 0735 0735 0586 0451 0220 
~~ \ DEAN D2 r-o-~ 0360 0526 0661 0722 0776 0794 0756 0827 0734 0750 0630 0495 0404 0195 23.5 BEAN Bl 6151 0260 0540 Ïl>t>5S 0628 0855 0919 09"6 0976 1003 0943 0918 0962 0886 0675 0676 a..08 0270 0125 104.6 

BEAN a .. OllO 0191 06(1()- 07_36 0316 0470 0763 0868 0920 0902 0902 0925 0775 0767 0623 0432 0390 0120 0105 
DIlAN DS 0310 0557 0586 0789 0784 0828 0830 1024 0885 0975 0841 1000 0852 0868 0812 0835 ~75 0467 0225 -DIlAN D6 0200 0446 0570 0703 0793 0765 0825 0890 ~60 0855 0991 0865 0770 0790- 0?38 0720 052;2 0373 0240 

; 
,t 

, 
j 

~ 
" 

, 
'i 
; 
~ 
1 

1 
l 
t 
~ 

.{ 
" ., 
.: 

~ DEAN 81 0315 060~ 0672 0870 0835 0987 0980 0991 1028 J075... 0820 0850 0658 05~3 0260 
DIlAN D2 0153 0415 0609 0775 0830 0898 0912 0880 0953 0848 0870- °U5 0570 0472 0230 < 

10Ja: ~~ 
26.1 BEAf.1 B3 0161 0322 0632 0730 0705 0965 1040 1063 1101 1130 1053 1022 Ion 0761 0 .. 65 O.ll5 0130 116.2 

BEAN 8 .. 0149 0228 0375 0515 0673 0840 0881 0992 10<49 1010 1035 1050 0883 0171 I~ 0503- .-
~ Ol~] 

~ 8EAN as 0353 0650 0679 0908 0879 0930 09S0 1154 0975 1110 0945 1113 0954 097~ 0889. [-o9S0 0240 BEAN 86 0225 0528 0641 0816 0919 0873 0930 1000 1080 0954 1091 0972 0885 ~900 " 0833 ~ 0600 a.. 13 0289 
\ 

,-
" 

BEAN 81 0345 0640 0765 0949 09S8 1096 1079 1095 lUS lJ93 0898 0931 . 0751 06Q.l- 0290 BEAN B2 0210 0510 067S 0871 0921 1000 1005 0991 -1051 0946 0954 0810 'lKs7s-,- -6Sl0 0255 
28.7 DEAf.\ 83 0200 0390 0655 0840 0810 1034 1143 1163 12IS 1247 1170 lUS 1200 IllS 0840 0820 0571 0375 0179 127.8 

BEAN 114 0 

0795 0155 
0181 0270 0406 0626 0795 0928 0990 1083 lUI 1121 1114 1153 1002 0976 0589 0500 0189 BEAN as 0375 0692 0730 1006 0960 1052 1020 1250 1085 1210 1050 1205 1052 lJOO 0986 "103.0 0620 0570 0300 BEAN 86 0251 0590 0705 0870 1020 0945 1035 lOlO 1170 1050 1201 1080 0994 0992 0945 0855 0675 0460 0300 

1 
! 

; 
,~ .... 

...... 
~ 

"' ~ 
1 
~ 
! 
:! 

f 
f 
i 

î 

aWI BI 0360 0660 0901 1011 1065 1214 1215 1200 1260 1282 1005 • ~006 0815 06(\0 0330 
BEAN 82 0249 0598 0741 0975 1010 1095 1096 H12 1152 1036 1045 0885 0778 0525 0286 31.3 BEAN 83 0240 0445 0675 0945 0930 1108 1232 1272 1322 1350 1288 1232 1318 1220 09~0 0811 0646 ·~31 0219 139.4 
DENoI 84 , 0213 0298 0462 0703 0900 1014 uOo 1185 1215 1230 1200 1257 1110 1066 0868 0682 0548 0241 0192 
BEAN as 0412 0730 0794 1110 1049 1155 1130 IlS3 1192 1310 lIS6 D07 JlM 1215 Un8 1110 0722 0632 0338 8EAN 86 0283 0650 0750 0945 lUS )020 Jl43 1J65 1288 li 56 1.321 1206 1094 1095 1068 11911 0750 0518 0325 

c 

> ' c----
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TABLE C.2 (con~inued) " . , 

0 -
TEHSII.E STRAINS ALONG 18 REINrORCING BAR (NleRO .tN/un , 

• , 

in 32 28 24 16 12 8 4 CF.NTRE 4 8 12 16 
'-

20 '- 24_ 28 32 34 36 
DISTANCE FRON 36 34 20 ... CENTRE 

c:tI 91.4 86.4 81.3 71.1 61.0 50.8 40.6 30.5 20.3 10.2 0 10.2 20.3 30.S 40.6 50.8 t>I .,0 zb -8l.3 86.4 91.4 - , .. -LOAD GAUGEN~8IlR J 2 3 .. S 6 7 8 9 JO 11 12 1.l 14 15 16 17 18 19 20 21 "'" 
kirs , kH - . 

BWI81 0380 0692 0990 109!>' 1183 1351 ·13Z0 ,1320 1364 1410 1095 1079 0910 0748 03bO 0 

8EAN 82 0300 070S 0810 1080 1100 1200 1201 121S 1250 1120 1Î3S 0960 .0884 05.56 0320 
-.14.0 BEAU B3 0270 0519 0701 1050 1031 1172 1316 138r 1438 1433 1408 1333 1444 1320 1000 0931 073l! 0419 0255 151.0 

8EAH 84 0244 0329 0513 0796 1003 1095 12!S 1275 !290 lJ35 1278 llSO 1225 1152 0946 0765 0618 0298 0218 
1220" 

a BEAN as 0436 0770 0856-- 1206 1140 1270 14SS 1293 l407 1265 l410 1275 1333 1172 Ha2 0838 0690 0326 , - - -BtAN B6 0310 0705 0822 1010 !216 1110 1244· 1245 1395 1246 1419 IJ32 1214 I~oo IJ70 0970 0847 0513 0370 -

f. 
1 
} 
1 
1 
5 

J . 
0 ~ 

, 
-

BEAN 81 - 0390 0710 1088 1150 1281 1472 1440 14lS 1470 1505 U81 IIS0 0962 0810 0378 
BENI 82 OJ3) 0800 0878 1173 IJ90 !JOO 1281 1322 U50 1203 1226 1025 0980 0564 0350 36.6 BENI 83 0300 ' 0531 07lS 1155 1126 1230 1416 1480 1542 1592. 1520 J.425 1555 1423. 1105 0978 oaJJ 0534 0290 162.7 
.~ 84 

1253 1015 rosa 0248 
0271 0350 0570 OB72 1100 1165 1322 US3 1376 1432 1369 l455 1331 0853 0670 BEAN 85 0465 08p9 0911 1303 J230 139S 1320 ISSO 1395 1530 1365 14&5 138G 1455 1275 1275 0945 0730 '. ~420 8EAN B6 0370 0759 0881 1985 1315 1200 1352 1328 1510 1339 1549 1450 1322 nos 1280' 1020 0915 0620 

1°5 

, 
0 

8EAU 81 0410 0720 1108 Il 62 1301 1492 1455 1430 1495 15~S 1l9~ II 65 0987 0825 0400 . \ --aEAN 8~ 0345 0820 0900 1195 1210 1335 1305 U4S 1371 1225 1240 1050 ' 1002 0575 0365 
\ 37.0 BENI 83 0310 0540 0723 1175 1148 1246 1430 1505 1571 1620' 1539 1460 lS~~ f440 11'21 0992 0830 OS4~ 0300 1 164.6 , 

.7 \ 8EN1 84 0285 0310 058S 0900 1118 1184 ,\340 1369 1390 1468 13110 .469 1345 '269 1033 0872 0685 0360 0260 \ 
.... 

8EAN 85 0480 0824 0930 UI8 1245 1406 1335 1573 .420 1550 1395 1510: 1395 1472 1280 1290 0960 0742 0435\ BEAN B6 0380 0770 0891 1100 J335 1215 1370 13S0 Hi2S 1362 1575 1470 1340' 1320 1295 1035 0930 06.15 MIS 

l 
i 
J 

1 .... ~ ....., 
~ -- ; 

" 

, 1 
-' 1 1 

t -, 1 
• 

1 " 111:»1 82 Qo 0418 0890 1010 1275 1280 1<152 1425 1460 1460 1285 1310 1100 Ion 0600 0412 , 
1 39.0 8f.AN 83 0323 0582 ons 1260 1225 1300 1500 1579 1650 1709 1639 1529 1672 1521 li91 1035 096)0 Q5115 0305, 1 173.5 

81:»1 84 0305 0432 0605 0758 1197 1249 J425 1441 1456 1570 1440 1559 1456 1342 1096 0286 0940 0732 0406 81Wl as 0 0509 0865 1000 us!> 1320 1~88 1407 1650 ]498 1608 1468 1607 1478 1568 1366 1338 1063 0168 M65 . BENI 86 0405 0790 0930 llSB 1423 )JOS J440 lS02 1608 1488 1659 1518 1455 IJ93 J36S 1090 0992 0688 (441) - . -i 
'" 

c.:;; ... 
~ ....... l 
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TABLE C.Z (continued) 

TENSIIL STRAINS ALOHG .~ IIfINFORCIHG BAR (~IICRO IN/Un 

. . 
DISTANCE FRCJt.I ln 36 34 32 28 24 20 16 12 8 4 ~EHTRE .. 8 12 16 ,20 
CENTRE c. 91. 4 86.4 81.3· 71.1 61.0 50.8 40.6 30.S 20.3 10.2 ~ 10.2 20.3 30.5 40.6 50.8 

" LOAD GAUGE HUNIER 1 2 3 .. 5 6 7 8 9 la Il 12 Il 14" fIS 16 
kips -
lN . 

8E~1 83 0338 0600 0750 1296 1260 1320 1538 1610 1680 1750 1668 1560 1715 1557 1225 
40.0 6EAM 84 0320 

:~ 
0628 0997 12.U 1287 1470 1485 1485 1620 1470 1590 1485 1183 1122 177.9 

SEAN 85 0524 081 1030 1392 1348 1531 1452 1688 1538 1651 ISl0 1611 1517 1605 1394 
BEAN B6 0420 0812 . 0960 1187 1456 1349 1500 1520 1649 1546 1696 1590 1500 143q. 1402 

-
~ 

8E~1 84 0340 0519 0659 13l!8 1314 1545 1540 1545 1708 1523 1665 1576 ~438 lUS 1050 
41.8 

185.9 SEAN BS 0556 0933 1090_ 1435 1427 1606 1516 1755 1605 1725 1575 1712 \592 1690 1469 
BENo! B6 0450 08S0 1005 1245 1530 l429 1580 1618 1726 1647 1770 1668 1580 1505 14~B 

. . 
.~ BEAN 84 0370 0600 0700 1140 1408 1425 1650 11>35 1620 1832 1605 1760 1680 15 .. 5 1255 

44.4 • BE»I B5 0590 0985 1160 1495 !SJO 1708 1605 1858 1710 1833 1689 1800 1697 1800 ' 1575 197.5 
SEAN B6 0500 0900 1063 1323 1~32 1545 1700 1763 1845 1808 1898 1765 1735 162} "l552 

BEAN B4 Ol85 OMS ons 115S 1440 1440 1665 1650 1634 1868 1620 1785 1700 1560 1275 45.0 
BEAN B5 0610 1010 1203 1527 1546 1735 1633 1872 1732 1865 1724 lUS 1720 1833 1591 

200.2 
BEAN 86 0520 0915 1080 1335 1650 1565 1730 1780 lB70 1840 1920 1800 1760 16010 1575 
" 

-
47.0 BEAN 84 0405 0670 0750 1215 1525 1500 1770 1710 1700 1965 11>90 18bO 1780 1635 1320 209.1 

1 BE,u1 116 0585 0950 1125 1400 1725 1665 1820 IUO 1965 1910 - 2010 -1875 1855 1710 1650 
~ 

49.5 BEAN 116 0680 0990 1180 1480 1810 1770 1918 1886 2073 2018 2123 1965 2006 1815 1740 . 220.2 

, 
c 

< , 

-
0 

, 

~; 

24 28 

61.0 11.1 

17 18 

~ -

1055 0930 

0973 0752 

1367 1095 

1112 1007 

lOlO 0778 

H02 U80 

U58 1050 

10112 0850 

1465 1303 

1228 li 29 

1125 0865 

1475 1320 
1252 1150 

• 

1195 0900 
1306 ,1200 

1365 1265 

~ 

. 

32 34 

81.3 86.4 

19 20 

. 
• 

06~ 0320 

0418 ~ 
0785 

0710 

0465 Ol20 

0810 

0760 
, 

-
0525 0349 

0841 

0829 

0540 OJ60-

0855 
0850 

0570 0385 
0900 

0970 

'" 

. 

~ 

36 

91.4 

21 

0490 

0465 

051l 
0485 

0560 

0525 

0581 
ÔS45 

0615 

0700 

~ 

Il 

~-

~j 

1 
1 r 
J 
1 
i , 

1 
; 
< 

1 
i . "'" 
~ 

j 
~ l 

{ , 
~ 
! 
l 
? 

l 
l . 
~ 

i 

-) 
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C) 
TABLE C.3 -

.. , TENSILE STRAINS ALONG '6 REfNfORCfNt: ~AR (mCRO IN/IN) 

Q'., , . 
~ 

, i;'" 20 DISTANCE FROM in 41 44 o 40 J(, 14 28 20 8 'ENTAIi 8 
CI!NTRE c. 119.4 111.8 101.6 91.4 ,86." 71.1 50.8 20.3 0 20.3 50.8 

LOAO CAUGE HUNBER 22 23 24 25 26 
, 

~7 28 29 30 li 32 
Idps 

liN 

f-
8EAN III 0014 0018 0010 0025 0018 0015 
BENI 82 

~ 

0018 0025 0025 0024 0028 0023 
2.6 8EAM U .. 0015 0020 0025 0020 0024 0020 0017 

11.6 . 
DEAN B4 0016 0030 0042 0018 0038 0035 0047 0035 0038 
BEAN IS 0018 0032 OOJ8 0018 0040 0046 OOlS 0018 
BEAN B6 0016 002S 0028 OOH 0034 0040 0034 0044 

t.-
G 

BEAN Il 0022 0036 002S 0860 0014 0030 
IlEAI« B2 0022 0048 0048 0045 005 .. 0043 

5.2 BEAN B3 0018 0038 0040 0038 0050 0053 0038 23.2 
BEAN 8 .. 0024 0062 0062 '0030 0070 0070 0091 0090 0055 
BENI fiS .. 0030 0062 0034 0084 0080 0084 0075 0062 - 0 

DEAN 86 0031 0045 oosa 0094 0075 0081 0057 0090 

flEAN III 0036 1;)064 0055 0160 0060 0060 , 
DEAN 82 0038 0075 0068 0080 0082 0070 

7.8 BENI 83 0030- 0048 0064 0069 0120 0090 0060 34.9 
BEAN 84 0041 

0 

0071 0071 0042 0120 0100 0164 0135 0077 
DEAN BS 

. 
'\ 00<15 0088 0059 0152 013,. OU5 0128 0108 

~ Bt»I 86 0045 0060 0075 0135 0104 0122 0083 0132 
-

0345 Olt r-ol$ BEAN BI 0048 0107 0105 

BENI 82 0055 0120 009" 0120 01 0105 
10.4 BEAN B3 00 .. 1 0072 0150 01S0 0228 0112 

1:..
106 

46.5 BEAN B4 0052 0092 0103 0060 0180 0151 0.210 0210 0092 

~ 

" 
BENI 85 , 0070 0108 0075 0252. 0226 0196 0195 0181 
BEAN 86 0062 0090 0106 0182 0152 0174 0121 0182 

~ -
,-, 

~ 

28 34 36 40 

71. 1 86." 91.4 101.6 

13 34 15 36 

0012 

0018 
, 

0020 0015 

0018 0022 0018 

0027 0032 0018 
0032 0025 

0026 

0030 

0036 - 0019 . 
0030 0034 0038 
0060 0045 0030 

-
0073 0,045 

0045 

0055 

0042 0011 

9-O'fS 0048 -0058 
0089 0064 0051 

0103 0075 

0075 ~. 

. 
,- -

0078 IlS. 

0058 0053 , 
0065 0069 0065 

0118 11089 0075 

0136 0108 . 

44 

Ill.8 

37 

- .. 

0016 

e .-

0010 

00 .. 5 

0057 

---,-.- -- - ........------

... y<~_!!.r")!'~".~~,,,~ 

~ ~, 
~ _,l J 

. 

-47 

119.4 

18 

. 
-

0014 
~ 

, . 
> 

~ 

.(-

0019 

. -
1 , 

0037-

-
,::-F'~ 

0048 

-

. 

f 
1 
1 
} 

i 

d 
i 
1 
j 
! 
1 
l 
t , 
1 

, ., 
J 
1 
t 
~ 
i 

t 
~ 4 
0\ • 

1 
1 

J' 
l' 
.l-<, 
l , 
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00 
. II\DLC l. • .l lCOn~lnued) ""--.. ,ç; 1 .. ~ ~... . ~;' 

-ThNSIl.E STRAINS ALONG '6 REINH>RCING 8>.R (~IlCRO IN~IN) " \ 
~ 

blSTAHCE FRQN in 47 44 40 36 34 28 20 8 ENTRE 8 20 28 34 CENTIU! 
. 

CIl 119." 111.8 101.6 91.4 86." n.1 50.8 20.3 0 20.3 50.8 71.1 86.4 
LOAD GAUGE HlMER 22 23 24 25 26 i7 2' 29 30 31 32 33 34 . 

kips . 
1 /lA -

BEAN BI 
, 

"-
" 0160 0128 0175 0470 0330 °lZ5 0120 

BfNI B2 -1-
0078 0175 liOl40 0221 0200 0140 OIlS 

13.1 . BEAM B3 0059 0120 0272 0245 0380 0318 0178 0079 0091 58.1 
liENt M 0064 0159 0127 0072 0256 0235 0390 dl388 0138 007S- 0090 

0146 
<P 8EAN 85 0120 0106 0356 0348 0300 0304.- 0314 0169 

BEAN lS6 , 0078 0120 -
0"272 0134 0225 -"()3Jl 0150 0253 0190 

" - . . , 
r -BEAN 81 0258 0168 0280 0585 0548 0160 0258 . ( BeAN 82 . 0168 0240 0248 0357 0324 0220 0226 

15.7 BEAN 83 0089 0159 0360 0410 0558 0465 0268 0121 0121 169~ < 
~ JEAN .4 0077 0234 0223 0102 0406 0375 0570 0541 0196 0105. 0115 

REAN 85 0151 0182 0150 0464 0474 0405 0434 0449 ~255 
BEAN.ab 0093 0150 0166 0337 0348 0465 0242 0300 0249 

r 
-. 

~ 

DEAN BI 03l!6 0240 0450 0690 1>702 0212 0408 . . 
0487 0435 0210 Oll8 8EAN 82 -0286 0300 0390 

18.3 BI!AN 83 0139 0225 0438 0525 0750 0690 0378 0210 0216 81.3 ~ 

BENI 84 0098 0345 0290 013S Q.496 0494 0690 0646 0300 0135 0195 
BEAN 115 0190 0235 0257 0555 0614 0542 0562 0570 0390 
BEAA 86 0120 0166 0242 0420 0458 0577 0375 0389 0319 ' -

V- I-
BE»! BI r 0755 0364 0600 0790 0856 0256 0602 
8EAN 82 0438 0406 0545 0600 0570 03'" 0522 

20.9 BEAN B3 . 0229 0330 0512 0660 0870 0810 0487 0300 0352 92.9 
BEAN B4 " 0121 0510 0370 0180 0586 0600 083 .. 0750 0377 0210 -'1>328 . BEAN 85 __ 0286 0328 0350 0645 0736 0662 0700 0675 0482 
BENI B6 0149 0196 0318 0558 OS81 0722 0 .. 9 .. 0'0t,9. 0419 

'i . \\ 
-- \ ~tb~~W) ,., t .. ,·{[ ,- i 5 1 

\ çt! • _ (~.f. 1"IV.~é,. •. ~..(' t._ 'd" ~...:~~ ... ~ . ~ ~ ::. .... ~~ 

, . 

, 

36 40 44 

91.4 101.6 111.8 

35 36 37 

, 
, 

0101 

ÔU9 0127 
0137 0063 

0186 

0153 0156 < 

0168 0075 
~ 

0255 

0195 0195 

0196 OlO't 

. 
037~ 

0256 0286 
0244 0125 

"-,, .. :~,~~-

~ 
....~ 

. 

47 

119.4 

38 -

., 
'1\ . 

0058 

, 

0073 

0086 

. 

0092 

-

. 
, 
l''=' 

~ . 

. 

-

f 

i-
l 

t 
1 
1 
1 • 

j 
..... 1 
-..J 1 
-..J t 

ii
·i 

i 1. 
1 , 
1 
( 

.. 
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( 
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DISTANCE FRC»\ in 47 44 
CENTRE 

19.4 111.8 - c. 
I.OAD GAlKiI: DIBER 22 23 

kips 
kN 

B[~I BI 

8EAN 82 
23.5 8EAN 83 '" 104.6 

8ENI 84 0152 , 
BENI BS 

OEAN 06 ~" 0168 -

BENI BI 

DEAN D2 
26.1 BENI c83 

116.2 
BENI 84 0210 
BENe 85 

BWI B6 0195 

BEAN BI 

BENI B2 
28.7 B~ 83 

\ 

f; ~. 
TABLE C.3 (continued) .1 

f . 
TEHSll.E STRAINS "LON<; 1(, ~ORCING BAR (MICRO 1~/lN) 

40 36 34 28 20 8 :l.Inll\: 8 

101.6 91.4 86.4 71.1 50.8 20.3 0 20.3 

24 25 ~6 27 28 29 ' JO )1 

0975 0410 0735 0895 0992 
0860 0498 0645 0722 07io 

0551 0420 0590 0165 1005 0920 
0676 0525 0285 0675 0706 0960 OB70 

0391 0450 . 
0432 0728 0862 0794 0855 

0247 0442 07JO 0706 0855 0600 

1170 0550 0858 0990 1IJ8 
1070 0586 0780 0850 0812 

c 

0791 0498 0670 0875 1125 1033 
0813 0675 0360 0780 0810 1063 0975 

0542 0572 0524 0824 0984 0928 0976 
0329 0498 0841 0817 0976 0737 

1340- 0667 0992 10B2 n.IB 

1245 0694 0890 0975 0942 

0978 0581 

20 28 34 36 

50.8 71.1 86.4 91.4 

32 33 34 .J5 

0390 1005 

0476 0860 1-

0560 0378 0620 
0482 0320 0452 0522 

0772 OS58 0390 
0647 0494 0298 

0512 1188 

0556 1032 
\ 

0645 0481 .0872 

0558 0405 0572 0752 
0872 0648 05 Il 
0771 0570 0374 

061B 1356 

0675 1210 , 

40 44 

bOl.6 
r;" 

111. 8 

16 37 
1-
l'(;J'' 

, 

0406 

01S8 

-

~28 

0195 

, 

47 

119.4 

38 

~ , 

0124 

-

• 
0180 

, 
. 

f 
l 

, , 
i 

l 
1 
~ 

i 
1 
i 
1 

J , 
~ 

1 .... ~ 
~ ~ 

<Î 
4 

1038 0750 1022 1252 1125 0735 0542· 127.8 
BEAN Bol 1 0345 0946 0835 0420 0855 0917 1175 1080 -0660 0465 0,..8 0915 0345 . 
BEAN B5 0698 0694 0613 0900 1100 1049 1095 0961 0736 0617 0756 -............ j 
BfNl16 0273 0450 '0565 0952 0946 1094 0839 0884 0640 04!t8 0300 " 

, 0 
\ 

/ 
, 

-BF..u. BI 1542 0765 1125 1176 1135 0720 1532. , 

~ r 

v 8EAN 82 1426 0780 1005 1066 1052 0750 13(>5 " , 
31. 3 8WI83 1200 0651 0840 1)25 1362 1230 0840 00630 1262 , 139.4 

BtAN B4 (1465 J098 0988 0470 0960 1020. 1270 U8S 0750 0565 0926 105~ 0436 
~ 

BENI BS 0824 0800 0689 0982 1222 1170 1222 1050 Cl82S 0736 0925 -
Bl!At.1 B6 0450 0563 0648 1053 1050 1226 0961 0991 0722 O6OQ 0482 , 

" 

, 

hE,I .. - il) ai_ ,1. _ .", 
., 
-." 



____ ~ _...-.. _____ .:!'':.!'l-<W-'''- ",. 

o 

DISTANCE FROM in 47 44 
CENTRE 

c:. 119.4 Il 1. 8 

LOAD CAUGE NaI8ER. 22 23 

kipS 
.kH 

~ 

BE~J BI . 
BEAN 82 -

34.0 BEAN 83 
151.0 

BilAN B4 0557 
8EAN 8S 

8EAN 86 0587 

BEAN BI 

BEAN B2 
36.6 BEAN B3 

162.7 
BEAN 84 0652 

8EAN 8S > 

SEAN 86 
. 

0733 
" . . 

BEAN BI 
.;, 

BEAN B2 

37.0 BEAN e3 
16<1.6 , 

BEAN B4 0672 
BEAN 85 

8EAN 86 0750 

BEAN 82 _ 

39.0 BEAN 83 
173.5 BEAN 84 073.7 , 

Jo--- SEAN as , 

BEAN 86 '- 0861 
, 

-
-------

~ . !~ ~··~t·",%r~~~~":/~;,!.~'(!~~~ 
4~X': r t-":.l: !i.J'~. '" "J~ 

'r,JJm.\\b1 :\",~.L;t,,- t ~1' :' ' .. , --'! , '\ 

9 .... '~ '>M;7'"" 1- .:.. C"~~t ... ~ -, ,: ~'''I,''e;", ,., ./~ .. ,~. 

- .',,; ""'::1 .... -.. "''''li ...... _i'"''-''''''''''......,....''' 

TABLE C.3 (continued) 
, 

lENSll.E Sl'RAINS f.1.OHG '6 ItCINI'ORCING BAR (mCRO IN/IN) 

40 36 34 28 20 8 CEHTR[ 8 20 28 34 

101.6 91.4 86.4 71.1 50.8 20.3 0 20.3 50.8 71.1 86.4 

24 25 26 27 28 29 30 31 32 33 3., 

, 
1782 0870 1245 1290 1470 0825 1770 
1653 08n 1100 )208 1160 0854 1560 

1435 0728 0946 1232 1482 1365 0933 0690 1472 
1256 1140 0555 1035 1128 1364 1289 0840 0585 1078 

0947 0931 0782 1064 1350 1305 1320 1148 0910 
0663 0722 1156 1176 1340 1098 1088 0800 

------1978 0960 1380 1342 1575 0908 1992 
1882 0958 1226 1350 1278 0930 1742 

1635 0805 1076 1350 1580 1485 1026 0780 1678 
1389 1290 0600 1128 1230 1455 1394 0930 0630 1238 

IQ53 1043' 0870 1170 1470 1425 1438 12S~ 0940 
0750 0809 1246 1282 1455 1184 1196 0885 ... 

t1 2013 0978 1412 Jl97 1592 0930 2040 
1920 0970 1241 1370" 1305 0946 J780 

1680 0820 1095 1370 1606 1500 1050 0798 1722 
1412 1322 ObIS 1143 1250 1470 1411 0945 0645 1262 -

1078 1066 . 0886 1187 1486 1451 1 .. sa lZ68 0954 

0766 0825 1282 1314 1476 1209 1211 090() 
<-

2070 1050 1350 1440 1410 1018 1950 

1855 088S 1I8S 1467 1692 1588 1145 0867 1890 
1539 1444 ~o 1218 1115 15 .. 0 1486 1010 0690 1$80 

1170 1156 0955 U75 1590 1545 1542 1342 1059 . 
0835 0880 136f ~ 1570 1324 1289 0946 

. 

36 'lto 44 

91.4 101.6 111.8 

"'l5 ~ .36 37 . 

1200 

0858 1041 

0690 0629 

1336 

CW90 1170 
0779 0751 

1: 

1371 
1006 111\.3 

0788 0768 

1486 

1096 1276 

~ 0892 

" 

~ 

47 

119.4 

38 

0532 

0616 

0632 

0706 

. 

... ~--~ 

.... 
~ 
\0 

'Î 
.i 
-~ 

~ 
-: , 

.S 
~ 
J. 

l 
'l 

l 

1 • 1 
~ 

1 
~ .. 
~ 
l 
\ . 
i 
i 

l 
l 

J. 
.; 
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o 
. 

DISTANCE FROtoI ln 

CEHTRE c. 
LOAO GAlICE NUNBER 

Ups , 
kN 

lIEN-, 83 

40.0 BilAN B" 
<' ' 

171.9 BEAN as 
BEAN 86 -

0 

BENI 84 
41.8 REAN 85 185.9 

IEAN 16 

" 

." 
III!AN ... 

44 •• 
IIWI IS ff 

~97.5 'fi, 
8EAM !Kt 

-

'BAN lAt 
.CS.O BI!AH as 

1200 • 2 
lfi),N 16 

.'.0 BENI 84 
201.1 . BIlAN 16 

".5 BEAN 86 
220.2 

~ 

. 

" 

• 

~~n 

o 

47 

119.4 

22 

0772 

013" 

091. 

0948 

1020 

t~~~'" ~ J, 

1 ~ 

TABLE C.3 (continued) -

TENSILE STRAINS ALONG '6 RrINrORCING BAR (MICRO IN/IN) 

'-
44 40 36 34 28 - 20 ft It:EHTRf: 8 20 28 

111.8 101.6 91.4 86.4 71.1 50.8 20.3 0 20.3 50.11 71.1 

23 24 25 26 27 28 29 30 31 32 33 -
1950 0900 1230 1500 1725 1620 1170 0885 

1584 1500 067S 12U 1380 1580 1524 1051 0705 
1215 1200 0980 1107 1622 1596 1590 1380 1089 ... 0915 0871 0913 1394 1444 1618 1367 1321 r?974 

, 
1672 1595 0720 130S 14SS 1652 160S 109S 0750 

1307 1272 1049 1382 1696 1682 1681 1454 lISI 
1018 0929 0938 1462 1528 1688 1442 1412 1021 

" , 

18;18 1750 0790 1398 1560 1741 1710 1200 0810 
1426 1398 IÎ27 .4" 1832 1801 1787 1547 1246 

1158 IOU 1022 1570 1642 1789 1560 1509 1100 
-

1860 1796 0820 1425 1580 1770 1740 1215 0840 
1454 1437 lIsa IS18 lasa 1828 la17 IS67 1273 

1183 1039 1042 1594 1684 1818 ISU 1547 1123 
c 

c 

, 

1972 1921 0857 1489 1668 1840 1817 1291 0885 
1273 1103 1110 1674 1753 1892 1666 1618 1172 , 

1422 1192 1160 1779 1872 1997 ~1802 1722 1248 

.. 
. 

" 
, 

,.-f--
. - . . 

J 

-~: 

",.", ,--' ...... ~4'Aft ... !4MtQ@41iSi i ... 
__ .... _ ....... ~~~ r- ..... e~,.. ...... _ .. 

LA' 

,-

.. 

34 36 40 

86.4 91.4 10J.~ 

34 lS 16 

1992 

1430 1546 

1136 1321 
0886 

1561 1637 

1226 1412 

0948 

1710 1772 

1336 1518 

1036 

176~ 1830 
1366 1542 

1064 

la94 1928 

1126 

1213 

o. 

" 

4~ 47 

111.8 1l9.4 

37 38 

b736 

0938 

0796 

1037 

088S 

117S 

~ 

0915 

1209 

0975 

1304 

1446 

~ 

~ 

-

~ 

. 

. 

') 

. 
a . 

0 

1 

.... 
00 
Q 

'-

• 

1 

. i 
~ 
i 

~ 
f 

,f 
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TABLE C.4 . 

CONCRETE STRAIHS Al> 1.5 IN,(3.1 C.) FROM TOP CDCPAl!SSIOH FIlER -- ./ 

DI STAIICIi F1IOM III 40 36 3. 28 • 4 FU'l'RE 4 & 28 34 36 40 ~ CJIJI'tU 
al • 101.6 91.4 86.4 71.1 20.3 lIîO.2 0 JO.2 20.3 71.1 16.4 91.4 10l.E ! 

LOAO GAUŒ'IUIBU 39 40 41 42 43 44 4S 46 47 .. 8 49 50 5' G Up, , 

kil -~--~ 

BIlAN Il 
-00'36 -00<t0 -0030 , II!AN 12 
-0030 -0037 -0021 -0020 ., 

2.6 ;3 lEAN .3 -0020 -0035 -OOU -0030 0 -0022 -0015 11.6 
UAMU -0025 -0035 -004. -oola -0045 -0042 -0024 llAN IS' -0016 -00" -0050 -oo.t5 -0045 -0031 

... > 

II!AM 16 -0018 -0024 0045 OOts -0050 -0041 -0035 -0025 r-ooia . , ~ . 

,1 

" I!AM Il . -0070 -0010 -006& 

"" 
IIAII 12 -0075 -OOIS -0064 -OO~S -s.a lBAN IS -003. -006. -0075 -0062 -OOla -0030 ~ 23.2 i 

-0067 -0010 .. 0067 -0035 
1!!AIt ... 

0 -0040 -0045 . 
HIIH 15 -0055 0014 -0018 -0080 -0070 -002' 
IIEAN 16 , , 

-0021 -0032 0050 0061 -DOtS -0075 -0060 -0030 0025 . 
IUN Il -0180 -01'5 -0117 0 

HAN 12 - -0175 -011'0 -0185 -0120 
0 7.' IIEAN 13 -00'2 -0163 -0180 -0170 -0016 -0072 54.' 

lEM 14 
a 

-0091 -0175 -DIU -DIli -DUO -0170 -0090 - . 
0 II!AN 15 . 

-0060 -0115 -DIto -0200 -OUI -0170 -0061 
IIEAN 16 -0065 -0075 -0184 0180 -0195 -0190 -0110 -0070 -0060 . 

. " --1 ~-_:.-- . 

.... 
00 .... 

~ 

1 

~ f" 
1 
1 

t 
IEAN 1. 

-0220 -0230 -0224 IIEAN 82 --0140 O;US -0245 -0220 -OIS() 10.4 lENt 13 
-0129 -0211 -0240 -0235 -013 o -0110 , .. ~S lEAN 14 
-0125 -0230 0235 -0240 -0221 -0220 -oua 1t!AN' as 

-oa,5 -0220 0220 -0230 -0235 -0220 -0088 '\ - IEAN 86 
-DOtS -0110 -0210 0221 -0250 -02"0 -0231 -0125 -009t! 

, 
, " 1 

ï 

1 , 

.... " 
-

;4 

'4: 
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DISTANCE FUI 
CENTRE 

. 1 

-
in 

al 
1 

! 

~ CAUGE fUlllER 

kips 
kM 

BENI 81 

I~ 82 
13.1 BEAN 83 
58.1 

BEAN a4' -
BENI 85 

BENI 16 . 
BE»! BI 
BEAN 152 , 

IsA BIlAN B3 
69.7 lEAN 14 

BEAN BS - BEAN a6 
~ . 

JEAN BI --
8EAM il 

18.3 BEAM 83 
&J.3 BEAN 14 

BENI BS . 
BEAN B6 

i 

BEAM al 

lE»! 82 

20.9 ~a3 
92.9 BEAN S4 

, !lEM 8S 

JEAN 86 

. 

. 

, 

<.,., 

, 
....... 

\ 
, 

\ ;, 

. 

~ 
-

~ 

''-

, 

TABLE C.4 (continued) 

~ 
COHcRETE STRAINS AT 1.5 IH (3.a al) FRCJ.t TOP COMI'RESSION FIBER 

40 36 34 28 8. .. ~f.HTRE .. 8 28 34 36 40 
101.6 ,91.4 86.4" 71.1 20.3 10.2 0 10.2 20.3 71.1 86.4 91.4 101.6 

39 40 41 42 43 44 45 46 47 48 49 50 51 

. 
. 

-0255 ! 
1 

.0270 -0260 r : 
. -0270 -0285 -0.290 -.0171) .. 

0140 -0260 -0280 -0275 , 
-OI4~ -Or30 

0160 - -0160 -0290 -01i0 -0295 -0170 \ -0155 
• -0170 -0250 -0300 -0285 -0175 -0090 

-010S OO9S -0180 -0240 -0290 -0280 -0175 -0090 -0100 , 
, 

\ , 
-0270 

"" 
-0300 -0260 

-0280 -0320 -0290 -0210 
0150 -0300 -0350 -0310 -016(1 -0148 
0140 -0300 -0320 -0365 -0330 -0305 -017(1 

-0290 -0340 -0360 -0337 -0300 
-0140 -0150 -0320 -0330 -0380 -0340 -0330 -0145 -0130 

, . . 
-0385 -0420 -03f10 
-0390 -0430 -0400 -0240 

0230 -0375 -0430 -0400 -02)( -0200 
0220 -0370 -0390 -0420 ~0400 .0380 -022( 

-0135 -0390 -0400 -0420 -0390 -0390 -0}40 
-0140 -0170 -0400 -0420 0450 -0410 -038S -~~O -0150 

-' 

-0470 -0500 -0460 
i'-' -0485 -0510 -0490 0270 r 

-0230 -0450 -0480 . -0420 -02U -0200 " 

-0250 -0450 -0465 -0490 -0440 -0410 -O23( 
-0160 ,.0440 -0480 -psos -0"'0 -0420 -018(1 . 
-0180 -0160 -0460 -0485 -0520 -049 o -041f> -0240 -0200 

" 

"-, 

., 
~ 

-&!&QiIIti&tJi-w;;Ji ::i:,*J!!H!t,~ --t,., -~jÛk:i\ J..ti.·, , . '"." ''; ,L -c'; '~,' ,-...,1 

-~ 
~ 

. 
" 

0 

. 

.-
00 
N 

t 

1 
1 
l 

1 
1 

c' 
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" o 
, 

, . 

DISTANCE FIlON ln , 
CENTIlE 

ca 

LOAO CAUGE Nd-IBER 

kips 
kN . 

lIEAN BI 

BI!AN 82 

'" 23.5 BENI 83 
lO4.6 8EAN B4 , 

BENI B5 

8EAN 86 

BEAM BI 

BEAN 82 

26.1 BEAN 83 
116.2 BEAN 84 

~ 

IlEAJot 85 

8EAN B6 

BEAN Il 

aEAN 112 
28.7 BEAN Bl 

127.8 lEAN I.e 
BEAN 85 

.lIEAN 86 

BEAN BI 

• "t BEAN 82 

31.3 SEAN 83 
139.4 BEAN B4 

8.l'NI B5 

BENI 86 

>~rf ..... ": 

TABLE C.4 (continued) 

CONCRETE STRAI-NS AT 1.5 IN (1.8 cal rROJI TOP COf.II'RESSION FI8ER 

<1'--
.0 36 34 28 8 .. ~F.NTRE 4 8 28 134 

101.6 91.4 86.4 71.1 20.3 10.2 
. 

0 10.2 20.3 71.1 86.4 

ç 40 41 42 43 44 45 46 47 .8 49 - . 

0 -OS20 -osso -0515 
-03"0 -0540 -0570 -0520 -0350 

-0100 -0510 -0560 -0520 -0290 
• -0320 -0510 -0540 -0560 -0500 -0480 -0280 

-0190 -0520 -055(1 -0570 -05.0 -0500 
-0195 -02l( 0500 -0540 -0580 -0530 -OSlO 

-0540 -061C -0520 ' 
, -0540 -.()6$C -0600 -0380 

-033D -0580 -0600 -0570 -0330 
-0335 -0590 -0560 -062(l -0600 -0580 -0350 

-0200 -OS80 -0560 -0600 -0580 -0560 

. -0220 -0200 -0560 -0600 -064(1 -0590 -0575 

-
-06110 -07(J( -0670 

-0650 -072( -0680 -0375 
-0350 -0678 -0700 -0668 -0326 
-q370 -0605 -0688 -onll -0655 -0612 -0145 

-0200 -0640 -0675 -0700 -0670 -0622 
-0210 -ons -0635 -0695 -0725 -0690 -0637 

-
1 

-0700 -0750 -0710 

/ -0760 -0300 -0740 -0430 
-0405 -0770 .. 0770 -07S0 . -0400 

" -0435 -0700 -0790 -0780 -0750 -0710 -0410 
-0250 -0690 -0785 -0750 -0725 -0750 
-0270 -0250 -0750 -0725 -0800 -0698 -0800 

0 

36 

91.6 

sa 

-0275 

-0235 

'-
-0310 

-0240 

-0300 

-0208 

-0380 

-0241 

ç 

"0 

101.6 

51 

-0180 

-0200 

-0205 

-0210 

-0205 

-0240 

-0260 

-0251 

o 

. 

1 

;. ,. 

D 

"" 

..... 
(X) 
t.-I 

j 

, ,1 

i / 

1 
t 

f 

t 
t 

j 

j 
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flISTANcE FROM 
CENTRE 

, 

in 

ao 

WAll GAUGE NUNBER 

kips 0 

kM 

BENI BI 

BEAN 82 
34.0 BEAN 83 

151.0 
BEAN 84 ... 
BÉAN BS 

BEAN 116 

lEAN n 
BIlAN 12 

~.6 lEAN 13 
, 162.7 BIlAN B4 

8&W 85 

lEAN B6 

lEAN 81 

BEAN 12 
37.0 IU:AN 13 

164.6 
SEAN B4 

BENI liS 

BEAN B6 

REAN 112 
39.0 ~1Ï3 

173.5 
BEAN B4 

BEAM liS 

BEAN 116° -
/ -. 

-

0 

. 
"-

( ~ 

" 
,'~ 

. 

-
.e, .... r1 tj "41l1li$ ""*' _-.-. .......... ~ .... _ ........... _~~_~ _____ "" 
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TABLE C.4 (continued) 

CONCRETf. STRAINS AT 1.5 IN (3.8 01) FRON TOI' CONPRFSSION FI8ER 

<40 36 34 28 8 .. ENTRI: 4 8 28 

101.6 91.4 86.4 71.1 20.3 10.2 0 10.2 20.3 71.1 

39 40 41 42 043 44 45 46 47 48 

. 

-0760 -0800 -0765 

-0'195 -0850 -0805 -0460 
-0420 -0800 -0840 -0810 

• -0400 -0800 -0840 -0870 -0850 -0800 
-0280 -0845 -0810 ,-0830 -0840 -0810 
-0300 -0320 -0860 -0850 -0870 -0800 -0780 , 

/ 

-

-0880 -0910 -0870 .. -9885 -0940 -0870 -OSlO 

-0485 -0950 -0900 -0910 
-0495 -0850 -0870 -0930 -0900 -0810 / 

-0330 -0800 -0870 -0900 -0850 -0815 
-03!JJ" -0290 -0930 -0850 ~40 -0900 -0870 

. 
. 

-0885 -09I! -0875 

-0886 -0941 -0872 -0515 
-0488 -0958 -090 -09J5 
-0502 -0852 -0878 -093f -0911 -0817 

-Oll8 -0816 -0873 -0907 -0854 -0819 
-0316 -0350 -0935 ;0858 -0941 -0912 -0878 

, 
, 

-0915 -0990 -0920 -OS20 
-0512 -08S0 -0900 -0997 -0940 
-0524 -0870 -0930 -1018 -0925 -0870 / 

-Ol20 -0980 -0975 -1000 -0970 -0940 
. -0335 -0355 -0960 0920 -J010 -0900 -0870 

-
-, , 

-

.. ~ '<~-: 

~ ,~ 

34 36 

86.4 91.4 

49 SC! 

-0420 -0330 

-0435 

-0350 

-0465 -0320 

-0480 

-0470 -0326 
-0483 

-Ol38 

-0485 -0450 
-0475 

-0360 

~"- ~~~Jt1ttQ' il 4* Al',. (:SE 

o 

40 

101.6 

SI 

-0310 
-0320 

-' 

-0280 

-0300 

~ 

-0282 

-Ol12 

-
-0340 , 

-

-

" 

1 

-00 
~ 

1 
f, 
; , 

~ 
l 
f 
< 

! 
t 
t 

z~ 

'1 
1 

1 

-

---01 
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TABLE C.4 (continued) 
, 

. -CONCRETE STRAl~ AT 1. SIN (3. 8 CJa) FRON TOP C(»II'RESS ION FI8ER 

DISTANCE FR!»' in 40 36 34 28 8 4 CMRE 4 8 28 
ŒNTRE , 

c. 01.6 91.4 86.4 71.1 20.3 10.2 0 10.2 20.3 7l.1 

t.OA~ CAUGE NUNBER 1 r~ 40 ~l 42 43 44 45 46 47 48 
kips 1 . , 

kH 

BEAN 83 -0524 -0858 -0920 -1000 -0050 
40.0 'BEAN 84 1 -0530 -0876 -0936 -1022 -0930 -0880 177.9 BEAN 85 -0327 -0988 -0980 -1010 -0978 -0947 

&fAN 86 -034' -0361 -0973 -.,0932 -1022 -0913 -0377 

~ 

8EAN 84 \ -0535 -9960 -0980 -1050 -0960 -1005 41.8 BEAN as -0338 1: -0970 -JOOO -1°70 -097S -0920 185.9 , 
~0390 

i 8EAN 86 ~0360 -0980 -1020 HOO -0950 -0890 

8EAN B4 -osas -0950 -1021 -1150 -1012 -0943 44.4 8EAN 8S -0986 -1068 -1140 -1032 -1009 197.5 
~186 -0400 -0452 -100e, -1058 -1160 -1070 -0987 

8~ 114 . -0588 -0958 -1035 -1157 -1030 -0952 45.0 \ 

BEAN BS -0996 -1080 -1145 -1043 -1018 200.2 , 
1 BJW.I 86 - -041,)9 -0458 -1015 -1065 -1168 -1017 -"0995 

47.0 =BEAN 84 , -0620 -1002 -1105 -1218 -1l8~ -1073 209.1 
BEAN B6 -0425 -0500 -1078 -1195 -1280 -1200 -1150 

49.5 BEAN B6 
220.2 

-0467 -0588 -1027 -12~8 -,1381 -1250 -1028 
~ 

-

. 

34 36 40 

86.4 91.4 101.6 

49 50 SI 
, 

-OSOS -0465 

-6478 

-Ol66 -0354 

-0570 

-0346 

-0405 -0350 

-0605 

0428 -035' 

-0620 

-0436 -0359 

-0650 

-~'5 -0410 

-0612 -0495 

r\ ---
. 

v 

. 

, 

" 

. 

/ 

q , 

-00 
CIl 

~ 

- 1 , 

/ 
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Q 

, 

DISTANCE FRON ln 
CENTRE 

CIl 

LOAD GAOOE HlJfBER 

kips 
lIN 

BENI 81 

- BEAN 82 
2.6 8EAN Bl 

11.6 
Bl!AN ~ 

BEAN B5 

BEAN 86 • 

BEAN 81 

8EAN 82 
5.2 III!AM 83 

23.2 
lIIiAH 8. 
SEAN B5 \ 

SEAN 86 
~ 

BEAN BI 
IIWI 82 

7.a 8EAN B3 
34.9 

8EAN 84 
-BElIN BS 

8EAN 86 

BEAN 81 

IlEAM 82 
10.4 BENI 83 
46.5 

DEAN B4 

8EAN 85 

BEAN 86 

~ ~;" .. -,l[i ~~~:~ i;.1;·:~~~1i~;~;: f~J"~>Î\i}<","i'oF'·r' '--''i'' ' 
;.;o..~ ~ -fj __ ·.. ", .. h ~',~:~1: '_. ,J::;;: 

. 

TABLE C.S 

CONCRrn STRAINS AT 3 IN (7.6 CIl) FROM 'l'OP Ct»lrRESSION FIBER 

40 14 28 8 4 ~eNTRE 4 8 28 

101.6 86.4 71.1 20.3 JO.2 0 10.2 20.3 71.1 
52 53 S4 SS 56 57 58 59 60 . 

... ~,.. ~.., 

~~< 
-0030 -0035 -0031 -

-0024 ·0027 -00l8 -0030 -0025 
-OOlS -0030 -OOl~ -0026 
. 0019 -0015 -0040 -0025 --0013 -0021 -ool5 -0025 

-OOlO -0038 -0027 

. 
-0050 -0075 -0058 

" 
-0040 -0061 -0070 -0060 -0035 

-0025 -0058 -0070 -0055 

-0065 -01178 -0060 
0020 -0055 -0072 -"0062 

-0065 -0080 -0071 
~ 

/'" 
""'" \ 

-0080 -0090 -0085 
'- , 

, -0046 -0075 0090 -00711 ~ -0030 -0090 1-0085 -0080 
-0038 -0050 -0098 -0055 

-0030 -0082 -0090 -0075 

-0075 f.009S -0'080 

-0086 -0108 -0090 
-0070 -0095 -lU 20 -OJOS -0065 

-0035 -00811 -0115 '- -0107 

-0045 ·0105 -0125 -(1120 
-0042 -0098 -009 8 -0110 -0087 

-OH 5 -OIlO 0120 
/ 

. 
,. 

14 40 

86 •• 101.6 

6' 62 

-0020 

-0015 

" 

~ 

-(l()40 
-0018 

~( 
, , 

..r-':..~ ,--,. 

-(l()45 
-0035 

/ 

, 

-0040 
-OOS( 

c 

, 

" 

~' 

/ 

-

-

<:, 

\~ 

" 

..... 
00 
Q\ 

f 
f 
{ 
1 

J 
j~ 

\ ' 
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~ 

'~ 
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TABLE C.S (continued) ---~~ .. 

, 

~-~--~-----~. COHCRETE STRAINS AT 3 IN (7.6 c.) fR<»' TOI' Cor.'I'Rt:SSIOH l'IBER 

DISTANCE FRON in 40 34 28 a 4~ 34 ~ 
~ CENTRE 4 8 28 40 

CeHfRE . 
c. 101.6 86.4 11.1 20,3 JO,2 0 JO.2 20.3 71.1 86.4 101.6 , 

LOAO r..wel! ~BER 52 53 54 55 56 57 58 S9 60 61 62 / , 

Idps 
" 

k" , 
BEAf.1 BI -0110 -0125 -010S 
BE"" B2 -0080 -0120 -OBS -0106 -0070 -

13.1 BEAN 83 -0085 -0094 -0125 -0104 58.1 
IIEN-I B" -0080 -0128 -0140 -0140 -0090 
8EAN BS -0050 -OIOS -0140 -0115 -0048 
8EN1 86 -0125 -0160 -ouo 

. 
BENI BI -01<40 -0150 -0135 , 

-0145 BEAN 82 -0100 -0150 -0165 
" -0095 

15.7 BEAN 113 -007~ -0100 -0125 -0105 ... 69.7 
-0095 -0135 -0150 -0090 -0086 " CI 8ENoI B4 

.... 
BEAN BS , -0060 -01<45 n170 -0160 -0070 
BENI 86 -OJ60 OJ90 -OJ70 

" 

BEAN BI -0180 -0190 -OJ80 
8EAN 82 

~ -0120 -0205 -0220 -0190 -0110 
18.3 BEAN 83 0090 -0185 -02IS -0195 

/ 
81.3 BENI 84 0098 -0200 -0230 -0185 -0110 . 

aw. as -0070 1 -0190 -0205 -0185 - -0080 , 
BIlAH B6 -0195 -0220 -0205 

. , 1 
1 BEAN BI / -0200 -0220 -0205 , 

REAN 82 -0140 -0215 -0230 -02JO 01,25 . 
20.9 BEAN 83 -0125 -0206 -02~o -0200 92.9 8EAN 8<4 , 

-0120 -0220 -0240 ,-0210 -0130 , , 
BEAN BS, -0080 -0205 0235 -0216 ' -èm9s -BENI 116 -Ol20 0250 -021e. 

, 
0 

" ~- - -----, 
,-~ 'r--~~ 

~ '--" 
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~ 0 
TABLE C.S (continued) 

,.. . 
< CONCRETE STRAINS AT 3 IN (7.6 QI) FR<»I TOI' CQt.IPRESSION l'18ER --

DISTANCE FR«»! in _ 40 34 28 8 4 IcENTRI! " 8 28 34 40 
CENTRE c. 101.6 86.4 71.1 20,3 10.2 0 10.2 20.3 71.1 86.4 101.6 

LOAO GAt~lE N11181lR 5'l 53 54 55 56 
. 

57 58 59 60 61 62 

-ktp!! , 
kN 

/ 

Br:Nol BI -0255 -0270 -026(J 
8wr 82 -0155 -0250 -0275 -0245 -0165 

23.5 8EN-1Bl- 0 

-0135 -0240 -0260 -0225 104.6 -
BEAN 84 -0145 -0250 -0290 -0265 -0128 .. . 8EAN BS -OJOO -0265 -0280 -0245 -0090 
8EN-1 86 -0270 -0300 -0275 

( 
8E~1 BI -0280 -0300 -0275 
BEAN B2 -0170 -0320 0300 -0270 -0186 

. 26.1 BEAN 83 -0150 -029S -0310 -0283 . 
116.2 BEAN 84 -0160 -0310 -0305 -0325 -0165 

- BE~I B5 -0100 -0280 -0305 -0290 -0110 c--

DEWI B6 -0305 -0330 -0300 

. D 

- 8EAN 81 -0310 -0325 -0310 
BEAN B2 -0190 -0305 -0335 -0315 -0200 - , 

28.7 BEAN 83 -0170 -0310 -0325 -0299 
J21.8 8EAN 84 -01115 -0310 0345 -0300 -0195 

BEN-I 15 -0120 -0325 0360 -0335 -0130 
IENI 86 -0350 -0360 -0300 

SEAN BI ,'. .. - \ -0350 -0360 -0345 
BEAN B2 -0213 -0355 -0370 -033Cl -0208 

n.l BEAN B3 -0185 -0325 -037Cl -0350 139.4 Bml B<t 0195 -0350 0385 -034Cl -0190 
8EAN 85 -0130 . -0338 037,5,.. -0348 -0135 

-BEAN 86 -0380 0400 -0360 . - . 
' .. 

.. 

-

" 

..... 
CIO 
CIO 

1 , 
l' 

1 
.f 
f 
1 
\ 



~,~ J~'{ ~ '.!~~ 
~..,. ~1 '!'~t~~, 
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DISTANCE FR(J.I in 
ŒNTRE 

c:. 

LOAD (".AUGE NtJ.IBER 

kipll -kM 

!lEAN BI 

8~1 82 

34.0 8EAN 83 
151.0 , BWI Bol 

"'" ~ 8 86 
r---

81!»1 BI 

SEAN 82 

'R 
B~I 83 

SEAN 84 

SEAN BS 

8EAN B6 

IIEAll 81 

8EAN B2 

37.0 BEAN 83 
164.6 • SEAN a .. 

-
BENt B5 

BEAN 86 

BEAN 112 

39.0 BfAN 83 
173.5 BEAN.B4 

8W1 as 
8EAN 86 

, 

f-
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TABLE C.S (continued) 

CONCRETE STRAINS AT 3 IN (7.6 c.) l'itON TOi' CONrRf.SS1ÔN FlBf:R ). . 
- . 

40 34 28 8 4 CENTRE .. 8 t 28 34 40 , 
101.6 86.4 71.1 20.3 10.2 0 10.2 20.3 71.}; '86.4 101.6 

52 53 54 5S 56 57 58 59 60 61 62 
6> . 

'" 
-0400 -0420 -OlpO 

7 

-0230 -0390 -0410 -0380 -0240 
-0192 -0375 -0405 -0385 
-0205 -0380 -0400 -037/11 

~. 
-020~ 

0145 -0390 -0405 -0375 -0155 
-0415 -0425 -0440 

! 

, -0420 -0450 -O~25 

-0250 -0429" -0440 -0422 -0260 
-0200 -0419 -0440 -0411 - . -
-0225 -0400 -0460 -0390 -02U -

0160 -0435 1-0450 -0415 -0165 , 
-0"54 -Q470 -0443 

; 

" -04Z5 -0455 -0430 
-0255 -0433 -0442 -0424 ' -0262 

-0204 -0423 -044,4 -0416 
-0229 -0403 -'0"64 -0393 -021, 

:0165 -0439 -0-CS8 -0422 -0168 
-0456 -0'477 -0446 

" 

. -
-0270 . -0465 -0490 -0470 -0280 

-0218 -0452 -0485 -0"65 , , 
-0218 -0440 -0500 -0430 -OZ4! 

-0165 -0450 -0475 -0455 -0170 
-0490 0515 '-0540 

-

" . 

J'Il 

., 

,-""o"r-",~Il'!';~;~~ -

c 

t 

. 

" 
:'1 

, 

-
, 

, 

""" l' 

: . 

CI 

-

-
, 

, . 

..... 
00 
\0 

.. 

"-.) 

~ 

~ 
f • 1 
l , 
} 
t , 
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~ o 

1:> 

DISTANCE FR(»f in 
CEHTAE 

CIl 
( 

, , LOAD (:AUGE N..usER 

Hps -
kM 

BEAN B3 

40.0 BENI B4 
177.9 DEAN as 

BilAN 86 

BEAN B4 " 41.8 
BEAN 15 

185.9 
BEAN 86 -

BEAN B4 
44.4 

BEAN 15 197.5 
BENI B6 

, 
BEAN JI.4 

45.0 
BEAN BS 200.2 
8~86 

47.0 BEAN 14 
209.1. 

-BEAN 86 

49.S BEAN 86 
220.2 , 

, . . 

-
" 

. 
c . 

••• __ &.01 ,.,.. • .., 
\. .... ..., ........ II .... ..,yJ 
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