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necessary to study development

in high strength concrote.

Reserrch signifitance

The paper reviews the

develoDment of tension bars in

hip,h and normal strength

concrete beams based on 5

methods: ACI-02rr) , Zsutti'' .

Orangun et. al.P) , KemP ald
Wilhelm(a) , and Darwin e1'

at-(5). These methods are bas€d

on nonnal strength concrete

tests to find the ultimate bond

skess eouations. This work

aims ai finding suitable

equation to Predict bond

strength for high and normal

strength concrete beams. A
proposed simPle design

method- which is based on a
regression analysis, is

introduced.

EtperimeDtal Results

A1l available tests of
developmenl of tension bars

obtained from the literature are

used ia this work. Table (i)
sives the range of variables of
ihese 60 beams. These variables

a.e: Comprcssive strength of
concrete r', development

length ,"r, width of concleie

section b, diameter of anchor€d

bar d, two clear cover one of
rhe.m in x direclion (C, u/hile

the other fu Y direction (Cr)

525

and average bond stress in tests

Ur*, . These beams are obtained

from references (6-9).

Evaluation of Experimental
Results

Existing developnrent of
t€nsio[ bals d€sign equatiotrs:

The following five existing

methods considered in this
work are aPPlied to the

experinental results of beams

failing in dev€lopment of
deformed bars in tension.

,=:,altf)i,,; ,,'

,4reinforcement location
factor,

-B coating factor :1.0 for
uncoated bars,

A reinforcemeni size factor =
0.8lot dL<t9h l

= 1.0 for dh>20 d,n

f light weight aggregate

concrete factor =1.0 for
normal weight coDcrete,
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C, = the smaller of C. or C,.

C. is one-half lhc
diameter plus the
b'ottom cover to
reinforcement.

a'., is one half the bar

dia:aetcl Plus the

smaller' of C. or one-half
ihe clear spacing

befl\'een the bals in ihe
layer (S ).

r. = 
j1l-r- lateral rcinfnrcc-

mert index.

of transverse-" 
reinlorcement crossing

' the potential plane of
splitling adiaccnt to a

single aochored
reinforcement.

1., Yield strength of

reiI]forcement

.l cenlea 1() center spacing

of trarrsverse reinforce_
ment. and

ly' number of anchorcd

bars.

2. Zsuttv method{'?)

, = s.o7 r:(!L\,{!*rY a)"' \ t,./ !d' )

where:,=no7L
,s6

C= the small€r ofc6 or C"

C 
": 

the smaller of C, or 0.5*S'

(:- -,,).,la, )

3. Oralqun et. al.o)

{r=17

( r Al\
I L a trvt I

I 01+a25- +41f +- |I d L 415,sd I

\ , d ht
...(3)

where:

Anr,' <o.zs and 9<zs
1l-525 tlb db

4. Kemo sod Wilhelm(a)
J -\

u : Jt.,lo.s16+aut;)

+o.tq) -2:! l. &)
Isd,]

rdhere:

4L<nt and 9< t.o
sdu dh

bar
clear
Ilrairl
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5. Darwin et. al,(s)

u =.[i[(0.ut.,.,"i)-
( aqz * o.of!!I\ * a.zxltf ,,,
\ C nno ) L,'

maxinum value= ofal,or a,r,

the snraller of
one - hali the
clear spacing
bct$ecn bars
(S') plus 6.3 5 or

at,

rninimum value
ol C, or Cr.

thc salc side. This rDethod has

lhe highcst rean value (1.62).
'ahe coelficicnt of lariation

(COV) gives a good indication
as a measure oflhe rclcvance of
ihe method lor p.cdiclion ofthe
ratio (Li.,1'?-r..r, ). F'rom Table
(l). it oan be seen that the
Zsury method has the highest
COV (at 22.87 perccnt). The
best COV of all 5 cxisting
melhods is in the Orangun et.
al. merhod (ai 20.29 pcrcenl)

Regr€ssion analvsis of test

By usins thc regression
anallsir. lhe 60 lest resLrlts werc
analyzed b) u personal
computcr. The aim is to obtain
a sinple and conser\ati,r'e
design method for development
that gives the lcuest possible
COV lalucs of the ratio
lu,,"1t',"t,). 

-l his has led ro the
fbllowing prediction equation

C nax.

C,,

C min.

Statistical evaluation of
existing design method

Table (2) indicates the values
of tie results of the 60 tested
beams, compared with
predicted strength (U,,,lU-t").
These values show a runge of
1.05-1 52 for the mean of this
ratio. It can be seen that the
Kemp and Wilhelm method is
the one with the greatest
amount (27 specimens) of
msafe predictions-based on a

value of (Ur",/U"d" )<1. The
lowest mtio for this method is
0.60. In contrast, the ACI code
method is the most conservative
with all 60 beams being on
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, .t)5I ,: l
i0Jo.tltt
i ,/. ) 1,

ll9 " . +i6!
1 , 

", - ",,c 
*"' 1' t.t

i' , -,1

i)a.Esitb

..(6)

Table (2) shows a summary
ol statistical evaluatiLrn of the
proposed design method.

To illuslmte the relevance of
the proposed design meilrod the
ratio of (Li../?,',,..) has bccrr
conlparcd bl this method wilh
that of the a!ailable design
code proccdrre Eqn. (1) b!
ACI 318-02. These are shown
in Figs. (i, 2. -: and:l).

'lhe comparison in Fis. (1)
between the ACI-02 rnethod
and the proposed method
shows, as expected lio Table
(2), a large scatier in thc AC1-
02 method. as compared to thc
proposcd Eqn. (6). In addition,
rhc proposed method gives

satist'actoril) sal'e predicriorl.

Similar conciusions regarding
ihe much greater scatter by the
ACI-02 nrethod can bc seen in
Figs. [2 (inlluence of ,,r. ]

(intlLrcnce of 6) and 4
(i llucnce of d,)1. A slight rise
ol saftf \iith incleasing Z6 6,
and., can be noticed indicating
that this mcthod (,A.C1-02) tends

to the rise conse ative with
in$easing Ir, 6, ard /r; i-e. a

positivc slope is obldned front
results of (lj,.,,,'i1.,. ) versus 1-,i,

i, $rd .r,. Sinlilar relationships
usil1g the present ne\! equation
arc shown in Figs. (2. I and ,1).
'Ihese figures show
impro\,ement in lhe obtained
rcsults aod the besi fit line has a
negatile slope with a relati\,e
capacily stre|gih \alue Lil'

t1,"".,ia,",,, ).

Conclusions

Based on ihis work- the
following conclusions are

rnadei

1- l'able (2) sho*-s that dre
CoV ol the ralio ( L'i.,r'LI."/. )
\1as in descending order 22.87.
11.59, 20.77, 20.14 aud 20.2S
respectivcly using Zsult),.
Kcmp and Wilhelm. Dar\rin et.
ttl.. ACI-01, and Orangun ct. al.
merhods.

2 Most results of (ACI-02)
iDdicate corservadvc prediction
of strcngth *ith high arithml3iic
mean of ( r-{ju.,l. ), \\hile rhe
proposed nrethod led ro
rmprove results compared to
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(ACl-02) are shovn in Table

(2).
3- Fig. (1) shows that the

safety of predictjon bY the
(ACI-02) and ProPosed
methods are essentjally

unchanged within tho range of
I', A l.dBe scatter in the ACI-
02 method, as comPared to the
proposed Eqn. (6).

4- Figs. (2,3 and 4) show a

slight rise of safetY factor with
rising,La D, and /a values based

on ACI-02, in contrast with
proposed method (but large

scatter for ACI-02 versus much

less scatter for the Proposed
method). ln addition, the
proposed method gives

satisfacto ly safe Prediction.
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Future Research

The folloving suggestions

may be considored as an

extension ofthe Presenl work:

l- Developmeot length oftop
bars in high sbength conqete

(bars confined by tansverce
rcinforcement).

2- Investigating the local

bond stress-slip behaviour of
reinforeiflg bars embedded in

fiber in high stength concrete

beams.
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Notation
aroa of iransverse
reixiorccment crossinq

, rhe norcfhal tlane ur
" splrlLng iJta!.n, Ln r

single anchored
reinibrcement.,rrr:
nidrlr oi corcreic

the snrall$ t)1'a or a,,
cleaf botton co!e. t0
main reirlbrccnen. ry:
coclficieri ol v3iiarion
m3\imun lalue oI a',, ir
Cr nnt
m;nimum lalue of (; or

ihc snraller ol one-hall
the clear spacing
befia,een bar-c plus 6 35 or
C.
is one h: a the nar
diameter pi.rs ihc snr.rlle!.
of C. or one-haLf lhe
clear spacing ben'een
the bars in l]1€ layer (,s').

clear cover measured
along the lirr tlx-orgh
the laycr of bars. ,,,
diamerer ol a..horcd

Yield strength ol transv
erse reirrforceftenr MPa

,. .ompressl\ L slren8ih oi'
/, .on!, ere. Mpa

_ de.lelopmeni (crnbed,rr ment) lenlth ,,;

, -.."g" r,ina *,",,, rur,"

r L3lLul?red a\errAe b, fd
"tr 5re'\,luPJ

average bond slress i,rLi.' te:ts. :VtPa

cenrer io cenrer spacing
S of tanrv€r.se rcirforce-

!. ciear lpacing b.lween
anchored ba., 2,u

]\ numberofanchoredbars

tixforcenrenr loca on

/, coltirg lact.r

i. reinforccnrcni siz. facbr

.r' lighl rlei8hi aggregale
' concrrte fa.lor

C

b

C.

Cb

COV
C

t,

(:,

a""

C,

Mean value ofx (u,""/u,,,")
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Table 1- Rang€ ofvariabl€s for the 60 t€sied b€ams.

Detail
f;.

MPa

ri^ Ct C., u,",,.
NIPa

Low 16.,11 r,t0 119.) 12.1 17.5 699 2.46

High 83.7 i t43 461.) 35.8 68.3 221.8 1,t.52

Table 2- Statistical analysis o{th€ ratio of(4r",/U.,/").

Detail ACt-02 Zsrtf\ Orangun
el. n1.

Kemp
and

Wilhelm

Danvin
et. al.

Proposed
equation

t t.62 l.l l L.22 1.06 1 .12 1.21

Standard
devialion

0.336 0.258 0.2.18 0.:2!,) 0.212 0.164

co\' 9'o 2A.14 22.81 )0.29 21.59 24.71 t3.56

Number<1 0 22 13 2',7 22 6
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Compressive streDgth of cotrcrete r,, Mpa
a- ACI-02

Compressive strength concrete, , Mpa
b- proposed method

Figure (1): Influelce ofcompressive strength of concreter'on tesl
results.
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!

Developmrnl (embcdment) leugth rd! ntz

T
l

!f

a- ACI-{n

Development (embedmenl) leI,glh L,h ,firfi

b- Proposed method
Figure (2): Influedce ofdevclopment) emb€dment dength I!, on test

results.
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E
a

I

!

"";
Bealll width ,, mn,

a- ACt_02

'- t-

l J

ir
l
I

Beam widflr 6, ,rrz,

b- Proposed method
tr'igure (3): Influence ofbeam Jtii olr test resuhs.
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li:
t
I

Diameter ofanchored h)rlb, mma- ACr-02

3

g

Diameter of ancLored bar db , mhb_ proposed melhod
rrgure (4): lDlluence ofdiameter otatrchored bard6 olr tect results.
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