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Evaluation of Ultimate Stress of Unbonded Tendon in Prestressed Concrete Members( 1)

= Proposed Design Kquation using Strain Compatibility -
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ABSTRACT

This is the second step of research series about prestressed concrete members containing
unbonded tendons. In the first step of the research, previously existing design equations
and ACI Code equation were investigated and compared with o total of 167 experimental
results.

In this paper, a design equation was proposed after a thorough examination about the
method which used the concept of plastic hinging zone and the global compatibility
requirernent of tendon strains. The influential variables of the equation were determined
by the theoretical approach and then the coefficients for the variables were determined by
the regression. A good agreement was obtained from the comparison with previous design
equations. Then. the structural charateristics of the proposed equation were mentioned in
this paper as follows. (1) It is desirable to include such variables as the effective prestress,

the amount of bonded reinforcements, and the loading types since they can make a
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significant affect on unbonded tendon stresses. (2) The square root of £'/p, ratio may be
proportional to the unbonded tendon stress in contrast with the ACT Code. (3) The
influence of span-depth ratio on the unbonded tendon stress can be explained properly by

the concept of plastic hinging zone.

Keywords : Design equation, ultimate stress, unbond tendon strain compatibility
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Fig.3 Stress-strain curve of tendon

£=3 (2-point & uniform loading)

L or dpl
<
Y

£210 ¢ I-point loading)

o \\‘_
l - |

0 16 p: 1] k4 E ) 50
Lid,, (span-depth ratio)

Fig.4 Effects of loading types and span/depth ratios of
plastic hinging zone

3. 7|EATe| A E et H|n

SRR ] T AR re)

el

sl 7o) FaeeS golet 4 i Wl
7

— O
& 2718 o] 8-81 vFH -2 LiElo) Qo] B

QL

4
The vlEd o] Adate) . 41,0 vlmste]
g, Bell vehfgl enl, 71Eel el mzbz ) of 4
ool ACL AFE] 71EA Y] Aicky] Halel
71z gre] AE Az A1 o UlE Bl A e
Ry LFERRRACE Pig. 59F 7] pe] s al of
Al ek 4= 9l%ze], A1l delA ACT FsE2lel 2]t
ziabe] A RS 0.64. Harajliel djekalol ¢

g Adutel AdbAS RS 0.55, Naaman &

ZARESEA] M 9 # B 1997. 10



2250
. 1750 1 ":z A
o2 )
= : X
= 1250 1
,3 .
.
7 -+ .
VT s
s YO+ 911
R=0918
250.sxnx%|‘;kgil..;§.1l.
250 750 1250 1750 2250
Exp-t, MPu

g

Compal.-Afs MPa

vy OBIx+633
R 07

Fig.5 Comparison of analytical method with experiments

Alkhairiel elal) ajekel AAl Aol o]t Zvpe) 4at

7”./‘: {,OA 0715 L].E}.L [,] e 11} H u]“ (1 ?' S

Yol o8k ajalale] Awkiz AaAlErE 0785 7hE
*0‘9] e ok 7 oouslem, 0(!1’—; A3 2XE o8
b A7) WEEE QL Alghel] ofsl A (1 abage

!
8 b siolof ehti A o HHEsh

A wheba] B glpol iz o2l gk W
HESIL I LK 0!4@15‘}01 G IS
Al 2 A o)l s Sl

4. u|55 ZIsHe| S22 Ty lAle| Hiok

LA

£ gRlah A kel ol sko] Fsgk A8 Alckel]

WHEl e A aka S o] 88 A7)0 Fe

Slstol vhesh e T S FpR o g
st

A, el e s dejelAe] ool
Famaele o d A 2

ol A LA S e

1A WA P A eol el ok
dobl 1A

o] gargele] v ggke] 4] )
solu}| 5 nlal 1 el /)& g2k

A ale] skl Aless 71l mAE 7S el

2anlEsEX] A 9 d b% 1997. 10

2 skl -

ot} svkshi 1Ay} A Ee)
aglo] ¢lz] o m iy 71k e] Wdlo] B w4
seiofof &}/] ufitelc

loluba] g J] 1 A7}

/
T
)
-

o] dolir obgf s1zA

apeb] gl 3] o)
AN 18l e ok Ao Ao Y7t
4 glet,

ol o) 745 & ol gafol -

8% el et e

Hl u] L}n} 9- ]_H ALO %

L | 08SED Bt ’)dpEp\
Af L+ (e B = e e o
L “»‘\m Afr + (e E
I
A~ A
(A —a A, [+ (,l:,'_l.)fk_”p_m (an
a A L '
el A D Eetel A5 ekl 9leiAl ok
7} /1 0 ‘),(} Ig—/g {«} o 2 ”'; O‘] [/]
X' =BX-C=0 (12)
o] 7)ol 4]
X =Af, +( li'f—’ )e B
‘A - ADF )
B= ( ,) Lof 4 Ly ye B
A ’ L k
C=- 1 -().85¢F b ShEL( ~~)d E
o A

109



d719] kel thek =
dem e £ glch o W %?91 %41 e
VIexT =14+ 0.5x(x|< 1) 9 @ ebikz{Ql o]y
o wlate] s & Alksielrh ‘Ltlt!] o Vol Al x i
EAE gk /Bl sldated AakAztel vidaa)
LA W mar 4223 o f okl 7o) 7he ol e
g7l Bek, npapd Rool ol alis o] 2hyle. okab o)
ola A 21& frmsbdar, o719 b}-]:]—L]— A Zeiz e 7
Z9) ARAATES o) adte] 2ux} it whika
olejgt G| oAl F oW ‘i—l o]zol xat
& Aget 7 We 2 e VA gaA s
gelel 44 Q. Q. O Agele] chiwt (ol
vl

(A= AT,

Atp\ = —Qlfm Q R Q‘ ‘HI ps
o A

P

-~

+

\ (lp/ b o (1:3)

o] Wl A(13)e) A 3T} A48e Fols W
Sobal glem R o] & nefsle] vt ol L]rb}

[e)
9 5= glo)
Al —a A)f "L
Afpx = ”Qlfpc + Q;LL—;;); + L"(i)
A, Vap, L
J‘Ln
[, 0-85p,,E, - Qe E AL
T (14)
L,

et A agel (gbe] 5 waddel A /14 1
Hr) #g P‘gy]_ AR o 2 glo|ril o]Ehe:
V(L TR/ (f) fap,) =025 @ 4= glt} a9 a
2] g el g Al e Fi
M] d, 9} d, 2 gele 4 ook, ubedks] A ing A

C Kol Ko ARgStel o]k £ el dkste] Ye)st
ki Lk—*} ol elutal ¢ 4= gir},

(A -ADF,

) =

ps

fo=K,+Kf +

+K,

-\dp P, (L (15
BoAgtel A Al1D)el gk gleje] A K
Ko, Ko K& Fal7] f18be] 7120 7te] 16770 44

110

Aol RAATE RFFAWY FANLA PO

d719) 21(1B)ellA glele] 4 Ko, K. K., Ko
sl olgh sl e) kAo Fdshi
s
\ (A AL,
f =K, +K f +K, ————
’ i A,
+K, - d, L(I:L')
\d,p, L

=y, =B+ BX, + B + Bixy + £, (1=1,2,-0)(16)

Olt}’. :LE]:II /?:K IQ.:K;. ﬂJ:KJ. 19::}’(: O]Eq.

& S)ﬁ}olt}.

1 (A=A
f =207+0.75f 4+ — o OB
" 2 A

ns

df) d -
+6.8: Aot (1+\”)MPa (17a)
Vd,p, f L

: 1 (AJ-ADF,
. =30,000+0.75-f +— ——7—=
I pe 12 A

ps

d f, ',
( )pq1 (17b)
id,p,

o Shere Aehalol elgh ANatst 71l o)
AT Fig ool f. 4f °) vl vehigich,
1R el A el R Rel M & S elol, 7]
ERUol o) AlFAl W ACT A RbE SHghe}
A A el S 1 ges)

+82-

A
o Z3k 4 9l 9 5 Aok,

Z32|E3EX| A 9 ¥ bF 1997. 10



2250 /
1750
- X
=
<
2 )
?2 1250 +-
a
2
750 1T
[ ¥ 085K+ 1705
I | R-0%
250.>,A X ST - Lt
250 750 1250 1750 2250

Fixp-ti M

800
L
X
K
2 3
£ ]
5 400 T
2 T
a 3
2
(oW
) L
200 4 . e ,
. P * v =062 - 1179
r JRAOTS
U A, 4’1 P 1I deerrrasmereon. : PR S
0 200 400 600 800
Exp-Af, MPa

Fig.6 Comparison of proposed equation with experiments

}0 :1.181 'o‘+°1 -'%‘GH}.‘& e

K ’|] SR

Aee] gL 93 Ko K. K.
off egh 2l & 7ol 4}3)e] ’;‘l gl gkt o A alol %l;
# A& 2A b ’MJ &kl -5‘«5141 -IW,R*} & f} &kl

v} b .};z.qw-ow &ﬂ } i1 Alf.:z- *.—‘ H”." =
b tho ) AR Fig Toll Ve AITE Fig.oll
M Qb = Lol dl s ahie] AN ot AbgEE A

A g Rl ) 5

i hA S5 kst 9 9-“1
ik vpERT)

Aol A R S

1o

AAA|
A -A)f
fo=70+0.81f + LA A
: 15 A

ps

1 6.5 ‘d_,:_L(_l:+ij)Mle (18a)
\\d Iy 4 L.

Vopr

+70=<f <t MPa

e

A=A
= 10,000+ 0.8-F  + — oot lt
Mos A
o (18b}
+8()-\‘~,\L‘5 (l d’)psi
\ d,p, T 1
+10,000 = f psi
f=10 11! Heshe), (=3 (28 gashs 3 B

Z3e|ESSE|X| M 9 # 5% 1997. 10

229}
l7ﬂ) b - "
473
g ¥,
o
7 1250 Py
g; »
g .
L]
*
750 .
ot y =092+ 13.5
R = 0,944
250
250 750 1250 1750 2250
Faqrtis MPR
RO
600
o]
S . . H .
2 »
2 . e’
= 400 * . 3. et ¢
. *
_@ » ‘ ;. »0 N
2 H N
WAL S
200 ’ *
WO sty e
Y rd L vy~ (.68 + 21.6]
'ﬁ :" * R ()‘,F,.Y_N]
0 t + +
0 200 400 600 800

Fig.7 Comparison of proposed design equation with
experiments

111



4.2 2AFe| MjotAlnl A Al CHEE HI}

Wt A Aot Alekalal AlA Ao kg
H)w&l7] f1sked Table 142l tFo] ACT 318-89
4. Naaman &2 AA4, Naaman 62 A
obzl, Wl A%y 7S o] &3 slM Ao ofst 7

A6 NgF A3 RE vl

Table 1 Summary of the correlation coefficients

Correlation
cocificient. R

Strain compatibility | 078

lsquations Reterences

Computation ; - -
but: Naaman & Alkhaird 0.rn
cguation - -
Proposed cquation (.55
ACTSIR-RG 061
Dosigm T
o Naaman & Alkhairi 0.71
cquation o e —— e
| Proposed «lm,hn cauation ] 0.7

Table Tell WFERH vbslbzlo]l ACT 318-89 G+
o olgk Atel Al (R=0.64) 1T} I ool 4
Aokl AA Al of gt AN (R~ 0.77)7F $-4=8t
Ao VFERsEo | Naaman Sol of&l] #jersl 2
of o3t Zzbel Folpoa] Aokl xetalo) o] gl ¥
Thebis fAbek gElAd g v

uls 7iale] gl Ay 4 elis Ao el

= Lo 2
Wk Z2eu, Naaman %ol elal] dletsl e ox)
A el S dbolBle]l Sl HA 0 E rallokshis Mgl
Al 2k} Ol dlastmi AAA o 884 59
vhdol slont, et o Al Agkgh 28 ulse A gk

1
& ul-n} O i plEL All ""fﬁ"zﬂf” L9 o} ol 4

HeoQlroll Al aliebd A A Aol 5
A 71

Cupbr (207 A

- ok 4 gl :HM

SE AT NI AR ,Moﬂ

112

F-AsiAl AfL. gho]l AR sy, °1L 71E0] 93 A
15 ok 4 AdTh tﬂrﬂw f. kol %/}a}\ri Af.

1 Selliz Afps7t V1A
R R i e 1o] delet & 4= qlch
A rl 2 dA e 04 E (partially
Kol A DA fE FEskA Al
sk 42 o) de AT Trsel] whEm Qi o)
Logafel A Abgsieiebe o}E st ¢ gk
reluh REZI A sp) mEp B 2]l B

Mz bl b AAAe] st uhel AL gat

. L Rbefiel
A<k

prestressed)

AWl Ahel it ofik el 42 glojol st}
21(G)el] mpEnt dibE ito] gro] vhE o] g
1

F Yuk o 2 we

oTnon

(o3

o

2
pled

i
= =2
2
X

ststol] %) M, g o 1Yl
2ol o q}% 1A o, whepad Qdd e w7l
galel ool Wi, fLelan gk 2] kel A4S

el golo] Al ke E B o] A4

(81K %' Atol Al At A ACT P B
Foooed

IR !

ct. oloﬂ cn b ehd e “(12)01] 138 5 alu}_ 4
(2] Al HAZLL Cell £/p,7} 55?‘&&'101 7]
ol £7/pac Aol Gefiz A el vhehok 'i%%:
W RFEIA) Jlelwlvh ga.gh wigelu) o)y
shero] @yl St sl-gnlel ghos vepd 5 qluy
= glelvh, il @el ACTe M= zeal-gule] g
iosha flont ofiz # eltel Fhile Al
Al al A pel o] 1 Epd el ol A

a7b g asict frefvt # dqte) A el A gy
of whivd .ff%”‘*r—'ﬂl } N x5 d gFol gl R o)
o] siydell ejalal elehal o m Bludo] gl hH e
L "Jol /]E‘g] _}[: ?)1 =3 ‘(L ?} '/T!: %]\E}

h. 8 &

elte = adeln] de) AN W3R A3
1oy elaf 4] wEaE 71kle] - 7pek 4 ¢l
= A AL Aetstelch c1elw 7]5E2] A
Wb wlanstd om, Ak AlAlsle) BT HE

232|313 X M g A bE 1997. 10



(1) H152 A E 2 sl s Hel 24
A ol sl @ AR NG 216 AT e
o ws A Al S A YA A5

(2) gael ACI 7F 9 snlle] S A
[;1}_;'_; H] 1z} I.L 7] Au o] g,a?:] )\L/gm o B (1 I oﬂk

() wpap 2lgae] gk ol dd ACT f
FA T vhad) e el Ayt vlEehe e

galel gelol

) d
“ﬂ%ﬁ“WHlQﬂﬂ/M%ﬂﬂﬂH@ﬁiia

2=

B AP BEdd NEd e duusta &

g Al A AlEste] BEAT U

o
o E T %43} r.l.

Hnes

) o] 4Ho . ,‘l,'/ &
1‘ H 10”
(1) - 7lselas vl ACT shislel i -, i adtkel

s A9 49, 1997, 8, pp 167-176.

4% oluli "L ANy 4] O 8- Il B

ST, ole)8, e e aE 22

H] -2} "“H | ?'fé‘l"o*'? kel 414k o1

;\;

ui/.rl ,(”(.)] O]}l U 01 L . <‘;}-Jl!-_-l.f‘_,,_[,_t_,aé'kgg] Lo
L 64, 1995, 12, pp 197208

[[m';uh. M. H., "Effect of span-depth ratio on the

.

ultimate steel stress in unbonded prestressed
concrete members.” ACT Journal, May-Jun., 1990.
pp 305312,

. Park, R, and Pauly, T
structures.” John Wiley & Sons. New York. 1975,
T6Y pp.

"Reinforced concrete

1

concerete members prestressed with unbonded

Z32|e83|X| X 9 M 6% 1997. 10

CACFASCE Committee 423, "Recommendations for

tendon.,” ACI Journal, May-June 1989,

6. ACI Committee 318, "Building code requirements
for reinforced concrete and commentary (ACT 318-
89)." American Concrete Institute, Detroit, 1989,
363 pp.

7. Standard specification for highway bridges, 13th
edition, American Association of Highway and
Transportation Officials. Washington. 1), (.. 1983,
399 pp.

&, Post-Tensioning Manual, Fifth Edition, Post-
tensioning [nstitute, Phoenix, AZ, 1990.

9. Naaman, A. E.. Prestressed concrete analysis
and design - Fundamentals.” McCGraw-Hill Book
Company, pp 149-181.

10. Naaman, A. K.,

prestressed and partially prestressed sections by

“Ultimate analysis of

strain compatibility.” PC1 Journal, Jan.-Feb.,
1977, pp 3251,

11. Naaman, A. I, 7
review and recommendations.” PCI Journal, Nov.~
Dec., 1985, pp 30-71

12, Naaman, A. E.. and Alkhairi, 1. M., "Analysis of
beams prestressed with unbonded internal or
external tendons.” ASCIE. Sept., 1992, pp 2680-
2700,

13. Naaman, A. E.. and Alkhairi, . M., "Stress at
ultimate in unbonded post-tensioning tendons.
Part | Kvatuation of the State of-the Art.” ACI
Jowrnal. Sep.~Oct., 1991, ppod1-651.

14, Naaman. A. E., and Alkhairi, . M., "Stress at

ultimate in unbonded post-tensioning tendons.

Partially prestressed concrete

Part |0 Proposed Methodology,” ACI Journal,
Nov.-Dec., 1991, pp 683692,

15, Harajli, M. H.. and Hijazi, S. A.. "Evaluation of
the ultimate steel stress in partially prestressed
concrete members.” PCI Journal, Jan.~Ieb., 1991,
pp 62-82.

16. Chakrabarti, P. R., "Ultimate stress for
unbhonded post-tensioning tendons in partially
prestressed beams.” ACH Journal, Nov.~Dec., 1995,
pp b8FH6I7.

17. Moon. J.-H., and Burns, N. .,
behavior of members with unbonded tendons. I:
theory.” .J. of Struct. Engrg., ASCE, Vol.123. No.8.
Aug.. 1997,

“Flexural

113



18. Moon, J.-H., and Burns, N. H.,

“Flexural

behavior of members with unbonded tendons. 11

application.” J. of Struct. Kngrg.. ASCE. Vol.123,

No.8, Aug., 1997.

I 2] A4

%ﬂ% *H 2

T

= el v Qete) 9 pg
ES) Sj‘ :ﬂ_xl—

o 7HL1:L7} tﬂcﬂr
& AN Al

&y

(@]
p=a

AT (D)ol A&

o}_l_ ]l—o] ,H 1\1 }o_i

2ol 2fsfi A ‘ﬂ

E

114

T2t 1997.5.8)

232|ESX| M 9 # bE 1997. 10




