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Partially prestressed concrete construction uses prestressed, or a combina-
tion of prestressed and nonprestressed, reinforcement. Partially prestressed
concrete falls between the limiting cases of conventionally reinforced con-
crete and fully prestressed concrete, which allows no flexural tension under
service loads. When flexural tensile stresses and cracking are allowed
under service loads, the prestressed members have historically been called

partially prestressed. This report is presented as an overview of the current
state of the art for partial prestressing of concrete structures. Research
findings and design applications are presented. Specific topics discussed
include the history of partial prestressing, behavior of partially prestressed
concrete members under static loads, time-dependent effects, fatigue, and
the effects of cyclic loadings.
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CHAPTER 1—INTRODUCTION
1.1—Historical perspective

Application of prestressing to concrete members imparts a
compressive force of an appropriate magnitude at a suitabl
location to counteract the service-load effects and modifies
the structural behavior of the members. Although the con-

referred to as the transformation load. Even though the
cracks would close as the load was reduced and the structure
would recover its original appearance, Freyssinet advocated
avoiding cracks under service load so that the concrete
would behave as a homogeneous material.

A different design approach, however, was proposed by
von Emperger (1939) and Abeles (1940). They suggested
using a small amount of tensioned high-strength steel to
control deflection and crack width while permitting higher
working stresses in the main reinforcement of reinforced
concrete. Most of the early work in support of this design
concept was done by Abeles (1945) in England. Based on his
studies, Abeles determined that eliminating the tensile stress
and possible cracking in the concrete is unnecessary in many
designs. Abeles also realized that prestress can be applied to
counteract only part of the service load so that tensile stress,
or even hairline cracks, occur in the concrete under full
service load. Abeles did specify that under dead load only,
no flexural tension stress should be allowed at any member
face where large flexural tensile stresses occurred under
maximum load, so as to ensure closure of any cracks that
may have occurred at maximum load. Additional bonded
and well-distributed nonprestressed reinforcement could be
used to help control cracking and provide the required
strength. Abeles termed this design approach as “partially
prestressed concrete.” Therefore, the design approach advo-
cated by Freyssinet was then termed as “fully prestressed
concrete.” In actual practice, nearly all prestressed concrete
components designed today would be “partially prestressed”
as viewed by Freyssinet and Abeles.

Interest in partial prestressing continued in Great Britain in
the 1950s and early 1960s. Many structures were designed
by Abeles based on the principle of partial prestressing, and
examinations of most of these structures around 1970
revealed no evidence of distress or structural deterioration,
as discussed in the technical reportRamtial Prestressing
published by the Concrete Society (1983). Partially
prestressed concrete design was recognized inFifse
Report on Prestressed Concregtgblished by the Institution
of Structural Engineers (1951). Provisions for partial
prestressing were also included in Bréish Standard Code
of Practice for Prestressed Concré¢@P 115) in 1959. In that
code, a permissible tensile stress in concrete as high as 750
psi (5.2 MPa) was accepted when the maximum working
load was exceptionally high in comparison with the load
normally carried by the structure. Presently, the British Code
(BS 8110) as well as tiModel Code for Concrete Structures

J1978), published by CEB-FIP, defines three classes of

prestressed concrete structures:
Class 1—Structures in which no tensile stress is permitted

cept of prestressed concrete was introduced almost concurin the concrete under full service load;
rently in the U.S. and in Germany before the turn of the 20th  Class 2—Structures in which a limited tensile stress is per-
century (Lin and Burns 1981), its principle was not fully mitted in the concrete under.full servﬁ(ﬂﬁcl,lmeﬂIiSno

established until Freyssinet published his classical studyvisible cracking; and
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Class 3—Structures in which cracks of limited width illustrated in that guide. The second edition (1978) mentioned
(0.2 mm[0.008 in.]) are permitted under full service load. the term “partial prestressing,” and by the third edition (1985),
Calculations for Class 3 structures would be based on thedesign examples of members with combined prestressed and
hypothetical tensile stress in the concrete assuming amonprestressed reinforcement were included. Presently, ACI
uncracked section. The allowable values of the hypothetical318 permits a tensile stress limit of vi2 psi with
tensile stress vary with the amount, type, and distribution of requirements for minimum cover and a deflection check.
the prestressed and nonprestressed reinforcement. Section 18.4.3 of ACI 318 permits the limit to be exceeded on

Elsewhere in Europe, interest in partial prestressing alsothe basis of analysis or test results. Bridge design guidelines or
developed in the 1950s and 1960s. In the mid-1950s, manyecommendations, however, did not follow the development
prestressed concrete structures in Denmark, especiallyntil the publication of th&inal Draft LRFD Specifications
bridges, were designed using the partial prestressing concepfor Highway Bridges Design and Comment&t$93), even
Their performance was reported as satisfactory after 25 yearthough most bridge engineers had been allowing tension in
of service (Rostam and Pedersen 1980). In 1958, the firstheir designs for many years.
partially prestressed concrete bridge in Switzerland The concept of partial prestressing was developed half a
(Weinland Bridge) was completed near Zurich. Provisions century ago. Over the years, partial prestressing has been
for partial prestressing were introduced in SIA Standard 162,accepted by engineers to the extent that it is now the normal
issued by the Swiss Society of Engineers and Architectsway to design prestressed concrete structures. Bennett's
(1968), and since 1960, more than 3000 bridges have beework (1984) provides a valuable historical summary of the
designed according to this concept with highly satisfactory development of partially prestressed concrete.
results (Birkenmaier 1984). Unlike the British Code and
CEP-FIP Model Code, the limit of partial prestressing in the 1.2—Definition
Swiss Code was not defined by the hypothetical tensile Despite a long history of recognition of the concept of
stress. Instead, it was defined by the tensile stress in thepartial prestressing, both in the U.S. and abroad, there has
prestressed and nonprestressed reinforcement, andeen a lack of a uniform and explicit definition of the term,
calculated using the cracked section. Under full service “partial prestressing.” For example, Lin and Burns (1981)
load, the allowable stress in the nonprestressedstate: “When a member is designed so that under the working
reinforcement was 22,000 psi (150 MPa), and in railroad load there are no tensile stresses in it, then the concrete is
bridges, the stress increase in the prestressed reinforcemestid to be fully prestressed. If some tensile stresses will be
was not to exceed 1/20 of the tensile strength. This value waproduced in the member under working load, then it is
taken as 1/10 of the tensile strength in other structures. It wasermed partially prestressed.” On the other hand, Naaman
required, however, that the concrete be in compression wher{1982a) states: “Partial prestressing generally implies a com-
the structure supported only permanent load. bination of prestressed and nonprestressed reinforcement,

In the U.S., the design of prestressed concrete in the earlyoth contributing to the resistance of the member. The aim is
1950s was largely based on twteria for Prestressed Con-  to allow tension and cracking under full service loads while
crete Bridges(1954) published by the Bureau of Public ensuring adequate strength.” According to Nilson (1987),
Roads, which did not permit tensile stress and cracking in“Early designers of prestressed concrete focused on the com-
concrete under service loads. The ACI-ASCE Joint Commit- plete elimination of tensile stresses in members at normal
tee 323 report (1958), however, recognized that “completeservice load. This is defined as full prestressing. As experi-
freedom from cracking may or may not be necessary at anyence has been gained with prestressed concrete construction,
particular load stage.” For bridge members, tensile stresst has become evident that a solution intermediate between
was not allowed in concrete subjected to full service load. full prestressed concrete and ordinary reinforced concrete
For building members not exposed to weather or corrosiveoffers many advantages. Such an intermediate solution, in
atmosphere, a flexural tension stress limit ¢f.6psi” was which a controlled amount of concrete tension is permitted
specified with the provision that the limit may be exceeded at full service, is termed partial prestressing.”
if “it is shown by tests that the structure will behave properly A unified definition of the term “partial prestressing”
under service load conditions and meet any necessaryshould be based on the behavior of the prestressed member
requirements for cracking load or temporary overload.” under a prescribed loading. Therefore, this report defines
Thus, partial prestressing was permitted in that first defini- partial prestressing as: “An approach in design and construc-
tive design guide for prestressed concrete, and designersion in which prestressed reinforcement or a combination of
were quick to embrace the idea. When the balanced loacprestressed and non-prestressed reinforcement is used such
design concept was published by Lin (1963), it provided athat tension and cracking in concrete due to flexure are
convenient design tool and encouraged the practical applicaallowed under service dead and live loads, while serviceabil-
tion of partial prestressing. ity and strength requirements are satisfied.”

In 1971, the first edition of theCl Design Handboolvas For the purposes of this report, fully prestressed concrete
published. Design procedures allowing tension stresses args defined as concrete with prestressed reinforcement and no

flexural tension allowed in the concrete under service loads.

* In this report, when formulas or stress values are taken directly from U.S. codes Cpnventiona“y reinforcgd concrete ISmument&
and recommendations, they are left in U.S. customary units. with no prestressed reinfor.aien arﬁ'ogﬁﬂ%gﬁlﬂ)ghtgﬁh% '|§1ub
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flexural tension in concrete under service loads. Partially multispan bridges, camber control is important in improving
prestressed concrete falls between these two limiting casestiding comfort as a vehicle passes from one span to the next.
Serviceability requirements include criteria for crack widths, The relatively large mild steel bars used in partially pre-
deformation, long-term effects (such as creep and shrink-stressed members result in a transformed section that can be
age), and fatigue. significantly stiffer than a comparable section that relies
By the previous definition, virtually all prestressed con- solely on prestressing strand, thus reducing both camber and
crete that uses unbonded tendons is “partially prestressed,tleflection.
as codes require that a certain amount of bonded reinforce- Nonprestressed reinforcement used in partially prestressed
ment be provided to meet strength requirements. Most pre-members will enhance the strength and also control crack
tensioned members used in routine applications such agormation and crack width. Under ultimate load, a partially
building decks and frames, and bridges spanning to approxprestressed member usually demonstrates greater ductility
imately 100 ft (30 m) will allow flexural tension under full  than a fully prestressed member. Therefore, it will be able to
service load. The addition of nonprestressed reinforcement isabsorb more energy under extreme dynamic loading such as
used only in special situations, such as unusually long spansin earthquake or explosion.

or high service loads, or where camber and deflection control  gecause mild steel does not lose strength as rapidly as pre-

is particularly important. stressing strands at elevated temperature, it is sometimes
_ . . _ added to prestressed members to improve their fire-resis-
1.3—Design philosophy of partial prestressing tance rating. See Chapter 9 of A€l Design Handbook

The basic design philosophy for partial prestressing is not(1992) andDesign for Fire Resistance of Precast Pre-
different from that of conventionally reinforced concrete or gyressed Concretd989) for more information.

fully prestressed concrete. The primary objective is to pro-
vide adequate strength and ductility under factored load andU

to achieve satisfactory serviceability under full service load. stressed member can be a concern. In addition, durability is

By permitting flexural tension and cracking in concrete, a potential problem for partially prestressed members
the designer has more latitude in deciding the amount of P'®hecause they can be cracked under full service load. Recent
stressing required to achieve the most desirable StrUCt“ra,L,tudies (Harajli and Naaman 1985a; Naaman 1989; and Naa-
performance under a particular loading condition. Therefore, man and Founas 1991), however, have shown that fatigue

partial prestressing can be weyved as a means of proV'd'ngstrength depends on the range of stress variation of the strand
adequate control of deformation and cracking of a pre-ni

. refer toChapter 3 and that durability is related more to cov-
stressed member' If the amo“r.‘t c_)f pregtressed reinforcement gnq spacing of reinforcement than to crack width, so these
useq to provide such CO””P,' is insufficient to de"e'?p the oncerns can be addressed with proper design and detailing
required strength, then additional nonprestressed reinforce ¢ 11 reinforcement (Beeby 1978 and 1979)
ment is used. '

In the production of precast, pretensioned concrete mem-; £ oo ial prestressing and reinforcement
bers, serviceability can be improved by placing additional j,qexes

strands, as this is more economical than placing reinforcing - geyeral indexes have been proposed to describe the extent
bars. When this technique is used, the level of initial pre- ot prestressing in a structural member. These indexes are
stress in some or all of the strands is lowered. This is also §;5efylin comparing relative performances of members made

useful technique to keep transfer stresses below the maxiyit the same materials, but caution should be exercised in

mum values prescribed by codes. At least for purposes Ofysing them to determine absolute values of such things as

shear design, the ACI Building Code treats any member with 4etormation and crack width. Two of the most common indi-

effective prestress force not less than 40% of the tensile qg gre the degree of prestrésand the partial prestressing
strength of the flexural reinforcement as prestressed concrete, i (PPR. These indexes are defined as

Partial prestressing is not without some disadvantages.
nder repeated loading, the fatigue life of a partially pre-

1.4—Advantages and disadvantages of partial
prestressing A = —Maec (1-1)
In the design of most building elements, the specified live Mp + M,

load often exceeds the normally applied load. This is to
account for exceptional loading such as those due to impactWh
extreme temperature and volume changes, or a peak Iiv%\/I
load substantially higher than the normal live loads. By ¢
using partial prestressing, and by allowing higher flexural
tension for loading conditions rarely imposed, a more eco-
nomical design is achieved with smaller sections and less

ere

= decompression moment (the moment that produces
zero concrete stress at the extreme fiber of a section,
nearest to the centroid of the prestressing force,
when added to the action of the effective prestress

reinforcement. alone);
Where uniformity of camber among different members of Mo = Qead-load moment; and
a structure is important, partial prestressing will enable theM. = live-load moment Documents

designer to exercise more control of camber differentials. In and Document Sharing Hub
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M CHAPTER 2—PARTIALLY PRESTRESSED
PPR= V“P (1-2) MEMBERS UNDER STATIC LOADING
n 2.1—Behavior

There are a number of investigations on the behavior of
where . _ _ partially prestressed concrete beams under static loading

My, = nominal moment capacity provided by prestressed (apeles 1968; Burns 1964; Cohn and Bartlett 1982; Harajli
reinforcement; and _ 1985; Harajli and Naaman 1985a; Shaikh and Branson 1970;
M, = total nominal moment capacity. Thompson and Park 1980a; and Watcharaumnuay 1984). The
In the previous expressions, all moments are computed afg|lowing results were observed for beams having the same

critical sections. This report will generally use PER to ultimate resistance in flexure but reinforced with various

describe the extent of prestressing in flexural members. Thecompinations of prestressed and nonprestressed reinforcement:
tests, studies, and e>.<amples described in this report usually Partially prestressed beams show larger ultimate deflec-
concern members witRPR< 1, and the members are pre-  tjons, higher ductility, and higher energy absorption than
tensioned unless otherwise noted. fully prestressed beams;

Characterizing the total amount of flexural reinforcement  « Partially prestressed beams tend to crack at lower load
in a member is also important. This will be done with the levels than fully prestressed beams. Average crack spac-
reinforcement index ing and crack widths are smaller. The stiffness of par-

tially prestressed beams after cracking is larger;
f f f « For a given reinforcement indey, the moment-curva-

W= pr+p,BF-pt (1-3) ture relationship is almost independent of the ratio of the

c fe tensile reinforcement areas (prestressed versus nonpre-
stressed);

where * Changing the effective prestress in the prestressing ten-
dons does not lead to any significant change in the ulti-
mate resistance and curvature of flexural members; and

p=—= A decrease in effective prestress leads to an increase in
bd yield curvature and a decrease in curvature ductility.
. AL 2.2—Methods of analysis _

p = bd Several methods can be followed to analyze partially
prestressed concrete members subjected to bending. In terms
of assumptions, purpose, and underlying principles, they are

Pp = Aps identical to those used for reinforced and prestressed

bd, concrete (Nilson 1976, Naaman and Siriaksorn 1979,
and Siriaksorn and Naaman 1979, Al-Zaid and Naaman 1986,
Ans = area of prestressed reinforcement in tension zone,and Tadros 1982).
in.2 (mn); 2.2.1 Linear elastic analysis+q the elastic range of
A, = area of nonprestressed tension reinforcement, in. behavior, the analysis must accommodate either a cracked or
(mmz); an uncracked section subjected to bending, with or without
A, = area of nonprestressed compression reinforce-prestress in the steel. The usual assumptions of plane strain
ment, in? (mn12); distribution across the section, linear stress-strain relations,
b = width of compression face of member, in. (mm); and perfect bond between steel and concrete remain applica-
d = distance from extreme compression fiber to cen- ble. Linear elastic analysis under service loads assuming an
troid of nonprestressed tension reinforcement, in. uncracked section is used for prestressed concrete. In the
(mm); U.S., the design of reinforced concrete is predominantly
d, = distance from extreme compression fiber to cen- based on strength requirement, but a linear elastic analysis
troid of prestressed reinforcement, in. (mm); under service loads is also necessary to check serviceability
f. = specified compressive strength of concrete, psi limitations such as crack widths, deflections, and fatigue.
(MPa); Prestressed concrete beams can act as cracked or
fps = stress in prestressed reinforcement at nominal uncracked sections, depending on the level of Ioading. In
strength, psi (MPa); and contrast to reinforced concrete, the centroidal axis of the
f, = vyield strength of nonprestressed reinforcement, psi cracked section does not coincide with the neutral axis point
(MPa). of zero stresgHg. 2.7). Moreover, the point of zero stress does
not remain fixed, but moves with a change in applied load.
1.6—Report objective When the effective prestress tends toward zero, the point of

The objective of this report is to summarize the state of thezero stress and the centroidal axis tend to coincide. Generalized
art of the current knowledge as well as recent developmentsequations have been developed to determine the zero stress
in partial prestressing so that engineers who are not experipoint based on satisfying equilibrium, strain compatibility, and
enced in prestressed concrete design will have a bettestress-strain relations (Nilson 1976; N2EE BHRRESH
understanding of the concept. 1979; Siriaksorn and Naamai 12 /9, a”%&‘&?igrﬁ'@ﬂ\é.?ﬁlﬂ%b
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b [ provide unified treatment for cracked reinforced, prestressed,
R and partially prestressed sections.
hed 1 T 2.2.2 Strength analysisAt ultimate or nominal moment
_ 6 resistance, the assumptions related to the stress and strain
%?“gg,',d‘i‘:g dp ds distributions in the concrete, such as the compression block
J. h in ACI 318, or the stress and strain in the steel (such as yield-
ggs ol I —l l ing of the reinforcing steel) are identical for reinforced, pre-
i S stressed, and partially prestressed conciétg @.9. The
I*g;l corresponding analysis is the same and leads to the nominal
moment resistance of the section. Numerous investigations
U“°’°°"e"’ Cfmged have shown close correlation between the predicted (based
o €ct—=t Tension«—:——Compression on ACI 318) and experimental values of nominal moments.
The ACI 318 analysis, however, resulted in conservative
- — — predictions of section curvatures at ultimate load, leading to
erroneous estimates of deformations and deflections (Wang
T T et al. 1978, Naaman et al. 1986). To improve the prediction
P of nominal moment and curvature, either a nonlinear or a
4// €ps A simplified nonlinear analysis may be followed.
€s €ps L& | v N Simplified nonlinear analysisin the simplified nonlinear

analysis procedure (also called pseudo-nonlinear analysis),
Fig. 2.1—Assumed stress or strain distribution in linear the actual stress-strain curve of the steel reinforcement is
‘ilg‘a‘gé')c analysis of cracked and uncracked sections (Naamarcgnsidered while the concrete is represented by the ACI 318
' compression block. A solution can be obtained by solving
two nonlinear equations with two unknowns, namely the
- €e=t stress and the strain in the prestressing steel at nominal
} f, moment resistance (Naaman 1977, Naaman 1983b).
;_ fs.fps Obicined Nonlinear analysis-Fhe best accuracy in determining
________ - from analysis nominal moments and corresponding curvatures is achieved
/ N through a nonlinear analysis procedure (Cohn and Bartlett
/ P L_____.Apsfps 1982, Naaman et al. 1986, Harajli and Naaman 1985b,
L1 Fmm—— > Agfs Moustafa 1986). Nonlinear analysis requires as input an
Nonlinear Analysis accurate analytical representation of the actual stress-strain
curves of the component materials (concrete, reinforcing
steel, and prestressing steel). Typical examples can be found
:]@'0.85 fe in two references (Naaman et al. 1986, Moustafa 1986).
- fosl——

» 0.003 i.

2.3—Cracking
Partially prestressed concrete permits cracking under ser-

o Apsfps €ps vice loads as a design assumption. To satisfy serviceability
b= Asfy requirements, the maximum crack width should be equal to, or
Pseudo Nonlinear Analysis smaller than, the code-recommended limits on crack width.
»l 0003 e The maximum allowable crack widths recommended by
i N ACI Committee 224 (1980) for reinforced concrete members
Bic -@-aesf;

N

can be used, preferably with a reduction factor for pre-
——— fps given stressed and partially prestressed concrete members. To
/ ACl code select the reduction factor, consideration should be given to
v the small diameter of the reinforcing elements (bars or

yd ::zp:fps strands), the cover, and the exposure conditions.

bm—— ACI Code %Y Only a few formulas are used in the U.S. practice to predict
, C - crack widths in concrete flexural members. Because the fac-
Fig. 2.2—Assumed strain distribution and forces in: (a) tors infl : K width th f inf dand

nonlinear analysis; (b) approximate nonlinear analysis; ors Intluencing crack widins are the same for reinforced an
and (c) ultimate strength analysis by ACI Code (Naamanpartially prestressed concrete members, existing formulas
1985). for reinforced concrete can be adapted to partially pre-
stressed concrete. Five formulas (ACI 224 1980; Gergely

1986). They usually are third-order equations with respect toand Lutz 1968; Nawy and Potyondy 1971; Nawy and Huang
member depth. Although they can be solved iteratively, charts,1977; Nawy and Chiang 1980; Martino and Nilson 1979; and
tables, and computer programs have been developed for theiveier and Gergely 1981) applicable[3QEiANPRAES ed
solution (Tadros 1982, Moustafa 1977). These equationsbeams are summarizediiat .o 2 2{ 'aam&ggﬁ)f gHSrYﬁ‘H'Hub
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Table 2.1—Crack width prediction equations applicable to partially prestressed beams (Naaman 1985)

Source Equatidnwith U.S. system, (in., ksi) Equatiowith SI system, (mm., N/m?’m
W, = 7.6x 10° f, 3/d.A, Multiply expression by 0.1451

fs= tensile stress in reinforcing steel
Gergely and Lutz (1968) s ! in rei ing

ACI 1971, 1977 1 = fcl
Agl ggﬂqensitt%e ,222 (1@38;1 983) Idafyerconcrete cover to center of closest bar Note: ACI Committee 224 recommends

A, = concrete tensile area per bar multiplication factor of 1.5 when strands,

T ; : rather than deformed bars, are used nearest
B = ratio of distances from tension face and | 15 peam tensile face.

steel centroid to neutral axis

Nawy and Potyondy (1971) W, = 1.44x 10* (fs—8.3) = 5.31x 1o4(f5_57,2)

A
W = 00 x 107° Bg‘)Afps

A = area of concrete tensile zone
>0 = sum of perimeters of bonded

Nawy and Huang (1977 reinforcing elements ) )
Nawyy and Chian%((lgso)) Afys = net stress change in prestressing stegl ~ Multiply expression by 0.1451

after decompression
o= [b.85 if pretensioning
6.51 if post-tensioning

Wa = 14x 10°d; f,+0.0031 = 2x10°d, f,+0.08

d'.= concrete clear cover

Martino and Nilson (1979)

Wiax = Ci€cde (1) | (1) Same equation
O
IJ/vmax = Czectdc 3 Ab (2 (2) MUltlply by 220
; C1. C,=bond coefficients

M dG ly (1981 1L ~2

eier and Gergely ( ) For reinforcing barsC; = 12;C, = 8.4
For strands: C1=16;C,=12
€.t = nominal concrete tensile strain at
tensile face

*In the formulas showrig can be replaced Wyfs when applied to partially prestressed concrete.

~

able tensile stress in the reinforcing stgshould be replaced  ng (1977), and Meier and Gergely (1981). Although none of
by the stress change in the prestressing steel after decomprefiie three equations gave sufficiently good correlation with
sion Afys The ACI 318 formula initially developed by experimental data for all conditions, the following observa-

Gergely and Lutz (1968) for reinforced concrete could be tions were madeHg. 2.3:

used as a first approximation for partially prestressed con- « The Gergely and Lutz equation gave a lower prediction
crete. Meier and Gergely (1981), however, suggested a mod- in all casesKig. 2.3(a);

ified form (shown inTable 2.} for the case of prestressed » The Meier and Gergely equation gave the worst corre-
concrete. This alternate formula uses the nominal strain at lation (Fig. 2.3(c); and

the tensile face of the concrete (instead of the stress in the * The Nawy and Huang equation gave a higher prediction
steel), and the cover to the center of the sigeBoth the in most casesH(g. 2.3(b). _

stress in the steel and the clear concrete cover are found to be Although more experimental data are needed to improve
the controlling variables in the regression equation derivedth€ accuracy of crack-width prediction equations available in
by Martino and Nilson (1979). The two prediction equations Y-S- Practice, there is sufficient information to judge if the

proposed by Nawy and Huang (1977) and Nawy and Chiangserwceablhty, wlth rgspegt to cracking or cr{;\ck width under
(1980) contain most of the important parameters found in theshort—term loading, is satisfactory for a partially prestressed

cracking behavior of concrete members except the concret(%neg?ber'f I.he effec:i of Ior;g—t%rtrﬁ Iofadln? ﬁ‘ nd re;t)etmv%
cover, which is accounted for indirectly. Moreover, they are oading (fatigue) on the crack wi thsS of partially prestresse
|}nembers need to be further clarified. A research investiga-

based on actual experimental resuilts on prestressed and patibn provided an analytical basis to deal with the problem

tially prgstressed beam.s.. (Harajli and Naaman 1989); however, the proposed method-
As pointed out by Siriaksorn and Naaman (1979), large ology is not amenable to a simple prediction equation that

differenpes can be qbsgrved in predicted cr-a.ck widths .5 be easily implemented for design.

depending on the prediction formula used. Harajli and Naa-

man (1989) compared predicted crack widths with observed2 4—Deflections

crack widths from tests on twelve partially prestressed con- Fully prestressed concrete members_are assumed to be
crete beams. They considered the three prediction equationancracked and linearly elastic under servitd @RS us
recommended by Gergely and Lutz (1968), Nawy and Hua-short-term deflections are  (latc 'miB‘“o%uM%iﬂgsr%qﬂ%"’\Llub
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The widely accepted concept of the effective moment of

0015 —— Gergely and Lutz E . . e . .
-PPR={ a inertial o, initially introduced by Branson (1977) for rein-
5 PPR-033 ° 403 forced concrete, has been examined by several researchers
-;E_ o.0iok °PPR=0 Lo and modified accordingly to compute the deflection in
z o o s, %o 1oz crackgd prestre_ssed and part|a_lly p_res_tressgd members. The
g . & o u£°n° " modified effective moment of inertia is defined (Naaman
g 0.005}F o e, ow S.E’:f::’// 1982a) as
o . ™ -} og‘gcf—" 10!
P lett = lor * (Mo =Magd/ (Ma=Mged)  (2-)
% 25 50 75 160 (lg=lo) <1,
BVApdc f where
(@) lg = gross moment of inertia, fh(mnt?);
 Nowy ond Huamg E Il = moment of inertia of cracked section®imnt’);
oofsl ~7inear Regression: {04 Mg = cracking moment, in.-k (mm-N);
< Praibe7 a° Mgec = decompression moment, in.-k (m-N); and
z a-PPR=0.33 - 7103 M, = applied moment, in.-k (m-N).
£ ootof °-PPR=0 el s AIthough there is general agreement for the use of the pre-
E .S 9.,—5;/”/ ° +0:2 vious expression, substantial divergence of opinion exists as
50 oosk 0o ,:»:9 ° ° to the computation df,, andMye. The computation differ-
° < * ° o4 ence is whether the moment of inertia of the cracked section
8 a should be computed with respect to the neutral axis of bend-
og o) 555 355 ing or with respect to the zero-stress point, and whether the
BAts/ 20 decompression moment should lead to decompression at the
(b) extreme concret_e fiber or whether it sh_ould Igad to a state of
0015 zero curvature in the section. The discussion of Tadros’
. o C:Bond rfg‘g'fg'mmgbm E paper (1982) by several experts in the field is quite informa-
‘c‘-I:;;zles'ter::;nz'z:mds 1o tive on these issues. A systematic comparison between the
< o ~ various approaches, combined with results from experimen-
3 o010r . "O - tal tests, is given in work by Watcharaumnuay (1984), who
5 . a . ////o o ® —Ho.2 observed that the usel@f with respect to the neutral axis of
; L %ae,C P ’ bending is preferable, while the useMyje. as that causing
30005 R Au/"' °  |--Meierond Gergely | ' decompression at the extreme concrete fiber, is easier and
. 87 o R o leads to results similar to those obtained using the zero cur-
°°/~4‘l/ 0-PPR=0.33 vature moment.
o - e ) , | o-PPR=0
° 23 o ot oo 2.5—Shear and torsion
“etde X107 lin 2.5.1 General-Nonprestressed and fully prestressed
(c) concrete (tensile stress in the concrete under full service load
Fig. 2.3—Comparison of observed and theoretically predicted is zero) are the two limiting cases of steel-reinforced con-
crack widths (Naaman 1985). crete systems. Partially prestressed concrete represents a

continuous transition between the two limit cases. A unified
principles of mechanics. To compute short-term dEﬂectiOHS,approach in design to combined actions inc|uding partia| pre-
customary U.S. practice is to use the gross moment of inertiastressing would offer designers a sound basis to make the
g for pretensioned members, or the net moment of ingrtia  appropriate choice between the two limits (Thurlimann 1971).
for members with unbonded tendons, and the modulus of The equivalent load concept provides a simple and
elasticity of concrete at time of loading or transkg. efficient design of prestressed concrete structures under
Several approaches proposed by various researchers tgombined actions (Nilson 1987). For example, this approach
compute short-term and long-term deflections in prestressedallows the designer to calculate the shear component of the
or partially prestressed uncracked members are summarizegirestress anywhere in the beam, simply by drawing the shear
in Table 2.2(Branson and Kripanarayanan 1971; Branson diagram due to the equivalent load resulting from a change
1974; Branson 1977; Naaman 1982a; Naaman 1983ajn the vertical alignment of the tendofrid. 2.4. That
Branson and Trost 1982a; Branson and Trost 1982b; Martinequivalent load, together with the prestressing forces acting
1977; Tadros et al. 1975; Tadros et al. 1977; Dilger 1982;at the ends of the member through the tendon anchorage,
and Moustafa 1986). Although no systematic evaluation or may be looked upon as just another system of external forces
comparison of these different approaches has beeracting on the member. This procedure can be used for both
undertaken, for common cases they lead to results of thestatically determinate and indetermi@GUMMEeNts it

same order. accounts for the effects oi sc ‘onsgré/uﬁgégpg%rﬁ%el_'%
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Table 2.2—Deflection prediction equations for prestressed and partially prestressed beams (from Naaman

1985)

Source

Short-term instantaneous
deflection

Long-term or additional long-term
deflection

Remarks

ACI 435 (1963)

A is obtained from elastic
analysis usingr, Eg, andlg.

Long-term deflection obtained by
integrating curvatures with due
account for creep effects and prestress
losses with time.

» Uncracked section; and
* No provisions forAg andAg.

ACI Code Section 9.5
(1971, 1977, and 1983)

A shall be obtained from
elastic analysis usinig for
uncracked sections.

Agq4q shall be computed, taking into
account stresses under sustained load
including effects of creep, shrinkage,

and relaxation.

* No provisions for partial
prestressing (cracking,Ag

andAy).

Branson et al. (1971,
1974, and 1977)

A, is obtained from elastic
analysis usingee andl .

R
Baga = [n-1+FEH K Cy|

(B, + K Ceu(Bd)e + Keaki Ceu(B)sp
where

Ccy = ultimate creep coefficient of
concrete;

n =F/F;

k= 1/(1 +AdAn9; and

Kca = age at loading factor for creep

* Uncracked section;

* k; is applicable only when
(A)F¢ + g Is a camber; and

* F; = initial prestressing force
immediately after transfer.

Naaman (1982 and
1983)

Ay is obtained using, and the
predicted elastic modulus at
time of loadingE (t).

The long-term deflection is estimated
from:

I? I*
A = e+ -e(0)] 37
where
@(t) = midspan curvature at tinte
@,(t) = support curvature at tintg
@t) = M/[E.t) x I]; and
E.dt) = equivalent modulus

* Uncracked section;

* The pressure line is assumed
resulting from the sustained
loadings;

e The profile of the pressure
line is assumed parabolic;

* Prestress losses must be
estimated a priori;

« Design chart is provided for
the equivalent modulus; and

* A andAg are accounted for
throughl; and neutral axis of
bending.

Bronson and Trost
(1982)

For cracked members, the
short-term deflection is
computed usindg modified

for partial prestressing.

Long-term deflection is not addressed
but itis assumed that for a givApthe
earlier method is applicable.

* Cracked members.

Martin (1977)

A is obtained from elastic
analysis usingge andly.

Doga = M(Di)s + )\Z(Ai)F‘

E.
A = k=a
1 rEC

a = (2-12A/7A)=0.6
Ay = NAy

* k; = same as Branson;

» Uncracked section;

* Design values ohA; and A,
were recommended; and

e The method is adopted in
PCI Design Handboak

Tadros et al. (1975 and
1977)

A is obtained from elastic
analysis usinge(t) andl.

The long-term deflection is obtained
by integrating the curvatures modified
by a creep recovery parameter and a
relaxation reduction factor that are
time-dependent.

» Uncracked sections; and

* For common loading cases,
only the curveatures at the
support and midspan
sections are needed.

Dilger (1982)

A is obtained from long-term

deflection expression at initial

loading time. The age adjusted

effective modulus and a creep

transformed moment of inertia
are used.

The long-term deflection is obtained
by integrating the curvature along the
member. The time-dependent
curvature is modified by the effect of
an equivalent force acting at the
centroid of the prestressing steel due
to creep and shrinkage strain.

M
o(t) = @C(t) - —=
O 1Bt
Iy, = transformed moment of inertia;
M. = moment due to equivalent

transformed force; and
E.4(t) = age adjusted modulus

» Uncracked sections; and
A relaxation reduction factor
is used.

Moustafa (1986)

A is obtained from nonlinear

analysis using actual material
properties.

The nonlinear analysis takes both
creep and shrinkage into account,
using ACI creep and shrinkage

functions and a time step method.

*« A computer program is
available from PCI to
perform  the  nonlinear
analysis.
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Member Equivalent load on concrete from tendon Moment from prestressing
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Fig. 2.4—Equivalent loads and moments produced by prestressing tendons (Nilson 1987);
P = prestressing force.

prestressing, as well. This approach allows the designer tacracking, or as the capacity of an equivalent member without
treat a prestressed concrete member as if it was aransverse reinforcement. Therefore, detailed expressions
nonprestressed concrete member. The prestressing steel save been developed in terms of parameters relevant to the
treated as mild (passive) reinforcement for ultimate strength of members without transverse reinforcement.
conditions, with a remaining tensile capacity ff ¢ f,o, These parameters include the influence of axial compres-
where f ps is the stress in the reinforcement at nominal Sion, member geometry, support conditions, axial tension,
strength andye is the effective stress in the prestressed and prestress.

reinforcement (after allowance for all losses). 2.5.2 Shear—Fhe following behavioral changes occur in

Most codes of practice (ACI 318; AASHT®ridge partially prestressed members at nominal shear levels, as
Design Specifications, Euroco@eand CSADesign of Con- some of the longitudinal prestressing steel in the tension face
crete Structures for Buildinysuse sectional methods for ©Of the member is replaced by mild reinforcement, but the
design of conventional beams under bending, shear, and torsame total flexural strength is maintained:
sion. Truss models provide the basis for these sectional *Due to the lower effective prestress, the external load
design procedures that often include a term for the concrete equired to produce inclined cracking is reduced. This
contribution (Ramirez and Breen 1991). The concrete contri-  '€Sults in an earlier mobilization of the shear reinforce-
bution supplements the sectional truss model to reflect test ment, a'md. . . L
results in beams and slabs with little or no shear reinforce- After inclined cracking, there is a reduction in the con-

) . . crete contribution. The reduction is less significant as the
ment and to ensure economy in the practical design of such degree of prestressing decreases. This can be explained

members. as follows:
In design specifications, the concrete contribution has «The addition of mild reinforédMREUINENES,
been taken as either the shear force or torsional moment at increase in the cross scit "“alﬁ%%méﬂ?é%régi% p@lb
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tension reinforcement and the reinforcement stiffness; supported by the theory of plasticity, in which a space truss
and with variable inclination of compression diagonals provides
*The increase in stiffness of the longitudinal tension a lower-bound (static) solution.
reinforcement delays the development of the crack-  This procedure is representative of the behavior of thin-
ing pattern, so that the cracks are narrower and theyg|led tubes in torsion. For these members, the shear
flexural compression zone is larger than in fully pre- gyasses induced by torsion can be determined using only
stressed -members of comparable flexural strgngth. . equilibrium relationships. Because the wall of the tube is
These behavioral changes are well documented in a serieg,i, 5 constant shear stress can be assumed across its thick-
of §hear tests carried out PV Caflisch et al. (1971). In this ness. In the longitudinal direction, equilibrium conditions
series of tests, the only variable was the degree of prestressyjqiate that the torsion-induced shear stresses be resisted by
mg..The cross sections of the prestressing steel and the reing onstant shear flow around the perimeter of the section.
forcing steel were selected so that all the beams had the same,,. iher sections before cracking, the strength in torsion
flexural strength. These tests also showed that for the same ., pe computed from the elastic theory (de Saint-Venant
external load, a higher degree of prestressing delays the ggg) or from the plastic theory (Nadai 1950). Rather than
onset of diagonal cracking and results in a decrease in th%sing these more complex approaches, an approximate pro-

stirup forces. The decrease in stirrup forces can beqqq e is used in ACI 318 based on the concept that most tor-
explained by the fact that a higher degree of prestressing ingj,, is resisted by the high shear stresses near the outer

the web of the member results in a lower angle of inclination perimeter of the section. In this approach, the actual cross

of thE d;aggnal crhacks. Z'T'e lower angle of inclination of the gotion pefore cracking is represented by an equivalent thin-
cracks leads to the mobilization of a larger number of stir- walled tube with a wall thicknessf

rups.

In ACI 318, a cursory review of the design approach for A
shear indicates that partially prestressed members can be t=075= (2-2)
designed following the same procedure as for fully pre- Pep

stressed members. In ACI 318, it is assumed that flexure and
shear can be handled separately for the worst combination ofvhereA, = area enclosed by outside perimeter of concrete
flexure and shear at a given section. The analysis of a beansross section, anB., = outside perimeter of the concrete
under bending and shear using the truss approach clearlgross section. While the area enclosed by the shear flow
indicates that, to resist shear, the member needs both stirrupgath,A,, could be calculated from the external dimensions
and longitudinal reinforcement. The additional longitudinal and wall thickness of the equivalent tube, it is reasonable to
tension force due to shear can be determined from equilibri-approximate it as equal toAdy3. Cracking is assumed to
um conditions of the truss model &5dot8), whereV is the occur when the principal tensile stress reachi&s.4-or pre-
shear force at the section, a@hib the angle of inclination of ~ stressed members, the cracking torque is increased by the
the inclined struts with respect to the longitudinal axis of the prestress. A Mohr’s Circle analysis based on average stress-
member. es indicates that the torque required to cause a principal ten-
In the shear provisions of ACI 318, no explicit check of the Sile stress equal to/f; is the corresponding cracking torque
shear-induced force in the longitudinal reinforcement is per- of & nonprestressed beam times
formed (Ramirez 1994). The difference between the flexural
strength requirements for the prestress reinforcement and the

ultimate tensile capacity of the reinforcement can be used to 1+—2= (2-3)
satisfy the longitudinal tension requirement. The 1994 AASH- 4ﬁ

TO LRFD Bridge Design Specifications, in the section for
shear design, includes a check for longitudinal reinforcement.wherefy,. in psi is the average precompression due to pre-
These recommendations are based on a modified compresstress at the centroid of the cross section resisting the exter-
sion field theory (Vecchio and Collins 1986). nally applied loads or at the junction of web and flange if the
2.5.3 Torsion—ACI 318 includes design recommenda- centroid lies within the flange.
tion for the case of torsion or combined shear and torsion in In ACI 318, the design approach for combined actions
prestressed concrete members. These provisions model thdoes not explicitly consider the change in conditions from
behavior of a prestressed concrete member before crackingne side of the beam to the other. Instead, it considers the
as a thin-walled tube and after cracking using a space-trusside of the beam where shear and torsional effects are addi-
model with compression diagonals inclined at an afgle tive. After diagonal cracking, the concrete contribution of
around all faces of the member. For prestressed menBbers, the shear strengti. remains constant at the value it has
can be taken equal to 37.5 degrees if the effective prestressahen there is no torsion, and the torsion carried by the con-
ing force is not less than 40% of the tensile strength of thecrete is taken as zero. The approach in ACI 318 has been
prestressed reinforcement. For other caBesn be taken  compared with test results by MacGregor and Ghoneim
equal to 45 degrees. This approach is based on the work caf:1995).
ried out in the 1960s and 1970s by European investigators In the AASHTO LRFD SpecificationDIQGﬁbmeﬂtS
led by Thurlimann (1979). This work proposed a method pression field theory proposcd for 1e%ﬁﬂ@ﬂ?%ﬁw%b
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components, which are generally grouped into instantaneous
and time-dependent losses.
Instantaneous losses are due to elastic shortening, anchorage
o A— 0=2B) o, . seating, and friction. They can be computed for partially pre-
0 e— w=(13) Oy I 2 stressed concrete in a manner similar to that for fully pre-
t_L cracked _ § stressed concrete.
uncracked - /é - Time-dependent losses are due to shrinkage and creep of
o- 1’_ g .o~ concrete and relaxation of prestressing steel. Several methods
5 - H cl are available to determine time-dependent losses in pre-
stressed concrete members: lump-sum estimate of total loss-
3 & , = g . es, lump-sum estimates of separate losses (such as loss due
2 a Og 06 08 110 to shrinkage or creep), and calculation of losses by the time-
PPR. step method. Because the numerical expressions—
described, for instance, in the AASHT(Bsandard Specifi-
=35 cations for Highway Bridgesr thePCI Design Handbook
Fig. 3.1—Typical stress change in prestressing steel at end1992)—for the first two methods were developed assuming

of service life for sections cracked and uncracked under )| prestressing, they are not applicable to partially pre-
permanent loads (Watcharaumnuay and Naaman 1985). stressed members

been extended to include the effects of torsion. Similar to the The combined presence of nonprestressed reinforcing bars

ACI 318 procedure, the AASHTO approach concentrates onand a lower level of prestress in partially prestressed concrete

the design of the side of the beam where the shear and tor]?hoglﬁ lead tto sme:jller tlme-tder')ot\andtﬁnt p_restr_ess tlc?cssias t_han
sional stresses are additive. or fully prestressed concrete. Another significant factor is

As in th f sh torsion leads t . . ththat a partially prestressed member can be designed as a
¢ S.lmf © caseﬂ:) IS ea}tr, dc.)rS||on.efa s 1o antlr}cr:eallse ',r: Tracked member under sustained loading. A computerized
enstie force on the longitudinal reinforcement. 1 e fongitu- time-step analysis of the concrete and steel stresses along par-
Qmal remfo_rcement re_qwr_emem for torsion shoul_d be SUper'tially prestressed sections shows that the effect of creep of
gnpgsed mt? thet Ion_g|tul?|nal re|r|1forc_(tehm§]nt rt'eqqlremlen'th: concrete on the stress redistribution between the concrete and
3(19; 't?]g | a .?C d? SIITU a_neo(;;s thIt ne orsm:)n. n q steel tends to counteract the effect of prestress losses over

, the fongitudinal tension due 1o forsion can be re ucedtime. This is particularly significant for members that are
by the compressive force in the flexural compression zone of. ., .o under permanent loads. The result is illustrated in
the member. Furthermore, in prestressed beams, the tot ig. 3.1(Watcharaumnuay and Naaman 1985), which was
Igngitudinal reinforceme_nt, including tendon_s at each S€C derived from the analysis of 132 beams with va,rious values
tion, can be used to resist the factored bending moment plu%]c the partially prestressed ratiBRR) and the reinforce-
the additional tension induced by torsion at that section. ment indesxw. While time-dependent prestress losses can be

ACI 318 and AASHTO Specifications recognize that, in 149 for uncracked fully prestressed sections, they remain
many statically indeterminate structures, the magnitude of|w for cracked sections up to relatively high values of the
the torsional moment in a given member will depend on its ppR Fig. 3.1also shows that for uncracked sections, time-
torsional stiffness. Tests have shown (Hsu 1968) that when gjependent prestress losses decrease with a decré2® in
member cracks in torsion, its torsional stiffness immediately creep redistribution of force to reinforcing steel may reduce
after cracking drops to approximately 1/5 of the value before the precompression in the concrete.
cracking, and at failure can be as low as 1/16 of the value ap jnvestigation under NCHRP Project 12-33 has
before cracking. This drastic drop in torsional stifiness aqdressed prestress losses in partially prestressed normal and
allows a significant redistribution of torsion in certain pigh-strength concrete beams. This work was described by
indeterminate beam systems. In recognizing the reduction ofyagaman and Hamza (1993) and was adopted irFithed
torsional moment that will take place after cracking in the praft | RFD Specifications for Highway Bridge Design and
case of indeterminate members subjected to compatibility-commentaryTransportation Research Board 1993). It led to
induced torsion, ACI 318R states that a maximum factored|ymp-sum estimates of time-dependent losses for partially
torsional moment equal to the cracking torque can beprestressed beams that are assumed uncracked under the
assumed to occur at the critical sections near the faces ogesign sustained loading. These are summarizeakite 3.1
supports. This limit has been established to control the widthang can be used as a first approximation in design.
of the torsional cracks at service loads.
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3.2—Cracking
CHAPTER 3—TIME-DEPENDENT BEHAVIOR Crack widths in reinforced and cracked partially
3.1—Prestress losses prestressed concrete members subjected to sustained loads

The stress in the tendons of prestressed concrete structurege known to increase with time. Bennett and Lee (1985)
decreases continuously with time. The total reduction in reported that crack widths increase at a fast rate during the
stress during the life span of the structure is termed “total early stages of loading then tend towh G ERIYESe of
prestress loss.” The total prestress loss consists of severahcrease. This is not surpricing bqgggaﬁnglgﬁgqmsg and,
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