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Fig. 1. Interrelationships of causes and effects between
prestress losses.

TPL is also used to describe the total loss expected at the
end of the life of the structure and is applied as a safe value
in design. In this study, the total prestress loss does not ac-
count for the effects of friction and anchorage sets which are
particular to post-tensioned structures. The magnitude of the
TPL has little effect on the ultimate flexural strength of a
prestressed concrete member. However, an error in the esti-
mate of this loss could result in a false prediction of the be-
havior of the member under service loads, and may cause
significant error in computations of stresses, cracking mo-
ments and crack widths, and camber or deflection.

Numerous studies have been conducted in the past to
evaluate prestress losses."” However, most of these studies
addressed fully prestressed concrete members made from
normal strength concretes, and normal, stress-relieved
strand. The main objective of this investigation is to provide
a preliminary evaluation of prestress losses for high
strength, partially prestressed concrete members. The two
main parameters are the partial prestressing ratio, PPR,
ranging from O to 1.0, and the concrete compressive
strength, f., ranging from 6 to 10 ksi (41 to 69 MPa).

The partial prestressing ratio, PPR, describes the relative
contribution of the prestressing steel and the reinforcing
steel to the resistance of the section. Its numerical value is
defined further in Eq. (16). A partially prestressed beam is
defined here as a beam containing a combination of rein-
forcing bars and prestressing tendons to resist bending. A
fully prestressed beam is assumed without (or with a negli-
gible amount of) reinforcing bars.

This limited study was carried out as part of NCHRP
Project 12-33, on the development of a comprehensive
bridge design code. Its final objective was to update the
lump sum estimates of prestress losses currently given in the
AASHTO Specifications' and in ACI Report 343R-88.%
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METHODS FOR ESTIMATING
PRESTRESS LOSSES

The estimation of prestress losses may be carried out at
several different levels. In common practical design cases,
the detailed calculation of losses is not necessary, and a
lump sum estimate may be sufficient. For cases in which
greater accuracy is required, it may be necessary to estimate
separate (shrinkage, creep, etc.) losses, with due account to
member geometry, material properties, environmental con-
ditions and construction method. Increased accuracy may be
still further achieved by accounting for the interdependence
of time-dependent losses, using discrete time intervals. This
procedure is generally called the time-step (T-S) method.

Many methods and design recommendations have been
developed to predict prestress losses.'* For design purposes,
they can be classified according to three levels of difficulty
and related computational accuracy, namely:

1. Lump sum estimate of total prestress losses, TPL

2. Lump sum estimates of the separate prestress losses due
to a particular effect, such as shrinkage, creep, or relaxation

3. Accurate determination of cumulative losses by the
time-step (T-S) method

Lump Sum Estimate of
Total Prestress Losses

As early as 1958, ACI-ASCE Joint Committee 423" rec-
ognized the need for approximate expressions to estimate
prestress losses in design. The values of 35 ksi (241 MPa)
for pretensioned members and 25 ksi (172 MPa) for post-
tensioned members were recommended for lump sum
losses. These values included losses due to elastic shorten-
ing, steel relaxation, and shrinkage and creep of concrete,
but excluded losses due to friction and anchorage set.

The same lump sum estimate of total prestress losses were
included in the AASHTO Specifications' for highway
bridges. These loss values were based on use of normal
strength concrete, normal stress-relieved strand, normal pre-
stress levels (i.e., concrete and steel stresses within code al-
lowable) and average environmental exposure conditions;
they include elastic shortening losses, as well as the time-
dependent losses, TDL, due to shrinkage, creep and relaxation.

Note that some adjustments to these values were sug-
gested in several investigations, such as by Hernandez and
Gamble® and Zia, et al.* They were later modified to reflect
the effect of compressive strength and type of prestressing
steel, as recommended in ACI Report 343R-88" (Table
9.6.4.1), reproduced in Table Al of Appendix A.

Lump Sum Estimate of
Separate Prestress Losses

Several methods can be found in the technical literature to
estimate the separate contribution of each source of pre-
stress losses.™®21415 The total prestress loss is then obtained
by summing up the separate contributions. Many of these
methods have merit and can be used. The AASHTO Specifi-
cations' and ACI-ASCE Committee 343 report" provide
equations to calculate each separate prestress loss depending
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on its source. Such prediction equations require some basic
information on material properties and environmental condi-
tions, but they are reasonably easy to implement.

Accurate Determination of Prestress Losses:
Time-Step Method

The time-step (T-S) method is the most accurate tech-
nique to determine time-dependent losses (TDL) due to steel
relaxation, creep and shrinkage of concrete. However, it also
requires accurate information on the time-dependent mate-
rial properties, such as creep and shrinkage strains. In order
to fully understand the T-S method, it is essential to realize
that time-dependent losses are also interdependent.

Fig. 1 provides an overall diagram of how total losses are
cumulative and illustrates the interrelational causes and ef-
fects between the different sources of prestress losses. It can
be observed, for instance, that relaxation reduces the stress
in the steel, which in turn reduces the stress in the concrete.
Thus, creep loss, being dependent on the stress in the con-
crete adjacent to the steel, tends to get reduced as well, lead-
ing to a reduced rate of loss in steel relaxation.

To account for changes in the various effects with time, a
step-by-step procedure is used with various time intervals
such as given, for instance, in Table 1. The beginning of a
time interval can be selected to correspond to a particular
milestone during construction. The stress in the steel at the
beginning of any time interval is taken equal to that at the
end of the preceding interval and is utilized to compute in-
cremental losses during the given interval. The T-S proce-
dure allows for an accurate computation of prestress losses
for various time intervals, and the resulting cumulative total
prestress loss at the end of the life of the member. Details of
the analytical procedure for the T-S method can be found in
Refs. 6, 16 and 17.

CALCULATION OF PRESTRESS LOSSES

The main equations used in this study for the calculation
of prestress losses due to elastic shortening, relaxation of
prestressing steel, shrinkage of concrete and creep of con-
crete, by the time-step (T-S) method, are summarized next.

Elastic Shortening

The loss in the prestressing steel stress due to elastic
shortening is expressed as:

(f;'gs)FJ [fp] _Apr(tO’ti)]+(fcgs )Gpr
(fp! /"pi)"'(fch)FJ M

Af, PpES =

where

(fogs)F, = stress in concrete at centroid of prestressing
steel due to the force F:

_F | F Jeg
(fcgs)FJ _Z+T (03]
in which
Fy = prestressing force at end of jacking
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Table 1. Recommended minimum time intervals.'

Step Beginning time, ¢; (day) End time, ¢; (day)
1 Release of prestressing steel Age=1
2 Endof Step 1=1 Age=7
3 End of Step2=7 Age =30
4 End of Step 3 =30 Age =90
5 End of Step 4 =90 Age =365
6 End of Step 5 =365 Age = 1825 (5 years)
7 End of Step 6 = 1825 Age = 14,600 (40 years)

A, = transformed area of concrete at section considered

e = prestressing force eccentricity at section considered

4

(fgs)g = stress in concrete at centroid of prestressing steel
due to self weight of member:

Mge, 3
(f;'gs )G - I ( )
in which
M = moment due to self weight of member
I = transformed moment of inertia of section
considered
T = stress in prestressing steel at end of jacking
Ry = initial modular ratio = E,/E,;

Afr(fp1;) = relaxation loss of prestressing steel stress
during the time interval (z,1t,), i.e., time of
stressing to time of transfer [see Eq. (4)]

Note that, while Eq. (1) is more accurate than the usual
equation used in the AASHTO Specifications,"* both equa-
tions give close numerical values. The transformed moment
of inertia should include the contribution of non-prestressed
reinforcement. However, for pretensioned members, the
transformed moment of inertia can be replaced, as a first ap-
proximation, by the gross moment of inertia.

Relaxation of Steel

The loss in the prestressing steel stress (i.e., the change in
stress) due to relaxation of steel over time interval (7,¢) is
expressed as:

t N t;
el = 2 .55 o 1)

10 Sy ;

where
Js(#;) = stress in prestressing steel at time ¢; at section
considered
fy = yield strength of prestressing steel

t,t; = respectively, the beginning and end of a time in-

terval; the ratio t/t,- should be > 1

This equation applies provided f,(z;) is larger than 0.55
J»y- Note that the divisor 10 in Eq. (4) applies to stress-
relieved steel and is replaced by 45 for low-relaxation steel.
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Shrinkage of Concrete

The loss in the prestressing steel stress due to shrinkage of
concrete over a time interval (¢, ;) 18 expressed as:

b(r; -1,

Afps\tisty ) = Eps€syKsnKsg ——"7—+ 5
P(' J) ps (b+t,-)(b+tj) &)
where

E,, = modulus of elasticity of prestressing steel

&y = ultimate shrinkage strain of concrete material

Kgy = correction factor for shrinkage due to relative

humidity:
K¢y =14-001H (6)
H = relative humidity in percent

Kg¢ = shape and size factor for shrinkage:
KSS=1.14—0.09% @)

in which

|4

r volume to surface ratio of member
S
b

parameter; equals 35 for moist-cured concrete and
55 for steam-cured concrete

Creep of Concrete

The stress loss in the prestressing steel due to creep of
concrete over a time interval (£, ;) is expressed as:

Abe(t: 1) = ny Coy Koy Kea Kes f(5) [8(5) — 8] (8)
where

n = modular ratio = E,/E,
Ccy = ultimate creep coefficient of concrete material

Kcy = correction factor of humidity for creep for both
moist- and steam-cured concrete:

Kcy=1.27-0.0067 H ©)
K4 = age at loading factor for creep
For moist-cured concrete:
Key=1.25¢,0118 (10)
For steam-cured concrete:
s = age at loading in days
Kcs = shape and size factor for creep:
|4
Kr=1.14-0.09 5 (12)
in which
Vv

Y = volume to surface ratio of member
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Jees(#1) = stress in concrete at centroid of prestressing steel
at time ¢; due to prestressing force and dead load:

Al 2
fcgs(ti)zM[Higj_ﬁ%ﬁo_ (13)

AC
in which
A, - = area of prestressing steel in tension zone
M, = moment due to dead load
r = radius of gyration of cross section
0.6
g(t;) = time function= — /1 (14)
! (10+199)
1)
g(t;) = time function = ——— (15)
: (10+9)

Justification for Eqgs. (10), (11), (14) and (15) can be
found in Ref. 18. In the parametric evaluation of this study,
only two values of n, were used, one corresponding to the
modulus E; at time of release, and one corresponding to E,
at 28 days. It should be noted that basic creep equations dif-
ferent from Eqs. (8), (14) and (15) have been recently devel-
oped by BaZant and Kim'" and could have been used in this
study. However, the authors believe that the main results
and conclusions of this study would not be altered.

DESIGN PROCEDURE AND
COMPUTER IMPLEMENTATION

The design of the partially prestressed concrete beams for
which losses were calculated in this investigation was car-
ried out using the partial prestressing ratio (PPR) method
described by Naaman and Siriaksorn.” The PPR is defined
as the ratio of moment resistance taken by the prestressing
steel to the moment resistance taken by the total steel; as a
first approximation, it can be taken as the ratio of forces in-
stead of moments [see Eq. (16)].

The design starts with a selected value of the PPR, which
is then used to solve the flexural strength equations at nomi-
nal bending resistance and to determine the required areas of
tension reinforcing steel, A, and prestressing steel, A, This
was followed by a service load analysis to check that crack
width, deflection and fatigue criteria were all satisfactory.
For preliminary design of the cross section, the final pre-
stressing force was assumed to be equal to 83 percent of the
initial prestressing force. This is equivalent to an estimate of
the total prestress loss of about 17 percent.

Three small computer programs were developed for use in
the parametric studies. The first program was used to calcu-
late the live load moment for simple span bridges according
to the AASHTO Specifications." The second program was
used to calculate the required areas of prestressing steel, A,
and reinforcing steel, A, by the partial prestressing ratio
(PPR) approach,” using the ultimate strength design method
according to the ACI Building Code.!

The third program was developed to compute prestress
losses by the time-step (T-S) method. This program can ac-
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commodate both prestressed and par-
tially prestressed concrete members.
In this program, the steel relaxation
was calculated based on the steel
stress at the beginning of each time in-
terval selected. The concrete creep
strain at any time, ¢, was calculated on
the basis of the elastic strains induced
by the forces and bending moments
applied in the previous intervals. Fi-
nally, the concrete shrinkage strain
was computed as the total shrinkage
occurring from the time of release of
prestress to the time considered.

PARAMETRIC
EVALUATION —
STUDIESITOV

An extensive parametric evaluation
of prestress losses in high strength,
prestressed and partially prestressed
concrete members was undertaken
using the three computer programs.
Parameters and variables included the
type of beam cross section, the partial
prestressing ratio, PPR, the concrete
compressive strength, f, the strength
and the type of prestressing steel, en-
vironmental conditions, and the
strength and grade of the reinforcing
steel. Details are given in Ref. 22.

Five separate parametric studies,
numbered I to V, were carried out.
The numerical values of design pa-
rameters used are listed in Tables 2
and 3. Studies II and III were selected
to represent bridge members, while
Studies IV and V represented building
members.

In Study 1, all parameters were sys-
tematically investigated. For example,
the relative humidity was varied from
40 to 100 percent, while for the other
studies it was kept constant at 40 per-
cent. Although slabs are shown in the

Table 2. List of parameters for Study 1.

No. ‘ Group ‘ Parameter Values
1 Material Compressive strength of concrete, f. (ksi) 6,8,10
strength Tensile strength of prestressing steel, f,, (ksi) 145, 235, 270
Yield strength of reinforcing steel, ]§ (ksi) 40, 60, 75

2 Environmental Curing condition of concrete Stearn and moist

condition Relaxation type of prestressing steel Normal and low
Relative humidity, H (percent) 40, 60, 80, 100
3 Design Partial prestressing ratio, PPR 0.2,04,0.6,0.8,
variable 1.0
Note: Initial stress in the prestressing steel, £, = 0.70 £,.
Design data: PCI beam 12RB28.%
Table 3. List of parameters for Studies II-V.
[ Values
Study IV Study V
Study II Study III Hollow-core Double-tee
Group Parameter I-girder Box girder slab beam
Material fe(ksi) 6,8,10 6,8,10 6,8, 10 6,8, 10
strength Jou (ksi) 145, 235, 270 145, 235,270 270 270
Design Section IV-I girder B IV-36 girder 4HC8 8DT16
variables 4HC10 8DT20
4HC12 8DT24
L (ft) 60, 70, 80 50, 60, 70 20, 25, 30, 35, | 20, 30, 40, 50,
40 60
S (ft) 56,78 5,6,7 4 8
PPR 0.2,04, 0.6, 02,04, 0.6, 1.0 1.0
0.8,1.0 0.8, 1.0

Note: Reference base: moist-cured concrete: normal steel relaxation; H = 40 percent; fv =60 ksi.

Table 4. Properties of concrete used in the parametric studies.

Concrete compressive strength, f (ksi) ‘ 6 8 10
Concrete compressive strength at time
of initial prestress, f; (ksi) 4.800 6.400 8.000
Ultimate creep coefficient, C¢y, | 2.4 | 2.0 1.6
Shrinkage strain for moist-cured concrete, &g 0.0006 0.0006 0.0006
Age at loading for moist-cured concrete, ¢, (day) : 7 7 7
Shrinkage strain for steam-cured concrete, £g;; | 0.0004 0.0004 0.0004
Age at loading for steam-cured concrete, £, (day) ‘ 1 1 1

Note: Elastic modulus of concrete: E, = 57,000.,f/, in psi.

figures for Studies I, II and III, the slabs were used only to
determine the beam dead and live loads for a given beam
spacing; thus, composite action was not considered. These
studies are briefly described.

Study I: Rectangular Beam

Study I dealt with the evaluation of prestress losses for a
typical partially prestressed concrete rectangular beam. The
beam spacing was assumed to be 6 ft (1.8 m) and the dead
load, including the beam’s own weight, was taken as 1 kip
per linear ft (1488 kg/m). The live load was taken as 0.6
kips per linear ft (893 kg/m). Here, all the parameters which

102

affect prestress losses were systematically investigated.

The parameters were divided into three groups, namely:
material strength variables, environmental conditions and
design variables (see Table 2). Table 4 provides some infor-
mation on the properties of concretes used in this study.

The results of Study I are summarized in Table 5, Fig. 2
and Fig. 3. Table 5 includes the main results of time-depen-
dent losses, TDL, and elastic shortening covering all the pa-
rameters investigated, while Fig. 2 shows the variation of
TDL with time for different PPR levels. Fig. 3 shows the
upper and lower limits of TDL. The upper and lower limits
ranged from 22 to 32 ksi (152 to 221 MPa) when high
strength wires and strands were used.
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Fig. 2. Typical variation of time-dependent prestress losses with time and leve! of prestress.

PCI Design Handbook,” and for each beam, three practical
spans were considered.

The main parameters were the type of cross section and
the compressive strength of concrete as given in Table 3.
The dead load considered was 0.54, 0.56 and 0.62 kips per
linear ft (804, 833 and 923 kg/m), respectively, and included
the weight of a 2 in. (51 mm) topping. The live load was
taken as 0.8 kips per linear ft (1190 kg/m).

The results of Study V are summarized in Table 9. Fig. 7
shows the upper and lower limits of TDL for this study. The
upper and lower limits ranged from 34 to 47 ksi (234 to 324
MPa) when wires and strands were used.

RECOMMENDATIONS FOR DESIGN

The lump sum estimates of time-dependent prestress
losses given in Tables 5 to 9 reflect values and trends ob-
tained from a computerized time-step analysis of a large
number of bridge and building members designed for a
common range of variables with particular attention to the
concrete compressive strength ranging from 6 to 10 ksi (41
to 69 MPa), the partial prestressing ratio, PPR, ranging from
0.2 to 1, and the shape of the section.

An analysis of the data of Tables 5 to 9 led to approxi-
mate predictions of upper bound and average lump sum val-
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ues of time-dependent prestress losses (i.e., creep, shrinkage
and relaxation) for the various types of beams studied.
These lump sum estimates are summarized in Table 10.
They are applicable to prestressed and partially prestressed
concrete flexural members made from normal weight con-
crete with up to 10 ksi (69 MPa) compressive strength, and
using either prestressing bars, wires or strands with normal
(stress-relieved) or low-relaxation properties.

The upper bound is recommended when an adverse com-
bination of parameters exists, such as low concrete compres-
sive strength, low relative humidity and moist-curing condi-
tions. For members prestressed with bars, the difference
between the average and the upper bound was found in-
significant to justify a different expression. For box girders,
I-girders and solid rectangular beams, the effect of concrete
compressive strength up to 10 ksi (69 MPa) was found to be
relatively negligible.

The approximate values of time-dependent losses given in
Table 10 may be used for:
¢ Post-tensioned, non-segmental members with spans up to

150 ft (46 m), stressed at concrete age of 10 to 30 days.
¢ Pretensioned members constructed of normal weight con-

crete stressed after attaining a concrete compressive

strength f; = 3500 psi (24 MPa).

For members made from structural lightweight concrete,
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Fig. 3. Upper and lower limits of time-dependent losses for Study 1.

with unit weight in the range of 115 to 120 1b per cu ft
(1840 to 1920 kg/m’), it is recommended to increase the val-
ues given in Table 10 by 5 ksi (34 MPa). Although
lightweight concrete was not included in the parameters of
this study, this recommendation is based on a recommenda-
tion made by Zia, et al.’

For low-relaxation strands, reduce the values recom-
mended in Table 10, respectively, by 4 ksi (28 MPa) for box
girders, 6 ksi (41 MPa) for rectangular beams and I-girders,
and 8 ksi (55 MPa) for single tees, double tees, and hollow-
core slabs.

The partial prestressing ratio, PPR, used in Table 10, can
be computed, as a first approximation, from:

APS f py

PPR=——+—%~—
Apsfpy + Asfy

(16)

where A, and A, are cross-sectional areas of the prestressing
steel and the tensile reinforcing steel, respectively, and f,,
and f, are their corresponding yield strengths. Thus, a fully
prestressed beam would have A;=0 and PPR = 1.

Table 10 provides different equations for different con-
crete beam sections. In the absence of specific information
on the type of cross section used, the following estimate of
average time-dependent losses, TDL, as a function of the
concrete compressive strength, f;, and the partial prestress-
ing ratio, PPR, is recommended for design:
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In US units:

TDL = 33(1 -0.15 %) +6 PPR (ksi) (17a)

In ST units:

TDL =23 1(1 -0.15 %"E) +42PPR  (MPa) (17b)

As a first approximation and for the purpose of using Eq.
(17) only, the partial prestressing ratio, PPR, can be esti-
mated from Eq. (16).

For members made from structural lightweight concrete,
it is recommended to increase the values predicted from Eq.
(17) by 5 ksi (34 MPa). For low-relaxation wires and
strands, it is recommended to reduce the values predicted
from Eq. (17) by 6 ksi (41 MPa).

Table 10 is recommended as a replacement of the related
tables on lump sum estimate of prestress losses found in the
AASHTO Specifications* and in the ACI Report 343-R88,"
which is reproduced in Appendix A. The values given in
Table 10 are recommended only when satisfactory previous
application to the general type of structure and construction
method contemplated for use has been checked.

For other types of structures or for unusual exposure con-
ditions, more accurate estimates of time-dependent losses
should be obtained. Moreover, the limitations and discus-
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Fig. 4. Upper and lower limits of time-dependent losses for Study II.

sion that follow should be kept in perspective, particularly
when the amount of non-prestressed reinforcement in the
section is significant.

LIMITATIONS

The parametric evaluation undertaken in this study and
the resulting recommendations for design (see Table 10)
represent a first step toward improving the estimate of pre-
stress losses in partially prestressed high strength concrete
members. However, it is important to keep in mind that a
number of limitations apply and to use engineering judg-
ment whenever a particular situation occurs.

The following are some of the limitations of the study:

1. The dead load (sustained load) used to compute time-
dependent losses was assumed to be fully applied at the end
of the curing period; thus, the effect of different loading
steps was not considered in the study.

2. Uncracked section analysis was conducted assuming
that, even in the case of partially prestressed members, the
dead load (sustained load) does not lead to cracking.

3. The prestressed and non-prestressed tensile reinforce-
ment were assumed lumped at the same depth.

4. The effect of slab composite action was not considered.

5. Compressive reinforcement, if significant, was not
considered.

Moreover, most computations in Studies II to V were car-
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ried out assuming a relative humidity of 40 percent. This
leads to time-dependent losses 2 to 3 ksi (14 to 21 MPa)
larger than at a relative humidity of 75 percent, which may
be considered the average norm. However, the difference is
somewhat integrated in the upper bound and average equa-
tions recommended in Table 10.

It should be pointed out that differences in TDL (see
Table 10) between different types of sections may also be
due to differences in the average level of prestress in the
concrete; however, this parameter was not directly analyzed
in this investigation.

Other parameters were not investigated, namely, the case
of unbonded tendons whether internal or external. Because
the stress in these tendons is assumed to be the same
throughout the span, losses are expected to be, on the aver-
age, smaller than those suggested in Table 10.

DISCUSSION

Although this study leads to a lump sum estimate of pre-
stress losses useful for design, it does not necessarily ad-
dress the philosophy of how this information can be used.
Ghali** has taken the position that the design process should
follow a time-step analysis for all stresses in the materials
and thus the stress in the prestressing steel at service life be-
comes only one variable to consider. The reason behind this
approach is the concern that, in the presence of non-
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