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The effects of variability in the parameters used to calculate
prestress loss are evaluated by a probabilistic prestress loss
computer program. The program accounts for the time-
dependent effects caused by creep, shrinkage, and steel
relaxation. Losses caused by elastic shortening of the
prestressed concrete member are also calculated. Statistical
information for the parameters of the program is taken from
the literature or from experimental results. Numerical
examples show that the variability in the prestress losses
exceeds the loss calculated by deterministic methods. This
increase in prestress loss may then lead to stresses that
exceed allowable stresses. Though the losses determined
probabilistically can exceed deterministic losses by 50
percent, it is recommended that deterministic nominal losses
be increased by only 25 percent when checking final
stresses. This reasoning is based on the fact that allowable
stresses also have variability. The study also determined that
a normal distribution, with a bias of 1.25, models prestress
losses fairly accurately.

T
he loss of prestress in pre
stressed concrete girders has
been studied in considerable de

tail. These studies were initiated in re
sponse to concerns about the large ef
fect that prestress losses can have on
the design and actual performance of
prestressed concrete girders. Several
methods have been developed to de
termine the loss of prestress. However,
these methods are inherently inexact
because of the complex interactions

involved in prestress losses, and the
methods do not account for the vari
ability of parameters involved in cal
culating prestress loss.

This study accounts for the variabil
ity of parameters used to determine
prestress loss. The method presented
is computer intensive and not meant as
a replacement for existing methods.
Rather, this study presents reasons
why calculated prestress losses can
vary from losses determined experi
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mentally and by deterministic analyti
cal methods and to make designers
aware of such variability.

This variability in the prestress loss
can cause changes in stresses to the
point that they exceed allowable
stresses. The statistical distributions of
prestress loss determined in this study
can also be used by researchers per
forming reliability analyses of pre
stressed concrete members.

BACKGROUND
The methods specified to determine

prestress losses by the American Asso
ciation of State Highway and Trans
portation Officials (AASHTO)’ and the
Precast/Prestressed Concrete Institute
(PCI)2 are similar regarding their sim
plicity. The American Concrete Insti
tute (ACT)3 directs designers to other
references to determine the prestress
losses. The article that serves as the
basis for the PCI method is one of the
four articles recommended by ACT.

The method adopted by PCI to de
termine prestress losses is based on
simplified equations for practical pur
poses4 because of the complexity of
other more detailed methods. These
complex methods also convey the im
pression of an exactness that may not
actually exist. More laborious methods
account for the time-dependent effect
of the prestress losses5 and often re
quire that the equations be pro
grammed into a computer.6’7

A recent parametric study also in
vestigated the prestress losses in par
tially prestressed high strength con
crete beams.8 The variability in the
parameters used to determine prestress
losses was noted in comments on the
work presented in Ref. 79 The accu
racy of this statement is the basis for
using probabilistic methods to incorpo
rate some of the variability that is in
herent in determining prestress losses.

COMPUTER PROGRAM
To determine the statistical proper

ties of prestress losses, a computer
program was created based on the
method described in Ref. 7. This
method accounts for losses in preten
sioned members and includes time-
dependent effects.

Four stages are used to calculate the
total loss:

The first stage consists of the time
that the prestressing steel is tensioned
to the release of the strands. This stage
includes elastic shortening of the con
crete and relaxation of the strands.

The second stage represents the time
of release of the strands to the time at
which the member is subjected to load
ing other than its self weight. This stage
includes losses due to concrete creep
and shrinkage, and steel relaxation.
This stage is broken into 20 intervals to
produce more accurate results.

The third stage starts from the end
of the previous stage until one year
has elapsed. This stage includes the
same losses as Stage 2, but the stage is
separated into 100 intervals.

The fourth and final stage is from
one year through 40 years, which is as
sumed to be the end of the member’s
service life. This stage calculates the
same losses as Stages 2 and 3, but is di
vided into 1000 intervals. The program
does not include losses from anchorage
set or strand deflection devices.

Input required for the program in
cludes information on the member’s
geometry and properties, the properties
of the prestressing steel, and the load
ing on the member. The data for the
member’s geometry include the cross-
sectional area, perimeter, moment of
inertia, and clear span. Input for the
member’s properties includes unit
weight, compressive strength at time of
transfer and at 28 days, and whether
the member is moist or steam cured.

The data required for the prestress
ing steel includes the total cross-
sectional area, modulus of elasticity,
ultimate tensile strength, eccentricity,
whether it is low relaxation or stress-
relieved steel, and the times at which
the strands are cut and additional load
is applied to the member. The load
data required is simply the dead load
to be superimposed on the member.

The elastic shortening in the first
stage is determined from the following
equation:7

where

ES =fcrEs’Eci

fcr = compressive stress at steel cen
troid due to prestressing force at
time of transfer

= modulus of elasticity of pre
stressing tendons

= modulus of elasticity of concrete
at initial time of prestressing

The relaxation of stress-relieved
prestressing steel in all the stages is
determined by Eq. (2):

RET=f
(log24t_log24ti

St,, 10 )

where

and

[L_0.55] (2)

—0.55 0.05 (3)

f = stress in prestressing steel at be
ginning of time interval

f = yield stress of steel, which is as
sumed to be 85 percent of ulti
mate stress

= beginning time for interval
under consideration

t = ending time for interval under
consideration

For low relaxation steel, Eq. (2) is
modified by changing the factor of 10
to 45 and f is taken as 90 percent of
the ultimate stress.

The loss of prestress to creep of the
concrete is determined in the program
by Eq. (4):

CR = (X - 20 j&)SCF MCF PCRL

(4)

where
E = modulus of elasticity of the

concrete at 28 days
SCF = factor that accounts for effect

of volume-to-surface ratio of
member

MCF = factor that accounts for effect
of age of prestress and length
of cure

PCR = factor that accounts for varia
tion of the portion of ultimate
creep over each time step

f = stress at center of prestressing
force

(1) The terms within the parenthesis ac
count for the ultimate creep loss and
must not be less 11 ksi (76 MPa). The
factor X1 is 63 for accelerated curing
of normal weight and lightweight
concrete, 95 for moist cured normal
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Fig. 1. Determination of variables by Monte Carlo simulation.

weight concrete, and 76 for moist
cured lightweight concrete.

The prestress loss caused by con
crete shrinkage is determined in the
program by Eq. (5):

SH=(X2—X3_)SSFPSH (5)

where
SSF = factor that accounts for effect

of volume-to-surface ratio of
member

PSH = factor that accounts for varia
tion of the portion of ultimate
shrinkage over each time step

The terms within the parenthesis ac
count for the ultimate shrinkage loss
and must not be less 12 ksi (83 MPa).
The X2 term is 27,000 for normal
weight concrete and 41,000 for
lightweight concrete. The X3 term is
3000 for normal weight concrete and
10,000 for lightweight concrete.

Monte Carlo Simulation

The prestress loss program was then
incorporated into a Monte Carlo simu
lation program. This portion of the
program uses a random number gener
ator to produce random numbers be
tween 0 and 1. These random numbers
are then used to determine the vari
ables required for input into the pre
stress loss portion of the program. The
variables are determined in accor

dance with their statistics and proba
bility distributions (see Fig. 1). The
prestress loss is then determined using
these variables, and this value for the
loss is stored within a file created by
the program.

The complete process is repeated
numerous times to generate a signifi
cant quantity of data on the expected
prestress loss for the specific member.
Statistical analyses are then performed
on these data to determine the mean
and standard deviation, and generate a
histogram for the prestress losses.

A statistical distribution that fits
these results is then determined. This
distribution can be used for reliability
analysis of prestressed concrete mem
bers and to estimate the probabilities
that a prestress loss will be exceeded.

EXAMPLES

To demonstrate the program, several
example problems were run. The ex
amples included a rectangular section,
a standard double tee, and a section
that was tested experimentally.
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Table 1. Statistics for rectangular beam example (1 2RB1 6).

Variable Nominal Mean V Bias Rererence

A (sq in.) 192.0 191.23 0.0354 o.996[ 11

P (in.) 56.0 55.84 0.0 178 0.997

1 (in.) 4096.0 4014.5 0.0790 0.980 11

Span (ft) 24.0 24.0 0.0100 1.000 Assumed

(sq in.) 0.765 0.774 0.0120 1.012 10 and 12

(ksi) 29,000.0 29,319 0.0100 1.011 12

f (ksi) 270.0 281.0 0.0250 1.041 10 and 14

ee,,, (in.) 5.67 5.795 0.0590 1.022 10

emidspan (in.) 5.67 5.795 0.0590 1.022 10

y(pcf) 150.0 150.0 0.0300 1.000 10 and 12

J’(trans)_(psi) 3500.0 3500.0 0.1500 1.000 Assumed

J’(28) (psi) 5000.0 4750.0 0.1800 0.950 11 and 12

wDL(plf) 693.0 693.0 0.1000 1.000 Ii and 12

Note: 1 in.=25.4mm; 1 sqin.=645.2mm; 1in.=4162.3m; lft=0.3048m;
I plf= 1.488 kg/rn; 1 pcf= 16.02 kg/rn.’

1 ksi = 6.895 MPa;
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Statistical Data

As discussed previously, statistical
information is required for the input
variables of the prestress loss portion
of the program. For the example of a
prestressed member that was tested
experimentally, statistical information
for some of the variables was obtained
directly from the test program. How
ever, a designer typically does not
have statistical information on a mem
ber about to be designed. This was the
case for the examples that do not have
experimental results.

Several publications have docu

mented statistical information used in
the analysis of prestressed or rein
forced concrete members.’°”2’3How
ever, these analyses were not for pre
stress loss and, hence, do not cover all
the parameters required for this study.

The references did contain some sta
tistical information on variables that
can be used to determine the required
variables (i.e., statistics for the cross
section dimensions were used to deter
mine statistics of the cross-sectional
area). These derived statistics were
found by first order estimates assum
ing no conelation between variables.’4
Because statistical information for all

the variables was not available or
could not be derived, estimates of the
statistical information for some vari
ables was required.

Tables 1 to 3 summarize the nominal
values and statistical data used in the
examples. The nominal values are val
ues used by engineers in deterministic
design procedures. The statistical data
are summarized by the mean, i, and co
efficient of variation, V, used for each
example. The mean and coefficient of
variation are related through the stan
dard deviation, o, as shown in Eq. (6):

v=°- (6)
j.1

The bias is also given in Tables 1
to 3, and this term relates the mean
and the nominal values as defined by
Eq. (7):

Bias= (7)
Nominal

Normal distributions were assumed
for all the variables and generally
agreed with the referenced data.

For all the examples, the initial pre
stress was taken as 0.7f and a relative
humidity of 70 percent was assumed.
All prestressing strands were low re
laxation and all members were as
sumed to be steam cured. The critical
section at which prestress loss was
calculated was at the midspan for
members with straight tendons and at
0.4L for members with harped ten
dons. A total of 10,000 simulations
were performed for each example.

Rectangular Beam — 12RB16

The first example, taken from the ta
bles of Ref. 2, consists of a rectangular
beam with nominal cross-sectional di
mensions of 12 x 16 in. (305 x 407 mm)
(see Fig. 2). The beam is assumed to
span 24 ft (7.32 m) and support a dead
load 693 lbs per ft (10.1 kN/m). The
prestressing steel consists of five 1/2 in.
(13 mm) diameter strands with a con
stant eccentricity of 5.67 in. (144 mm).
The concrete strengths were assumed
to be 3500 psi (24.1 MPa) at transfer
and 5000 psi (34.5 MPa) at 28 days.
The concrete unit weight was taken as
150 lbs per cu ft (2403 kg/m3). All
nominal values for the member are
listed in Table 1.

Table 2. Statistics for double tee example (1 OLDT32).

Variable Nominal Mean V Bias Reference

A (sq in.) I 615.0 j 612.76 0.0180 0.996 11
- --- IP (in.) 364.0 363.92 0.0180 1.000 11

J, (in.4) 59,720.059,720.0 0.010011.000 11

Span(ft) 70.0 70.0 0.0100 i.oooT Assumed

(sq in.) 1.836 1.8576 0.0124 1.012j10 and 12

E(ksi) 28,000.028,308.0 0.0100 — 1.011 12 —

fr,,, (ksi) 270.0 281.0 0.0250 1.041 10 and 14

ee,.,(in.) 12.81 12.935 0.0266 1.023 10

em,thpan18

f(trans) (psi) 3500.0 3500.0 1.000 Assumed

J’(28) (psi) I 5000.04750.0 O.lSOO9SOj_llandl2

WDL(plf) 150.0 150.0 0.1000 1.000 11 and 12

Note: 1 in.=25.4mm; I sqin.=645.2mm’; 1in’=4162.3rn’; 1 ft=0.3048rn; 1 ksi=6.895MPa;
1 plf= 1.488 kg/rn; 1 pcf= 16.02 kg/rn.’

Table 3. Statistics for bridge girder.

Vaiitii Nominal J__ean V BiasReference

A (sq in.) 360.0 375.0 I 0.0241 1.042 15

P,(in.) 78.0 80.0 0.0147 1.026 15

l. (in.’) 6750.0 7031.0 0.0308 1.042
I

15

Span (ft) 27.0 27.0 0.0100 1.000 Assumed

A,,4 (sq in.) 0.9856 0.885 0.0050 0.898 15

E,(ksi) 28,000.0 38,970.0 0.0100 1.392 15

f(ksi) 260.H 292.5 0.0.125 15

ee,a(in.) 6.2345 6.2345 0.0100 1.000 Assumed

ernjd.,,,a,, (in.) 6.2345 6.2345 0.0100 1.000 Assumed

y(pcf) - 145.0 142.8 0.0100 0.985 15

J’(trans) (psi) 3000.0 2831.4 0.1011 0.944 16

8) (psi) 6000.0 i552J9.121 0.920 16

WDL(Plf) 61.0 65.0 0.1000 1.066 Assumed

Note: 1 in.=25.4rnm; I sqin.=645.2rnm’; lin.’=4162.3m’; lft=0.3048m; 1 ksi=6.895MPa;
I plf= 1.488 kg/rn; I pcf= 16.02 kg/rn.’
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The statistical information used in
the analysis, together with the refer
ence it was drawn from, is also given
in Table 1. The statistics for the geo
metric properties of the member were
determined using first order estimates:
a width of 12.048 in. (306 mm) with
V = 0.025, and a depth of 15.872 in.
(403.1 mm) with V= 0.025. The statis

tics for the span length andfat transfer
had to be assumed because no statisti
cal information existed in the litera
ture. The statistics for the other vari
ables were taken from the references.

It should be noted that the coeffi
cient of variation, V, for the unit
weight of the concrete was 0.1 from
Ref. 10, but Ref. 12 gave a seemingly

more reasonable value of 0.03. Ref. 12
used ranges for the average values and
V for f’ at 28 days. The average of
these ranges was 4600 psi (32 MPa)
for the mean and 0.175 for V. Both of
these values are very close to the val
ues recommended in Ref. 11, which
was used for the example. Other refer
ences gave lower average values for
j’at 28 days, but with the quality ob
tained in prestressing plants it would
seem that the higher values are more
reasonable.

Double Tee — 1OLDT32

Example 2 consists of an untopped
lightweight double tee that is also
taken from the tables of Ref. 2. The
member has a 10 ft (3.05 m) width and
an overall depth of 32 in. (813 mm)
(see Fig. 3). A 70 ft (21.3 m) span was
assumed with an applied dead load of
150 lbs per ft (2.19 kN/m). The pre
stressing consisted of twelve /2 in.
(13 mm) diameter strands with a 12.81
in. (325 mm) end eccentricity and an
18.73 in. (476 mm) center eccentric
ity. Other nominal values used for the
example are shown in Table 2.

The statistical data used for this ex
ample are also given in Table 2. The
geometric properties were determined
by first order estimates using an over
all height of 31.74 in. (806 mm), a
flange height of 2 in. (51 mm), a
flange width of 120.48 in. (3060 mm),

Fig. 3. Cross section of double tee (1OLDT32).

12’-

•0

0

o•o

0

00

16”

2.33

1/2” 0
Prestreing
Strauds

Note: 1” 25.4 nun

Fig. 2. Cross section of rectangular beam (12RB16).
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and an average web width of 6.25 in.
(159 mm). As with the first example,
the statistics for span length and the
initial f’ were assumed. All other vari
ables were taken from the references
in the same manner as discussed in the
example of the rectangular beam.

Bridge Girder

The last member evaluated by the
program was a bridge girder. Two of
these girders were tested experimen
tally at the University of Cincinnati. *

These girders were removed from a
bridge in southeastern Ohio that was
being replaced. The girders were 40
years old and their cross section con
sisted of two prestressed concrete tee
beams that were inverted, placed side-
by-side, and the space between the
flanges was filled with concrete at the
site (see Figs. 4 and 5).

The overall depth of the girder was
15 in. (381 mm) and the width was
24 in. (610 mm). However, this width
varied from 24 to 26 in. (610 to 660
mm) due to the cutting procedure used
to remove the beams. The prestressing
steel consisted of 14 seven-wire
strands in the bottom and two strands
in the top. The eccentricity of the bot
tom strands was calculated to be
6.2345 in. (340 mm) and the nominal
area of each strand was 0.0352 sq in.
(22.7 mm2).

All nominal values for the member
are summarized in Table 3 and were
taken from a 1954 report by the Ohio
Department of Highways (now the
Ohio Department of Transportation),
which tested similar beams during that
time.’5

Statistical data used for the analysis
of the girder are also summarized in
Table 3. The statistics for the geomet
ric properties were determined using a
width between 24 and 26 in. (610 and
660 nMn) and a height that had a varia
tion of ‘/8 in. (3 mm). The statistical
properties for the area of the prestress
ing strands were determined from the
measurements of five center wires.*

The mean of the modulus of elastic
ity was determined from a tensile test

* Personal communication with Richard Miller, Asso
ciate Professor, and Todd Halsey, Research Assis
tant, Department of Civil and Environmental Engi
neering, University of Cincinnati, July 1995.

of a strand. The coefficient of variation
for the modulus of elasticity had to be
assumed. The statistics for the ultimate
strength of the strands were deter
mined from two experimental tests *

using the average area of the strands.
The statistics for the unit weight of the
concrete were determined from the
weights of two cylinder cores removed
from the fill concrete.*

The statistics for the concrete com
pressive strength were determined
using test results from the original
1954 test program.’6The concrete
cylinders were taken from the pre
stressed beam and the fill concrete. To
account for both materials existing in
the girder, a weighted factor deter
mined by the proportion of area occu
pied by each material was used. Be
cause the cylinders were tested at a
variety of curing times, Eq. (8) was
used to adjust these times to determine
the compressive strength at transfer
and at 28 days:

f(td)
= A+’Btd

f’(28) (8)

where td is the time in days and A and
B are constants that depend on the ce
ment type and curing conditions. For
the tested cylinders, it was assumed
that Type I cement was used and

steam curing was done for 24 hours
followed by moist curing.

Stresses

An incorrect prestress loss can af
fect the member stresses to the point
in which the service stresses exceed
allowable stresses. This can happen in
two ways. A higher than expected loss
would reduce the effective prestress
force and possibly cause stresses at
midspan to be in excess of allowable
stresses. A lower then expected loss
could possibly cause stresses near the
supports to exceed allowable stresses.

RESULTS

Rectangular Beam — 12RB16

The results of the Monte Carlo sim
ulations for the prestress loss in the
rectangular beam are shown in Table
4. As can be seen, the prestress loss
had a mean or average of 37.14 ksi
(256 MPa) and a coefficient of varia
tion, V = 0.0485. The mean is higher
than the nominal value of 28.98 ksi
(200 MPa), which was calculated
using the PCI method. These values
resulted in a bias of 1.282.

The range of losses calculated
was from 43.09 to 31.38 ksi (297 to

5.98’

12.00”

12.00”

Fig. 4. Cross section of inverted T-beam.
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Table 4. Statistics of prestress losses.

Rectangular beam Double tee
12RB16 1OLDT32 Bridge girder

Mean 37.14 ksi 43.08 ksj 33.44 lcsi

V 0.0485 0.0935 0.0255

Nominal 28.98 ksi 34.08 ksi 28.86 ksi

Bias 1.282 1.264 1.159

High 43.09 ksi 57.92 ksi 36.29 ksi

Low 31.38 ksi 34.09 ksi 30.53 ksi

Note: 1 ksi = 6.895 MPa.

Table 5. Stresses for 12RB16 considering losses probabilistically.

Nominal High losses Low losses

Pe(kiPS) 122.42 111.6 120.6

. f (ksi) -1.958 -2.022 -1.969
Midspan

fbottom (ksi) 0.683 0.859* 0.713

f, (ksi) 0.718 0.655 0.707
Support

(ksi) -1.993 -1.817 -1.964

* Exceeds allowable stresses.
Note: 1 ksi = 6.895 MPa; 1 Icip = 4448 N.

216 MPa). The highest loss exceeds the
nominal loss by almost 50 percent and
the lowest prestress loss is 8 percent
higher then the nominal prestress loss.

Table 5 shows the effect the im
proper prestress loss has on stresses.
The “Nominal” column shows the re
sults using the nominal prestress loss
calculated by the PCI method. The
“High Losses” and “Low Losses”
columns correspond to the stresses
calculated using the respective losses
determined from the probabilistic
analysis. A live load of 693 lbs per ft
(10.1 kN/m) was assumed in the
calculations.

As can be seen, the stresses at
midspan increase with higher losses
and decrease with lower losses. The
opposite is true at the support. Allow
able stresses were 0.45ff = -2.25 ksi
(15.5 MPa) for compression and
l2/ = 0.849 ksi (5.9 MPa) for ten
sion. This results in the allowable ten
sile stress being exceeded at midspan
when the losses are higher than ex

24.00-

1/2”
Prestresing
Strands

15.00

Fig. 5. Cross section of bridge girder
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pected. Though the stresses increase at
the support when the lowest losses are
considered, these stresses are still
within acceptable limits because these
lowest losses are still greater than the
nominal losses.

Double Tee — 1 OLDT32

The statistics for the prestress loss of
the double tee are given in Table 4.
The mean value of 43.08 ksi (297
MPa) exceeds the nominal value of
34.08 ksi (235 MPa) by approximately
26 percent. The highest loss, 57.92 ksi
(399 MPa), exceeds the nominal pre
stress loss by 70 percent. The lowest
prestress loss that was simulated was
34.09 ksi (235 MPa), which was equiv
alent to the nominal loss.

Table 6 presents the effect the im
proper prestress loss has on stresses
for the double tee. A live load of 520
lbs per ft (7.6 kN/m) was assumed in
the calculations.

As can be seen, a similar situation to
the rectangular beam occurs when the
same allowable stresses as were calcu
lated for the rectangular beam are
used. The allowable tensile stress is
exceeded at midspan when the losses
are higher then expected. Also, the
stresses increase at the support when
the lower and nominal losses occur;
however, these stresses are still within
acceptable limits.

Bridge Girder

The statistics of the prestress losses
for the bridge girder resulting from
10,000 simulations are shown in Table
4. The average loss of 33.44 ksi
(231 MPa) was near the experimen
tally determined losses,15 which ranged
from 53.7 to 29.7 ksi (370 to 205 MPa)
depending on the method employed.
The average loss exceeded the nomi
nal loss of 28.86 ksi (199 MPa) and
resulted in a bias of 1.159.

The nominal loss was calculated by
the PCI method using the nominal val
ues for the parameters. Because the
PCI method does not have values for
Kre and J for a 260 ksi (1793 MPa)
strand, the grade 270 low relaxation
strand values were used. Both the high
est and lowest loss calculated during
the simulations exceeded the nominal
loss by 26 and 6 percent, respectively.

Table 7 shows the effect the im
proper prestress loss has on stresses for
the bridge girder. A live load of 1.15
kips per ft (16.8 kN/m) could be sup
ported by the girder assuming nominal
losses and allowable stresses of 2.7 ksi
(18.6 MPa) for compression and 0.465
ksi (3.2 MPa) for tension.

As can be seen, a similar situation
to the other examples occurs. The al
lowable tensile stress was exceeded
at midspan when the highest losses
were considered. Also, the stresses
increase at the support when the
lower and nominal losses occur; how
ever, these stresses are still within ac
ceptable limits.

Statistical Distribution

As discussed earlier, another pur
pose of this work is to inform design
ers and researchers working with pre
stress losses that these losses will
vary in members with the same nomi
nal values due to the inherent vari
ability of the parameters that affect
prestress losses. In addition, engi
neers working in the area of reliabil
ity of prestressed members will find
the distribution information useful.
Therefore, histograms of the results
for the examples were plotted and
probability plotting’4was used to de
termine a probability distribution that

modeled the resulting losses.
The probability plotting method

was programmed and included the
normal, lognormal, Weibul, and
Gumbel probability distributions. Re
sults of these analyses on the data
showed the normal probability distri
bution fit the data very well by the
use of the coefficient of determina
tion. This was predicted by the cen
tral limit theorem because all the dis
tributions of the variables were
considered normally distributed.

CONCLUSIONS
The following conclusions can be

drawn from this study:
1. Prestress losses are inherently

variable. This is due to the variability
of parameters that affect the prestress
losses, such as the concrete properties,
geometric properties of the member,
and properties of the prestressing
steel. The complex nature of interac
tions between creep, shrinkage, and
relaxation also causes variability in the
calculation of the prestress losses.

2. Prestress losses can be modeled
by a normal distribution with a bias of
1.25 for reliability analyses and other
statistical analytical procedures.

3. Because an improper prestress
loss can affect final stress calculations,

Table 6. Stresses for 1OLDT32 considering losses probabilistically.

Nominal High losses Lov losses
h

P_(kips) 284.43 I 240.66 284.42
- ----

f (ksi) -1.004 .‘ -1.067 -1.000
Midspan

I — —_____________

ft,o,tom0) 0.717 1.090* 0.718

f1,(ksi) .: 0.148 0.126 0.149
Support

: fbortom (ksi) -1.804 -1.526 -1.803

* Exceeds allowable stresses.
Note: 1 ksi = 6.895 MPa; 1 kip = 4448 N.

Table 7. Stresses for bridge girder considering losses probabilistically.

Nominal High losses Low losses

P tkips) 150.93 143.61 149.29

f,,, (ksi) 0.626 . 0.596 0.6 19
Support

—--_________

fiottom (ksi) -1.465 -1.394 -1.449

* Exceeds allowable stresses.
Note: 1 ksi = 6.895 MPa 1 kip = 4448 N.
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it is recommended that engineers in
crease calculated prestress losses by
25 percent and check calculated
stresses against allowable stresses. Al
though this study showed losses in ex
cess of 25 percent, it is understood
that the allowable stresses contain
variability that may counteract the
higher stresses.

4. Further research is required to de
termine the effect the variability of pa
rameters has on the loss of prestress.
This includes obtaining more statisti
cal data on the parameters used to cal
culate the prestress losses and the
study of additional members. The final
important factor of this work is that
prestress losses do, indeed, vary and
engineers and researchers working
with prestressed concrete losses
should be aware of this because the
change in stresses caused by this vari
ance can cause stresses to exceed al
lowable limits.
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APPENDIX — NOTATION

A = constant for determining j’(28) = concrete compressive counts for variation of the
concrete compressive strength at 28 days portion of ultimate shrink-
strength age over each time step

fC’(td) = concrete compressive
A = cross-sectional area of strength at time td RET = prestress loss due to relax-

member
f’(trans) = concrete compressive ation of prestressing steel

= total area of prestressing strength at time of transfer SCF = creep factor that accounts
steel in concrete member

icr = concrete compressive for effect of volume-to-
B = constant for determining stress due to prestressing surface ratio of member

concrete compressive force at time of transfer
SH = prestress loss due to con-strength

f = ultimate stress of pre- crete shrinkage
CR = prestress loss due to con- stressing steel

SSF = shrinkage factor that accrete creep
f = yield stress of prestressing counts for effect of volume

Ec = modulus of elasticity of steel to-surface ratio of member
concrete at 28 days

= stress in prestressing steel t = end of time interval under
= modulus of elasticity of at beginning of time inter- consideration

concrete at initial time of val
prestressing

f = concrete stress at top of
= beginning of time interval

under consideration
eend eccentricity of prestressing member due to all loads

steel at ends of member and prestressing td = concrete curing time in

emidspan = eccentricity of prestressing = moment of inertia of pre- days

steel at midspan of mem- stressed member v = coefficient of variation
ber

MCF = creep factor that accounts
WDL = superimposed dead load

= modulus of elasticity of for effect of age of pre
prestressing steel stress and length of cure X1 = factor in determining ulti

mate creep loss
ES prestress loss due to elastic = perimeter of cross section

shortening of member X2 = factor in determining ulti
mate shrinkage loss

E modulus of elasticity of PCR = creep factor that accounts
prestressing tendons for variation of the portion X3 = factor in determining ulti

of ultimate creep over mate shrinkage loss
fbottom = concrete stress at bottom

each time stepof member due to all loads y = unit weight of member
and prestressing = effective prestressing force

after all losses = mean
= stress in concrete at center

of prestressing force PSH = shrinkage factor that ac- = standard deviation
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