Time-Dependent Deformation of
Noncomposite and Composite
Prestressed Concrete Structures

D. E. BRANSON, B. L. MEYERS, and K. M. KRIPANARAYANAN,
Department of Civil Engineering, University of Towa

This paper reports the results of an investigation of the use of sand-
lightweight concrete in prestressed laboratory beams and bridge girders.
The study is divided into 3 parts: a materials study of the concrete be-
havior itself, a laboratory study of the behavior of both noncomposite (5
beams) and composite (4 beams) prestressed beams, and the field mea-
surement of camber of prestressed girders (5 girders) used in the fabri-
cation of a composgite bridge in Iowa. In addition, systematic design pro-
cedures are presented and verified by the experimental results. The
methods described for predicting material behavior and structural re-
sponse are generalized to apply to prestressed concrete structures of dif-
ferent weight concretes. Continuous time functions are provided for all
needed parameters so that the general solutions readily lend themselves
to computer solutions. Approximate equations are also included. Design
procedures are presented for calculation of strength and elastic properties,
and creep and shrinkage of the sand-lightweight concrete of this project at
any time, including ultimate values. An indication is given of the calcula-
tion of these properties for normal-weight, sand-lightweight, and all-
lightweight concrete in general. Design procedures are also given for
calculation of loss of prestress and camber at any time, including ultimate
values, of noncomposite and composite prestressed structures. Results
computed by these methods are shown to be in agreement with the control
specimen data, the laboratory beam data, and the bridge girder data.

¢ALTHOUGH the behavior of noncomposite and composite prestressed beams of normal-
weight concrete has been studied extensively, with most of these referring to noncom-
posite beams only (1, 2, 3, 4, 5, 6, 7, 8), it appears that no such investigation has
been made of composite prestressed members of lightweight concrete.

Sinno (9), in his study of lightweight noncomposite prestressed bridge girders, con-
cluded that hyperbolic functions (used in modified form in this paper) can be used to
predict loss of prestress and camber. Branson and Ozell (5) and Sinno (8) observed
that camber tends to reach its ultimate value relatively early compared to creep and
shrinkage, because of the offsetting effects of loss of prestress on the one hand and
camber growth due to creep on the other.

Methods used in this study for predicting loss of prestress and camber are based
in part on papers by Branson and Ozell (5), Branson (10), and ACI Committee 435 (11).

DESCRIPTION OF EXPERIMENTAL INVESTIGATION

Materials and Test Specimens

The details of the laboratory beams and bridge girders are shown in Figure 1 and
are given in Appendix B. The laboratory beams were designed as follows:
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Group A—three noncomposite beams with different prestress moments.

Group B—three beams, two of which are composite beams. The slabs were cast
at 4 weeks and 10 weeks after the prestressed beams were cast. The
same prestress moment was used for the 3 beams.

Group C—same as Group B but with a different prestress moment,

The laboratory beams (moist-cured for 3 days and prestressed at age 7 days) and
bridge girders (steam-cured until prestressed at age 2 or 3 days) are sand-lightweight
aggregate concrete (100 percent sand substitution for fines along with lightweight coarse
aggregate), while the glabs are normal-weight concrete, The composite bridge deck
was cast 9 weeks after the bridge girders were cast.

The mix ingredients per cubic yard of sand-lightweight concrete were cement (Type
1), 705 1b; sand, 1,395 1b; idealite aggregate (60 percent of % to %e in. and 40 per-
cent of *; in. to No. 8), 822 Ib; water, 35.0 gal; Darex at s oz per sack, 6.5 oz; and
WRDA (used instead of 21.0 oz of pozzolith for lab beams), 50 oz. Two shrinkage
specimens and 3 creep specimens (6 by 12 in. cylinders placed under a sustained uni-
form stress of about 30 percent of the ultimate concrete strength) were cast for each
sand-lightweight concrete.
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Figure 1. Laboratory beams and bridge girders.
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Instrumentation and Test Data

The principal instrumentation for the laboratory beams included load cells for each
strand to measure the prestressing force, dial gages for camber, and a Whittemore
strain gage for concrete strains, A level rod and precise level were used to obtain the
camber measurements for the bridge girders,

The laboratory specimen experimental data consist of the following:

1. Concrete strength properties, elastic properties, creep and shrinkage data from
control specimens, and steel properties;

2. Temperature and humidity data;

3. Steel relaxation data;

4. Initial and time-dependent concrete beam strains (these are used in determining
experimental loss of prestress); and

5. Initial and time-dependent camber.

Camber data for the bridge girders were obtained in cooperation with Young's study
(12). Material properties of the bridge girder concrete were measured in the labora-
tory. The concrete and steel properties, and other data, are given in Appendix B,

STRENGTH AND ELASTIC PROPERTIES

A study of concrete strength versus time in this project and elsewhere {13) indicates
an appropriate general equation in the form of Eq. 1 for predicting compressive
strength at any time.

. t .
et = 7o U284 (1)

where a and b are constants, (f3)sgq = 28-day strength, and t is time.

The following equations were developed in this studyand by Branson and Christiason
(13) and were used by ACI Committee 209 (14) for normal-weight, sand-lightweight, and
all-lightweight concrete (using both moist- and steam-cured concrete and Types 1 and 3
cement). Equations 2 and 4 refer to the concrete (Type 1 cement) of this project.

For moist-cured concrete, Type 1 cement,

1.18(¢)9gg  (2)

I

t
Uedt = 595+ gase ()28a; or (te)ra = 0.70(¢)2gq, €y
¥or moist-cured concrete, Type 3 cement,

1.09(f¢)agq  (3)

(fé)t = m (fé)28d; or (fé)7d = O-BO(f(I:)ZBdr (f(':)u
For steam-cured concrete, Type 1 cement,
! t 4 I I L
ekt = To5 o.05t (fc)28d; or (E)2.0d = 0.69()gd, (o = 1.05()2gq (4)

For steam-cured concrete, Type 3 cement,

(f(':)t = m (fé)zad; or (fé)2.0d = 0.75(f{)9gq, (feh 1.02(f )agq (5)

where t is age of concrete in days, and (if)y refers to an ultimate (in time) value. The
results of Egs. 2 and 4 agree with the experimental data of this project, as shown in
Figure 2. As shown elsewhere (13, 14), Eqs. 2, 3, 4, and 5 refer to average values
only (the references give ranges of variation).

The secant, initial tangent, and computed moduli of elasticity (using Eq. 6) for the
laboratory beam and bridge girder concrete are given in Appendix B.



18

2
o e [F21 A
il )
2 / {2) Hoist cured, Calec~-Eq.(2)
o
-::u (4) Steam cured, Calc—Eq.(4)
‘-V:_‘ I Eq & Moist cured, Meas--Gp. B
~ (2)
—u-uau e Molst cured, Meas--Gp. C
@~ Steam cured, Meas--Bridge
0 10 20 30 40 50 60 70
Age of conecrere in days
Figure 2. Measured and computed compressive

strength versus time curves for the moist-cured labo-
ratory heam concrete and steam-cured bridge girder
concrete.

E, = 33w’ ¥ig, psi;

c
w in pef and fé in psi {6)

The computed values for the limited num-
ber of tests made were from 6 to 15 per-
cent higher than the initial tangent values.
However, the computed initial camber of
the laboratory beams and bridge girders
was in aggrement with the measured re-
sults (Table 2). Equation 6 (15) is con-
sidered satisfactory for normal-weight,
sand-lightweight, and all-lightweight
concrete.

CREEP AND SHRINKAGE

The principal variables that affect
creep and shrinkage are outlined and dis-
cussed in Appendix C. The design approach presented here for predicting creep and
shrinkage refers to "standard conditions” and correction factors for other than stand-
ard conditions.

developed in this project and by Bransgon and Christiason (13) and used by ACI Commit-
tee 209 (_1-5), is recommended for predicting a creep coefficient and unrestrained shrink-
age at any time, including ultimate values. The general values suggested for Cy and
{egh)y should be used only in the absence of specific creep and shrinkage data for local
aggregates and conditions. However, the time-ratio part on the right side, except for
Cy and {€gh)u, of Eqs. 7 through 9 have been found (13) to apply quite generally. Bran-
son and Christiason (13) and ACI Committee 209 (gj_show that these general values of
Cy and (egh)u refer to average values only and give ranges of variation.

1. Standard creep equation—4 in. or less slump, 40 percent ambient relative hu-
midity, minimum thickness of member 6 in. or less, loading age 7 days for moist-
cured and 1 to 3 days for steam-cured concrete.

0,80
t-

Ct = [, o= Cu M

For the laboratory beam sand-lightweight concrete (moist-cured) of this project,
Cy = 1.75. The average relative humidity, H, was 40 percent.

For the bridge girder sand-lightweight concrete (steam-cured) of this project, Cy =
2.15 for H = 40 percent. H was 70 percent. From Eq. 12 for H = 70 percent, Cy =
0.80(2.15) = 1.72.

General value suggested for all weights of structural concrete (both moist- and
steam-cured concrete, Types 1 and 3 cement), Cy = 2.35 for H = 40 percent. From
Eq. 12 for H = 70 percent, C;, = 0.80(2.35) = 1.88.

2. Standard shrinkage equations—4 in. or less slump, 40 percent ambient relative
humidity, minimum thickness of member 6 in. or less.

a. Shrinkage at any time after age 7 days for moist-cured concrete,

t
(egnlt = 35 + t (¢shlu (8)
For the laboratory beam sand-lightweight concrete of this project, (egply =
650 x 10~%in./in. The average relative humidity, H, was 40 percent.
General value suggested for all weights of structural concrete (both Types 1 and 3
cement), {eghly = 0.70(800 x 10-°) = 560 x 10-° in./in.
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b. Shrinkage at any time after age 1 to 3 days for steam-cured concrete,
t
(gn)t = 555 leshhu (9)

For the bridge girder sand-lightweight concrete of this project, {(egply = 560 x 10-°
in./in. for H = 40 percent. H was 70 percent. From Eq. 13 for H = 70 percent, {eshhu
0.70(560 x 10-°) = 392 x 10~° in./in.

General value suggested for all weights of structural concrete (both Types 1 and 3
cement), (egply = 730 X 10~%in./in. for H = 40 percent. From Eq. 13 for H = 70 per-
cent, (egply = 0.70(730 x 10~%) = 510 x 10" in./in.

In Eqs. 7, 8, and 9, tis time in days after loading for creep and time after initial
shrinkage is considered. Values from the standard Eqgs. 7, 8, and 9 of Ct/C, and
(egh)t/(egh)u are given in the following:

I

Item 1 Month 3 Months 6 Months 1 Year 5 Years
Ct/Cy, Eq. T 0.44 0.60 0.69 0.78 0.90
(tsh)t/(esh)u, Eq. 8 0.46 0.72 0.84 0.91 0.98
((Sh)t/(is};)u, Eg. 9 0.35 0.62 0.77 0.87 0.97

The lower creep and shrinkage for the concrete of this project, as compared with
the average or general values, was probably due to the high concrete strengths attained.
The computed (Egs. 7 and 8) and measured creep and shrinkage for the moist-cured
concrete of this project are shown in Figures 3 and 4.
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Figure 3. Measured and computed creep cosfficient for the sand-

lightweight concrete of Groups A, B, and C—slump less than 3 in., loaded
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days, average relative humidity 40 percent, and thickness of specimens 6 in.
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3. Correction factors—All correction factors are applied to ultimate values, How-
ever, because creep and shrinkage for any period in Eqs. 7, 8, and 9 are linear func-
tions of the ultimate values, the correction factors in this procedure may be applied
to short-term creep and shrinkage as well.

For slumps greater than 4 in., see Figure 1i.

For loading ages later than 7 days for moist-cured concrete and later than 1 to 3
days for steam-cured concrete, use Egs. 10 and 11 for the creep correction factors
(L3). These results are also shown in Figure 5.

Creep (C.F.); o = 1.25 ti:t‘\““ for moist-cured concrete (10)
Creep (C.F.); 5 = 1.13 ti&‘\“% for steam-cured concrete (11)

where ty a is the loading age in days. Examples are as follows:

tLA Moist-Cured {(C.F.}1,5 Steam-Cured (C.F.}y 5
10 0.95 0.90

20 0.87 0.85

30 0.83 0.82

60 0.77 0.76

90 0.74 0.74

For shrinkage considered from other than 7 days for moist-cured concrete and other
than 1 to 3 days for steam-cured concrete, determine the differential in Eqs. 8 and 9
for any period starting after this time. For shrinkage of moist-cured concrete from
1 day (used to estimate differential shrinkage in composite beams, for example), use
Shrinkage C.F, = 1.20.

For greater than 40 percent ambient relative humidity, use Eqs. 12 and 13 for the
creep and shrinkage correction factors (13, 25, 27).

Creep (C.F.)y = 1.27 - 0.0067 H, H = 40 percent (12)
Shrinkage (C.F.)gy = 1.40 - 0.010 H, 40< H < 80 percent } (13)
= 3.00 - 0.030H, 80SHEZ 100 percent

where H is relative humidity in percent. Examples are as follows:

H Creep (C.F.)yg Shrinkage (C.F.)yg
40 or less 1.00 i.00
50 0.94 0.90
60 0.87 0.80
70 0.80 0.70
80 0.73 0.60
90 0.67 0.30
100 0.60 0.00

For minimum thickness of members greater than 6 in., see Figure 11 for the creep
and shrinkage correction factors as a function of length of drying and loading periods.
For most design purposes, this effect (as shown in Appendix C) can be neglected for
creep of members up to about 10 to 12 in. minimum thickness, and for shrinkage of
members up to about 8 to 9 in. minimum thickness.

This method of treating the effect of member size was based on informaktion from
other sources (13, 16, _2_§) and this project. For large-thickness members, refer to
the method of Hansen and Mattock (@) and others for relating size and shape effects
for creep and shrinkage to the volume-gsurface ratio of the members.,
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Figure 5. Measured and computed steel relaxation for relaxation tests.

Other correction factors for creep and shrinkage, which are usually not excessive
and tend to offset each other, are described in Appendix C. For design purposes,
these may normally be neglected.

.OSS OF PRESTRESS AND CAMBER

Relaxation Tests

Relaxation measurements were made for 3 different diameter 7-wire prestressing
strands. The results agreed well with the equation suggested by Magura et al. (29} as
shown in Figure 5. T

It should be noted, however, that the relaxation of steel stress in a prestressed
member takes place under decreasing steel strain (due to creep and shrinkage), rather
than at constant length as in a relaxation test. The loss of prestress due to steel re-
laxation is also affected by slab-casting (level of stress in steel is raised) in the case
of composite beams. Because of these effects and the practice of overtensioning to
counteract the relaxation that takes place between the time of tensioning and release
{this practice was assimilated in the laboratory beam tests, where it is shown in Fig-
ure 5 that about 2 percent retaxation takes place in 24 hours, for example), it is felt
that about 75 percent of the steel relaxation in a constant-length relaxation test should
be used in prestressed concrete loss calculations.

Antill concluded {(30) that steel relaxation is probably insignificant beyond 100,000
hours (11.4 years), and that this ultimate value might be taken as twice the value at
1,000 hours (1.4 months). The relaxation equation recommended in this paper is the
same time-function (log t) as that of Magura et al. (29) except that it is reduced by 25
percent in magnitude and has incorporated Antill's idea (30) that the ultimate value be
taken as twice the value at 1,000 hours. This results in an ultimate steel relaxation
for prestressed concrete of 7.5 percent, as shown in Term 4 of Eq. 14 and in the other
equations.

Computed Loss of Prestress and Camber

The discussion in this section is based on or related to previous studies by the au-
thors and others (5, 8, 7, 10, 11, 29, 30, 31, 32).

Noncomposite Beams at Any Time, Including Ultimate Values—The loss of pre-
stress, in percentage of initial tensioning stress, is given by Eq. 14.

1 2
— N
PL i) + (nf,)C (1 AFt)
=] n + (n - =
t d c/~t 2F0
3 4
I N N

fsi 100
+ ((Sh)t ES/(I + l'lpks) + % 1.510g10t:| E (14)
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Fi 82
I
; and n is the modular ratio at the time of prestressing. Frequently | Ag,

Term 1 is the prestress loss due to elastic shortening = PLg); f, = Kl +

MD e t
I
and Ig are used instead of Fj, A¢, and It, where Fg = F; (1 - n p). Only the first 2

terms for f; apply at the ends of simple beams. For continuous members, the effect

of secondary moments due to prestressing should also be included. AF}
Term 2 is the prestress loss due to concrete creep. The expression, Ct|l - 5F. )
0,

was used by Branson and Ozell (5) and by ACI Committee 435 (11) to approximate the
creep effect resulting from the variable stress history. A later section on required
calculations and summary of general parameters gives approximate values of AF/F
(in form of AFg/F, and AFy/F,) for this secondary effect {(expression in parentheses%
at 3 weeks to 1 month, 2 to 3 months, and ultimate values.

Term 3 is the prestress loss due to shrinkage (32). The expression, (eghht Eg,
somewhat {approximately 1 percent loss differential for the bridge girder ultimate
value in the example here) overestimates on the safe side Term 3. The denominator
represents the stiffening effect of the steel.

Term 4 is the prestress loss due to steel relaxation and assumes maximum value =
7.5 percent (at or above 10° hours = 11.4 years). In this term, tis time after initial
stressing in hours. This expression applies only when fsi/fy is greater than or equal
to 0.55, in which fy is the 0.1 percent offset yield strength.

The camber is given by Eq. 15. It is suggested that an average of the end and mid-
span loss be used for straight tendons (laboratory beams here) and 1-point harping,
and the midspan loss for 2-point harping (bridge girders here).

1 2 3 4 5
—Tee N —_—
AFy AF}
B = (8pr, - (p + |-t + (1- 75 ) Ct | 4ok, - Celayp - &y, (5)

Term 1 is the initial camber due to the initial prestress force after elastic loss, Fg.
Appendix D gives common cases of prestress moment diagrams with formulas for com-
puting camber, (Ai)po. Here F, = Fi(1 - n f¢/fg4), where f. is determined as in Term

1 of Eq. 14. For continuous members, the effect of secondary moments due to pre-
stressing should also be included.

Term 2 is the initial dead load deflection of the beam; (Aj)p =K M L¥E; I,. Ap-
pendix A gives the K and M formulas. Ig is suggested instead of It for practical
reasons.

Term 3 is the creep (time-dependent) camber of the beam due to the prestress force.
This expression includes the effects of creep and loss of prestress, that is, the creep
effect under variable stress. AF; refers to the total loss at any time minus the elastic
loss. It is noted that the term, AFt/Fo: refers to the steel stress or force after elas-
tic loss, and the prestress loss in percent, PL (as used here}, refers to the initial
tensioning stress or force. The two are related as

1 fsi
T = 106 ®PLt - PLel)E

and can be closely approximated by

1
(PLt - PLe)) 105

|
F, 100

Term 4 is the dead load creep deflection of the beam.

Term 5 is the live load deflection of the beam.

Unshored and Shored Composite Beams at Any Time, Including Ultimate Values—
Subscripts 1 and 2 are used to refer to the slab (or affect of the slab such as under
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slab dead load) and precast beam respectively. The loss of prestress, in percentage
of initial tensioning stress, for unshored and shored compogite beams is given by Eq.
16:

1 2 3
\ AF AF, + AR\ I
PLt = [ (n fc) + (l'l fc)C52 1 - Z—FO + (1'1 IC)(Ctz - CSg) 1 T E‘
4 5 8 7 8
™ f = f—/\ﬂ ,-—-/\_.I T

100
fsi
(16)

2
+ legp)t Eg/(1 + npkg) + 0 S 1. 5log t - (m feg) - (m fcg)Cy, L - PGDS]

Term 1 is the prestress loss due to elastic shortening. Term 1 of Eq. 14 gives the
calculation of f..
Term 2 is the prestress loss due to concrete creep up to the time of slab-casting.
CS is the creep coefficient of the precast beam concrete at the time of slab-casting.
AF
Term 2 of Eq. 14 has comments concerning the reduction factor |1 - ﬁ_

Term 3 is the prestress loss due to concrete creep for any period following slab-
casting. Ct is the creep coefficient of the precast beam concrete at any time after

slab- castmg The reduction factor, 1 - [{AFg + AF{)/2F], with the incremental
creep coefficient, (Ct2 Cq ), egtimates the effect of creep under the variable pre-
stress force that occurs a.fter slab-casting, The reduction factor term was modified
from previous references. The expression, I /Ic, modifies the initial value and ac-
counts for the effect of the composite section in restraining additional creep curvature
(strain) after slab-casting.

Term 4 is the prestress loss due to shrinkage. Term 3 of Eq. 14 has comments.

Term 5 is the prestress loss due to steel relaxation. In this term, t is time after
initial stressing in hours. Term 4 of Eq. 14 gives the maximum value and limitations.

Term 6 is the elastic prestress gain due to slab dead load, and m is the modular
ratio at the time of slab-casting.

M e

_ s, Di
fcs - Ig ’Ms,Di

refers to slab or slab plus diaphragm dead load, and e and I, refer to the precast beam
section properties for unshored construction and the composite beam section properties
for shored construction.

Term 7 is the prestress gain due to creep under slab dead load. C; is the creep
coefficient for the slab loading, where the age of the precast beam concrete at the time
of slab-casting is considered. For shored construction, the term, Ia/IC’ is dropped.

Term 8 is the prestress gain due to differential shrinkage. PGpg = m fcq, where

e
fog = %i, and f.q is the concrete stress at the steel cgs. The nomenclature in
Appendix A gives additional descriptions of terms. Because this effect results in a
prestress gain, not loss, and is normally small (Table 3}, it may usually be neglected.

The camber of unshored and shored composite beams is given by Eqs. 17 and 18
regpectively.

Unshored Construction—

1 2 3
— T —

AT, AF,
4, = (Ai)Fo - (4, + [ o (1 - m)cs2 ] (Ai)Fo
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4 5

o _\ —
AFy - AFg AFg + AF, L
U B " zF, )€ - Cs,) | (8F, I, - Csfai,
) 7 A ] 10
i — /—"A? — =
- {Cy, - Csz}(ﬁi)zg - (ay) - ctl(Ai)lI—C' - dpg - A (17)

Term 1 is the initial camber due to the initial prestress force after elastic loss,
F,. Term 1 of Eq. 15 gives a further explanation.

Term 2 is the initial dead load deflection of the precast beam. (4A;), = KM,L¥F; Iy
Term 2 of Eq. 15 has a further explanation. i

Term 3 is the creep (time-dependent) camber of the beam due to the prestress
force up to the time of slab-casting. Term 3 of Eq. 15 and Terms 2 and 3 of Eqg. 16
give further explanations.

Term 4 is the creep camber of the composite beam due to the presiress force for
any period following slab-casting. Term 3 of Eq. 15 and Terms 2 and 3 of Eq. 16 give
further explanations.

Term 5 is the creep deflection of the precast beam up to the time of slab-casting
due to the precast beam dead load. Cg, i3 the creep coefficient of the precast beam
concrete at the time of slab-casting.

Term 6 is the creep deflection of the composite beam for any period following slab-
casting due to the precast beam dead load. Term 3 of Eq. 16 has a further explanation.
Term 7 is the initial deflection of the precast beam under slab dead load. (4y), =
KM, LZ/ECS Io. The nomenclature in Appendix A contains K and M formulas. When

diaphragms are used, additions to (3;), are required:

where My is the moment between diaphragms, and a is L/4, /3, and so on for 2
symmetrical diaphragms at the quarter peints, third points, and so on respectively.

Term 8 is the creep deflection of the composite beam due to slab dead load. Cy, is
the creep coefficient for the slab loading, where the age of the precast beam concrete
at the time of slab-casting is considered. Term 3 of Eq. 16 gives comments concern-
ing 1,/1,.

Terr?) 9 is the deflection due to differential shrinkage. For simple spans, Apg =
QyesL?/8EcgI;, where Q =D A E /3. The nomenclature in Appendix A has additional
descriptions of terms. The factor 3 provides for the gradual increase in the shrinkage
force from day 1, and also approximates the creep and varying stiffness effects (7).
This factor 3 is also consistent with the data here and elsewhere. Table 4 gives nu-
merical values used here. In the case of continuous members, differential shrinkage
produces secondary moments {similar to the effect of prestressing but opposite in sign,
normally) that should be included (35).

Term 10 is the live-load deflection of the composite beam, in which the gross-
section flexural rigidity, E, I, is normally used.

Shored Construction—

4y = Eq. 17 (18)

with Terms 7 and 8 modified as follows:

Term 7 is the initial deflection of the composite beam under slab dead load. (Ajh =
KM, LYEggle. Appendix A gives K and M formulas.

Term 8 is the creep deflection of the composite beam under slab dead load =
Ctl(Ai)r The composite-section effect is already included in Term 7.
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It is suggested that the 28-day moduli of elasticity for both siab and precast beam
concretes, and the gross 1 (neglecting the steel), be used in computing the composite
moment of inertia, I., in Egs. 16, 17, and 18,

Special Case of "Ultimate" Loss of Prestress and Camber—For computing ultimate
values of loss of prestress and camber, Eqs. 19, 20, 21, 22, and 23 correspond term-
by-term to Eqs. 14, 15, 16, 17, and 18 respectively.

Loss of prestress for noncomposite beams, as per Eq. 14;

3 4

1 2
T s
~ AF, . 100
PLy, = [(n fe) + (nfe)Cyfl - 37 1+ (eshhuEg/(1 + npkg) + 0.075 g 1 (9)
o si

Camber of noncomposite beams, as per Eq. 15:

1 2 3 4 5
/—/\ﬂ ——— = /‘—A—\ ——
AF, AF,
A, = (Ai)Fo - {ap o+ - F, + 1-E Cu (Ai)FO - Cylapp - 45, (20)

Loss of prestress for unshored and shored composite beams, as per Eq. 16:

1 2 3

Lt I S e BEA}
AF AF. + AF I
PL, = [ nf.) + (n fc)(aSCu)(l - ﬁT:) + (nf)(1- aS)Cu(l - _Szr‘.&) ii

4 5 8 7
-~ — T — f‘_‘_"_""_'/\“'"ﬁl
2

+ (egphy Eg/(1 + npkg) + 0.075fg; - (m feg) - (m feg) (BgCy) To

8
‘ y 0
- PGDS] % (21)

Camber of unshored composite beams, as per Eq. 17:

3

1 2
—_—— ey ~ —
_ AFg AFg
R R R
4 5
———
I !E - AF AF + AF 12\
+ [-—?OJ + (1 —;—FOJ) (1- as)cu] (Ai)FOE - fﬁ!sCu(Ai)2
8 7 8 o 10
pu e ~ f——AI—‘ ——— ~~
- (1 - ag)Cylay), i - (ay), - BgCulay), ﬁ - Apg - A (22)

Camber of shored composite beams, as per Eq. 18:
A, = Eq. 22 (23)

except that the composite moment of inertia is used in Term 7 to compute (a§),, and
the ratio, IZ/IC, is eliminated in Term 8.
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It is noted that Eqs. 14 through 23 could be greatly shortened by combining terms
and substituting the approximate parameters given in Eqs. 24, 25, and 26. They are
presented in the form of separate terms, however, in order to show the separate ef-
fects or contributions to the behavior (such as the prestress force, dead load, creep,
and shrinkage that occur both before and after slab-casting). The grossly approximate
equations are as follows:

For noncomposite beams,

oo+ aiC{ 1-228), A - (apE - By (24)
Sy = 4 + Ay 2F, )’ & = '&JF, - (8ilp
For composite beams,
PLU = [nfc (1 + C—zu) = nfcs + (Esh)uES + 0‘075 fsi] % (25)
si
By = A+ ACy (L), A = (A-I)F0 - (a9, - (Af), (26)

Required Calculations and Summary of General Parameters

Continuous time functions are provided for al! needed material parameters {and for
different weight concretes, moist- and steam-cured), so that the equations here readily
lend themsleves to computer solutions. Certain other read-in data (such as the effect
of behavior before and after slab-casting—eg, fg, m, and AFg/Fg) are also included.
The parameters related to material properties are summarized later so that, for com-
posite beam hand calculations, for example (in addition to the section properties, pre-
stress force, Fy, and concrete stresses, fg, fcg), the only caleulations needed for
computing prestress loss and camber are the initial camber, (Aj)p, (ay),, and (8y);
Apg: and Ag.. o

The following loss of presiress ratios at the time of slab-casting and uitimate are
suggested for most calculations:

1. AFg/F,for 3 weeks to 1 month between prestressing and slab-casting = 0.11
for normal-weight, 0.13 for sand-lightweight, and 0.15 for all-lightweight;

2. AFs/FO for 2 to 3 months between prestressing and slab-casting = 0.15 for
normal-weight, 0.18 for sand-lightweight, and 0.21 for all-lightweight; and

3. AF,/Fy =0.22 for normal-weight, 0.25 for sand-lightweight, and 0.29 for all-
lightweight.

Note that these are defined as the total loss (at slab-casting and ultimate} minus
the initial elastic loss divided by the prestress force after elastic loss. The different

TABLE 1
AVERAGE MODULAR RATIOS

Normal- Sand- All-
Weight Lightweight Lightweight
Modular Ratio (w = 145) (w = 120) (w = 100)
MC 3C MC 5C MC 3C
At releade of prestress, n = 7.3 7.3 9.8 9.8 12.9 12.9
3 weeks between prestress-
ing and slab-casting, m = 6.1 6.2 5.1 8.3 10.7 10.9
1 month between prestress-
ing and slab-casting, m = 6.0 8.2 8.0 B.2 10.5 10.7
2 months between prestress-
ing and slab-casting, m = 5.9 6.1 7.9 8.2 10.2 10,6

3 months between prestress-
ing and slab-casting, m = 5.8 6.0 7.7 8.0 10.2 10.5
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values for the different weight concretes are due primarily to different initial strains
{because of different E's) for normal stress levels.

Table 1 gives average modular ratios based on f,; = 4,000 to 4,500 psi for both
moist-cured (MC) and steam-cured (SC) concrete and Type 1 cement for both 250 and
270 K prestressing strands. Up to 3 months, e = 6,360 to 7,150 psi (using Eq. 2) for
MC; and at 3 months, f¢ = 6,050 to 6,800 psi {using Eq. 4) for SC.

Eg = 27 x 10° psi for 250 K strands, Eg = 28 x 10° psi for 270 K strands, ag refers
to the part of the total creep that takes place before slab-casting (as = ‘w—t+—€‘ﬁ*6—o , A8

per Eq. 7), and 8¢ [equal to the average Creep (C.F.)1 A from Egs. 10 and 117 is the
creep correction factor for the precast beam concrete age when the slab is cast funder
slab dead load). Equations 7, 8, and 9 and the correction factors here give suggested
values of Cy and (egp)y,.

The following may be substituted for normal-weight, sand-lightweight, and all-
lightweight concrete (moist- and steam-cured, and Types 1 and 3 cement):

Time Between
Prestressing and

Slab-Casting Y ?g
3 weeks 0.38 0.85
1 month 0.44 0.83
2 months 0.54 0.78
3 months 0.60 0.75

Sample Calculations

The following numerical substitutions for ultimate loss of prestress at midspan,
using Eqg. 21 and 25, and ultimate midspan camber, using Eqs. 22 and 26, with the
general parameters given here, are made for the sand-lightweight, steam-cured com-
posite bridge girders (with slab moist-cured) of this project.

Parameters and Terms for Interior Girders—Span = 86 ft; girder spacing = 7 ft; 2-
point harping at 0.4 L pt. from end, 3 (midspan) = 14.3 in,; e (end) = 6.2 in.; fsi =
190,000 psi; F; = 867 k; Ag =4.56 in%; Ag =520 in’% p = 0.00883; Iz = 108,500 in.";

Mp (precast beam) = 410 ft-k; I, = 334,100 in* (using slab width divided by a factor of
Egtemn/Eslab = 3.42/3.41 = 1.00); and Mg, Di {slab plus diaphragm moment at midspan
span§n= 630 ft-k.

Moduli of elasticity (using Eqs. 2, 4, and 6 for concrete): E_ = 28 x 10° psi, as sug-
gested for 270 K grade strands here. Slab E; = 3.41 x 10° psi, ?or fg = 3,500 psi, w =
145 pef (Table 7). Precast beam (description of m and n i8 given in general parameters
section for concrete properties): Eqj = Eg/n =28 x 10°/9.8 = 2.86 x 10° psi; and Ecg =
Eg/m =28 x 10°/8.2 = 3.42 x 10° psi.

Using F;, Ay, and Iy, as per Term 1 of Eq. 14 or 16 or 21, fo = 2,467 psi; as per
Term 6 of Eq. 16 or 21, fog = 1,006 psi. These concrete stresses refer to the mid-
span section. As per Term 1 of Eq. 15 or 17 or 22, for camber, F, = F(1 - n f¢/fgi) =
758 k, using f, = 2,467 psi.

From the general parameters section, n = Es/Eci = 9.8; for 2-month period be-
tween prestressing and slab-casting, m = E4/E, = 8.2; ag = 0.54; 85 = 0.78; and
AFg/F, = 0.18. AF,/F, = 0.25.

From Eqs. 7and 9, for H = 70 percent, C, = 1.88 and (egp)y = 510 x 10™% in./in.

From Eq. 8, for differential shrinkage, (egply = 1.2(560) = 670 x 107° in./in,

Initial camber and deflection, and differential shrinkage deflection: (Ai)Fo =4.09
in., as per Term 1 of Eq. 15 or 17 or 22; (A}, = 1.74in., as per Term 2 of Eq. 15 or
17 or 22; and (Ay), = 2.26 in., as per Term 7 of Eq. 17 or 32. This deflection is due
to the slab and diaphragm dead load. Apg =0.49 in., as per Term 9 of Eq. 17 or 22.

Solutions for Interior Girders—Ultimate loss of prestress at midspan using Eq. 21
is
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(1) (2) @ @ 6 B () (8
PLy = 127 + 11.7 + 2.8 + 6.5 + 7.5 - 4.3 - 2.0 - 1.6 = 33.3 percent

Ultimate midspan camber using Eq. 22 minus Ay is

1 @ @ 4 B (& (1 & (9
A, = 4.09 - 1.74 + 3.05 + 0.80 - 1.77 - 0.48 - 2.26 - 1.06 - 0.49 = 0.14in,

Ultimate loss of prestress at midspan using the approximate Eq. 25 is
PL, = 246 - 5.2 + 7.5 + 7.5 = 34.4 percent
Ultimate midspan camber using the approximate Eq. 26 is
&, = 0.09 + 0.05 = 0.14in,

where Ay = 4.09 - 1.74 - 2.26 = 0.09in,

Also given in Tables 2 and 3 are the prestress loss and camber results by the more
reliable Eqs. 14 through 17 and 19 through 22, and the approximate Eqs. 24 through
26, for the laboratory beams and bridge girders. Although the agreement is good (note
the camber is near zero due to the slab effect) by these methods, the approximate
method may be suitable in many cases (Tables 2 and 3) for rough calculations only.
Also, the calculations needed by the approximate methods are not significantly fewer
than those by the other methods. The more reliable equations should be preferable for
computer use.

Experimental Loss of Presiress and Camber Resulis

The loss of prestress at the end and midspan for the laboratory beams was deter-
mined from the measured concrete strains. However, this measured loss does not in-
clude the steel relaxation loss, because steel relaxation is a '"stress relaxation at con-
stant length—or nearly so in the case of a prestressed concrete beam" phenomenon.

A
\ Top Gage I.5"
Dotted line is
computed
Time after initial value 5.3"
prestress—
ing in days 180 Dot
- o -— Gﬂge
TN 10 Y
400 800 1200 ! 400 800 1200 x 16 8infin
End Section Midspan Section

Initial plus time-dependent strain distributicen diagrams
from concrete strains measured on the sides of the beams

Typical experimental prestress loss determined for end section at 180 days, where fg = 172 ksi,
Es=27x 10* ksi, and observed concrete strain at cgs = 1,001 x 10°® in.fin,

Item Percen
Loss from measured strains (1,001 x 10°°}(27 x 10%) (100)/172 15.7
Increase in measured loss due to lateral distribution (determined ag

2.5 percent of 15.7) 0.4
Measured loss due to steel relaxation (75 percent of value shown in

Fig. 5) 55
Total experimental loss of presiress 21.6

Figure 6. Typical measured strain distribution diagrams for the end and midspan
sections of Beam B1, and example of experimental prestress loss determined for
the end section at 180 days after prestressing.
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Separate relaxation tests were made, and the results are shown in Figure 5. From
these and other tests, the relaxation equation given in Term 4 of Eq. 14 was deter-
mined. An example of the experimental determination of prestress loss for a typical
laboratory beam is shown in Figure 6.

Experimental and computed loss of prestress versus time curves for the laboratory
beams are shown in Figure 7, and the computed curves for the bridge girders are
shown in Figure 8. Measured and computed midspan camber versus time curves for
the beams and girders are shown in Figures 9 and 10. The general Egs. 14 through 17
with experimental parameters were used in all comparisons with test results in Fig-
ures 7, 9, and 10. These results are given in Tables 2 and 3 at release of prestress
(camber only), just before slab-casting (3 and 9 weeks for the beams and 9 weeks for
the girders, after prestressing), and at 180 days for the beams and 560 days for the

Slab Cast
(9 weeks) Beam B3

Beam C1

§lab Cast
Beam A3 (3 weeks)

Beam C2

Slab Cast
(9 weeks) Beam C3

10 Beam Bl

L L . N s
0 40 80 126 160 200
Time after prestreasing in days

Total loss of prestress (including elastic loss) in percent

Experimental Computed
-~ End - Ead

Slab Cast Beam B2
{3 weeks) —o= Midspan -.m _ Midspam
0 , n - L

0 40 80 120 160 200
Time after prestressing in days

4

Figure 7. Experimental and computed loss of prestress {(using general Egs.
14 and 16 with experimental parameters} for the laboratory beams,



[
=

Total loss of prestress (including elastie logs} in percent

3o
- e mmmmrm——enn A e
S P e
207’ e \ ’ ’\
1
< «
e m e m Interior
1o} Exterior Girder 155
Girder 152
0 i A i A i " i A i n A A i
30 - n
[ ,"'L_____:r'”_,______.--_M--—-A ; /"____-____:._=;_.-u.---.-x.-.-..'_-u- [T ¥
’/\ ‘I>\
AN A
[ m Interior e m Exterior
10F Girder 153 Glrder 156
Q L . M i —_— a \ L N " i
. Q 75 150 225 300 375 450 525 600
o -1 R raw Time after prestressing in days
o i T e = .
Girders moved to site 7-8
weeks after prescressing
Interior
Girder 154 Slab cast 9 weeks after prestressing
¢ . . N _.e End .o _Midspan
0 15 150 225 300 375 450 525 60O

Time after prestressing in days

Figure 8. Computed loss of prestress (using general Eq. 16 with experimental parameters) for the bridge girders.

TABLE 2

EXPERIMENTAL AND COMPUTED LOSS OF PRESTRESS FOR LABORATORY BEAMS AND COMPUTED LOSS
OF PRESTRESS FOR BRIDGE GIRDERS

Computed Ultimate Lossd

Time Computed Experi- -
Between Loss Just mental Computed Loss by Gen. Eqs.  Ult. Egs. Approx.
General Egs. 14 and 16
No Prestress Before Loas atb With Fxp. Parameters® 14 and 16 19 and 21 Egq. 25
: and a Slab-Cast 180 Days With Exp. With Gen. With Gen.
Slab-Cast B . . Parameters Parameters Parameters
(days)  Mid Ratic End pua Cnd  Ratlo Mid - Ratio
End Mid End Mid End Mid
Laboratory Beams
Al — — — 235 22.0 255 108 246 1.12 317 305 36.8 354 —¢ —
A2 — — — 21,0 185 23.2 1.10 2238 1,14 289 278 33.6 321 — —
A3 — -— — 1%.0 185 214 113 204 1.10 26.7 255 320 3086 — —
Bl — — — 216 21,6 240 111 229 1.09 298 2B.6 34.6 33.1 — —
B2 21 150 167 21,9 205 222 1.02 20 1.0 26.5 250 28,9 272 310 2%.4
B3 63 19.4 1,10 21.4 200 226 106 21.1 1.05 268 252 204 2746 310 29.4
ci - — — 250 240 257 103 247 103 3.8 308 37.2  35.7 — —
c2 21 164 097 230 214 237 103 224 105 28.2 267 30.8 29.3 33.1 318
c3 83 21.1 101 236 223 244 1.03 230 1.03 287 27.2 317 300 331 318
Bridge Girders

152 65 28.4 — — — 27.3 — 28,2 — 294 286 304 340 30.5 350
153 65 20.4 — - - 28,0 - 28.6 — 30,2 30.0 303 33.3 305 344
154 65 29.4 — - — 28,0 —_ 28.6 — 30,2 300 303 333 305 344
155 60 28.4 — — - 27.2 - 27.0 — 203 287 30,3 333 305 34.4
156 60 29.8 — — - 28.4 - 29,2 — 30.5 310 30.4 340 305 350

Ngte:  All losses are expressed in percentage of initiai stress. The ratios in the table are computed-exparimental. The note 10 Table 4 gives 2 description of

the experimentat parameters. The section on sampla calculations gives a description of the general parameters.

AThe laboratory beams and bridge girdlers were prestressed at age 7 days and 2 to 3 days respectively,

l:‘F'\gure\ 8 shows an example of the experimental prestress loss determination. The 180 days and 560 days in footnote ¢ refer to days after prestressing.

€180 days for laboratory beams and 560 days for bridge girders.
dBecause the laboratory bearn concrete strengths at release were well beyond the range specified for the general parameters, the n and m values in the
general parameter cotumns were computed separately for the {aboratory beams. Where general parameters are used, a correction factar is applied for rala-
tive hurnidity only.
©No approximate equation was given in the paper for noncomposite beam lass of prestress. Equation 25 refers to composite beams only,
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Figure 8. Measured and computed camber (using general Egs. 15 and 17
with experimental parameters) for the laboratory beams.
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TABLE 3
MEASURED AND COMPUTED MIDSPAN CAMBER FOR LABORATORY BEAMS AND BRIDGE GIRDERS

Computed Ultimate Camber®

Time Computed Camber
. Between Camber Just Before by General Egs. 15 " Approx.
Initial Camber ;. poon Slab-Cast and 17 With Exp.  oon Eqs. Uit Eos.o gy
No., ———— and Parameters 15 and 17 20 and 22 and 26
Meas Comp Ratio Slab- Cast® Meas Comp Ratio W{;th Exp. W;Fh Gen., With Gen.
(days) Meas Comp Ratio ram- ATAM- param-
gters eters
eters
Laboratory Beams
Al 0.2% 0.25 0.93 - — —_ —_ 0.44 0.46 1.04 0.54 0.66 G
A2 0.20 0.19 095 — - — — 035 035 1.00 0.42 0.52 G.5%
A3 DBad D. 0.1 - - — -— — 0.27 0.26 0,96 0.31 0.38 0.44
Bl 0,22 022 1,00 — — — 039 039 1.00 0.46 0.58 0.66
B2 023 022 096 21 $4.32 032 1.00 0.25 027 1.08 0.28 0.26 0.2%
B3 0.23 0.22 0.9 63 0.36 035 097 0.26 027 L1.04 0.28 0.28 0.30
C1 0.27 027 1,00 - — - — 047 049 1.04 0.57 0.73 0.75
cz 027 027 100 21 0.39 039 1 0,34 036  1.06 0.38 0.37 0.39
c3i 027 027 100 63 0.44 0.44 1.00 0.35 0,37 L.06 0.39 0.39 8.39
Bridge Girders
152 2,06 2.14 1.04 55 3.10 3.06 098 0.50 0.45 0.90 0.43 Q.51 0.53
153 2.05 2,22 1.08 85 310 313 1.02 0.25 0,19 0.7 0.16 0.14 0.14
154 2,10 2.22 1.06 65 3.05  3.13  1.03 0.20 0,19 0.85 0.16 0.14 0,14
155 1.9 2.14 1,13 60 285 3.04 1.03 -0.02 0.04 — 0.01 0.14 0.14
156 1.8 2.27 1,23 60 292 316 1.08 0.30 052 1.74d 0.50 0.51 0.5%

Note: All camber values are in inches. The ratios in the table are computed-measured. The note to Table 4 gives adescription of the experimental parameters. The
section on sample calculations gives a description of the general parzmeters.

#The laboratory beams and bridge girders were prestressed at age 7 days and 2 to 3 days respectively. The 180 days and 560 days in footnote b refer to days after
prestressing.

B180 days for taboratory beams and 560 days for bridge girders.

CRecause the laboratory beam concrete strengths at release were well beyond the range specified for the general parameters, the n and m values in the general param-
eter columns were computed separately for the laboratory bums.

deamber has been reduced from about 3 in. before slab-casting to less than % in. after 1 year {Fig. 10). This ratia is large for the near-zero ¢amber even though the

difference in camber ie 0.22 in.

Steel
Being '

Placed Extariar Interior
2.0 Girder 152 Girder 155
1.0
e P Y . FY
n T - S L]
% 0 . L i L x n o m e s e o o ainew
e e |
o ]
ar
o
-
b Interior Exterior
5 Girder 153 Girder 156
3
-]
g . . e
2 [ ] L - TTeTTTTmTmE T -
E L b L C 4 - ¥ [ T N i i
— o 75 150 225 300 375 450 525 600
g Time after prestressing in days
= Interior
Girder 154 Girders moved to site 7-8
weeks after prestressing
Slab cast 9 weeks after prestressing
I T, s
150 225 300 375 450 525 600 &~ Measured ~—- Computed

Time after prestressing in days

Figure 10. Measured and computed camber (using general Eq. 17 with experimental parameters} for the bridge
girders.



TABLE 4

COMPUTED ULTIMATE LOSS OF PRESTRESS AT MIDSPAN, BY TERMS, FOR LABORATORY
BEAMS AND BRIDGE GIRDERS, USING GENERAL EQS. 14 AND 18 WITH EXPERIMENTAL PARAMETERS

Creep Creep Elastic Gain Tatal

No Elastic Loss Loss Shrink Relax Gain Creep Gain Dueto Loss, Egs
° Loss Before Aiter Loss  Loss Dueto DuetoSlab Differential o 9%
Stab-Cast 8lab-Cast Slab Shrink
Laboratory Beams
Al 5.2 §.0 — 9.8 7.5 — - - 30.5
A2 4,1 6.3 — 9.9 7.5 — — — 27.8
A3 3.2 4.8 — 10.0 7.5 — — — 25.5
B1 4.5 6.4 — 9.7 7.5 — - - 28.6
B2 4.5 2.9 1.2 8.7 7.5 -0.4 -0.2 -0.2 25.0
B3 4.5 4.0 0.9 9.7 7.5 -04 -0.2 -0.8 25.2
1 5.4 8.3 — 9.6 7.5 —_ — - 30.8
c2 5.4 3.5 1.5 9.6 7.5 -0.4 -0.2 -0.2 26,7
C3 5.4 4.8 1.1 9.6 T.5 -0.4 -0.2 -0.6 27.2
Bridge Girders

152 11.5 5.8 2.1 4.3 7.5 -3.7 -1.8 -0.6 29.6
153 12.0 10.3 2.2 4.5 7.5 -4.2 -1.7 -0.6 30.0
154 12.0 10.3 2.2 4.5 7.5 -4,2 -1 -0.6 30.0
155 11,5 9.6 2,2 4.5 7.5 -4.3 -1.7 -0.6 28.7
156 12.3 10.3 2.3 4.5 7.5 -3.8 1.5 -0.5 31.0

Note: The table is arranged in the order of terms in Eq. 16. All losses are expressed in percentage of initial stress. The experimental parameters
used in the calculations for this table are shown in Table 7 (strength and elastic properties) and elsewhere in this papér for the sand lightweight
concrete of this project. The slab shrinkage is shown here only. The correction factors given here for age of luading, humidity, and member
thickness {8 in. for bridge girders) are used whera appropriate with experimental parameters. The resulting creep and shrink age factors used
are as follows:

Laboratory Beams Bridge Girders
Iterm {40 percent relative humidity) 170 percent relative humidity)
Precast beam creep Cy=178 Cy= 162
Precast beam shrinkage (x 10°% in./in.) (£ sn)u = 650 (c sh)u =352
Siab shrinkage (from day 1), used in computing
ditferential shrinkage {x 10 in./in.) (Esh)u =470 {(sh)u =330

The section on sample calculations gives a comparisan with the general parameter results.

TABLE &

COMPUTED ULTIMATE MIDSPAN CAMBER, BY TERMS, FOR LABORATORY BEAMS AND BRIDGE GIRDERS,
USING GENERAL BQS. 15 AND 17 WITH EXPERIMENTAL PARAMETERS

Dead Beam

Initial Elastic Creep .
Initial Deflec- Creep Creep Load Dead Deflec- Deflec- Deflec
Creep Load tion Total
Camber tion Camber Camber tion tion
Deflec- Deflec- Due to Camber,
No. Dueto Dmeto up to After tion tion Due to Due to Differen- Eqs
Pre~ Beam Slab- Slab- Slab Slab ; '
up to After tial 15 and 17
streas Dead Cast Cast Dead Dead p
Load Slap-  Slab- [ 4 Loag  Shrink
Cast Cast
Laboratory Beams
Al 0.39 -0.05 0.37 —_ -0.09 - - — — 0.53
A2 0.24 -0.05 0.31 — -0.09 — — — — 0.41
A} 0.19 -0.45 0.25 —_ -0.08 — — - — G.30
B1 .27 -0.05 0.34 - -0.1¢ — — - — 0.46
B2 0.27 -0.05 0.14 ¢.07 -0.04 -0.02 -0.05 -0.02 -{.01 0.29
B3 0.27 ~0.05 .19 ¢.05 -0.05 -0.01 -0.04 -0.02 -0.04 0.30
C1 .32 -0.05 0.40 — -0.09 — — — — 0.58
c2 0.32 -0.05 0.16 0.08 -0.03 -0.02 -0.04 -0.02 -0.01 0.39
C3 0.32 -0.05 0,22 0.06 -0.06 -0.01 -0.04 -0.02 -0.04 0.39
Bridge Girders
152 3.71 -1.56 2.33 0.65 -1.42 -0.36 -1.96 -0,78 -0,18 0.43
153 3.87 -1.64 2.39 0.68 -1.49 -0.38 -2.21 -0.87 -0.19 0.16
154 3.87 -1.64 2,39 0.68 -1.49 -0.38 -2.21 -0.87 -0.19 0.16
155 3.712 -1.57 2.28 0.71 -1.40 -0.37 -2.26 -0.91 -0.18 6.01
156 3.96 -1.68 2.38 0.73 -1.50 -0.39 -2.01 -0.81 -0.18 0.50

Note: The table is arranged in the order of terms in Eq. 17. All values are in inches. The note 1o Table 4 gives a description of the experimental
parameters. The section on sampie calcutations gives a comparison with the general parameter results.
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girders. The test period for the laboratory beams was terminated after 6 months in
order to conduct load-deflection tests.

The computed ultimate values are also given in Tables 2 and 3 using the general
BEgs. 14 through 17 with experimental parameters determined for the sand-lightweight
concrete of this project, and using the ultimate-value Egs. 19 through 26 with general
parameters given for normal-weight, sand-lightweight, and all-lightweight concrete.
For the general parameters, the same creep and shrinkage factors are suggested for
all 3 eoncretes, with different modular ratios and prestress loss ratios (/_\.FS/F0 and
AFU/FO) for each. The computed ultimate values for loss of prestress and camber
are given term-by-term in Tables 4 and 5 using the general Egs. 14 through 17 with
experimental parameters,

DISCUSSION AND CONCLUSIONS

The experimental and computed loss of prestress and camber for the sand-
lightweight concrete structures of this project are shown in Figures 5 through 10 and
Tables 2 through 5. Results both by general Eqgs. 14 through 17 (for values at any
time, including ultimate) with experimental parameters and by Eqs. 19 through 22 and
24 through 26 (for ultimate values) with general parameters (given here) are included,
These results serve to substantiate the generalized procedure presented for predicting
loss of prestress and camber of noncomposite and composite prestressed structures.
The approximate Eqs. 24 through 26 may be suitable for rough calculations only in
some cases,

Resuits computed by the material parameter, Eqs. 2, 4, 7, 8, and 9, are com-
pared with the data of this project in Figures 2 through 4. Equations 2 through 9
are generalized for different weight concretes. The procedure for predicting creep
and shrinkage is one of providing standard functions, with suggested ultimate values
for different weight concretes, and correction factors for pertinent conditions other
than "standard" (13). These conditions are briefly described in the text and in Ap-
pendix C. The ultimate values suggested should be used only in the absence of specific
information pertaining to local aggregates and conditions,

Continuous time functions are provided for all needed material parameters (and for
different weight concretes, moist- and steam-cured), so that the prestress loss and
camber equations readily lend themselves to computer solutions. Certain other read-
in data (such as for the effect of behavior before and after slab casting—as, Ag, m,
and AFs/ Fy) are also included, along with a summary of parameters convenient for
hand calculations. By using these parameters, the calculations needed in the approxi-
mate Eqs. 24 through 26 are not significantly fewer than those needed in the more re-
liable Eqs. 14 through 23.

It is noted that Egs. 14 through 23 could be greatly shortened by combining terms,
but they are presented in the form of separate terms (results are given in Tables 4
and 5 and in the section on sample calculations) in order to show the Sseparate effects
or contributions to the behavior (such as prestress force, dead load, creep, and
shrinkage that occur both before and after slab-casting).

The following specific observations and conclusions are made relative to the results
shown in Figures 5 and 7 through 12 and given in Tables 1 through 4 and other parts
of the paper.

1. The ultimate steel relaxation percentage recommended for regular 7-wire
strand to be used in prestressed concrete structures is 7.5 [ Fig. b and its results
and discussion, Term 4 of Eq. 14, and other research (29, 30)].

2. The computed initial camber agreed well in most cases with the measured ini-
tial camber, as given in Table 2.

3. The computed prestress loss for the laboratory noncomposite beams was slightly
higher {from 0.3 to 2.8 percent prestress loss differential after 6 months) than the
experimental results (Fig. 7 and Table 2). The direct application of laboratory creep
data for uniformly loaded specimens to beams with nonuniform stress distribution ap-
pears to slightly overestimate the creep effect relative to loss of prestress of non-
composite beams. The same overprediction was not found in the case of camber,
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apparently because the F/A stress component, which is a dominant factor in loss of
prestress results, does not contribute directly to camber. The camber results and
other prestress loss results (for composite beams) shown in Figures 7, 9, and 10 and
given in Tables 2 and 3 are considered to be in very good agreement. For these cases
(noncomposite beam camber and composite beam loss and camber), offsetting creep
(and shrinkage in the case of composite beams) effects occur,

4. As shown in Figures 7 and 8 and as given in Table 2, the difference in the end
and midspan prestress loss was quite small for the laboratory beams, and relatively
large for the bridge girders before slab-casting. After slab-casting, the prestress
loss in the bridge girders was only slightly different at end and midspan.

5. The loss of prestress for the sand-lightweight concrete bridge girders was of
the order of 27 to 29 percent at 560 days after prestressing and 29 to 31 percent ulti-
mately {(Fig. 8 and Table 2). It was determined that loss percentages for bridges
under similar conditions using normal-weight concrete will normally be somewhat
lower than these (of the order of 25 percent), and those for bridges using all-lightweight
concrete will normally be somewhat higher than these (of the order of 35 percent or
higher). Higher losses for the lighter concretes, for exampie, are due primarily to
the lower modulus of elasticity (higher elastic strains for a given stress level) and not
necessarily to greater creep and shrinkage behavior.

6. Slab-casting causes an elastic deflection (downward) and prestress gain and a
time-dependent deflection and prestress gain due to creep and differential shrinkage,
Loss of prestress due to creep and camber growth under the prestress force and pre-
cast beam dead load is also reduced by the effect of the hardened slab (as opposed to
the case of no composite slab). These results are given in Tables 4 and 5 and in the
section on sample calculations. The composite slab reduces the ultimate loss of pre-
stress at midspan of the bridge girders about 11 percent (41 - 30 = 11 percent). The
camber curves nearly level off at about 3.0 in. just before slab-casting (Fig. 10 and
Table 3). After slab-casting and up to ultimate, the camber is reduced to near zero,

7. The effect of the 3-week and 9-week slab-casting schedules for the laboratory
beams had only a small effect on loss of prestress (Fig. 7) and a more noticeable ef-
fect on camber (Fig. 9). When considering a 3-week slab (slab cast 3 weeks after pre-
stressing) for the bridge girders, as compared with the actual 9-week slab, the uiti-
mate loss of prestress at midspan was about 2 percent less and the ultimate midspan
camber about 0.10 in. less for the 3-week slab. These results serve to point out the
relatively small beneficial effect of casting the deck slab as early as possible [also
indicated by Corley et al. (6)]. It is noted that there are also offsetting effects in the
case of the effect of slab-casting schedules. An earlier slab tends to reduce total
creep deformation (causing upward camber) by forming an earlier composite section,
but it also reduces differential shrinkage deformation {causing downward deflection).

8. The different individual contributions to prestress loss and camber, as illus-
trated by the different termg in Eqs. 14 through 23, are senasitive to the stiffness,
creep, and shrinkage concrete properties. However, the net results of these equa-
tions tend toward more correct solutions than the individual terms because of offset-
ting effects. This is especially true in the case of composite beams and is less the
case for noncomposite beams (Tables 2 and 3, and also the comparison of ultimate-
value results with experimental parameters and general parameters).

9. The inclusion of all terms in Egs. 14 through 23 appears to incorporate all
significant effects in the reliable prediction of prestress loss and camber. These
effects can be seen in the term-by-term data given in Tables 4 and 5 and in the sec-
tion on sample calculations. In the sample calculations for the bridge girders using
the general parameters, for example, the 7 terms (omitting Term 8, differential
shrinkage) for loss of prestress varied from 1.6 to 12.7 percent, and the 9 terms for
camber varied from 0.48 to 4.09 in. The results by the approximate Egs. 24 through
26 and the more reliable equations were in reasonably good agreement {Tables 2 and
3 and the section on sample calculations) for the structures of this project,

10. Allof the bridge girder data shown in Figure 10 indicated an increase in camber
of about 0.4 in. between 300 to 370 days (stariing in April). This appears to be due to
higher temperatures and is consistent with the observations of Delarue (33).
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11. The systematic procedures described in this paper for predicting time-
dependent behavior are deterministic in nature. Probabilistic methods are also needed
for estimating variability of behavior,
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NOTATION

1 = subscript denoting cast-in-place slab of a composite beam or the effect of
the slab as due to slab dead load.
2 = subscript denoting precast beam.
A = area of section.
Ag = area of gross section, neglecting the ateel.
Ag = area of prestressed steel.
At = area of transformed section.
a = empirical constant in Eq. 1 (also used in Term 7 of Eq. 17 as the distance

from end of beam to the nearest of 2 symmetrical diaphragms, and in Ap-
pendix D from end to harped point in 2-point harping}.



= empirical constant in Eq. 1.

H

creep coefficient defined as ratio of creep strain to initial strain.
correction factor,

creep coefficient at time of slab-casting.

creep coefficient at any time.

creep coefficient of the composite beam under slab dead load.
creep coefficient due fo precast beam dead load.

ultimate creep coefficient.

= gubscript denoting composite section {also used to denote concrete, as Ec).
= subscript denoting creep.
= differential shrinkage strain {also used to denote dead load).

o

subscript denoting differential shrinkage.

effective depth of section.

modulus of elasticity of concrete such as at 28 days.

modulus of elasticity of concrete at the time of transfer of prestress.
modulus of elasticity of concrete at the time of slab-casting.

medulus of elasticity of prestressing steel.

eccentricity of steel cgs.

eccentricity of steel at center of beam (see Appendix D; alsoc used in Eq. 16
to denote eccentricity of steel in composite section).

= eccentricity of prestressed steel at end of beam (see Appendix D).
= prestress force after losses.

It il 1

initial tensioning force.

prestress force at transfer (after elastic losses).

loss of prestress due to time-dependent effects only, such as creep, shrink-
age, steel relaxation (the elastic loss is deducted from the tensioning force,
Fj, to obtain Fg).

total loss of prestress at slab-casting minus the initial elastic loss that oc-
curred at the time of prestressing.

total loss of prestress at any time minus the initial elastic loss.

total ultimate loss of prestress minus the initial elastic loss.

concrete stress such as at steel cgs due to prestress and precast beam
dead load in the prestress loss equations.

concrete stress at steel cgs due to differential shrinkage,

concrete stress at the time of transfer of prestress.

concrete stress at steel cgs due to siab dead load (plus diaphragm and dead
load when applicable).

stress in prestressing steel at transfer (after elastic loss).

initial or tensioning stress in prestressing steel.

vield strength of steel (defined here as 0.1 percent offset).

compressive strength of concrete,
compressive strength of concrete at any time.

compressive strength of concrete at 7 days (similarly for 2.0 days, or 1 to
3 days, and 28 days).

= ultimate (in time) compressive strength of concrete.

I

H

relative humidity in percent.

moment of inertia (second moment of area).
moment of inertia of slab.

moment of inertia of precast beam.

= moment of inertia of composite section with transformed siab (slab is trans-

formed into equivalent precast beam concrete by dividing the slab width by -
ECz/EC 1)‘

moment of inertia of gross section, neglecting the steel.

moment of inertia of transformed section.

subscript denoting initial value,

deflection coefficient. For example, for beams of uniform section and
uniform load, .
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= ', for cantilever beam,

= °/ag, for simple beam,

= %y, for hinged-fixed beam (one end continuous}, and

= Y., for fixed-fixed beam (both ends continuocus).

1+ e*/r® wherer® = Ig/A )

span length {(also used as a subscript to denote live load),

subscript denoting loading age.

bending moment. When used as the numerical maximum bending moment
for beams of uniform section and uniform load,

(-)M = g L%/2, for cantilever beam,

(+) M = g L?/8, for simple beam,

(-) M = qL%8, for hinged-fixed beam (one end continuous), and

(-)M = q L*/12, for fixed-fixed beam (both ends continuous).
maximum bending moment under slab dead load.

maximum bending moment under precast beam dead load.

bending moment between symmetrically placed diaphragms.

bending moment due to slab or slab plus diaphragm dead load.

modular ratio of the precast beam concrete, Eg/Eqg, at the time of slab-
casting.

modular ratio, Eg/Eqj, at release of prestress.

prestress gain in percentage of initial tensioning stress or force.
prestress gain due to differential shrinkage.

total prestress loss in percentage of initial tensioning stress or force.
prestress loss due to elastic shortening.

prestress loss due to steel relaxation.

total prestress loss in percent at any time.

ultimate prestress loss in percent.

steel percentage, Ag /Ag.

differential shrinkage force = D A, E,/3. The factor 3 provides for the
gradual increase in the shrinkage force from day 1, and also approximates
the creep and varying stiffness effects (7, 30}.

uniformly distributed load.

radius of gyration, r® = Ig/Ag.

subscript denoting time o% slab-casting (also used to denote steel).
subscript denoting shrinkage.

time in general, time in hours in the steel relaxation equation, and time in
days in other equations here.

age of concrete when loaded, in days.

subscript denoting ultimate value.

unit weight of concrete in pef.

distance from centroid of composite section to centroid of slab.

ratio of creep coefficient at any time to ultimate creep coefficient.
ratio of creep coefficient at the time of slab-casting to Cy,.

creep correction factor for the precast beam concrete age when loaded.
creep correction factor for the precast beam concrete age when slab cast.
maximum camber {positive) or deflection (negative).

jnitial camber, deflection.

initial deflection under slab dead load.

initial deflection due to diaphragm dead load.

initial deflection under precast beam dead load.

initial dead load deflection.

initial camber due to the initial prestress force, Fy.

differential shrinkage deflection.

live load deflection.

total camber, deflection, at any time,

ultimate camber, deflection.

shrinkage strain in microinches per inch at any time.

ultimate shrinkage strain in mieroinches per inch.

AR AA
|
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Appendix B
DETAILS OF DESIGN AND TESTS OF BEAMS AND GIRDERS

The details of the laboratory beams and bridge girders are given in Table 8, and the
concrete properties, temperature, and humidity data are given in Table 7.

TABLE &

®DETAILS OF LABORATORY BEAMS AND BRIDGE GIRDERS

ap1l Beams are 6" x 8", d=6", Span=i5', D5labs are 20" x 2" L=86', 7"slab
Beam Group Group A Group B Group C Bridge Girder
Beam No. Al Al A3 Bl B2 B3 cl c2 c3 152-156

e end nid

wii=Ri=Ravna=n e RInE TR

Prestressing ; 2-3/8 | 3-5/186 1-3/8 |3-5/16 [3-5/16 |3-5/15 | 2-3/8 2-3/8 2-3/8

Strand dia | 1-5/16 1-5/16 1-5/16 [1-5/16 | 1-5/16
A, 1n? b.2176 |0.173 | 0.1377 [0.1734 0.1734 [0.1734 | 0.2176 |0.2176 | 0.2176 | 4.56
- A /ag 0.00453|0.c0361 | 0.00287]0.00161|0.00361|0.00361 | 0.004530.00453 | 0.00453| 0.00883
Des.Pre.For.F K 38,0 | 30,0 24.0 | 30.0 | 30.0 | 30,0 36.0 | 38.0 8.0 867.0
Meas.Pre. Fy,kif 37.0 | 29.6 23.4 | 30.0 | 29.9 | 29.9 3.0 | 37,9 37.9 867.0
dconcrete CeFIBE | b=4311 | t=4240 | t=+313 |t=+312 |t=+112 | £=#395 |e=+394 | =+394 | £=-429 te-107
Stresses
at release of | b=-1932|b=-1541| b=-1224|b=-1563|b=-1555|b=-1555| be-1975|bm-1970 | b=—1970|b=-2633 b=-2955
prestress,psi

2 53/8" Strand, e5/16" Strand, Measured stress in all strands of lab. heams = (172%4) ksi. Measared srrass
in all strands of bridge girders = 190 kai,

bSix gage WWF, 6" by 6" (As=n,n5g in? per ft width), slab steel placed in center of slab. No. 3 U-Stirrups
in form of tles for composite slab are spaced at 6" cc. in end quarter span and at 22 1/2" cc, in middle
half of beam.

®Strands placed so that lateral eccentricity ia eliminated.

dT’hese stresses are computed using the Measured Fi: t = top fiber stress, b = bottom fiber strese. These
initial stresses refer to the prestressed sectiob in all cases. The stresses in the case of laboratory
beams refer to the end section only. The rectangular (6" by 8") beam dead load, extreme fiber stress at

midspan = 218 psi.

The ulrimate strength and yield strength {0.1% offset) were: for the laboratory beam steel 250 ksi and
and 235 ksl, respectively, and for the bridge girder steel 270 ksi and 230 ksl rtespectively.
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TABLE 7

2"BCONGRETE PROPERTLES, TEMPERATURE AND HUMIDITY DATA

Concrete Batch
Cp.A |Gp.B | Gp.C |Slab|Slab[Slab]slablf Bridge[Bridge
Property Lt We]Lt.We| Le Wt | B2 | ¢2 | B3 | C3 | Le Wt [BSlab
N.WtiN. Wt N WE[N.We K.Wt

. @ days) psil6700 }5500 | 6150 — == | - - 5600

f; (28 days) psi|9350 [8150 | 8750 |4800|4140|5100(4300| 6100 [ 3500

Unit Wt {(Wet) pcf|124,0/124.0| 125.0 | == | == | — | — - —

U. We {Dry-7d)pef|123.0{123.5] 123.5 153 152 152| 153 122.0 145

Meas. Air Ent. % | 4.0 [ 6.0 6.0 ] = == | - - —

Slump in | 2.0 | 2.5 | 2.5 | 2.5] 2.5 3.0 2.5} -- --
“Modulus of g4 — — |a. 3200 = [ — | == | -~ [a. 3.04] -
Elasticity e e b, 333 | — | =~ | == [b. 3.0 -
at 7 Days * 3.68 13.35 |e. 3,55 — [ — | - | - |e. 3.32| --

“Modulus of psil| — -—- la. 3,28 — | — | — ] -- —- -
Elasticity 1w -~ |b. 3.58 - | = | - - -
at 28 Days * 5.35 (4.09 |e. 4.23(4.33|3.97]4.41|4,05] 3.47| 3.41

aLab. temp: 61-85 deg. F., avg. temp. 78 deg. F, Lab. relative humidicy:
25-61%, avg. rel. tum. 40%. Avg. rel. hum, for central Iowa (from U.S,.
Weather Bur.): Jan.-79%, July-66%, Mean Annual 71Z. For Spr-Sum—Fall, use 70Z.

bStress levels for creep tests were approx. design stresses for lab. beams:
Miz Strength, f!, at 7 days Stress Level for Creep Tests X of 7d-f¢

Gp. A 6700 psi 2010 psi 302
Gp. B 5500 1375 25
Gp. C 6150 1845 30

CThe modulus of elasticity values are as follows: a. Measured secant (to
0.5 £1) mod, of el., b, Measured inirial tamgent mod. of el., c. All
values underlived are computed using E, = 33 w3 fo 5 psi.

dComputed values of modulus of elasticity at release for bridge girders:
Girder No. Age at Release Strength at Rel. “Mod. of E1. at Rel.

152 2 days 5160 pai 3.19 x 109 psi
153 2 4670 3.04
154 z 4685 3.03%
155 3 5130 3.19
156 3 4440 2.96

€Computed mod. of el. of pres. units at time of slab casting, CEc x 106p31: Gp.B
-=4,09, 4.30; Cp.C-—4.23, 4.44; Girders 152,153,154--3.50; Girdera 155,156—-3.40.

fconcrete specimens for data in this column obtained from casting yard for
Bridge Girders 155 amd 156. Measurements made in laboratory.

S"Design“ values were used for bridge slab comcrete.

Appendix C
PRINCIPAL VARIABLES AFFECTING CREEP AND SHRINKAGE

Presented here is a summary of the principal variables that affect creep and shrink-
age (15, 16, 17, 18, 19) in most cases. The corresponding nominal correction factors,
based on the standard conditions herein, are given earlier and shown in Figure 11 (13,
14, 16, 31). The results shown in Figure 11 and equations for these curves were de-
veloped by Branson and Christiason (13). The variables considered are minimum
thickness of member, water-cement ratio in the form of slump and cement content,

mix proportions in the form of percentage of fines and air content, environmental
humidity, and time of initial loading and time of initial shrinkage.

The following comments refer to the nominal correction factors for creep and shrink-
age (Fig. 11), which are normally not excessive and tend to offset each other. For de-
sign purposes, in most cases, these (except possibly the effect of member size and
slump, as discussed in the text and in the following) may normally be neglected.
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Figure 11. Nominal creep and shrinkage carrection factors for the parameters shown (131,

Creep Correction Factors

Slump: C.F. =0.95 for 2 in., 1.00 for 2.7 in., 1.02 for 3 in., 1.09 for 4in., and
1.16 for 5in. Tends to be offset by effect of member thickness. May be marginal but
normally can be neglected.

Cement content (sacks/cu yd): C.F, = 1.00. No correction factor required for con-
crete of, say, 5 to 8 sacks per cu yd at least.

Percent fines (by wt): C.F. = 0.95 for 30 percent, 1.00 for 50 percent, and 1.05 for
70 percent. Normally negligible.

Air content (percent): C.F. = 1.00 for 6 percent or less, 1.09 for 7 percent, and
1.17 for 8 percent. Tends to be offset by effect of member thickness. May be neg-
lected for, say, up to 7 percent air.

Minimum thickness of member: C.F. = 1.00 for 6 in. or less and 0.82 for 12 in.
Tends to be offset by effect of slumps greater than 3 in. and air contents greater than
6 percent. Can normally be neglected for members up to about 10 to 12 in.

Shrinkage Correction Factors

Slump: C.F. =0.97 for 2 in., 1.00 for 2.7 in., 1.01 for 3 in., 1.05 for 4 in., and
1.08 for 5in. Tends to be offset by effect of member thickness. Normally can be
neglected.

Cement content (sacks/cu yd): C.F. = 0.87 for 4 sacks, 0.95 for 6 sacks, 1.00 for
7.5 sacks, and 1.09 for 10 sacks. Normally negligible for, say, 5 to 8 sacks per cu yd
at least.

Percent fines (by wt): C.F. = 0.86 for 40 percent, 1.00 for 50 percent, and 1.04
for 70 percent. May be marginal but normally can be neglected.
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Air content (percent): C.F. = 0.98 for 4 percent, 1.00 for 6 percent, and 1.03 for
10 percent. Normally negligible.

Minimum thickness of member: C.F. = 1.00 for 6 in. or less and 0.84 for § in.
Tends to be offset by effect of slumps greater than 3 in. Can normally be neglected
for members up to about 8 to 9 in. minimum thickness.

Appendix D
PRESTRESS MOMENT DIAGRAMS AND CAMBER FORMULAS

The following are common cases of prestress moment diagrams with formulas for
computing camber,
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