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ABSTRACT

‘Presented in this report is an investigation of the use of
"sand-lightweight" concrete in prestressed concrete structures. The
sand-lightweight concrete consists of 100% sand substitution for fines,
along with Idealite coarse and medium 1ightweig§t aggregate and Type
I Portland Cement.

Thé study is divided into three parts: a materials study of 'the
concrete itself, a laboratory study of the behavior of both non-
composite (5 beams) and composite (L béams) prestressed beams, and the
field measurement of camber of prestressed bridge girders (5 girders).
The test period for the laboratory feams was 5 months, although the
data collection is continuing for 3 of the beams. The test period
included in this report for the bridge girders was L months.

The laboratory beams were designed in three groups (3 beams in
each group) to investigate the loss of prestress, initial and time-
dependent camber, load-deflection behavior, and effect of different slab
casting schedules, |

Of principal interest in this Phase 1 study is the time~dependent
behavior of sand-lightweight concrete as a material and as used in
prestressed structures. This includes the loss of prestresé'and camber
of members that undergo rather high initial strains (due to both high
initial stresses and relativély low modulus of elasticity); the effect
of'the composite deck in reducing the stress level and corresponding

creep rate and loss of prestress; and the effect of the time of casting
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the composite slab, since the rate of creep, loss of prestress, and
camber growth are quite different before and after the slab is cast.

Design procedures are presented for the following:

| 1. Calcﬁlation of creep and shrinkage of the sand-lightweight
concrete of this project at any time after casting, inclﬁding ultimate
values. An indication is also given of the calculétion of creep and
shrinkage at any time after casting, including ultimate values, for
normal weight, sahd-lightweight, and all-lightweight concrete in general.,

2. Both theoretical and approximate methods for calculating loss
_of.prestress of non-composite and composite prestressed structures.
| 3. Both theoretical and approximate methods for calculating

camber of non-compositeiand composite prestressed structures.

Results compﬁted by these methods are shown to be in reasonably
good agreement with the control specimen data, the laboratory beam data,

and the bridge girder data.

Keywords: all-lightweight concrete; beams (structural); bridge .
girders; camber; composite construction (concrete to concrete); creep
(materials); deflection; lightweight concrete; loss of prestress;
modulus of elasticity; normal weight éoncrete; precast concrete;
prestressed concreté; sand~lightweight concrete; shrinkage; gteel
relaxation; strain; stress; structural design; test beams; time-

dependent.
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NOTATION
subscript denoting cast-in-place slab of composite beam or effect
of slab
subscript denoting precast beam
area of section
area of gross section, neglecﬁing the steel
area of prestress steel
transformed area of sectioﬂ
empirical constant. determined in the laboratory--see‘Eq. (2)
distance from end of beam to harped points in 2-point harping
case of prestressed concrete beams--see Appendix C. Also see
term (7) of Eq. (27)
empirical constant determined in the laboratory--see Eq. (2)

creep coefficient defined as ratio of creep strain to initiai
strain at slab casting

creep coefficient at any time t
creep coefficient of the composite beam under slab dead load

creep coefficient of the precast beam concrete

¢

ultimate creep coefficient defined as ratio of ultimate creep
strain to initial strain

empirical constant determined in the laboratory--see Eq. (5)

subscript denoting composite section. Also used to designate
concrete, such as Eg

differential shrinkage strain in micro inches/inch
empirical constant determined in the laboratory--see Fq. (5)
modulus of elasticity

modulus’ of elasticity of concrete, such as at 28 days or at slab
casting, etc




£1
(felg
(£8)og
(£2),

si

]

modulus of elasticity of concrete at the time of'transfer of prestress
modulus of elasticity of prestressing steel

empirical constant determined in the laboratory-~see Eq. (6)
eccentricity of prestress steel

eccentricity of prestress steel at center of beam--see Appendix C, Also
used in Eq. (19) etc. to denote eccentricity of prestressed steel

in composite section :

eccentricity of prestress steel at end of beam--see Appendix C
prestress force after losses

prestress force at transfer (after elastic losses)

initial tensioning forcé

loss of prestress due to time-dependent effects only. {such as shrinkage,

creep, steel relaxation). The elastic loss is deducted from the
tensioning force to obtain F,

total loss of prestress at slab casting minus the initial elastic
loss that occured at the time of prestressing

total ultimate loss of prestress minus the initial elastic loss
that occured at the time of prestressing

empirical constant determined in the 1aboratory--see Eq. (6)

concrete stress at steel c.g.s due to prestress and precast beam
dead load

concrete stress at steel c.g.s due to differential shrinkage

concrete stress at steel c.g.s due to slab dead load (plus diaphragm
dead load where applicable)

compressive strength of concrete
compressive strength of concrete at time t
compressive strength of concrete at 28 days
ultimate compressive strength of concréte

initial or tensioning stress in prestressing steel
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stress in prestressing steel at transfer (after elastic loss)
yield strength of steel--defined as 0.1% offset yield strength
moment of inertia (second moment of area)

moment of inertia of precast beam

moment of inertia of composite section with transformed slab. The

slab is transformed into equivalent precast beam concrete by
dividing the slab width by Ecp/E

moment of inertia of gross section, neglecting the steel

moment of inertia of transformed section

subscript denoting an initial value

deflection constant., For example, for beams of constant section and

uniformly loaded:
cantilever beam, K = 1/

simple beam, K = 5/18
hinged-fixed beam (one end
continuous), K = 8/185
fixed~-fixed beam (both
ends continuous), K = 1/32

deflection constant for the slab dead load

deflection constant for the precast beam dead load

span length

bending moment. When used as the numerical maximum bending moment,
for beams of constant section and uniformly loaded:
cantilever beam, (=) M = w L2/?

simple beam, (+) M = w 1L.2/8
hinged-fixed beam (one end
continuous), (-) M = w 1.2/8
fixed-fi+ed beam (both
ends continuous), (<) M = w L2/12

maximum bending moment under slab dead load
maximum bending moment under precast beam dead load
bending moment between diaphragms--see term (7) of Eq. (27)

modular ratio Eg/E, at time of slab casting

modular ratio Eg/E. at release of prestress




cpl

prestress gain due to creep under slab dead load at time t
prestress gain due to differential shrinkage at time t
elastic prestress gain at s;ab casting

prestress loss due to creep prior to slab casting at time t
prestress loss due to creep after slab casting at time t
prestress loss due to creep at time t

ﬁrestress loss due to elastic shortening

prestress loss due to steel relaxation at time t

prestress loss due to shrinkage of concrete at time t
total prestress loss at any time ¢

ultimate prestress loss

steel percentage, AS/Ag

differential shrinkage force = D A Ey at time t--see Eq. (19) and
Reference 23

subscript refers to slab casting time

time in general, time in hours in Eq. (1L), and time in days for all

~ other equations, Also subscript denoting time-dependent such as Cy

subscript denoting ultimate value

unit weight of concrete in pef

uniformly'distributed load

distance from centroid of composite section to centroid of cast-
in-place slab -

ratio of creep coefficient at any time t to ultimate creep coefficient

ratio of creep coefficient at slab casting to ultimate creep
coefficient

creep correction factor for the precast beam concrete age when
loaded--see Fig, 2 o

creep correction factor for the precast beam concrete age when
slab cast--see section following Eq. (23)

midspan camber (positive) or deflection (negative)
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ultimate midspan camber

initial midspan camber

initial deflection of the precast beam due to the diaphragm
dead load--see term (7) of Eq. (27)

initial deflection under slab dead load

initial deflection under precast beam dead load

dead load deflection

initial camber due to the initial prestress force F0
total camber at any time t

shrinkage strain in micro inches/inch at time t

ultimate shrinkage strain in micro inches/inch
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INTRODUCTION

Statement of the problem

‘As a result of the increased use of structural lightweight concrete
for precast prestressed bridge girders along with normal weight concrete
deck slabs, a need exists for a better understanding of the factors,
primarily time-dependent, that affect prestress loss and camber in
composite beams of these materials. Of particular interest in this study
is. the behavior of sand-lightweight (100% sand substitution for fines
alpng with lightweight coarse aggregate) prestressed structures, and the

effect of the composite slab on the ultimate loss of prestress and camber.

Reﬁiew of literature

' Shrinkage of concrete is its contraction due to drying and chemical
chénge. Various empirical equations are presented in the 1iterature1’2’3
for predicting shrinkage strains. ACI Committee h35h has given a quanti-
ta;ive resume of available information on creep and shrinkage as applied

. ;e
tofdeflections of reinforced concrete beams,

E Concrete undergoes time-dependent deformations underxthe action of
suétained load that are attributed to creep of the concrete. The
contributions.of Lormans, Mcﬁenryé, Neville7, Rosse, and Troxell, et. a1.9
are noted. Lorman an& Ross suggested the use of hyperbolic expressions’
for predicting creep (used in this report in modified form). McHenry's
concept of "superposition technique for creep" is used in this report;

for example, in the case of -creep under slab dead load. Neville's study

of the physical nature of creep is noted. The 20-year data of Troxell,




et. al., (Fig. 4 herein) shows the long time nature of creep and
shrinikage of concrete,

A number of creep theories and mechanisms of creep have been
reviewed by Neville7, Ali and Kesslerlo, and Meyers, et. al.ll. Meyers
and Neville12 and Pauw and Chail3 have sumﬁarized the primary factors .
that influence creep. The influence of size and shape of member on creep
and shrinkage was also reported by Hansen and Mattocklh.

. The principal articles referred to in this report on the subject of
creep and shrinkage of all-lightweight and sand-lightweight concrete are
those of Jones, et. al.ls, ACI Committee 21316, and PfeiferlT.

Although the behavior of non-composite and composite prestressed
béaﬁs of normal weight concrete has been studied in References 18 through
2L, etc., (most of these referred to non-composite beams only), it appears
that no such investigation has been made of camposite prestressed members
of lightweight concrete.

Sinnozs, in his study of lightweight non-composite prestressed bridge

girders, concluded that hypefbolic functions can be used to predict loss
. of prestress and camber (used in modified form in this report). Yang26,

in a recent study of lightweight non-composite prestressed beams, concluded_
that creep under both constant stress and variable stress was proportional
to the applied:stress within limits up to about LO¥ of the ultimate strength.
121 '

Both Branson and 0zell“~, and Sinno25 have observed that camber tends to reach an

ultimate value relatively early campared to creep ﬁnd shrinkage, because
of the offsetting effects of loss of prestreSb and camber growth due to creep.
Methods used in this study for predlctlng loss of prestress and camber

I
21,28
were based in part on the papers of ACI Committee h35 , and Branson "’ .,




Objectives and scope

The principal objective of this investigation is to evaluate
experimentally the time-dependent behavior of sand-lightweight
prestressed concrete beams, including composite beams, in order to
present practicai design methods, and an indicaﬁion of their accuracy,
for predicting loss of prestress and camber, The effect of different
slab casting schedules is of primary interest. |

The creep and shrinkage of sand-lightweight concrete is included
in the study along with an indication of the time-dependent behavior of
nofmal weight and all-lightweight concrete.

7 The study is divided into three parts: a materials study of the
sand-lightweight concrete itself, a laboratory study of the behavior of
bofh non-composite (5 beams) and composite (L beams) prestressed beams,
and the field measurement of camber of prestressed bridge girders (5
girders).

| The test periocd for the laboratory beams was 5 months, although the

data collection is continuing for 3 of the beams. The test period

included in this report for the bridge girders was L months.



DESCRIPTION OF EXPERIMENTAL INVESTIGATION

The principal laboratory specimens for Phase 1 of the project
consist of three groups of pretensioned beams (3 simply supported 6" by
8" beams, 15' long in each group). Composite slabs were cast on L of these
9 prestressed beams, The beams were designed as follows:

Group A--3 non-composite beams with different prestress moments.

Group B-~3 beams, two of which are composite beams. The slabs were

cast at L 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.

i The prestressed beams for all thfee groups of laboratory beams, and
also for the bridge girders, are sand-lighfwgight concrete while the slabs
are normal weight concrete. The laboratory beams (moist cured for 3 days)
were prestressed at age 7 days, and the bridge girders (steam cured until
préstressed) were prestressed at age 2-3 days. The composite bridge deck
was cast 9 weeks after the bridge girders were cast.

The concrete properties, temperature, and humidity data are shown in
Table 1. The concrete mix and mixing procedure, beam details, and instru-
mehtatién are shown in Appendix A (Tables Al and A2, Fig. Al). The measured
stéel tensioning stress for the laboratory beams was 172 M ksi, and the
design tensioning stress for the bridge girders was 190 ksi. The ultimate
stfength and yield strength (0.1% offset) were: for thellaboratory beam

steel 250 ksi and 235 ksi, respectively, and for the bridge girder steel

270 ksi and 250 ksi, respectively.




1-7PABLE 1--CONCRETE PROPERTIES, TEMPERATURE AND HUMIDITY DATA

- Concrete Batch
, Gp. A[Gp. B] Gp. C |Slabl51ab|Slab|Slabl6, .~ |Bridge
- Property Lt Wt |Lt Wt | Ltwt | B2 | €2 | B3 | €3 | i wE®|7S1ab
NJWE | NJWE| NWt | N W N.Wt
fé (7 days) psi|6700 (5500 | 6150 | == | == [ == | == | 5600
fo (28 days) psi|9350 |8150 | 8750 |L4B0O|L1LO|5100(k300| 6100 | 3500
Unit Wt (Wet) pef|124.0(124.0] 125.0 | == | == | == | -- - -
U. Wt (Dry-7d)pcf [123.0{123.5| 123.5 | 153| 152| 152| 153| 122.0| 1L5
Meas. Air Ent. % | 4.0 | 6.0 | 6.0 | == | == | == | == - -
S1ump in | %0 | 2.5 | 2.5 | 2.5 2.5| 3.0] 2.5 - | --
BMOduluS Of pSi - = 2. 3020 - - - =~ |13, 3.0’4 i
Elasticity . “;46|.-7 == |be 3.33| == | == | == | =~ |b. 3.10} -~
at 7 Days * 3468 (3435 [cu 3.55| == | == | == | == |c. 3.32| --
3ﬁodulus of == - a. 3.28| -~ - - - - -
Psi | oL | oo |b. 388 == | == | o= | == - -
Elasticity 6 o« 3.
at 28 Days * 200|L.35 b.09 |c. k.23 [h.333.97|kabi|ba0s| 3.7 3.2

1rab, temp: 61-85 deg. F., avg. temp., 78 deg. F. Lab. relative humidity:
25-61%, avg. rel. hum, LO%Z. Avg. rel, hum. for central Iowa (from U.S.
Weather Bur.): Jan.-79%, July-66%, Mean Annual 71%. For Spr-Sum-Fall, use 70%.

25tress levels for creep tests were approx. design stresses for lab. beams:
Mix Strength, fg, at 7 days Stress Level for Creep Tests % of 7d-f¢

Gp. A g 6700 psi 2010 psi 30%
'Gp. B. 5500 1375 25
Gp. C 6150 1815 30

3The modulus of elasticity values are as follows: a. Measured secant (to
0.5 fg) mod, of el., b, Measured initial tangent mod, of el., c. All
values underlined are computed using E, = 33 \/w3 fc s psi.
hComputed values of modulus of elasticity at release for bridge girders:
Girder No. Age at Release Strength at Rel. 3Mod. of El, at Rel.

152 2 days 5160 psi 3.19 x 100 psi

153 2 L670 , 3.0h

154 2 L685 3.0

155 3 5130 3.19

156 3 LLko 2,96 .
5Computed mod. of el, of pres. units at time of slab casting, 3Ec X 106p31 Gp.B

--4,10, L.35; Gp.C-=4.25, L.h9; Girders 152,153,154--3.50; Girders 155,156--3.38.
6Concrete specimens for data in this column obtained from casting yard for
Bridge Girders 155 and 156. Measurements made in laboratory.

7"Design" values were used for bridge slab concrete.




- The experimental data for the laboratory specimens consists of

the following:

1. Strength properties, elastic properties, shrinkage and
creep data, from control specimens.

2. Temperature and humidity data.

3, Initial and time-dependent concrete beam strains, These
are used in determining experimental loss of prestress.

L. Steel relaxation data.
S. Initial ;nd‘time-dependent camber.
Camber data for the bridge girder529 is also inciuded in this report.
| Various stages in the preparation and testing of the laboratory

sﬁecimens are shown in Figs. A2 through A9.




ELASTIC AND STRENGTH PROPERTIES, CREEP AND SHRINKAGE

Elastic and strength properties

The secant, initial tangent, and computed modulii of elasticity
(using the well-known Eq. (1)30) for the moist cured laboratory beam

concrete and steam cured bridge girder concrete are shown in Table 1.
1.5 ! ) . ’ r .,
Ec = 33w fo , psi; w in pef and f, in psi (1)
The computed values for the limited number of tests made were from 6% to

15¢ higher than the initial tangent values. However, the computed modulus

of elasticity was used in computing initial camber of the laboratory

beams and bridge girders, and these values were in agreement with the

méasured initial camber data (Table.S). Eq. (1) is considered satisfactory
for computing the modulus of elasticity of normal weight, sand-lightweight,
and all-lightweight concrete.

A study of coﬁcrete éompressive strength versus time in this
pfoject and References L, 16, 31, 32 indicatgs an appropriate general
eduation in the form of Eq. (2) for predicting compressive strength at

t

ahy time.
. 1 !
(fedy = g7 (felaga

(2)

where a and b are constants, (fé)28d = 28-day strength, and t = time.

The following equationé are recommended for the sand-lightweight
concrete of this project:
Moist cured

(fo)y = b (fe)ogqs o (fo)y = 1.25 (fo)pgq  (3)

5.0 + 0,8t




(fe)y = 0,702 097t (fo)28a5 or (foly = 1.03 (feloga ()

where t is age of concrete in days. The results of Eqs. (3) and (L) agree

Steam cured
with the experimental results of this project, as shown in Fig. 1.
|

Creep and shrinkage

The principal variables that affect creep and shrinkage are
outlined and discussed in Appendix B2, 13, 15, 17. The correction
factors (to be applied to "standard" creep and shrinkage values) proposed

15 for predicting creep and shrinkage of lightweight

by Jones, et. al.
éoncrete are modified for the specimens and conditions of this project.
These correction factors are presented (except for humidity which is

specified separately) in Figs., 2 and 3, and in Appendix B, Figs. B3 and

Bhy for:
1.1 Minimum thickness of member 1.k Environmental humidity
1.2 Water-cement ratio in the form 1,5 Time of initial loading
of slump and cement content and time initial
1.3 Mix proportions in the form of shrinkage considered

percent fines and air content
Based largely on information from References L4, 9, 12, 15, 17, 32, 33,
anc this project, the following general procedure is suggested for
prediciing creep and shrinkage of normal weight, sand-lightweight, and
all-lightweight concrete:

Standard equations

tc
C'b = d + € Cu (S)
€sh = t (€ .) : (6)
£+ t€ sh’u |



02 . |
o IR N{EY i }

g . 009 2 (h)
« ’\ (3). Moist cured, Calc--Eq. 3
-0 ‘ .
& 0.6H | (lL) Steam cured, Calc--Eq. L
~
,.f "‘ i d - .
o Eq. (3) Moist cured, Meas--Gp.B
~ 0.3 # Moist cured, Meas--Gp.C

0 % Steam cured, Meas--Bridg

0 10 20 30 Lo 350 &0 70
Age of concrete in days

Fig, l--Measured and computed compressive strength versus
time curves for the moist cured laboratory beam
concrete and steam cured bridge girder concrete

= 1.2
S Moist
- A \\ Cured
o
o 0.8 \‘Q f
55 =
S 0.4 Steam
o Cured
o
(4]
0 1 1
0 10 20 30 40 50 0O 70

{

Age of concrete in days

Fig. 2--Creep correction factor for time of initial loading, based
l on 7 day loading age for moist cured concrete and 2-3 day_ .
loading age for steam cured concrete, modified from Jonesl

,,‘ 1.2
S hemmmdmmmme .. 10 yrs
g’oﬁ 0.8 - D s -——
3] . . \ T
o .
E 5 1 _yeD‘%% Continuous Drying
j-B 1 or less ——
@ o 0.4 I~
5 2 yrs
© 0 .
6 8 10 12 1 16 18 20

Minimum thickness in inches

Fig. 3~-Shrinkage correction factor for minimum member thickness great-
‘ er than 6", for different drying periods, modified from Jonesl
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where c, d, e, and f are constants, C, = ultimate creep coefficient,

( €sp)y = ultimate shrinkage strain, and t = time. When the power of t

is unity, Egqs. (5) and (6) reduce to the famaliar equations of Ross8

and Lormans. Primarily because shrinkage takes blace more rapidly than
creep at early ages (see Fig. 4 in which the nqrmalized shrinkage curvés
increase more rapidly up tq say 200 days than the creep curves),
appropriate powers of t are unity for shrinkage and between 1/2 and
unity for creep. The distinction becomes relatively important in comput-
ing loss of prestress and camber of composite prestressed beams, for
example, where the time-dependent behavior before and after.the slab is
cast is quite different.

| Normal ranges of the constants in Egqs. (5) and (6), based on the
standard conditions below for both moist cured and steam cured concrete,

arels 9512, 15, 17, 32, L 15 461, d = 6 to 30, C, = 1.5 to 3.0,

u
e =1, f =20 to 80, (csg);1 = 250 to 700 x 10~ in/in.
Based on the results of this study and References 9, 12, 13, 15, 17,
32 and 33 (report of Iowa Highway Project HR-136 dated October 1968), the
following design procedures are recommended for predicting creep and

shrinkage of the sand-lightweight concrete of this project:

Standard conditions--3" or less slump, 4O ambient
relative humidity, minimum thickness of 6" or less

Standard equations~-moist cured, 7 day loading age, shrinkage from 7 days

0.60

t L]
Cy = c C. = 1.75 (7)
ot 11.0 + g060 w2
% (€sndu s (Egnly = 590 x 1o'6 in/in  _ (8)

€&h " mETI
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O Creep--moist cured and loaded at age 7

days, Eq. (7), or steam cured and
loaded at age 2-3 days, Eq. (9)

o
o

o Shrinkage from 7d, moist cured, Eq. (8)

n
o

A Shrinkage from 2-3d, steam cured, Eq. (10)

80 160 240 320 L0O L8O 560 6ko 720 800
: Time in days

(=]

or Ct/Cy, (€sh)/(€gshlu, in percent
=
o
o

Percent of ultimate creep, shrinkage,

Flg. lj--Standard creep and shrinkage curves for sand-lightwelght
concrete, Eqs. (7) through (10), for 3" or less slump, LO%
relative humidity, minimum member thickness of 6" or less

Age when loaded for creep--28 days | o

100 Shrinkage from age 28 days
Shrinkage .
s ° 80 " / = :
o b .
h m " L &
] -
SE 60 s
[¥ / e v :
83 /,,/ 2" T Creep
2 = L0 "’ : "’ . o
2 0 Lo r
8 9 é/’ 4;'// - Avg, of 75 cyl. for creep
E 8 o i and 56 cyl. for shrinkage
2 - =" . P
(/’/ —-— Limits for creep
0 - —— Limits for shrinkage .
10d 284 90d lyr Syr 20yr

Time after age 28 days (log scale) in days, years

Fig, 5--Creep and shrinkage versus time ratio curves f‘or 20-
year normal weight concrete data, from Reference 9




Standard equations--steam cured, 2-3 day loading age, shrinkage from 2-3 days

£0-0 ., GC, =2.10 (9)
C = = [ 9
v 1.0 + £0-60 %7 ¢
» t | -6 ] I
€sh " ZHoT (Esnly » (Egply = 450 x 20 in/in (10)

where t is time in days after loading for creep and time after initial
shrinkage is considered.

Standard Eqs. (7) through (10) are plotted in Fig. L as a percentage of
the ultimate value in each case. The following percentages are noted for the
indicated periods after age 7 days for moist cured and 2-3 days for steam

cured-~Cy/C, or (€ gy)/(E€g4p), in percent:

(1) - _(8) ) _(10)
1 month 1% 56% Same 33%
3 months c7 79 as 60
L months 62 8L (1) 67
5 months 65 _ 86 72
6 months 67 89 - 75
1 year 76 9L 86

5 years 89 99 97

;The creep and shrinkage curves9 in Fig. 5 are based on 20-year data for
normajl weight concrete with an initial time of 28 déys. The results in Figs.
L and 5 are roughiy comparable although some differenées are to be found
because of the different initial times., ‘

The computed (directly in Eqs. 7 and 8) and measured creep and shrinkage

for the moist cured specimens of this project are showﬁ in Figs. 6 and 7.




Creep coefficient, Cy

_%n

Shrinkage strain
~inches/inch x 10

1.6

"l.2 F
0.8 |- Measured
L Group A
A Group B
® Group C

0.l
— — — ~ Computed by Eq. (7)

1 i 1 1 1 -

0 20 Lo 60 8o 100 120 140 160 180
Time in days

Fig. 6--Measured and computed creep coefficients for the
sand-lightweight concrete of Groups A, B, and C--
slump less than 3", loaded at age 7 days, average
relative humidity LO%, thickness of specimens 6"

Measured
n Group A
A Group B
o Group C
———— Computed by Eq. (8)
1 [l [l

f 1 1 3}
0 20 Lo 60 80 100 120 140 160 180
Time in days

¢

Fig. 7--Measured and computed shrinkage strains for the
sand-lightweight concrete of Groups A, B, and C-~
slump less than 3", shrinkage from age 7 days, aver-
age relative humidity LO%, thickness of specimens 6"
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Correction factors

A1l correction factors are applied to ultimate values, However,
since creep and shrinkage for any period in Eqgs. (7) through (10) are
linear functions of the ultimate values, the correction factors in this
procedure may be applied tc short~term creep and shrinkage as well.

For slumps greater than 3", see Figs. B3 and Bl.

For loading ages of other than 7 days for moist cured concrete
and 2-3 days for steam cured concrete, see Fig. 2 for the creep

correction factor.

For shrinkage considered from other than 7 days for moist cured
and 2-3 days for steam cured concrete, determine the differential

\

in Eqs. (8) and (10) 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, = 1.10.

For other than LO% average relative humidity, assume the

following, where H is relative humidity in percent:

Creep~-When H £ hO% use standard Cy from Eqs. (7) and
(9).
When H = 70%, use 0.80 Ci.
Interpolate 11nearly in between H = L0 and 70%,
or When H = 50%, use 0.93 Cy.
When H = 60%, use 0.87 Cy.

Shrinkage--When H & LO%, use standard €gn from Eqs. (8)
and (10)
When H & 80%, use 0.20 €gpe.
Interpolate linearly in between H = LO¥ and 80%,
or When H = 50%, use 0.80 €gp.
When H = 60%, use 0.60 € ghe
When H = 70%, use 0.L40 € gh.
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For minimum thickness of members greater than 6", see Fig. 3

(
for the shrinkage correction factor, as a function of length of drying
period, This effect is negligible for ultimate values of members whose
minimum thickness is less than 15". The effect of member thickness on

creep is shown in Fig. B3, and méy normally be neglected as explained below,

The following summary and comments refer to other correction factors
(shown in Appendix B, Figs. B3 and Bl) for creep and shrihkage, which are

normally not excessive and tend to offset each other., For design purposes,

v

these may normally be neglected:

Creeg

Minimum thickness of member: C.F. = 0,95 for 8", 0.88 for 12",
Comment--Tends to be offset by slumps greater than 2,5" and
cement contents less than 7.5 sacks per cu. yd.

Slump: C.F. = 0,92 for 2", 1,00 for 2.5", 1.06 for 3", 1.18 for
4", 1.26 for 5", Comment--Tends to be offset by effect of

» thickness of member.
; Cement content (sacks per cu. yd.): C.F. = 0.98 for 8 sacks,
- 1.00 for 7.5 sacks, 1,02 for 7 sacks, 1.06 for 6 sacks, 1.16
‘ for L sacks. Comment--Small for concrete of say more than
6 sacks, and tends to be offset by effect of thickness.

Percent fines (by wt.): C.F. = 0.97 for 30-40%, 1.00 for 50%,
1.04 for 60%., Comment--Normally negligible.

Air content (in %£): C.F. = 0.98 for 3-5%, 1.00 for 6%, 1.09
for 8%, 1.L42 for 12%. Comment--Negligible for say less
than 8% air.

Shrinkage

Slump: C.F. = 0,98 for 2", 1.00 for 2.5", 1.01 for 3", 1.03
for 4", 1.04 for 5". Comment--Normally negligible.

Cement content (sacks per cu. yd.): C.F. = 1,03 for 8 sacks,
1.00 for 7.5 sacks, 0.97 for 7 sacks, 0.93 for 6 sacks,
0,88 for L sacks. Comment--Small for concrete of say more
than 6 sacks, and tends to be offset by effect of slump.

Percent fines (by wt.): C.F. = 0.90 for L0%, 1.00 for 50%, 1.08
for 60%., Comment--May be marginal but normally negligible.

Air content (in #): C.F. = 0,95 for L%, 0.97 for 5%, 1.00 for
6%, 1.05 for 8%, Comment--Normally negligible for say up
to 8% air, .




Reduction factors from References 17 and 33 for 100% sand substitution

for fines, as compared to lightweight fines, were: For creep--0 to 30%
with 20% used in Reference 33; For shrinkage--3 to LO% with 15% used in
Reference 33. These factors are not used herein, since this report refers
directly to sand-lightweight concrete data.

| In the absence of specific creep and shrinkage data for local
aggregates and conditions, the following values will normally be satis-
factory for design purposes:

Average~standard-ultimate creep and shrinkage values for
normal weight, sand-lightweight, and all-lightweight concrete

For 3" or less slump, H % L4O%, 7 day loading age for
moist cured concrete, or 2-3 day loading age for steam
cured concrete: '

Cy, = 2.25

For 3" or less slump, H e LO%, minimum thickness of
member 6" or less,

shrinkage from 7 days for moist cured concrete:

(€gn)y = 650 x 1070 in/in
shrinkage from 2-3 days for steam cured concrete:

(Eghdu = 550 x 1076 in/in

For other conditions, the same correction factors apply as before.
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LOSS OF PRESTRESS

Prediction of prestress loss

Prestressed concrete structures are subjected to relatively high
sustained stress for the life of the structure. Under the action of
prestress and dead load, large time~dependent deformations occur. In

a pretensioned member, the initial prestress is affected by the following:

RN
o

Elaétic shortening

As the prestress is transferred to the concrete, the member
shortens, and the prestressed steel shortens with it., The prestress loss
due to elastic shortening, in percent, is given by Eg. (11).

F F; €2 Mp e

PLel = (n fc/fsi)loo, \ fc = -Af; + It - It (11)

where f. is the concrete stress at the steel c.g.s. due to prestress and
dead load, fgi is the initial or tensioning steel stress, and n is the
modular ratio at the time of prestressing. Frequently F, (prestress force
after elastic loss), A gs and I are used in Eq. (11) instead of Fy, Ay,
and I¢. The results are usual%y very close.,

Concrete creep

: Under working loads, concrete creep is approximately proportional
to compressive stress. Slight variations in this proportionality (which

can be assumed to follow the initial concrete stress-strain curve, accord-

ing to Reference 11) at the 0.60 féi-stress level, for example, may
normally be neglected. For low tensile concrete stress, the rate of
concrete creep can be considered the same in tension and compression. The
prestress loss due to concrete creep, in percent, is given by Eq. (12).

AF

PL PLgy Oy (1 = 0.5 =) (12)

cp

' ‘ AF )

The expression, C¢ (1 - 0,5 -FB)’ was used in References 27 and 28 to
approximate the creep effect resulting from the wariable stress history.
Since AF refers to the prestress loss that occurs after elastic loss,
values assumed herein for this secondary effect (expression in parenthesis)
correspond to AF/Fy = 0,10, 0.20, and 0,25 for 1 menth, 6 months, and
ultimate, respectively.




Concrete shrinkage.

While creep strains alter the curvature in a prestressed beam
directly, in addition to causing a loss in the initial prestress, shrinkage
affects the curvature only indirectly--by causing a loss of prestress. The
prestress loss due to shrinkage, in percent, is given by Eq. (13).

PLgp, = (€gp Eg/fgj)100 (13)

_where E€gp is the free concrete shrinkage occurring after the time of pre-
stressing, and Eg is the modulus of elasticity of the prestressing steel.

Steel relaxation

Stress relaxation in the steel reduces the initial prestress, .
thus causing a reduction in curvature and creep. Relaxation in steel is
dependent on the type of steel, duration of stressing, initial stress,
temperature, prestretching and restretching. It was first thought that
relaxation losses were small (2 to 4%¥) and about 70% of this took place
during the first few hours after tensioning. However, it was shown in
References 3L and 35 that relaxation losses can be relatively high
(especially under high initial stress, which is common in prestressed
concrete), and can take place over a long period of time. Based on the
work of References 34 and 35, and the tests conducted in this project
(discussed,in the next section of this report), Eq. (1lh) is recammended
for predicting the prestress loss due to steel relaxation, in percent.

PLy = 1.5 Logpq t,- Max PL. = 7.5% at or above 105 hrs (11.k yrs). (1bL)

where t is time after initial stressing in hours. Eq. (1L) applies only
when fgi/fy is greater than or equal to 0.55, in which fy is defined as
the 0,1%-offset yield strength. This ratio is usually about 0,70 in .

' prestressed concrete structures.

Slab casting in the case of composite beams

When a composite slab is cdst on a prestressed concrete member,
both elastic and time-dependent effects are produced-~ a., the slab dead
load causes an elastic change that depends on the age of the concrete at
that time; b. due to the sustained slab dead load, creep takes place. Also,
the stiffness of the member is increased due to the hardened slab, and
this reduces the rate of creep curvature and strainj ce. differential
shrinkage induces strains that are additive to the slab dead load effect;
and d. the prestress in the steel is increased (noticeably so in bridges)
due to these effects. For composite beams, Eq. (12) is replaced by Egs.
(15) and (16), and Eqs. (17), (18), and (19) are added for predicting loss
of prestress, in percent.

Prestress loss, in percent, due to creep under prestress and
precast beam dead load up to the time of slab casting--

(PLop)y = Phey Gy, (1= 0.5 AFI-:) (15)




where Cg2 is the creep coefficient of the precast beam concrete at the

time of slab casting. Subscripts 1 and 2 are used herein to refer to the
slab (or effect of the slab, such as in Eq. 18 below) and precast beam,
respectively.

Same as Eq. (15), except for the period following slab casting--

(PLep)y = PLey (Cgp = ©g,p)(1 = 0.5 _A..II; NIp/1) (16)
. o

where Cyo is the creep coefficient of the precast beam concrete at any

time after slab casting (including ultimate), and the ratio, Ip/I., takes
into account the increased stiffness of the member due to the slab,

Prestress gain (elastic), in percent, due to the slab dead load=--
PGey = (m foq/fgi)100 (17)

where fcg is the concrele stress at the steel c.g.s. due to slab dead load
(plus diaphragm dead load where applicable), and m is the modular ratio at
the time of slab casting. The concrete stress is computed using the precast
beam section properties for unshored construction and the composite beam
section properties for shored construction,

Prestress gain, in percent, dué to creep under slab dead load--

where 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.

Prestress gain,,ih percent, due to differential shrinkage--
Q e
PGgg = (m fcd/fgy)100, fed « -—Zii——g s, Q=DAy Ey (19)
c

‘wﬁere foq 1s the concrete stress at the steel c.g.s. due to differential
shrinkage. The differential shrinkage force is applied to the comp081te
section., See the notation for additional descriptions of terms?23,

Theoretical calculation of prestress loss

The total loss of prestress at any time, t, (including the
ultimate value) is given by Eq. (20) for non-composite beams and Eq. (21)

for composite beams.
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Non-composite beams:

511) (12) (13) (1h)
Le1

+# PL,, + PLgp, +  PL, (20)

Py = op

Composite beams:

yeLy (13) (L)  (15) ) @7 @18) (19)
Lep * + PLp + (Pch)l * (Pch)Q - PGy - PGep =~ PGyg (21)

Approximate method for calculating prestress loss

The following approximate method is recommended for estimating
the ultimate loss of prestress, in percent, for non-composite'and composité
structures constructed of normal weight, sand-lightweighf, and all-lightweight
concrete,

Non~-composite beams:

' PLu = [-(n fc)el + (n fc Cu)cp + ((Gsh)u Esjsh + (00075 fsi)rJloo/fsi (22)

Composite beams:

PLy = |(n £o)gy + (n £eteCy)opy * (m £o (1 =)0, (Tp/Te))opa + ((Egply Eg)gy

o+ (00075 fsi)r - (m fcs)el - (ﬁsﬂl fcscu)(Iz/Ic)time-dep 100/fsi
slab slab
effect effect (23)

where Eg = 27 x 106 psi for ASTM A-L16 grade (250 K) strands, Eg = 28 x 106 psi
for 270 X grade strands, I and I, are the moments of inertia of the

precast and composite sections, respectively,°<s refers to the part of the

total creep that takes place before slab casting (Xg= herein)

11 + £0.60
ahd./gs (see Fige. 2) is the creep correction factor for the precast beam

concrete age when the slab is cast (under slab dead load).
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Compute--
F F,e2 Mpe Mg e
fo = IQ . OI - 2 and fog = -—Elgg—gé- for midspan values,
g g g - g

where Fo = F{ (1 =np), p = As/Ag. Only the first two terms of f. apply
for end values. Mgy.y, pL includes the diaphragm dead load where applicable.

In computing f.5, e and I, refer to the precast beam section properties

g
for unshored construction and the composite beam section properties for

shored construction. For camber calculations, use the midspan loss for 2-point
harping (case of bridge girdérs herein) and an average of the end and midspan
loss for l-point harping and straight tendons (case of laboratory beams

herein which used straight tendons).

Substitute the following for normal weight, sand-lightweight, and
all lightweight concrete structures (based on 3" or less slump, 70% relative
humidity, 7 day loading age and shrinkage from 7 days for moist cured concrete,
2-3 day loading age and shrinkage from 2-3 days for steam cured concrete, no
shrinkage correction factor for thickness of members since these refer to
ultimate values)-- -

| Moist cured: Gy = .8(2,25) = 1.80, ( gp)y = L(650) = 260 x 10-6 in/in

- Steam cured: Cy = 1.80, ( sn)y = .L(550) = 220 x 10~° infin

For the time between prestressing and slab
casting (both moist and steam cured)

= 3 weeks, °(s= 0036, /G s* 0065
; 1 month, 0.11 0.60
! 2 months, 0.51 0.LS
' 3 months, ' 0457 0.40

Based on fl; = LOOO to 4500 psi.for both moist cured (M.C.) and steam
cured (S.C.}, up to 3-mths-f§ = 7090 to 7420 psi (using Eq. 3) for moist
cured and 3-mths-f{ = 5120 to 5750 psi (using Eq. L) for steam cured,
and for both 250 K and 270 K strands; average modular ratios are:
' Sand- All-
Modular Nor. Wt. Lt. Wt. Lt. Wt,
Ratio (w = 145) (w = 120) (w = 100)
M.C. 5.C. M.C. 5.C. M.C. 5.C.
At release of prestress n = Ted Te3 9.8 9,8 12.9 12.9

For the time between pre-
stressing and slab casting

_ = 3 weeks, m = 6.0 6,6 7.9 8.7 10.5 11.6
i 1 month, 5.8 6.6 7.7 8.7 10.1 11.h

o 2 months, . 5.7 6.5 7.5 8.6 9.9 1i.k
| » 3 months, 5.6 6.5 T.i 8,6 9.8 11.3
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The results of Eqs. (20) and (21) are shown in Figs.10and 11, and
Table 2 for the laboratory beams and bridge girders. In the case of the
laboratory beams, these results are compared with experimental results
in Fig.]ﬁ)and Table 2., The ultimate loss of prestress is computed using
Eqs. (22) and (23), with both the general parameters defined above and
also with the measured parameters for the sand-lightweight concrete of
this project. These are compared in Table 2 with the ultimate prestress

loss computed by the theoretical method of Eqs. (20) and (21).

Loss of prestress for laboratory beams and bridge girders

Relaxation tests

Relaxatior. measurements were made for three different diameter
7-wire prestressing strands. The results agreed well with the equation
s&ggested in Reference 3k, as can be seen in Fig. 8.

It should be hoted, however, that the relaxation of steel stress in
a prestressed member takes place under decreasing steel strain (due to
sﬁrinkage, creep, etc.), rather than at constant length as in a relaxation
tést. The loss of prestress due to steellrelaxation is also affected by |
siab casting (level of stréss in steel is raised) in the case of composite
beams. Due to these effects and thé practice of overtensioning to

|

counteract the relaxation that takes place between the time of tensioning
and effective bonding of concrete to steel (this practice was assimilated
in the laboratory beam tests, where it is noted in Fig. 8 that about 2%
relaxation takes place in_2h hours, for example), it is felt that about

75% of the steel relaxation in a consfant-length relaxation test should

be used in prestressed concrete loss calculations.
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Fig., 8--Measured and computed steel relaxation for relaxation tests
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prestress- \
iy ing in days L Bot.,
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Initial plus time-dependent strain distribution diagrams
from concrete strains measured on the sides of the beams

Typical experimental prestress loss determined for end section at 150 days

fgi = 172 ksi, Eg = 27 x 10 ksi, Observed conc. strain at cgs = 976 x 10'6in/in.
Loss from meas. strains = (976 x 10’6)(27 x'103)(100)/172 . = 15.3%

Inc. in meas. loss due to lateral distribution (det. as 2.5% of 15.3)= 0.4

Meas. loss due to steel relaxation (75% of value from Fig., 8) = 5,3
Total experimental loss of prestress ‘ ' 21.0%

Fig. 9--Typical measured strain distribution diagrams for the end and midspan
sections of Beam Bl, and example of experimental prestress loss
determined for the end section at 150 days after prestressing
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It was concluded in Reference 35, after a careful study, that steel
relaxation is probably insignificant beyond 100,000 hours (1l.l yrs),
and that this ultimate value might be taken as twice the value at 1000
‘hours (1.4 mths), The relaxation equation recommended in this'report,
~ Eq. (1L), is the same time-function (Log t)-as that of ﬁeference 3k,
except reduced by-25% in magnitude and incorporating the idea of Reference.
35 that the ultimate value be taken as twice that at 1000 hours. This
results in an uléimate_steel relaxation for prestressed cbncrete of

7.5%, as shown in Eq. (1h).

Experimental and computed loss of prestress for laboratory beams
and computed loss of prestress for bridge girders

The loss of prestress at the end and midspan for the laboratory
bgams was determined experimentally'from.the measured concrete strains.
'Hdwever, this measured loss does not include the steel relaxation loss,
since steel felaxation is a "stress relaxation at constant length--or
néafiy so in the case of a prestressed beam" phenomenon. Separate relaxa-
tion tests were made and the results shown in Fig. 8 (also see Eq. 1}
aﬁd discussion). An example of the experimental determination of prestress
léss for a typical laboratory beam is shown in Fig. 9.

% Experimental and computed loss of preétresé versus time curves for
the laboratory beams are shown in Fig. 10, and.the computed curves for
%ﬁe bridge girders in Fig. 11. The end and midspan values are shown in
each case; The separate effects (elastic, creep, shrinkage, relaxation),

and how they vary with time, are shown in Fig. 12 for a typical composite

laboratorj beam and bridge girder,

b
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Fig. 10—Measured and computed loss of prestress (by theoretical
' procedure using Eqs. 20 and 21) for the laboratory beams
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Total loss of prestress (including elastic loss) in percent
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procedure using Eq. 21) for the bridge girders




Midspan Loss of prestress in percent of initial stress
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Fig. 12--Computed loss of prestress, showing separate effects, for typical
composite lab, beam and bridge girder (by theoretiecal procedure--
Eq, 21) versus time, Diff, shrinkage is included in shrinkage part
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The experimental and computed loss of prestress for the laboratory
beams and computed loss for the bridge girders are shown in Table 2 at
the time just prior to slab casting, and at 150 days for the beams and
120 days for the girders. The computed ultimate values are also tabulated
in Table 2 using: the theoretical Eqs. (20) and (21) with experimental
parameters determined for the sand-lightweight concrete of this project,
the apprgximate Eqs. (22) and (23) with the experimental parameters of
this project, and Eqs. (22) and (23) with general parameters given for
normal weight, sand-lightweight, and all-lightweight concrete. In the
general procedure, the same creep apd shrinkage factors are suggested
for all three concretes, with different modular ratios for each. The
cglculations in this rebort are for sand-lightweight concrete only. The
computed losses using'the experimental parémeters are shown by terms in
Table 3 for the theoretical Eqs. (20) and (21), .and in Table L for the
apﬁroximate Eqs. (22) and (23).

Based on the results of Figs. 10, 11, 12, and Tables 2, 3, L, the
foildwing-observations are made:

j l. The experimental ioss of prestress for the laboratory beams
wa§ slightly lower than the computed loss for the non-camposite beams'
(pgssibly due to the use of creep data based on a uniform-gtress distri-
butiﬁn rather than non-uniforﬁ),‘and about the same for the composite
beéms. This can be seen in Fig. 10 and Table 2 where the ratio of computed
to experimental loss of prestress at 150 déys varied from 0.91 to 1,16.
Based on thesé comparisons and the camber comparisons in the nex& chapter,

boﬁh the theoretical and approximate methods for computing loss of prestress

are thought to be satisfactory.




1TABLE 2--EXPERIMENTAL AND COMPUTED LOSS OF PRESTRESS FCR LABORATORY
BEAMS AND COMPUTED LOSS OF PRESTRESS FOR BRIDGE GIRDERS

2T 3me 3Experi- Computéd Combuted Léss b& ] hComp_uted Ultimate Loss
€am Bet, | mental |Loss Just |Theoretical Egs. 20,
No.| Pres.| Loss at |Before 21, with exp. param., Theor. Egs.| Approx.Eqs.|Approx.Eqs.
’ 20, 21 with| 22, 23 with|22, 23 with
and 150 days|Slab Cast |at 150 d. for Lab, B. eXp. param.| exp. param.|gen. param
Slab and 120 d. for Br.Gr. * i * * t i
Cast | knd| Mid|Mid [Ratio|End |Ratio|Mid |Ratio|End [Mid End | Mid | End | Mid
Laboratory Beams
AL | == |[22.7]21.8] ~= | -= |24.7|1.09 |23.8|1.09 |30.9]29.8 |32.1|30.8 | Lo | koo
A2 - |19.9/(18.0| -- -- {22.5[1.13 |21.5(1.16 [27.7|27.0 | 29,1 |27.9 - --
A3 -- [18.9|18.0| -- -- [20.,6{1.09 [19.7[1.20 |{25.8|2L.7 |26.6 |25.3 -- -
Bl -~ |21.0{20.1} ~-- -- |23.5|1.12 |22,5/1.12 |29.4]28,2 | 30.5 |29.1 - --
B2 21 do 20.8 18.2 1506 1-lh 19.9 0.96 18o6 l.o2 2}4.9 231)4 26.6 25.0 bl -
B3 | 63 d.{21.2{19.9|1%.8] 1.10{19.5(0.92 |18.1|0.91 [24.5{22,9 |27.6 | 26,0 -- -
Cl -~ 22,7|22.1| =-- -- [25.4{1.22 {24,5|2.11 |31.0{30.7 | 33.2 | 31,2 -= -
C2 | 21 d.|21.6[20.0|17.3| 1.10|21.6|1.00 |20,3]1.01 [26.9(|25.L | 28.5 |27.0 - -
C3 | 63 d.|22.7|21.8[21,7| 1.13{21.3|0.9k |20.0{0.92 |26.6|25.2 |29.7 |28.2 | == | ==
Bridge Girders . }
152 65 d' hadad faghd 2609 - 20‘0 - 20:2 - 26.7 2706 2?9? 2962 3OI7 3203
153 | 65 do| == | == [28.0] == [20.7] == [21.1] == |27.5]28.7 |[28.6 [2949 | 3GCs7| 32.3
1514 65 do hndnd - 2708 - 20.5 - 21.1 - 2703 28.5 28-5 290? 3007 32.3
155 | A0 d.| == | == [26.6] == |19.9| == [19.8| -- [26.5(27.1 |27.6 |28.8 | 30.7| 32.3
N66 | 60 d.| == | == [28.3] == [20,9| -- {21.3]{ -- [27.7(2B.9 | 28.8 | 30,1 | 30,7 32.3
1411 1osses are expressed in percent of initial stress. The ratios are: Computed/Experimental.

2The laboratory beams and

bridge girders were prestressed at age 7 days and 2-3 days, respec-

tively., The 150 day and 120 day times in the table refer to times after prestressing.

3see Fig. 9 for example of experimental prestress loss determination,

brhe general parameters suggested in the report refer to field conditions and design

concrete properties, Hence, only the bridge girder values are included in the last two columns,
See Footnote 2, Table 3 and Footnote 2, Table L for a description of the experimental parameters.
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1,204BLE 3--COMPUTED ULTIMATE LOSS OF PRESTRESS AT MIDSPAN, BY TERMS,
FOR THE LABORATORY BEAMS AND BRIDGE GIRDFRS, USING THE
THEORETICAL BQS. (20) AND (21) WITH EXPERIMENTAL PARAMETERS

Creep Creep E1, Creep Gain

Beam El. Shrink Relax Loss Loss Gain Gain Due to Total
No. Loss Loss Loss Before After Due to Due to Diff. Loss,
Eq.11 Eq. 13 Eq.llh Slab Slab Slab Slab  Shrink Egs.

Cast,Eq. Cast Eq.17 Eq. 18 Eq. 19 20, 21
12 or 15 Eq.16

2

Laboratory Beams

Al 5.? 902 7-5 7.9 - - - - 2998
A2 L. 9,2 7.5 6.2 - - - —— 27.0
A3 3.2 9.2 7.5 L8 - - - - 24.7
Bl L.5 9.2 7.5 6.9 -— -- - - 28.1
B2 L.5 9.2 7.5 2.5 l.h -0.4 -0,2 -1.1 23.k
B3 L.5 9.2 7.5 3.6 1.0 -0.4 -0.1 -2, 22.9
) Cl 505 9u2 7-5 805 - - - - 30.7
C2 5.5 9.2 7.5 3.1 1.7 =04 =-0.2 -1.0 25.L
€3 5.5 9.2 7.5 L. by 1.3 -0.4 =-0.1 -2.3 25.1
Bridge Girders
152 11.5 2.6 7.5 9.0 2.7 -h.2 =-1.1 -0.k 276
153 12.1 2.6 7.5 9.k 2.8 4.2 1.1 -0.k 28a7
154 12.0 2.6 7.5 9.3 2.8 4.2 -1.1  -0.k 28.5
156 11.5 2.6 7.5 8.8 2.7 -h.h  -1.1  -0.5 27,1
156 12.4 2.6 7.5 9.5 2.9 <L 1.1 -0.5 28,9

1All losses are expressed in percent of initial stress. |

. 2The experimental parameters used in the above calculations are shown
in Table 1 (elastic and strength properties) and elsewhere in this
report for the sand~lightweight concrete of this project. The
correction factors given in the report are used, where appropriate,
for relative humidity and age of loading. The creep and shrinkage
factors used are: ‘

Laboratory Beams Bridge Girders

Precast beam creep: Cy = 1.75 C, = 1l.68
=5

Precast beam shrinkage (x 107~ in/in): (€ gy)y = 590 (€gply = 180

Slab shrinkage=-used in calculating
differential shrinkage (x 10-0 in/in): (€gy), = 430 (€gp)y = 120




1s2ppBLE ly~-COMPUTED ULTIMATE LOSS OF PRESTRESS AT MIDSPAN, BY TERMS,
FOR THE LABORATORY BEAMS AND BRIDGE GIRDERS, USING THE
APPROXIMATE EQS. (22) AND (23) WITH EXPERIMENTAL PARAMETERS

Creep Creep El, Time-Dep Total
Beam Fl. Shrink Relax Loss Loss Gain Gain Loss,
No. Loss Loss Loss Before After Due to Due to Egs.
Term Term Term Slab Slab Slab Slab 22, 23
Cast Cast Term Term
Term Term
Laboratory Beams
Al 5.1 9.2 7.5 9.0 -- -- - 30.8
A2 L 9.2 7.5 7.1 - - -- 27.9
A.3 301 9.2 7.5 5.5 hadie - el 25.3
Bl 1-1.5 902 7-5 709 - hadesl baded 29-1
B2 ho5 9.2 7.5 2.8 1.6 =0.h -0,2 25.0
B3 b5 9.2 7.5 L. 1.2 -0.4  -0.1 26.0
Cl 505 902 7-5 9.6 o - haidnd - . 31.8
c2 5.5 9.2 7.5  3.L 2.0 -0. -0.2 27.0
C3 5,5 9.2 7.5 5.0 1.5 -0.4  -0.1 28.2
Bridge Girders
152 11.h 2.6 7.5 10.0 3.0 -4.2 -1.1 29.2
153 11.7 2.6 7.5 10,3 3.1 -h.2 -1.1 29.9
154 11.6 2.6 7.5 10.2 3.1 -h.2 -1.1 29.7
155 11 ob 2.6 7-5 9.8 3.0 -hoh -1 -1. 26.8
156 12,0 2.6 7.5 10.4 3.1 =Ly -1.Y 30.1

1411 1osses are expressed in percent of initial stress.
2-Foo*bnote 2 of Table 3 also applies to this table, except that

differential shrinkage is not included in the approximate method;
hence the slab shrinkage is not used in the approximate method.
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2. The 3 beams of Group A and the beams of Groups B and C demon-
strate the fact that higher concrete stress levels result in higher prestress
loéses, for the same initial steel stress, due to higher initial concrete
strains (see Table 2 and A2),

3. Slab casting causes an elastic prestress gain and a time-~
dependent gain due toAcreep and differential shrinkage. Creep loss under
prestress and precast beam dead load is also reduced by the effect of the
composite section. This gain (or reduction in prestress loss) is smaller
for the laboratory beams than the'bridge girders, due to their relative
sizes. A comparison of cémposite beams B2, B3 and C2, C3 with non-composite
beams Bl, and Cl, respectively, in Table 2 indicates that the composite
slab reduces the ultimate loss by L.1% to 5.5% (from 30.7% to 25.2% =
5.5%, for example). The corresponding reduction in ultimate loss of pre-
stréss for the bridge girders due to the composite slab was about 12% (as
11% - 29% = 12%). These effects can be seen in various ways in Figs. 10,
11, 12, and Tables 2, 3, kL.

| L. The effect of the 3 week and 9 week slab casting schedules
hadjonly a small effect on loss of prestress for the laboratory beams (less
‘than 1% loss as shown in Table 2)., The computed loss was slightly less,
not:greater as might be expected, for the 9 week slabs than the 3 week slabs,.
because of the high differential shrinkage effect-in the low humidity lab-
oratory (H = 4Of). This was verified by the experimental data at 5 months
after prestressing as well,

| As expected, the computed ultimate loss of prestress (using
theoretical Eq. 21 with experimental parametefs) for the bridge girders of
this project when considering a 3 week slab, as compared to the actual 9

week slab, was about 2%f lower at midspan (prestress loss 2% lower for 3
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week slab). The results of Eq. (21) for the five bridge girders are as

follows:
Computed ultimate loss of prestress by Eq. (21),
with experimental parameters, in & of initial stress
Girder 3 Week Slab *9 Week Slab
No. End Midspan End Midspan
152 25.h 25,1 26.7 27.6
153 26.2 26,2 27.5  28.7
15k 26,0 26,0 27.3  2B.5
155 25.4 2h.9 26.5 27.1
156 | 26.5  26.6 - 27.7 28.9

*These values from Table 2

5. As shown in Figs. 10 and 11, and Table 2, the difference in
thevend and midspan ioss of prestress was quite small for the laboratory
beams, and relatively large for the bridge girders before slab casting.
Aftér slab casting, the loss of prestress in the bridge girders was only
slightly different at end and midspan.

| _'V In the case of the laboratory beams (straight tendon profile),
thefmidspan stress at the steel c.g.s. level was only slightly lower than
at the beam end, due to the relatively small precast beam dead load stress
at‘ﬁidspan. The midspan stréss due to the laboratory beam slabs was also
relétively small, Hence, the loss of prestress for the laboratory beams
Wasjslightly greater at the end than at midspan (Fig. 10). For the bridge
girders (2-point harping profile),\the midspan stress at the steel c.ge.s.
levgl is considerably higher at midspan than at the end of the girder
(2700 psi as compared to 1900 psi). The!greater midspan eccentricity in
the harped bridge girders more than offsets the dead load stress. The
result is a considerably higher prestress loss at midspan than at the

end before the deck slab is cast (Fig. 11). The composite deck serves to
[ .




gfeatly reduce this midspaniloss, so that the end and midspan values are
nearly the same after slab casting (Fig. 11 and Table 2).

6. For a typical composite bridge girder, it is shown in Fig.

12 that the separate effects contribute to the loss of prestress in the
following proportions at 120 days after prestressing: elastic--7.3% loss
or 36% of total loss, creep--6.9%¢ loss or 34% of total loss, shrinkage--
0.8% loss or L% of total loss (this includes differential shrinkage which
causes a gain in prestress), and steel relaxation--5.2%-loss or 26% of
total loss. Similar values for a typical composite laboratory beam, and
how these values vary with time for both laboratory beams and bridge
gir&ers, can also be seen in Fig. 12. .}

7. The computed loss of prestress using the theoretical and
appféximate equations with experimental parameters of this project, and
thefapﬁroximate equations with general parameters given in this report,
are tabulated in Table 2, In noting the reéults by these three methods
in that order, the prestress loss values differ by about 1% to 3% between
methods.(as 27.6% to 29.2% to 32.3%), in the order one would expect; that
is, with the geﬂeral approximate method on the high s}de, etc. The ultimate
loss of prestress for both the labor;tory beams and bridge girders of this
project is of the order of 25% to 30% for these sanu-lightweight prestressed
concrete structures. The L and 5 month (after prestressing) loss of pre-
stress for both was about 19% to 23% (Figs. 10 andrll, and Table 2).

8. The prestress loss due to creep of the precast beam concrete
after slab casting is greatiy reduced because of the increased stiffness

of the member. The effect of shrinkage loss and differential shrinkage gain

is much more pronounced in the case of the laboratory beams than the bridge




girders because of the much higher shrinkage in the lower humidity lab-

oratory (LO% versus 70%). These effects, as well as the elastic and time~
dependent (due to creep under slab dead load) prestress gain, can be seen
in Fig. 12 and the term-by-term tabulations in Tables 3 and L, except that
differential shrinkage is not included in the approximate method shown in

Table L.
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CAMBER

Prediction of camber

The theoretical and approximate methods in this report for predict-
ing camber of non-composite and composite prestressed concrete beams are
extensions of the work in References 21, 27, and 28.

Theoretical calculation of camber

Non~-composite beams:

(1) (2) (3) (L)
A A ) A . RS

A"t a4 (Ai)Fo- (A) +- [- -41% + (1 -%E) ct](Ai)Fo- Cy (Aydp (2h)

7 AY

1°DL

where: (1) is the initial camber due to the initial prestress force after
elastic loss, F,. See Appendix C for common cases of prestress

moment diagrams with formulas for computing camber, ([&i)Fo.

(2) is the initial dead load deflection of the beam. (Aj)p; =
K M L2/Egy Ig. See notation for K and M formulas.

(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.

(L) is the dead load creep deflection of the beam.

i Tt is noted that the term Z&F/Fo refers to the steel stress or force

after elastic loss,and the prestréss loss in percent, PL, (as used herein)

refers to the tensioning stress or force. The two are related as:

AF 1 fo

T, " 106 (Plotal - Ple) 7 (25)
Eq. (25) can be very closely approximéted by Eq. (26)

Ar 1 (26)

1
T, " 100 (Pltotal - PLel) 7=
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where n is the modular ratio at the time of prestressing, and p = As/Ag.

Unshored composite beams:

(1) (2) - (3)
—— = - - ~
Ay =+ (D) - (4Ay) 2. %) Cg, | (A4)
t =+ Fo = 2t | - F, - Fo) SZJ( F
(h) (5)
/ T — ) N\
ARy A t I
l: " Fg + (1 )(Ct’2 SZ)J (Ai)Fo f - 032 (Ay)p
(éL) (7) (8) (9)

N /_‘Aﬁ / A N\ 7 A

Io I 2
- (Cep = Cop)(Ba)p 3= = (Aghy =Gy (A4 = - §E T (@
. Cc .

where- 1)

(2)

(3)

(L)

(5)

(6)

is the initial camber due to the initial prestress force after
elastic loss, F,. See Appendix C for common cases of prestress
moment diagrams with formulas for computing camber, (A ; )Fo. '

is the initial dead load deflection of the precast beam.
(Aj)o = K, Mp L /E01 g See notation for K and M formulas.,
is the creep (time-dependent) camber of the precast beam up to
the time of slab casting. AFg refers to the total loss at the
time of slab casting minus the initial elastic loss that
occurred at the time of prestressing. C52 is the creep

coefficient of the precast beam concrete at the time of slab
casting.

is the creep camber of the composite beam for any period
following slab casting. ATy refers to the total loss at
any time following slab casting (including ultimate) minus
the initial elastic loss that occurred at the time of pre-
stressing. Ctg is the creep coefficient of the precast beam

concrete at any time after slab casting (including ultimate).

is the creep deflection of the precast beam up to the time of
slab casting due to the precast beam dead load.

is the creep deflection of the composite beam for any period
following slab casting due to the precast beam dead load.




. (7) is the initial deflection of the precast beam uncer slab dead
load. (A1) ™ Ky My L2/Ec Ip. See notation for K and M formulas.
When diaphragms are used, add to (Ai)y: (AiND o MiD 12 a2

Eclg 8

6"’ |

where Mjp is the moment between diaphragms, and a is L/L, L/3, etc.,
for 2 symmetrical diaphragms at quarter points, third points, etc.,
respectively.

(8) is the creep deflection of the composite beam due to the slab
dead load. C¢y is the creep coefficient for the slab loading,
where the age of the precast beam concrete at the time of slab
casting is considered.

(9) is the deflection due to differential shrinkage.
Shored composite beams:”

Ay = Eq. (27), with Terms (7) and (8) modified as follows: (28)

(7) is the initial deflection of the composite beam under slab dead
load. (Aj)1 = K3 M) L2/E.I.. For this case, the composite
moment of inertia, Ig, is used.

(8) is the creep deflection of the composite beam due to the slab

dead load = Ct3 (Ai)y, The composite-section effect is
J already included in Term (7).

It is suggested that the 28-déy modulii of elasticity for both slab
. and precast beam concretes be used in computing the composite moment of
inertia, I, for Egqs. (27) and (28),

Approximate method for calculating camber

The following approximate method is recommended for estimating
the ultimate camber of non-composite and composite structures constructed
of normal weight, sand-lightweight, and all-lightweight concrete, All
n;eded material parameters are defined with Eqs. (22) and (23) in the loss
‘of prestress chapter, Other notation in Eqs. (29) through (31) is the
same as defined with Eqs. (24), (27), and (28). In addition,AF, refers
to the total ultimate loss of prestress minus the initial elastic loss

that occured at the time of prestressing.



The following loss 6f prestress ratios at the time of slab casting and
ultimate are suggested for use in the approximate Eqs. (29), (30), and (31)
for normal weight, sand~lightweight, and all-lightweight concrete structures:

- AFg/Fo for 3 wks to 1 mth between prestressing and slab casting =
0.11 for Nor. Wt., O0.13 for Sand Lt. Wt., 0.15 for A1l Lt. Wt.

AFg/Fo for 2 to 3 mths between prestressing and slab casting =
0.15 for Nor. Wt., 0.18 for Sand Lt. Wt., 0.21 for All Lt. Wt.

" AF,/Fy = 0.22 for Nor. Wt., 0.25 for Sand Lt. Wt., 0.29 for All Lt. Wt.
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.,

Non-composite beams:

®» @ 3) (1)
—N —N—  r —\ \ Ve N N\
' : AF AF
Bu=* (Bg, = By« [ -2 @ - FEI]G s, - & (A1) @)

Unshored composite beams:

(1) (2) : (3)
Vo A Y s - \ /7 N — N\
‘ , Fg AFg
Au“*'(Ai)Fo- (Ai)z* [ - P + (1 --2——§-;) dAg Cu](ﬂi)Fo
W ®
T AF AF, , '
i [ - Fou f @) ds) c“] (A 1o - s Cu (B4)p
(6) (T (8) (9)
. r~ 4 I\ —N / A I\ —N— . ]
- (1 - dg) Gy (Ay), T% - (D) -850y (A TZ - *p.s. (30)
C

f*See discussion following Eq. (31) for treatment of differential shrinkage.




Shored composite beams:

A, = Eq. (30), except that the composite moment of inertia
is used in Term (7) to compute (Zli)l, and the ratio,

I/I_, is eliminated in Term (8). (31)

The'térms in the approximate Egs. (29) and (30) correspond to the
same terms in the theoretical Eqs. (24) and (27). When sh;inkage is
expected to be relatively high (such as in low humidity regions), the
differential shrinkage term (Term 9) in Eq. (27) should be included in
Eq. (30); otherwise Term (9) may be omitted in Eq. (30). Term (9) was
omitted in the case of the bridge girders (H = 70%) and included in the
c;se of the laboratory beams (H = LO%) in the approximate method (Eq.
30) in this report. This effect can be seen in the term-by-term
sﬁlutions in Tables 6 and 7.

The solution of Eq. (30) or (31) for camber.of composite beams
.requires only the calculation of (lki)Fo, (£&1)2’ and (zsi)l -- see
fSrmulés for these as defined with Eq. (27) or (28) =~ in addition to the
section properties and prestress force, fo = i(1 - 2?££)’ where f,
i5 determined as suggested following Eq. (23). All othar parameters are

given here and with Eqs. (22) and (23). The same is true for non-composite

beams and Eq. (29), -- (Z§i)F° and (Aj)p; being defined with Eq. (2L).




Measured and computed midspan camber for laboratory beams and bridge girders

Measured and computed midspan camber versus time curves for the lab-

. oratory beams and bridge girders are‘shown in Figs. 13 and 14. These camber
values are tabulated and compared in Table 5 at release of prestress (initial
camber), just before slab casting (3 and 9 weeks for the laboratory beams and
9 weeks for the bridge girders aEier prestressing), and at 5 months for the
laboratory beams and L, months for the bridge girders after prestressing. The
computed ultimate values are also shown in Table 5 for: the theoretical
Eqs. (24) and (27) with experimental parameters determined for the sand-
1ightweiéht concrete of this project, the approximate Eqs. (29) and (30)
,withlexperimental parameters of this project, and Eqs. (29) and (30) with
geﬁeral parameters given for normal weight, sand-lightweight, and all-
lightweight concrete,

"' In the general procedu?e, the same creep and shrinkage factors are
suggested for all three concretes, but with different prestress loss ratios
AFg/Fo and AFy/F,) for each, The calculations in this report are for sand-
lightweight concrete only. The computed camber values using the expérimental
parameters are shown by terms in Table 6 for the theoretical Egs. (24) and
(27), and in Table 7 for the approximate Egs. (29) and (30).

Based on the results of Figs. 13, 1k, and Tables 5, 6, 7, the
following observations are made:
| 1. The computed initial camber compared very well in most cases
with the measured initial camber for both the laboratory beams and bridge
girders. The ratio of computed to measured ;amber varied in Table 5 from

0.93 to 1.10, except for one ratio which was 1.20.

!




Total midspan camber in inches
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Fig. 13--Measured and computed camber
(by theoretical procedure
using Fqs. 24 and 27) for
the laboratory beams
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Fig, l4--Measured and computed camber (by theoretical
procedure using Eq. 27) for the bridge girders




lTABLE 5~-MEASURED AND COMPUTED MIDSPAN CAMBER FOR LABORATORY BEAMS AND BRIDGE GIRDERS

?Time_

Camber Just

Computed Camber by

Computed Ultimate

Beam | Initial Camber Bet, |Before Slab Cast |Theoretical Bgs. 2k, Camber
No. Pres. 27, with exp. param.,| Theor. Egs.|Approx.Eqs.|Approx.Eqs.)
Meas. |Comp. |Ratio| ., 4 |Meas,.|Comp. Ratio|lat 150 d. for Lab. B.|2L, 27 with|29, 30 with|29, 30 with
- Slab .|and 120 d. for Br.Gr.| exp. param.|exp. param,.|gen. param.
Cast Meas. | Comp. | Ratio
Laboratory Beams
Al 0027 0025 0093 - - - - Ochh OOhh 1.% OoSh 0056 3-‘
A2 | 0,20 0.21| 1,05 == | == | == | == | 0.3h| 0.34| 1.00 0.L3 Oukily -
A3 |Bad DJ 0,14]| -- - - -- - 0.26 | 0.26 | 1.00 0.31 0.32 -
Bl § 0.22]| 0.22] 1.00] == - - -— 0.38 | 0.37| 0.97 0.L7 0.48 -—
B2 | 0.,23| 0.22| 0.,96| 21 d4.|0.32 {0.31] 0,97 0,18 | 0.20| 1.11 0.22 0.23 --
B3 | 0.23| 0.22| 0.96| 63 d4.|0.36 {0.35(0.97 | 0.18 | 0.17 | 0.95 0.18 0.19 -
Cl | 0.27| 0.27| 1.00| -- - - -— 0.47 | O.L6 | 0.98 0.58 0.60 -—
c2 | 0,27 0.27| 1.00| 21 d.{0.39 [0.38 { 0.97 0.26 | 0,28 | 1.08 0.31 0.32 -
C3 | 0.27 0.27{ 1,00} 63 d.|0O.L4ky 10,43 | 0,98 0.26 | 0.25 | 0.96 0.28 0.30 -
Bridge Girders
152 | 2.05] 2.10] 1.02{ 65 d.[3.10 |3.03 | 0.98 | @.h0 | 0.33 | 0.83 | Yo.u1 bo,51 0,66
153 | 2.05| 2.18] 1.06| 65 d.|{3.15 {3.10 | 0.98 0.45 | 0.39 | 0.87 - 0.47 0,60 0.66
154 | 2.10{ 2,19 1.0L4{ 65 d.[3.15 {3.12 {0.99 0.40 | 0.kl | 1.03 0.51 0.64 0,66
155 | 1.90| 2.10| 1,10 60 d.}3.06 [3.01{ 0,98 0.20 | 0.21 | 1,05 0.33 0.L3 0.66
156 | 1.85| 2.23| 1.20] 60 d4./3.00 (3,12 |1.0h 0.31 | 0,31 | 1,00 0.42 0.53 0.66

1411 camber values are in inches. The

ratios are: Computed/Measured.

2The laboratory beams and bridge girders were prestressed at age 7 days and 2-3 days, respectively.
-The 150 day and 120 day times in the table refer to times after prestressing.

3The general parameters suggested in the report refer to field conditions and design concrete
properties. Hence, only the bridge girder values are included in the last column. See Footnote 2,
Table 3 and Footnote 2, Table L for a description of the experimental parameters.

LThe differential shrinkage term of 0.10" (omitted in the approximate method for bridge girders) represents

the principal difference in these computed results between the theoretical and approximate methods.

il




TABLE 6--COMPUTED ULTIMATE MIDSPAN CAMBER, BY TERMS, FOR THE LAB-

ORATORY BEAMS AND BRIDGE GIRDERS, USING THE THEORETICAL
EQS. (2h) AND (27) WITH EXPERIMENTAL PARAMETERS

Initial Initial Creep DL Creep Creep Bm.DL Defl. Total
Beam Camber Defl. Camber Defl. Up Camber Defl. Due to Cam-
No. Due to Due to Up to to Slab After After Diff. ber,
Prestr. Beam DL Slab Cast. Tm Slab Slab ' Shrink Eqs.
Cast  L-Eq2l, Cast age 24,27
Term 1l Term 2 Term 3 Tm5-Eq27 Term L4 Termb Term 9
Laboratory Beams
Al . 0.30 -0.05 0.38 -0.09 - -~ 0,54
A2 0.24 -0.05 0.33 -0.09 - - 0.3
A3 0.19 <0.05 0,26 =0.0% - -~ 0,31
Bl 0.27 -0,05 0.35 -0,09 - - 0.47
B2 0.27 -0,05 0,12 -0,03 -0.02 0,07 0.22
B3 .27 -0,05 0.18 -0.05 -0.02 01k 0.18
Cl " 0.32 -0.05 0.40 -0,09 - . == 0,58
C2 ' 0.32 -0,05 0.1k -~0,03- -0,02 0,06 0.31
c3 0.32 -0,05 0.21 -0.05 -0,02 -0.14 0.28
Bridge Girders .
152 . 3.72 1,62 2,36 -1.43 0,67 -0.L43 ~0.10 0.1
153  3.88 -1.70 2,42 -1.50 0,68 -0.hS ~0.10 0.47
15L . 3.87 1,68 2,42  -1.L9 0.68 -0.4k -0.10 0,51
155  3.72° -1.62 2.31 ~l.LoO 0.68 -0.h2 0,09 0.33
156 .+ 3,97 «1.7h 2,40 1,51 0.70 -0.4%6 -0.09 0.h2

1A;I.l table values are in inches.

25ee Footnote 2, Table 3 for a description of the experimental parameters.
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1s2pppLE 7--COMPUTED ULTIMATE MIDSPAN CAMBER, BY TERMS, FOR THE LAB-
ORATORY BEAMS AND BRIDGE GIRDERS, USING THE APPROXIMATE
PQS. (29) AND (30) WITH EXPERIMENTAL PARAMETERS

Initial Initial Creep DL Creep Creep Bm.DL El. Creep 3pery, Total
Beam Camber Defl, Camber Defl. Up Camber Defl. Defl. Defl. Due to Cam-
No. Due to Due to Up to to Slab After After Due to Due to Diff. ver,
Prestr. Beam DL Slab Cast. Tm Slab Slab Slab Slab Shrink E4S-.
. ~ Cast L4-Eq29, Cast Cast DL DL age 29,30
Term 1 Term 2 Term 3 Tm5-Eq30 Term 4 Term6 Term 7 Term 8 Térm 9

Laboratory Beams

Al 031 -0.05 0.39 -0.09 - -— — _— -~ 0.56
A2 0.25 -0,05 0.33 -0.09 - - - - - 0.k
A3 0.20 -0.05 0.26 -0,09 - - - - -~ 0.32
Bl ' 0.27 -0.05 0,35 -0.09 - - v - 0.48
B2 0.27  -0.05 0.13 -0.03 0.07 -0.02 -0.05 -0.02 -0.07 0.23
B3 0.27 -0.05 0,19 -0.05 0.0y -0.02 -0.04 =~0.01 -0.1L 0.19
cl  0.33 -0.05 0.1 -0.09 -— - - - - 0.60
c2 0.33 -0.05 0.15 -0.03 0.07 -0,02 -0.05 -0.02 -0.06 0.32
C3 0.33 -0,05 0.22 =0,05 0.06 -0,02 -0.04 =-0.01 =~0.1h 0.30
Bridge Girders
152  3.72 -1.62 2,36 -1.43 0.67 -0.43 -2,21 -0.55 - 0,51
153  3.90 -1.70 2.k3 -1.50 0.68 -0.L45 -2.21 -0.55 - 0,80
15k 3.89 -1.68 2.43 -1.h9 0.69 -0.Lh ~2,21 -0.55 - 0,6k
155 . 3.72 -1.62 2,32 -1.40 0.68 -0.42 -2.30 -0.55 -~ 0,43
156  3.97 -1.74h 2.h2 -1.51 0.70 -0.k6 -2.30 -0.55 -~ 0,53

1Ail table values are in inches.

: 2See Footnote 2, Table 3 and Footnote 2, Table L for a description of
the experimental parameters.

3as explained in the discussion of Eq. (30), the differential shrinkage
term (Term 9) is omitted in the case of the bridge girders (H = 70%)
and included in the case of the laboratory beams (H = LO%Z) in the
approximate method for cémposite beams.

.hé
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2. The computed and measured camber versus time curves for the
laboratory beams in Fig. 13 and the bridge girders in Fig. 1l are also in
good agreement. This cén be seen in Table 5 where the ratio of computed to
measured camber just before slab casting, in the case of the composite
beams, varied from 0.97 to 1.0k, This ratio for the laboratory beams at
S months after prestressing was 0.95 to 1.11; and for the bridge girders at’
L months after prestressing was 0.83 to 1,05. Based on these comparisons
and the prestresé loss comparisons in the previous chapter, both the
theoretical and approximate methods for computing camber are thought to
be satisfactory.

3. Slab casting causes an elastic defléction and a time-dependent
deflection due to creep andAdiffé;ential shrinkage. The creep camber due to
preétress and precast beam dead load are also reduced by the effect of the
composite section after the slab has hardened. This deflection after slab
casting (or reduction in camber) is smaller for the laboratory beams than
thefbridge girders because of their relative sizes. A comparison of campo-~
site beams B?, B3 and €2, C3 with non-composite beams Bl and C1 in Table 5
indicates that the composite slab reduces the ultimate camber by 52% to 62%
(from O.47" to 0.18" or 62%, for example). In the case of the bridge girders,
it éan be seen in Fig. 14 that the camber curves have nearly leveled off at
about 3,0" (Table 5) just before slab casting. After slab casting and up to
ultimate, the camber values in Table 5 are about 0.3" to 0,5". This is a
reduction of from 3.0" to say O.L" or about 87%. The principal reason for
the obviously large slab effect in reducing ultimate camber was differential
shrinkage for the laboratcry beams (high shrinkage in the low humidity

laboratory--H = L0%), and elastic deflection (plus creep to a lesser extent)
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under slab dead load for the bridge girders. The effect of the slab can
be seen in various ways in Figs. 13, 14, and Tables 5, 6, 7.

k. The effect of the 3 week and 9 week slab casting schedules
was smaller than expected for the laboratory beams. This was due to the
offsetting effects of greater creep camber for the 9 week slabs and greater
deflection due to differential shrinkage for the 9 week slabs. The greater
creep camber for a later slab casting schedule is due to the fact that the
later slab allows more‘creep camber to take place before the slab is cast
(see Tables 6 and 7). In the case of differential shrinkage, the later the
slab is cast, the greater is the differential in shrinkage between slab and
precast beam, Also, the differential shrinkage for the laboratory beams was
relatively high in the low humidity laboratory. In fact,utﬂe camputed
ultimate camber of the laboratory beams was slightly less, not greater, for
the 9 week slabs than the 3 week slabs, because of the high differential
shrinkage effect. This was verified by the experimental data at 5 months
: aftér prestressing as well (see Table 5).

As expected, the computed ultimate camber (using theoretical Eq.
27 ﬁith experimental param?ters) for the bridge girders of this project
when considering a 3 week slab, as compared to the actual 9 week slab, was
reduced about 0.3". The ultimate camber by Eq. (27) varied from -0.04" to
0.16", avg. 0.09" for 'a 3 week slab; and from 0.33" to 0.51" (Table 2),
avg. 0.L3" for the 9 week slab.

5. The computed ultimate c#mber using the theoretical and
approximate equations with the experimental parameters of this project,
and the approximate equations with general parameters given in this study,

areitabulated in Table 5. In noting the results by these three meﬁhods in

) (
1
.




that order, the values differ by relatively small amounts in the order one
would expect; that is, with the general approximate method on the high side,
etc. The difference between the results by the first two methods was fram
0.10" to 0,13" (as 0.64" - 0,51" = 0,13"), and between the last two methods
was from 0.02" to 0.23" (as 0.66" - 0.,64" = 0,02")., The approximate general
method was applied to the bridge girders only, as explained in Footnote 3,
Table 5. These are thought to be quite reasonable results.

In the sase of the bridge girders, the difference between the
results by the theoretical and approximate methods with experimentai
parameters was about 0.10" for each girder (Table 5). This difference is
a direct result of the differential shrinkage term (which is 0.10" in
Table 6) being omitted in the approximate method for the bridge girders,
as explained in Eq. (30). The difference between tﬁe results by the
approximate method using both experimental and general parameters is due
primarily to the slightly larger general creep coefficient specified, and
the slightly 16wer modulus of elasticity used in the general method (design
concrete strength slightly lower than actual measured concrete strength).
The pomputed ultimate c#mber of the bridge girders by the approximate method

using experimental parameters (including the measured strength and shrinkage

properties, and Cy = 1.68) varied from 0.43" to 0.6L4"; and by the approximate

method using general parameters (including general design strength and
shrinkage properties, and Cy = 1.80) was 0,66", These camber values are
also considered quite satisfactory (see Table 5).
6. The camber due to creep of the precast beam concrete after
~slab casting is greatly reduced because of'the increased stiffness of the
!

f

}
i
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member, the lower strain and hence creep level, and the effect of differ=-
ential shrinkage. These effects, as well as ﬁﬁe initial and time-dependent
camber and deflection due to the different loads, time periods, and
material responses involved, can be seen in the term-by-term tabulations
in Tables 6 and 7; except that differential shrinkage is included in the
results by the approximafe method for the laboratory beams only in Table
7, as explained in Eq. (30). |

Tt is noted that a differential shrinkage térm is excluded in

the approximate loss of prestress Eq. (23) and, in the case of low ambient

humidity conditions;-high shrinkage, included in the approximate camber Eq.
(30). As can be seen in Tables 3 for loss of prestress and 6, 7 for camber,
differential shrinkage has a relatively more significant effect on camber
thah loss of prestress,

7. Repeated attempts were made to describe a simple method for
computing initial plus time-dependent (total) camber of composite beams
that could be made to fit the experiﬁéntal data reasonably well. However,
it ﬁas concluded that it is necessary to ihclude all 8 terms (omitting
differential shrinkage in the case of field structures, unless hﬁmidity is
lowb of Egqs. (30) and (31) in order to incorporate all significant effects
in the prediction of residual camber of composite prestressed concrete
flexurallmémbers. This can be seen in the term-by-term tabulations in
Tables 6 and 7 where each of the 8 terms for the bridge girders varied in
magnitude from 0.L412" to 3.97". Tt appears 'to the authors that any simpler
method that does not include all of these effects could easily lead to
very erro;eous‘results. The results in the sample calculation chapter

by one rough approximate method tends to'béar this out,

~



SAMPLE CALCULATIONS

The following numerical substitutions for ultimate loss of prestress
at midspan, using the approximate Eq. (23), and ultimate midspan camber,
using the approximate Eq. (30), are made for the sand-lightweight, Steam
~ cured bridge girders of this project (and using the general design paréme—
ters suggesﬂed ﬂerein).

Parameters in Eqs. (23) and (30) and locations in report

" Span = 86 ft, girder spacing = 7 ft, given.

n = 9,8, for steam cured sand-lightweight concrete with material
properties as defined following Eq. (23).

= 24405 psi, from equatlon following Eq (23). Also using Fy
867 kips, e (at midspan) = 14.5 in, Ag = L.59 in2, Ag = 520 in2, p =
0.00883, I, = 108,500 ink, My = 411 ft-k (precast beam), Fo (for fo
calculation only) = 793 kips.

= 1,80, (€ sh)u = 220 x 10~ in/in, from info. following Eq. (23).

= 28 x 10° p51, as suggested for 270 K grade strand following Eq. (23).
fey = 190, 000 psi, from discussion preceding Table 1.

: dg = 0.51, from information following Eq. (23) for 2 month period
between prestressing and slab casting.

_, I, = I, (above) = 108,500 inl*, T, = 339,000 inl, in which the slab width
is reduced by a factor of Egyap/Egten = 3. 25/3 Il = 0.95 (see E's below).

fog = 1006 psi, from equation following Eq. (23), using Mg1ab DL

_ (including diaphram moment at midspan) = 630 ft-k, I, is the same as above

for unshored construction in computing fcs'

B g = 0.45, from information following Eq. (23) for 2 month period
between prestressing and slab casting.

m= 8.6, for steam cured sand-lightweight concrete with material
properties as defined following Eq. (23). !
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Modulii of elasticity (using Eq. 1):
For slab, Ec = 3.h1 x 100 psi, for f¢ = 3500 psi, w = 145 pef.

For precast beam, Ecj = Es/n = 28 x 109/9.8 = 2.86 x 10° psi,

see previous description of n for concrete
properties.

E. (of precast beam at time of slab casting) =
Es/m = 28 x 109/8.6 = 3.25 x 10° psi, see
previous description of m for concrete

properties.

n fc

Fo=Fy (1 - ) = 759 kips, using above value of f,. This value

si
of Fo is used in the camber calculatiocns.

e (at end of span) = 5,6 in.

AFg/Fo = 0.18, AF,/Fo = 0.25, from information preceding Eq. (30).

(Z&i)FO = )4,10 in, which is Term (1) of Eq. (30), as defined by
Term (1) in Eq. (27). :

: (Aj)p = 1.76 in, which is Term (2) of Eq. (30), as defined by
Term (2) in Eq. (27). ;

(431)1 = 2,32 in, which is Term (7) of Eq. (30), as defined by

Term (7) in Eq. (27). ' The solution here includes the slab and diaphram
dead load. .

Solution for bridge girders by approximate methods with general parameters

Eq. (23):

PLU. = (12.1!)81 + (ll'h)cpl + (B’S)sz + (3'2)Sh + (7‘5)1‘ - (h'S)el.

. slab
, effect
- (1e2)gime-gep. = 32.3%. |
slab
effect

This term-by-term solution by the approximate method with general parameters

compares closely with the term-by-term results in Table L by the approximate




method with experimental parameters of this project.

Eq. (30):

) (@2 @3y (W) () (&) (1) (8)

A, = 110 -1.76 + 2,68 + 0.68 - 1.62 - 0,50 - 2,32 - 0.60 = 0.66"

'This term-by-~term solution by the approximate method with general design

parameters compares closely with the term-by~term results in Table 7 by

the approximate method with experimental parameters of this project.

Approximate solution sometimes used

Au = Ai + Ai Cu I2/Ic, where Ai = (Ai)Fo - (Ai)z - (.Ai)l

Substituting the above parameters here:

Ay = 4.0 - 1,76 - 2,32 = 0,02"

A, =0.02 + (0.02)(1.80)(108,500/339,000)

= 0,02 + 0,01 = 0,03%,

fhis answer of 0.03" is seen to be considerably different from the result
abéve of 0,66". This illustfates one of the conclusions in this repoft
that rough approximate methods for predicting camber of composite beams,
which do not take into account all of the effects represented by the 8 terms

in Eq, (30), can easily lead to very erroneocus results.




SUMMARY AND CONCLUSIONS

Methods and parameters are presented for predicting loss of prestress
and camber of non-composite and composite prestressed concrete structures.
Detailed observations pertaining to the results in this project are outlined
at the end of the prestress loss and camber chapters, and only the principal
conclusions are mentioned here.

The data and calculations in this report refer to sand~lightweight
concrete laboratory and bridge members, although parameters are given for
normal weight and all-lightweight concrete as well. In the general procedure .
recommended for compﬁting prestress loss and camber, the same creep and
shrinkage factors are suggested for all three concretes; the primary
differences being found in the modular ratios specified (see information
following Eq. 23) and the precast beam dead load. |

In ail cases, the methdds presented for predicting material behavior and
strﬁctural response were in quite good agreement with the experimental data.v

' The following ;s a summary of topics included in the report:

1. Equations for predicting the time variation and ultimate values.
for‘conérete strength, modulus of elasticity, creep, and shrinkage of both
moist cured and steam cured sgnd-lightweight concrete, Parameters related to
these properties are also suggested for normal weight and all—lightweight
concrete. |

2. A discussion of thé principal variables affecting creép and
shrinkage is included in Appendix B and condensed for design usage in the :

text, Sﬁecific design parameters are suggested for normal conditions of
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field structures in Towa (such as relative humidity, etc.). Correction factors
for other conditions are also given.

3. Both theoretical and approximate methods with experimental parame-
térs (for sand~lightweight coﬁcrete) of this project, and approximate methods with
general parameters»(for different weight concretes) given in this report, for
calculating loss of prestress and camber of non-composite and composite pre~
stressed concrete structures. The time=-variation in prestress loss and camber,
up to ultimate, is included.-Separate steel relaxation tests were made and
incorporated in the prediction methods,

The prinecipal conclusions of this study are the following:

1, The prediction methods presented in this report appear to be satis~
factory (Figs, 1, 6, 7, 10, 13, 14, and Tables 2 and 5). See Observation 1 in the
loss of prestress chapter and Observations 1 and 2 in the camber chapter for
numerical comparisons between computed and measured values.

2. The loss of prestress for the sand-lightweight concrete bridge gir-~ .
ders was of the order of 20% to 21% at L months after prestressing and 27% to 29%
ultimately (see Fig. 11 and Table 2). It seems clear that loss percentages for
bridgés under similar conditions using normal weight concrete will normally be
somewhat smaller than these; and using all=-lightweight concrete will normally be
-somewhat higher than these (perhaps of the order of 35% to LO%). Without the deck
'slab,‘the losses for the same stress level would be even higher. Higher losses
for the lighter concretes are due primarily to the lower modulus of elasticity of
these concretes (highgr elastic strains fér a given stress level), énd not,
necessarily,_to greater creep and shrinkage behavior.

| 3+ The composite slab reduces the ultimate loss of prestress of the
' fridge girders about 12% (as L1E - 29% = 12%), It can be seen in Fig. 14 that
the camber curves have nearly levelled off at about 3,0" (see Table 5)

just before slab casting. After slab casting and up to ultimate, the camber
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value$ and in Table 5 are about 0.3" to 0.5". This is a reduction of from -
3.0" to say 0.L4" or about 87%. The main reason for the obviously large slab
effect in reducing the ultimate loss of prestress and ultimate camber was

the elastic deformation (plus creep to a lesser extent) under slab dead load.

l.-The ultimate loss of prestress for the bridge girders when

considering a 3 wéek slab (slab cast 3 weeks after prestressing), as compared
to the actual 9 week slab, was about 2% lower at midspan (prestress loss was
2%7 less for the 3 week slab)., See Observation L in the loss of prestress
chapter for details. As noted in Observation ki of the camber chapter, the

ultimate camber of the bridge girders when considering a 3 week slab, as com-

pared to the actual 9 week slab, was reduced about 0.3".(ultimate camber

averaged 0,09" for a 3 week slab and O.,L43" for the 9 week slab). Tﬁese

results serve to point out the beneficial'effect, from the standpoint of

loss of présiress and camber, of casting the deck slab as early as possible.j‘»
5. It appears to be necessary to include all 8 terms (omitting

differential shrinkage in the case of field structures, unless humidity is

low) of Egqs. (30) and (31) in order to incorporate all significant effects

in the prediction of residual camber of unshored and shored composite flexural

members. This cén:be seen in the term-by-term tabulations in Tables 6 and 7

whefe each of the 8 terms for the bridge girders varied in magnitude from

O.hé" to 3.97". A simpler method, that does not include all of these effects,

may lead to very erroneous results. The result in the sample calculation

chabter by one rough approximate method tends to bear this out (ultimate. |

camber of 0.66"™ by Eq. 30 and 0.03" by rough method). A similar conclusion, ;

but to a lesser degree, is made with regard to the loss of prestress and

the 7 terms of Eq. (23) for composite members (see Tables 3 and k).
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6. The computed loss of prestress and camber using the theoretical
and approximate equations with experimental parameters (for sand-lightweight
concrete) of this project, and the approximate equations with general parame-
ters (for different weight concretes) given in.this report, af; tabulated in
Tables 2 and 5. In noting the results by these three methods in that order,
the values differ by relatively small amounts in the order one would expect;
that is, with the'general approximate method on the high side, etc. The ultimate
prestress loss values differed by about 1% to 3% between methods (as 27.6% to
29.2% to 32.3%Iin Table 2). In tﬁe case of the ultimate camber results in

-
Table 5, the difference between the first two methods was from 0.10" to 0.13"
(as 0.64" = 0,51" = 0.13"), and between ihe last two methods was from 0.02" to
0,23" (as 0,66" - 0.6L4" = 0.02"). The computed ultimate camber of the bridge
girders by the approximate method using experimental parameters (inciuding the
measured strength and shrinkage properties, and Cy = 1,68) varied from 0.,3"
to 0.6L"; and.by the approximate method using general parameters (including
general design strength and shrinkage properties, and Cy = 1.80) was 0,66",
These are thought to be quite reasonable results.

7. It is noted that a differential shrinkage term is excludéd in
the approximate loss of prestress Eq. (23) and, in the case of low ambient
humidity conditions~-high shrinkage, included in the approximate camber Eq.
(30). In computing camber by the approximéte'method, the differential
shrinkage term was included for the laboratory beams (H = 40%) and not
included for the bridge girders (H = 70%). As can be seen in Tables 3 for
loss of preétress and 6, 7 for camber, differential shrinkage has a relatively’

more significant effect on camber than loss of prestress.
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APPENDIX A

Materials and test specimens

The details of the concrete mix and mixing procedure for the
sand=-lightweight concrete used in the laboratory beams and bridge
girders are shown in Table Al. Ready-mix normal weight concrete was used
for the slabs. The beams, slabs, shrinkage and'creep specimens, and
control cylinders were moist cured for 3'days. The laboratory beams were
prestressed at age 7 days and the bridge girders at age 2-3 days.

The concrete properties, temperature, and humidity data are shown
in Table Al. The details of the beam cross~-sections, steel content,
prestress force at release, désign stresses, and other pertinent
informatioﬁ are shown in Table A2..The beams ‘are shown in Fig. Al.

Two shrinkage specimens of the same cross-section as the beams
and 2' long were cast for each sand-lightweight concrete. A 20" by 20"
slab was cast to obtain shrinkage strains for each normal weight
concrete. A stack of three 6" by 12" cylinders was placed under a
sustained uniform stress of about 30% of the ultimate concrete strength
to o#tain creep data for each sand-lightweight concrete. The creep and
éhrinkage data for the sand-lightweight concrete are shown in Figs. 5 and 6.

Various stages in the preparation and testing of the specimens are

shown in Figs. A2 through A9.

Instrumenﬁation and test data

Steel collars with electrical strain gages (SR-4) mounted thereon

were used as load cells for individual strands to measure the prestressing




TABLE Al--DETAILS OF CONCRETE MIX AND MIXING PROCEDURE FOR
SAND-LIGHTWEIGHT CONCRETE USED IN PRESTRESSED BEAMS

MIX DESIGN OBJECTIVES

Concrete Quantity ' 1% cu. yds.
Concrete Strengtﬁ at 28 Days 5000 psi

Unit Weight in Plastic"Staté (120 to 123) péf
Air Entrainment (5%*1) %

MIX INGREDIENTS

Cement (Type I) 1058 1bs
Sand ‘ 4 2093 1bs

Idealite Aggregate (Contains 602 1230 1bs
of 3/4" to 5/16" and LO% of -

5/16" to #8)
Water . 52.5 gals
~ Darex @ 7/8 oz. per sack 1 9.75 oz
WRDA (Used instead of 31.§ oz. . 75.0 oz

of pozzolith for lab. beams)

MIXING PROCEDURE

1. Proportion and batch sand and Idealite
2. Add 26 gallons of water

3. Mix for approximately two minutes

L. Proportion and batch the cement

S. Add six gallons of water

6. Add Darex AEA in 3 gallons of water

7. Add WRDA with the rémaining water while adjusting
to a 2% " slump




TABLE A2--DETAILS OF TEST BEAMS IN GROUPS A; B, AND C

1411 Beams are 6" by 8", d = 6", Spans are 15.0', 2Slabs are 20" by 2"
Beam Group Group A Group B Group C
Beam No. Al A2 A3 Bl B2 B3 C1 c2 c3
Beam 3 [ T C——| = ]
L] 8 [ 0 R
Prestressing in Two 3/8 | Three | One 3/8 | Three |Three |Three [wo 3/8 |[Two 3/8 |Two 3/8
Strand Dia. One 5/14 5/16 | One 5/14 5/16 | 5/16 | 5/16 Dne 5/16|0One 5/16|Cne 5/16 .
Ag in? | 0,2176 | 0.1734 | 0.1377 | 0.1734{0.173k |0.173k | 0,2176 | 0.2176 | 0.2176
p = Ag/bd 0.0060 [ 0,00L48 | 0,0038 | 0.0048{0,0048 |0,00L48 | 0.0060 | 0,0060 | 0,0060
gesig“ Prestress jps | 38.0 | 30,0 24,0 | 30.0 | 30.0. | 30.0- | 38.0 38.0 38.0
orce, Fy . : :
Measured Fj kips | 37.0 | 29.6 | 23.4 | 30.0 | 29.9 29,9 38.0 37.9 37.9
hczncrite str:sses t= +388 = +311 | t= +24k b= +313|t= +312[t= +312 t= +395|t=. +39); |t=+ 394
at release a i . >
end of beam PSL fb=a1932 F=-15h1 b=-122) p=-1563 |b=-1555 [b=~1555| b=-1975 |b=-1970 |b=-1970

1 o 3/8" Strand,

at 22%" cc. in middle half of beam. ,
3strands placed so that lateral eccentricity is eliminated.

hThese stresses are computed using the Measured Fg:

e 5/16" Sfrand, Measured stress in all strands = (172 * L) ksi.

23ix gage WWF, 6" by 6" (Ag = 0.058 in2 per ft width), slab steel placed in center of slab section,
No. 3 U~Stirrups in form of ties.for composite slab are spaced at 6" cc. in end quarter-span and

t = top fiber stress, b = bottom fiber stress.

These initial stresses refer to the rectangular section in all cases. The rectangular (6" by 8")
beam dead load, extreme fiber stress at midspan = 218 psi.
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Fig. A2--View of laboratory showing beams in foreground and prestressing
bed containing additional beams at right. Two additional composite
slabs (for a total of i composite beams) have since been cast

Fig. A3=-Forms for beams in prestressing bed



Fig. Al--Strain gage indicator and switching and balancing
unit used with load cells to measure prestress force

Fig. AS--Prestressing bed, jacking equipment and beams stored in bed




Fig. A6--Close-up of jacking equipment, bulkheads, and grips

Fig. A7--Shrinkage specimens in foreground and 7 beams (1 beam crosswise
in foreground)., Two additional beams in prestressing bed
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Fig. A8-=Two of L composite beams. Strain gage points and dial gages
can be seen., Strands used in relaxation tests are seen at right

Fig. A9=--Cylinders loaded in creep racks and Whittemore gage used to
measure strains of beams and shrinkage and creep specimens




force applied to each beam. Dial gages were used on both sides of each
beam at midspan to measure both initial and time-dependent camber. The
dial gage tips were placed on the top of the beams in order to obtain
"positive" camber readings. The use of two dial gages provided an
indication of warping of the beams, and this was found to be negligible.

A Whittemore mechanical strain gage (10" gage length) was used to
measure concrete strains., The gage points were stainless steel plugs
glued to the concrete. The gages are distributed at regular inter?als
along both sides of the prestressed beams (near the top and bottom),
along the top of the non-composite beams of Group A, and along the
edges and centerline on the top of the composite slabs. The location
of the gage points is shown in Fig. Al.

At the end of the time-dependent study period for the beams of
Groups B and C (L of 6 were composite beams), the load-deflection
behavior under cyclic loading and up to failure was obtained. Two dial
gages were used to measure the midspan deflections, and an average of
the two used in each case.As in the case of the camber readings, little
warping was observed. The number and relative length of cracks were
photographed and studied under various stages of loading. This data is
not included in this report as it is to be incorporated in the Phase 2

study of the project.
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APPENDIX B

Discussion of variables affecting creep and shrinkage10’12’13’15’33

Concrete undergoes time-dependent deformations under the action of
sustained loads that are substantially greater than those of a corres-
ponding unstressed specimen. These additional strains due to the effect
of sustained stress are attributed to creep of the concrete. Current
nomenclature regarding creep of concrete is summarized in Fig. Rl.

When specimens are subjected to uniform axial stress, only normal
strains (both elastic and inelastic) are usually considered. The
elastic strains are stress dependent and recoverable. These strains
include both time-independent and time-dependent strains. The time-
independent elastic strain is also referred to as initial or instantan-
eous strain.

The stress independent component of the inelastic strain ié
normally called shrinkage. This strain is partially reversible. The
stress dependent irrecoverable strains include microcracking effects
as well as shrinkage or drying creep resulting from moisture migration
due to applied stress. The drying creep cannot be separated from the
irreversible shrinkage.

The total creep strain consists of (a) Basic creep-=delayed strain
due to the interaction between solid and fluid phase, (b) Drying creep--
consolidation due to seepage of internal moisture, and (c) Microcracking
creep-~creep due to irrecoverable creep strains accompanying micro-

cracking.
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The recoverable strains may be time-independent (instantaneous
recovery), time-dependent (delayed strain), or stress independent
strain recovery (swelling). The independence of creep and shrinkage of
concrete has yet to be established. However, creep and shrinkage occur
simultaneously in concrete structures and, from a practical standpoint,
these may be considered additive in nature. This independence is assumed
through the use of companion stressed and unstressed specimens, so that
the total time-dependent strain minus the free shrinkage strain is
attributed to creep.

The prediction of time~dependent concrete strains is further
complicated by the fact that strains and internal stresses are affected
by the properties of the material as well as by curing and environmental
conditions. A comprehensive study of time-dependent concrete concrete
strains includes a large number of variables. These variables are
summarized in Fig. B2. A detailed study of all these variables is beyond
the scope of this report. However, with reference to the principal
factors that effect time~dependent concrete strains, the following are
considered in this report in the development of procedures for predicting

creep and shrinkage:

1.1 Minimum thickness of member 1.4 Environmental humidity

1.2 Water-cement ratio in the form 1.5 Time of initial loading
of slump and cement content and time initial

1.3 Mix proportions in the form of shrinkage considered

percent fines and air content




Parameters affecting Creep and

Shrinkage Concrete Strains

1, Minimum member thickness
2. Water-Cement ratio

3. Mix proportions

L. Type of aggregate

9.
10.

5. Length of curing

6. Curing temperature

7. Curing humidity

8. Environment humidity
1.

Environment temperature 12.
Time of initial load 13,
and time initial shrinkage 1lk.
considered 15,
Duration of load period 16,

Number of load cycles
Duration of unlocading period
Stress distribution

Stress magnitude

Stress rate

1.1%11 1.2 HL3 1.k 1.5
i # 1k L 5 6 7 8 9 10 11| |12 (] 13 | |15 16
l l A I l l l 4 l l
Material Properties Curing ~Loading History Stress Condition
4 y
Mechanical Environmental Loading .
Properties Conditions Conditions

Time-Dependent Strain
Variables

Fig. B2--Time=-Dependent Strain Variables

* Parameters studied by Joneslf and used in this report

+ These numbers refer to the parameters listed above
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1.1 Minimum thickness of member

1k4,15

Creep--Several investigators have indicated an influence
of size of specimen on creep and shrinkage. Measured creep decreases
with an increase in the size of the member, but when the specimen thick-
ness exceeds about three feet, the size effect is no longer visible. The
influence of size on creep is greatest during the initial period after
the application of load. Beyond several weeks, the rate of creep is
essentially the same in specimens of all sizes. The effect of member
size on creep is indicated in Fig. B3.

Shrinkage-~The effect of member size on shrinkage is indicated
in Fig. 3. It is difficult to estimate the effect of size on the amount
of shrinkage that will occur in a concrete member, since the rate and
total amount of shrinkage is a function of the exposure conditions. If
a member is relatively small with a large ratio of surface area to
volume, it will dry out rather rapidly. However, if the member is
extremely large and massive, its interior may never dry out and
shrinkage may be much less.

1.2 a. Slump

Creep--The effect of increasing the slump (with water content
as the only variable) on creep is indicated in Fig. B3. As the water
content increases, the quality of the cement paste decreases and its
relative volume increases. Since creep in concrete takes place almost
entirely in the paste, the relative volume increase effects creep directly.
Shrinkage--The effect of increasing the slump (with water con-

tent as the only variable) on shrinkage is indicated in Fig. Rh. The
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number of capillary voids in the cement paste increases with increasing
water content and consequently, th: amount of drying shrinkage is
increased, Drier mixes tend to have much lower shrinkage.

1.2 b, Cement content

Creep~-The effect of increasing the cement content on creep
is indicated in Fig. B3. The increased quality of the paste tends to
offset the increase in concrete creep that would be expected due to the
larger volume of the paste,and the net result is usually a decrease in
creep.

Shrinkage-=The effect of increasing the cement content on
shrinkage is indicated in Fig. BL. When more cement is added to a
concrete batch, the relative volume of the aggregate which restrains
shrinkage of the paste decreases. Hence, concrete shrinkage increases
as the cement content increases.

1.3 a., Percent fines

Creep~--The effect of aggregate gradation on creep is indicated
in Fig. B3. An increase in the fineness of the aggregate necessitates
the need for more cement paste and water (for a required slump), because

of the larger volume of voids in the fines. As the fineness increases,

creep increases.

Shrinkage--The effect of aggregate gradation on shrinkage is
indicated in Fig. Bh. As the amount of fines in a batch increases,
shrinkage increases. As the fineness increases, more cement paste and
water is required to produce a given slump, because of the larger sur-

face area and total volume of the void space of the fines.

7



1.3 b, Air content

Creep~--The effect of air content on creep is indicated in
Fig. B3. Though entrained air reduces the water requirement for a given
slump, it causes stress concentrations around the boundaries of the
bubbles, and the result is usually an increase in the amount of creep.

Shrinkage--Fig. B4 suggests that air content does not
appreciably effect shrinkage when the slump is held constant. Entrained
air not only reduces the water requirement for a given slump, but also
replaces some of the restraining aggregates. The net result is usually
a slight increase in the amount of shrinkage.

1.4 Environmental humidity

Creep--The effect of ambient relative humidity is less pro-
nounced on creep than on shrinkage, as indicated by the correction
factors in the text of this report. Numerous tests have shown that
creep increases with a decrease in the relative humidity of the
surrounding medium’ . However, the ReferencelO-study of mature concrete
suggests that ambient relative humidity effects creep only if concrete
has not reached hygral equilibrium prior to loading. The apparent
influence of ambient relative humidity on creep does not act through
the medium of an additional loss of water from concrete. Tests have
shown that an external load does not increase water loss to the
surrounding air in excess of that which takes place under similar
conditions without an external loadl% However, from a design point of
view, the factors given in this report are considered adequate to

estimate the effect of ambient relative humidity on creep.
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Shrinkage=~Since shrinkage is essentially the expulsion of
water under a vapour pressure gradient, the humidity of the surrounding
air is important. The effect of ambient relative humidity is more
pronounced on shrinkage than on creep, as indicated by the correction
factors in the text of this report. The higher the humidity, the lower
will be the shrinkage, because of the reduction in the vapour pressure
gradient.

1,5 a, Time of initial loading

Creep~-The effect of concrete age at the time of loading on
creep is indicated in Fig.2 . Concrete age at the time of loading is
a factor in creep behavior in so far as it influences the degree of
hydration and development of strength. If concrete is loaded too
early, before the cement paste has a chance to hydrate and form a
cementitous material, creep may be extremely high.

1.5 b. Time initial shrinkage considered

Shrinkage-~As can be seen in Figs. L and 7, the rate of
shrinkage is quite high for early concrete ages. The total shrinkage
of a structure, therefore, depends rather critically on the age of

the concrete when the initial shrinkage is considered.
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APPENDIX C

COMMON CASES OF PRESTRESS MOMENT DIAGRAMS WITH FORMULAS FOR COMPUTING CAMBER
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