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PREFACE 

In 1959 a cooperative research program, to study the 

effect of creep and shrinkage on the deflection of rein­

forced concrete bridges, was undertaken by the Engineering 

Experiment Station at the University of Missouri under the 

sponsorship of the Missouri State Highway Commission and 

the U. S. Bureau of Public Roads. The principal objective 

of the overall study was to develop guidelines which would 

permit the designer to predict sustained-load deflections 

of concrete structures so as to permit him to provide ade­

quate camber. The report of prediction methods for time­

dependent deflections has been developed into three parts: 

(A) Analysis of Time-Dependent Deflections, (B) Deflec­

tions of Reinforced Concrete Beams Due to Sustained Loads, 

and (C) Deflections of Prestressed Beams. The work in 

this report was developed by Mr. Jack Russell Long and 

submitted as a thesis in partial fulfillment for the require­

ments for the degree of Masters of Science of Civil Engin­

eering. The initial stages of the research were supervised 

by Mr. B. L. Meyers and the final development of the report 

was under the guidance of Dr. Donald R. Buettner. 
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CHAPTER I 

INTRODUCTION 

General 

Prestressed concrete beams undergo time-dependent 

deflections. The designer should be concerned with these 

time-dependent deflections, since they may be more than 

twice the initial elastic deflection. The principal 

cause of these deflections is creep and shrinkage of the 

concrete. The Building Code Requirements for Reinforced 

Concrete (ACI 318-63) (1) * requires that creep and shrink-

age deflections be considered in the analysis and design 

of prestressed concrete structures. This Code, however, 

does not prescribe a method of calculation. A need ex-

ists, therefore, for a simple and accurate method for 

analyzing the effects of creep and shrinkage on the de-

flection of prestressed concrete beams. 

Basic Definitions 

To understand the effects of creep ~nd shrinkage in 

concrete it is first necessary for these terms to be de-

fined. Creep is the time dependent deformation of a 

material resulting from the presence of stress. The creep 

coefficie~~, C , as used in this thesis is a measure of c 

*Nurnbers in parentheses refer to references listed 
in the bibliography. 
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the total time-dependent strain and is defined as the 

difference between the total strain (elastic plus creep) 

and the shrinkage strain, divided by the initial elastic 

strain: 

where: 

c = c 

E: t 
E: . 

1 

E:s 
** 

E: t total strain, elastic plus creep 

E: = shrinkage strain s 

E · initial elastic strain . 
1 

( 1) 

The magnitude of creep in concrete is affected by 

maIly variables. Some of these variables are: aggregate 

COIl tent, cement content, water - ceQent ratio, size of 

member, curing conditions, age of concrete at time of 

loading, time under load, and stress level . 

Shrinkage is defined as the dimensional changes of a 

concrete member resulting from evaporation of moisture 

and accompanying chemical chan ges. The magnitude of 

shrinkage strains in the concrete is dependent on the 

following variables: aggregate content, cement content, 

water-cement ratio, size of member, curing conditions, 

age of concrete. It should be noted that shrinkage 

strains in concrete are not affected by the presence of 

stress. 

**Symbols are defined where they first appear and are 
summarized in Appendix A. 
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Summary of Previous Research 

There nas been little research on the effects of 

creep and shrinkage on prestressed concrete beams. A. D. 

Ross (2) presented a theoretical analysis for the loss of 

prestress due to creep and shrinkage . In this analysis, 

idealized models were used to determine the loss of pre­

stress and the residual prestress in pre - tensioned wires 

was calculated at several discrete time intervals. 

Staley and Peabody (3) studied the effects of creep 

and shrinkage on concentrically loaded prisms . They con­

cluded that a loss of about 20 percent of the initial 

prestressing force occurs over an extended period of time. 

Magnel (4) made a study of the relaxation of pre­

stressing wire and the creep of prestressed concrete. 

The relaxation characteristics of the wire were estab ­

lished and this wire was used in prestressed concrete beam 

specimens 9-3/4" wide, 11-3/4" deep and 23' long. To 

obtain the effects of the creep on the concrete, the relax­

ation of the wire was subtracted from the creep of the 

specimen. Magnel concluded that losses in the prestress 

force caused by . the creep of the concrete ranged from 12 

to 18 percent of the total initial prestress force. 

Erzen (5) derived a numerical expression for the loss 

of prestress in prestressed concrete beams due to creep. 

The final equation was obtained from a numerical solution 

of an integral equation. 
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Cottingham, Fluck, and Washa (6) tested six beams 

placed under a sustained load for seven years. The 

authors showed that 75 percent of the seven-year creep 

deflection occurred during the first year under load. 

The ratio of the seven-year creep deflection to the ini-

tial elastic deflection ranged from 1 . 23 to 1.73. 

Research to date has mainly been concerned with the 

effects of creep and shrinkage on the loss of the pre-

stress force. The deflection of prestressed concrete 

beams is affected by creep throughout its loading history. 

The prestress force tends to increase the upward deflec-

tion due to the creep of the concrete . The dead load and 

live load tend to produce an increasing downward deflec-

tion. The shrinkage in a~ unbalanced section* also causes 

an increasing downward deflection. The study describe d 

herein correlates the results of laboratory tests with two 

analytical methods which have been developed for predict-

ing deflection of prestressed concrete beams due to the 

effects of creep and shrinkage as discussed above. 

Objective 

Based on the previous discussion the specific objec-

tive of this study may now be stated. 

*An unbalanced section in a prestressed concrete mem­
ber is a section for which the centroid of the net concrete 
section lies above the centroid of the transformed gross 
section. 
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This study will make use of actual time-dependent 

deflections of prestressed concrete beams, and compare 

them with deflections predicted by two theoretical methods 

of analysis. 



CHAPTER II 

THEORETICAL ANALYSIS 

Introduction 

Various methods exist for calculating elastic deflec-

tions of prestressed concrete members; however, only two 

basic methods are known to exist for the calculation of 

creep and shrinkage deflections. These methods were used 

in this study to compare predicted deflections with the 

experimental data. The basis for Method I is given in a 

paper by Pauw and Meyers, "The Effect of Creep and Shrink-

age on the Behavior of Reinforced Concrete Members" (7). 

Method II is based on the report of Subcommittee 5, ACI 

Commi ttee 435, "Deflections of Prestressed Concrete Mem-

bers," written by Scordelis, Branson and Sozen (8). 

Method I 

In Method I, the effect of creep is analyzed by 

assuming an effective reduced mod~lus of elasticity of 

the concrete. This effective modulus is used in consid-

ering deflections due to loads that remain on the member 

for an extended period of time. For such sustained loads, 

the static modulus of elasticity is replaced by a reduce d 

or "effective modulus" which provides for both elastic and 

creep strains. This reduced modulus is defined by: 

E' = E IC = effective modulus of elasticity of c c c 

the concrete ( 2 ) 



where: 

E = static modulus of elasticity of the con­c 

crete, 

7 

C = creep coefficient as defined in Chapter I. c 

The effective modulus method is an approximate method 

which yields a satisfactory approximation and greatly 

simplifies deflection calculations of flexural members 

when the creep and shrinkage of the concrete must be con-

sidered. The assumptions for the analysis of Method I 

are listed below: 

1. The strain distribution is linear over the depth 

of the section and a linear relationship exists be-

tween stress and strain for both steel and concrete. 

This linear distribution is assumed valid in the 

working stress range of the materials and for both 

instantaneous and sustained loading. 

2. The principle of superposition is applicable t o 

the analysis of prestressed concrete members. This 

principle is applied in computing the deflection and 

curvature of the members. It is assumed that the 

effects of · internal and external loads can be added 

at any time to yield the total effect of these loads. 

A study of the validity of this assumption was made 

by Davies (8). Davies concluded that though this 

hypothesis was by no means strictly correct it could 

be accepted as a "tolerable approximation." 
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3. The creep coefficient of the beam is constant 

at a given time for all stress levels within the 

normal working range of the material. This assump-

tion is supported by the results of research by Lyse 

(9), who concluded that creep is directly proportional 

to the sustained stress when the stress levels do not 

exceed 30 percent to 40 percent of f'. c 

4. The unrestrained shrinkage potential of the beam 

is equal to the unrestrained shrinkage potential of 

companion prism specimens. This implies that the 

measured shrinkage in the beam at a given time is 

equal to the shrinkage in the prisms at the same time. 

Ross (9) stated that shrinkage is a function of the 

surface area to volume ratio. Jones, Hirsch, and 

Stephenson (10) discuss the effect of shrinkage on 

various sized sections over different time intervals. 

These authors state that the ultimate shrinkage of 

3-in. wide and 8-in. wide specimens were equal at the 

end of 10 years. In the present studies the assump-

tion will be made that the unrestrained shrinkage 

potential of a 3-in. wide prism at any time is an 

accurate measure of the unrestrained shrinkage poten-

tial of the 7-in. wide beams used in the experimental 

investigation. Another reason this assumption can be 

made is that, in this particular study, the effect of 

shrinkage on deflection is small. 



9 

The accuracy of the deflection calculations using 

Method I will be evaluated for four stages of loading by 

comparing these deflections with the corresponding meas­

ured deflections. The following stages are considered: 

1. Deflection at transfer of prestress; 

2. Deflection immediately prior to application of 

sustained live load; 

3. Deflection immediately after application of 

sustained live load; 

4. Deflection after application of sustained live 

load and after sufficient additional elapsed 

time for creep and shrinkage effects to occur. 

The initial elastic deflection occurs immediately after 

the pretensioning force is transferred to the beam and 

produces an upward deflection or camber if the prestress 

moments exceed those due to the dead load of the beam it-

self. If the beam is not loaded for a period of time 

after this initial load, the camber will increase due to 

creep and shrinkage of the concrete. Subsequent applica -

tion of live load causes a downward deflection. It is 

assumed that, due to recoverable creep, there will be an 

additional downward deflection after application of a 

sustained live load. 

later in this paper. 

This assumption is discussed further 

If the live load remains on the 

beam, additional downward deflection will occur due to 

creep and shrinkage of the concrete. 
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The deflection for each stage will be discussed sep-

arately. Throughout this analysis an upward deflection 

will be considered as positive. Only the equations. for 

center line deflection are considered. 

In computing the deflections for any stage of loading 

the following general equation is used: 

1'1 2 
6 = etET L 

c t 
( 3) 

where: 

6 = deflection; 

et = load constant, dependent on the type of 

loading; 

1'1 = bending moment; 

E c 
= static ;:(loculus of elasticity of the concrete; 

I = t transformed moment of inertia of the cross-

section; 

L = unsupported length. 

1. Deflection at Transfer of Prestress. 

The deflection of the beam immediately after transfer 

of the pre-tensioning force (6 ) is an elastic def lection 
p 

and the static modulus of elasticity at time of transfer 

is used in this calculation. This deflection is caused 

by a constant moment due to the prestressing force. For 

this type of loading, et=1/8, 
tv'l 

thus 

where: 

6 
P 

= !(_P_)L2 
8 E I c t 

( 4 ) 

1'1 = P(e-R) = moment of the prestressing force p 
about the centroid of the transformed section; 
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Other design parameters involved are defined as 

follows: 

e = eccentricity of the steel with respect to 

the centroid of the gross concrete section; 

b = width of beam; 

d = effective depth of beam; 

E = modulus of elasticity of the steel; s 

n = E /E s c 

F = measured prestressing force prior to 

transfer; 

A = area of prestressing steel; s 

A = area of concrete c 

At = transformed cross-sectional area = 

(n-l) As; 

F = FnA /At = elastic loss; e s 

A + c 

R = (n-l)Ase/At = distance between centroid of 

the concrete section and the centroid of 

It 

the transformed section; 

322 = bh /12 + bhR + A (e-R) (n-l), moment of s 

inertia of the transformed section about 

the centroid of the transformed area; 

P = F-Fe = prestressing force considering 

elastic loss; 

bh3 

12 = moment of inertia of the section about the 

centroid of the gross concrete section; 
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bhR2= moment of inertia transfer term to obtai n 

the moment of inertia of concrete only 

about the centroid of the transfor~ed 

section; 

A (e-R)2(n-l) = moment of inertia of the trans­
s 

formed area of steel about the centroid of 

the transformed section. 

It should be noted that some error is introduced in 

assuming that the only loss in the prestressing force is 

due to elastic shortening. There is an additional loss 

due to bending. Since the loss due to bending is small, 

it has not been considered in this analysis. 

Concurrent with the deflection due to the prestress 

mOillent there is an opposite deflection caused by the 

dead load of the beam ( 6DL ). a=5/48 for this loading: 

5 MDL 2 
6DL = - 48(~)L (5) 

c t 

where the dead load moment is 

The total 

MDL = WL
2
/8 

initial elastic 
M 

f:.. = !(~)L2 
Pi 8 EcIt 

deflection (f:.. p ') 
M l 

~(~)L2 
48 EcIt 

is therefore: 

( 6 ) 

2. Deflection Immediately Prior to Application of Sus-

tained Live Load. 

The deflection immediately prior to sustained live 

load includes the initial elastic deflection plus the 

additional deflection caused by the creep of the concre te, 
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shrinkage of the concrete and relaxation of stress in the 

s tee 1 cab le s . Shrinkage of the concrete would normally 

produce downward deflection during this period but since 

the beams were moist cured until time of transfer the 

shrinkage deflection should be negligible and was not con-

sidered. This may be a possible source of error since a 

100 percent relative humidity environment does not nec-

essarily eliminate shrinkage. Stress relaxation in the 

cables would normally produce an additional downward de-

flection due to a reduction in the prestress force. The 

nominal value of relaxation, five percent, usually occurs 

during the first few weeks after the cables are stressed. 

The deflection due to prestress and dead load, as 

affected by the creep of the concrete, may be computed 

using Equation (5). The effect of creep can be automat-

ically included by using the effective modulus of elas-

ticity,E ' , of the concrete . c 
The creep coefficient used 

to compute the effective modulus was considered to be 

unity at time of transfer of prestress. 

Since the modulus of elasticity is a function of age 

of concrete, the value of E' changes. This change pro­c 

duces a change in the transformed moment of inertia, 

since a change in E produces a change in n which in turn c 

causes a change in R. 

transformed moment of 

II = bh 3/12 
t 

The resulting equation for the 

inertia (It) is: 

+ bh(R , )2 + A (e-R , )2(n ' -l) 
s 
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where: 

n' = n C = effective modular ratio c 

C = 1.0 at transfer c 

R' = (n' - l}Ase/At = distance between centroid 

of the concrete section and the centroid of 

the transformed section at a given time 

after transfer of prestress (i.e., after 

creep has occurred). 

The change in R to R' also causes a change in the 

moment due to the prestressing force. 

P t = .95P = effective prestress force including 

relaxation loss. 

Mpt = pt(e-R'} = moment of the prestressing force 

about the centroid of the transformed sec-

tion after creep has occurred. 

The aeflection at a given time after transfer of pre-

stress and prior to application of sustained live load 

(6 pt ) is therefore: 
1 Mpt 

6 pt = 8(E~I~) 
2 5 MDL 2 

L - 48(E'I') L 
c t 

( 7) 

3. Deflection Immediately After the Application of Sus-

tained Live Load. 

The initial sustained live load deflection is elastic 

and therefore the modulus of elasticity at the time of 

application of sustained live load is used for this calcu-

lation. In this analysis it will be assumed that the 

creep deflection due to prestress is completely recovered 
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immediately upon application of sustained live load. This 

is not completely justifie d but the procedure will be f ol -

lowed in order to simplify calculations. This is probably 

correct for conditions wherein a complete stress reversal 

occurs which was the case for the beams of this program. 

This may not be true for cases where stresses are merel y 

reduced rather than reversed. This creep deflection will 

probably be recovered after a sufficient time has elapsed. 

Studies now underway at the University of Missouri show 

that the creep strains are recovered quite rapidly but that 

not all of the creep strain is recovered. 

The immediate elastic deflection caused by sustained 

li ve load (6 LLi ) 

6LLi = 

is: 

23 I1LL 
- 216 (E *I* ) 

c t 
L2 ( 8) 

where the sustained live load moment is MLL = PL(L/3), f or 

concentrated loads (P
L

) applied at the third points of the 

beams, E* is the modulus of elasticity of the concrete at c 

the time of application of sustained live load, If is the 

transformed moment of inertia at the time of application 

of the sustained live load, and a=23/216 for this loading. 

since the live load was applied fourteen days after 

transfer (twenty-eight days after casting) the value of E 
c 

at that date (E*) is used in the calculation. Also the c 

value of It changes sli ghtly since it is dependent upon Ec 

and is called If. 

The total deflection after application of sustained 
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live load referenced to the position of the beam prior to 

transfer is: 

6 3 = deflection at stage 3. 

6 3 = 6 pt - °LLi - ( 6 pt - 6pi ) ( 9 ) 

1 Mpt 2 5 MDL 2 23 MLL 2 
= g(E'fT)L 4"8(E'fT)L 216(E*I*)L 

c t c t c t 

- ( 6 pt - 6 p i) (10) 

where (6pt - 6pi ) = recoverable creep deflection prior to 

live load. 

4. Deflection After Application of Sustained Live Load 

and Sufficient Additional Elapsed Time for Creep and 

Shrinkage Effects to Occur. 

There are several factors which affect the deflection 

after sustained live load is applied . There will be an 

increased downward deflection caused by shrinkage of the 

concrete. There will be an increased downward deflection 

Que to creep, due to the sustained live load, and due to 

the dead load of the beams. Also there will be an increased 

upward deflection due to the effect of creep on the pre-

stressing force. 

First consider the deflection caused by the shrinkage 

of the concrete. Deflection due to shrinkage is assumed to 

begin at the date of application of sustained live load. 

Actually , a small amount of shrinkage had occurred during 

the curing period but this is neglected in this study. If 

the concrete was not restrained there would be a uniform 
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shrinkage strain in the concrete. This strain would not 

cause a deflection. Th is hypothetical uniform shrinkage 

strain is resisted by the steel cables in the beam . The 

restraining force is equal to the product of the unre-

strained shrinkage potential, modulus of elasticity of 

steel, and area of steel. Thus; 

F =( E A 
u u s s 

(11) 

where: 

( = unrestrained shrinkage potential, 
u 

E = modulus of elasticity of the steel cables, s 

AS = area of steel cables. 

It is assumed that this force produces a uniform 

moment at the center of the beam causing a deflection of; 

where 

6 = s 
l( Ms 2 
8" E*'I*,)L 

c t 
(12 ) 

C* = creep coefficient based on zero time at c 

date of application of live load 

E*'= effective modulus for shrinkage deflections c E* _ c 
- C* 

c 

M = F (e-R') = moment of the shrinkage force su 

about the centroid of the transformed 

section. 

The shrinkage force is considered, in this study, to 

be present from the time of application of sustained live 

load. 
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It' = transformed moment of inertia using E~'. 

Since shrinkage is a time dependent phenomenon, a 

method is required that will predict the deflection due 

to shrinkage at any time. For this study, the shrinkage 

rate is assumed equal to the creep rate. Thus the effec-

tive modulus can be used to calculate the deflection com-

ponent due to shrinkage. In calculating this effective 

modulus, the creep coefficient (C*) is assumed to be unity c 

at time of application of sustained live load. Values of 

C* can be found in Table 9. c 

Second, consider the additional deflection due to 

creep of the concrete. Both live load, dead load, and pre-

stressing moments are affected by creep. Creep produces 

additional downward deflection due to dead and live load 

and additional upward deflection due to the prestressing 

moment effect. 

The deflection due to dead load and live load is now: 

6 + 6 - 5 MDL 2 23 ~L 2 
DLt LLt - 48 E'f'L 216(E*'I*,)L (13) 

c t c t 

The deflection due to prestress is: 

6pt 
= .!. ~t 2 

8 E'1' L 
c t 

(14) 

The dead load and prestress are present on the beam 

from the time of transfer. Therefore, the creep coefficient 

used in calculating the effective modulus for the dead 

load and prestress deflections is considered to be unity 

at time of transfer of the pre-tensioning force. 



19 

The creep coefficient used in calculating the effective 

modulus for the live load deflection is considere d to be 

equal to unity at time of application of sustained live 

load. Thus the values of E~ and It in Equations (13) and 

(14) are not the same. 

At the outset it was assumed that the principle of 

superposition applies to all deflection and stress com-

ponents of the beams of this program. Thus the total 

deflection at any time after application of the sustained 

live load, is the algebraic sum of the deflection compon-

ents due to dead load, prestress , live load, recoverable 

creep, and shrinkage. Thus, ~ T4' the deflection at some 

time after application of sustained live load is; 

1 Mpt 2 5 MDL 2 
~ T4 = 8" E'i' L - 48 E'I' L 

c t c t 

23 MLL 2 1 Ms 2 
- 216 E*'I*' L - 8" E*'I*' L 

c t c t 

- ( ~Pt - l'Ipi ) (15) 

The creep coefficients used in evaluating the above 

terms are as follows: 

Method II 

Cc = 1.0 at transfer for terms involving ~t 

and M
DL

. 

C* = 1.0 at date of application of live load c 

for terms involving MLL and Ms. 

The report (8) which is the basis for Method II 
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actually describes two methods for caluclation of long-

time deflections. Both methods make use of a similar 

technique based on the calculation of curvatures which 

are then integrated to arrive at deflections. The latter 

of these two methods is merely a simplification of the 

former and is the method that will be used in this paper. 

The curvature at a given time, t, is defined as Qt 

and consists of two parts: 

4> t = 4>mt + 4>pt (16) 

where: 

4> mt = curvature caused by the transverse load, 

4> pt = curvature caused by the prestress. 

In developing the curvatures which exist at some time 

after the application of the sustained load, the report 

defines a creep coefficient, Ct , as; 

Ct = E: / E: • (17) c ], 

This creep coefficient is different from the creep 

coefficient used in Method I but can be related to it by 

Equation (18): 

Cc = C t + 1 (18) 

Thus the sustained modulus E' used in Method I becomes: 
c 

E' = E / (1 + C
t

) c c 
(19 ) 

Using the above definitions the Report presents an 

approximate expression for the two terms in Equation (16). 

MLL 
4>mt = (1 + Ct ) E I (20) 

c 

and 
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<P Pt = 
-Piex P~ P~ 
=-y-[l-~ + (1- 2P,)C t J (21 ) 

where: 
c l l 

MLL = live load moment, 

p, = initial prestress force, 
l 

e = eccentricity of prestress steel, x 

P~ = loss in prestress force due to relaxation, 

shrinkage and creep. 

Equation (21) may be integrated over the length of a 

member and is applicable to any loading or support condi-

tion. In most cases the conjugate beam or moment area 

methods can be used satisfactorily . In general the deflec-

tion at any time, t, defined here as f::, t consists of two 

parts. 

f:. = f::, + f::, 
t mt Pt 

(22) 

where: 

f::, t = total def lection at time t 

f::, mt = deflection at time t cause a by transverse 

load 

f:. pt = deflection at time t caused by the pre-

stress. 

Equation (22) cannot be applied to all situations 

directly since the loading sequence must be taken into con-

sideration. If the sustained live load is applied at or 

soon after the time of transfer, then no modification to 

Equation (22) would be required. 

The report which Method II is based on is not clear 
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on two important points: 

1. No comment is made as to how the value of the 

creep coefficient should be obtained. This 

present study shows considerable difference 

between strains as measured on the beams and 

strains measured on companion specimens. It 

was assumed in this report that creep coeffi-

cients obtained from measurements on companion 

specimens are to be used. 

2. No statement is made regarding the possible 

recovery of the creep deflection due to pre-

stress after the sustained live load has been 

applied. It ~as assumed that since no mention 

was made of this fact, the authors did not In-

tend that any account be taken of possible 

recovery of creep deflection due to prestress. 

Therefore, no attempt was made to account for 

this benavior. 

The final deflection equation for the beams and load-

ing arrangement of this program may be written as follows: 

L Pie x Pt Pt 
~t = S{- ~(l- ~ + (1- 2P.)C t )} 

c 1 1 

+ (1 + C ){~(~L)L2+ ~(~L)L2} 
t 48 E I 216 E I 

(23) 
c c 
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CHAPTER III 

DESIGN OF EXPERIMENT 

To verify the tneoretical analyses developed in the 

previous chapter , four prestressed concrete beams and eight 

groups of companion prisms were tested . Cylinders were 

also made for obtaining strength data . Two mixes, design­

ed to yield a strength of 4500 psi at 28 days, were used 

for the prisms and beams . A normal-weight concrete mix 

with a local limestone aggregate and a lightweight concrete 

mix with a mixture of coarse , medium and fine expanded 

shale aggregate, conforming to the Missouri State Highway 

Specifications (11) were used. 

shown in Table 1 . 

The mix-design data is 

The following environmental conditions existed in t h e 

creep laboratory and the testing laboratory during the 

testing period: 

1. In the creep laboratory, the relative humi d i ty 

ranged frOG 25 ~o 55 percent . The te i.Cper a ture 

was ~aintained at 72 degrees Fahrenheit, plus 

anc minus two degrees . 

2. In the testing laboratory, the relative h umi d ­

ity ranged from 25 to 95 percent and the t emp­

erature rangec from 70 to 85 degrees Fahren~eit. 

The beams, prisms and cylinders used were cast f rom 
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TABLE 1 

CONCRETE MIX DATA 

Specimen Aggregate Sand Cement Water Slump 
Lb. Per C. Y. Concrete In. 

P-l 1750 1400 590 315 3 

P-2 1750 1400 590 315 3 

Aggregate 
Coarse Medium Fine 

P-3 451 410 785 480 350 3 

P-4 451 410 785 480 350 3 

the same concrete mix. After the concrete had reached 

initial set the forms were removed and the specimens were 

moist cured for 28 days. The normal-weight specimens re-

mained under sustained live load for approximately 150 

days, and the lightweight specimens for approximately 120 

days. At the end of the testing program the load was re-

moved and strain and deflection recovery measurements 

were taken. 

Prisms 

Prism specimens were selected for the following rea-

sons: First, the prisms could be cast horizontally in 

casting beds already available. This type of casting 

produced smooth surfaces on the ends and three sides of 

the prisms which eliminated the necessity for capping the 

prisms prior to loading. Second, instrumentation could 
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easily be mounted on the smooth surfaces of the prisms. 

The prisms were 3 in. wide, 4 in. deep and 16 in. long. 

It was necessary to determine the effect of the at-

mospheric conditions on the prism strains. To accomplish 

this, four of the eight sets of prisms were loaded in 

controlled atmospheric conditions in the creep laboratory. 

The remaining four sets of prisms were loaded in the test-

ing laboratory under the same atmospheric conditions as 

the beams. 

The following specimen designation was used for the 

prisms loaded in the testing laboratory. 

P-l Normal-weight concrete prisms loaded to a 

stress of 1200 psi in the testing laboratory . 

• P-2 Normal-weight concrete prisms loaded to a 

stress of 1800 psi in the testing laborato r y. 

P-3 Lightweight concrete prisms loaded to a stress 

of 1200 p s i in the testing laboratory. 

P-4 Lightweight concrete prisms loaded to a stress 

of 1800 psi in the testing laboratory. 

The same designation was used for the prisms tested 

in the creep laboratory except the prefix "R" was used in 

place of "p". For example, R-l would designate normal-

weight concrete prisms loaded to a stress of 1200 psi in 

the creep laboratory. 

Each group consisted of four prisms. Three of the 

prisms were loaded to the designated stress and the fourth 
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prism was used as an unrestrained shrinkage specimen. 

The prisms were cured for approximately 28 days at a 

temperature of 72 degrees Fahrenheit and a relative hum­

idity of 100 percent. They were then removed from the 

moisture room and allowed to dry for one day at which time 

instrumentation points were mounted on them. The follow­

ing day the prisms were loaded. The prisms were loaded 

in sets of three specimens which were stacked vertically 

in the loading frame. In two of the loading frames the 

prisms were loaded by a hydraulic loading system (see Fig. 

1). In the remaining six loading frames the prisms were 

loaded with nested railroad springs (see Fig. 2). Both 

loading systems are discussed in a paper "Apparatus and 

Instrumentation for Creep and Shrinkage Studies" by A. 

Pauw and B. L. Meyers (12). 

The two sets of prisms loaded hydraulically, R-l and 

R-3, were loaded and stored in the creep laboratory. The 

remaining six sets of prisms were loaded by nested rail­

road springs. Two sets, R-2 and R-4, were loaded in the 

creep laboratory. Four sets, P-l, P-2, P-3, and P-4, 

were loaded in the testing laboratory. An unrestrained 

shrinkage specimen was maintained under the same atmos­

pheric conditions for each set of prisms. 

The prisms were first loaded to the desired stress 

level. Strain readings were taken at given intervals of 

load. The readings on opposite faces of the prisms were 
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Fig. 1 Hydraulic Loading Frame 

Fig. 2 Spring Loading Frame 
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compared to determine if the prisms were loaded concentric­

ally. Specimens were recentered and reloaded until the 

strain measurements indicated that any eccentricity was 

eliminated. The load was then removed. The prisms were 

them reloaded in increments to the desired stress. Strain 

readings were taken at each load increment to determine 

the modulus of elasticity of the concrete. Companion 

cylinders and prisms were also tested to obtain the com­

pressive strength and the modulus of elasticity of the 

concrete. 

After loading, strain readings were taken periodically 

for about 150 days. The total strains measured included 

both creep and shrinkage strains. 

Beams 

The size of the test beams was determined by the size 

of the existing prestressing bed, the weight of the beams, 

and the size of the loading frame. The beam selected was 

a rectangular section 7 in. wide, 8~ in. deep, and 8 ft.-

6 in. long. Four beams of this size were tested. The 

same specimen designation used for the prisms was used for 

the beams except the word "Beam" precedes the designation. 

Two high-tension steel, seven-wire strand, cables with 

an ultimate stress of 259 ksi were used in beams P-l and 

P-3 (see Fig. 3). These cables were pre-tensioned to 

36,360 pounds or 165.2 ksi. Three similar cables, pre-
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tensioned to 54,540 pounds were used in beams P-2 and P-4 

(see Fig. 3). The actual prestress forces at transfer 

were slightly less than these figures due to relaxation 

in the anchorages. The actual forces, measured with load 

cells, are given in Table 8. 

The beam forms were placed in a specially constructed 

casting and prestressing bed (see Fig. 4) located in the 

moisture room. The cables were tensioned to a stress 

level slightly above the design pre-tensioning force and 

were allowed to relax for one day. On the following day 

the beam was poured. The apparatus used for pre-tension-

ing is shown in Fig. 5. 

Companion prisms and cylinders were cast with each 

beam. After about 14 days of moist curing, strain and 

deflection instrumentation was mounted on the beams. In-

itial strain and deflection readings were taken, and the 

pre-tensioning force was transfered to the beams by cut­

ting the cables with an acetelene torch. Strain and de­

flection readings were taken after stress transfer and the 

beams were removed from the moisture room. The beams were 

then cured under wet burlap for an additional 14 days 

during which time strain and deflection readings were 

taken periodically. 

At an age of approximately 28 days the beams were 

moved to the testing laboratory. A sustained live load 

was applied at the third points of each beam using a 
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screw-type jack and transfer beam (see Figs. 6 and 7). 

The sustained live loads were adjusted to produce a top 

fiber stress of 1200 psi in beams P-l and P-3 and a top 

fiber stress of 1800 psi in beams P-2 and P-4. After 

loading, strain and deflection readings were taken at 

irregular intervals for about 150 days. The beams were 

then unloaded to determine the creep recovery. 
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CHAPTER IV 

INSTRUMENTATION 

The following information is required for the theo­

retical analysis: Modulus of elasticity of concrete; 

modulus of elasticity of steel; creep strains; shrinkage 

strains; and creep coefficients. The beam parameters 

required for use in comparing the theoretically predicted 

strains and deflections are: Prestress force at transfer; 

elastic strain; elastic deflection; time dependent strain; 

and time dependent deflection. The instruments used to 

measure these parameters were: i1echanical compressometer) 

clip-on strain meter; longitudinal extensorneter; load 

cell; read-out equipment; deflection meter; dial gage and 

deflectometer. A complete discussion of this creep and 

shrinkage instrumentation may be found in "Apparatus and 

Instrumentation for Creep and Shrinkage Studies" (12) and 

"Structural and Economic Study of Precast Bridge Unit" 

(13) . 

Four clip-on strain meters were mounted on one prism 

in each group. They were used to measure the modulus of 

elasticity of the concrete and the total concrete strains 

for about two weeks after initial application of load. 

The clip-on strain meters were also used to measure the 

strain at the center line of the beams (see Fig. 8) from 

the time of prestressing to the time of application of 
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sustained live load and for approximately 30 days there­

after. The meters were placed in pairs symetrically about 

the centerline of the specimens. Also, spherical gage 

points were placed between the electrical gage points on 

either side of the beams (see Fig. 9). When the clip-on 

strain meters were removed from the beams, strain readings 

were taken immediately thereafter using the longitudinal 

extensome ter. The strain distribution determined from the 

last readings of the clip-on strain meters was used for a 

base line from which the mechanical strains were plotted. 

The longitudinal extensometer was also used to measure the 

strains in two prisms in each group of loaded specimens 

and in the unrestrained shrinkage specimens. 

Load cells were used to measure the load applied to 

the prisms, the pre-tensioning force in the pre-tensioned 

cables, and the sustained live load on the beams. 

The deflection meter and the deflectometer were used 

to measure the deflection of the beams throughout the 

testing period. Dial gages were used to measure the re­

coverable deflection of the beams. This deflection was 

also checked by the deflection meter. 



36 

1> 

~ 
t\j + + 

0 0 '" ,I- , t 

+ :::,.'0-
I\. '" + TOP 

0 0 " ~ 

~ ~ + + ~ (I.j 

i 
o ;..~O t~ 

~ + ~ ~ ~ "0 ,,+--~ 
~ ~ ~ + . ~ r--O ~ 

1 
~" 0 sTI E ~ + + ~r-----O ~ 

-----0 ~ + ~ ___ ,-,,-0 ~ 
"-- ___ __ __ __ _ ~ C\I 

o POSTr'OR CLiP-oN .sr~AINMFTEA 

+ OISC rC,q L. OIV6ITVOI/V/IL &XTe/V.sO~4"TER 

Fig. 8 Position of Strain Gage Plugs 

S-rraln pro rile immea'/af-ely a,l'rer presrress ana' oleaa' load 

Srrain pro,r/le due ~o /,resrress, deaa' load Q'/?d creep 
(tJeqm ,0-4) 

Sf-rain pror,/e o've ro /,resrres$) dead looa' and creep 
(86a.ms ,0-1, ,0-2, ,0-.3) 

Sf-rain p,,:o,r/le /.mmechaf-ely ar,Jer $vsra/"ned 
I/ve loaa' W(7& O'pp/.-~a' 

Srrcun pro,r;le somehme oYrt!!r $vsra.-ned 
live load 1IVt7$ app//ed 

\ \ \\~ ", '>" TOP r18E,,? 

, $TeGi.. ~EVE~ 

7E/\/S/~E STRA/N 0 COMPRESSIVE ST~A""V 

S'T~A/N 

Fig. 9 Typical Strain Profile 



Prisms 

CHAPTER V 

EXPERIMENTAL RESULTS 

The strains in the prisms were measured by both clip­

on strain meters and the longitudinal extensometer. After 

a period of about eight weeks the clip-on strain meters 

tended to show a slight zero shift. Up to this time there 

was close agreement between the clip-on strain meters and 

the longitudinal extensometer. Therefore, the data ob­

tained from the longitudinal extensometer was used to com­

pute the creep coefficients. The strain was measured on 

each surface of the prisms and the average of these meas­

urements recorded. The average total strains and the 

average shrinkage strains for the prisms are shown in 

Tables 2, 3, 4, and 5. Average total strains and the 

average shrinkage strains of the prisms were used to com-

pute the creep coefficients. The creep coefficients for 

each prism and the average creep coefficients for each 

set of prisms are given in Tables 6 and 7. 

Beams 

The beam properties are given in Table 8. The mod­

ulus of elasticity of the concrete given in Table 8 is 

an average value obtained from the prisms and cylinders. 



Table 2 

Prism Strains - Normal-Weight Concrete 

SPECIl'1EN R-l SPECIMEN P-l 

Time Prism Number Time Prism Number 
days 1 2 3 4 days 1 2 3 4 

Strains, Micro-in. per in. Strains, Micro-in. per in. 

0 243 250 242 000 0 237 235 271 000 
1 314 316 320 12 1 320 330 356 32 
4 406 2 352 361 400 47 
6 445 422 414 55 5 430 399 457 67 
9 490 9 516 484 537 107 

10 513 496 488 84 13 530 601 129 
11 515 26 624 685 166 
13 548 554 545 104 37 683 762 198 
17 557 573 555 111 57 785 861 247 
24 652 634 141 71 823 902 259-
34 733 693 177 89 859 931 265 
43 795 760 208 105 886 969 260 
56 810 792 224 124 918 1003 283 
65 888 842 247 146 925 1010 257 
83 924 882 229 156 930 1020 276 
97 958 891 235 

114 961 915 249 
132 982 929 253 
154 992 942 254 

Prism 1 - strains measured with clip-on strain meters. 
Prisms 2 and 3 - strains measured with longitudinal extensometer. 
Prism 4 - strains in shrinkage specimen. w 

00 



Table 3 

Prism Strains - Normal-Weight Concrete 

SPECIMEN R-2 SPECIMEN P-2 

Time Prism Number Time Prism Number 
days 1 2 3 4 days 1 2 3 4 

Strains, Micro-in. per in. Strains, Micro-in. per In. 

0 354 396 378 000 0 354 390 355 000 
1 428 460 440 05 1 434 474 431 00 
3 497 513 487 32 2 462 519 466 17 
7 571 12 661 718 635 78 

10 611 650 624 70 19 765 
20 713 745 718 107 23 846 766 136 
27 733 28 817 919 825 154 
29 780 854 834 155 43 1011 910 186 
42 902 867 185 57 1071 987 198 
51 986 948 214 75 1126 1042 220 
65 1000 976 215 91 1161 1077 228 
83 1063 1033 239 110 1206 1125 256 

100 1120 1082 253 142 1219 1136 246 
118 1145 1103 255 
150 1194 1150 276 

Specimen 1 - strains measured with clip-on strain meters. 
Specimens 2 and 3 - strains measured with longitudinal extensometer. 
Specimen 4 - strains in shrinkage specimen. 

W 
\0 



Table 4 

Prism Strains - Lightweight Concrete 

SPECIMEN R-3 SPECIMEN P-3 

Time Prism Number Time Prism Number 
days 1 2 3 4 days 1 2 3 4 

Strains, Micro-in. per in. Strains, Micro-in. per in. 

a 501 552 542 000 a 549 588 582 000 
1 582 646 633 33 1 631 666 671 25 
4 690 3 695 736 748 
6 716 798 757 91 8 812 876 886 86 
8 758 818 780 101 10 879 912 932 112 

12 828 14 920 
21 940 1017 968 198 23 1028 1078 1089 172 
32 1035 1097 1052 225 34 1117 1192 1202 234 
43 1082 1159 1110 258 45 1210 1254 1278 279 
53 1111 1162 1112 240 55 1259 1293 1315 273 
70 1162 1226 1178 275 71 1354 1374 308 
88 1247 1206 266 90 1395 1413 321 

120 1276 1226 265 122 1399 1411 303 

Specimen 1 - strains measured with clip-on strain meters. 
Specimens 2 and 3 - strains measured with longitudinal extensometer. 
Specimen 4 - strains in shrinkage specimen. 

~ 

o 



Table 5 

Prism Strains - Lightweight Concrete 

SPECIMEN R- 4 SPECHmN p- 4 

Time Prism Number Time Prism Number 
days 1 2 3 4 days 1 2 3 4 

Strains, Micro-in. per in. Strains, Micro-in. Per in. 

0 746 781 746 000 0 748 796 786 000 
1 865 971 917 30 1 923 956 950 15 
2 919 5 1024 1109 1087 89 
3 1033 1064 964 56 14 1200 1321 1280 129 
7 1064 1112 1052 82 25 1316 1470 1422 195 

14 1197 36 1436 1562 1522 249 
16 1230 1350 1260 176 46 1513 1632 1591 266 
27 1344 1469 1360 227 62 1697 1669 301 
38 1412 1535 1436 277 81 1761 1729 316 
48 1443 1562 1461 270 113 1787 1747 313 
65 1498 1646 1547 325 
83 1686 1588 323 

115 1708 1624 330 

Specimen 1 - strains measured with slip-on strain meters. 
Specimens 2 and 3 - strains measured with longitudinal extensometer. 
Specimen 4 - strains in shrinkage specimen . 

J::,. 

~ 



Time 
days 

o 
3 
7 

10 
14 
21 
28 
44 
60 
90 
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10 
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44 
60 
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Table 6 

Creep Coefficients 

Normal-'ileight Concrete 

P-l R-l P-2 R-2 
2 3 2 3 2 3 2 3 

1. 00 1. 00 1. 00 1. 00 1. 00 1. 000 1. 00 1. 00 
1. 38 1. 38 1. 38 1. 31 1. 31 1. 39 1.14 1.22 
1. 62 1. 57 1. 52 1. 53 1. 51 1. 46 1. 34 1. 32 
1. 54 1. 56 1. 73 1. 64 1.57 1. 51 1. 37 1. 48 
1. 80 1. 78 1. 83 1. 81 1. 69 1. 63 1. 51 1. 51 
1. 81 1. 72 2.06 1. 96 1. 77 1. 71 1. 58 1. 70 
2.01 1. 98 2.14 2.10 1. 95 1. 89 1. 71 1. 70 
2.20 2.16 2.48 2.39 2.04 1. 94 1. 75 1. 87 
2.32 2.29 2.57 2.45 2.24 2.21 1. 95 1. 93 
2.52 2.50 2.78 2.64 2.38 2.38 2.13 2.13 
2.71 2.66 2.93 2.77 2.46 2.46 2.27 2.28 
2.81 2.74 2.98 2.82 2.50 2.51 2.37 2.37 

Average Average Average Average 

1. 38 
1. 59 
1. 55 
1. 79 
1. 76 
2.00 
2.18 
2.30 
2.51 
2.68 
2.77 

1. 34 
1. 52 
1. 68 
1. 82 
2.01 
2.12 
2.43 
2.51 
2.71 
2.85 
2.90 

Average P-l 

1. 36 
1. 56 
1. 61 
1. 80 
1. 88 
2.06 
2.30 
2.40 
2.61 
2.77 
2.84 

1. 35 
1.48 
1. 54 
1. 66 
1. 74 
1. 92 
1. 99 
2.22 
2.38 
2.46 
2.50 

1.18 
1.33 
1. 42 
1. 51 
1. 64 
1.70 
1. 81 
1. 94 
2.13 
2.27 
2.37 

Average P-2 

1. 26 
1. 42 
1. 48 
1. 59 
1. 69 
1. 81 
1. 89 
2.08 
2.25 
2.37 
2.43 
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Table 7 

Creep Coefficients 

Ligh t weight Concrete 

Time P-3 R-3 P-4 R-4 
days 2 3 2 3 2 3 2 3 

0 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 1. 00 
3 1. 20 1. 23 1. 06 1.21 1 . 32 1. 23 1. 28 1.26 
7 1. 34 1. 34 1. 31 1. 27 1. 36 1. 34 1. 39 1. 32 

10 1. 37 1. 43 1.14 1. 28 1. 43 1. 39 1. 38 1. 32 
14 1. 46 1. 49 1. 42 1. 36 1. 49 1. 45 1. 43 1. 43 
21 1. 53 1. 57 1. 25 1. 41 1. 55 1. 51 1. 53 1. 45 
28 1. 59 1. 59 1. 55 1. 49 1. 60 1. 57 1. 58 1. 53 
44 1. 71 1. 76 1. 39 1. 57 1. 70 1. 67 1. 66 1. 59 
60 1. 74 1. 74 1. 71 1. 65 1. 74 1. 72 1. 68 1. 63 
90 1. 84 1. 84 1. 79 1. 73 1. 83 1. 81 1. 74 1. 70 

120 1. 89 1. 89 1. 82 1. 76 1. 87 1. 85 1 . 78 1. 74 

Average Average Average Average 

3 1. 21 1. 13 1. 27 1. 2 7 
7 1. 34 1. 29 1. 35 1. 35 

10 1. 40 1. 21 1. 41 1. 35 
14 1. 46 1. 39 1. 47 1. 43 
21 1. 55 1. 33 1. 53 1. 49 
28 1. 5 9 1. 52 1. 58 1. 55 
44 1. 73 1. 4 8 1. 68 1. 6 3 
60 1. 74 1. 68 1. 7 0 1. 65 
90 1. 84 1. 76 1. 8 2 1. 72 

120 1. 89 1. 79 1. 8 6 1. 76 

Average P- 3 Average P-4 

3 1.17 1. 27 
7 1.32 1. 35 

10 1. 30 1. 38 
14 1. 42 1. 45 
21 1.44 1. 51 
28 1.55 1. 56 
44 1. 60 1. 65 
60 1. 71 1. 6 8 
90 1. 80 1. 77 

120 1. 84 1. 81 



Table 8 

Beam Properties 

A PL Beam s b h d F 
Sq. In. in. in. in. lb. lb. 

P-l .22 7.0 8.5 6.5 32000 3250 

P-2 .33 7.0 8.5 6.5 48600 5500 

P-3 .22 7.0 8.5 6.5 32000 3667 

P-4 .33 7.0 8.5 6.5 49600 7700 

Ec Ec 
14 da. 6 PsixlO 

28 da. 6 PsixlO 

4.61 5.00 

5.22 5.32 

2.27 2.30 

2.16 2.22 

Es 

Psixl0 6 

22.0 

22.0 

22.0 

22.0 

f' 
c 

Psi 

4800 

5835 

5315 

5540 

.)::. 

.)::. 
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The modulus of elasticity of the prisms was obtained from 

strain readings obtained using the portable extensometer 

while the prism was being loaded in the loading racks. 

The modulus of the cylinders was obtained in a conventional 

test in a hydraulic testing machine. The value of the 

prestress force "F", used in calculating the deflection, 

is the ac tual prestress force just prior to trans fe r as 

obtained from the load cells. 

The strains in the beams were measured from the time 

immediately after transfer of the pre-tensioning force to 

the conclusion of the testing period (minimum of 120 days). 

Positions of points at which strains were measure d are 

shown is Fig. 8. 

The basic pattern of the strain profiles is shown in 

Fig. 9. The strain profiles remained linear during all 

stages of loading. The pattern shown was ty?ical for all 

beams except beam P-4. In this beam the strain in the 

top fiber, at a time ?rior to appli cation of sustained 

live load, was tensile rather than compressive as in the 

other beams. During the remaining stages of loading the 

strain profile pattern was the same for all beams. 
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Some further discussion of Figure 9 is in order at 

this point. The strain profile which existed immediately 

after transfer is reas onable. 

The strain profiles which existed just prior to 

application of sustained live load is approximately paral­

lel to the strain profile at transfer. Due to effects of 

creep, the bottom fiber strain should have increased in 

compression (shortened) as shown. The top fiber should 

also have shortened due to effects of shrinkage. As will 

be seen later, shrinkage is not a major consideration in 

the deflection of prestressed beams due to the s~ amount 

of steel used. However, considerable resistance to move­

ment of the bottom fiber could be provided by friction and 

adhesion between the bottom of the beam and the form. 

Thus the top fiber could have shortened considerably rela­

tive to the bottom fiber. Thus the fact that the two 

strain profiles are parallel is quite reasonable. Beam 

P-4, however, did not exhibi~ the strain pattern discussed 

above. Rather, the top fibers actually lengthened rather 

than shortened for this beam. An explanation for this 

unusual behavior has not been formulated. A numbe r of 

possible related factors include; possible errors in 

measurement, swelling of concrete due to abnormally high 

moisture, or overstress of the cables resulting in top 

fiber tension not compensated by dead load effects. 
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The strain profiles which existed after application 

of sustained live load are reasonable for all cases. The 

strain vs. time curves for the strain at the top fiber 

and the strain at the level of the steel are shown in Fig-

ures 10, 11, 12, and 13. 

The creep coefficients of the concrete from the time 

of application of sustained live load were computed using 

Equation (1). The shrinkage strain was subtracted from 

the total strain in the top fiber, yielding a creep strain . 

The creep strain was then divided by the initial strain 

caused by application of sustained live load to obtain the 

creep coefficient of the beam. The shrinkage strain in 

the beam was assumed to be: 

where 

F 
E = - E + - ~ + s u 6 '-

t 

Fe' c t 1 u _ 
I' E' 

t c 

E = unrestrained shrinkage potential, 
u 

(24) 

F = E E A = s h r inkage force as defined in u u s s 

Chapter IV, 

c t = oistance from centroid of the transformed 

section to the top fiber of the beam. 

The values of the beam creep coefficients and the prism 

creep coefficients are tabulated in Table 9. These values 

are also shown in Figs. 14, 15, 16, and 17. It is impor-

tant to point out that all creep coefficients were obtained 

from prisms loaded after 28 days curing. Thus the creep 
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Time 
days 

10 

14 

16 

18 

21 

28 

44 

60 

90 

120 

150 

C * c 

Ccb 

53 

Table 9 

Measured Creep Coefficients 

P-l P-2 P-3 P-4 
C * Ccb C * Ccb C * Ccb C * Ccb c c c c 

1. 00 1. 00 

1. 00 1. 00 1. 31 1.06 

1.00 1. 00 

1. 00 1.00 

1. 43 1. 23 1. 40 1. 23 1.17 1.13 1. 39 1.12 

1. 67 1. 44 1. 59 1. 38 1. 30 1. 27 1. 48 1.17 

2.06 1. 62 1. 86 1.58 1. 47 1.42 1. 61 1. 24 

2.28 1. 68 1. 95 1.75 1. 59 1. 55 1.67 1. 30 

2.55 1. 75 2.14 1. 95 1. 75 1. 71 1. 75 1. 35 

2.68 1. 78 2.27 2.04 1.83 1. 81 1. 79 1. 40 

2.82 1. 80 2.39 2.09 

= Creep coefficients from prisms used for computing 
6LLt and 6 s. 

= Creep coefficients obtained from top fiber strains 
in beams. 
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coefficient used for live load and shrinkage calculations 

(C*) is the creep coefficient directly measured from the 
c 

prisms. However, the creep coefficient for calculations 

involving dead load and prestress effects must be different 

than that for live load and shrinkage since the prestress 

and dead load effects occurred 14 days before application 

of live load. In order to obtain the creep coefficient 

(C c ) for use in dead load and prestress computations, the 

C~ curve was simply shifted fourteen days back and values 

of C were picked off this curve at appropriate ages. c 

This procedure is not strictly correct due to the effects 

of age at loading on creep. However, for large values of 

time, the errors involved will be small and the procedure 

used here is reasonable. 

The deflection of each beam was measured at the center 

linG. The theoretical deflection at the center line of 

the beams was calculated using both Method I and Method II 

developed in Chapter II. The measured deflection and the 

two values of the theoretical deflection are tabulated in 

Tables 10 and 11 and are shown in Figs. 18, 19, 20, and 21. 
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Table 10 

Deflections, Normal-Weight Concrete 

Time Beam P-l Beam P-2 Remarks days 1 2 3 1 2 3 

0 -.0375 -.0375 -.039 -.0509 -.0509 - .068 

3 -.0504 -.0505 -.055 -.0624 -.0625 -.086 

7 -.0575 -.0577 -.059 -.0700 -.0702 -.092 

10 -.0592 -.0594 -.062 -.0738 -.0740 -.098 

14 -.0637 -.0641 -.060 -.0789 -.0792 -.100 

14 .0238 .0046 .016 Live Load 
Applied P-2 

16 -.0655 -.0658 -.060 

16 .0089 -.01937 .012 Live Load 
Applied P-l 

21 .0257 -.00233 .020 .0482 .0209 

28 .0306 .00274 .029 .0566 .0298 .054 

44 .0413 .01364 .045 .0705 .0444 .062 

60 . 0476 .02003 .054 . 0710 .0450 . 070 

90 .0531 .02569 .054 . 0775 .0519 .079 

120 .0539 . 02647 .057 .0817 .0564 .080 

150 .0581 .03070 .060 .0878 .0628 .080 

NOTE: Negative sign inoicates upward deflection 

1. Theoretical Deflection using Method I 

2. Theoretical Deflection using Method II 

3. Measured Deflection 
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Table 11 

Deflections, Lightweight Concrete 

Time Beam P-3 Beam P-4 
days 1 2 3 1 2 3 

0 -.0741 -.0741 -.110 -.1163 -.1163 -.207 

3 -.0857 -.0858 -.125 -.1440 -.1442 -.239 

7 -.0918 -.0920 -.138 -.1519 -.1524 -.254 

10 -.0945 -.0960 -.139 -.1549 -.1554 -.259 

10 + .1246 +.0856 .037 

14 -.0971 -.148 .1883 .1527 .074 

18 -.1018 -.1023 -.151 

18 .0376 .0101 .006 

21 .0543 .0213 .012 .2027 .1681 .087 

28 .0641 .0375 .030 .2188 .185 4 .110 

44 .0774 .0514 .050 .2408 .2092 .127 

60 .0838 .0580 .070 .2513 .2204 .1'42 

90 .0957 .0704 .073 .2625 .2327 .165 

120 .1010 .0771 .082 .2683 .2389 .17 5 

NOTE: Negative sign indicates upward deflection 

1. Theoretical Deflection using Method I 

2 . Theoretical Deflection using Method II 

3. !-1easured Deflection 

60 

Remarks 

Live Load 
Applied P-4 

Live Load 
Applied P-3 
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CHAPTER VI 

EVALUATION OF EXPERl MEf-.'l'AL RESULTS 

The data obtain~d from the prisms seemed to follow 

the trend of previous test data. The total strains in the 

normal-weight and lightweight concrete prisms increased 

rapidly after loading and tended to level off toward the 

end of the testing period. The magnitude of the shrinkage 

potential in normal-weight and lightweight concrete prisms 

was essentially equal at the end of the testing period. 

The initial strains of the lightweight concrete prisms 

were larger than those of the normal-weight concrete 

prisms. This was due to the difference in modulus of 

elasticity of the concrete. The total creep of the light­

weight concrete was about the same as that of the normal­

weight concrete. A large portion of the creep of the con­

crete is due to the creep in the cement paste. Since the 

amount of cement paste was the same for the two types of 

concretes the creep strains were approximately equal. Since 

the initial strain of the lightweight concrete was greater 

than that of the normal-weight concrete the creep coeffi­

cients of the lightweight concrete prisms were lower than 

for those of the normal-weight concrete prisms. 

During all stages of loading there were no cracks 

observed in the concre te of the beams. This supports the 

assumption of an uncracked section. The strain profiles 

, ........ 
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during all stages of loading remained linear. This veri-

fied the assumption of linear strain distribution. 

The strains in the lightwe ight concrete beams, P-3 for 

example, were consistently higher than the strains in a 

normal-weight concrete beams, P-l, loaded to the same stress. 

This is reasonable since the modulus of elasticity of t he 

lightweight concrete (beam P-3) was lower than the modulus 

of elasticity of the normal-weight concrete. 

havior existed for beams P-2 and P-4. 

Similar be-

The theoretical deflections using Method I and Method 

II were consistently greater than the measured deflections 

for the period prior to the application of sustained live 

load. This was believed to be due to the fact that the 

actual prestressing force prior to transfer was not accur­

ately determined from the load cells. 

From the application of sustained live load to the 

end of the testing period the calculated deflection using 

I1ethod I was in general agreement wi th the measured de­

flections as shown in Figs. 18 through 21. The calculated 

deflections were consistently less than the measured de­

flections in an amount approximately equal to the differ­

ence in the two values just prior to the application of 

sustained live load. 

The slopes of the theoretical curves tend to increase 

at a slightly greater rate with time than do the measured 



67 

deflections. This may have been caused by the difference 

in the creep coefficients of the beams. and prisms. In 

Figs. 14 through 17, the creep coefficients of the prisms 

and beams are compared. It is noted that the general 

slope of the prism creep coefficient curve is greater than 

that of the beam creep coefficient curve. Since the de­

flection is approximately proportional to the creep coeffi­

cient this would explain the greater slope of the theoret­

ical deflection. Another factor could be that a greater 

amount of shrinkage deflection occurred during the early 

part of loading than was assumed. However, for the beams 

in this study the shrinkage deflection is only a small 

percentage of the total deflection. 

The values of deflections, computed using Method II, 

for times after application of sustained live load were 

consistently less than the measured values. In Me~hod II 

the effect of recoverable creep deflection was not consid-

erea. If this factor had been considered the calculated 

and measured deflections would be in general agreement. 

It was mentioned previously that there was some ques­

tion as to the origin of the creep coefficients used by 

the authors. If the values of the beam creep coefficients 

were used instead of the prism creep coefficients there 

would have been an even greater discrepancy between the 

theoretical and measured deflections. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

This study shows that the deflection during all stages 

of loading of prestressed concrete beams can be predicted 

with reasonable accuracy using the theoretical methods des­

cribed in this paper and the creep coefficients and the 

shrinkage potentials obtained from companion specimens. 

Application of both Method I and Method II, assuming the 

creep deflection due to prestress to be recoverable, was 

slightly lower than the measured deflection in all cases. 

It is believed that the reason for this deviation was the 

lack of accuracy in measuring the pretensioning force. 

It was shown that the theoretical analysis of Method 

II developed in reference (15) predicted a consistently 

lower value for the deflection from the application of the 

sustained live load to the end of the testing period. It 

was noted in Chapter VI that Method II would yield better 

results for the beams tested in this study if the recover­

able creep deflection was included. It would seem advis­

able that in future studies Method II be modified to 

include the recoverable creep deflection. 

Additional research is necessary to determine the 

accuracy of the shrinkage analysis for members where the 

shrinkage has a greater effect on the deflection than it 

did on the beams in this study. 
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Comparatively few variables werp. inc luded in this 

study. The effect of other var iables such as shape of the 

section, time of application of sustained live load, and 

shape of cable profi le require further study. 

"~ . 

~~,: 
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APPENDIX A 

NOTATION 

= F -F = prestressing force after transfer. o e 

Fo = initial prestressing force. 

F = nF A/At = elastic loss in prestressing force. e 0 s 

PL = applied load at each third point. 

Fu = restraining force due to shrinkage. 

2 
~~L = wL /8 = dead load moment. 

MLL 

M 
P 

M s 

b 

h 

At 

A' 
t 

= PLL/3 = live load moment. 

= P e = prestressing moment. 

= F e' = shrinkage moment. u 

= width of beam. 

= depth of beam. 

= b h + (n-l)A = transformed area of beam. s 

= b h + (n'-l)A = transformed area of beam at a s 

given time after load. 

At' = b h + (n' -l)A = average transformed area of ave ave s 

It 

I' 
t 

beam for a specified time interval after load. 

= b h 3/12 2 2 = moment of + b h R + A (e-R) (n-l) s 

inertia of transformed section. 

= b h 3/12 + b h R,2 2 = moment of + A (e-R') (n'-l) s 

inertia of transformed section at a given time 

after load. 

I' = b h 3/12 + b h R' 2 + A (e-R' . )2(n' -1) = 
t ave ave s ave ave 

average moment of inertia of transformed section 
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for a specified time interval after load. 

= (n-l)Ase /At = shift in neutral axis due to the 

transformed area of the steel.' 

R' = (n'-l)Ase/At = shift in neutral axis due to the 

R' ave 

e 

transformed area of the steel at a g i ven time 

after load. 

= (n' -l)A e/At = average shift i n neutral axi s ave s 

for a specifie d time interval after l oad . 

= distance f rom mid-depth of the beam to the level 

of the steel cables. 

e' = e-R' = depth of steel cables from t he neutral 

e' ave 

axis at a given time after load. 

= e-R' = a ve r age depth of steel cables from the ave 

neutral axis for a s pecified time interval after 

load. 

EC = modulus of ela sticity of the concrete. 

E' = E Ie = effective modu l us of elas ticity of the c c c 

concrete. 

E' = E Ie = ave rage effective modulus of elas-cave c cave 

n 

ticity of the concrete. 

= E IE = modular ratio. s c 

n' = (E IE)e = effective modular ratio. s c c 

n' ave = (E IE )e = average effective mo d ulus of s c cave 

elasticity of the concrete. 

AS = area of stee l cables. 

E = mod ulus of e lasticity of the steel cables. s 
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= total strain. 

= shrinkage strain. 

= initial elastic strain. 

= unrestrained shrinkage potential. 

= creep coefficient. 

= unsupported length of the beam. 

= initial dead load deflection. 

= initial deflection due to transfer of prestres-

sing force. 

~Pi = initial elastic deflection. 

6pt = time-dependent deflection due to the prestres-

sing force. 

6DL = time-dependent deflection due to dead load. 

~Pt = total deflection prior to application of sus-

6s 

~LLi 

6LLi 

tained live load. 

= shrinkage deflection. 

= initial deflection due to sustained live load. 

= time-dependent deflection due to sustained live 

load. 

6p' = time-dependent deflection due to the increase in 

prestressing force after application of sustained 

live load. 

~Lt = total time-dependent deflection from application 

of sustained live load to end of testing period . 

~ = total time-dependent deflection at any stage of 
t 

loading. 
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