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PREFACE 

This is the third in a series of reports dealing with the findings of a 

research project concerned with the evaluation of the creep behavior of con­

crete subjected to triaxial compressive stresses and elevated temperature. 

This report develops and evaluates a method of predicting long term triaxial 

creep behavior from relatively short term uniaxial creep data. 

The investigation was conducted and financed under Union Carbide Subcon­

tract 2864 for the Oak Ridge National Laboratory, which is operated by the 

Union Carbide Corporation for the United States Atomic Energy Colllllission. The 

planning, conducting, and analyzing of data for this experiment required the 

assistance and cooperation of many individuals and organizations; the authors 

would like to acknowledge the cooperation and assistance obtained from the 

Concrete Division of the Waterways Experiment Station, Jackson, Mississippi, 

and the Department of Civil Engineering of The University of California at 

Berkeley. In addition, special thanks are extended to Mr. G.D. Whitman, 

Coordinator, Pressure Vessel Technology Program, whose active participation 

and support allowed this investigation to be successfully conducted and to 

Dr. J.P. Callahan, Mr. J. G. Stradley, and Dr. J.M. Corum of the Oak Ridge 

National Laboratory. Appreciation is also extended to Professor Clyde E. 

Kesler, Department of Civil Engineering, University of Illinois, who served as 

a consultant to the project. Special appreciation is due Mr. Victor N •• Toth, 

Dr. Nabil Jundi, and Dr. Guy P. York for their aid in the planning of the 

experiment, the preparation of the specimens, and the collection of the data. 

And finally, the aid extended by personnel of the Center for Highway Research, 

The University of Texas at Austin, is acknowledged. 

Future reports will be concerned with a detailed inspection and evaluation 

of the specimens used in this investigation, a more detailed investigation of 

certain aspects of the data, and an extension of this investigation to include 

the effect of time after loading on creep behavior. 
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ABSTRACT 

This report describes an experimental investigation of the creep behavior 

of concrete subjected to (1) multiaxial stresses ranging from Oto 3600 psi, 

(2) two different temperatures during loading (75° F and 150° F), and (3) two 

different curing histories (sealed and air-dried) and suggests predictive 

equations for estimating creep strains in the principal directions for stresses 

less than the creep proportional limit. 

The predictive equations for multiaxial states of stress were derived by 

establishing a linear time-dependent relationship between creep strain and 

stress from uniaxial creep tests and by assuming (1) that concrete is a homo­

geneous, isotropic body and (2) that the application of the law of superposi­

tion to creep strain is valid. On the basis of the experimental results it 

appeared that these assumptions were reasonably valid. A comparison of meas­

ured creep strains with calculated creep strains indicated that when the stress 

level was less than the creep proportional limit, the predictive equations 

provided a satisfactory estimate of the actual creep strains. The standard 

errors of estimate for the sealed and air-dried curing conditions at 75° F 

were 16 and 27 micro-units and at 150° F were 33 and 40 micro-units. 

The concept of introducing creep strain into stress-strain analyses of 

concrete is considered and discussed together with effective modulus of elas­

ticity, time-dependent flexibility, and time-dependent lateral expansion per 

unit stress of concrete. 
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CHAPTER 1. INTRODUCTION 

The effective use of concrete demands detailed knowledge of its many 

properties and characteristics. One of these characteristics is the creep 

behavior of concrete subjected to long-term sustained loads. Although a 

great deal of information is available on the load-deformation characteristics 

of concrete, information concerned with the creep characteristics is limited, 

especially for concrete subjected to triaxial stresses. 

With the advent of prestressed concrete nuclear reactor vessels, it has 

become mandatory that information be obtained on the creep behavior of con­

crete subjected to sustained triaxial compressive stresses, and it is essen­

ti~l that the time-dependent characteristics be investigated and defined as 

completely as possible. 

In order to obtain such information, the United States Atomic Energy 

Connnission at the request of the Oak Ridge National Laboratory formulated 

and initiated a basic research program for developing and improving the tech­

nology of prestressed concrete reactor vessels. As a part of this program, 

an extensive experimental investigation to study the creep behavior of con­

crete subjected to multiaxial states of stress and elevated temperatures was 

begun at The University of Texas at Austin. 

In view of the fact that long-term creep tests are time consuming and 

that creep tests on concrete subjected to multiaxial compressive stresses 

are much more difficult to conduct than uniaxial creep tests, it was con­

sidered desirable to be able to estimate long-term creep behavior of concrete 

subjected to triaxial stress conditions from short-term uniaxial creep tests. 

The theoretical development of a method for estimating long-term creep be­

havior by utilizing information obtained from relatively short-term uniaxial 

creep tests is discussed in this report, and information obtained from the 

experimental portion of the overall investigation is used to develop pre­

dictive equations and to evaluate their accuracy. 

This report contains seven chapters. Chapter 2 summarizes the current 

status of knowledge concerning stress-strain-time relationships for concrete 
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and methods for estimating creep behavior. Chapter 3 discusses stress-strain­

time relationships and develops concepts and equations for estimating creep 

behavior. Chapter 4 describes the experimental program from which creep data 

were obtained for developing the predictive equations and evaluating their 

accuracy. The results from these tests are summarized and discussed in 

Chapter 5. The derived prediction equations for various curing conditions 

and their applications with regard to predicting creep strains are discussed 

in Chapter 6. Conclusions and reconnnendations are contained in Chapter 7. 



CHAPTER 2. CURRENT STATUS OF KNOWLEDGE 

At any given time the total strain for concrete subjected to a sustained 

load consists of instantaneous elastic strain e , shrinkage strain e , and 
e s 

creep strain e 
C 

'lhe relationships between these three are shown in Fig 1. 

Creep strain is that portion of the time-dependent strain attributed to 

load, shrinkage strain is attributed to physical or chemical causes other 

than applied load, and elastic strain, which occurs instantly at the time of 

loading, is associated with the elastic characteristics of concrete. 

'lhe actual or theoretical elastic strain, as shown in Fig 1, decreases 

with time although it is often assumed to be constant and to be equal to the 

instanteneous strain at the time of loading. 'lhe decrease is the result of 

increase in the modulus of elasticity or stiffness of the concrete with time. 

However, for this study elastic strain at any time will be considered both 

equal to the instantaneous elastic strain and constant. 

Although Fig 1 is based on the assumption that creep strain and shrink­

age strain are mutually exclusive, they are in reality interrelated and diffi­

cult to distinguish. Nevertheless, they are normally considered as indepen­

dent quantities, since shrinkage strain can be easily determined by measure­

ments on unloaded specimens which are similar to the loaded specimens and 

which are subjected to the same environmental conditions. In this study, 

therefore, creep strain is considered to be that portion of the time-dependent 

strain in excess of shrinkage. 

Creep behavior of concrete has been the subject of extensive investiga­

tions during the past 50 years. 'lhe findings of these investigations have 

been summarized by Fluck and Washa (Ref 9) in 1958, Neville and Meyers (Ref 23) 

in 1964, and most recently by a special committee of the American Concrete 

Institute (Ref 31). In addition, a comprehensive review has been conducted 

and reported by this project (Ref 33). 'lherefore, no attempt has been made 

in this study to review and smmnarize the effects produced by most factors 

involving the constituents of concrete, environment, and loading conditions. 

Rather, emphasis has been placed on findings concerned with stress-creep 

3 
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Fig 1. Relationship between creep, shrinkage, and elastic strains. 
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strain-time relationships, the effects of curing history and temperature, 

and methods of predicting creep behavior. 

STRESS-CREEP STRAIN-TIME RELATIONSHIPS 

Uniaxial Stress 

In 1960, Rusch (Ref 29) reported the results from a study to determine 

the effect of sustained loads on the strength and deformation of concrete 

and developed two groups of stress-strain curves. One showed that for loads 

higher than the sustained load strength, i.e., the maximum stress which can 

be sustained indefinitely, the strain increased rapidly with time and failure 

occurred. '11le other group indicated that for a stress lower than the sus­

tained load strength, the creep strain approached an ultimate strain value 

as time increased, and it was estimated that the sustained load strength was 

approximately 75 percent of the ultimate compressive strength. 

Results from a number of investigations show that creep strain is propor­

tional to the stress applied. '11lis linear relationship between stress and creep 

strain was reported as early as 1940 by Lorman (Ref l8). Later McHenry (Ref 20) 

and Shank (Ref 30) introduced the concept of specific creep, which is creep 

strain per unit stress. Their findings indicated that although specific creep 

varied with time it was constant for any given time, pointing out a linear re­

lationship between creep and stress. In 1964 Ali and Kesler (Ref 2) reported 

that creep consists of basic creep, which is without moisture loss, and drying 

creep, which is with moisture loss. They also noted that for the same concrete, 

a linear relationship existed between stress and basic creep strain and between 

stress and drying creep strain but that the slopes of the two relationships were 

different. In recent tests, Roll (Ref 26) found that the stress-creep 

strain relationship was linear up to stress levels of approximately 30 to 35 

percent of ultimate strength. He also reported that other investigators have 

found that this linearity existed up to 20 to 40 percent and was linear at any 

given time after loading but that the slope of the relationship decreased with 

increased time after load throughout the loading history. Results from tests 

performed by Gopalakrishnan et al (Ref 11) on concrete cubes under sequential 

loading showed that the linear stress-creep strain relationship was valid for 

both uniaxial and multiaxial states of stresses. Tests conducted by Hannant 

(Ref 12) showed that creep strain was proportional to stress at stress levels 

less than 2000 psi and at temperatures between 81° F and 163° F. 
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Multiaxial Stress 

The majority of the investigations have been concerned with creep behavior 

under uniaxial loading conditions; nevertheless, creep under multiaxial stresses 

has recently received attention, partially because of the development of nuclear 

reactor vessels and other structures in which a complex state of stress exists. 

Experiments conducted by Hannant (Ref 12) concerned with creep behavior 

resulting from multiaxial states of stress indicated a linear relationship 

between axial stress and axial creep strain. The slope of this linear relation­

ship varied with time, but was constant at any given time. Later, tests con­

ducted by Gopalakrishnan et al (Ref 11) also showed a linear relationship for 

multiaxial states of stress and indicated that the relationship was linear at 

any time during the period in which the concrete was loaded. These investi­

gators, however, suggested that the linear stress-creep strain relationship 

for multiaxial stresses was different than for uniaxial stresses. 

Little information is available concerning a Poisson's effect for creep 

and the information that is available often conflicts. Values for creep Pois­

son's ratio have been found to range from 0.0 to 0.2. In 1954 Ross (Ref 28) 

reported that creep in the direction of the major principal stress appeared to 

be unaffected by the presence of minor stresses, thus suggesting that creep 

Poisson's ratio was zero. This is in contrast to the results reported by most 

other investigators. Earli~r investigations conducted by Duke and Davis (Ref 

7) on the creep behavior of concrete subjected to combined stresses indicated 

that under axial load, creep strains occurred laterally as well as axially and 

a value of 0.17 was suggested for creep Poisson's ratio. Arthanari and Yu 

(Ref 3) reported an overall creep Poisson's ratio of 0.2. Recent creep tests 

performed by Hannant (Ref 12) on sealed concrete cylinders under a multiaxial 

state of stress also showed that creep strain in the axial direction was re­

duced by stresses at right angles to the axial stress, and a creep Poisson's 

ratio, similar in magnitude to the elastic Poisson's ratio, was suggested. It 

should be noted, however, that Hannant measured strains only in the axial direc­

tion. Recent work by Gopalakrishnan et al (Ref 11) showed that the uniaxial 

creep Poisson's ratio was approximately the same as the elastic Poisson's ratio 

but that its value varied when stresses in the orthogonal direction were ap­

plied. They concluded that creep under a multiaxial state of stress could be 
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estimated by an equation based on the theory of elasticity, assuming an aniso­

tropic material with different values for creep Poisson's ratio in each direc­

tion. 

EFFECT OF TEMPERATURE AND MOISTURE CONDITION 

Various studies concerned with the effects of temperature during loading 

and moisture condition during curing and loading have indicated that both 

significantly influence the creep behavior of concrete. 

Temperature 

Test results reported by Hannant (Ref 12), Arthanari and Yu (Ref 3), and 

England and Ross (Ref 8) showed that in the temperature range of 68° F to 284° F 

the rate and magnitude of creep strain increased with increased temperature for 

sealed and unsealed specimens. Also, Hansen (Ref 13) reported that for concrete 

beams tested and cured under water for 6 months, creep deformation in flexure 

increased when the temperature was increased in the range of 68° F to 140° F. 

Nasser and Neville (Ref 21) reported that a linear relationship between temp­

erature decreased the creep. In addition, results reported by Hannant (Ref 12) 

and Arthanari and Yu (Ref 3) showed that the creep of concrete increased 

linearly with temperature up to 176° F and that a further increase in temperature 

accelerated the creep rate. Arthanari and Yu also found that the creep strain 

of concrete was greater when the temperature was increased in steps than when 

the maximum temperature was maintained constant for the same period of time. 

Tests performed by Cruz (Ref· 6) on concrete specimens loaded to a 0.45f'c 
0 0 0 stress level for five hours, and maintained at 300 F, 600 F, 900 F, and 

1200° F, showed creep strains to be 3.3, 6.4, 14.9, and 32.6 times greater than 

the strain recorded at 75° F. 

Moisture Condition 

The moisture condition for concrete during curing and while under load is 

one of the more important factors influencing the creep behavior of concrete. 

It is generally concluded that when concrete is not in hygroequilibrium, creep 

strain is higher when the relative humidity of the environment is low (Ref 23). 
Long-term creep tests conducted by Troxell et al (Ref 32) indicated that 

at the end of 20 years creep strain of unsealed specimens stored at 50 percent 

relative humidity was three times that in specimens stored at 100 percent rela­

tive humidity. Hannant (Ref 12) found that 200 days after loading, creep 
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strains in concrete which was dried prior to loading were relatively small when 

compared with those in saturated concrete. Glucklick and Ishai (Ref 10) have 

also shown that creep strains in well-cured concrete with low moisture content 

at the time of loading were less than when the concrete had a high moisture 

content. 

PREDICTION OF CREEP 

Uniaxial Stress 

Various prediction equations for estimating creep strain e or specific 
C 

creep c , i.e., creep strain per unit stress, at any time t after being sub-

jected to a uniaxial stress cr which is less than the creep proportional limit 

have been suggested. These equations can be categorized as hyperbolic, expo­

nential, or logarithmic. 

In the hyperbolic group, for example, Lorman (Ref 18) proposed 

e 
C 

where m and 

= 

~ 

n are constants. 

Neville and Meyers (Ref 23) reported that Ross (Ref 27) suggested 

e 
C 

= 
t 

a+ bt 

where a and b are constants for any given concrete, age of loading, and 

stress level. 

Shank (Ref 30) suggested that specific creep could be estimated by the 

following exponential relationship: 

C • Ktl/d 

where d and K are constants. 

McHenry (Ref 16) suggested that specific creep could be predicted by 
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where a, ~ , r , p , and q are constants, and '!' is the age at loading. 

Ali and Kesler (Ref 1) concluded that specific creep consists of basic 

creep cb and drying creep cd which could be expressed as follows: 

where 

In 

C = Cb+ Cd 

t t 

= 

= 

~ = is a compliance factor representing the ratio of the deformation 
of the gel component of the concrete to the deformation of a 
hypothetical specimen of pure gel subjected to the same stress 
as the concrete, 

e = free shrinkage strain, 
s 

al and a2 "" compliances of the Kelvin springs, 

'!'1 and '!'2 = retardation times of the Kelvin elements, 

¢ = effective fluidity of the free dash pot, 

y ... shrinkage correction factor, 

al and bl = constants. 

the logarithmic group, Hanson (Ref 14) suggested 

e = F(T)log (t + 1) 
C e 

where F(T) is the rate of creep. 

Multiaxial Stress 

There is very limited information on prediction of creep of concrete under 

multiaxial stress. In 1944 Duke and Davis (Ref 7) suggested that the ratio 

Ra of the axial strain in a cylinder under triaxial stresses a 1 , a2 , and 
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to the axial strain in a cylinder subject to simple axial stress 

be estimated by 

Ra 
'\ <:12 <:13 

= \) \) 

aA C aA C aA 

where \) is creep Poisson's ratio. 
C 

can 

Hannant (Ref 12) proposed an equation for predicting creep under multi­

axial stress as follows: 

where 

a 
X 

a y 

= 

= (e ) ·[ 1 - V 
C X C 

CJ + er 
( y z 

O'x 
) J 

and a = principal stresses, 
z 

creep strain under uniaxial stress in the direction of 
ax 

\) = creep Poisson's ratio, 
C 

= ultimate creep strain in the direction of 
multiaxial stress condition. 

a 
X 

for the 

The concept of applying superposition principles to creep deformation was 

suggested in 1944, by Duke and Davis (Ref 7). Later, Arutyunyan (Ref 4) used 

superposition for solving problems involving creep of concrete subjected to 

multiaxial stresses. In a more recent study of creep in sealed specimens, 

Hannant (Ref 12) found that the reduction in creep strain in one direction is 

approximately proportional to the stress magnitudes in the orthogonal direc­

tion. In contrasting tests performed by Gopalakrishnan et al (Ref 11) with 

unsealed specimens, creep Poisson's ratio was shown to be influenced by the 

presence of orthogonal stress, and the investigators concluded that creep under 

multiaxial compression can be predicted using an equation similar to the 

elasticity equation for anisotropic materials. 
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SUMMARY 

Previous creep studies have been primarily concerned with the effect of 

factors such as type of cement, aggregate, age at loading, size and shape of 

specimens, relative humidity, and mixture proportions. This effort has con­

tributed significant knowledge to an understanding of creep behavior, but since 

much of the work has been based on uniaxial tests very little information was 

obtained relative to creep characteristics and the behavior of concrete under 

multiaxial states of stress. In addition, most of the creep prediction equa­

tions discussed previously apply only to uniaxial loadings under the particular 

conditions examined. The knowledge of creep behavior of concrete subjected to 

multiaxial stresses and elevated temperatures is still very limited. 

In general it appears that creep strain and stress are linearly related 

at lqw stress levels and that creep strain and temperature vary linearly up 

to a temperature of about 200° F. It also appears that creep strains are 

larger when the concrete is allowed to lose moisture while under load but 

that creep strains are lower for well-cured concrete that is dried prior to 

loading than for concrete with a higher moisture content. Creep Poisson's 

ratio as well as the creep prediction equation for a multiaxial state of stress 

is not well established, and there is disagreement as to the validity of 

applying the principle of superposition to creep behavior of concrete. 

Since there is a need for information on the creep behavior of concrete 

subjected to multiaxial states of stress and since experimental creep studies 

involving multiaxial stresses are very difficult to conduct, it would be 

desirable to develop a method of estimating multiaxial creep behavior from 

uniaxial tests. 



CHAPTER 3. UNIT CREEP FUNCTION 

The purpose of this chapter is to develop a method of estimating long­

term creep strains in plain concrete subjected to sustained uniaxial or multi­

axial states of stress. This method utilizes creep strain information from 

uniaxially loaded specimens and is based on the principle of superposition. 

CREEP UNDER UNIAXIAL STRESS 

Rusch (Ref 29) presented stress-strain-time relationships for concrete 

similar to those shown in Fig 2, where the instantaneous stress-strain re­

lationship is represented by curve OA and the stress-ultimate strain relation­

ship for infinite time under a sustained load is represented by curve OB. If 

only creep strain is considered, a similar relationship between stress and 

creep strain can be developed by subtracting the instantaneous strain from the 

total strain in Fig 2. From Figs 2 and 3 it can be seen that if the applied 

stress is equal to cr, where cr < f' 
C ' 

a period of time ti where ti> 0 the 

is composed of both instantaneous strain 

and if this stress is maintained for 

total strain is equal to e. , which 
l. 

e and creep strain e • e C 

Examination of Fig 3 indicates that the relationship between stress and 

creep strain is linear up to the creep proportional limit and that the 

slope of the relationship decreases with increased time under load. The in­

verse of the slopes of these relationships represents the creep strain per 
ecr 

unit stress ~; thus, for concrete loaded under controlled conditions, the 

creep strain per unit stress at any time after loading is a function 0£ time 

after loading t , age of loading T, and stress level cr, and can be ex­

pressed as 

= F (t,T ,cr) (3 .1) 

in which F(t,T,cr) is defined as the unit creep function. 

12 
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The relationship between the unit creep function and stress is shown in 

Fig 4, which indicates that the unit creep function is constant at stress 

levels less than the creep proportional limit and then increases as the stress 

level increases. Figure 5 illustrates the unit creep function-time rela­

tionship. As shown in this figure the unit creep function terminates when 

the stress level is greater than the sustained load strength crb since the 

concrete will ultimately fail. For stress levels less than the creep propor­

tional limit cr 
a 

the unit creep functions are stress independent, as shown 

by the F(t,'T') relationship. This relationship also represents the lower 

limit for the unit creep function. For stress levels greater than the creep 

proportional limit but less than the sustained load strength, the unit creep 

function is between F(t,'T') and F(t,'T',crb) , which is the nonfailure region. 

In Figs 2 and 3, curve OB represents ultimate creep strain at time equal to 
infinity and point cr represents the absolute creep proportional limit. At a 

a 

stress level less than cr , the relationship between stress and creep strain 
a 

at time t. is defined by the appropriate F(t.,'T',cr) curve. As an example, 
1 1 

at t = 0 the creep-stress relationship is shown by line OA, which means that 

at t = 0 at any stress level, the creep strain is zero. The creep strain at 

infinite time is expressed by the OB curve, which is interpreted to mean that 

as time approaches infinity, the ultimate creep increases with stress. Above 

the stress level represented by cr , the creep-stress relationship becomes 
a 

nonlinear, and creep strain increases faster than stress. 

Curve AB represents the stress and creep failure relationship and point 

Bis the strain failure limit, at which level the creep strain plus elastic 

strain will reach the maximum concrete strain and failure will occur. If the 

stress applied is higher than the creep failure limit, the creep rate in­

creases as stress increases, but more rapidly, and the creep body will fail 

in a shorter time, due to a combination of creep and stress. 

These relationships graphically illustrate the unit creep function, and 

their important characteristics are summarized below: 

(1) At the instant of loading, the value of F(t,'T',cr) is zero. 

(2) From previous discussion, in Chapter 2, for each F(t,'T',cr) curve 
there is a creep proportional limit below which the stress-creep 
strain relationship is linear. This proportional limit varies with 
time and with age at loading. Thus, there are an infinite number 
of proportional limits. If, however, only one age of loading is 
considered there exists a minimum proportional limit, which is de­
fined as the absolute creep proportional limit of the concrete. 
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(3) There is also a stress level at which the sum of the elastic strain 
and the creep strain will equal the maximum allowable strain of 
concrete, or the maximum strain which will not result in failure. 
This stress level is a function of time and age of loading. For 
any given concrete at any given time of loading, there is a maximum 
stress level, which is defined as the creep failure limit. If the 
stress level is lower than the creep failure limit, the strain will 
finally approach a constant value, ultimate creep strain, as time 
approaches infinity. Conversely, if the stress applied is higher 
than the creep failure limit, the concrete will ultimately fail. 

(4) When the stress level is lower than the sustained load strength, 
the creep rate becanes zero, and creep strain approaches some 
ultimate value as time approaches infinity. 

At a stress level less than the creep proportional limit, the relationship 

between creep strain and stress is linear, but the slope varies with time. 

Since the stress-creep strain relationship is linear at any given time, then, 

when the stress level is less than the creep proportional limit, the creep 

per unit stress becomes stress independent and the unit creep function 

F(t,T,cr) can be expressed as 

F(t,T) 

where cr is less than the creep proportional limit. 

The functional relationship between the unit creep function and both time 

t and age at loading T must satisfy the following boundary conditions. 

(1) At the time of loading, t = 0, unit creep function is zero: 

lim F(t,T) = 0 
t ~ 0 

(2) At infinite time, unit creep function approaches a limit: 

lim F(t,T) = K 
t~oo 

(3) At infinite time, rate of unit creep function approaches zero: 

lim oF(t 2T) = O 
t ~ oo ot 
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Several mathematical functions fit these conditions; however, after 

various trials, the following expression appeared to be the best: 

where 

F(t,'T') 
-at~ 

= K(l - e ) 

a and ~ = constants, 

K = a function which is independent of stress level, 

t = time after loading. 

(3. 2) 

Since F(t,T) is a function of concrete age at loading 'T' and time after 

loa4ing t, K must be either a function of 'T' or constant. The function 

for K is expressed as K('T') • 

Previous studies (Refs 17, 24, and 32) have shown that ultimate creep 

strains are much larger when the concrete is loaded at an early age, and 

Arutyunyan (Ref 4) suggested that ultimate unit creep strain could be ex­

pressed as a function of the age at loading. Thus, the unit creep function 

F(t,'T') is expressed as 

F(t,T) 
-at~ 

= K(T)(l - e ) 

where t ~ 0. 

The characteristics of F(t,T) are 

lim F(t,'T') 
t .... 0 

lim F(t,'T') 
t .... 00 

= 

= 

-at~ 
K(T)(l - lime ) 

t .... 0 

-at~ 
K(T)(l - lime ) 

t .... 00 

= 

= 

oF(t ,'T') 
at = a~K('T') lim(t~-le-at~) 

t .... 00 

0 

K('T') 

= 0 
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The assumption that the ultimate unit creep strain K is only a function 

of age at loading is questionable since creep behavior is known to be influenced 

by many factors, such as temperature, relative humidity, and stress level. 

Nevertheless, based on the limited investigations in the past (Refs 28 and 29), 

the assumption seems somewhat reasonable. 

Once the F(t,T) function is determined, the creep strain of concrete 

subjected to a sustained uniaxial stress can be predicted as follows: 

(3.3) 

If the time after loading is set equal to infinity the ultimate creep strain 

can be calculated and will be equal to crK (T) 

In the mathematical theory of elasticity, when an elastic material is 

subjected to a stress in one direction, there are elastic deformations in the 

transverse directions. If this concept of a Poisson's effect is extended and 

applied to creep behavior the creep strain in the y or z-direction is 

= (3 .4) 

If v is creep Poisson's ratio and (e) is the creep strain in the 
C C X 

loaded direction, which can be calculated from the unit creep function as 

= cr F(t,'T' ) 
X X 

(3. 5) 

then the creep in the transverse direction becomes 

= = -v cr F (t, 'T' ) 
C X X 

(3. 6) 

CREEP UNDER MULTIAXIAL STATES OF STRESS 

Previous studies have differed with regard to the validity of applying 

the principle of superposition to creep behavior (Chapter 2); nevertheless, 

preliminary evaluation of information from the test program associated with 

this study indicated superposition to be reasonably valid and sufficiently 

accurate for the material and test conditions examined. 
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Thus, for a multiaxial state of stress, if the loads are applied at ages 

Tx, Ty, and Tz in the x, y, and z-directions, respectively, then 

creep in the x, y, and z-directions can be expressed as 

= cr F(t,T) - "cr F(t,T) - "cr F(t,T) 
X X C y y C Z Z 

(3. 7) 

= cr F(t,T) - "cr F(t,T) - "cr F(t,T) y y C Z Z C X X 
(3 .8) 

= cr F(t,T ) - "cr F(t,T ) - "cr F(t,T ) 
Z Z C X X C y y 

(3. 9) 

If the loads are applied simultaneously at age T, creep strains are expressed 

as 

(sc)x = [F(t,T)] [a - v (er + er )] 
X C y Z 

(3 .10) 

(sc)y = EF(t,'r)] [er - " (er + er )] y C X Z 
(3 .11) 

(sc\ = [F(t,T)] [er - " (er + er )] 
Z C X y 

(3 .12) 

For hydrostatic loading of stress equal to er, the creep strains are expressed 

as 

= = = F(t,T)cr(l - 2") 
C 

(3 .13) 

If concrete is subjected to multiaxial stresses but none of the stresses 

exceed the creep proportional limit, the total strain due to load at any in­

stant t is the sum of elastic strain and creep strain and is expressed as 

= 

where 

i = X, Y, 0r Z • 
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If loads in the x, y, and z-directions are applied at Tx, Ty, 

and 'iz , respectively, then the total strain in each direction is expressed as 

ex = _El [crx - v(cr + cr )] + cr F(t,'i) - vc[cr F(t,T) y Z X X y y 

+ cr F(t,'i )] z z 
(3 .14) 

+ cr F(t,'i )] 
X X 

(3 .15) 

ez = -E1 [crz - v(cr + cr )] + cr F(t,T) - v [cr F(t,'i) X y Z Z C X X 

+ cr F(t,'i )] y y 
(3 .16) 

For the case of 'i = 'i = 'iz = 'i the above relationships become 
X y 

ex = El [cr - v(cr + cr )] + F(t,T)[cr - v (cr + cr )] 
X y Z X C y Z 

(3 .17) 

ey = -E1 [cry - v(cr + cr )] + F(t,'i)[cr - v (cr + cr )] Z X y C Z X 
(3 .18) 

1 e = -E [cr - v(cr + cr )] + F(t,T)[cr - v (cr + cr )] 
Z Z X y Z C X y 

(3 .19) 

These equations can be reorganized as 

(3.20) 

(3. 21) 
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(3 .22) 

Then the time-dependent flexibility and time-dependent coefficient of 

lateral strain can be defined as 

time-dependent flexibility 

H(t, T) 1 
= E + F(t,,-) (3.23) 

time-dependent coefficient of lateral strain 

w(t,T) = ,Y + V F(t,T) 
E c 

(3.24) 

The total strains are then expressed as 

ex = H(t,,-)cr - w(t,T)(cr + cr) 
X y Z 

(3.25) 

ey = H(t,,-)cr - w(t,,-)(cr + cr) y Z X 
(3. 26) 

e = H(t,T)cr - w(t,T)(cr + cr) 
Z Z X y 

(3. 27) 

SUMMARY 

The above discussion indicates that total strain as well as creep strain 

at stress levels less than the creep proportional limit can be estimated by unit 

creep prediction equatiQl'tS, providing that the modulus Qf elasticity, the unit 

creep function, Poisson's ratio, and creep Poisson's ratio can be determined. 

Although total strain as well as creep strain data were available from 

this study, it has been limited to the development and evaluation of predic­

tion methods for creep strain resulting from stresses less than the creep 

proportional limit. Thus, it is necessary to develop expressions in the form 

given by Eq 3.2 and to obtain estimates of creep Poisson's ratio. Using this 

information, predictions of creep strain can be made and compared to actual 

creep strains measured experimentally. 



CHAPTER 4. EXPERIMENTAL PROGRAM 

This chapter presents a discussion and description of the factors investi­

gated, the design of the experiment, the techniques used to prepare specimens, 

the various equipment components, and the test procedures. A more detailed 

discussion and description are contained in Refs 16 and 33. 

th~ J:~~is.ted -o-f----applying compressive loads along the three princi­

pal axes of cylindrical concrete specimens-(Fig 6) and mea~_uring..J:he axial and . 

ra.d.i&-1 strains.. thr.o.ughotJt .. tha. load.ing_ p.e:r;io.d... The. axial aruL.r.a.diaL loads were 

variecl __ ~~-~~~,W-permj tting triaxial, .b-ia:,cial,-- and uniaxi-al states of 

stress to b.e .a~JJ.ie.Ye<l. 'Ihe--loads W&J.'e--appJ.ie.d_b_y means of--a hydrattlie loadirrg 

sys,=em and the resulting..--s.tra-in~-we-r.e measured by t:we vibrating· w1f~ s·rrain 

gages ca.~-al'OB%-~"°-Lthe axial aREl -Ta.dial leaas:-

For approximately nine months prior to casting the actual test specimens 

used in this investigation, preliminary experiments were conducted with the 

actual test equipment and materials, since much of the equipment and materials 

used in this study were new and had be~n designed specifically for this project. 

The purpose of .t~ l~01JUJ.llt!~t.::-'f;Q-S~-W§S--CJ~e¥liLJJUa~t;!:eLJt.he -~quipment and ._!:~ 

establish~ ·pni~~t 

program. Many of the final_____tecimi~·result-ed from these preliminary experi­

ments as well as from planning conferences conducted during a two-year period 

prior to beginning the actual testing program. 

TEST CONDITIONS 

Although numerous factors affect the creep behavior of concrete, this study 

included only temperature during loading, curing history, and,~ 

Temperature During Loading 

µre--;Le:~A,.!;!,-!!~7'1g__~~;i.n~w.t:_~re __ ~~Jec ted,_!5lP~ ti ve of 

the limits of the range of concrete temperature in a nuclear reactor. ~ 
0 

level'wa~ich could be expected at the . .q_l!t-~Yll~~ 

reactor..2. and the high level at 150° .F,,__which.is repr.esen.tative.o.£...the tempera­

ture occurring at the J,g,n_er ~_., ---. --·· ····-

22 
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Axial Load (O'A) 

1 

Vibroting Wire 

Strain Gages 

Radial Load (<TR) 

Loading condition and gage placement for 
creep specimens (Ref 33). 
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Environmental control provided temperatures which were within± 2° F of 

the desired temperature, and they were recorded continuously. Relative humidity 

of ~)_nvironment was maint~i~d =a~-60 Perc~nt +. 5 ~~- The rela­

tive humidity of the 150° F environment was not controlled and no measurements 

were made since all specimens were sealed during the period of time they were 

subjected to this temperature. 

Curing History 

In this investigation the most difficult variable to define was curing 

history, which was investigated at two levels, as-cast and air-dried, repre­

senting the expected limits of the range of moisture conditions in a pre­

stressed concrete reactor vessel. The air-dried condition is representative 

of the curing history at the outer surface of a reactor and the as-cast condi­

tion is representative of the moisture content at the inner face of the reactor 

or that which might be expected in mass concrete. 

In this study as-cast and air-dried are terms which refer primarily to 

the curing history of the specimens prior to loading. As-cast specimens were 

removed from the molds 24 hours after casting and placed in a curing room for 

an additional 24 hours. Forty-eight hours after casting the specimens were 

sealed in copper and then allowed to cure at 75° F for an additional 81 days 

(a total of 83 days of curing) at which time they were placed in the test 

temperature environment. Air-dried specimens were also removed from the mold 

24 hours after casting and placed in the curing room for an additional 24 

hours. However, rather than being sealed 48 hours after casting, the air-dried 

specimens were submerged in lime-saturated water for the next five days (a 

total of seven days of curing). At seven days, the specimens were removed 
0 from the lime-saturated water and placed in the laboratory at 75 F and 60 

percent relative humidity and allowed to air-dry until ~3 days after casting, 

at which time they were sealed in copper and placed in the test temperature 

environment. 

State of Stress 

Test specimens were loaded triaxially at-fiv.e_ . .a~ lev~._rangi?S from 

0 to 3600 psi for both axial stress cr and radial confining stress cr • a r 
Since the combinatioµ o.f stresses involved some zero stress levels, the loading 

conditions can be classified as uniaxial (crr = 0), biaxial (cra = 0), and tri­

axial. The five stress levels involved were O, 600, 1200, 2400, and 3600 psi 
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nominal pressures. The accuracy of the radial stress was the indicated stress 

± 5 percent. Prior to actual testing it was discovered that the actual stress 

in the axial direction was somewhat less than indicated, due to friction in 

the hydraulic-mechanical system used to load the specimens axially. Thus each 

loading unit was calibrated by a load cell prior to loading the creep specimens 

and it was found that the average initial axial stresses delivered to the speci­

mens in all of the load cells were 0, 545, 1080, 2185, and 3460 psi. Varia­

tions of axial stress which occurred with time were monitored with mechanical 

dial gages attached to the loading frame and were found to be negligible. The 

loading system is described in more detail in the section on equipment. 

TEST SPECIMENS 

Description of Specimens 

A total of 340 concrete specimens were cast in seven batches, designated 

A through G, of the same mix design. Three types of specimens were prepared, 

creep, shrinkage, and strength, These specimens were of two different sizes. 
_ .. --·~ 

All creep and shrinkage specimens were cast in steel mold$'. ]6,-::1:nc~~ 

~-diameter "that were designed specifically for this project (Fig 7). 

The s treEfil:11 spec~~)11? __ ~t;X:.~,-~,S!.S t ill ~~ax:id~I~-X~inch mal ds. -------~ The 6 x 16-inch specimens were cast against 3-inch-high end slugs through 

which the axial load was applied. The 6 X 16-inch molds were open on one side, -
as shown in Fig 7, because of the end slugs and to facilitate placing the strain 

gages. All.._..ta'e.~ ~~ tbere£ore, H~orizontally 

~le the- &-treagth speeiU1et1S 'Qere cast vertically. 

The creep specimens were the primary test specimens in the design and 

various combinations of the three test variables. The experimental design 

contained ~ .. ~.1.u:l1-_specl.mens. 

For eaclLentiromnental test condition and for each batch of concrete there 

was a shrinkage specimen that remained unloaded in the same test environment 

as its companion loaded specimen. Twenty-eight shrinkage specimens for esti­

mating shrinkage strains were cast in order that the total time-dependent 

strains due to load could be.estimated and in order to provide an estimate of 

batch-to-batch variations. 

In addition, 262 strength specimens were cast, distributed among the seven 

batches and consisting of both as-cast and air-dried specimens as well as 
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Fig 7. Mold assembly for creep and shrinkage specimens (Ref 33). 

Fig 8. Location of strain gages in creep and shrinkage specimens (Ref 33) . 
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standard cured specimens. The as-cast and air-dried specimens were subjected 

to the same environment conditions as the creep and shrinkage specimens. 

These strength specimens were prepared to evaluate the compressive and tensile 

strengths of the concrete for the various conditions at various times throughout 

the test period. In addition, they provided a means of measuring batch-to­

batch variations of strength. The standard strength specimens, which were 

cured by submerging in lime-saturated water, were cast to compare the as-cast 

and air-dried concretes with concrete cured in accordance with ASTM Specifi­

cation C-192 and to establish the strength according to an established pro­

cedure. 

Casting and Compaction 

The test specimens for the various test conditions were prepared as des­

cribed in Refs 16 and 33. A brief summary of the casting and comraction 

operations follows: 

(1) The various molds were assembled in numerical order for casting, and 
the strain gages were positioned (Fig 8) in the 6 X 16-inch molds by 
use of a wooden template and held in place with steel wire and nylon 
string. The 6 x 12-inch specimens were c~s, 
except that those for the as-cast specimens contained 0.008-inch­
thick copper inserts which were used for sealing the as-cast speci­
mens. 

(2) After mixing, the concrete was placed in the molds. The 6 x 12-

(3) 

inch specimens were cast and compacted~~ed by ASTM 
specification C-192 and then vibratea'3 seconds~ a 
3600 cycles pe~_6 i h · 
horizontal~Y..t--~e cq~~ed hy...a.QP.roxiJna,~ely-21)0 strokes o.f a ane­
quarter-inch-dia.mfu~_.r_gd_. A specially constructed curved trowel 
was used to finish the e~posed longitudinal surface of the 6 x 16-
inch specimens. The specimens were then v:ib-r-a-ted 5 seconds on a 
vibrating table at a frequency of 36~per minute. The entire 
casting and compaction operation to this point took approximately 
45 minutes. 

worked on the cement to a smooth plane, Tbe exposed sid~ of 
the 6 x 16-inch speciroeos-J!,_lSQ __ re.ceiv~i:L ~Lfina l fjni sbin.g :with neat 
cement ~E~~_w_i,th the curved trowel..,_ 

Curing and Sealing 

Inunediately after casting, all specimens wezee·-~omp-le--tely covered with wet 

burlap and left in the laboratory~ The molds were then removed 
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and the specimens placed~. The surfaces of the 6 x 16-inch 

specimens were scrubbed with a wire brush and pumice stone to remove any 

surface irregularities, and all surface voids were filled with a neat cement 

paste. 

A~~~ne---ai..rtlttg--prio-ce!dtrrm:r--w.el:.f~i'f,j~e'l'N:...,_de,i,entHng 

The remaining curing procedures are 

summarized in Table 1. 

The sealing method which was used included the application of two 

coats of epoxy to the surface of the specimens. These coats were applied 24 

hours apart and while the second coat was still wet, a 0.008-inch-thick copper 

jacket was wrapped around the specimen. The copper jacket was then soldered 

to the steel end slugs and to itself along the longitudinal seam. Just prior 

to assembling the specimens in the test units, the specimens were placed in a 

6-inch-diameter 0.12-inch-thick neoprene sleeve which was slipped over the 

copper jacket as added protection against hydraulic oil. The ends of the 

neoprene jacket were then sealed with a liquid neoprene glue and clamped with 

a 1/4-inch stainless steel clamp. 

CONCRETE MIX DESIGN 

The concrete mix design and all materials employed in this investigation, 

except water, were furnished by the Waterways Experiment Station, Vicksburg, 

Mississippi. Prior to being shipped, the materials were proportioned in 

thirteen 12-cubic-foot-batch quantities and placed in sealed containers. 

The materials consisted of Type II cement and crushed fine and coarse 

limestone aggregates with a 3/4-inch maximum size. The concrete mix was 

designed for a 28-day compressive strength of 6000 ± 600 psi for a standard 

cured specimen. Mix proportions and a summary of the results of engineering 

tests on the materials are contained in Refs 16 and 33. A brief summary of 

the concrete design characteristics is shown in Table 2. 

LOADING EQUIPMENT 

A general discussion and description of the equipment and instrmnentation 

used in this investigation are presented in this section together with the 

loading, environmental control, instrumentation, and recording systems em­

ployed. 
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TABLE 1. CURING HISTORY OF SPECIMENS BEYOND 24-HOUR CONCRETE AGE (REF 33) 

Specimen Type 

6 x 16-inch 
As-Cast 

6 x 16-inch 
Air-Dried 

Age 

24 hours 

48 hours 

83 days 

90 days 

24 hours 

48 hours 

7 days 

81 days 

82 days 

83 days 

90 days 

Curing/Sealing Operation 

First coat of epoxy applied 

Specimens placed in concrete 
laboratory fog room 

Second coat of epoxy applied 

Specimens sealed in copper 

Specimens placed in test laboratory 
0 and cured at 73.4 ± 3 F 

Specimens sealed in neoprene jacket 

Specimens assembled and placed in 
loading rig which was at the envir-

o omnental test temperature of 75 For 
150° F 

Creep specimens loaded for 12 months 

Shrinkage specimens remain unloaded 
in test enviromnent 

Specimens placed in concrete lab­
oratory fog room 

Specimens submerged and cured in 
lime-saturated water at 73.4 ± 3° F 

Specimens removed from lime water 
and placed in test laboratory at 
73.4 ± 3° F and 60% relative 
humidity 

First coat of epoxy applied 

Second coat of epoxy applied; 
specimens sealed in copper 

Same as 6 x 16-inch as-cast 

Same as 6 x 16-inch as-cast 

(Continued) 



Specimen Type 

6 X 12-inch 
As-Cast 

6 x U-inch 
Air-Dried 

6 x U•inch 
Standard 
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TABLE 1. (CONTINUED) 

Age 

24 hours 

48 hours 

83 days 

28, 90, 183, 
365 days 

24 hours 

48 hours 

7 days 

83 days 

28, 90, 183, 
365 days 

24 hours 

48 hours 

28, 90 days 

Curing/Sealing Operation 

Specimens placed in concrete 
laboratory fog room 

Specimens sealed in copper 

Specimens placed in test laboratory 
and cured at 73.4 ± 3° F 

Specimens to be tested at 183 days 
or beyond placed in the applicable 
temgerature test enviromnent (75° For 
150 F) 

Compressive and tensile strengths 
determined; 24 hours prior to 
strength test, copper seal removed 
and specimen placed in 73.4 ± 3° F 
enviromnent 

Specimens placed in concrete 
laboratory fog room 

Specimens submerged and cured in 
lime-saturated water at 73.4 ± 3° F 

Specimens removed from lime water 
and placed in test laboratory at 
73.4 ± 3° F and 60% relative 
humidity 

Specimens to be tested at 183 days 
or beyond sealed in copper and 
placed in applicable test temperature 
(75° For 150° F) 

Same as 6 x U-inch as-cast 

Specimens placed in concrete 
laboratory fog room 

Same as 6 x 12-inch air-dried 

Specimens removed from lime­
saturated water, compressive 
strength determined 



31 

TABLE 2. MIX DESIGN SUMMARY 

Water-cement ratio, by weight 0.425 

Cement content, sacks/cu yd 7.25 

Maximum size of coarse aggregate, inches 3/4 

Slump, inches 2 

Mix Proportion, Percent 

Material Size Range By Volume By Weight 

Cement 15.5 17.8 

Fine aggregate Sand 37.1 35.9 

Coarse aggregate (A) No. 4 14.2 13.9 

Coarse aggregate (B) 3/8 inch 16.6 16.2 

Coarse aggregate (C) 1/2 inch 16.6 16.2 
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Loading Unit 

_ _'K~_.J..oa,dj,~LJ~mu;LJ~LJ;ie.S.i.gn.Q4-e1N!!!'C'l:r:irc1rt-ly fer thi& project; a sche~~ 

of th~nnit for -~ tri axially loaded--~ illu§trates all 

~omp.Q_~~nts of the Joadjng systems. The radialj.oad was applied directly to 

the sealed spes_imens by means of hydraulic pressure through.oil., ~on~ned 

by a one-inch-thick steel pressure jacket, and .the axial_load was applied by 

~draulic ram. Thus, the triaxial loading system was made up of both an 

axial and a radial pressure system that could be varied independently. The 

same type loading.,AI-ame-~..t.he__pressnre J~s__used _f_or._ the uniaxial 

case. For the biaxial case, the press13:.!~-~c~et.§.Y§..tem..J~~s used without the 

loading frames. 

As noted in Fig 9, each loading frame contained tw~~om the 

same batch, an as-cast and ~~tiedsp_ecimen, which were subjected 

simultaneously to the same . ....t.einperatu~ and loading conditions. Likewise, the 

biaxially loaded specimens were simultaneously loaded in pairs under identical 

test conditions. 

To evaluate 

shrinkage specimens._:were placed in the same test environment as the loaded 

specimens. 

The loading system developed for this investigation was generally 

satisfactory. Nevertheless, two problems were detected. First, during pre­

liminary testing conducted to evaluate th_E:__e__qµ.:i,pment_t:!-.nd. to tam_il:i,~rj.ze.~roj­

ect personnel with the techniques and procedureswhi<:!!_.were to be used in 

the investigation, it was founq,__that the .axial. . .pressur.es. transmitted to the 

specimens were significantly ~than the pressure input into the system. 

This pressure loss was due to the friction between the piston o-rings and 

the hydraulic cylinder. Machine tolerances between the moving parts were very 

close in order to prevent oil leakage at the high pressures involved. Con­

sequently, slight misalignment caused friction which, along with normal 

friction, reduced the pressures actually applied to the specimens to 3 t0 10 

percent below the desired pressure. Th~--.!~9ric:l. .. problem involved the radial 

pressure system. Extreme care was required during sealing of the creep speci­

mens; when a weak point developed in the seal, the hydraulic. oil under high 

radial pressures broke through the sealing jackets and penetrated the specimen, 

which resulted in either a structural failure in the specimen or contamination 

of the specimen, rendering it useless for further investigation. The weakest 
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Fig 9. Schematic of triaxial test unit (Ref 16). 
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point was usually at the interface between the end slug and the concrete. 

Extreme care in sealing and the construction of an expansion bellows in the 

copper jacket at this interface apparently solved the problem. 

Hydraulic System 

Hydraulic pressure was supplied to the loading units by using the 100 psi 

air pressure available in the laboratory to drive oil pressure intensifiers. 

This type of system was adequate for creep testing since only a very small 

quantity of oil was necessary once the system was pressurized. A schematic 

of the hydraulic system is shown in Fig 10. 

The hydraulic system consisted of a pressure control console and eight 

pressure lines to the loading units, plus return lines. The pressure control 

console housed the pressure control valves, pressure intensifiers, air 

reservoir, auxillary air compressor, and pressure gages, for the four different 

header pressures. 

The pressure system was designed for 5000 psi pressure and consisted 

of hydraulic pressure pipes with flexible pressure hoses to the test units. 

A dual manifold system was employed for each of the four pressures, 600, 

1200, 2400, and 3600 psi. One manifold system supplied pressure to the 75° F 
0 laboratory and the other to the 150 F control room. Each manifold system 

contained a return line which was connected to each test unit and allowed oil 

to circulate to the oil reservoir in the console. The primary purpose for 

this arrangement was to provide a way to remove air from the hydraulic system 

and to circulate oil to keep the valves from sticking. 

The hydraulic system was designed with two back-up subsystems. An 

auxiliary pressure intensifier was installed which could be used to replace 

any of the four intensifiers that required maintenance. Also included was an 

auxiliary air compressor which would turn on automatically if the laboratory 

air pressure dropped significantly. The control system automatically regu­

lated the pressure to within± 5 percent of the assigned gage pressure. 

Environmental Control System 

To make effective creep comparisons, it was necessary to maintain a con­

stant enviromnent over a long period of time. Temperature and humidity con­

ditions were effectively controlled by the systems used on the project. 

The tests performed under the nominal 75° F test condition were conducted 

in an enviromnental control laboratory, and the tests performed under the 
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Fig 10. Flow diagram of hydraulic system (Ref 33). 
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nominal 150° F test condition were conducted in a special temperature control 

room designed to maintain a constant temperature in the range of -20 to 150° F. 

Records maintained throughout the investigation indicated excellent control. 

Instrumentation 

Vibrating Wire Strain Gage. Vibrating wire strain gages (Perivale PC 641) 

were selected for this investigation. They are sonic devices that operate on 

the principle that the frequency of a wire changes as the strain in the wire 

changes. The gage measured the frequency of a vibrating wire, and when its 

frequency changed, the change in strain was calculated using Mersonnes' and 

Hooke's Laws. 

The change in strain 6e was determined by the following relationships: 

6C = C. - C = K(F~ F2) (4.2) 
l. f l. f 

where 

C. = the initial (or reference) strain, 
l. 

cf = the strain point desired, 

F. = the initial (or reference) frequency, 
l-

Ff = the frequency at the strain point desired, and 

K = the gage factor. 

This gage, which was primarily designed for measuring strains in concrete, when 
-3 cast in concrete had a gage factor of 1.24 X 10 , a figure determined experi-

mentally by the manufacturer. This particular gage had a range of ±1000 micro­

units of strain and could be read to less than 1 micro-unit. A cross section 

of the Perivale gage is shown in Fig 11. 'llle gage was approximately 4 inches 

long with a 3-1/2-inch gage length and consisted primarily of a hollow brass 

tube with a steel wire tensioned between the steel caps. The frequency of the 

wire was measured by an electronic comparator (Fig 12) which caused an electro­

magnet inside the gage to pluck the wire. 'llle same magnetic coil was used to 

detect the vibration of the wire and the frequency was compared with a stan­

dard frequency generated in the comparator. From this comparison, the fre­

quency of the gage wire could be determined and used to calculate change in 

strain (Eq 4.1). In this project, a mid-range frequency was selected for 
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Fig 11. Cross section of a Perivale vibrating wire strain gage (Ref 33). 

Fig 12. Electronic comparator for frequency and temperature measurement. 
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all gages. It allowed strains ranging from 285 micro-units in tension to 1050 

micro-units in compression to be measured. 

The vibrating wire strain gage was considered generally satisfactory. The 

gage appeared to remain stable throughout the 18-week test period. However, 

35 of the 164 gages became inoperative before the end of the test period: 11 

stopped because the range of the gage was exceeded, five exceeded the range of 

the comparator, and 19 simply failed, probably due to oil or water leakage. 

The mortality rate was much higher for the 150° F than for the 75° F test 

conditions. 

Temperature Measurements. Temperatures in the creep and shrinkage speci­

mens were measured throughout the test period by a wheatstone bridge system in 

the comparator which measured the change in resistance of the electromagnetic 

coil in each gage. Thus, two internal temperature readings could be recorded 

for each specimen. An equation relating coil resistance to temperature was 

provided by the manufacturer. 

Switchboard System. For recording strain and temperature data, the com­

parator was connected to a switchboard that had a capacity of 180 gages. Each 

gage was independently connected by separate cables to the switchboard, and, 

thus, the strain or temperature in any one of the 164 gages (82 specimens) 

could be measured from a central location. 

OUTLINE OF EXPERIMENTAL PROCEDURE 

The initial casting of the specimens for the actual test program began 

with the casting of Batch A on October 29, 1968. Each week thereafter a new 

batch was cast in alphabetical order through Batch G. The casting and testing 

procedures were identical for all batches. 

The -~~--Specimens were cured for_9-D- days and then--1.oad-ecl-.---.nte-load wa.s 

maintained for 12 months; then the specimens were unloaded, and observatious 

continued for~-~ 

The loading operation for each batch followed the same weekly order as 

the casting. Each as-cast specimen was loaded simultaneously with its com­

panion air-dried specimen. The four gages in each test unit (two axial and 

two radial) could not be read simultaneously, and, therefore, the gages were 

read in the following order: as-cast axial gage, as-cast radial gage, air­

dried axial gage, and air-dried radial gage. Both axial and radial loads were 
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applied simultaneously. The maxirourn stress was applied ~-a.. rate of 35 psi 

,~• The ratio of the axial to radial loads during loading was main­

tained constant and equal to the ratio of the final axial to ragial loads on 

the specimens; therefore, the minimum stress was applied at a slower rate. 

In addition, the unconfined compressive and the tensile strengths for the 

various environmental conditions were determined. The compressive strengths 

were determined at 28, 90, 183, and 365 days after casting. Generally, three 
-------·---

specimens for ea=h moisture condition and age were tested for each batch. The 

tensile strengths were determined by the indirect tensile test a:t-,28 and 90 

days; however, only two specimens for each moisture condition and age were 

tested, and only in Batches B through F. The compressive and tensile strength 

specimens were tested in accordance with ASTM specifications C39 and C496, 

respectively. 

EXPERIMENTAL DESIGN 

The various test conditions investigated in this experiment were randomly 

assigned to each batch. This randomization was restricted only by the condition 

that each batch contain specimens at both test temperatures and an equal num­

ber of specimens for each curing history. Each batch contained approximately 

48 specimens; each specimen was prepared and tested in a numerical sequence 

that had been randomly assigned. This randomization process was used in order 

to eliminate experimental bias from the casting and testing operations. 

The various combinations of test variables assigned to the creep and 

shrinkage specimens are shown in the experimental design charts in Tables 3 

and 4, respectively. It should be noted (Table 3) that each batch contained 

one shrinkage specimen for each temperature and curing history. The purpose 

of duplicating the shrinkage specimens for each batch was to provide a means 

of measuring batch-to-batch variation and a basis for comparison of creep 

results if the variations were significant. 
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TABLE 3. EXPERIMENTAL DESIGN FOR CREEP SPECIMENS (REF 33) 

Nominal 
Temperature, Axial Load, Radial Load, Curing History* 

OF psi psi As-Cast Air-Dried 

75 0 600 F-13 F-42 

75 0 3600 A-9£ A-12£ 

75 600 0 E-39 E-40 

75 600 600 E-5 E-13 

75 600 3600 G-35 G-30 

75 uoo 1200 C-16x C-17 

75 1200 2400 B-41 B-42 

75 2400 0 B-7 B-19 

75 2400 600 c-23 C-11 

75 2400 2400 F-9 F-30 

75 3600 1200 D-26 D-44 

75 3600 3600 D-31 D-40 

150 0 600 A-35 A-19£ 

150 0 1200 D-46£ D-3 

150 0 2400 E-43 E-1 

150 0 3600 C-34£ C-13£ 

150 600 0 B-4 B-1 

150 1200 0 D-15 D-22 

150 1200 1200 c-12 C-46x 

150 1200 2400 D-2x D-41 

150 2400 0 F-33 F-34 

150 2400 600 E-18 E-4 

150 2400 2400 G-9 G-19 

150 3600 0 B-16 B-5 

150 3600 3600 F-20 F-6 

* - The letter indicates the batch and the numeral the specimen number 
within the batch. 

X - Radial pressure zero (a = O) due to oil leak ~n specimen. 
f - Specimen failed shortlyrafter loading. 
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TABLE 4. EXPERIMENTAL DESIGN FOR SHRINKAGE SPECIMENS (REF 33) 

Temperature, 
OF 

Load, Curing History* 
psi As-Cast 

75 0 A-8 

75 0 B-29 

75 0 c-39 

75 0 D-20 

75 0 E-28 

75 0 F-23 

75 0 G-18 

150 0 A-22 

150 0 B-13 

150 0 C-41 

150 0 D-12 

150 0 E-10 

150 -0 F-15 

150 0 G-1 

* - The letter indicates the batch and the numeral the 
specimen nmnber within the batch. 

Air-Dried 

A-38 

B-23 

C-6 

D-33 

E-23 

F-17 

G-10 

A-32 

B-26 

C-36 

D-23 

E-42 

F-21 

G-21 



CHAPTER 5. EXPERIMENTAL RESULTS 

A large number of tests and measurements of various kinds were made during 

this investigation. This chapter contains a summary of the results of these 

tests. A portion of this information is used in Chapter 6 to (1) develop the 

unit creep function and to predict creep strains for specimens subjected to 

multiaxial states of stress and (2) to evaluate the accuracy of these predicted 

creep strain values. Trends and effects observed in the data are noted; how­

ever, no attempt is made to explain their cause since this is not the intent 

of this report. 

STRENGTH OF CONCRETE 

The compressive strengths of all specimens were determined in accordance 

with ASTM C39-66 testing procedures, and the tensile strengths were obtained 

in accordance with ASTM C496-69. 

The 28, 90, and 183-day strengths for the seven batches of concrete are 

shown in Table 5. These strength values usually represent the average of at 

least three tests although in some cases only two specimens were tested. 

The average strength of standard cured specimens at 28 days was 6460 psi, 

which was higher than the design strength, 6000 psi. Of the 29 specimens 

tested at 28 days, only two, which had defective caps, showed strength values 

less than the design strength. The standard deviation was 208 psi. The aver­

age strength of standard cured specimens at 90 days was 8300 psi with a 

standard deviation of 309 psi. 

The strengths of the as-cast and air-dried specimens were of primary 

interest. After two days of moist curing, the air-dried specimens were sub­

merged in lime-saturated water for five days and then air-dried at 75° F for 

the remainder of the 90-day curing period. This sequence of curing caused the 

air-dried specimens to have a higher average strength than the as-cast speci­

mens during the first three-month period. The as-cast specimens were sealed 

two days after casting. This sealing reduced the degree and rate of hy­

dration compared with efficient wet curing; consequently, the strength of 

as-cast specimens was the lowest among the three types of curing during the 
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* TABLE 5. STRENGTH OF CONCRETE CYLINDERS 

90 I 183 

Air- Air- I As-Cast ** 
Batch ""' Standard As-Cast Dried Standard As-Cast Dried 75° F 150° F 

A 6760 6580 7060 8550 6880 6960 8260 8120 

B 6650 4710 6200 8690 6110 7790 
(630) -- -- (540) (550) (540) 

*** *** *** C 6140 5700 6520 8290 6430 7370 
(580) -- -- (680) (610) (580) 

D 6200 5980 6650 8540 6500 7790 
(620) (520) (530) (510) (530) (550) 

E 6520 5410 6540 8200 7290 7430 
(570) -- -- (710) (590) (550) 

F 6510 5650 6680 8090 7410 7870 
(550) -- -- (690) (590) (580) 

G 6440 5940 6570 7730 6460 7460 7620 8280 

6460 5710 6600 8300**** **** **** Average 6780 7550 7940 8200 
(590) (520) (530) (630) (570) (560) 

* In psi.. Strength is the average of at least three specimens. 
** 0 Specimens placed in 150 F temperature environment after 83 days. 

*** Tested after 83 days. 

**** . Average of batches A, B, D, E, F, and G. 

Numbers in parenthesis are tensile strengths. 

Air-Dried** 
75° F 150° F 

7030 7760 

.p-
l,.) 

7310 7100 

7170 7430 
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first three-month period. However, continuous curing at a high moisture 

content caused a greater rate of strength increase than dry curing so that 

the average strength of the as-cast specimens was higher than that of the air­

dried specimens after six months of curing. 

At the time of loading, the average strengths of the as-cast and air-dried 

specimens were 6780 psi and 7550 psi, respectively. At 183 days the as-cast 

concrete cylinders which were cured at 75° F temperature for the entire 183 

days exhibited an average strength of 7940 psi and the average strength of 

specimens cured at 75° F temperature for the first 83 days and 150° F temper­

ature for the remainder of the curing period was 8200 psi. The as-cast 

specimens showed a continuous gain in strength with time, but the air-dried 

specimens indicated a slight decrease in strength at 183 days. 

INSTANTANEOUS STRAINS AND ELASTIC PROPERTIES 

The instantaneous or elastic strain due to the applied load was determined 

by taking reading just prior to loading and another after the maximum load 

had been applied. Because four gages required reading, there was a delay in 

obtaining all of the readings, and, since the creep rate was quite rapid 

immediately after load application, an attempt was made to estimate the 

initial strain by extrapolating the strain time relationship to obtain the 

strain at time zero. 

The Lagrangian extrapolation method (Ref 15) was used to calculate the 

instantaneous strains. In general, it was found that the estimated strain 

was from approximately 1 to 5 micro-units less than the measured value. 

The elastic properties of concrete, modulus of elasticity and Poisson's 

ratio, were calculated from theory of elasticity. Calculated values for 

modulus of elasticity and Poisson's ratio are shown in Tables 6 through 9. 

The modulus of elasticity and Poisson's ratio of uniaxially and biaxially 

loaded specimens were very consistent, while values for the triaxially 

loaded specimens were inconsistent. This inconsistency is probably due to 

the fact that the relationships used to calculate the values are very 

sensitive when the loading conditions approach a hydrostatic state of stress. 

In addition, the radial and axial loads were applied at different rates, 

which may have caused additional errors. For this reason specimens subjected 

to a stress condition approaching a hydrostatic state of stress were eliminated. 

Excluding hydrostatically loaded specimens, the average moduli of 

elasticity for the as-cast and air-dried specimens loaded at 75° F were 



Specimen 
Number 

E-39 

B-7 

F-13 

A-9* 

E-5 

C-23 

c-16 

D-26 

B-41 

F-9 

G-35 

D-31 
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TABLE 6. I NS TANTANEOUS STRAINS AND EI.AS TIC PROPERTIES 
OF AS-CAST SPECIMENS AT 75° F 

Stress and 
Instantaneous Strains Elastic Proeerties 

Axis 
EX 106 psi Stress, psi Strain, 

micro-units 

Axial 527 87.3 6.04 0.293 Radial 0 -25.6 

Axial 2179 384. 7 5.66 0.243 Radial 0 -93.5 

Axial 0 -51. 7 6.13 0.264 Radial 600 72 .1 

Axial 0 -333.4 4.51 0.209 Radial 3600 630.8 

Axial 562 37.7 2.78 0.381 Radial 600 57.7 

Axial 2139 282.5 6.54 0.244 Radial 600 -10.4 

Axial 1100 57.9 2.04 0.409 Radial 1200 127 .5 

Axial 3449 472.6 5.91 0.273 Radial 1200 -11.6 

Axial 1092 - 7.9 7.14 0.239 Radial 2400 219.2 

AJ.dal 2147 177 .6 12 .55 -0.017 Radial 2400 197 .4 

Axial 536 -254 .6 4.91 0.248 Radial 3600 524.4 

Axial 3472 286.4 3.11 0.358 Radial 3600 342.2 

* Original specimen failed and was replaced. 



Specimen 
Number 

E-40 

B-19 

F-42 

A-12* 

E-13 

C-11 

C-17 

D-44 

B-42 

F-30 

G-30 

D-40 
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TABLE 7. INSTANTANEOUS STRAINS AND ELASTIC PROPERTIES 
OF AIR-DRIED SPECIMENS AT 75° F 

Stress and 
Instantaneous Strains Elastic Pro:eerties 

Axis 
E X 106 Stress, psi Strain, psi \) 

micro-units 

Axial 527 93.4 
5.64 0.279 Radial 0 -26.1 

Axial 2179 378.6 5.76 0.274 
Radial 0 -103.6 

Axial 0 -51.8 5.98 0.258 Radial 600 74.4 

Axial 0 -340.1 4.85 0.229 
Radial 3600 571. 7 

Axial 562 32.1 2.84 0.392 
Radial 600 50.7 

Axial 2139 331.5 5.51 0.261 
Radial 600 -21.0 

Axial 1101 74 .6 4. 92 0.306 
Radial 1200 100.9 

Axial 3449 532. 7 5.23 0.276 
Radial 1200 -15.7 

Axial 1092 - 4.3 6.05 0.233 
Radial 2400 262.2 

Axial 2147 170.7 6.30 0.223 
Radial 2400 219.8 

Axial 536 -239.7 4.99 0.241 
Radial 3600 522 .o 

Axial 3472 298.4 2.97 0.359 
Radial 3600 357.0 

* Original specimen failed and was replaced. 



Specimen 
Number 

B-4 

D-15 

F-33 

B-16 

A-35 

D-46* 

E-43 

C-34* 

E-18 

C-12 

D-2 

G-9 

F-20 

* Original 
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TABLE 8. INSTANTANEOUS STRAINS AND ELASTIC PROPERTIES 
OF AS-CAST SPECIMENS AT 150° F 

Stress and 
Instantaneous Strains Elastic Proeerties 

Axis 
E X 106 Stress, psi Strain, psi \) 

micro-units 

Axial 561 94.4 5. 94 0.235 Radial 0 -22.2 

Axial 1102 202.6 
5.44 0.259 Radial 0 -52 .6 

Axial 2123 411.9 
5.15 0.265 Radial 0 -109.1 

Axial 3450 537.6 
6.42 0.280 Radial 0 -150.3 

Axial 0 -4 7. 9 6.35 0.254 Radial 600 70.6 

Axial 0 -100.9 6.08 0.256 Radial 1200 147 .0 

Axial 0 -220. 7 
5.56 0.256 Radial 2400 321.1 

Axial 0 -350.6 
4.97 0.242 Radial 3600 549.7 

Axial 2259 322.3 6.19 0.219 Radial 600 -4 .2 

Axial 1032 77 .4 10.36 0.096 Radial 1200 95.2 

Axial 1086 -53.6 5.28 0.285 Radial 2400 266.4 

Axial 2268 181.4 3.12 0.355 Radial 2400 238.7 

Axial 3474 308.7 1.56 0.416 Radial 3600 423.2 

specimen failed and was replaced. 



Specimen 
Number 

B-1 

D-22 

F-34 

B-5 

A-19* 

D-3 

E-1 

C-13* 

E-4 

C-46 

D-41 

G-19 

F-6 

* Original 
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TABLE 9. INSTANTANEOUS STRAINS AND ELA§TIC PROPERTIES 
OF AIR-DRIED SPECIMENS AT 150 F 

Stress and 
Instantaneous Strains Elastic Pro2erties 

Axis 6 Stress, psi Strain, E X 10 psi " micro-units 

Axial 561 102.2 5.49 0.249 Radial 0 -25.4 

Axial 1102 254.9 4.32 0.210 Radial 0 -53.5 

Axial 2123 468.8 4.53 0.262 Radial 0 -122.7 

Axial 3450 758. 7 4.58 0.231 Radial 0 -174.0 

Axial 0 -53.4 5.29 0.234 Radial 600 86.8 

Axial 0 -86.3 5.91 0.212 Radial 1200 160.1 

Axial 0 -233.7 4.93 0.240 Radial 2400 369.7 

Axial 0 -376.7 4.40 0.250 Radial 3600 631.2 

Axial 2259 377.6 5.23 0.237 Radial 600 -14. 7 

Axial 1032 101.0 10.28 -.003 Radial 1200 117 .3 

Axial 1086 -23 .2 4.04 0.246 Radial 2400 382.1 

Axial 2268 189.7 2.82 0.361 
Radial 2400 253.4 

Axial 3474 386.9 3.80 0.278 Radial 3600 429.3 

specimen failed and was replaced. 
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6 6 0 5.86 X 10 and 5.50 X 10 psi, respectively. Specimens loaded at 150 F had 

lower modulus values, with the average values for the as-cast and. air-dried 

specimens being 5.74 X 106 psi and 4.87 X 106 psi, respectively. 

SHRINKAGE STRAINS 

To estimate creep strains it was necessary to measure shrinkage strains 

during the testing period and in order to interpret these shrinkage strains it 

was necessary to measure shrinkage strains during the curing period. 

During the Curing Period 

Specimen handling and environment change were unavoidable during the 

first seven days after casting; therefore, the initial reference reading for 

calculating shrinkage strain during the curing period was the reading seven 

days after casting. All subsequent shrinkage strains are based on an assumed 

zero strain on the seventh day. The shrinkage strains during the curing 

period were classified as air-dried or as-cast. 

The radial and axial shrinkage strains for as-cast specimens are shown 

in Figs 13 and 14 and for air-dried specimens in Figs 15 and 16, respectively. 

The average strain is shown as a solid line with broken lines delineating the 

limits of variation. For both the as-cast and air-dried conditions, it can be 

seen that the radial and axial shrinkage strains followed the same trends. 

The average radial and axial shrinkage strains for the as-cast specimens 

increased to approximately 16 micro-units 28 days after casting and then de­

creased to approximately zero on about the 82nd day. In the air-dried speci­

mens shrinkage strains continued to increase throughout the test period until 

82 days after casting. The radial and axial shrinkage strains of air-dried 

specimens were approximately 180 and 250 micro-units, respectively. 

Since shrinkage of the air-dried specimens was expected, each specimen 

was weighed periodically throughout the curing period in order to determine 

the amount of water loss. This loss of water with time is shown in Fig 17, 

which indicates that the air-dried specimens lost between 8 and 11 ounces of 

water during the 82-day curing period. 

During the Testing Period 

Shrinkage strains were measured during the loading period in order to 

estimate creep strain, i.e., that portion of the time-dependent strain which 
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was due to load only. Throughout the 12-month loading period shrinkage 

specimens were subjected to the same environmental condition as the creep 

specimens. Average shrinkage curves for the as-cast and air-dried specimens 

during the loading period are shown in Figs 18 and 19, respectively. 

Essentially no shrinkage occurred in the as-cast specimens (Fig 19) at 

75° F; however, at 150° F the specimens exhibited expansion rather than shrink­

age. Most of this expansion occurred during the first 84 days of the loading 

period, at which time the axial and radial gages indicated tensile strains of 

29 and 37 micro-units, respectively. During the remainder of the loading 

period very little additional strain was detected. 

The shrinkage behavior associated with specimens subjected to the 150° F 

temperature can probably be attributed to an interaction effect involving 

temperature change, the concrete, and the gage. This effect is believed to be 

due primarily to the fact that the gage and the concrete are not compatible 

when subjected to a temperature change. When the temperature was raised 
0 from 75 to 150 F the gage tended to expand more than the concrete, and the 

gage was prevented from expanding by the concrete. Nevertheless, localized 

stresses were produced in the concrete, and as these stresses were relieved 

by localized creep of the concrete, the gage was allowed to expand producing 

increased tension in the g~ge wire. This increasing tension during the first 

84 days after loading accounts for the apparent expansion of the concrete. 

This effect is discussed in detail in Ref 33. 

The axial and radial shrinkage strains in the air-dried specimens at 

75° F (Fig 18) increased at a decreasing rate throughout the entire loading 

period. However, the radial strains were compressive (shrinkage) while the 

axial strains were tensile (expansion). Nevertheless, the magnitudes of the 

strains after 12 months were relatively small, with the axial gage indicating 

34 micro-units (tension) and the radial gage 18 micro-units (compression). 

The strains in the air-dried specimens at 150° F were similar to, 

although somewhat larger than, those of the as-cast specimens at the same 

temperature. These specimens expanded continuously at a decreasing rate. 

At the end of the 12-month loading period the axial and radial strains were 

67 and 53 micro-units (expansion), respectively. 
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CREEP STRAINS 

Creep strains were estimated by subtracting the instantaneous strains 

and shrinkage strains from the total strains. In doing this it was asstnned 

that the instantaneous (elastic) strain was constant and, thus, did not vary 

with time and that the time-dependent strains, shrinkage and creep, were not 

interrelated. The creep strain-time relationships for the various specimens 

are shown in Figs Al through Al9 in the appendix. 

Uniaxially Loaded Specimens 

Twelve specimens were loaded uniaxially. These specimens were loaded in 

pairs, one as-cast and one air-dried, under six different loading conditions, 

two at 75° F and four at 150° F. However, a number of gages in these uniaxially 

loaded specimens at 150° F failed during the tests. 

The axial strains in the as-cast and air-dried specimens loaded at a 

nominal stress of 3600 psi exceeded the strain limits of the gage 112 days 

after loading and during the actual loading. In addition, the strain gages 

in as-cast specimens loaded at 600 and 2400 psi stopped functioning 308 days 

after loading. 

The creep strain-time relationships for the as-cast and air-dried speci­

mens at 75° Fare shown in Figs Al and A2, respectively. At the lower stress 

levels, there was very little difference between the radial strains for the 

air-dried and as-cast specimens or the axial strains for the air-dried and 

as-cast specimens at the lower stress level. However, at the higher stress 

level, the axial creep strains recorded for the air-dried specimens were much 

larger than for the as-cast specimens. 

The creep strain-time relationships for the as-cast and air-dried speci­

mens subjected to four different stress levels at 150° Fare shown in Figs A3 

and A4. The radial creep strains increased until approximately three months 

after loading at which time they began to decrease. 

Multiaxially Loaded Specimens 

Thirty-eight specimens were loaded multiaxially. These specimens were 

also loaded in pairs, one as-cast and one air-dried, under 19 different 

loading conditions, ten at 75° F and 9 at 150° F. Six pairs of specimens 

were loaded biaxially and 13 were loaded triaxially. The resulting creep 

strain-time relationships have been grouped according to confining pressure 

under the appropriate temperature and curing condition. 
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75° F Temperature. Six different loading conditions involved specimens 

at 75° F. The results of the test at 75° F for the as-cast specimens with 

confining pressures of 600, 1200, 2400, and 3600 psi are shown in Figs AS 

through A8. These results indicate that the creep strains in the radial and 

axial directions were reduced by the application of stresses in the perpendic­

ular direction. 

Results for the air-dried specimens at 75° Fare shown in Figs A9 through 

A12. Creep strains in the loaded direction were larger than those of the as­

cast specimens. 

0 150 F Temperature. Nine different loading conditions were tested at 

150° F. Four of these conditions were biaxial and five were triaxial. Of 

the eight biaxial specimens, five either failed or had strain gage failures. 

Thus the results of only three biaxial specimens were included. 

The creep strain-time relationships for the as-cast specimens are pre­

sented in Figs Al3 through Al6. The results indicate that under comparable 

conditions the creep strains of the as-cast specimens at 150° F were higher 

than those at 75° F. 

The relationspips for air-dried specimens are shown in Figs Al7 through 

Al9. These results iw:!_icate that the creep strains of air-dried specimens at 

150° F were higher than of as-cast and air-dried specimens at 75° F. 

Summary of Creep Strains 

A more comprehensive evaluation of the effects of moisture condition 

and testing temperature is contained in Ref 33. Nevertheless, the results 

discussed above can generally be smnmarized as follows: 

(1) At a constant temperature, air-dried specimens had higher creep 

strains than as-cast specimens. 

~) 

(3) 

0 Both as-cast and air-dried specimens tested at 150 F exhibited 

higher creep strains than those tested at 75° F. 

In uniaxially and biaxially loaded specimens at both temperatures, 

creep strains occurred in the direction perpendicular to the 

direction of the applied stress. Thus, a creep Poisson's effect 

apparently occurred. 
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CREEP POISSON'S RATIO 

Although the existence of a creep Poisson's ratio has been questioned 

(Chapter 2), the results from this investigation definitely indicate a creep 

Poisson's effect. Thus, an estimate of creep Poisson's ratio is required in 

order to predict creep behavior under a multiaxial state of stress. 

The following expression, based on the derivation made in Chapter 3, was 

used to calculate the creep Poisson's ratio for cylindrical specimens subjected 

to sustained uniaxial and biaxial states of stress at stress levels less than 

the creep proportional limit. 

= 
2cr (e) - (e) (cr + cr) r c r c a r a 

where 

\IC 
= creep Poisson's ratio; 

Ga = axial stress, psi; 

crr = radial stress, psi; 

(ec)a = creep strain in axial direction; 

(ec)r = creep strain in radial direction. 

Creep Poisson's ratios calculated from as-cast and air-dried specimens 

tested at 75° Fare shown in Figs 20 and 21. The ratios for both as-cast and 

air-dried specimens increased slightly with time. The overall average of 

creep Poisson's ratios for as-cast specimens was 0.150, and for air-dried 

specimens this value was 0.108. 

The results of creep Poisson's ratio calculated from specimens tested 

at 150° Fare shown in Figs 22 and 23. As indicated, the creep Poisson's 

ratio decreased rapidly during the first week under load. For as-cast speci­

mens, the average creep Poisson's ratio decreased from 0.30 at three hours 

after loading to 0.142 at the end of the first week and then fluctuated 

around 0.165. For air-dried specimens, the average creep Poisson's ratio 

decreased from 0.27 at three hours after loading to 0.17 at the end of the 

first week and then fluctuated around 0.14. The overall average of Poisson's 

ratio for creep during the first month's period was 0.149 for as-cast speci­

mens and 0.140 for air-dried specimens. 
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CHAPI'ER 6. DISCUSSION AND EVALUATION OF RESULTS 

The purpose of this chapter is ta evaluate the constants in the unit creep 

function and to evaluate the accuracy of the resulting unit creep predictive 

equations. Thus, the chapter is subdivided into two parts. The first part is 

concerned with the evaluation of constants in terms of the uniaxial data ob­

tained in the experimental portion of this investigation. The second part com­

pares the predicted results obtained from the unit creep function with the ac­

tual observed data. 

EVALUATION OF THE UNIT CREEP FUNCTION 

The concept and development of unit creep predictive relationships was 

discussed in Chapter 3. It was hypothesized that creep strains resulting from 

multiaxial states of stress could be predicted from uniaxial creep data by 

utilizing Eqs 3.10, 3.11, and 3.12. For the loading conditions in the experi­

mental portion of this investigation in which cry= crz = crr , crx = cra these 

three equations reduce to 

= [F(t,T)] [cr - 2~ cr J a c r 
(6 .1) 

= [F(t,T)] [cr - ~ (cr + cr )] r c a r 
(6 .2) 

where 

cra = axial stress, 

crr = radial stress, 

~ = creep Poisson's ratio, 
C 

T • age at loading, 

t • time after loading, 

F(t,T) • unit creep function. 

60 
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(e) = creep strain in axial direction, 
C a 

(e) = creep strain in radial direction. 
C r 

The unit creep function is expressed in the form 

F(t,r) 
-Q't~ 

= K(l - e ) 

where K, a, and ~ are constants. 

In order that these relationships can be used for prediction purposes, it 

is necessary to evaluate the constants K, a, and ~ in the unit creep 

function and to estimate a value for creep Poisson's ratio vc from uniaxial 

test results (Chapter 5). Once the unit creep function and creep Poisson's 

ratio are determined, creep strains at a later age and creep strains resulting 

from multiaxial states of stress can be predicted. 

Unit Creep Function 

0 
The specimen conditions studied were as-cast and air-dried, both at 75 F 

and 150° F. All specimens were loaded at the age of 90 days, and therefore, 

the effect of the age at loading T on creep strains could not be included and 

was considered constant. Thus, the unit creep function becomes F(t,90). 

Prior to the determination of creep strain per unit stress, the stress­

creep strain-time relationships obtained from uniaxial tests were established, 

to determine the creep proportional limit. The assumption of linearity between 

stress and creep strain is valid only at stress levels less than the creep pro­

portional limit; therefore, only creep strains resulting from these stress 

levels were used for unit creep function evaluation. The constants in the unit 

creep function were determined by fitting the creep strains per unit stress to 

the unit creep function in the general form of Eq 3.2. This was accomplished 

by a nonlinear curve-fitting technique, using a computer program. 

The stress-creep strain-time relationships for the as-cast and air-dried 

specimens are shown in Figs 24 through 27, respectively. The linearity of the 

stress-creep strain relationships for the as-cast specimens at 75° F (Fig 24) 

indicates the maximum stress level of approximately 2200 psi was less than the 

proportional limit. For the as-cast specimens at 150° F (Fig 25) and the air­

dried specimens at 75° F (Fig 26) the creep proportional limit was judged also 

to be approximately 2200 psi. In contrast the creep proportional limit for the 
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air-dried specimens at 150° F appeared to be lower at a stress level of 1500 

psi, which was approximately 23 percent of the 28-day unconfined compressive 

strength. In the latter case, however, data were available for only two stress 

levels (561 and 2123 psi) since the data from the two specimens loaded at 1102 

and 3450 psi were inconclusive due to equipment malfunction. 

The unit creep function relationships for the four conditions are summa­

rized in Table 10, and the unit creep function-time relationships are illustra­

ted in Fig 28. In addition, Table 10 contains an estimate of the ultimate 

unit creep, which was assumed to occur at an infinite time after loading. It 

may be noted that in Fig 28 the unit creep strains for loading periods less 

than a year were larger for 150° F than for 75° F and for the air-dried condi­

tion than for the as-cast. 

Creep Poisson's Ratio 

In order to predict multiaxial creep strains, creep Poisson's ratios 

should be estimated from uniaxial tests. However, due to the fact that the 

number of uniaxial specimens was limited, values from biaxially loaded speci­

mens were included. Creep Poisson's ratios for the various uniaxial tests 

conducted in this study were sunnnarized in Figs 20 through 23 in Chapter 5, 

The average values for the various test conditions are 0.150 and 0.149 for 

as-cast specimens at 75° F and 150° F, respectively, and 0,108 and 0,140 for 

air-dried specimens at 75° F and 150° F, respectively. 

Inserting the appropriate creep Poisson's ratios and the relationships 

for the unit creep function into Eqs 6.1 and 6.2 yields predictive equations 

for axial and radial creep strains for the four test conditions. These pre­

dictive equations are sunnnarized in Table 11. 

EVALUATION OF CREEP PREDICTIVE EQUATIONS 

In order to evaluate the accuracy of these predictive equations (Table 11), 

it was necessary to compare predicted creep strains with actual creep strains 

measured experimentally. This was done in two parts. First, creep strains 

resulting from loading times in excess of those associated with the data used 

in developing the equations were compared with predicted strains. Secondly, 

creep strains resulting from multiaxial states of stress were compared with 

predicted values. 
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TABLE 10. UNIT CREEP FUNCTIONS AND ULTIMATE UNIT CREEP OBTAINED FROM 
UNIAXIALLY LOADED SPECIMENS UNDER VARIOUS TEST CONDITIONS 

Unit Creep Function, F(t,90), Ultimate Unit Creep Strain, 

micro-units/psi micro-units/psi 

i:z.. e-0.09lt0.358) 
0 0.277 (1 - 0.277 

l/"l 
~ ...... 
Cl) 

Ill 
C) i:z.. 

I 

e-O.llOt0.385) Cl) 0 
< 0 0.358(1 - 0.358 l/"l 

,-1 

~ 

-0.098t0 •407 
0 0.282(1 - 0.282 'O l/"l e ) 

a, ...... ..... ,.. 
Q 

I ,.. ~ 

-0.208t0 •399 ..... 
< 0 0.276(1 - 0.276 0 e ) 

l/"l 
,-1 

t = time after loading, days 
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TABLE 11. UNIT CREEP PREDICTIVE EQUATIONS 

At 75° F 

Air-Dried 

(ec)a = 0.282 [1 
e •0.09St0 •40J ~. o.216aJ 

(ec\ = 0.282 [1 
e -o .098t0 •40J 

~r 
0.108(0 + a ~ r a 

As-Cast 

(ec\ = 0.277 [1 
e -0.09lt0.35J ~. 0.300ar] 

(ec)r = 0.277 [1 
e -0.09lt0 •35J 

[or 0.150(0 + a J r a 

At 150° F 

Air-Dried 

(ec\ = 0.276 G e -0.208t0.399] ~. o.2so,-J 

(ec\ = 0.276 [1 
.-o.2ost0 •39J 

tr 
- O .140 (a + a ~ r a 

As-Cast 

(ec\ = 0.358 [1 
e -0.110t0.38J ~. 0.29&,J 

(ec)r = 0.358 G e -0.110t0.38J 
~r 

0.149(0 + a ~ r a 

(] = axial stress, psi (ec)a = creep strain in axial direc-a tion, micro-units 
crr = radial stress, psi 

t time after loading, days (ec\ = creep strain in radial direc-= tion, micro-units 
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Prediction of Long-Term Uniaxial Creep Strains 

Since time under load in this investigation did not exceed 12 months, it 

was necessary to compare predicted creep strains with data obtained by other 

investigators. Creep strains for test conditions similar to conditions in 

this investigation have been summarized and reported by Neville (Ref 23). 

Creep strains after two years and five years under load were reported to be 

approximately 14 and 20 percent larger than the creep strains after one year. 

Assuming the creep strains at one year to be unity the predicted creep strains 

for uniaxially loaded specimens yield the results shown in Table 12. Exami­

nation of these results indicates a favorable comparison with those reported 

by Neville. 

As shown in Table 12, most of the creep strains for air-dried specimens 

and as-cast specimens loaded at 150° F occurred within the first year while 

only about 50 percent of the ultimate creep strains associated with the as­

cast specimens at 75° F occurred in the first year. 

Prediction of Creep Strains Resulting from Multiaxial Stress 

The accuracy and validity of the prediction equations were also evaluated 

by comparing predicted creep strains with experimentally measured results. 

Creep strains were predicted by the equations sunmarized in Table 11 for the 

test conditions and stress levels utilized in the experimental portion of 

this investigation. The predicted creep strains are compared with measured 

strains in Figs 29 through 65. Figures 29 through 32 compare the predicted 

and measured radial and axial creep strains at 1, 7, 14, 28, 84, 168, and 364 

days after loading for the four combinations of curing history and testing 

temperature while Figs 33 through 65 compare the predicted and measured creep 

strain-time relationships for individual specimens. 

Comparisons have been grouped according to the four test conditions and 

then by increasing radial and axial stress within each test condition. 

As-Cast Specimens at 75° F 

The predicted creep strain-time relationships of eight specimens, along 

with the measured relationships, are shown in Figs 33 through 40. The re­

sults for the uniaxial loading condition (C' = 2179 psi) are shown in Fig 33. . a 
As would be expected, the predicted and measured results were in excellent 

agreement. Likewise, for biaxial loading (Fig 34), the predicted and 
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TABLE 12. RATIO OF LONG-TERM AND ONE-YEAR CREEP STRAINS 

Time after Loading, 75° F 150° F Neville* 
years As-Cast Air-Dried As-Cast Air-Dried (Ref 18) 

1 1.00 1.00 1.00 1.00 1.00 

2 1.17 1.15 1.15 1.06 1.14 

5 1.40 1.32 1.31 1.11 1.20 

Infinite 1.89 1.51 1.52 1.13 --
*70° F and 50 percent relative humidity 
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experimental creep strains for both the axial and the radial directions were 

very close throughout the loading period. For triaxial loading conditions 

(Figs 35 through 40), however, the agreement was not as good and in cases 

where the stresses were less than the creep proportional limit, the predicted 

creep strains generally were larger than the experimentally measured creep 

strains, while the reverse was true for specimens loaded at the higher stress 

levels. 

A comparison between predicted creep strains and experimentally measured 

creep strains for all conditions at various times after loading is shown in 

Fig 29, which indicates that the unit-creep prediction equation for as-cast 

concrete tested at 75° F temperature provided a satisfactory estimate of creep 

strains for all stress levels less than the creep proportional limit. The 

dashed line is the line of best fit for specimens loaded below the creep pro­

portional limit. The standard error of the estimate of the creep strains for 

the seven specimens loaded at stresses less than the creep proportional limit 

was 16 micro-units. 

Air-Dried Specimens at 75° F 

Predicted and measured creep strain-time relationships for air-dried 

specimens are shown in Figs 41 through 49. The results for the uniaxial load­

ing condition (Figs 41 and 42) indicate excellent agreement between predicted 

and measured strains in both the axial and radial directions. The predicted 

creep strain-time curves were also very close to the experimental results for 

the biaxial loading condition (Fig 43). The results for triaxial loadings with 

stress levels less than the creep proportional limit, 2200 psi, are shown in 

Figs 44 and 45; the results for stress levels larger than the creep proportional 

limit are presented in Figs 46 through 49. These relationships indicate that 

for stress levels below the creep proportional limit, the predicted creep 

strains were very close to the measured creep strains. For stresses higher 

than the creep proportional limit, the differences between predicted and experi­

mental results were relatively large and became larger with time and increased 

stress levels. These differences are due to the fact that at these higher 

stresses the relationship between stress and creep strain is not linear, which 

causes the actual creep strains to exceed the predicted values. The excellent 

agreement for all test conditions (6 specimens) with stresses below the creep 

proportional limit and the deviation between predicted and measured creep 

strains for test conditions (3 specimens) with stress level above the creep 
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proportional limit are graphically illustrated in Fig 30. The standard error 

of estimate of creep strains for stress levels less than the creep proportional 

limit was 27 micro-units. 

As-Cast Specimens at 150° F 

Comparisons between the predicted and measured creep strain-time curves 

are shown in Figs 50 through 57. As previously observed, there was satisfac­

tory agreement for the uniaxial loading conditions (Figs 50 through 52) and 

in addition, the agreement was fairly satisfactory for the triaxial loading 

conditions for low stresses (Fig 54). However, the predicted creep strains 

for some other triaxial loading conditions were substantially higher than the 

measured values. In explanation, it should be noted that the unit creep func­

tion was derived from data obtained from a stress level of 2123 psi which was 

very close to the creep proportional limit (2200 psi). This in itself could 

produce high predicted strain values. In addition, it is possible that at 

150° F, the uniaxially loaded specimens lost moisture resulting in larger 

creep strains and thus higher predicted creep strains. For the condition of 

stresses larger than the creep proportional limit, the measured strains were 

larger (Fig 57). In order to more fully evaluate this condition, additional 

tests should be conducted. The standard error of the estimate for creep 

strains resulting from stresses less than the creep proportional limit was 

33 micro-units (Fig 31). 

Air-Dried Specimens at 150° F 

Comparisons between predicted and measured creep strain-time curves are 

shown in Figs 58 through 65. These relationships indicate that for stresses 

less than 2400 psi, the unit creep predictive equations generally overesti­

mated the creep strains. The results again indicate that at the higher 

stresses the measured creep strains were larger than the predicted creep 

strains, due to the fact that these stress levels exceeded the creep pro­

portional limit, which for the conditions of these tests was very low (1500 

psi). At the lower stress levels, this was probably because the unit creep 

function could not be adequately defined because of lack of data and possi­

bly because of moisture loss during the loading period. The relationship 

between predicted and measured creep strains for eight specimens at various 

times after loading is shown in Fig 32. The standard error of the estimate 

for creep strains resulting from stresses less than the creep proportional 

limit was 40 micro-units. 
(text continued on page 107) 
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(text continued from page 73) 

DISCUSSION AND MODIFICATION OF EQUATIONS 

Discussion 

The results shown and discussed above indicate that at stress levels less 

than the creep proportional limit, the creep prediction equations are relatively 

accurate. Nevertheless, with the exception of the air-dried specimens at 

75° F, the predicted creep strains generally were larger than the measured 

creep strains. The difference was essentially a constant percentage of the 

measured strain for each test condition (Figs 29 through 32). 

A number of reasons for the differences are evident. The first, of course, 

is concerned with experimental error associated with the tests. In addition to 

the normal variation between specimens there could also have been batch-to­

batch variations in the concrete and variations between loading units. Nor­

mally such variation would not be expected to bias the results since the 

various specimens were assigned to the batches and loading units by random­

ization. Nevertheless, since there were relatively few specimens loaded uni­

axially it is possible that an error could have been introduced. 

More important is the fact that the unit creep function was developed 

from data obtained from very few specimens. Only two stress levels were used 

to develop the unit creep function and to estimate creep Poisson's ratio for 

the as-cast and air-dried condition at 150° F and for the as-cast condition at 

75° F. For the air-dried condition at 75° F only one stress level was used. 

In addition, some of these stress levels were very near the creep proportional 

limit. Thus, in addition to being unable to define the function well, the 

high stress levels would tend to produce predictive equations which would 

overestimate creep strains. 

A third area of possible error is concerned with the method of loading the 

triaxially loaded specimens since the axial and radial stresses were applied 

at two different rates. The maximum stress was applied at a rate of 35 psi per 

second with the ratio of the two stresses maintained equal to the ratio of 

their final magnitudes. Thus, the smaller of the two stresses was applied at 

a much slower rate. It would be expected that the portion of the total strain 

attributable to an instantaneous elastic strain would be greater for a slower 

loading rate, and therefore, the creep strain would be less. Thus, the measured 

creep strains could be less than the predicted strains since the predictive 
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equations were developed utilizing results from uniaxial tests in which the 

loads were applied at the higher rate. 

A fourth and very definite possibility is that the uniaxially loaded 

specimens were losing moisture. If this were the case the measured strains 

would have included both shrinkage strain and creep strain. Thus, these 

strains would have resulted in unit creep prediction equations which would 

overestimate creep strains. 

Finally, it is possible that the principle of superposition cannot be 

applied. It is therefore felt that additional tests are needed and justified 

in order to adequately define the unit creep function, to estimate creep 

Poisson's ratio, and to determine the validity of the concept. In recognition 

of the fact that it was not possible to conduct additional tests under this 

investigation, the unit creep predictive equations were modified. 

Modification of Equations 

In view of the fact that the unit creep predictive equations systematically 

overestimated creep strains in three of the four test conditions, all four 

equations have been modified by multiplying the K constant (Eq 3.2) by the 

ratio of the slope of the 45 degree line and the line of best fit. 

Thus, the predictive equations for as-cast and air-dried conditions at 

75° F and 150° F have been multiplied by a factor of 0.961, 1.098, 0.880, 

and 0.922, respectively, yielding the modified predictive equations shown in 

Table 13. The relationships between the predicted and measured creep strains 

are graphically illustrated in Figs 66 through 69. In these figures it can be 

seen that the predicted strains are very close to the measured strains for the 

conditions and measurements made in the experimental portion of this investi­

gation. The standard error of estimate for as-cast and air-dried specimens at 

75° F and 150° F loaded at stresses lower than the creep proportional limit 

were 13, 21, 35, and 31 micro-units, respectively. 

These modified equations adequately predict the creep strains measured 

for specimens loaded at stress levels below the creep proportional limit in 

this investigation. This does not mean that they are necessarily adequate for 

application to other conditions. However, in view of the systematic variation 

between the predicted and measured creep strains, it is felt that these modi­

fied equations can be used until additional experimental verification can be 

conducted. 
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TABLE 13. MODIFIED UNIT CREEP PREDICTIVE EQUATIONS F(t,90) 

At 75° F 

Air-Dried 

(ec)a = 0.324 G e -0.102t0.40J ~. o.2100J 

(ec)r = 0.324 G e -0.102t0 •40J 
~r 

O. lOB(CJ + CJ ~ r a 

As-Cast 

(ec) a = 0.303 [1 - e -0.088t0 •35J ~. 0.30:JJ 

(ec\ = o.303 G e -0.088t0 •35J 
Gr 

0.150(CJ + CJ j r a 

At 150° F 

Air-Dried 

(ec\ = 0.262 G e -0.207t0 •40J ~. 0.280:,J 

(ec)r = 0.262 G e -0.207t0 •40J 
tr 

0.140 (CJ + CJ ~ r a 

As-Cast 

(ec\ = 0.323 G - e 
-0.118t0.37J 

t. 
0.29Bcrr J 

(ec)r = 0.323 [i -0.118t0 •37J 
rr 

- 0.149(CJ + CJ ~ - e r a 

CJ = axial stress, psi (ec)a = creep strain in axial direc-
a tion, micro-units 

CJ = radial stress, psi 
r (e ) creep strain in radial direc-time after loading, days = t = C r tion, micro-units 
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ESTIMATION OF TOTAL STRAINS 

In addition to estimating creep strains the unit creep function concept 

probably can be used to predict total strains (Eqs 3.25, 3.26, and 3.27). For 

the loading conditions utilized in the experimental portion of this investi­

gation, in which cr = cr = cr , these equations become y z r 

where 

= 

= 

H(t,T) 

H(t,T)cr - 2w(t,T) (cr + cr) a a r 

H(t,T)crr - w(t,T) (cr + cr) a r 

= 1 E + F(t,T) , for time-dependent flexibility, and 

w(t,T) = ~ + vcF(t,T) , for the time-dependent coefficient of 

lateral strain. 

(6.4) 

(6.5) 

Thus, by introducing appropriate values for the instantaneous modulus of 

elasticity E and Poisson's ratio v, obtained from uniaxial tests, estimates 

of the total strains could be obtained. Additional study, however, is needed 

to evaluate this suggested appro~ch to estimating total strains. 



CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 

The object of this study was to investigate creep strains in concrete 

subjected to multiaxial compressive stresses under various moisture and 

temperature conditions and to develop predictive equations capable of pre­

dicting creep strains for multiaxial stresses by utilizing creep strains 

obtained from uniaxial tests. 

Laboratory tests on seventy-eight 6 X 16-inch concrete cylinders with 

embedded vibrating wire gages were performed. Several conclusions and 

recommendations based on the results are summarized below. 

CONCLUSIONS 

(1) Unit creep of concrete under constant temperature and with a given 

curing history is a function of concrete age at loading, time after 

loading, and stress levels. When the applied stress is less than 

the creep proportional limit, unit creep of concrete is independent 

of stress levels. 

(2) The creep proportional limit varied with moisture conditions and 

testing temperatures. 

(3) The creep Poisson's ratio of as-cast specimens was higher than that 

of air-dried specimens. At 75° F, the average creep Poisson's 

ratios were 0.150 for as-cast specimens and 0.108 for air-dried 

specimens. At 150° F the average creep Poisson's ratios were 0.149 

for as-cast specimens and 0.140 for air-dried specimens. 

(4) The creep prediction technique developed by employing the unit 

creep function was satisfactory for predicting creep strains re­

sulting from multiaxial stresses when stress levels were less than 

the creep proportional limit. For stress levels higher than the 

creep proportional limit, the measured creep strains were higher 

than the predicted values. 

(5) The unit creep function based on one-year creep test results can be 

used for predicting creep at later ages. However, creep tests 

longer than one year are needed to valudate this technique. 
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RECOMMENDATIONS 

(1) The possibility of introducing creep strain into stress-strain 

analysis for plain or reinforced concrete structures using the unit 

creep function should be investigated. 

(2) Tests at higher stress levels should be performed to obtain the 

maximum failure creep strain and to complete the creep-failure 

portion of the unit creep function. 

(3) The possibility of using the unit creep concept to evaluate stress 

relaxation of concrete should be investigated. 

(4) An attempt should be made to determine whether reliable prediction 

equations can be obtained by using loading periods of less than 

12 months. 

(5) An attempt should be made to define the stress-creep strain-time 

relationships for stress levels higher than the creep proportional 

limit in order that the nonlinear creep behavior can be included as 

a part of the unit creep function. 

(6) Additional uniaxial tests should be conducted at stress levels 

below the creep proportional limit in order to better define the 

unit creep function, to obtain better estimates of creep Poisson's 

ratio, and to determine the validity of applying the principle of 

superposition. 

(7) Additional uniaxial creep tests at elevated temperatures should be 

conducted to determine the effect of temperature on the unit creep 

function. Until such tests are conducted, it is felt that linear 

interpolation or extrapolation can be used to estimate creep strains 

at other temperatures. 

(8) Additional uniaxial creep tests should be conducted to obtain the 

unit creep function subjected to different curing histories. 
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