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PREFACE 

This is the seventh and final report of a series of reports dealing with 

the findings of a research project conducted at The University of Texas at 

Austin and concerned with the evaluation of the creep behavior of concrete 

subjected to triaxial compressive stresses and elevated temperature. This 

report evaluates the overall test program, including the specimens, and summa

rizes the findings of the study 1 which was initiated in February 1967 and 

terminated in June 1975. 

The experimental investigation was conducted and financed under Union 

Carbide Subcontract 2864, and three reports were prepared. Two additional 

reports were prepared and financed under Union Carbide Subcontract 3661, and 

two reports, including this final report, have been prepared under Union Carbide 

Subcontract 3899. All three contracts were with the Oak Ridge National Labora

tory, which is operated by Union Carbide Corporation for the United States 

Energy Research and Development Administration. 

The planning and conducting of the experimental investigation required 

the assistance and cooperation of many individuals and organizations; the 

author would like to acknowledge the cooperation and assistance obtained 

from the Concrete Division of the Waterways Experiment Station, Vicksburg, 

Mississippi, and the Department of Civil Engineering of the University of 

California at Berkeley. In addition, special thanks are extended to Dr. J.P. 

Callahan, Manager of the Prestressed Concrete Pressure Vessel Program Office, and 

Mr. G.D. Whitman, Manager of the Solid Mechanics Department, of the Oak Ridge 

National Laboratory, whose active participation and support helped this in

vestigation to be successfully conducted, and to Dr. J.M. Corum and Mr. J. 

G. Stradley of the Oak Ridge National Laboratory. Appreciation is also ex

tended to Professor Clyde E. Kesler, Department of Civil Engineering, University 

of Illinois, who served as a consultant to the original project. 

Numerous other individuals were associated with various phases of the 

project and their roles in the successful completion of the study are acknowledged 
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in the individual reports prepared on the various phases of the study. 

The author would like to acknowledge Mr. Victor N. Toth and Ms. Nancy 

Webster for their efforts and assistance in the summarization and evaluation 

of the study and findings and the preparation of this report. 

Thomas W. Kennedy 

December 1975 
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CHAPTER 1. INTRODUCTION 

An important consideration in the design and safety evaluation of pre

stressed concrete nuclear reactor vessels is the time-dependent behavior of 

concrete when it is subjected to different temperatures, curing times, curing 

histories (or moisture conditions), and loading conditions. The three basic 

forms of time-dependent deformation that can occur are shrinkage, creep, and 

creep recovery. Any one of these three types of deformation can have serious 

effects on the behavior of a reactor vessel unless carefully considered 

during design. Because of the long-term nature and complexity of the required 

tests, information on creep and the factors affecting creep is limited. 

At the request of the United States Atomic Energy Commission, the Oak 

Ridge National Laboratory formulated and coordinated a basic research and 

development program to develop the technology of prestressed concrete reactor 

vessels. As a part of this program, an experimental investigation was ini

tiated in February 1967 at The University of Texas at Austin to study the 

creep behavior of concrete subjected to multiaxial compressive stresses and 

elevated temperatures. The investigation consisted of measuring strains in 

cylindrical specimens subjected to 58 test conditions, involving a variety of 

multiaxial loading conditions (compressive stresses ranging from zero to 

3600 psi), three curing times (90, 183, and 365 days), two curing histories 

(air-dried and as-cast), and two temperatures (75° F and 150° F). After curing, 

the specimens cured for 90 days were subjected to a prescribed load and tempera

ture for 12 months, followed by a five-month unloaded recovery period at the 

prescribed temperature. Specimens cured for 183 or 365 days were subjected to 

uniaxial stresses of 600 or 2400 psi for approximately 5.25 or 4.75 years at 

75° F, followed by a 77-day recovery period. During the curing, loaded, and 

unloaded-recovery periods, strain measurements were made in order to evaluate 

the creep and creep recovery behavior of the concrete. The study was terminated 

in June 1975, and findings were reported in a series of six reports (Refs 1, 

2, 3, 4, 5, and 11). 
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This report describes the procedures and equipment used in the study and 

summarizes the findings of an evaluation of the overall program, including 

the procedures, equipment, instrumentation, and specimens. Chapter 2 describes 

the total experimental program, including the preparation of specimens, equip

ment and instrumentation, experimental procedures, and experimental designs. 

Chapter 3 contains a summary and brief discussion of findings of the total 

study. An evaluation of the test program, including a post-test evaluation 

of the specimens, is presented in Chapter 4. Conclusions and recommendations 

are contained in Chapter 5. 



CHAPTER 2. EXPERIMENTAL DESIGN AND PROCEDURES 

The purpose of the study was to obtain information on the creep behavior 

of concrete subjected to multiaxial compressive stresses at different tempera

tures. The tests consisted of applying compressive loads along the three 

principal axes of cylindrical concrete specimens and measuring the strains in 

the axial and radial directions throughout the test period. Since concrete 

exhibits two basic forms of time-dependent deformation, creep and shrinkage, 

it was necessary to measure strain in both loaded and unloaded companion 

specimens in order to separate the portion of the strain produced by shrinkage 

from the portion resulting from creep. Details of the experiment, specimens, 

and test procedures are described below. 

TEST CONDITIONS 

Although many factors affect the creep and creep recovery behavior of 

concrete, only temperature during the loaded and unloaded recovery periods, 

curing time, curing history, and state of stress were studied. 

Test Temperature 

During the loading period, the concrete was subjected to either 75 

or 150° F. The 75° F temperature approximates the temperature at the outer 

surface of a reactor, while 150° F approximates the temperature at the inner 

surface of the vessel. 

Guring Time 

The major portion of the study involved specimens cured for a period of 

90 days prior to being loaded. In addition, a limited number of specimens 

were cured for 183 or 365 days prior to loading in order to ascertain the 

effects of curing time. 

Curing History 

Two curing histories, designated as as-cast and air-dried, were selected 
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for study. The as-cast condition represents the curing history of concrete 

at the inner face of a concrete reactor vessel or of concrete in any massive 

structure, except near a free-air surface, and involved sealing the specimens 

shortly after casting to maintain their initial moisture condition. The air

dried condition is representative of the curing history of the concrete at 

the outer surface of a concrete reactor vessel or other mass-concrete structure 

or of concrete in relatively thin members. In this case, the concrete was 

allowed to air-dry for most of the curing period. 

State of Stress 

Specimens were loaded triaxially at five stress levels, ranging from 0 

to 3600 psi for both the axial stress and radial confining stress. 

SPECIMENS 

Three basic types of specimens were utilized in this investigation: creep, 

shrinkage, and strength. All creep and shrinkage specimens were 6 inches in 

diameter by 16 inches in length and were attached to 3-inch-thick steel end 

caps through which the axial load was applied (Fig 1). The specimens were 

cast horizontally in specially designed molds. The tensile and compressive 

strength specimens were 6 inches in diameter by 12 inches in length and were 

cast vertically in standard 6 x 12-inch molds. 

One hundred two creep and shrinkage specimens and 328 strength specimens 

were cast and investigated under the test conditions summarized in 

Table 1. These 58 test conditions involved two temperatures, two curing 

histories, three curing periods, and triaxial stress conditions ranging from 

0 to 3600 psi for both the axial stress and the radial confining stress. The 

various curing and loading conditions are described in Table 2 for each of 

the two curing histories. 

MIXTURE DESIGN 

The mixture design and all materials utilized in this investigation except 

water were furnished by the Concrete Division, Waterways Experiment Station, 

Vicksburg, Mississippi. Prior to shipping, the materials were proportioned 

into thirteen 12-cubic-foot batch quantities and placed in sealed containers. 
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TABLE 1. SUMMARY OF EXPERIMENTAL PROGRAM 

Axial 
Stress cr , ksi 0 0.6 1.2 2.4 3.6 

a 

Radial 
Stress cr , ksi 0 0.6 1.2 2.4 3.6 0 0.6 1.2 2.4 3.6 0 0.6 1.2 2.4 3.6 0 0.6 1.2 2 .4 3.6 0 0.6 1.2 2 .4 3.6 r 

I ,1..1 
Ul Ul 7* 1 1 1 1 1 - - - - 1 - 1 1 - 1 1 - 1 - 1 1 <J - - -

0 0 
Lt'\ 0\ ,-I 

I 'ti 
.... -~ 7* 1 1 1 1 1 - - - - 1 - 1 1 - 1 1 - 1 1 1 
~~ - - - -

I ,1..1 
ID UI 7* 1 - - 1 1 1 - - 1 -< t3 - 1 1 - 1 1 - 1 - - - 1 - 1 

0 in 
0\ r,. ·~ ..... -t4 

7* 1 - - 1 1 1 - - 1 - - 1 1 - 1 1 - 1 - - 1 1 ........ - -
< Cl 

As-
1 1 

Cast l** - - - - - - - - - - - - - - - - - - - - - -
("l 

Lt'\ co Air-,-I 
r,. 

1 Dried 1 1 

As- l** - 1 - - - - - - - - - 1 - - - - - - - - -- - -
Lt'\ I/'\ 

Gast 
'° r,. Air-("l 

1 1 Dried 1 
Ul .. 
~ QJ Numerals indicate the number of specimens tested. 

"C bO ~ ;:,-.. 

* ,1..1 C: ,1..1 bO i... Shrinkage specimens - one specimen per batch. IIS " TI IISl'E< C: 0 
bO .... .µ 

QJ -~ 
Ul Mo .... (I) ** (I) (I) ::, ~ The as-cast specimen served as the shrinkage specimen for both the 183-day and 365-day 

bO "C E-< i u::i::: < IIS creep specimens. 
0 QJ 

,.::i E-< 
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TABLE 2. SUMMARY OF MAJOR TEST CONDITIONS* 

Axial Radial 
Stress Stress Age at 

a ' a ' Major 
Batch/I 

Temp., a r Test Loading, Type of 
Condition o F psi psi Unit days Loading 

1 B 75 2400 0 5** 90 
2 E 75 600 0 6 90 Uniaxial 

3 A 75 0 3600 2 90 
4 F 75 0 600 l** 90 Biaxial 

5 D 75 3600 3600 3** 90 
6 D 75 3600 1200 7** 90 
7 F 75 2400 2400 12 90 
8 C 75 2400 600 9 90 Triaxial 9 B 75 1200 2400 10** 90 

10 C 75 1200 1200 11 90 
11 G 75 600 3600 4** 90 
12 E 75 600 600 8 90 

13 B 150 3600 0 13 90 
14 F 150 2400 0 21 90 Uniaxial 15 D 150 1200 0 14** 90 
16 B 150 600 0 20** 90 

17 C 150 0 3600 25** 90 
18 E 150 0 2400 24 90 Biaxial 19 D 150 0 1200 23 90 
20 A 150 0 600 22** 90 

21 F 150 3600 3600 15 90 
22 G 150 2400 2400 19** 90 
23 E 150 2400 600 18 90 

Triaxial 24 D 150 1200 2400 17 90 
25 C 150 1200 1200 16** 90 

26 H 75 600 0 29** 183 
27 H 75 600 0 26 365 Uniaxial 28 I 75 2400 0 28 183 
29 I 75 2400 0 27** 365 

* For each major condition there was both an air-dried and an as-cast specimen. 

**In units with asterisks, the as-cast specimens were placed in the upper radial 
sleeve; in units without asterisks, the as-cast specimens were placed in the 

II lower radial sleeve. 
Specimens were cast from nine, 12 cubic-foot batches designated A through I. 
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The materials consisted of Type II cement and crushed fine and coarse 

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

for a 28-day compressive strength of 6000 ± 600 psi for specimens cured while 

submerged in lime-saturated water, standard cured (ASTM C-192), Mix proportions 

a~d a summary of the results of engineering tests on the materials are contained 

in Ref 3. A brief summary of the concrete design proportions is shown in 

Table 3. 

PREPARATION OF SPECIMENS 

Nine 12-cubic-foot batches of concrete were prepared. All specimens re

quired for the 29 major test conditions were cast from these batches, which 

were designated A through I (Table 2). The first seven batches (A through G) 

provided concrete for the portion of the study concerned with 90-day loadings. 

Batches Hand I provided concrete for the 183 and 365-day loading conditions 

and for replacements for specimens which failed in previous batches. 

Batches and Specimens 

The various combinations of test variables for the creep and shrinkage 

specimens are shown in Table 4 and the strength specimens are summarized in 

Table S. 

The number and type of specimens for each batch, as well as the conditions 

and order of casting for each specimen, are described in Ref 3. 

Instrumentation 

Vibrating wire strain gages were embedded in each 6 x 16-inch specimen. 

One gage was oriented in the axial direction and one in the lateral direction, 

as shown in Fig 1. One hundred two 6 x 16-inch specimens were tested, 

requiring a total of 204 gages. The gages were positioned so that the center 

of each gage was 2 inches from the centerline of the specimen (Fig 1). Both 

gages were installed on the same plane and held in position, as shown in 

Figs 2 and 3. 

Mixing 

The following mixing procedure, which was essentially that utilized by 



TABLE 3. MIX DESIGN SUMMARY 

Water-cement ratio, by weight 

Cement content, sacks/cu yd 

Maximum size of coarse aggregate, inches 

Slump, inches 

0.425 

7.25 

3/4 

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 

9 
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TABLE 4. EXPERIMENTAL DESIGN FOR CREEP AND SHRINKAGE SPECIMENS 

-I< 
C/l 

~ 
.. 

Q) 

"O 1-1 
::, 

Companion " .µ 
bl) Cd 

,I.J s:: 1-1 Axial Radial 
Shrinkage 

Cl) ..... Q) 

"O c:i. Load, Load,. Creep Specimens1d( Specimens~~ 
Q) Cd a""' .tt3 Q) 

HO psi psi As-Cast Air-Dried As-Cast Air-Dried 

0 600 F-13 F-42 F-23 F-17 
0 3600 H-22r. H-14r A-8 H-1 

I 600 0 E-39 E-40 E-28 E-23 I*** 
600 600 E-5 E-13 E-28 E-23 
600 3600 G-35 G-30 G-18 G-10 

1200 1200 c-16x C-17 c-39 c-6 
in 1200 2400 B-41 B-42 B-29 B-23 
"' I 2400 0 B-7 B-19 B-29 B-23 ,~h~* 

2400 600 C-23 C-11 c-39 c-6 
2400 2400 F-9 F-30 F-23 F-17 
3600 uoo D-26 D-44 D-20 D-33 
3600 3600 D-31 D-40 D-20 D-33 

0 
0\ 0 600 A-35 I-13rf A-22 I-1 

0 1200 I-27r D-3 1-21 D-23 
0 2400 E-43 E-1 E-10 E-42 
0 3600 I-16r C-13f 1-21 I-1 

600 0 B-4 B-1 B-13 B-26 
1200 0 D-15 D-22 D-12 D-23 
1200 uoo .c-u c-46x c-41 c-36 

0 1200 2400 D-2x D-41 D-12 D-23 in 
,-4 

2400 0 F-33 F-34 F-15 F-21 
2400 600 E-18 E-4 E-10 E-42 
2400 2400 G-9 G-19 G-1 G-21 
3600 0 B-16 B-5 B-13 B-26 
3600 3600 F-20 I-30rf F-15 F-21 

Ct') ti') 

I 
600 0 H-45 I-39 H-28 I-17 I*** 00 " 2400 0 H-34 I-20 H•28 I-17 ,-4 

in in I 600 0 H-5 H-31 H-28 H-35 I*** 
'° " 2400 0 H-24 H-17 H-28 Ct') H-35 

* Age at loading for creep specimens. 
** Specimen designation: the letter indicates the batch and the numeral 

indicates the specimen within the batch. 
*** Specimens used in the evaluation of the effect of curing time and the 

long term creep behavior. 
r = Replacement specimens. 
x= Radial pressure zero (or= 0) due to oil leak in specimen, 
f= Specimen failed shortly after loading. 



TABLE 5. EXPERIMENTAL DESIGN FOR STRENGTH SPECIMENS 

Age at Number of Specimens per Batch* 
Testing, Curing Temperature, 

Days Conditions o F A B C D E F G 

Standard 3 6(3) 6(5) 6 6(4) 6(5) 3 
28 As-Cast 75 3 3 3 3 3 3 3 

Air-Dried 3 3 3 3 3 3 3 

Standard 3 6(3) 6(4) 6 6(4) 6(4) 3 
90 As-Cast 75 3(2) 3 3 3 3 3 3 

Air-Dried 3(2) 3 3 3 3 3 3 
..c: .... 

75 2 2 bO As-Cast - - - - -C 150 2 2 QJ - - - - -la 183 .... 
U) 

75 2 2 Air-Dried - - - - -QJ 
150 2 2 > - - - - -•.-i 

(/) 
(/) 

75 2 2 QJ 
As-Cast - - - - -la 

150 2 2 ~ - - - - -
0 365 u 

75 2 2 Air-Dried - - - - -
150 2 - - - - - 2 

As-Cast 75 2 - - - - - 2 
150 2 - - - - - 2 

538 

Air-Dried 75 2 - - - - - 2 
150 2 - - - - - 2 

Standard - 2(1) 2 2 2 2 -
28 As-Cast 75 - - - 2 - - -

Air-Dried - (1) - 2 - - -..c: .... 
bO Standard 2 2 2 2 2 -C -
QJ 90 As-Cast 75 - 2 2 2 2 2 -la .... 

Air-Dried - 2 2 2 2 2 -U) 

QJ 
..-i 75 - 2 2 - 2 2 -•.-i 
(/) As-Cast 150 2 2 2 2 C - - -
QJ 538 E-! 

75 - 2 2 - 2 2 -Air-Dried 150 2 2 - 2 2 --

*Numbers in parentheses indicate the number of specimens actually tested. 

H I 

3 3 
3 3(1) 
3 3 

3(2) 3(1) 
3 3(1) 
3 3 

3 2 (1) 
- 2 

3 2 
-. 2 

3 2 
- 2 

3 2 
- 2 

3 2 
- 2 

3(2) 2(0) 
- 2 (1) 

- -
- -
- -

- -
- -
- -

- -
- -

- -
- -

Total 

42(35) 
27(25) 
27 

42(30) 
27(24) 
27(26) 

9(8) 
6 

9 
6 

9 
6 

9 
6 

9 
6 

9(6) 
6(5) 

10(9) 
2 
2(3) 

10 
10 
10 

8 
8 

8 
8 

282 
(252) 

76 

f-' 
f-' 
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End Cap End Cap 

Fig 2 . Method of positioning vibrating wire gages. 

Fig 3. Steel mold assembly for 6 X 16-inch specimen . 
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the Waterways Experiment Station in the development of the mixture proportions, 

was used during the casting of the specimens: 

(1) Mixer was pre-dampened, leaving no free water, as follows: 

(a) mixer was rotated with free water for at least 15 minutes, 

(b) mixer was allowed to drain for at least 10 minutes, and 

(c) excess water was removed by blotting with rags. 

(2) All coarse aggregate was placed in mixer. 

(3) All fine aggregate was placed in mixer. 

(4) Mixer was rotated approximately four revolutions. 

(5) All water was placed in mixer. 

(6) Mixer was started and all cement was added in a period of approxi-
mately 20 to 40 seconds. 

(7) Concrete was mixed for two minutes. 

(8) Mixer was stopped for three minutes. 

(9) Concrete was mixed for one additional minute. 

(10) Concrete was discharged into a damp pan. 

Casting 

The 6 x 12-inch specimens were cast vertically, compacted according to 

ASTM specification C-192, and vibrated three seconds at a frequency of 3600 

cycles per minute. The 6 x 16-inch specimens, which were cast horizontally 

(Fig 3), were compacted by approximately 200 strokes of a 1/4-inch-diameter 

rod. The specimens were then vibrated five seconds at a frequency of 3600 

cycles per minute. A specially constructed curved trowel was used to finish 

the exposed longitudinal surface of these specimens. The entire casting 

operation for each batch took approximately 45 minutes. All 6 x 12-inch 

specimens for compressive strength determinations were capped with neat cement 

four to six hours after casting. The detailed capping procedure is described 

in Ref 3. 

Curing and Sealing 

All specimens were cured 24 hours in the laboratory, followed by 24 hours 

in a 100 percent relative humidity curing room. During the laboratory curing 

period of 24 hours, the specimens were covered with sheet plastic and wet 
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burlap and protected from excessive temperature change. Forms were removed 

after 24 hours. Subsequent sealing and curing procedures were as follows: 

(1) As-Cast Specimens 

(a) 6 x 16-inch specimens 

Immediately after the specimens were removed from the forms, 
all surface irregularities were removed by wire brushing and 
by rubbing the surface with a pumice stone, all surface voids 
were filled with neat-cement paste, and the specimens were 
coated with epoxy (Colma Bonding Compound, Epoxy-Polysulfide 
System, Sika Chemical Corporation) and placed in the fog room. 
At the end of 48_hours, the specimens were removed from the fog 
room, recoated with epoxy, and sealed in a copper jacket. The 
specimens were cured an additional 81, 174, or 356* days (83, 
176, or 358* days total curing) at 73.4 ± 3° F. At this time, 
each specimen was placed in a neoprene sleeve, sealed at both 
ends with neoprene cement and stainless steel bands, and placed 
in the testing unit. The testing unit and specimens were then 
brought to testing temperature by placing both in the testing 
temperature environment for an additional seven days (90, 183, 
or 365* days of curing) prior to loading. 

(b) 6 x 12-inch specimens 

The 6 x 12-inch specimens were cast in molds containing a 
6-inch OD copper insert. Forty-eight hours after casting, 
the specimens were completely sealed in copper and cured for 
the appropriate number of days at 75° F. Those specimens 
which were to be tested 183 days or more after casting were 
placed in the proper temperature environment at the end of 
83 days and remained at this temperature until 24 hours 
prior to testing at which time the specimens were placed 
in the testing temperature of 75° F. 

(2) Air-Dried Specimens 

(a) 6 x 16-inch specimens 

Immediately after the specimens were removed from the forms, 
all surface irregularities were removed by wire brushing and 
by rubbing the surface with a pumice stone, and all surface 
voids were filled with a neat-cement paste. At the end of 48 
hours, the specimens were submerged and further cured in lime
saturated water at 75° F for five days. Subsequent to this, 
the specimens were stored at 50 percent relative humidity at 
75° F for an additional 76, 169, or 351 days (83, 176, or 
358* days total of curing). After 81, 174, or 356* days of 
curing, the specimens were coated with epoxy. At the end of 
82, 175, or 357* days, the specimens were recoated with epoxy 
and sealed in copper. At 83, 176, or 358* days, each copper
sealed specimen was placed in a neoprene sleeve. sealed at 
both ends with neoprene cement and stainless steel bands, 

*Depending on whether the specimens were to be loaded at 90, 183, or 365 days. 
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and placed in the testing units. The testing units and 
specimens were then brought to testing temperature by placing 
them in the testing temperature environment for an additional 
seven days (90, 183, or 365 days total of curing). 

(b) 6 x 12-inch specimens 

After 48 hours, the 6 x 12-inch specimens were submerged and 
cured in lime-saturated water at 75° F for five days (total 
of seven days of moist curing). Subsequent to this, the 
specimens were stored at 50 percent relative humidity at 75° F 
for the appropriate number of days. Specimens scheduled for 
testing at 183, 365, or 538 days after casting were sealed 
in copper 83 day9 after casting and were placed in the proper 
temperature environment until 24 hours prior to testing. 

(3) Standard Cured Specimens 

Only the 6 x 12-inch specimens were standard cured. After 48 hours, 
these specimens were submerged and cured in lime-saturated water 
at 75° F for either 26 days (ASTM C-192) or 88 days prior to testing. 

LOADING AND TESTING 

Testing Temperature 

During the loading period, the concrete was subjected to one of two 

temperatures, 75° For 150° F. Environmental control units provided temperatures 

which were within± 2° F of the desired temperatures and were recorded con

tinuously. Relative humidity for the 75° F environment was maintained at 50 ± 5 

percent. rhe relative humidity of the 150° F environment was not controlled 

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

to this temperature. 

Loading System 

The 6 x 16-inch specimens were loaded axially and radially with combina

tions of five different stress levels, ranging from Oto 3600 psi, for both 

axial stress cr and radial confining stress cr Since the combination of 
a r 

stresses involved some zero stress levels, the loading conditions were classi-

fied as uniaxial, cr = 0 ; biaxial, cr O and triaxial. The five stress r a 
levels involved were 0, 600, 1200, 2400, and 3600 psi nominal pressures. A 

schematic of the basic test unit is shown in Fig 4 while photographs of the 

actual units used to achieve these loading conditions are shown in Fig 5. 

The shrinkage specimens are shown in Fig 6. 
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Fig 4. Schematic of triaxial test unit. 
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(a) Uniaxial and triaxial loading. 

(b) Biaxial loading. 

Fig 5. Test units. 
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Fig 6. Shrinkage specimens and a biaxially-loaded specimen. 
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The creep specimens were loaded 90, 183, or 365 days after casting. 

Prior to loading, the specimens were brought to temperature by placing them 

in their testing environment for a minimum of seven days. Each as-cast speci

men was loaded simultaneously with its companion air-dried specimen. The 

higher of the two stress levels involved in each condition was applied at a 

rate of 35 psi per second, with the lower stress applied at a slower rate. 

In addition, the unconfined compressive and tensile strengths of specimens 

which had been subjected to the various environmental conditions were deter

mined. The compressive strengths were determined at 28, 90, 183, 365, and 538 

days after casting. Generally, three specimens for each curing history and 

age were tested from each batch. The tensile strengths were determined by the 

indirect tensile test, at 28 and 90 days; however, only two specimens for each 

curing history and age were tested. The compressive and tensile strength 

specimens were tested in accordance with ASTM specifications C39-66 and C496-69, 

respectively. 

STRAIN MEASUREMENTS 

Vibrating wire strain gages embedded in the creep and shrinkage specimens 

were read periodically during the curing period and loaded test period, accord

ing to the schedule contained in Appendix E of Ref 3. These measurements in

volved both strain and temperature. The initial measurements were made according 

to the following procedure. Initial strain readings on the gages in the two 

specimens in each test unit were made in the following sequence at the times 

noted: 

(1) Creep Specimens 

(a) axial gage in as-cast specimen, 15 seconds after application 
of maximum load; 

(b) radial gage in as-cast specimen, 30 seconds after application 
of maximum load; 

(c) axial gage in air-dried specimen, 45 seconds after application 
of maximum load; and 

(d) radial gage in air-dried specimen, 60 seconds after application 
of maximum load. 

(2) Shrinkage Specimens 

(a) axial gage in as-cast specimen, 75 seconds after application 
of maximum load to creep specimens; 
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(b) radial gage in as-cast specimen, 90 seconds after application 
of maximum load to creep specimens; 

(c) axial gage in air-dried specimen, 105 seconds after application 
of maximum load to creep specimens; and 

(d) radial gage in air-dried specimen, 120 seconds after application 
of maximum load to creep specimens. 

After the strain readings had been made, the gages were read for temperature. 

Because of the many gage readings and operations which had to be per

formed to prepare, cure, and test the large number of specimens, a time flow 

diagram was prepared which indicated the time at which an operation or a gage 

reading had to be performed (Appendix F of Ref 3). In addition, a summary of 

operations and gage readings was prepared which listed all operations and gage 

readings, by specimen, which had to be performed each day (Appendix G of Ref 3). 



CHAPTER 3. SUMMARY AND EVALUATION OF FINDINGS 

The majority of the findings of this study are contained in previous 

reports (Refs 1, 2, 4, 5, and 9) but are briefly summarized in this chapter. 

STRENGTH AND INSTANTANEOUS CHARACTERISTICS 

Compressive and Tensile Strengths 

The average compressive and censile strengths for the nine batches of 

concrete are shown in Table 6. The individual compressive and tensile 

strengths of the specimens are presented in Appendices Band C of Ref 11 and 

Appendix A of Ref 2. 

The average compressive strength of the standard cured specimens from 

all batches at 28 days was 6420 psi, which was within the design strength range 

of 6000 ± 600 psi, and the average compressive strength at 90 days was 8220 psi. 

The air-dried specimens had a higher average compressive strength than the 

as-cast specimens up to 90 days after casting. Subsequent to this time, the 

as-cast specimens were stronger. The average tensile strength of specimens 

in all batches increased slightly with age. 

Instantaneous Strains and Elastic Properties 

The instantaneous, or elastic, strains due to the applied load were deter

mined by taking readings just prior to loading and immediately after the 

maximum load had been applied. Since the four gages could not be read simul

taneously, there was a delay in obtaining some of the readings. The instan

taneous strains were estimated by extrapolating the strain-time relationships 

to obtain the strains at time zero. 

The modulus of elasticity for specimens cured for 90 days ranged from 

4.00 x 106 to 7.10 x 106 psi and averaged 5.50 x 106 psi. The average moduli 

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

5.86 x 106 and 5.50 x 106 psi, respectively. Specimens loaded at 150° F had 

lower moduli, with the average values for the as-cast and air-dried specimens 
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TABLE 6. AVERAGE COMPRESSIVE AND TENSILE STRENGTHS 

Age at Average Strengths of Batches, psi 
Testing, Curing Temperature, 

days Conditions o F A B C D E F G 

Standard 6760 6650 6140 6200 6520 6510 6440 
00 As-Cast 75 6580 4710 5700 5980 5410 5650 5940 N 

Air-Dried 7060 6200 6520 6640 6540 6680 6570 
Standard 8550 8690 8290>'< 8540 8200 8090 7730 

0 As-Cast 75 6880 6110 6430'>'< 6500 7290 7410 7460 
°' 

QJ 
Air-Dried 6960 7790 7370'>'< 7790 7420 7870 7460 

> 75 8260 - - - - - 7620 
•.-! As-Cast 
Cl) C") 150 8120 - - - - - 8280 
Cl) 00 
QJ ,-I 75 7030 - - - - - 7310 
H Air-Dried 
!§' 1 ')0 7760 - - - - - 7100 
0 75 8840 - - - - - 8190 u As-Cast 8310 LI'\ 150 7600 - - - - -'° C") 75 7480 - - - - - 7810 

Air-Dried 150 7010 7860 - - - - -
75 8430 - - - - - 9010 

As-Cast 150 9130 8270 00 - - - - -
C") 

75 8570 8070 LI'\ - - - - -Air-Dried 
l 'iO 7940 7550 - - - - -

Standard - 630'>'<'>'< 580 620 570 550 -
00 As-Cast 75 - - - 520 - - -N 

Air-Dried - 560>'<0'< - 530 - - -
QJ Standard - 540 680 510 710 690 -.... 

•.-! 0 As-Cast - 550 610 530 590 590 Cl) 75 -
i::: °' QJ Air-Dried - 540 580 550 550 580 -H 75 - 600 590 - 550 490 -As-Cast 150 600 550 620 610 00 - - -

C") ----
690 l/"l 75 - 760 740 - 650 -Air-Dried 150 660 580 610 660 -- -

•;k 

Batch C tested at 83 days. 

** Only one sample used. 

H I 

6340 6260 
5650 5790 
6320 6440 
8110 7870 
6330 6160 
7280 7060 
7660 6960 
- 7730 

7470 7200 
- 6960 

6930 7340 
- 7660 

6860 7590 
- 7170 

7530 7170 
- 7470 

7550 7470 
- 7860 
- -- -
- -
- -
- -
- -
- -
- -
- -
- -

~vg Strengths 
of all Batches 

psi 

6420 
5710 
6550 
8220 
6640 
7450 
7630 
8040 
7250 
7270 
7830 
7860 
7440 
7350 
8040 
8290 
7920 
7780 
590 
-
-

630 
570 
560 
560 
600 
710 
630 

N 
N 
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6 6 
being 5.74 x 10 psi and 4.87 x 10 psi. Poisson's ratio ranged from 0.21 

to 0.29 and averaged 0.25. 

A comparison of the above properties for specimens cured for 90 days and 

subjected to comparable test conditions is shown in Table 7. It was found 

that (1) the air-dried specimens had slightly lower moduli of elasticity 

than the as-cast specimens; (2) the specimens loaded at 150° F had slightly 

lower moduli than the specimens loaded at 75° F; and (3) Poisson's ratio was 

not significantly affected by curing history and testing temperature. 

The moduli of elasticity and Poisson's ratios for the 8 specimens cured 

for either 183 or 365 days and the corresponding specimens cured for 90 days 

are shown in Table 8. From this table it would appear that the magnitude 

of the modulus of elasticity and Poisson's ratio were not affected by the 

length of curing time prior to loading nor by the curing history although 

there was a slight increase of modulus with time and a slight decrease of 

Poisson's ratio. The average modulus of elasticity and Poisson's ratio were 

6.03 x 106 psi and 0.25, respectively, which were essentially equal to the 

average values obtained for the 90-day creep specimens. 

SHRINKAGE STRAINS 

To determine creep strains it was necessary to measure shrinkage during 

the curing, creep, and recovery periods. 

Shrinkage During Curing 

Estimates of the relationships between shrinkage strain and time for the 

as-cast and air-dried specimens during the 90-day curing period were obtained 

by averaging the shrinkage strains in both the shrinkage and creep specimens 

from Batches A through G (Fig 7). In these relationships the seven-day reading 

was considered as the initial reference point, since the curing and handling 

procedures during the first seven days were different. 

The average axial and radial strains of the as-cast specimens, which did 

not experience a significant loss of moisture during the curing period 

(Tables 9 and 10), were essentially zero throughout the curing period (Fig 7a). 

The average compressive strains of the air-dried specimens, however, continued 

to increase (Fig 7b) throughout the curing period and the specimens exhibited 

a substantial loss of moisture during the first 82 days, at the end of which 

(Text continued on page 29) 



Stress, psi 

Axial'~ Radial 

600 0 

2400 0 

2400 600 

0 600 

0 3600 

Average 

600 0 

2400 0 

2400 600 

0 600 

0 3600 

Average 

TABLE 7. MODULUS OF ELASTICITY AND POISSON'S RATIO RESULTS 
FOR SPECIMENS CURED FOR 90 DAYS 

75°F As-Cast 75°F Air-Dried 

Modulus of 
Poisson's Elasticity, Poisson's 

Specimen Ratio 106 psi Specimen Ratio 

E-39 0.2 9 6.04 E-40 0.28 

B-7 0.24 5.66 B-19 0.27 

C-23 0.24 6.54 C-11 0.26 

F-13 0.26 6.13 F-42 0 .26 

H-22 0.21 4.51 H-14 0.23 

0.25 5.78 0. 26 

150°F As-Cast 150°F Air-Dried 

B-4 0. 24 5.94 B-1 0.25 

F-33 0.26 5.15 F-34 0.26 

E-18 0.22 6.19 E-4 0 .24 

A-35 0.25 6.35 I-13 0.24 

I-16 0.24 4.97 I-30 0.23 

0.24 5. 72 0.24 

*Nominal axial stress. 

Modulus of 
Elasticity, 

106 psi 

5.64 

5.76 

5.51 

5.98 

4.85 

5.55 

5 .49 

4.53 

5.23 

5.28 

4.40 

4.99 

N 
.i:--



TABLE 8. INSTANTANEOUS MODULUS OF ELASTICITY AND POISSON'S RATIO 
FOR SPECIMENS WITH VARIOUS CURING TIMES AND HISTORIES 

Instantaneous Modulus of Elasticity, 106 psi 

Curing Time and History 

90 Days 183 Days 365 Days 
Stress, 

psi As-Cast Air-Dried As-Cast Air-Dried As-Cast Air-Dried 

600 6.24 5.83 5.99 7.04 7.39 5.46 

2400 5.67 5. 77 5.67 5.66 6.66 4.95 

5.95 5.80 5.83 6.35 7. 02 5.20 

Average 5.87 6.09 6.10 

Instantaneous Poisson's Ratio 

Curing Time and History 

90 Days 183 Days 365 Days 
Stress, 

psi As-Cast Air-Dried As-Cast Air-Dried As-Cast Air-Dried 

600 0.29 0.28 0.26 0.29 0.2 7 0.20 

2400 0.24 0.27 0.22 0.24 0.27 0.19 

0.27 0.27 0.24 0.27 0 .2 7 0.20 

Average 0.27 0.25 0.24 

25 
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TABLE 9. 

Curing 
Temperature, Curing Period, 'F History Days 

90 

As-Cast 

183 

Iii/ 

75 

90 

Air-Dried 

183 

365 

As-Cast 90 

150 

Air-Dried 90 

*Failed 7 days after casting, 
**Information not obtained, 

GAGE PERFORMANCE AND WEIGHT CHANGES 
OF SHRINKAGE SPECIMENS 

Weight Change, oz Gage Failed, 

Specimens Days After Loading 
Curing Test Total Period Period Axial Radial 

A-8 0.0 - 1.0 - 1.0 - -
B-29 - 1.0 o.o - 1.0 - -
c-39 ** ** - 0.5 - -
D-20 ** ** ** - -
E-28 - 1.5 ** ** - -
F-23 - 0.5 ** ** - -
G-18 0.0 - 1.0 - 1.0 - -

(I-23) ** ** - 1.2 F* -
H-28 ** ** - 3.7 - -

(A-38) -10.0 - 1.0 -11.0 - -
B-23 -12 .o - 1.5 -13. 5 - -
c-6 -11.0 - 1.0 -12 .o - -
D-33 -10.0 - 0.8 -10. 8 - 168 

E-23 -10.2 ** ** - -
F-17 -14.5 - 0.5 -15.0 - -
G-10 I - 8.5 - 1.0 - 9.5 - -
H-1 - 8.0 ** ** - -
H-4 -10.0 ** ** - -

(H-38) ** ** ** - -
I-17 -11.5 - 0.5 -12.0 - -
H-35 -16.0 o.o -16.0 - -

A-22 - 0.5 - 4.0 - 4.5 - -
B-13 ** ** - 8.8 - 28 

c-41 0.0 o.o 0.0 - -
D-12 ** ** - 6.0 - 140 

E-10 - 0.5 - 6.0 - 6.5 - 308 

F-15 - 1.0 - 2.0 - 3 .0 56 140 

G-1 - 0.5 - 1. 5 - 2 .0 280 392 

I-21 ** ** ** - -

(A- 32) - 6.8 - 1.0 - 7.8 224 -
B-26 -12.0 - 1.0 -13.0 - -
C-36 - 6.5 - 8.5 -15.0 - 112 

D-23 - 8.0 - 0.5 - 8.5 - -
E-42 - 5.5 ** ** - -
F-21 - 9.5 - 4.0 -13. 5 - 2 

G-21 - 9.5 - 3.2 -12. 7 - -
I-1 - 6.5 ** ** - -

//Refers to day after loading of companion creep specimens. 
////Served as a shrinkage specimen for creep specimens cured for 90, 183, and 365 days. 
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II 
Remarks 

Replaced by H-28 

Damaged, replaced by H-1 

Damaged, not replaced 

Damaged, replaced by I-17 

Damaged, replaced by I-1 



TABLE 10. AVERAGE WEIGHT CHANGES OF ALL SPECIMENS DURING CURING 

Average Weight Change*, oz 

90 Days 183 Days 365 Days 

Type Air-Dried As-Cast Air-Dried As-Cast Air-Dried As-Cast 
of 

Specimen 75° F 150° F 75° F 150° F 75° F 75° F 75° F 75° F 

Shrinkage (9) -10.5 (8) - 8.0 (5) -0.6 (5) -0.5 (1) -11.5 (0) - (1) -16.0 (0) -
Uniaxial (2) -11.5 (4) -11.5 (2) -2.5 (4) -2.5 (2) - 8.5 (1) o:o (2) -15.4 (2) -0.8 

Biaxial (3) - 9.6 (5) - 9.5 (2) -8.5 (4) -2.8 No tests No tests No tests No tests 

Triaxial (8) - 9.4 (6) - 8.1 (8) -2.2 (5) -2.1 No tests No tests No tests No tests 

(22) -10.1 (23) - 9.0 (17) -2.5 (18) -1. 5 (3) - 9.5 (1) o.o (3) -15.6 (2) -0.8 
Average 

(45) -9.5 (41) -1. 7 

*Numbers in parentheses are the number of specimens for which information was available. 

N 
00 
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they were sealed in copper. At that time, the average axial and radial 

shrinkage strains for the air-dried specimens were approximately 240 and 190 

microunits, respectively, and the average moisture loss was 9.5 ounces 

(Table 10). After sealing, the strains began to converge and become essentially 

equal and constant. The apparent increase in strains between 83 and 90 days 

for as-cast and air-dried specimens subjected to 150° F was due to a difference 

in thermal characteristics of the gage and concrete, which is discussed under 

gage performance (Chapter 4) and in more detail in Ref 11. 

Shrinkage During Testing of 90-Day Specimens 

Shrinkage strains were measured during the loading period so that creep 

strain could be estimated by separating the total time-dependent strain into 

that due to moisture loss and that due to load. Average shrinkage curves for 

the as-cast and air-dried shrinkage specimens from Batches A through Gare 

shown in Fig 8. 

Essentially no shrinkage occurred in the as-cast specimens (Fig 8a) 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 the end of which the axial and radial gages indicated tensile strains 

of 33 and 37 microunits, 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 is partially 

attributed to thermal incompatability between the concrete and the gage. 

The rate of axial and radial shrinkage in the air-dried specimens at 75° F 

(Fig 8b) decreased throughout the entire testing period. However, the radial 

strains were compressive, indicating shrinkage, while the axial strains were 

tensile, indicating expansion. Nevertheless, the magnitudes of the strains 

after 12 months were relatively small, with the axial gage indicating 34 

microunits expansion and the radial gage 18 microunits shrinkage. 

The shrinkage strain relationships for the air-dried specimens at 150° F 

were similar to those for the as-cast specimens at the same temperature, al

though the strains were greater. These specimens expanded continuously at a 

decreasing rate. At the end of the 12-month period the axial and radial 

strains were 67 and 53 microunits expansion, respectively. 
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Shrinkage During Loading Period of 183 and 365-Day Specimens 

The strain-time relationships for the shrinkage specimens associated with 

the 183-day and 365-day creep specimens are shown in Figs 9 and 10. Specimen 

H-28 served as the shrinkage specimen for both the 183-day and 365-day creep 

specimens. This specimen appeared to shrink at an increased rate approximately 

400 days after casting, although the weight of the specimen at the end of the 

test period indicated a weight loss of only 3.7 ounces, which is insignificant 

in comparison with losses of other as-cast specimens. In the portion of the 

experiment devoted to the evaluation of the creep behavior of concrete cured 

90 days prior to loading, the as-cast shrinkage specimens at 75° F exhibited 

very little shrinkage strain during the entire creep (loaded) and recovery 

(unloaded) periods (Fig Sa). Based on these observations, a shrinkage curve 

was constructed to replace the measured curve for specimen H-28 by extrapolating 

the shrinkage strain-time relationship prior to about 400 days after casting 

and assuming that essentially no additional moisture was lost. The curves 

are shown as dashed lines on Figs 9 and 10. 

Another difference between the behavior of the shrinkage specimens in this 

portion of the experiment and those used in the portion involving a 90-day 

curing period is the fact that the radial strains for the air-dried specimens 

(I-17 and H-35) indicated expansion, while previously the average radial re

lationship indicated shrinkage. Although these two specimens did not have a 

significant loss of moisture during the test period, they did lose a sub

stantial amount during the curing period (Table 9). 

Thus, the shrinkage data are inconclusive and additional tests would be 

required to determine shrinkage. Nevertheless, the influence of shrinkage on 

the creep behavior of specimens subjected to a uniaxial stress of 2400 psi 

is probably small, since the strains resulting from this loading are relatively 

large. However, the error will have a significant effect on the estimated 

creep behavior on the specimens loaded with a 600 psi uniaxial stress. There

fore, in the evaluation of the long-term creep behavior emphasis was placed on 

the creep information obtained from the specimens subjected to a stress of 

2400 psi. 

TOTAL STRAINS IN STRESSED SPECIMENS 

All strain-time data and curves for the axial and radial strains for the 
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specimens loaded at 90 days are presented in Ref 11. The relationships for 

the specimens loaded 183 or 365 days after casting are shown in Appendix A 

of this report. The total strain includes the elastic strains upon application 

of load and the time-dependent shrinkage and creep strains. A qualitative 

review of these data indicated that 

(1) an increase in stress produced larger total strains and strain 
rates, 

(2) specimens loaded triaxially at a stress ratio approximately equal 
to Poisson's ratio exhibited little, if any, strain in the minor 
stress direction, 

(3) in triaxially loaded specimens, for a given principal stress, an 
increase in stress in a plane perpendicular to the principal stress 
reduced the strain along the axis of the principal stress, 

(4) under hydrostatic states of stress compressive strain occurred 
in all three principal directions, indicating volumetric creep 
occurred with time, 

(5) the total strain and strain rate for air-dried specimens were sig
nificantly larger than for as-cast specimens, 

(6) the total strain and strain rate were larger for specimens at 
150° F than for specimens at 75° F, and 

(7) for comparable states of stress, within the limits of this experi
ment the order of increased total strain with time was 75° F, 
as-cast; 75° F, air-dried; 150° F, as-cast; and 150° F, air-dried. 

CREEP STRAINS AND BEHAVIOR 

Creep strains were estimated by subtracting the instantaneous and shrinkage 

strains from the total. Thus, it was assumed that the instantaneous elastic 

strain for each specimen was constant and did not vary with time and that the 

time-dependent strains, i.e., shrinkage and creep, were not interrelated. The 

creep strain-time relationships for the specimens loaded at 90 days are shown 

in Appendix A of Ref 1 and the data are summarized in Appendix G of Ref 11. 

The relationships for the specimens loaded at 183 and 365 days, along with 

comparable relationships for 90-day specimens, are shown in Figs 11 through 14. 

The creep rate was much larger during the early portion of the loading period, 

but, approximately three months after loading, the creep strain became relatively 

constant and no significant change occurred during the remaining portion of 

the loaded period. 
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Preliminary Analysis of 90-Day Specimens 

Subsequent to the completion of the loading period for the specimens 

cured for 90 days, the resulting creep strains were analyzed using analysis 

of variance and regression techniques (Ref 11). The five factors analyzed 

were temperature during loading, curing history, axial stress, radial stress, 

and time after loading. All five factors and a number of two-factor and three

factor interactions were found to produce effects which had practical sig

nificance. It generally was found that compressive and tensile creep strains 

for specimens cured for 90 days·were larger for 

(1) a test temperature of 150° F than for 75° F, 

(2) air-dried concrete than for as-cast concrete (except in the case 
of low tensile creep, where the reverse was true), 

(3) increased time after loading, and 

(4) higher stresses for uniaxial and biaxial states of stress. 

The effects produced by these factors are illustrated in Figs 11 through 27 

for a variety of conditions involving 21 selected specimens. 

Temperature During Loading. The general effects of temperature on axial 

and radial creep strains for a variety of stress conditions are shown in Figs 15 

and 16. In all cases compressive and tensile creep strains were increased 

by increasing the temperature from 75 to 150° F; however, the increase asso

ciated with increased temperature was greater for the high stress conditions. 

Curing History. The general effects of curing history on axial and radia~ 

creep strains for a variety of stress conditions are shown in Figs 17 and 18. 

The air-dried specimens exhibited more compressive creep strain than the as

cast specimens, but for conditions which produced relatively low tensile creep 

strains the air-dried specimens exhibited less tensile creep strain than the 

as-cast specimens. The increase in strain associated with air-drying was 

larger for the higher stress conditions. 

Radial Stress. Figures 19 through 22 show the general effects of radial 

stress on axial and radial creep strains for a variety of axial stresses. For 

high axial stresses, axial creep strain was reduced and radial creep strain 

changed from tension to compression. For low axial stresses increasing radial 

stress changed the axial creep strain from compression to tension and changed 

(Text continued on page 53) 
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radial creep strain from tension to compression. Thus, a definite creep 

Poisson's effect was evident. 

Of considerable importance to the designer is the observed nonlinear 

relationship between stress and creep strain, particularly for multiaxial 

states of stress. 

Axial Stress. The general effects of axial stress on the axial and 

radial creep strains for a variety of radial stresses are shown in Figs 23 

through 26. The observations associated with axial stress are similar in 

53 

nature to those indicated for radial stress. There was not as much nonlinearity 

associated with the uniaxial states of stress as with the triaxial states of 

stress. 

Time After Loading. Typical time versus creep strain relationships, 

shown in Figs 15 through 27, illustrate the effects of time after loading for 

each of the main variables and a variety of loading conditions. Compressive 

and tensile creep strains increased with time after loading but at a decreasing 

rate. In addition, creep strains and creep rate were larger for those specimens 

exhibiting a large initial elastic strain. 

Time-creep strain curves illustrating the influence of temperature during 

loading are shown in Figs 15 and 16 and the influence of curing history is shown 

in Figs 17 and 18. These figures indicate that the effects produced by curing 

history and temperature generally did not change with time. Thus, there 

were not significant interactions between time and temperature during loading 

nor between time and curing history. 

Time-creep strain relationships demonstrating the effect of radial stress 

for both a high and a low axial stress are shown in Figs 19 through 22. The 

effect of axial stress for a high and a low radial stress are shown in Figs 23 

through 26. As seen in these figures, an increase of either the axial or 

radial stress reduced the creep strain in the direction perpendicular to the 

direction of the increased stress. Thus, a definite creep Poisson effect was 

evident. It can also be seen that considerable creep strain occurred under 

hydrostatic states of stress and was still continuing after one year under 

load. Similar observations had been previously reported, as discussed in 

Ref 11. 

For comparison, the time-creep strain relationships for uniaxial stresses 

are shown in Fig 27. The comparison indicated that the nonlinearity between 
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stress and creep strain was greater for triaxial states of stress than for 

uniaxial states of stress. 

Interaction Effects. The effects produced by the five factors were 

consistent with previous findings. These main effects provide an indication 

of the trends and the relative importance of each factor. The actual effect 

for any given set of conditions is dependent on the other factors as discussed 

above and as evidenced by the number of two and three-factor interactions. 

The significant interactions are discussed in detail in Ref 11. 

From the analyses of the creep behavior of the specimens cured for 90 

days, it was found that the applied stress, particularly radial stress, was 

by far the most important factor affecting creep behavior in this study. 

Stress was not only significant in itself, but it also produced highly signifi

cant interactions with each of the other factors investigated. Since creep 

strain is usually considered to be proportional to stress at the lower stress 

levels and is nonlinear at higher stresses, the effect of other factors would 

be expected to increase as stress increased. Radial stress was generally more 

important than axial stress since it involved two principal stresses, rather 

than one. In addition, larger creep strains generally occurred in specimens 

which exhibited large initial elastic strains. 

The effects of the major interactions indicated that an increase of stress 

generally increased the creep strains, with the increase being larger for 

specimens at 150° F and for air-dried specimens. In addition, the increase 

was larger after longer periods under load. Increasing the confining pressure, 

however, tended to reduce the overall creep strains. 

Long-Term Behavior 

The creep strain-time relationships for the eight specimens cured for 183 

or 365 days and then subjected to 600 or 2400 psi for approximately 5.25 or 

4.75 years are shown in Figs 11 through 14. The axial creep strain-time re

lationships for specimens subjected to 2400 psi are shown in Fig 28. As is 

evident from these figures, the specimens were continuing to creep after 4.75 

or 5.25 years under load. 

Effect of Loading Age. A comparison of the creep strain-time relation

ships for specimens loaded with a nominal uniaxial stress of 2400 psi (Figs 11 

and 12) indicated a definite effect of curing time prior to loading. Specimens 
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loaded after a longer curing period exhibited smaller axial and radial creep 

strains. In one case, however, this effect diminished with time. In fact, 

the creep strains for the 365-day specimen exceeded the creep strains for 

the 183-day specimen. A similar effect is also evident for the specimens 

loaded at 600 psi although it is not as pronounced, possibly due to the 

magnitude of the strains and the error introduced by the shrinkage relation

ships. 

A summary of the ratio of the creep strains in the 183-day and 365-day 

specimens to the creep strains in the 90-day specimens is contained in 

Table 11. During the first year under load, the creep strains in the specimens 

cured for 183 days or 365 days were approximately 85 and 68 percent, re

spectively, of the creep strains in the specimens cured for 90 days. 

Effect of Curing History. A comparison of the axial creep strains 

during the first 2.5 years under a load of 2400 psi (Table 12) indicates 

that the air-dried specimens exhibited larger axial creep strain than the 

as-cast specimens regardless of the age at loading. In addition, it was con

cluded in the preliminary evaluation (Ref 11) that the air-dried specimens 

exhibited larger creep strains throughout the one-year loaded period and 

that the relative magnitudes did not change with time. The ratios of the 

as-cast strains to the air-dried strains were fairly consistent, with the average 

values for the 90, 183, and 365-day specimens being 0.80, 0.86, and 0.81, 

respectively, and the overall average 0.82. Thus, it was concluded that 

the creep strains in as-cast specimens at any given time were approximately 

82 percent of the creep strains in air-dried specimens subjected to the same 

stress level. 

During the next 2.5 years, however, the ratios of the as-cast creep 

strains to the air-dried creep strains increased, indicating that the magni

tudes of the as-cast and air-dried creep strains were approaching the same 

value. This may indicate that the air-dried specimens initially deformed 

at a much higher rate because moisture was free to move quickly and easily 

into the partially dry capillary voids and, therefore, the maximum creep 

strain was approached more quickly. With time, however, the moisture in 

the more saturated as-cast specimens was able to migrate, allowing creep to 

continue. The ultimate creep strain may be approximately the same for both 

as-cast and air-dried specimens, or the ultimate creep strain may actually 
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TABLE 11. RATIO OF AXIAL CREEP STRAINS FOR 183 AND 365-DAY SPECIMENS TO CREEP 
STRAINS FOR 90-DAY SPECIMENS 

Days after 
Curing Time and History 

Loading 
183 Days 365 Days 

Air-Dried As-cast Average Air-Dried As-Cast Average 

28 0.97 1.00 0.98 0.70 0.66 0.68 

56 0.83 0.91 0.87 0.64 0.62 0.63 

84 0.81 0.90 0.85 0.64 0.61 0.63 

168 0.81 0.86 0.84 0.67 0.65 0.66 

252 0.83 0.88 0.86 o. 71 0.71 0. 71 

364 0.83 0.88 0.85 0.73 0.75 0.74 

Average 0.85 0.91 0.88 0.68 0.67 0.68 
(0.82)* (0.89)* (0.85)">'< 

~·< Excluding value 28 days after loading. 



TABLE 12, EFFECT OF CURING HISTORY ON LONG-TERM AXIAL 
CREEP STRAINS, MICROUNITS* 

Days After 90 Days 
Loading (B- 7) (B-19) 

As-Cast Air-Dried Ratio** 

28 155 185 0.84 

56 203 261 0.78 

84 233 295 o. 79 

168 275 348 0.79 

252 290 368 0.79 

365 (1 yr) 319 398 0.80 

547 (1.5 yrs) -- -- --
730 (2 yrs) -- -- --
924 (2 . 5 yrs) -- -- --

1096 (3 yrs) -- -- --
1279 (3.5 yrs) -- -- --
1461 (4 yrs) -- -- - -
1643 (4.5 yrs) - - -- - -
1748 (4.75 yrs) -- -- --
1826 (5 yrs) -- - - --
1930 (5.25 yrs) -- -- - -

Average - - -- 0.80# 
(from Ref 4) 

*Uniaxial stress= 2400 psi 
Temperature = 75°F 

**Ratio of as-cast to air-dried strains 

Curing Time and History 

(H-34) 
As-Cast 

155 

186 

209 

238 

255 

280 

321 

351 

364 

382 

394 

403 

413 

418 

423 

428 

--

183 Days 

(I-20) (H-24) 
Air-Dried Ratio** As-Cast 

180 0.86 102 

216 0.86 125 

239 0.87 143 

280 0.85 179 

306 0.83 206 

330 0,85 239 

371 o. 86 290 

400 0.88 315 

413 0.88 351 

421 0.91 374 

426 0. 92 392 

430 0.94 407 

433 0.95 423 

435 0.96 433 

437 0.97 --
438 0.98 --

-- 0.86## --

#Average for first year 
##Average for first 2.5 years 

###Average for first 2 years 

365 Days 

(H-17) 
Air-Dried 

130 

167 

190 

232 

260 

290 

329 

340 

343 

350 

356 

362 

367 

368 

--
--

--

Ratio** 

0.78 

0.75 

0.75 

0. 77 

0.79 

0.82 

0.88 

0.93 

1.02 

1.07 

1.10 

1.12 

1.15 

1.18 

--
--

O. 8liF1Nfa 

V1 
00 
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be greater for the as-cast specimens because of the greater quantity of water 

involved. The observed behavior could also suggest that the as-cast specimens 

were also losing moisture over an extended period of time since loss of water 

would be expected to have a greater effect on these specimens. 

Creep Poisson's Ratio 

The results definitely indicate the existence of a creep Poisson's effect. 

Prior to this study, some investigators had reported no creep Poisson's effect, 

or that creep Poisson's ratio was approximately zero, while others reported 

that creep Poisson's ratio was approximately equal to the elastic Poisson's 

ratio (Ref 11). Possibly part of this discrepancy was due to the different 

test conditions and to the different methods used to determine the magnitude 

of creep Poisson's ratio. 

In this study the following expression was used to calculate the creep 

Poisson's ratio for cylindrical specimens subjected to the various states 

of stress: 

where 

a (E) - a (E) 
V =--...--ca __ c'---'r"----rcc....-c_a_~ 

c 2a (s) - (s) (a +a) 
r c r c a r a 

v = creep Poisson's ratio; 
C 

a = axial stress, psi 
a 

a = radial stress, psi; r 
(E) = creep strain in axial direction; 

C a 
(E) = creep strain in radial direction. 

C r 

(Eq 3.1) 

90-Day Specimens. Creep Poisson's ratios for all 90-day cured specimens 

at various times during the loading period are presented in Table 13. For 

the concrete cured for 90 days and subjected to load for one year it was 

concluded that 

(1) A creep Poisson's effect occurred and creep Poisson's ratio values 
ranged from approximately 39 percent to 84 percent of the elastic 
Poisson's ratio. The actual magnitude depended primarily on curing 
history prior to loading, temperature, and state of stress. The 
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TABLE 13. CREEP POISSON'S RATIO FOR 90-DAY CURED SPECIMENS* 

0 
75 F, As-Cast 

Creep Poisson's Ratio 
Stress, psi at following days after loading 

** Specimen Axial Radial 28 84 140 224 364 Avg 

B-7 2179 0 .10 .13 .12 .13 .13 
C-16x 1100 0 .22 .23 .29 .34 .41 
C-23 2139 600 .28 .23 .24 .25 .26 
D-26 3449 1200· .18 .19 .21 .21 .22 
D-31 3472 3600 -.36 .31 .31 .22 .33 .19 
E-5 562 600 .29 .08 .33 .38 .39 
F-9 2147 2400 .15 .09 .20 .20 .19 
F-13 0 600 .15 .21 .21 .23 .24 
G-35 536 3600 .18 .18 .18 .18 .19 
H-22 0 3600 .17 .17 .17 

Average *** .18 .18 .19 .• 20 .21 

75° F, Air-Dried 

B-19 2179 0 .08 .10 .09 .10 .11 
C-11 2139 600 .17 .19 .21 .22 .23 
D-40 3472 3600 .40 .41 .41 .40 .40 
D-44 3449 1200 .11 .11 
E-13 562 600 .37 .35 .38 .37 .41 0.14 · 
E-40 527 0 .10 .10 .13 .16 .24 
F-30 2147 2400 .33 .31 .32 .32 .32 
F-42 0 600 .10 .14 .13 .14 .17 
G-30 536 3600 .13 
H-14 0 3600 .14 

Average **"'' .12 .13 .14 .16 .19 

0 150 F, As-Cast 
... ~ 

A-35 0 600 .16 .18 .25 .20 
B-16 3450 0 .21 .18 
D-2 X 1086 0 .12 .40 .30 .38 .53 
D-15 1102 0 .15 .23 .08 .02 
E-18 2259 600 .12 .14 .14 .18 
E-43. 0 2400 .20 .15 
F-20 3474 3600 .44 
F-33 2123 0 .19 .18 .15 
G-9 2268 2400 .29 .28 .31 .31 .35 
I-27 0 1200 .29 .28 .26 

Av-~rage *** .19 .19 .18 .11 

(Continued) 



TABLE 13. (CONTINUED) 

150° F, Air-Dried 

Creep Poisson's Ratio 
Stress, psi at following days after loading 

** Specimen Axial Radial 28 84 140 224 364 Avg 

B-1 561 0 .10 .20 .11 .09 0 
c-46x 1032 0 .28 . 18 .24 .27 .28 
D-3 0 1200 .17 .22 .19 .18 
D-22 1102 0 .15 .18 .06 .os -.01 
D-41 1086 2400 .13 .12 .11 . 12 .12 .12 
E-1 0 2400 .16 
E-4 2259 600 .14 .11 .10 .OS 
F-6 3474 3600 i .30 • 30 .36 
F-34 2123 0 

I 

.15 .10 .10 I 

G-19 2268 2400 I .26 .31 .32 .32 .36 

*** Average .14 .16 .11 .10 .04 

* Specimens which failed or had improperly functioning gages were 

** 

*** 

excluded. 

Average over the entire test period for all environmental test 
conditions except those loaded hydrostatically and those in which 
oil penetrated. 

Averages for all specimens except those loaded hydrostatically and 
those which oil penetrated. 

x Radial pressure reduced to zero shortly after loading due to oil 
leak in the specimen. 
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average creep Poisson's ratio throughout the test period was 0.16, 
which was approximately 65 percent of the average elastic Poisson's 
ratio. 

(2) The creep Poisson's ratio for air-dried concrete was approximately 
70 percent of the value for as-cast concrete. 

(3) The magnitude of stress and the state of stress influenced creep 
Poisson's ratio although this influence was less at the higher 
temperature and for the air-dried concrete. 

Long Term Creep Poisson's Ratio. Owing to the apparent errors associated 

with estimating shrinkage and its effect on the relatively small radial 

strains, it was difficult to obtain a reliable value for creep Poisson's 

ratio for specimens cured for 183 or 365 days and subjected to a uniaxial stress 

for a period of either 5.25 or 4.75 years. The as-cast specimens exhibited 

a gradual decrease in creep Poisson's ratio, with the values for specimen 

H-24 becoming negative approximately 2.5 years after loading. The creep 

Poisson's ratio for air-dried specimen I-20 was essentially zero throughout 

the test period while creep Poisson's ratio for the air-dried specimen H-17 

remained essentially constant at 0.08. Nevertheless, it is felt that a 

definite Poisson's effect did occur throughout the 4.75 or 5.25 years under 

load, and it was concluded that creep Poisson's ratio is not time-dependent. 

At best, the values measured during the long-term tests are probably 

low since the results for specimens cured 90 days prior to loading indicated 

that creep Poisson's ratio averaged about 0.16, with values 364 days after 

loading ranging from 0.11 to 0.28. Specimens B-7 and B-19 exhibited values 

in the lower portion of this range and it is these two specimens which were 

used for comparison purposes (Table 12). 

PREDICTION OF CREEP BEHAVIOR 

Since long-term creep tests are time consuming and creep tests on concrete 

subjected to multiaxial stress are much more difficult to conduct than uniaxial 

tests, it would be desirable to be able to estimate creep behavior of concrete 

without conducting tests or at least without conducting long-term triaxial 

tests. Such estimation is difficult as evidenced by the large number of 

interactions which were found to affect creep behavior. 

The two different approaches used for estimating creep behavior were 

(1) regression equations involving stress, loading condition, temperature, 



curing history, and time; and (2) unit creep prediction equations, which 

require information from short-term uniaxial tests to predict multiaxial or 

long-term creep behavior. 

Regression Equations 

63 

Two types of equations for predicting creep strains in plain concrete 

were developed by stepwise regression analyses. The first set of equations 

was developed from an orthogonal coding of a full factorial arrangement of 

treatments while the second set of more general equations was developed from 

all the data, which could not be orthogonally coded. 

The multiple correlation coefficients for all equations were in excess 

of 0.99. The standard errors of estimate for the orthogonally coded equation 

were in the range of± 7 to± 9 microunits while the standard errors of estimate 

were in the range of± 10 to± 21 microunits for the more general equations. 

The equations along with the conditions for which these equations were developed 

are contained in Ref 11. 

Unit Creep Function Equations 

A second approach, or technique, was developed to estimate long-term 

behavior of concrete subjected to triaxial stress conditions from short-term 

uniaxial creep tests. The development of the unit creep function and the pre

dictive equations is completely described in Ref 1. The unit creep function 

is expressed in the form 

where 

F(t,T) 
-at8 

= K(l - e ) 

t = time after loading, 

T = age at loading, 

K, a, and B = constants. 

(Eq 3.2) 

In order that this function could be used for prediction purposes, it 

was necessary to evaluate the constants K, a, and 8 and to estimate a 

value for creep Poisson's ratio V 
C 

from uniaxial test results. These 
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relationships are then substituted into conventional strain-stress equations 

in place of the short-term elastic constant. 

Unit Creep Function. 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) 

The stress-creep strain-time relationships are obtained from uniaxial 

tests 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 proportional 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 (Eq 3.2) using a computer program for non

linear curve fitting. 

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

specimens are shown in Figs 29 through 32, respectively. The linearity of 

the stress-creep strain relationships for the as-cast specimens at 75° F 

(Fig 29) indicates that the maximum stress level of approximately 2200 psi 

was less than the proportional limit. For the as-cast specimens at 150° F 

(Fig 30) and the air-dried specimens at 75° F (Fig 31) the creep proportional 

limit was also judged to be approximately 2200 psi. In contrast, the creep 

proportional limit for the air-dried specimens at 150° F (Fig 32) 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 (600 and 2400 psi) since the 

data from the two specimens loaded at 1200 and 3600 psi were questionable 

due to equipment malfunction. 

The unit creep function relationships for the four conditions are sum

marized in Table 14, and the unit creep function-time relationships are 

illustrated in Fig 33. In addition, Table 14 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 33 the unit creep strains for loading 

periods of less than a year were iarger for 150° F than for 75° F and for the 

air-dried condition than for the as-cast. 
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TABLE 14. UNIT CREEP FUNCTIONS AND ULTIMATE UNIT CREEP OBTAINED FROM 
UNIAXIALLY LOADED SPECIMENS UNDER VARIOUS TEST CONDITIONS 

Test Unit Creep Function F (t, 90), Ultimate Unit Creep Strain, 
Conditions microunits/psi microunits/psi 

µ. 
-0.09lt0 •358 

0 0 .277 (1 - e ) 0.277 
LI") 

.µ r---
rJJ 
C\j 
u µ. 
I 

e -0 .110t O .38\ ~ 
0 

0 0.358(1 - 0.358 LI") 
,-1 

µ. 

-0.098t0 •407 0 0.282 "Cl LI") 0.282(1 - e ) 
Q) r---

"M 
H 

Q 
I 
l-1 µ. 

e -0.208t0.399) '1"1 
< 0 0.276(1 - 0.276 0 

LI") 
,-1 

t = time after loading, days 
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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 specimens were included. The average creep Poisson's ratios 

for the various uniaxial tests conducted on concrete cured for 90 days were 

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 the strain-stress equations yields predictive 

equations for axial and radial creep strains for the four test conditions. 

These predictive equations are summarized in Table 15. 

Evaluation of Creep Predictive Equations. In order to evaluate the 

accuracy of these predictive equations, 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 com

pared with predicted strains. Second, creep strains resulting from multi

axial states of stress were compared with predicted values. 

Since time under load in this investigation generally did not exceed 

12 months, predicted creep strains were compared with creep strain data reported 

by Neville (Ref 12) for test conditions similar to conditions in this investi

gation. 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 16. Examination of these results indicates a favorable comparison with 

those reported by Neville. 

For the specimens cured for 183 days, the axial creep strains for the 

as-cast and air-dried specimens after 5 years under load were 1.48 and 1.32 

times those which occurred during the first year. These values are essentially 

equal to the values predicted from the 90-day specimens, indicating that the 

prediction method is relatively accurate, except that the cu~ing periods were 

different. 

The accuracy and validity of the prediction equations were also evaluated 

by comparing predicted creep strains with experimentally measured results. 
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TABLE 15. UNIT CREEP PREDICTIVE EQUATIONS 

At 75° F 

Air-Dried 

(ec)a = 0.282 [1 
e -0.098t0 •40J 

~a 
0.216<JJ 

(ec\ = 0.282 [1 
e -0.098t0 •40J 

tr 
O.lOB(c, + c, J r a 

As-Cast 

(ec\ = 0.277 [1 e -0.091t0 •35J 
~a 

O.JOOar] 

(ec\ = o.277 G e -0.091t0 •35j 
["r 0.150(c, + c, J r a 

At 150° F 

Air-Dried 

(e) = 0.276 G e -0.208to.391 
~a 

- 0.28Cb"r] 
C a 

(ec\ = 0.276 [1 
-0.208t0 •39J 

~r 
- 0.140(c, + c, ~ - e r a 

As-Cast 

(ec)a = 0.358 [1 
e -0.110t0.38J 

~a 
0.298aJ 

(ec)r = 0.358 G 
e -0.110t0.38J 

~r 
0.149(c, + c, ~ r a 

cr = axial stress, psi (ec)a = creep strain in axial direc-a 
tion, microunits 

O'r = radial stress, psi 

t time after loading, days (ec)r = creep strain in radial direc-= tion, microunits 



TABLE 16. RATIO OF LONG TERM AND ONE-YEAR CREEP 

Measured* Estimated (Ref l)** 

Time after 183-Day Curing 365-Day Curing 75° F 150° F From Neville 
Loading, and Meyers 
years As-Cast Air-Dried As-Cast Air-Dried As-Cast Air-Dried As-Cast Air-Dried (Ref 12)*** 

1.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

1.5 1.15 1.12 1.21 1.13 -- -- -- -- --
2.0 1.25 1.21 1.32 1.17 1.17 1.15 1.15 1.06 1.14 

2.5 1.30 1.25 1.47 1.18 -- -- -- -- --
3.0 1.36 1.28 1.56 1.21 -- -- -- -- --
3.5 1.41 1.29 1.64 1.23 -- -- -- -- --
4.0 1.44 1.30 1. 70 1.25 -- -- -- -- --
4.5 1.46 1.32 1. 77 1.27 -- -- -- -- --
5.0 1.48 1.32 -- -- 1.40 1. 32 1. 31 1.11 1.20 

Infinite -- -- -- -- 1.89 1.51 1.52 1.13 --

*Measured from axial strains from specimens loaded with a uniaxial stress of 2400 psi. 
**Estimated from uniaxially loaded specimens cured 90 days before loading; 75°F and 60 percent relative humidity. 

***70°F and 50 percent relative humidity. 

-..J 
f-' 
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Creep strains were predicted for the test conditions and stress levels utilized 

in the experimental portion of this investigation involving specimens cured 

for 90 days. Figures 34 through 37 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 histories and testing temperatures. The 

predicted and measured creep strain-time relationships for individual specimens 

are shown in Ref 1. 

The results shown in Figs 34 through 37 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. 

Since many reasons for the differences could be suggested, it was felt 

that additional tests were needed. However, additional tests could not be 

conducted as a part of the investigation. Thus, 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 were 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, shown in Table 15, were multiplied by 

a factor of 0.961, 1.098, 0.880, or 0.922. The relationships between the 

measured creep strains and the creep strains predicted using the modified 

equations are graphically illustrated in Figs 38 through 41. 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 

investigation. The standard errors of estimate for as-cast and air-dried speci

mens at 75° F and 150° F loaded at stresses lower than the creep proportional 

limit were 13, 21, 35, and 31 microunits. 

These modified equations adequately predict the creep strains measured 

for specimens loaded at stress levels below the creep proportional limit in 

this investigation; however, this does not mean that they are necessarily 

adequate for application to other conditions. 
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RECOVERY AFTER THE REMOVAL OF LOADS 

The specimens cured for 90 days were subjected to loads for a period of 

12 months, after which strain measurements were continued for an additional 

five months. The specimens cured for 183 or 365 days were subjected to load 

for a period of 5.25 or 4.75 years, respectively, followed by a 77-day re

covery period. These recovery strains were divided into instantaneous elastic 

recovery strains and creep recovery strains. 

The instantaneous elastic recovery strain was determined by taking strain 

readings just prior to and immediately after the loads were removed. Creep 

recovery strain was determined by considering that the total strain less the 

average shrinkage strain immediately after unloading was the zero reference 

point. Values of both instantaneous and creep recovery strains at the end 

of the recovery period are shown in Table 17. The relationships between 

creep recovery strain and time for individual 90-day specimens are shown in 

Figs 42 through 49. Curves representing the total strain less the average 

shrinkage strain from the time of unloading up to five months later are shown 

in Appendices B through E of Ref 2 for specimens having at least one gage 

functioning properly at the time of unloading. 

Creep recovery occurred at a high rate in the early weeks after un

loading, then almost leveled off in about one month and it generally was found 

that a recovery period of five months is more than adequate to obtain reasonable 

estimates of the maximum creep recovery. 

A detailed evaluation of the recovery characteristics of the specimens 

cured for 90 days is contained in Ref 2, and a preliminary evaluation in 

Ref 11. 

Factors Affecting Recovery 

Temperature. No definite effect of temperature on the instantaneous 

recovery strain could be established. In some cases the instantaneous recovery 

strains were larger at 150° F than at 75° F while in other cases the instan

taneous recovery strains were smaller at 150° F. The differences, however, 

generally were quite small. Hence, it was concluded that temperature did not 

affect the instantaneous recovery of the concrete in this investigation. 

Previous work, reviewed in Ref 2, indicated that creep recovery, defined as 

the recovery in excess of the instantaneous recovery at the time of unloading, 

(Text continued on page 87) 
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TABLE 17, INSTANTANEOUS RECOVERY AND CREEP RECOVERY STRAINS* 

Instantaneous 
Recovery 

eir ** , 
Curing 

Stress, psi microunits Temperature, Curing Period, 
OF History days Specimen Axial/I Radial Axial Radia 1 

E-39 600 0 -85 23 
B-7 2400 0 -401 94 
F-13 0 600 55 -74 
H-22 0 3600 303 -548 
E-5 600 600 - 39 -53 

90 C-23 2400 600 -298 18 
... C-16x 1200 1200 (0) -166 43 ., 

D-26 3600 1200 -495 -1 "' u i:1-41 1200 2400 -178 -194 I ., 
F-9 2400 2400 -181 -199 < 
G-35 600 3600 233 -482 
D-31 3600 3600 -275 -322 

183 H-45 600 0 - 72 32 
H-34 2400 0 -429 95 

365 H-5 600 0 -73 21 
H-24 2400 0 -395 91 

"' E-40 600 0 -100 27 ,.... 
B-19 2400 0 -433 103 
F-42 0 600 53 -81 
H-14 0 3600 316 -
E-13 600 600 -51 -55 

90 C-ll 2400 600 - 385 15 
"O C-17 1200 1200 -70 -95 
Q) 

D-44 3600 1200 - -13 ..... ... B-42 1200 2400 -153 -222 "" I F-30 2400 2400 -184 -241 ... .... 
G-30 600 3600 214 -< 
D-40 3600 3600 -315 -382 

183 I-39 600 0 -75 21 
I-20 2400 0 -418 99 

365 H-31 600 0 -108 17 
H-17 2400 0 -476 114 

13-4 600 0 /Iii 22 
D-15 1200 0 -211 1111 ... 
F-33 2400 0 iii/ 1111 "' "' 90 A-35 0 600 iii/ -65 u 

I c-12 1200 1200 -143 ill/ "' < D-2x 1200 2400 (0) -200 51 
G-9 2400 2400 -199 -272 

0 

"' .... 
B-1 600 0 -96 21 
D-22 1200 0 -234 47 

"O F-34 2400 0 -431 1111 
Q) 

D-3 0 600 99 ill/ .... ... 
90 E-4 2400 600 -343 iii/ "" I 

C-46x 1200 1200 (0) -2 77 53 ... ..... 
D-41 1200 2400 3 -368 < 
G-19 2400 2400 -188 -249 
F-6 3600 3600 -295 1111 

* After 5 months for 90-day specimens; after 77 days for 183 and 365-day specimens. 
II Nominal axial stress. 
x Radial pressure reduced to zero shortly after initial loading. 

** Compression is positive and tension is negative. 
/Ill Gage failed or gage range was exceeded. 

Creep Recovery 

ecr ** 
microunits 

Axial Radia 1 

-8 6 
-68 19 

8 -21 
664111 -1021111 

- 16 -16 
-65 2 
-38 7 
-89//11 6/111 
-40 -33 
-51 -54 
41 -121 

-49 -69 

-8 0 
-45 24 

- 5 4 
-45 8 

-16 -2 
-88 16 

1 -23 
64/111 - ll l/111 

-16 -16 
-91 -16 
-24 -23 

-131 -26 
-10 -34 
-67 -82 

32 -118 
-96 -ll8 

-6 10 
- 53 14 

-2 7 
-50 19 

iii/ 8 
-72 iii/ 
- 59 /Iii 

1111 -34 
-42 iii/ 
-61 -13 
-95 -12 7 

-19 18 
- 53 8 

-112 iii/ 
ill/ iii/ 

-118 ill/ 
-86 14 

31 -107 
-75 -104 

-160 ill/ 
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was independent of the temperature at which the test was conducted but that 

the creep rate increased with increased temperature up to 160° F, In this 

investigation, however, a definite temperature effect was evident, as shown 

in Figs 42 through 49, for different curing histories and different states 
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of stress. For specimens loaded uniaxially at 600 psi (Fig 42), the magnitude 

of the recovery strains was larger for the specimens at 150° F than at 75° F; 

however, the differences were of no practical significance. At a higher stress 

level, 2400 psi, the effect of temperature was more pronounced (Fig 43). For 

the air-dried specimens, the creep recovery strains were larger at 150° F than 

at 75° F, but the differences were small. The effect of temperature could not 

be evaluated for the biaxially loaded specimens since most of the gages at 

150° F had failed prior to unloading. For triaxially loaded specimens (Figs 46 

through 49), the creep recovery strains for specimens at 150° F were substan

tially larger than those at 75° F for both the as-cast and the air-dried cases. 

Thus, it was concluded that, in general, the creep recovery strains were larger 

at 150° F than at 75° F, 

Curing History. The air-dried specimens generally showed larger in

stantaneous recovery strains than the as-cast specimens, although the differ

ences were small unless the stress levels were high. This may possibly be 

related to the fact that as-cast specimens exhibited higher strengths than 

air-dried specimens. 

The effect of the curing history on the creep recovery strains for 

different levels of temperature and at different states of stress is also 

shown in Figs 42 through 49. 

Thus, it was concluded that the air-dried specimens exhibited larger 

creep recovery strains in the direction of the major stress while in the 

direction perpendicular to the major stress the creep recovery strains were 

smaller. Again, this may be related to the fact that the as-cast specimens 

had higher strengths than the air-dried specimens, and the possibility that 

creep recovery strains are related to the strength of concrete. 

State of Stress. The effect of stress level on the instantaneous 

recovery was similar to the effect of stress level on creep recovery, re

gardless of whether the stress condition was uniaxial, biaxial, or triaxial. 

It was found that instantaneous recovery was definitely a function of the mag

nitude of the stress removed. For the uniaxial and biaxial loading, it was 
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concluded that there was a linear relationship between the instantaneous 

recovery and the magnitude of the removed stress since the relationships 

passed through the origin. 

As reported in Ref 2, previous investigations have shown conflicting 

results with regard to state of stress. In some cases, it was concluded that 

creep recovery is a function of the previously sustained stress, while other 

studies found that creep recovery was independent of the magnitude of the 

removed stress. The results of this experiment indicated that creep recovery 

was dependent on the magnitude and the state of stress previously applied. 

For uniaxially and biaxially loaded specimens, the recovery strains both in the 

direction and perpendicular to the direction of the removed stress were larger 

at the higher stress levels. This indicates that the magnitude of the creep 

recovery strains was related to the magnitude of the removed stress. 

For triaxially loaded specimens, the results indicate that when a large 

radial stress was removed, the magnitude of the axial creep recovery strain 

decreased when the axial stresses were large and increased when the axial 

stresses were relatively small. At the same time, when the removed radial 

stress increased, the radial creep recovery showed a sharp increase in the 

tensile direction. These effects were similar to the effects observed for 

creep strain. 

Curing and Loading Times. The recovery characteristics for the specimens 

loaded for 4.75 or 5.25 years followed by a recovery period of 77 days are 

shown in Table 16. Based on the limited number of specimens available, there 

was no apparent effect produced by the increased curing and load times. 

Relationships Between Instantaneous Loading, Creep, and Recovery 

Instantaneous Recovery and Loading Strains for 90-Day Specimens. For the 

uniaxial loading conditions at 75° F, the ratios of the instantaneous recovery 

strain and the instantaneous loading strain of the as-cast specimens (Table 18) 

averaged 0.976, while for the air-dried specimens the ratios averaged 1.062. 

For the biaxially loaded specimens, the ratios averaged 0.966 for the as-cast 

specimens, while in the air-dried case the ratios averaged 1.014. For the 

triaxially loaded condition the variation between specimens was larger and 

the ratios averaged 1.041 and 1.021, respectively, for the as-cast specimens 



TABLE 18. RELATIONSHIPS BETWEEN INSTANTANEOUS, CREEP, 
AND RECOVERY CHARACTERISTICS 

..; 
0 .. .... .. .. 

:I .. ... 
>, "' .. Instant. .. """ ~ Stress, .. C 0 

6i/1 1 1cr11c 'er/ 6ir Recovery Q. ...... .... " psi 
m .. " .. >, Poisson's = ,,-< = .. Axial* H u:,;: u"' Specimen Radial Axial Radial Axial Radial Axial Radial Ratio 

E-39 600 0 - .98 - .88 - .11 .60 .09 .26 .27 
B· 7 2400 0 -1.04 -1.00 • .21 • .45 . 17 .20 .24 
F-13 0 600 -1.06 -1.03 -.22 -.37 .15 .28 .26 
H-22 0 3600 - .91 - .87 -.21 -.14 .22 .19 .22 
E-5 600 600 -1.03 - .93 -.67 -.43 .41 .30 .36 0 
C-23 2400 600 -LOS -1. 80 • .27 •. 13 .22 .11 .26 "' C-16x 1200 1200 - - • .18 -.03 .23 .16 .26 
D-26 3600 1200 -1.05 .08 -.24 -.23 .18 -6.00 .26 ... 
B-41 1200 2400 22 .25 .89 • .12 -.21 .22 .17 -.70 " -

"' F-9 2400 2400 -1.02 -1.01 • .27 -.23 .28 .27 - .06 u 
' G-35 600 3600 .91 .92 -.23 -.20 .18 .25 .25 " - -< 0•31 3600 3600 - .96 - .94 • .16 -.20 .18 .21 .34 

"" H-45 600 0 - .79 -1.38 -1.48 .00 .11 .oo .44 ao 
H-34 2400 0 -1.11 -1.13 -112 .so -.30 .10 .25 .22 ..... 

"' H-5 600 0 - .99 -1.05 - .14 -.os .07 .19 .29 
"' H-24 2400 0 -1.20 -1.01 -1.18 - .06 .11 .09 .23 "" 

.r.. E-40 600 0 -1.08 -1.04 - .23 .12 .16 -.07 .27 
"' .... B-19 2400 0 -1.14 - .99 - .22 -.37 .20 .16 .24 

F-42 0 600 -1.02 -1 .10 - .03 - .28 .02 .28 .25 
H-14 0 3600 - .93 - - .18 - .20 - -
E-13 600 600 -1.59 -1.08 - . 36 • .21 .31 .29 .09 
c-11 2400 600 -1.16 .71 - .23 2.00 .24 -1.07 .24 0 
C-17 1200 1200 .93 .94 .69 -.51 .34 .24 .30 "' - - -"' D-44 3600 1200 .81 -.23 2.00 OJ - - - - -... 
B-42 1200 2400 38.25 .85 .04 - .26 .06 .15 .24 .. - -"' F-30 2400 2400 -1.08 -1.10 .25 -.19 .36 .34 .24 ' -.. 
G-30 600 3600 - .84 .24 - .15 ... - - - -< 0•40 3600 3600 -1.06 -1.07 - .18 -.17 .30 .31 .37 

..., I-39 600 0 - .97 - .91 - .41 -.57 .08 .48 .28 ao 
1-20 2400 0 -1.08 -1.05 -2.61 -.15 .13 .14 .24 .... 

"' H-31 600 0 -1.08 - .85 - .03 -.58 .02 .41 .16 
"' H-17 2400 0 -1.08 ·1.34 .46 -.24 .10 .17 .24 "" -

B-4 600 0 - -1.00 - • .10 - .36 -
D-15 1200 0 -1.04 - - .37 - .34 - -... .. F-33 2400 0 - - - - - - -

"' .92 - .49 - .52 u 0 A-35 0 600 - - - -
' "' -1.86 .29 < c-12 1200 1200 - - .29 - - -

D-2x 1200 2400 - - - .16 - .30 -.26 .26 
G-9 2400 2400 -1.10 -1.14 - .35 -.36 .48 .4 7 .37 

!:" 
.94 .20 .86 0 B·l 600 0 - - .84 - .17 - .22 

"' .... D-22 1200 0 - .92 - .87 - .26 4.00 .23 .17 .20 
"" F-34 2400 0 - .92 - - .18 - .26 - -OJ ... D-3 0 600 -1.15 - - - - - -.. 0 

E-4 2400 600 .91 .28 .34 "' "' - - - - - -
' .. c-46x 1200 1200 - - - .24 • .06 .31 .26 .23 .... 
< 0-41 1200 2400 - .13 - .96 - .24 -.21 10.33 .29 .23 

G-19 2400 2400 - .99 - .98 - .25 -.27 .40 .42 .36 
F-6 3600 3600 - . 76 - - .23 - .54 - -

* Nominal axial stress. 
x Radial pressure reduced to zero due to oil leak. 
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.75 

.28 

.16 

.24 
-1.00 

.24 

.51 

.30 
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-.24 

.20 

.42 

.oo 

.53 

.80 

.18 

- .12 
.18 
.02 
.21 

-1.00 
.09 
-

.12 

.10 

. 17 

.18 

.38 

1.67 
.26 

3.50 
.38 

-
-
-
-
-

-.21 
.36 

.95 

.15 
-
-
-

.16 

.31 

.38 
-
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and air-dried specimens. The values for the triaxial loading conditions 

were evaluated excluding the ratios of specimens B-41 and B-42 in the axial 

direction, which were obviously in error. 

The overall average ratio of the instantaneous recovery to the instan

taneous loading strain for all the different loading conditions at 75° F was 

1.020. Thus, the instantaneous recovery at the time of unloading generally 

was larger than the instantaneous strain at the time of loading. 

Very few gages in the 90-day as-cast specimens at 150° F lasted through 

the entire test period. Thus, a detailed evaluation of the creep recovery 

behavior of the as-cast specimens could not be made. Nevertheless, the 

instantaneous recovery strains generally were larger than the instantaneous 

loading strains for the as-cast specimens, with an average ratio of 1.175, but 

lower than the instantaneous loading strain for the air-dried specimens, with 

an average ratio of 0.922. 

Creep Recovery and Creep Strains for 90-Day Specimens. The creep strain 

recovered after a period of five months from the time of unloading for speci

mens at 75° F varied from 3 to 69 percent of the creep strain developed during 

one year of loading. The ratio of creep recovery strain after five months to 

creep strain after one year did not show any systematic difference for differ

ent states of stress. This ratio varied from 0.034 to 0.667 and averaged 

0.241 for the as-cast specimens, while it varied from 0.030 to 0.686 and 

averaged 0.256 for the air-dried specimens; thus, the air-dried specimens 

generally exhibited a larger recovery after five months, relative to the creep

strain developed after one year, than did the as-cast specimens. 

At 150° F, the creep recovery strains varied from 6 to 49 percent of the 

creep strain developed after one year under load. For the as-cast specimens, 

the ratio of the creep recovery strain after five months to the creep strain 

after one year varied from 0.100 to 0.486 and averaged 0.301, while for the 

air-dried specimens it varied from 0.062 to 0.284 and averaged 0.216. Unlike 

specimens at 75° F, the average values shown here indicate that the as-cast 

specimens recovered a larger percentage of the creep strain developed after 

one year than did the air-dried specimens. 

Creep Recovery and Instantaneous Recovery Strains for 90-Day Specimens. 

At 75° F, the creep recovery strains after a period of five months were small 

in comparison to the instantaneous elastic recovery, in contrast to the creep 



91 

strain, which in some cases exceeded the magnitude of the instantaneous elastic 

strain. The ratio of the creep recovery after five months over the instan

taneous elastic recovery varied from 0.094 to 0.410 and averaged 0.218 for 

as-cast specimens, while it varied from 0.019 to 0.364 and averaged 0.230 for 

the air-dried specimens. 

For specimens at 150° F, the creep recovery strain after a period of five 

months was also small in comparison to the instantaneous elastic recovery; 

however, the ratios were larger than at 75° F. The ratio of the creep re

covery after five months to the.instantaneous elastic recovery for the as-

cast specimens varied from 0.294 to 0.523 and averaged 0.396, while for the 

air-dried specimens the ratios varied from 0.170 to 0.857 and averaged 0.357. 

In contrast to specimens at 75° F, the 150° Fas-cast specimens showed a higher 

average ratio of creep recovery strain over the instantaneous recovery strain 

than the corresponding air-dried specimens. 

Recovery Poisson's Ratio for 90-Day Specimens 

Instantaneous Recovery. The air-dried specimens exhibited a smaller 

average Poisson's ratio than the as-cast specimens. Excluding the hydro

statically loaded specimens, the instantaneous recovery Poisson's ratios for 

all specimens at 75° F ranged from 0.22 to 0.27 and averaged 0.25 for both 

the as-cast and the air-dried specimens, respectively. At 150° F, this property 

could be evaluated for only one as-cast specimen and three air-dried specimens. 

For the as-cast specimens, the elastic recovery Poisson's ratio was 0.26, which 

was essentially equal to that of the as-cast specimens at 75° F and was even 

closer to the average values of the elastic Poisson's ratio for the as-cast 

specimens at both 75° F and 150° F. For the air-dried specimens, the average 

instantaneous recovery Poisson's ratio was 0.22. This value was lower than 

the instantaneous recovery Poisson's ratio of the air-dried specimens at 75° F 

and was also smaller than the elastic Poisson's ratio of the air-dried specimens 

at the time of loading at both temperatures. It was concluded that the instan

taneous recovery Poisson's ratio was not affected by temperature or state 

of stress but was affected by curing history, and they were essentially equal 

to the values of the elastic Poisson's ratios at the time of loading. 

Creep Recovery. A Poisson's effect was also noticed in the creep recovery 

period. The creep recovery Poisson's ratio for each specimen under the 75° F 
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environment was calculated and recorded in Table 17. Excluding the hydro

statically loaded specimens and specimens penetrated by oil, the creep re

covery Poisson's ratio five months after unloading varied from 0.16 to 0.28 

and averaged 0.23 for as-cast specimens, while it varied from 0.02 to 0.21 

and averaged 0.13 for the air-dried specimens. Similar to previous Poisson's 

ratios calculated at different stages of the test, the average creep recovery 

Poisson's ratio of the air-dried specimens was smaller than that of the as

cast specimens. 

It was not possible to make any valid judgment of the creep recovery 

Poisson's ratio of specimens at 150° F due to the large percentage of gage 

failures. Excluding hydrostatically loaded specimens (Chapter 4) and specimens 

penetrated by oil, the two creep recovery Poisson's ratios were 0.15 and 0.31, 

both for air-dried specimens. 

Recovery Poisson's Ratio for 183 and 365-Day Specimens 

A definite Poisson's effect was observed for both instantaneous recovery 

and creep recovery of the specimens which were subjected to load for periods 

of 5.25 or 4.75 years followed by a 77-day recovery period. 

With the possible exception of the specimens subjected to a uniaxial 

stress of 600 psi, the instantaneous recovery and creep recovery were con

sistent with values reported for the 90-day specimens. Thus, there was no 

apparent time effect. In addition, there was no apparent effect of curing 

history. However, the number of specimens was small. 

Estimation of Recovery Strains by Superposition 

As discussed in Ref 2, many researchers have investigated and discussed 

the validity and accuracy of the principle of superposition, and most of them 

concluded that it overestimates the measured creep recovery strains. Figures 

50 and 51 compare estimated with measured creep recovery strains for specimens 

which were cured for 90 days, loaded for one year, and then unloaded. The 

estimated creep recovery strains were obtained for the specimens which were 

loaded at an age of 365 days by applying the principle of superposition of 

strain. These two figures clearly indicate that the estimated values were 

substantially larger than the measured creep strains and indicate that super

position overestimates creep recovery strains. Even though there was a 

difference of 90 days between the time that specimens H-5 and H-24 were loaded, 
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365 days after casting, and the time that specimens E-39 and B-7 were unloaded, 

454 days after casting, it is felt that the difference between the estimated 

and measured creep recovery strains was so large that the 90-day difference 

in age would not have any significant effect. Therefore, it is concluded 

that the use of superposition of creep strains as a means of estimating 

recovery is not accurate. 
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CHAPTER 4. EVALUATION OF TEST PROGRAM 

The majority of the equipment, procedures, and techniques employed were 

developed specifically for this project with only limited opportunity for 

evaluation prior to their actual use. This chapter deals with the equipment, 

instrumentation, and procedures in the study together with a post-test evalua

tion of the specimens. For the most part, the equipment and procedures utilized 

were satisfactory. 

As each phase of this study was completed, the specimens involved were 

subjected to a careful and detailed evaluation. Each specimen was weighed, 

physically disassembled, inspected externally and internally, and photographed 

in order to identify those specimens which may have provided questionable 

data during the course of this study. Pertinent information resulting from 

this evaluation is presented in Tables 9, 19, 20, and 21. 

EQUIPMENT AND INSTRUMENTATION 

Loading Unit 

The loading frame was designed and fabricated specifically for this proj

ect. A schematic of the loading unit for the triaxially loaded case (Fig 4, 

p 16) illustrates all components of the loading systems. The radial load was 

applied directly to the sealed specimen by hydraulic pressure through oil 

contained by a steel pressure jacket; the axial load was applied by a hydraulic 

ram. Thus, the triaxial loading system was made up of both an axial and a 

radial pressure system, which permitted each pressure to be varied independently. 

The axial loading frame without the pressure jackets was used for the uniaxial 

case. The radial pressure jacket without the axial loading frame was used 

for the biaxial case. 

The loading system was satisfactory; however, preliminary tests revealed 

the following two potential problem sources: 

(1) reduced axial load due to friction and 

(2) penetration of oil from radial pressure system. 
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TABLE 19. SUMMARY OF POST-TEST EVALUATION AND GAGE PERFORMANCE OF 
UNIAXIALLY-LOADED CREEP SPECIMENS 

Temperature, Curing 
OF History 

As-Cast 

75 

Air-Dried 

As-Cast 

150 

Air-Dried 

*Range of gage exceeded 
**Information not obtained 
NA= Not applicable 

Curing 
Period, 

days 

90 

183 

365 

90 

183 

365 

90 

90 

Axial 
Specimen Stress, 

psi 

E-39 600 

B-7 2400 

H-45 600 

H-34 2400 

H-5 600 

H-24 2400 

E-40 600 

B-19 2400 

(H-16) 600 

I-39 600 

I-20 2400 

H-31 600 

H-17 2400 

B-4 600 

D-15 1200 

F-33 2400 

B-16 3600 

B-1 600 

D-22 1200 

F-34 2400 

B-5 3600 

Weight Change, oz Gage Failed , 
Days After Loading 

Curing Test Total Remarks 
Period Period Axial Radial 

- 3.0 - 1.2 - 4.2 - -
- 2.0 0.0 - 2.0 - -

** ** - 1.2 - -
0.0 - 0.8 - 0.8 - -

-
0.0 - 0.5 - 0.5 - -

- 1.5 - 2.3 - 3.8 - -

-12 .o ** ** - -
-11.0 - 1. 5 -12. 5 - -

** ** ** NA NA Damaged, replaced by I-39 

-11 :o - 1.2 -12.2 - -
- 6.0 - 2.0 - 8.0 - -
-14 .8 - 0.5 -15 .3 - -
-16.0 - 6.2 -22.2 - -

- 1.0 -16.0 -17.0 308 -
- 0.5 - 4.0 - 4.5 - 224 

** ** ** - 140 

- 1.0 -15.0 -16.0 112* - Functioned after unload 

-11.5 - 3.0 -14. 5 - -
- 9. 5 - 3.0 -12 .5 - -
-10.8 + 1.0 - 9.8 - 168 

-14. 5 - 5.0 -19.5 0.5* 168* 

'° 00 



TABLE 20. 

Temperature, Curing 
OF History 

As-Cast 

75 

Air-Dried 

As-Csst 

150 

Air-Dried 

*Range of gage exceeded 
**Information not obtained 
NA• Not applicable 

Specimen 

F-13 

(A-9) 

H-22 

F-42 

(A-12) 

H-14 

A-35 

(D-46) 

I-27 

E-43 

(C-34) 

I-16 

(A-19) 

I-13 

D-3 

E-1 

C-13 

SUMMARY OF POST-TEST EVALUATION AND GAGE PERFORMANCE FOR BIAXIALLY 
LOADED CREEP SPECIMENS CURED FOR 90 DAYS 

Weight Change, oz Presence of Oil Gage Failed, 
Radial Days After Loading 
Stress, Curing Test Total Specimen Gage Axial Radial Remarks 

psi Period Period 

600 - 4.0 ** ** - - - -
3600 -13.0 ** ** NA NA NA NA Failed during loading, replaced by H-22 
3600 ** ** ** ** ** - -

600 -10.0 o.o -10.0 - - - -
3600 -11.0 ** ** NA NA NA NA Failed 12 hours after loading, replaced by H-14 

3600 - 8.0 ** ** --.'::* ** - 561, 

600 - 2.0 ** ** - yes 252 -
1200 - 3.5 ** ** NA NA NA NA Failed during loading, replaced by I-27 
1200 ** --.'::* ** ** ** 168 168 

2400 - 3.0 +1.0 - 2.0 - - 56* - Unloaded at 196 days 

3600 - 2.5 ** ** NA NA NA NA Failed during loading, replaced by I-16 

3600 ** ** ** ** ** 56<, 21* 

600 -10.5 ** ** NA NA NA NA Failed during loading, replaced by I-13 
600 - 8.0 ** ** NA NA NA NA Failed 9 hou~s after loading, not replaced 

1200 -11.0 +7.0 - 4.0 yes yes 385 224 

2400 - 9.5 ** ** - - 21* 112* 

3600 - 8.5 ** ** NA NA NA NA Failed during loading, not replaced 

\0 
\0 



TABLE 21. 

Temperature, Curing 
OF History 

As-Cast 

75 

Air-Dried 

As-Cast 

150 

Air-Dried 

*Range of gage exceeded 
**Information not obtained 

Specimen 

E-5 

G-35 

C-16 

B-41 

c-23 

F-9 

D-26 

D-31 

E-13 

G-30 

c-17 

B-42 

C-11 

F-30 

D-44 

D-40 

c-12 

D-2 

E-18 

G-9 

F-20 

C-46 

D-41 

E-4 

G-19 

(F-6) 

I-30 

SUMMARY OF POST-TEST EVALUATION AND GAGE PERFORMANCE FOR TRIAXIALLY 
LOADED CREEP SPECIMENS CURED FOR 90 DAYS 

Weight Change, oz Presence of Oil Gage Failed, 
Axial Radial Days After Loading 

Stress, Stress, Curing Test Remarks 
psi psi Period Period 

Total Specimen Gages 
Axial Radial 

600 600 - 1.0 - 2.5 - 3. 5 - - - -
600 3600 - 0.5 - 2.5 - 3.0 - - - -

1200 1200 (0) - 1.0 0.0 - 1.0 yes - - - Radial pressure reduced to zero-oil leak 

1200 2400 - 3.5 + 0.5 - 3.0 - - - -
2400 600 - 3.0 + 4.0 + 1.0 yes - - -
2400 2400 - 4.0 ** ** - - - -
3600 1200 - 2 .0 + 3.8 + 1.8 yes yes - -
3600 3600 - 3.0 + 3.8 + 0.8 yes - - -

600 600 -10.0 ** 1'::k - - - -
600 3600 - 8.5 0.0 - 8. 5 - - - 56* 

1200 1200 - 7.5 +10.5 + 1.0 yes - - -
1200 2400 -12 .o +11.0 - 1.0 yes - - -
2400 600 - 7 .5 + 7 .2 - 0.3 yes - - -
2400 2400 - 9.5 o.o - 9 .5 - - - -
3600 1200 -10.5 - 0.8 -11. 3 - - 140* - Gage functioned after unload 

3600 3600 -10.0 - 1.2 -11.2 - - - -

1200 1200 - 1.0 + 3.0 + 2.0 yes yes - 252 

1200 2400 (0) - 2.0 ** ** yes yes - - Radial pressure reduced to zero-oil leak 

2400 600 - 4.0 0.0 - 4.0 - - 196 280 

2400 2400 0.0 - 2.5 - 2.5 yes yes - - Radial gage displaced 
3600 3600 - 3. 5 ** ** - -

I 
21 252* 

i 1200 1200 (0) - 7.5 + 4 .5 - 3.0 - - - - ! Radial pressure reduced to zero-oil leak 

1200 2400 (0) -10. 5 - 6.2 -16. 7 - yes 

I 
- - ; Radial pressure reduced to zero 

2400 600 - 8.0 ** ** - - - 252 
I 2400 2400 - 3. 5 + 1.5 - 2.0 - - - -

3600 3600 - 9.8 +10.5 + 0.8 yes yes 

I 
- 140* End cap detached, replaced by I-30 

I 
3600 3600 - 9 .2 ** ** NA NA 28* 4* j Failed 33 days after loading 

r' 
0 
0 
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The axial stresses transmitted to the specimens were significantly less 

than those indicated by the pressure gage, due to friction losses in the 

hydraulic-mechanical pressure system (Refs 8 and 9). A number of attempted 

modifications failed to increase the efficiency of the ram (Ref 10). There

fore, each of the loading rigs was calibrated with a load cell. The efficiencies 

of the various units ranged from 90 to 97 percent. 

The second problem involved the radial pressure system. Extreme care 

was required during sealing of the creep specimens. If a weak point developed 

in the seal, the pressurized hydraulic oil would break through the sealing 

jacket and penetrate the specimen, causing either structural failure or con

tamination of the specimen. The weakest point was usually at the interface 

of the end cap and the concrete. Extreme care in sealing and construction 

of an expansion bellows in the copper jacket at this interface partially 

alleviated this problem. 

Hydraulic System 

Hydraulic pressure was provided to the loading units by the laboratory 

air supply system of approximately 85 psi, coupled with oil pressure intensi

fiers. This system was adequate for creep testing since only a very small 

quantity of oil was necessary once the system was pressurized. The hydraulic 

system consisted of a pressure control console and eight pressure manifolds 

to the loading units, plus return lines. 

The pressure system was designed for 5000 psi maximum pressure. A dual 

system was employed for each of the four test pressures (600, 1200, 2400, and 

3600 psi). One manifold system supplied pressure to the 75° F laboratory and 

the other to the 150° F temperature control room. Each manifold system con

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

circulate to remove air from the hydraulic system and to keep valve passages 

clear. 

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

auxiliary pressure intensifier was installed to replace any of the four intensi

fiers which might fail or require maintenance. Also included was an auxiliary 

air compressor which would turn on automatically should the laboratory air 

pressure system fail. 

The control system automatically regulated the pressure to within± 5 

percent. Any combination of the eight pressure lines could be independently 
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controlled and each test unit and specimen had separate shut-off controls. 

One significant improvement in the hydraulic pressure system would be the 

addition of individual pressure controls for each test unit which would allow 

compensation for frictional losses. 

The hydraulic system, being a closed system, was subject to a total loss 

of pressure should any line, fitting, or specimen fail. In view of this 

possibility, a warning device was installed to sound an alarm if a 10 percent 

drop in pressure occurred. The success of this warning system was, however, 

entirely dependent on an operator being present in the vicinity to close the 

necessary valves. In the initial tests there were failures in fittings and 

during the test program a few specimens failed. In all cases the warning 

system was adequate. Nevertheless, in future tests automatic shut-off valves 

should probably be installed in appropriate locations. 

Another potential problem is the possibile loss of electrical power since 

there was no auxiliary means of maintaining the oil pressure. For a short 

period of time the valves on each loading unit could be closed and the pressure 

maintained, providing that a substantial amount of creep deformation was not 

occurring at the time. During the period of test, no such power failures 

occurred. 

Environmental Control 

A constant temperature and a fairly constant relative humidity had to 

be maintained for an extended period of time. The tests performed at the 

nominal 75° F test condition were conducted in an air-conditioned laboratory, 

while the tests performed at the nominal 150° F test condition were conducted 

in a controlled temperature chamber with approximate dimensions of 14 x 20 x 7 

feet, which was designed to maintain a constant temperature in the range from 

-20° F to 150° F. 

Temperatures during the test period were monitored and recorded both in 

the free air surrounding the specimens and within each specimen by means of 

the vibrating wire strain gages. Air-temperature measurements indicated 

small fluctuations for short periods of time, with the average temperature 

being slightly less than the desired temperatures of 75° and 150° F. Within 

the 150° F chamber fans provided the required air circulation. Temperature 

measurements for each specimen (Appendices F and G of Ref 11) indicated that 

the specimens were not subjected to large temperature fluctuations even 
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though the air temperature did fluctuate for short periods of time. 

The relative humidity fluctuated from about 40 to 59 percent and averaged 

48 percent. This fluctuation was significant only during the curing period 

for the air-dried specimens since the as-cast specimens were sealed shortly 

after casting and all specimens were sealed during the loading period. 

Instrumentation 

A major problem at the time this study was initiated was finding a strain 

measuring device that would maintain its stability and sensitivity over a long 

time period and which was small enough to be cast in a 6 x 16-inch specimen. 

For many years, the stability and sensitivity requirements were satisfied only 

by a demountable fulcrum-plate type mechanical gage such as the Whittemore gage. 

This gage is impractical for measuring strains jn sealed specimens that were 

triaxially loaded at elevated temperatures. 

Vibrating Wire Strain Gage. After various commercial gages were evaluated, 

the PC 641, manufactured in England by Perivale Control Company, was selected. 

This gage is a vibrating wire device which indicates strain, or a change in 

strain, by a detectable change in its frequency of vibration. Actual strain 

is determined through calculations using the following combination of Mersonnes' 

and Hooke's Laws (Ref 11): 

where 

K = gage 

F. = the 
1 

Ff = the 

£. = the 
1 

£f = the 

= K(F2 
i 

factor, 

initial, or reference, frequency, 

frequency at the strain point desired, 

initial, or reference, strain, 

strain point desired. 

(Eq 4.1) 

-3 The Perivale gage when cast in concrete has a gage factor of 1.24 x 10 , 

which was determined experimentally by the manufacturer. The range of the 

gage is approximately 285 microunits in tension to 1050 microunits in com-
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pression and although it is possible to read to one microunit of strain, such 

accuracy was not assumed. In future studies, the initial frequencies of 

these gages should be set according to the magnitude of the strain anticipated 

since in many cases the range of the gage was exceeded. 

A cross section of the Perivale gage is shown in Fig 52. The gage is 

4 inches long with a 3.44-inch gage length. Essentially the gage consists of 

an electromagnetic system, centrally located, a hollow brass tube with steel 

caps afixed to each end, and a fine, high carbon steel wire pre-tensioned be

tween the two steel end caps. In use the gage responds to compressive or 

tensile forces along its principal axis, thereby decreasing or increasing the 

tension in the wire. 

Prior to use, 50 gages were tested (Ref 6) by submerging them in water for 

a period of approximately 12 days. Half of the gages were in water at 75° F 

and half in water at 150° F. Eight of the gages failed to operate after this 

test, thereby indicating possible moisture leakage. These gages were allowed 

to air-dry in the laboratory for approximately 55 days, at which time five 

of the gages began to operate again. Twenty additional gages were water

proofed with two coats of liquid neoprene (GW-5, Budd Instrument Company) at 

the junction of the electrical leads and the gage house and submerged in water 

at 75° For 150° F. Since none of these gages failed to operate satisfactorily, 

all gages were waterproofed prior to use. 

Temperatures within the creep and shrinkage specimens were measured 

throughout the test period by a Wheatstone bridge system in the sonic com

parator, which measured the change in resistance of the electromagnetic coil 

in each gage. A coil-resistance versus temperature curve was provided by the 

strain gage manufacturer. 

The internal temperature readings obtained from the vibrating wire strain 

gages were not totally reliable in terms of exact temperatures. Some differences 

were recorded between specimens in supposedly identical environments. Never

theless, these measurements did provide a measure of the relative temperature 

changes within the specimens. To obtain more accurate and dependable tempera

ture readings from individual specimens, thermocouples, bondable temperature 

sensors, or other gages should be investigated for possible use. 

Gage Performance. The vibrating wire strain gages performed satisfactorily 

and appeared to remain stable throughout the 20 to 71 months of the tests. 
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Summaries of gage performances are contained in Tables 22 and 23. Of the 188 

gages in specimens which did not fail, 147 (78.1 percent) functioned throughout 

the test period, including 15 gages which functioned for approximately 6 years. 

Of the 41 gages which became inoperative before the end of the test, 15 (7.9 

percent) failed because the range of the gage was exceeded and 26 (13.8 percent) 

ceased to function possibly due to water or oil_ leakage. If the gages whose 

strain range was exceeded are eliminated, 162 (86.1 percent) of the gages 

functioned satisfactorily. 

With regard to the 26 gages which ceased to function, 24 were in the 150° F 

test temperature and 18 of the 26 were in as-cast specimens. Thus, the fail

ure ratio was much more severe at the elevated temperature and in specimens 

with high moisture contents. 

The gages whose strain range was exceeded were primarily concentrated in 

the biaxially and triaxially loaded air-dried specimens, particularily at 

150° F (Table 23). 

The gages discussed in Chapter 3 were not thermally compatible with the 

concrete. Large apparent shrinkage strains, rather than expansions, were 

monitored for the 150° F test specimens between 83 and 90 days after casting 

(Fig 7, p 26), when the temperature environment was changed from 75° F to 

150° F. This apparent shrinkage, which averaged approximately 145 microunits 

for the as-cast specimens and approximately 50 for the air-dried specimens, 

was attributed to the fact that the gage was not thermally compatible with 

the concrete. Therefore, this behavior is a characteristic of the gage-con

crete system, rather than of the concrete alone. The gage-concrete system 

consists of three materials, the concrete, the brass gage housing, and the 

pretensioned steel wire in the gage, each with different thermal expansion 

characteristics, as shown in Fig 53. 

To determine the effect of temperature on the gage measurements, several 

tests were conducted with the gage suspended in air and unconstrained. The 

results revealed that rising temperatures caused the measured tension in the 

steel wire to increase relative to the gage housing; the gage housing expanded 

4.12 microunits per degree Fahrenheit more than the wire. This is shown in 

Fig 53 as the 310 microunit strain difference experienced by increasing the 

gage temperature from 75° F to 150° F. 



TABLE 22. SUMMARY OF GAGE PERFORMANCE 

Specimen and Failure Type 

Gage Curing Temp, Shrinkage Uniaxia 1 Biaxial Triaxial 
Type History OF 

N F % N F % N F % N F % N 

75 9 1 11.1 6 0 0 2 0 0 8 0 0 25 
As-Cast 

150 8 2 25 4 2 so 4 4 100 5 2 40 21 

Axial 
75 12 0 0 6 0 0 2 0 0 8 1 12 .s 28 

Air-Dried 
150 8 1 12.S 4 1 25 2 2 100 6 1 16.6 20 

75 9 0 0 6 0 0 2 0 0 8 0 0 25 
As-Cast 

150 8 5 62.S 4 2 so 4 2 so 5 3 60 21 

Radial 

75 12 1 8.3 6 0 0 2 1 so 8 1 12 .s 28 
Air-Dried 

150 8 2 25 4 2 so 2 2 100 6 3 so 20 

Total 74 12 16.2 40 7 17.S 20 11 55 54 11 20.3 188 

N = Number of gages. 

F = Number of gage failures. 

F % 

1 4 

10 4 7 .6 

1 3:s 

5 25 

0 0 

12 57.1 

3 10.7 

9 45 

41 21.8 

Totals 

N F 

46 11 

48 6 

46 12 

48 12 

Air-Dried 

As-Cast 

150°F 

75°f' 

% 

23.9 

12 .5 

26.1 

25 

N F % 

94 17 18.1 

94 24 25.S 

96 18 18.8 

92 23 25 

82 36 43. 9 

106 5 4.7 

I-' 
0 ...... 



TABLE 23. SUMMARY OF CAUSE OF GAGE FAILURE 

Specimen and Failure Type 

Gage Curing Temp, Shrinkage Uniaxial Biaxial Triaxial 
Type History OF 

F R 0 F R 0 F R 0 F R 0 F 

75 1 0 1 0 0 0 0 0 0 0 0 0 1 
As-Cast 

150 2 0 2 2 1 1 4 2 2 2 0 2 10 
Axial 

75 0 0 
Air-Dried 

0 0 0 0 0 0 0 1 l 0 1 

150 l 0 l 1 1 0 2 1 l l 1 0 5 

75 0 0 0 0 0 0 0 0 0 0 0 0 0 
As-Cast 

150 5 0 5 2 0 2 2 1 l 3 1 2 12 

Radial 
75 1 0 l 0 0 0 

Air-Dried 
1 1 0 l 1 0 3 

150 2 0 2 2 1 l 2 l l 3 2 l 9 

Total 12 0 12 7 3 4 11 6 5 11 6 5 41 

F = Number of gage failures. 

R = Number of gages which exceeded range. 

0 = Number of gages which ceased operating. 

R 0 

0 1 

3 7 

l 0 

3 2 

0 0 

2 10 

2 1 

4 5 

15 26 

Tota ls 

F R 

11 3 

6 4 

12 2 

12 6 

Air-Dried 

As-Cast 

150°F 

75°F 

0 

8 

2 

10 

6 

F R 0 

17 7 10 

24 8 16 

18 10 8 

23 5 18 

36 12 24 

5 3 2 

t-' 
0 
00 
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When the gage was encased in concrete, deformation of the gage housing 

was restricted by the concrete, and the pretensioned steel wire acted as 

though only its ends were fixed in the concrete. Consequently, if a rise in 

temperature caused apparent shrinkage in the concrete, the steel wire must 

have expanded more than the concrete, producing reduced tension in the wire 

and causing the gage to register compressive strains or apparent shrinkage. 

This means that the coefficient of thermal expansion of the concrete was less 

than that of the steel wire since the concrete actually expanded. Moreover, 

since the thermal expansion of the gage assembly was greater than that of the 

concrete, stresses developed at the gage-concrete interface, thereby slightly 

increasing the deformation of the concrete relative to the gage. These apparent 

additional strains are indicated in Fig 53 by the dotted lines above the true 

expansion limits of the concrete. 

The apparent coefficient of thermal expansion of the materials can be 

calculated from the recorded strain relationships if the thermal coefficient 

of one of the materials is known. Assuming the coefficient of thermal expan

sion of the steel wire to be 6.5 microunits per degree Fahrenheit, the apparent 

coefficients of thermal expansion for the air-dried and as-cast concretes were 
-6 -6 5.8 x 10 and 4.6 x 10 , respectively. The true thermal coefficients of the 

concretes were probably slightly less than the apparent thermal coefficients 

calculated, due to the stress concentration caused by the gage. In any event, 

the thermal coefficient for the air-dried concrete was larger than for the 

as-cast concrete, which is compatible with previously reported values discussed 

in Ref 11. 

Subsequent to the initiation of this study, gage manufacturers have 

developed new gages which supposedly are more thermally compatible with the 

concrete or which compensate for thermal effects. It is recommended that 

these gages be considered for future studies; however, it is felt that the 

gages used in this study were satisfactory and could be used in future studies 

providing the gages are subjected to constant temperature environments, or 

some means of temperature compensation is provided, and are pretensioned for 

anticipated strain range. 

Gage Placement 

All gages were placed and held in position as shown in Fig 2, p 12, and 

the concrete was rodded with a quarter-inch-diameter rod during casting. 
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Measurements indicated that no gage deformation occurred when this technique 

was used. Radiographs of the specimens after casting indicated that the gage 

remained in position during the casting operation. Gage placement was 

evaluated by dismantling the specimens after testing; only one specimen gave 

any indication of possible gage displacement (Table 21). 

Readout System. All strain measurements obtained throughout this study 

utilized a sonic comparator. Because of the many gages involved, it was 

necessary to establish a central switchboard capable of handling all gages. 

Strain gages from all specimens under test were cable-connected to these 

switchable panels. All panel and switch positions were identified and numeri

cally related to corresponding specimens and specimen gages. With the sonic 

comparator connected to these panels it was possible to select and read the 

gages for any particular specimen. Preliminary tests indicated that cable 

length did not affect the gage readings in this study. 

Throughout the study, two sonic comparators were utilized for strain 

and temperature readings. To preclude possible instrument variation, the 

gages were always read using the same comparator. 

Through a fixed sequence of operations, this unit energized the electro

magnet, causing the tensioned wire in the gage to vibrate, measured the fre

quency of vibration, compared this frequency to an internal standard, and 

indicated in digital form the current gage frequency. The use of this fre

quency and some initial, or base, frequency permitted the calculation of the 

change in strain using Eq 4.1. For maximum accuracy, all strain readings 

were made at the same temperature and only after temperature equilibrium 

had been reached. 

Throughout this study, the two original comparators functioned without 

problems, and required only periodic battery changes. For large-scale testing, 

this comparator has two limitations. Manual operation was required and no 

printed record was produced. In view of the numerous specimens and measurements 

involved in a study of this type, consideration should be given to the use of 

automated, print-out-type instrumentation, which has the added advantage of 

reducing human error. 

CONCRETE AND SPECIMENS 

For approximately nine months before the test specimens used in this 
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investigation were cast, a number of preliminary tests (Refs 6 through 10) were 

conducted with the actual test equipment and materials since much of the 

equipment and materials used in this study was new and had been designed 

specifically for this project. The purpose of these preliminary tests was 

to evaluate the equipment and instrumentation and to establish techniques and 

procedures prior to the beginning of the actual test program. 

In addition, numerous concrete specimens were prepared in order to develop 

the techniques required for mixing the concrete and casting the specimens. 

Compressive strength and consistency tests were also performed to insure.that 

the design requirements for strength and consistency would be satisfied. 

The single most difficult problem encountered involved sealing the speci

mens to prevent moisture loss and oil penetration during the curing, loading, 

and recovery periods (Ref 7). 

The weight changes during the curing and test periods for each specimen 

are shown in Tables 9, 19, 20, and 21, and summaries of the changes are 

contained in Tables 10 and 23. The average losses during the curing period 

for the air-dried and as-cast specimens cured for 90 days were 9.5 and 1.7 

ounces, respectively (Table 10, p 28). The ranges for the individual specimens 

cured for 90 days were 3.5 to 14.5 ounces for the air-dried specimens and 

0.0 to 4.0 ounces for the as-cast specimens excluding specimen A-9, which lost 

13 ounces. 

The average weight changes during the test period are shown in Table 24. 

The shrinkage and uniaxially loaded specimens, which were not confined nor 

subjected to a radial pressure, exhibited an average weight loss varying from 

0.6 to 3.0 ounces at 75° F and 2.5 to 11.7 ounces at 150° F. The biaxially 

and triaxially loaded specimens, however, generally exhibited a weight gain 

due to oil penetrating the specimens. The average gains varied from zero to 

3.8 ounces at 75° F and 0.2 to 7.0 ounces at 150° F. The average weight changes 

for the shrinkage specimens and creep specimens loaded uniaxially for approxi

mately 4.75 and 5.25 years after curing periods of 365 and 183 days were mini

mal, varying from a -1.6 to a -3.4 ounces. In the case of biaxial and triaxial 

specimens, it was not possible to determine the amount of moisture loss since 

a portion of the loss could have been offset by oil penetration. 

Prevention of moisture loss at 150° F was particularly difficult and 

several different sealing techniques were tried. The method finally developed 



TABLE 24. SUMMARY OF AVERAGE WEIGHT CHANGES DURING THE TEST PERIOD 

Average Weight Change*, oz 

17 Months** 6.0 Years** 5.5 Years** 

Type Air-Dried As-Cast Air-Dried As-Cast Air-Dried 
of 

Specimen 75° F 150° F 75° F 150° F 75° F 75° F 75° F 

Shrinkage (6) -1. 0 (6) -3.0 (3) -0. 7 (5) - 2.7 (1) -0.5 (0) - (1) o.o 

Uniaxial (1) -1. 5 (4) -2.5 (2) -0.6 (3) -11. 7 (2) -1. 6 (1) -0.8 (2) -3.4 

Biaxial (1) 0.0 (1) 7.0 (0) - (1) 1.0 No Tests No Tests No Tests 

Triaxial (7) 3.8 (4) 6.7 (7) 1.0 (3) 0.2 No Tests No Tests No Tests 

*Numbers in parentheses are the number of specimens for which information was available. 
**Curing periods of 90 days, 183 days, and 365 days, respectively. 

As-Cast 

75° F 

(O) -

(2) -1. 4 

No Tests 

No Tests 

,_. ,_. 
w 
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was found to be fairly successful during preliminary tests. Nevertheless, 

it was recognized prior to the start of the actual testing program that some 

moisture losses and oil penetration would occur. A review of the weight 

changes of the individual specimens (Tables 9, 19, 20, and 21) indicates that, 

while most specimens did not suffer large losses, in a few cases as much as 

16 ounces were lost during the 15-month test period. 

One major point of moisture loss for all specimens was the lead wire 

holes located in the loading heads, or end caps. These holes, approximately 

0.25 inch in diameter, accommodated the cable leads from the embedded strain 

gages. Although the holes and cables were sealed with epoxy, they represented 

a potential weak point in the moisture barrier. In future creep tests, con

sideration should be given to using compression fittings together with a 

sealant which is non-hydroscopic and non-temperature sensitive. These fittings 

could be either at the outer or inner surface of the end caps or at both 

locations. In addition, the lead wire holes which are to be filled with the 

sealant probably should be oversized to facilitate sealing with epoxy. A 

second problem, regarding both moisture loss and oil penetration, concerned 

the effectiveness of the solder joint between end caps and the copper jacket. 

The mass of steel made it difficult to bring the end cap to the proper soldering 

temperature without overheating the concrete adjacent to the end caps. Pre

tinning the end cap helped the soldering operation and kept the temperature 

at an acceptable level but did not entirely eliminate cold-solder joints. 

In future studies, consideration should be given to the use of a solder which has 

a lower melting point, but which has adequate strength, and to the possibility 

of redesigning the end cap to reduce its mass and provide a collar to which 

the copper can be soldered. 

Oil penetration of radially loaded specimens was a significant problem 

throughout the test. Penetration often occurred at the joint between the 

copper jacket and end caps. During the hydraulic loading of the specimen, either 

the copper jacket tended to pull away from the end cap, if the solder joint 

was poor, or the copper would tear. To a certain extent, the latter problem 

was eliminated by forming a slight expansion bellows in both ends of the 

copper jacket. 

In the post-test evaluation, it was found that in specimens where oil 

penetrated the joint, it would migrate down the gage lead wires, saturating 

the surrounding concrete, and, in some cases, entering the gage. Oil also 



penetrated a few specimens through pin holes in the copper jacket, which 

developed during soldering or because of improperly filled surface voids 

and voids just below the surface. In several instances, a very rough epoxy 

coating caused the jacket to be perforated under load. 

Except for occasional gage failures due to malfunction or to exceeding 

the operating range of the gage, the shrinkage specimens and the uniaxially 
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and triaxially loaded specimens generally performed satisfactorily. However, 

as illustrated in Table 20, it was essentially impossible to load the specimens 

biaxially. Often the specimen deformed axially to such an extent that it 

failed in tension during or soon after loading. In addition, end caps were 

often ejected when oil penetrated the copper at the concrete end cap interface. 

It is recommended that no additional effort be devoted to obtaining biaxial 

creep information. 

EXPERIMENT DESIGN 

Future experiments should utilize a statistical design which would allow 

the resulting data to be analyzed using accepted procedures. Such designs 

definitely should include duplicate specimens in order to obtain information 

on experimental error. 
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 

The conclusions, findings, and recommendations from this study have been 

subdivided as follows: 

(1) Technical Conclusions and Findings, 

(2) Conclusions and Recommendations Concerning the Experimental 
Program, and 

(3) Recommendations for Future Studies. 

TECHNICAL CONCLUSIONS AND FINDINGS 

Strength 

(1) After 90 or more days of curing, the unconfined compressive and 
indirect tensile strengths for the as-cast concrete were greater 
than for the air-dried concrete. Prior to 90 days, the air-dried 
specimens were stronger. During the 90-day curing period, concrete 
cured in lime-saturated water (standard ASTM curing) until tested 
exhibited higher compressive and tensile strengths than as-cast and 
air-dried specimens. The average tensile strengths increased 
slightly with age. 

(2) The average compressive strengths of the standard cured specimens 
at 28 and 90 days were 6420 and 8220 psi, respectively. 

(3) The strengths of the specimens were consistent within each batch 
of concrete and were not significantly different between batches. 

Instantaneous and Elastic Properties 

(1) 

(2) 

(3) 

(4) 

Excluding hydrostatically-loaded specimens, the modulus of elasticity 
for specimens cured for 90 days ranged from 4.0 x 106 to 7.1 x 106 
psi and averaged 5.5 x 106 psi. 

The air-dried 90-day specimens had slightly lower moduli of 
elasticity than the as-cast specimens, but the difference was not 
significant. 

The 90-day specimens loaded at 150° F had smaller moduli than the 
specimens loaded at 75° F. 

The modulus of elasticity increased only slightly with increased 
curing time, 

117 



118 

(5) Poisson's ratio was not significantly affected by curing history, 
curing time, or testing temperature. Values ranged from 0.21 to 
0.29 and averaged 0.25. 

Thermal and Shrinkage Characteristics 

(1) The apparent thermal expansion of the air-dried concrete was larger 
than that of the as-cast concrete. 

(2) Essentially no shrinkage occured in the as-cast specimens during 
the 90-day curing period. 

(3) During the curing period, the 90-day air-dried specimens exhibited 
continuous shrinkage, with the axial shrinkage strain exceeding the 
radial shrinkage strain. At the end of 82 days of curing, the 
average axial and radial shrinkage strains were 240 and 190 micro
units. 

(4) Subsequent to sealing 82 days after casting, the axial and radial 
shrinkage strains in the air-dried specimens began to converge, 
becoming essentially equal, after which no additional shrinkage 
occurred. 

(5) During the stressed period for the 90-day specimens, the as-cast 
specimens at 75° F exhibited essentially no shrinkage. The air
dried shrinkage specimens at 75° F exhibited an apparent shrinkage 
throughout the stressed period; however, the magnitude of the strains 
after 12 months was relatively small, with 34 microunits (tension) 
in the axial direction and 18 microunits (compression) in the radial 
direction. 

Total Strains 

(1) The total strain and the strain rate for air-dried specimens were 
significantly larger for as-cast specimens. 

(2) The total strain and the strain rate for specimens at 150° F were 
significantly larger than for specimens at 75° F. 

(3) The order of increasing total strains was 75° F, as-cast; 75° F, 
air-dried; 150° F, as-cast; and 150° F, air-dried. 

Creep Strains and Behavior 

(1) The creep behavior involved many interacting effects. The following 
factors produced a highly significant influence on the observed creep 
behavior and it was found that the creep strains for specimens cured 
for 90 days were larger for 

(a) a test temperature of 150° F than for 75° F, 

(b) air-dried concrete than for as-cast concrete, 

(c) increased time after loading, and 

(d) higher uniaxial and biaxial stress levels. 



(2) The actual magnitude of the creep strain was dependent on the 
other factors. The following two and three-factor interactions 
were found to significantly affect creep behavior: 

Temperature x Curing History x Stress 

Temperature x Stress 

Curing History x Stress 

Radial Stress x Axial Stress 

Stress x Time After Loading, 
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(3) The effect of curing history decreased with time. During the first 
2.5 years under load, the ratios of the as-cast strains to the air
dried strains were 0.80, 0.86, and 0.81 for the 90, 183, and 365-
day specimens, respectively, with an overall average of 0.82. During 
the next 2.5 years the strains appeared to be approaching the same 
value. 

(4) The curing time prior to loading influenced the magnitude of the 
creep strains. Longer curing periods generally resulted in smaller 
creep strains. During the first year under load, the creep strains 
in the specimens cured for 183 or 365 days were approximately 85 
and 68 percent, respectively, of the creep strains in the specimens 
cured for 90 days. 

Creep Poisson's Ratio 

(1) A creep Poisson's effect did occur and the creep Poisson's ratio ranged 
from approximately 39 to 84 percent of the elastic Poisson's ratio, 
the magnitude of which depended primarily on curing history and on 
the state of stress. The average creep Poisson's ratio for the 
entire test period was 0.16, which was approximately 65 percent of 
the average elastic Poisson's ratio. 

(2) Creep Poisson's ratio for air-dried concrete was approximately 
70 percent of the value for as-cast concrete. 

(3) The magnitude of stress and the state of stress influenced creep 
Poisson's ratio, but this influence was less at higher temperatures 
and for air-dried concrete. 

(4) There was no evidence that creep Poisson's ratio was time dependent. 

Prediction of Creep Behavior 

(1) A series of regression equations were 
the creep behavior of the specimens. 
coefficients for these equations were 

developed which estimated 
The multiple correlation 
0.99. 

(2) Predictive equations based on the unit creep function were developed 
to estimate long-term creep behavior under multiaxial states of 
stress from short-term uniaxial creep tests. These equations 
satisfactorily predicted the creep behavior of specimens subjected 
to multiaxial stresses and the long-term uniaxial creep behavior. 
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Instantaneous Recovery 

(1) Instantaneous recovery was not affected by temperature but was 
linearly related to the previously sustained stress for stress 
levels less than about 55 percent of the ultimate strength of the 
concrete. 

(2) Instantaneous recovery strains for air-dried specimens were larger 
than for as-cast specimens, which is probably related to the higher 
strengths of the as-cast specimens. 

(3) The instantaneous recovery strains at the time of unloading were 
generally higher than the instantaneous elastic strains at the time 
of loading a year earlier, especially at 75° F. 

(4) The instantaneous recovery Poisson's ratio was not affected by 
temperature nor state of stress, but was greater for the as-cast 
specimens than for the air-dried specimens. Poisson's ratio for 
instantaneous recovery varied from 0.20 to 0.27 and averaged 0.25, 
which was essentially equal to Poisson's ratio at the time of 
loading. 

Creep Recovery 

(1) Creep recovery strains were affected by temperature, curing history, 
and stress conditions. The creep recovery strains were larger at 
150° F than at 75° F and were larger for air-dried specimens than 
for the as-cast specimens. The magnitude of the creep recovery 
strains was also related to the magnitude of the previously sustained 
stress. 

(2) At 75° F, the ratio of the creep recovery strains 5 months after 
unloading to the creep strains 12 months after loading was larger 
for the air-dried specimens than for the as-cast specimens; however, 
at 150° F the ratio was larger for the as-cast specimens. 

(3) The creep recovery strains were smaller than the instantaneous 
recovery strains, in contrast to the fact that during the loading 
period the creep strains were larger than the instantaneous strains. 
At 75° F, the ratio of creep recovery strain 5 months after un
loading to the instantaneous recovery strain was larger for the 
air-dried specimens than for the as-cast specimens; however, at 
150° F the ratio was larger for the as-cast specimens. 

(4) Creep recovery Poisson's ratio was larger for the as-cast specimens 
than for the air-dried specimens. Excluding hydrostatically-loaded 
specimens, creep recovery Poisson's ratios 5 months after unloading 
varied from 0.16 to 0.28 and averaged 0.23 for the as-cast speci
mens. For air-dried specimens, the ratios varied from 0.02 to 0.21 
and averaged 0.13. These values are similar in magnitude to the 
observed creep Poisson's ratio. 

(5) In long-term tests there was no apparent effect on creep recovery 
produced by time or curing history. 
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(6) The principle of superposition overestimates the actual creep 
recovery strains and thus should not be used unless a relatively 
large error can be tolerated. 

CONCLUSIONS AND RECOMMENDATIONS CONCERNING THE EXPERIMENTAL PROGRAM 

(1) For the most part, the equipment and procedures utilized in this 
study were satisfactory and it was concluded that the overall 
study was successful. 

(2) It was extremely difficult to load specimens biaxially. 
axial strains developed quickly and the specimen either 
tension or failed at the interface between the specimen 
end cap. 

Large 
failed in 
and the 

(3) The most difficult problems involved the sealing of specimens to 
prevent moisture loss and oil penetration. 

(a) The method of sealing was generally adequate to prevent 
moisture loss. The one major weakness in the seal was the 
lead wire holes located in the loading head. Moisture loss 
was much more severe at 150° F than at 75° F. Improved methods 
of sealing the lead wire holes should be investigated. 

(b) Oil penetration of specimens subjected to radial pressure 
was more difficult to control than moisture loss. In some 
cases, oil penetrated the specimen through pinholes in the 
copper jacket or at the specimen end cap interface. Pinholes 
were developed during handling or created by the high radial 
pressures penetrating the copper at surface irregularities. 
Observed failures at the end caps were caused by large axial 
strains and cold-solder joints between the caps and the copper 
jacket. 

(c) Soldering of the copper jacket to the end caps was difficult. 
Future studies should consider using solder with a lower melting 
point and redesigning the end caps to reduce their mass and 
to provide a collar to which the copper can be soldered. 

(4) The vibrating wire strain gages performed satisfactorily and 
appeared to remain stable throughout the test period which varied 
from 20 to 71 months. Approximately 78 percent of the gages func
tioned throughout the test, including 15 gages which functioned for 
approximately 6 years. Only 13.8 percent actually failed and these 
failures can probably be attributed to oil and water entering the 
gage. An additional 7.9 percent became inoperable because the 
range of the gage was exceeded. Eliminating those gages whose 
operating range was exceeded, 86.1 percent of the gages functioned 
satisfactorily. 

(a) Gage failure was much more severe for 150° F and for as-cast 
specimens. 

(b) The gages did not monitor absolute temperature accurately, If 
such information is needed in future studies, other gages or 
methods of monitoring temperature should be investigated, 
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(c) The gages should be further waterproofed prior to use. 

(d) The gages whose operating range was exceeded were primarily 
in the biaxially and triaxially loaded air-dried specimens, 
particularly at 150° F. For future tests, the initial fre
quencies should be set in accordance with the anticipated 
strains. 

(e) The gages were not thermally compatable with the concrete, and 
appropriate correlation factors should be employed for test 
conditions in which the temperature is varied. 

(f) The method of positioning and maintaining the gages during 
casting was satisfactory. 

(5) The loading system was generally satisfactory. The only major 
problem was the fact that it was necessary to correct the axial 
stresses in friction losses. A significant improvement would be 
the addition of individual pressure controls for each test unit, 
which would allow compensation for friction losses. 

(6) In hydrostatically loaded specimens, the radial strains generally 
were larger than the axial strains. The friction losses in the axial 
load, however, could not account entirely for the observed differ
ences and the cause was attributed to the relative sizes of the gages 
and specimens and the configuration of the specimen and end caps. 
These differences were much larger for high stress levels. Future 
tests should consider the possible effects of specimen size, shape, 
and configuration. 

(7) The experiment was not designed statistically. Future studies 
should utilize statistically-designed experiments developed in 
cooperation with an experienced, applied statistician. 

RECOMMENDATIONS FOR FUTURE STUDIES 

(1) Future studies should concentrate on uniaxial tests with minimum 
effort devoted to triaxial tests because of the difficulties 
associated with sealing and loading the specimens. If triaxial 
tests are needed, it is recommended that hydrostatic tests be 
conducted with the specimen subjected to oil pressure in all 
directions. No biaxial tests should be conducted. 

(2) It is not necessary to measure radial strains in future tests since 
these strains relate primarily to Poisson's effects. Since creep 
and creep recovery Poisson's ratios have been established, such 
measurements are unnecessary. 

(3) Future tests related to prestressed concrete reactor vessels 
should concentrate on a curing history similar to the as-cast 
condition used in this study. 

(4) Uniaxial creep tests at temperatures in excess of 150° F should be 
conducted to establish the relationship between creep behavior 
and temperature. 



(5) There is a definite need to determine the load-deformation-time 
relationships for concrete subjected to extremely high rapid 
heating. This condition should simulate a localized hot spot at 
the inner surface of the containment vessel caused by a failure 
of the thermal barrier. Ideally, this condition should involve 
as-cast concrete which is under load. 

(6) Additional work is needed to determine the load-deformation-time 
relationships for concrete subjected to step changes in load and 
temperature which simulate the load and temperature conditions 
developed in a reactor during construction and operations. 
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APPENDIX A 

TOTAL STRAIN RELATIONSHIPS FOR SPECIMENS CURED 
FOR 183 AND 365 DAYS 
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