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PREFACE 

This  i s  t h e  s e v e n t h  and f i n a l  r e p o r t  o f  a  s e r i e s  of  r e p o r t s  d e a l i n g  w i t h  

t h e  f i n d i n g s  o f  a  r e s e a r c h  p r o j e c t  conducted a t  The U n i v e r s i t y  o f  Texas a t  

A u s t i n  and concerned  w i t h  t h e  e v a l u a t i o n  of t h e  c r e e p  b e h a v i o r  o f  c o n c r e t e  

s u b j e c t e d  t o  t r i a x i a l  compress ive  s t r e s s e s  and e l e v a t e d  t e m p e r a t u r e .  Th i s  

r e p o r t  e v a l u a t e s  t h e  o v e r a l l  t e s t  program, i n c l u d i n g  t h e  spec imens ,  and sumrna- 

r i z e s  t h e  f i n d i n g s  of t h e  s t u d y ,  which was i n i t i a t e d  i n  February  1967 and 

t e rn l ina ted  i n  June 1975. 

The e x p e r i m e n t a l  i n v e s t i g a t i o n  was conducted and f i n a n c e d  under  Union 

Carbide  S u b c o n t r a c t  2864,  and t h r e e  r e p o r t s  were  p r e p a r e d .  Two a d d i t i o n a l  

r e p o r t s  were  p repared  and f i n a n c e d  under  Union Carb ide  S u b c o n t r a c t  3661., and 

two r e p o r t s ,  i n c l u d i n g  t h i s  f i n a l  r e p o r t ,  have been p repared  under  Union Carb ide  

S u b c o n t r a c t  3899. A l l  t h r e e  c o n t r a c t s  were  w i t h  t h e  Oak Ridge N a t i o n a l  Labora- 

t o r y ,  which i s  o p e r a t e d  by.Union Carbide  C o r p o r a t i o n  f o r  t h e  U n i t e d  S t a t e s  

Energy Research and Development A d m i n i s t r a t i o n .  

The p l a n n i n g  and conduc t ing  o f  t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n  r e q u i r e d  

t h e  a s s i s t a n c e  and c o o p e r a t i o n  o f  many i n d i v i d u a l s  and o r g a n i z a t i o n s ;  t h e  

a u t h o r  would l i k e  t o  .acknowledge t h e  c o o p e r a t i o n  and a s s i s t a n c e  o b t a i n e d  

from t h e  Concre te  D i v i s i o n  o f  t h e  Waterways Experiment S t a t i o n ,  Vicksburg ,  

M i s s i s s i p p i ,  and t h e  Department o f  C i v i l  Eng ineer ing  o f  t h e  U n i v e r s i t y  o f  

C a l i f o r n i a  at: Berke ley .  I n  a d d i t i o n ,  s p e c i a l  thanks  a r e  ex tended  t o  Dr.. J .  P. 
. . 

C a l l a h a n ,  Manager of  t h e  P r e s t r e s s e d  Concre te  P r e s s u r e  Vessel Program O f f i c e ,  and 

M r .  G .  D .  Wlli Lman, Manager of  t h e  S o l i d  Mechanics Depar tment ,  o f  t h e  Oak Ridge 

N a t i o n a l  L a b o r a t o r y ,  whose a c t i v e  p a r t i c i p a t i o n  a n d , s u p p o r t  h e l p e d  t h i s  i n -  

v e s t i g a t i o n  t o  b e  s u c c e s s f u l l y  conduc ted ,  and t o  D r .  J .  M .  Corum and. M r .  J .  

G .  S t r a d l e y  of  t h e  Oak Ridge N a t i o n a l  L a b o r a t o r y .  A p p r e c i a t i o n  i s  a l s o  ex- 

tended t o  P r o f e s s o r  Clyde E. K e s l e r ,  Department o f  C i v i l  E n g i n e e r i n g ,  u n i v e r s i t y  

o f  I l l i n o i s ,  who s e r v e d  as a  c o n s u l t a n t  t o  t h e  o r i g i n a l  p r o j e c t .  

Numerous o r h e r  i n d i v i d u a l s  were a s s o c i a t e d  w i t h  v a r i o u s  phases  o f  t h e  

p r o j e c t  and t h e i r  r o l e s  i n  t h e  s u c c e s s f u l  comple t ion  o f  t h e  s t u d y . a r e  acknowledged 

iii 



i n  t h e  i n d i v i d u a l  r e p o r t s  p r e p a r e d  on t h e  v a r i o u s  phases  of  t h e  s t u d y .  

The a u t h o r  would l i k e  t o  acknowledge M r .  V i c t o r  N .  Toth and M s .  Nancy 

Webster  f o r  t h e i r  e f f o r t s  and  a s s i s t a n c e  i n  t h e  summarizat ion and e v a l u a t i o n  

o f  t h e  s t u d y  and  f i n d i n g s  and t h e  p r e p a r a t i o n  of t h i s  r e p o r t .  

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 liradl~ig Conditions (compressive stresses ranging from zero to 

3600 psi), three c-.uring times (90, 183, and 365 days), two curing histories 

(air-dried and as-cast), and two temperatures (75O 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 e 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). 



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 descrihes 

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

ment and instrumentation, experimental procedures, and experimental designs. 

Chapter 3 contains a summary and br2ef discusSY6a of firrdiilgs of thc total 

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

of the specimens, is presented in Chapter 4. Conclhsions 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 COND.1TIONS 

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 75O 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. 

Curing 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 



for study. The as-cast condition represents the curinghistory 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 seructurr 

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

allowed to air-dry f0.r most of the curing period. 

State of Stress 

Specimens were loaded triaxially ar five sLress levels, ranging feow IJ 

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.stee1 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 vertical1.y 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'l. These 58 test conditions involved two temperatures, two curing 

histories, three curing periods, and friaxial stress condition0 ranging from 

Q to 3600 psi for both the axial stress and the radial confining stress, The 

various curi.ng and loading conditions are described in Tabie 2 for each Of 

the two curing histories. 

MIXTURE DESIGN 

The mixture design and all materials utilized in this investigatibn except 

water were furnished by the Concrete Division, Waterways Experimene StaLiun, 

~icksbbr~, 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 
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TABLE 2. SUMMARY OF MAJOR TEST CONDITIONS* 

Axial Radial 
S t r e s s  S t r e s s  
u u Age a t  Major Temp. , a '  r * Test Loading, Type of 

Condition Batch O F  p s i  p s i  Unit days Loading 

Uniaxial 

3 A 75 0 36UO 2 90 
4 F 75 0 600 I** 90 Biaxial  

5 .  D 75 3600 3600 3** 90 
6 D 7 5 3600 1200 7** 90 
7 F 75 2400 2400 12 90 
8 C 7 5 2400 600 9 90 
9 B 75 1200 2400 lo** 90 Tr i ax ia l  

10 C 7 5 1200 1200 11 90 
11 G 7 5 600 3600 4** 90 
12 E 75 600 600 8 90 

13  B 150 3600 0 13  90 
14 F 150 2400 0 2 1 90 
15 D 150 1200 0 14** 90 Uniaxial 

16 B 150 600 0 20** 90 

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

20 A 150 0 600 22** 90 

2 1 F 150 3600 3600 15 90 
22 G 150 2400 2400 19** 90 
23 E 150 2400 600 18 90 
24 D 150 1200 2400 17 90 Tr iax ia l  

25 C 150 1200 1200 16** 90 

26 H 7 5 600 0 29** 183 
27 H 75 600 0 26 365 
28 I 75 2400 0 28 183 

Uniaxial 

2 9 I 75 2400 0 27** 365 
P 

* For each major condition the re  was both an air-dr ied and an as-cast specimen. 

**In u n i t s  with a s t e r i sks ,  the as-cast specimens were placed i n  the upper r ad i a l  
s leeve;  i n  u n i t s  without a s t e r i sks ,  t he  as-cast specimens were placed i n  the 
lower r a d i a l  sleeve. 
Specimens were c a s t  from nine, 12 cubic-foot batches designated A through I. 



The materials consisted of Type I1 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 5 600 psi for specimens cured while 

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

and 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-IuuL La~clles of conctete were prepared. All specimens re- 

quired for the 29 major test conditlons were cast from these hatches, 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 H and 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 5. 

Tile number and type ot 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 directinn and nnp in the lateral di~cction, 

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 0.425 

Cement content, sacksfcu yd 7.25 

Maxi- size of coarse aggregate, inches 3 / 4  

Slump, inches 2 

Mix Proportion, Percent 

Material SizeRange By Volume ByWeight 

Cement ---- 15 -5 17.8 

Fine aggregate Sand 37.1 35.9 

Coarse aggregate (A) No. 4 14.2 

Coarse aggregate (B) 318 inch 16.6 

Coarse aggregate (C) 1/2 inch 16.6 16.2 



TABLE 4. EXPERIMENTAL DESIGN FOR CREEP AND SHRINKAGE SPECIMENS 

* Age a t  loading f o r  creep specimens, 
** Spechen designation:  the  l e t t e r  indidates  the  batch and the numeral 

ind ica tes  the  specimen within  the batch. 
Jwwt. Specimens used i n  the  evaluation of the  e f f e c t  of curing time and the 

long term creep behavior. 
r = Replacement specimens. 
x =  Radial pressure zero (ar = 0) due t o  o i l  leak i n  specimen. 
f = Specimen f a i l e d  sho r t l y  a f t e r  loading. 

T 

Radial 
Load, 
p s i  

600 
. 3600 

0 
600 

3600 
12 00 
2400 

0 
600 

2400 
12 00 
3600 

600 
12 00 
24UU 
3600 

0 
r) 

12 00 
2400 

0 
600 

2400 
0 

3 600 

0 
0 
- 

0 
0 

Axial  
Load, 
p s i  

0 
0 r COO 

600 
600 

12 00 
12 00 

1 2400 
2400 
2400 
3 600 
3600 

0 
0 
0 
0 

600 
12 00 
12 00 
a2 00 
2400 
2400 
2400 
3600 
3600 

- 
600 

211 00 

600 
2400 

* " 
i7 a - 
bo 

U G  
*: 
a, ca 
3'21 

0 
Q\ 

m 
2 

m w 
m 

- 
g 
=t u 
a 
&I 

% 
BO 

rn 
I- 
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0 
m 
rl 
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m 
I-. 

Creep 

As-Cast 

F- 13 
H - 2 2 r  
12-39 
E-5 
6-35 
C- 1 6 ~  
B-4 1 
B-7 
C-23 
F- 9 
D-26 
D-3 1 

A-35 
1-2 7r  
E-43 
I- 16r 
B-4 
D- 15 
C- 12 
D-2x 
F-33 
E- 18 
G- 9 
B- 16 
F-2 0 

- 
H-45 
H-34 

H-5 
H-24 

Specimens** 

Air-Dried 

F-42 
H- 14r 
E-40 
E- 13 
6-30 
C- 17 
B-42 
pi- 19 
C- 11 
F-30 
D-44 
D-40 

I- 13rf 
D-3 
E- 1 
C- 13f 
B- 1 
D-22 
C-46~  
D-41 
F-34 
E-4 
G- 19 
B-5 
I-30rf 

1-39 
1-20 

- - ------ H-3 1 

H- 17 

Companion 
Shrinkage 

As -Cas t 

F-23 
A- 8 
E-28 
E-2 8 
G- 18 
C-39 
B-2 9 
B-2 9 
C-39 
F-23 
D-20 
D-20 

A-22 
T-2 1 
E- 10 
1-2 1 
B- 13 
15- 12 
C-4 1 
D- 12 
F- 15 
E- 10 
G- 1 
U- 13 
F- 15 

H-2 8 
H-2 8 

, . , 

H-2 8 
H-2 8 

Specimens* 

A i r - D r  ied 

F-17 
H- 1 
E-23 I** 
E-23 
G- 10 
C- 6 
B-23 
B-23 I** 
C- 6 
F- 17 
D-33 
D-33 

I- 1 
D-23 
E-42 
I- 1 
B-2 6 
D-23 
C-36 
D-23 
F-2 1 
E-42 
6-2 1 
B-26 
F-2 1 

:I::?** 



TABLE 5. EXPERII4ENTAL DESIGN FOR STRENGTH SPECIMENS 

*Numbers i n  parentheses indicate the number of speczmens actually tested. 

Age a t  
Testing, 

Days 

28 

90 

Curing 
Conditions 

Standard 
ka-Cast 
Air-Dried 

Standard 
As-Cast 

Temperature, 
F 

75 

7 5 

Batch* 

G H I 

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

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

2 3 - 2(1) 
2 2 

2 3 2 
2 3 2 

2 3 2 
2 - 2 

2 3 2 
2 - 2 

2 3 2 
2 - 2 

2 3(2) 2(0) 
2 - 20) 

- - - - - - - - - 
- - - - - - 
- - - 
- - - 

I - - - 
- - - 
- - - 

Number 
. 

A B C 

3 6(3) 6(5) 
3 3 3 
3 3 3 

3 6(3: 6(4) 
3(2) 3 3 
312) 3 3 

2 - - - - 2 

2 - - 
2 - - 
2 - - 
2 - - 
2 - - 
2 - - 
2 - - 
2 - - 
2 - - - - 2 

- 2(1) 2 - - - 
- ( l i  - 

2 2 - 2 2 
- 2 2 

- 2 2 - 2 2 

- 2 2 - 2 2 

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) 

lO(9) 
2 
20) 

10 
10 
10 

8 
8 

8 
8 

75 
150 

75 
150 

75 
150 

75 
150 

75 
150 

75 
150 

75 

75 

7 5 
150 

- 75 
150 

of Specimens per 

D E F 

6 6(4) 6(5) 
3 3 3 
3 3 3 

6 6(4) 6(4) 
3 3 3 
3 3 3 

- - - 
- - - 
- - - - - - 
- - - 
- - - 
- - - 
- - - 
- - - - - - 
- - - 
- - - 
2 2 2 - - 2 
2 - - 
2 2 2 
2 2 2 
2 2 2 

- 2 2 
- 2 2 

- 2 2 
- 2 2 

282 
(252) 

76 

e 
00 

8 
2 
V) 

9) > 
-1-1 
I0 

3 

U 

5 
2' 
U 
rn 
PI ' 
.-I 
4 
~1 

B w 

183 

365 

538 

28 

90 

Air-Dried 

As-Cast 

Air-Dried 

As-Cast 

Air-Dried 

As-Cas t 

Air-Dried 

Standard 
As-Cas t 

/ Air-Dried 

Standard 
As-Cas t 
Air-Dried 

538 

As-Cas t 

Air-Dried 



Fig 2. Method of positioning vibrating wire gages. 

F i g  3, Stml mold traseagblp for 6 x 264,nch s p e ~ h m .  
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' 2 ' (1) Mixer was pre-dampened , leaving no free water, as follows : ' A V -  
. - 4, -b . . - 

s : n 8 ~  i :!L; , (a) mixer was rotated with free water for at least 15 minutes, 
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* 

k A L ; L ,  , > -  L 
' 1  c,:;c 
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J - (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. 
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r-' '--,: - 
q '--- 7 I I  l--.7 

' k  - - ,k.; 
- - 

i (9) Concrete was mixed for one additional minute. 
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(10) Concrete was discharged into a damp pan. 
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Casting 

b l ' .  . 
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The 6 x 12-inch specimens were cast vertically, compacted according to 
&. 1 :,l*J*L. ,ti 'C I- 

ASTM specification C-192, and vibrated three seconds at a frequency of 3600 
. Jc 1. If- 

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

(Fig 31, were compacted by approximately 200 strokes of a 114-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 
T2,- 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 

L.;  

All specimens were cured 24 hours in the laboratory, followed by 24 hours 
" - . - J  . "c;' 
''--,I\ A I. . 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 



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 

Tminediately a 1 L e ~  Lltu 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 BondZng Compound, Epoxy-Polysulfide 
System, Sika Chemical Corporation) aud placed in the fog roam. 
At the end of 48-hours, the s p e c i m ~ n ~  were removed from the fog 
ruom, rrcoared wleh epoxy, afid Sealed i n  a copper jacket. The 
specimens were cured an additional 81, 144, or 356* days (83, 
176, or 358* days total curing) at 73.4 + 3O 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 specimcno wcrc completely sealed iu cupper and cured for 
the appropriate number of days at 75O F. Those specimens 
which were to be teated 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 st which time the specimens were placed 
in the testing temperature of 75O 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 
boars, the speciute~~s were submerged and further eurcd in lime- 
saturated water at 75O 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, Llle 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. 



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 75O F 
for the appropriate number of days. Specimens scheduled for 
testing at 183, 365, or 538 days after casting were sealed 
in copper 83 days 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 75O 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, 75O F or 150' F. Environmental control units provided temperatures 

which were within f 2Q F of the desired temperatures and were recorded con- 

tinuously. Relative humidity for the 75O F environment was maintained at 50 f 5 

percent. The 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 0 to 3600 psi, for both 

axial stress a and radial confining stress 0 . Since the combination of 
a r 

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

fied as uniaxial, fl = 0 ; biaxial, 0 = 0 ; 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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(a) Uniaxial and triaxial loading. 

(b) Biaxial loading. 

Fig 5. Test units. 



Fig 6 .  Shrinkage specimens and a biaxially-loaded specimen, 



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) axi.al gage in as-cast specimen, 75 seconds afrer appllca~lon 
of maximum load to creep specimens; 



(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 specj.iiisns. 

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 teGt the large number o f  specimens, a time flow 

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

reading had to be performed (Appendix F of Ref 3). In add.ition, 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. SUMMAKY 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 B and 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 2 600 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 ~1;s tic Pro~ert ies 

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 
ti 6 

4.00 x lo6 to 7.10 x 10 psi and averaged 5.50 x 10 psi. The average moduli 

of elasticity for the as-cast and air-dried specimens loaded at 75O F were 
6 5.86 x lo6 and 5.50 x 10 psi, respectively. Specimens loaded at 150' F had 

lower moduli, with the average values for the as-cast and air-dried specimens 



1U 
IU 

T M L E  6 .  AVERAGE CCMPRES S IVE AND TENSILE STRENGTHS 
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Curing 
Condi t ions  

Standard 
As-Cast 
Air-Dried 
Standard 
As-Cast 
Air-Dried 

As-Cast 

Air-Dried 

As-Cas t 

Air-Dried 

As-Cast 

Air-Dried 

Standard 
As-Cas t 
Air-Dried 
Standard 
As-Cast 
Air-Dried 

As-Cas t 

Air-Dried 

Avg S t r e n g t h s  
of a l l  Batcheg 

p s i  

642 0 
57 10 
6550 
8220 
6640 
7450 

Temperature, 
0 ,  

75 

7 5 

Average S t r eng ths  of  Ba tc t e s ,  p s i  

A B C D E F C H I 

6760 6650 6140 6200 6520 6510 6450 6340 6260 
6580 L710 5700 5980 5410 5650 5950 5650 5790 
7060 6200 6520 6640 6540 6680 6570 6320 6440 
8550 8690 8290: 8540 8200 8090 7730 8110 7870 
6880 6110 6430;'; 6500 7290 7410 74j0 6330 6160 
6960 7790 737W 7790 7420 7870 7450 7280 7060 

75 
15 0 
7 5 

15 0 
75 

15 0 
7 5 

15 0 
7 5 

15 0 
7 5 

150 

7 5. 

7 5 

75 
15 0 
75 

15 o 

82 60 - - - - - 7620 7660 6960 ' 7630 
8 12 0 - - - - - 82 30 - 7730 8040 
7030 - - - - - 7310 7$70 7200 
7760 - - - - - 7130 . - 6960 

7250 
72 70 

8840 - - - - - 8130 6330 7340 
7 600 - - - - - 83 LO - 7660 I 

7830 
- 7860 

7480 - - - - I  - 7810 6.360 7590 ' - - - - - 7010 7860 - 7 170 
8430 - - - - - 3010 7530 7170 
9 130 - - - - - 8270 - 7470 
8570 - - - - - 8070 7550 7470 
7 940 - - - - - 7540 - 7860 - 633**:580 620 570 550 - - - - - - 52 0 - - - - - 

- 563;';-1; - 530 - - - - - - - - - 5411 680 510 710 690 - 5511 610 530 590 590 - - - 
- 5413 580 550 550 580 - - - 
- 600 590 - - - - 550 490 

7440 
7350 
8040 
82 90 
7 92 0 
7780 
590 - - 
63 0 
570 
560 
560 - 601) 550 - - - 620 610 -. -- - 1 600 - 760 740 - - - 650 690 a 710 - 660 580 - 610 660 - - i 630 



6 6  
be ing  5.7'4 x 10 p s i  and 4.87 x 10 p s i .  Po i s son ' s  r a t i o  ranged from 0.21 

t o  0.29 and averaged 0.25..  

A comparison of t h e  above p r o p e r t i e s  f o r  specimens cured f o r  90 days and 

sub jec t ed  t o  comparable t e s t  cond i t i ons  i s  shown i n  Table 7. It was found 

t h a t  (1) t h e  a i r -d r i ed  specimens had s l i g h t l y . l o w e r  moduli of e l a s t i c i t y  

than t h e  as -cas t  specimens; (2) t h e  specimens loaded a t  150° F  had s l i g h t l y  

lower moduli than  t h e  specimens loaded a t - 7 5 '  F; and (3)  Po i s son ' s  r a t i o  was 

no t  s i g n i f i c a n t l y  a f f e c t e d  by cu r ing  h i s t o r y  and t e s t i n g  temperature .  

The moduli of e l a s t i c i t y  and ~ o i s s o n ' s  r a t i o s  f o r  t h e  8  specimens cured 

f o r  e i t h e r  183 o r  365 days and t h e  corresponding specimens cured f o r  90 days 

a r e  shown i n  Table 8 .  From t h i s  t a b l e  i t  would appear  t h a t  t h e  magnitude 

of t h e  modulus of e l a s t i c i t y  and Po i s son ' s  r a t i o  were n o t  a f f e c t e d  by t h e  

l eng th  of cu r ing  t i m e  p r i o r  t o  l oad ing  nor  by t h e  cu r ing  h i s t o r y  al though . 
t h e r e  was a s l i g h t  i n c r e a s e  of modulus wi th  t ime and a  s l i g h t  decrease  of 

P o i s s o n ' s . r a t i o .  The average  modulus of e l a s t i c i t y  and Poisson ' s .  r a t i o  were 
6  

6.03 x 10 p s i  and 0.25,  r e s p e c t i v e l y ,  which w e r e ' e s s e n t i a l l y  equa l  t o  t h e  

average va lues  ob ta ined  f o r  t h e  90-day c r eep  specimens. 

SHRINKAGE STRAINS 

To determine c r eep  s t r a i n s  i t  was-necessary  t o  measure shr inkage  dur ing  

t h e  cu r ing ,  c r eep ,  and recovery pe r iods .  

Shrinkage During Curing 

Est imates  of t h e  r e l a t i o n s h i p s  between shr inkage  s t r a i n  and time f o r  t h e  

as -cas t  and a i r - d r i e d  specimens dur ing  t h e  90-day cu r ing  per iod  were ob ta ined  

by averaging t h e  shr inkage  s t r a i n s  i n  bo th  t h e  shr inkage  and c r eep  specimens 

from Batches A through G (F ig  7 ) .  I n  t h e s e  r e l a t i o n s h i p s  t h e  seven-day r ead ing  

was considered a s  t h e  i n i t i a l  r e f e r e n c e  p o i n t ,  s i n c e  t h e  c u r i n g  and handl ing 

procedures  dur ing  t h e  f i r s t  seven days were d i k f e r e n t .  

The average a x i a l  and r a d i a l  s t r a i n s  of  the  as -cas t  specimens, which d i d  

n o t  exper ience  a  s i g n i f i c a n t  l o s s  of mois ture  du r ing  t h e  cu r ing  pe r iod  

(Tables 9  and l o ) ,  were e s s e n t i a l l y  ze ro  throughout t h e  c u r i n g  pe r iod  (Fig 7a ) .  

The average compressive s t r a i - n s  of t h e  a i r - d r i e d  specimens, however, cont inued 

to i n c r e a s e  (F ig  7b) throughout t h e  cu r ing  per iod  and t h e  specimens e x h i b i t e d  

a s u b s t a n t i a l  l o s s  of mois ture  du r ing  t h e  f i r s t  82 days ,  a t  t h e  end of  which 

(Text cont inued  on page 29) 



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

Average 0 .25 5.78 0 .26 5.55 

1 

S t r e s s ,  p s i  

Axial;? R a d i a l  

600 0 

2400 0 

2400 600 

0 600 

0 3600 

Average 0.24 5.72 0 .24  4.99 

7 5 " ~  As-Cast 

Mcdulus o f  
P o i s s o n ' s  E l a s t i c i t y ,  

Spec: a men R a t i c  6 10 p s i  

E -  39 0.29 6.04 

B- 7 0 -24  5.66 

C-23 0 -24 6 .54 

F- 13 0.26 6 .13  

H-22 0.2 1 4 . 5 1  

;kNominal a x i a l  s t r e s s .  

7 5 ' ~  ~ i r - ~ r i e d  

Modulus of 
P . ~ i s s 3 n ' s  E l a s t i c i t y ,  

Specimen E a t i o .  1 0 ~  p s i  

E-40 0.28 5.64 

B- 19 0.27 5.76 

. C - 1 1  0.26 5 .51 

F-42 0.26 5.98 

H- 14 0.23 4 .85  

1 5 0 " ~  rs i r -Dried 

B- 1 0 . 2 5  5 .49 

F- 34 (3.26 b .53  

E - 4 C .24 5 .23 

I- 13 C.24 5 .28 

I- 30 C .23 4 .40  

6 00 0 

2400 0 

2400 6 00 

0 600 

0 3600 

150°F A s -  Cast  

B-4 0 .24  5.94 

F- 33 0 .26 5.15 

E- 18 0 .22  6.19 

A-35 0.25 6.35 

I- 16 0.24 4 .97 I 



TABLE 8 .  INSTANTANEOUS MODULUS OF ELASTICITY AND POISSON'S RATIO 
FOR SPECIMENS WITH VARIOUS CURING T I C S  AND HIS TORIES 

6  
I n s t a n t a n e o u s  Modulus o f  E l a s t i c i t y ,  10 p s i  

T n s t a n t a n ~ o 1 . 1 ~  P n i s s n n ' s  R a t i o  

S t r e s s ,  
PS i 

6  00 

2400 

Average 

Curing Time and H i s t o r y  

S t r e s s ,  
p s i  

600 

2400 

Average 

90 .  Days 

AS-Cast Ai r -Dr ied  

6.24 5 .83 

5.67 5.77 - 

5.95 5.80 

5.87 

Curing Time and H i s t o r y  

183 Days 

As-Cast  Ai r -Dr ied  

5.99 7.04 

5.67 5.66 

5.83 6 . 3 5  

6.09 

90 Days 

AS-Cast Air-Dried 

. 0.29 0.28 

0.24 0.27 

0.27 0.27 

0.27 

365 Days 

As-Cast A i r - ~ r i e d  

7.39 5.46 

6.66 .4.95 

7.02 5 .20 

6 .10 . 

183 Days 

A s -  Cast  Ai r -Dr ied  

0 .26 0.29 

0.22 0.24 

0.2& 0.27 

0.25 

365 Days 

As- Cast  Air-Dried 

0 . 2 7  0 .20  

0.27 0.19 

0.27 0.20 

0.24 



( a )  As-cas t  specimens.  
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Fig 7 .  Average s h r i n k a g e  s t r a i n s  f o r  a s - c a s t  and a i r - d r i e d  
specimens d u r i n g  t h e  90-day c u r i n g  p e r i o d .  
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TABLE 9. GAGE PERFORMANCE AND WEIGHT CHANGES 
OF SHRINKAGE SPECIMENS 

*Failed 7 days a f t e r  cas t ing .  
**Tnfopnation not obtained. 
t ~ e f e r s  t o  day a f t e r  ioading of compaalon creep specimens. 

##Served a s  a shrinkage specimen f o r  creep specimen$ cured f o r  90, 183, and 365 days. 

Temperature, 
O F  

150 

Curing 
History 

AS-casr 

Air-Dried 

As-Cast 

Ali-Dried 

Curing 
Per iod,  

90 

183 

81) 

90 

183 

365 

Y U 

90 

Specimens 

A- 8 

B-29 

C- 39 

0-20 

E-28 

F-23 

G- 18 

'(1-23) 

H-28 

(A- 38) 

8-23 

C- 6 

0-33 

E-23 

F- 17 

G-10 

H- 1 

H-4 

(H-38) 

1-17 

H-35 

A-22 

B- 13 

C-41 

0- 12 

E-10 

F- 15 

ti- 1 

1-21 

(A- 32 ) 

B-26 

C-36 

0-23 

E-42 

F-21 

G-21 

1 - 1  

Weight Change, oz 

Curing Test 
Period Period - 

0.0 - 1.0 - 1.0 

- 1.0 0.0 - 1.0 

** ** - 0 . 5  

** ** H 

- 1.5 . ic* w 

- 0.5 ** ** 
0.0 - 1.0 - 1.0 

f* ** . - 1.2 

** " - 3.7 

-10.0 - 1.0 -11.0 

. -12.0 - 1 . 5  -13.5 

-11.0 - 1.0 -12.0 

-10.0 - 0 . 8  -10.8 

-10.2 ** ** 
-14.5 - 0.5 -15.0 

- 8.5 - 1.0 - 9.5 

- 8.0 ** ** 
-10.0 H w 

f* f* ** 
-11.5 - 0.5 -i2.0 

-16.0 . 0.0 -16.0 

.- 0.5 - 4 .0  - 4.5 

** a* - 8.8 

0.0 0.0 0.0 

w ** - 6 . 0  

- 0 .5  - 6 . 0  - 6.5 

- 1.0 - 2.0 - 3.0 

- 0.5 - 1.5 - 2.0 

** ' W W 

- 6.8 - 1.0 - 7.8 

-12.0 - 1 . 0  -13.0 

- 6.5 - 8 . 5  -13.0 

- 8.0 - 0.5 - 8.5 

- 3.5  . * ++ 

- 9.5 - 4.0 -13.5 

- 9.5 - 3.2 -12.7 

- 6 . 5  ** H 

Gage Fa i l ed ,  
Days After  Loading # 

Axial Radial 

F* 

168 

2 8 

140 

308 

56 140 

280 8 392 

224 

111 

2 

Remarks 

Replaced by H-28 

Damaged, replaced by H - 1  

Damaged, not replaced 

Damaged, replaced by 1-17 

Damaged, repl.aced by 1 - 1  . 



*Numbers i n  paren theses  are t h e  number .of specimen's f o r  which i n f o r n a t i o n  was ava i lab le , .  

Type 
0 f 

Specimen 

Shrinkage 

~ n i a x . i a l  

B i a x i a l  

T r i a x i a l  

Average 

. . . average Weight. Ct-ange*, o i  ' ' 

' , 3 5 5  Days 

~ i r - ~ r i e d  . As-Cas t 

75O F . 75O F 

(1) -16.0 (0) - 

(2) -1-5.L . (2) -0.8 

No t e s t s  No t e s t s  

No tests No tests 

( 3 )  -15.6 (2) -0.8 

. 183 Days 

Air-Dried As-Cast 

75O F 75= 7 

(1) -11.5 (0) - 

(2 )  - 8.5 (1) O;O 

No tests No t ~ t s  

No tests  No t ~ s t s  ' 

(3 )  - 9 . 5  (1) 2 . 3  

90 Days 

Air-Dried 

75O ' F  15,qD F 

A-s - Cas t 

75O F , .  $SO0 F , -. . 

(9 )  .-lo. 5' 8 )  - 8 1 

(2) - 1 . 5  (4.) -11.5 

(3). - 9.6 (5)  - 9.5 

( E )  - 9.4 . (6) - 8 . 1  

(22)  -10.1 (231 - 9 . 0  

(45) -9.5 

1 

( 5 )  -0.6 (5> -0.5 

. (2) .-2.5 ($4) -2.5 

(2) -8.5 ( 4 )  -2.8 

(8) -2.2 (55 -2.1 
. . 

(17) - 2 . 5 '  1 8  -1.5 

(41; -1.7 



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

shrinkage strains for the air-dried spec.imens were approximately 240 and 190 

microunits, respectively, and the average moisture 1oss.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 8-3: and 90 days 

for as-cast and air-dried specimens subjected to 150' F was due to difference . . 

.in thermal characteristics of the gage and konci-ete; which is. discussed under 

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

Shrinkage During Testing of 90-Day Specimens 

shrinkage s.trains were measured during the, lpading. 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 

t.he as-cast and air-dried shrinkage specimens from ~ a t c h e s ' ~  through G are 

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- 
. j. 

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

period, at the end of which the ax.ial and radial gages indicated tensile strains 

of 33 and 37 mi'crounits, 'respect'ively . During the remainder of the loading 

period, very little additional strain was detect.d. The sh&kage 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. Hbkever , the radial 
. . 

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

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

after 12 months were relatively . . small, with the axial gage indic&ing 34 
. .. . . 

microunits expansion and the radial gage L8 microunits shrinkage.. 
. . 

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

were similar to those for the as-bast 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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Fig 8. Average shrinkage strains d.uring the loaded and unloaded 
periods for specimens loaded at 90 days. 



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 ldss 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 concrere 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 8a). 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 po'rtion involving a 90-day 

c u r i ~ i g  period io the fact that the rarlia.1. strains for the air-dried specimens 

(1-17 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. Neverthel-ess, the influence of shrinkage on 

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

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

1.. C I L ~ ~ .  . - IIowever, 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 a t  90 days a r e  presented  i n  Kef 11. The r e l a t i o n s h i p s  f o r  

t h e  specimens loaded 183 o r  365 days a f t e r  c a s t i n g  a r e  shown i n  Appendix A 

of t h i s  r e p o r t .  The t o t a l  s t r a i n  i nc ludes  t h e  e l a s t i c  s t r a i n s  upon a p p l i c a t i o n  

of  l oad  and t h e  time-dependent shr inkage  and c reep  s t r a i n s .  A q u a l i t a t i v e  

review of  t h e s e  d a t a  i n d i c a t e d  t h a t  . 

(1) an i n c r e a s e  i n  s t r e s s  produced l a r g e r  t o t a l  s t r a i n s  and s t r a i n  
r a t e s ,  

(2)  specimens loaded t r i a x i a l l y  a t  a  s t r e s s  r a t i o  approximately equal  
t u  P u i s s o n ' s  r a t i . 0  exh ib i t ed  l i t t l e ,  i f  any, s t r a i n  i n  the minor 
stress dir~.r . t . i .nn,  

(3)  i n  t r i a x i a l l y  loaded specimens, f o r  a given p r i n c i p a l  s t r e s s ,  an 
i n c r e a s e  i n - s t r e s s  i n  a  p lane  perpendicular  t o  t h e  p r i n c i p a l  s t r e s s  
reduced t h e  s t r a i n  a long  t h e  a x i s  of t h e  p r i n c i p a l  s t r e s s ,  

(4) under h y d r o s t a t i c  s t a t e s  of s t r e s s  compressive s t r a i n  occurred 
i n  a l l  t h r e e  p r i n c i p a l  d i r e c t i o n s ,  i n d i c a t i n g  ,volumetric c reep  
occu,rred wi th  t ime,  

(5) . t h e  t o t a l  s t r a i n  and s t r a i n  r a t e  f o r  a i r -d r i ed  specimens were s i g -  
n i f i c a n t l y  l a r g e r  than f o r  as -cas t  specimens, 

(6 )  t he  t o t a l  s t r a i n  and s t r a i n  r a t e  were l a r g e r  f o r  specimens a t  
150° F  than  f o r  specimens a t  75O F, and 

(7)  f o r  comparable s t a t e s  of s t r e s s ,  w i t h i n  t h e  l i m i t s  of t h i s  exper i -  
. ment t h e  o r d e r  of increased  t o t a l  s t r a i n  wi th  time was 75" r ,  

as -cas t ;  75O P ,  a i r - d r i e d ;  150° F, a s - cas t ;  and 150" F, a i r -d r i ed .  

CREEP STRAINS AND BEHAVIOR 

Creep s t r a i n s  were es t imated  by s u b t r a c t i n g  the. ins tan taneous  and shrinkage 

s t r a i n s  from t h e  t o t a l .  Thus, i t  was assumed t h a t  t h e  ins tan taneous  e l a s t i c  

s t r a i n  f o r  each specimen was cons t an t  and d id  no t  vary w i t h  t ime and t h a t  t h e  

time-dependent s t r a i n s ,  i . e . ,  sh r inkage  and c reep ,  were no t  i n t e r r e l a t e d .  The 

c reep  s t r a in - t ime  r e l a t i o n s h i p s  f o r  t h e  specimens loaded a t  90 days a r e  shown 

i n  Appendix A of Ref 1 and t h e  d a t a  a r e  summarized i n  Appendix G of Ref 11. 

The r e l a t i o n s h i p s  f o r  t h e  specimens loaded a t  183 and 365 days,  a long  wi th  

comparable r e l a t i o n s h i p s  f o r  90-day specimens, a r e  shown i n  F igs  11 through 14. 

The c reep  r a t e  was much l a r g e r  du r ing  t h e  e a r l y ' p o r t i o n  of t h e  loading per iod ,  

b u t ,  approximately t h r e e  months a f t e r  l oad ing ,  t h e  c reep  s t r a i n  became r e l a t i v e l y  

c o n s t a n t  and no s i g n i f i c a n t  change occurred dur ing  t h e  remaining po r t ion  of 

t h e  loaded per iod .  



F i g  11. A x i a l  a a d  r a d i a l  c r e e p  s t r a i n  r e l a e i o n s h i p s  f o r  a s - c a s t  specimens w i t h  u n i a x i a l  s t r e s s  
o f  2400' p s i .  
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F i g  1 2 .  A x i a l  and r a d i a l  c r e e p  s t r a i n  r e l a t i o n s h i p s  f o r  a i r - d r i e d  specimens w i t h  u n i a x i a l  s t r e s s  
o f  2400 p s i .  



F i g  13. A x i a l  and r a d i a l  c r e e p  s t r a i n  r e l ~ t i o n s h i p s  f o r  a i r - d r i 2 d  specimens w i t h  u n i a x i a l  s t r e s s  
o f  600 p s i .  



90-Caoy Curing 

-- 183-Coy Curing 
--- 365-Day Curing 

Fig  1 4 .  Axia l  and r a d i a l  c r sep  s t r a i n  r e l a t i o n s h i p s  f o r  a s - c a s t  specimems wich u n i a x i a l  s t r e s s  
of 600 p s i .  
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Pre l iminary  Analys i s  of 90-Day Specimens 

Subsequent t o  t h e  completion of t h e  l oad ing  pe r iod  f o r  t h e  specimens 

cured f o r  90 days ,  t h e  r e s u l t i n g  c r eep  s t r a i n s  were analyzed us ing  a n a l y s i s  

of va r i ance  and r e g r e s s i o n  techniques  (Ref 1 1 ) .  The' f i v e  f a c t o r s  analyzed 

were temperature  du r ing  loading ,  cu r ing  h i s t o r y ,  a x i a l  s t r e s s ,  r a d i a l  s t r e s s ,  

and t i m e  a f t e r  load ing .  A l l  f i v e  f a c t o r s  and a  number of two-factor and three-  

f a c t o r  i n t e r a c t i o n s  w e r e  found t o  produce e f f e c t s  which had p r a c t i c a l  s i g -  

n i f i c a n c e .  It gene ra l l y  was found t h a t  compressive and t e n s i l e  c r eep  s t r a i n s  

f o r  specimens cured f o r  90 days -were l a r g e r  f o r  

(1) a  test temperature  of 150' F  than  f o r  75" F, 

(2)  a i r - d r i e d  conc re t e  than  f o r  as -cas t  conc re t e  (except i n  t h e  ca se  
of low t e n s i l e  c r eep ,  where t h e  r e v e r s e  was t r u e ) ,  

(3)  i nc reased  t i m e  a f t e r  l oad ing ,  and 

(4)  h ighe r  stresses f o r  u n i a x i a l  and b i a x i a l  s t a t e s  of s t r e s s .  

The e f f e c t s  produced by t h e s e  f a c t o r s  a r e  i l l u s t r a t e d  i n  F igs  11 through 27 

f o r  a  v a r i e t y  of cond i t i ons  involv ing  21 s e l e c t e d  specimens. 

Temperature During Loading. The gene ra l  e f f e c t s  of temperature  on a x i a l  

and r a d i a l  c reep  s t r a i n s  f o r  a  v a r i e t y  of stress cond i t i ons  a r e  shown i n  Figs  1 5  

and 16. I n  a l l  c a se s  compressive and t e n s i l e  c r eep  s t r a i n s  were i nc reased  

by i n c r e a s i n g  t h e  temperature  from 75 t o  1500 F; however, t h e  i n c r e a s e  asso- 

c i a t e d  w i t h  i nc reased  temperature  was g r e a t e r  f o r  t h e  h igh  stress cond i t i ons .  

Curing Hi s to ry .  The gene ra l  e f f e c t s  of cu r ing  h i s t o r y  on a x i a l  and r a d i a l  

c reep  s t r a i n s  f o r  a v a r i e t y  of stress c o n d i t i o n s  a r e  shown i n  F igs  1 7  and 18. 

The a i r - d r i e d  specimens e x h i b i t e d  more compressive c r eep  s t r a i n  than  t h e  as -  

c a s t  specimens, b u t  f o r  cond i t i ons  which produced r e l a t i v e l y  low t e n s i l e  c reep  

s t r a i n s  t h e  a i r - d r i e d  specimens e x h i b i t e d  less t e n s i l e  c r eep  s t r a i n  t han  t h e  

as -cas t  specimens. The i n c r e a s e  i n  s t r a i n  a s s o c i a t e d  w i th  a i r -d ry ing  was 

l a r g e r  f o r  t h e  h ighe r  stress cond i t i ons .  

Radia l  S t r e s s .  F igures  19 through 22 show t h e  gene ra l  e f f e c t s  of  r a d i a l  

stress on a x i a l  and r a d i a l  c reep  s t r a i n s  f o r  a v a r i e t y  of a x i a l  s t r e s s e s .  For 

high a x i a l  s t r e s s e s ,  a x i a l  c reep  s t r a i n  was reduced and r a d i a l  c r eep  s t r a i n  

changed from t ens ion  t o  compression. For low a x i a l  s t r e s s e s  i n c r e a s i n g  r a d i a l  

s t r e s s  changed t h e  a x i a l  c reep  s t r a i n  from compression t o  t e n s i o n  and changed 

(Text cont inued on page 53) 
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F i g  18 .  EEfect  o f  c u r i n g  h i s t o r y  on r a d i a l  c r e e p  s t r a i n  
f o r  a  v a r i e t y  of stress c o n d i t i o n s .  
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F i g  20.  ~ f f e c t  of r a d i a l  s t r e s s  on r a d i a l  c r e e p  
s t r a i n  f o r  a  h i g h  a x i a l  s t r e s s .  
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F i g  23. Effect  of a x i a l  s t r e s s  on a x i a l  creep 
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F i g  2 4 .  E f f e c t  of  a x i a l  s t r e s s  on r a d i a l  c r e e p  
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F i g  2 6 .  E f f e c t  of  a x i a l  s t r e s s  on r a d i a l  c r e e p  
s t r a i n  uncer  a  low r a d i a l  s t r e s s .  
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r a d i a l  c reep  s t r a i n  from t ens ion  t o  compression. Thus, a  d e f i n i t e ' c r e e p  

Poisson ' s  e f f e c t  was ev iden t .  

Of cons ide rab le  importance t o  t h e  des igner  is  t h e  observed non l inea r  

r e l a t i o n s h i p  between s t r e s s  and creep  s t r a i n ,  p a r t i c u l a r l y  f o r  m u l t i a x i a l  

s t a t e s  of s t r e s s .  

Axial  S t r e s s .  The g e n e r a l ' e f f e c t s  of a x i a l  s t r e s s  on t h e  . a x i a l  and 

r a d i a l  c reep  s t r a i n s  f o r  a  v a r i e t y  of r a d i a l  s t r e s s e s  a r e  shown i n  Figs 23 

through 26. The observa t ions  a s s o c i a t e d  wi th  a x i a l  s t r e s s  a r e  s i m i l a r  i n  

n a t u r e  t o  those  ind ica t ed  f o r  r a d i a l  s t r e s s .  There was no t  a s  much n o n l i n e a r i t y  

a s soc i a t ed  wi th  t h e  u n i a x i a l  s t a t e s  of s t r e s s  a s  w i th  t h e  t r i a x i a l  s t a t e s  of 

s t r e s s .  

Time Af ter  Loading. Typical  t ime ve r sus  c r eep  s t r a i n  r e l a t i o n s h i p s ,  

s h o r n  i n  Figs  1 5  through 27, i l l u s t r a t e  t h e  e f f e c t s  of t ime a f t e r  l oad ing  f o r  

each of t h e  main v a r i a b l e s  and a  v a r i e t y  of loading  cond i t i ons .  Compressive 

and t e n s i l e  c reep  s t r a i n s  increased  wi th  t ime a f t e r  loading  bu t  a t  a  decreas ing  

r a t e .  I n  a d d i t i o n ,  c reep  s t r a i n s  and creep  r a t e  were l a r g e r  f o r  t hose  specimens 

e x h i b i t i n g  a  l a r g e  i n i t i a l  e l a s t i c  s t r a i n .  

Time-creep s t r a i n  curves i l l u s t r a t i n g  t h e  in f luence  of temperature dur ing  

loading  a r e  shown i n  Figs 15  and 16 and t h e  in f luence  of cur ing  h i s t o r y  is  shown 

i n  Figs 17 and 18. These f i g u r e s  . i n d i c a t e  t h a t  t h e  e f f e c t s  produced by cu r ing  

h i s t o r y  and temperature g e n e r a l l y ' d i d  not  change wi th  t ime. Thus, t h e r e  

were not  s i g n i f i c a n t  i n t e r a c t i o n s  between t ime and temperature du r ing  loading  

nor between t i m e  and cu r ing  h i s t o r y .  

Time-creep s t r a i n  r e l a t i o n s h i p s  demonstrat ing the' e f f e c t  of r a d i a l  s t r e s s  

f o r  both a  h igh  and a  low a x i a l  g t r e s s  a r e  shown i n  F igs  19  through 22. The 

e f f e c t  of a x i a l  stress f o r  a  h igh  and a  IQW r a d i a l  s t r e s s  a r e  shown i n  Figs 23 

through 26. A s  seen  i n  t hese  f , igures ,  an i n c r e a s e  of e i t h e r  t h e  a x i a l  o r  

r a d i a l  s t r e s s  reduced t h e  c reep  s t r a i n  i n  t h e  d i r e c t i o n  perpendicular  t o  t h e  

d i r e c t i o n  of the increased  stress. Thus , .a  d e f i n i t e  c r eep  Poisson e f f e c t  was 

ev ident .  It can a l s o  be seen  t h a t  cons ide rab le  c reep  s t r a i n  occurred under 

hyd ' ros ta t ic  s t a t e s  of s t r e s s  and was s t i l l  cont inuing  a f t e r  one yea r  under 

load .  S imi l a r  observa t ions  had been previous ly  r e p o r t e d ,  a s  d i scussed  i n  
. . .  . . 

Ref 11. 

For comparison, t h e  time-creep s t r a i n  r e l a t i o n s h i p s  f o r  u n i a x i a l  s c re s ses  
. * 

' a r e  shown i'n F ig  27. The comparison ind ica t ed  t h a t  t h e  n o n l i n e a r i t y  between 



s t r e s s  and c r e e p  s t r a i n  was g r e a t e r  f o r  t r i a x i a l  s t a t e s  of s t r e s s  than  f o r  

u n i a x i a l  states of  s t r e s s .  

I n t e r a c t i o n  E f f e c t s .  The e f f e c t s  produced by t h e  f i v e  f a c t o r s  were 

c o n s i s t e n t  w i t h  previous  f ind ings .  These main e f f e c t s  provide an  i n d i c a t i o n  

u f  t h e  t r ends  and t h e  r e l a t i v e  importance of each f a c t o r .  The a c t u a l  e f f e c t  

for '  any given s e t  of cond i t i ons  is dependent on t h e  o t h e r  f a c t o r s  a s  d i scussed  

above and a s  evidenced by t h e  number of two and th ree - f ac to r  i n t e r a c t i o n s .  

The s i g n i f i c a n t  i n t e r a c t i o n s  a r e  d iscussed  i n  d e t a i l  i n  Ref 11. 

Prom t h e  a l ~ a l y s e s  of  ehe creep  behavior of  t h e  specimens cured f o r  30 

days ,  i t  was found t h a t  t h e  app l i ed  s t r e s s ,  p a r t i c u l a r l y  r a d i a l  s t r e s s ,  was 

by f a r  t h e  most i~upo~LanL facuor  a f fec t i .ng  r r e e p  behavior  i n  t h i o  s tudy .  

S t r e s s  was n o t  on ly  s i g n i f i c a n t  i n  T t s e l f ,  b u t  i t  a l s o  produced h igh ly  s i g n i f i -  
/ 

c a n t  i n t e r a c t i o n s  wi th  each of t h e  o t h e r  f a c t o r s  i n v e s t i g a t e d .  Since c reep  

s t r a i n  is  usua l ly  cons idered  t o . b e  p ropor t iona l  t o  s t r e s s  a t  t h e  lower s t r e s s  

l e v e l s  and is non l inea r  a t  h igher  s t r e s s e s ,  t h e  e f f e c t  of o t h e r  f a c t o r s  would 

be  expected t o  i n c r e a s e  a s  s t r e s s  i nc reased .  Radia l  s t r e s s  was gene ra l ly  more 

impor tan t  than  a x i a l  s t r e s s  s i n c e  it involved two p r i n c i p a l  s t r e s s e s ,  r a t h e r  

than  one. I n  a d d i t i o n ,  l a r g e r  c r eep  s t r a i n s  g e n e r a l l y  occurred i n  specimens 

which e x h i b i t e d  l a r g e  i n i t i a l  e l a s t i c  s t r a i n s .  

'fhe e f f e c t s  of t h e  major i n t e r a c t i o n s  ind ica t ed  t h a t  an i n r . r ~ a s e  of s t r e s s  

g e n e r a l l y  i nc reased  t h e  c reep  s t r a i n s ,  w i th  t h e  i n c r e a s e  be ing  l a r g e r  f o r  

specimens a t  150° F  and f o r  a i r - d r i e d  specimens. I n  a d d i t i o n ,  t h e  inc rease  

was l a r g e r  a f t e r  l onge r  per iods  under load .  Inc reas ing  t h e  c.nnfining p re s su re ,  

however, tended t o  reduce t h e  o v e r a l l  c reep  strains. 

Long-Term R ~ h a v i  o r  -- 

The creep  s t r a i n - t i m e  r e l a t i o n s h i p s  f n r  the  e i g h t  cpccimcno cured IUL 103 

o r  365 days and then strhjccted L u  GOO or 2400 p s i  for a p p r o x i m a ~ r l y  5.25 o r  

4.75 y e a r s  a r e  shown i n  F igs  11 through 14. The a x i a l  c reep  s t r a in - t ime  re -  

l a t i o n s h i p s  f o r  specimens subjec ted  t o  2400 p s i  a r e  shown i n  Fig 28.  A s  i s  

ev iden t  from t h e s e  f i g u r e s .  t h e  specimens were cont inuing  t o  c reep  a f t e r  4.75 

o r  5.25 yea r s  under load .  

E f f e c t  of Loading Age. A comparison of t h e  c reep  s t r a in - t ime  r e l a t i o n -  

s h i p s  f o r  specimens loaded wi th  a nominal u n i a x i a l  s t r e s s  of 2400 p s i  (Figs  11 

and 12)  i n d i c a t e d  a  d e f i n i t e  e f f e c t  of cu r ing  t ime p r i o r  t o  loading .  Specimens 
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Fig 28. Relationship between axial creep strain and logarithm of time for specimens with 
uniaxial stress of 2400 psi. 



loaded a f t e r  a  l onge r  c u r i n g  per iod  exh ib i t ed  sma l l e r  a x i a l  and r a d i a l  c reep  

s t r a i n s .  I n  one c a s e ,  however, t h i s  e f f e c t  diminished wi th  t ime. I n  f a c t ,  

t h e  c r eep  s t r a i n s  f o r  t h e  365-day specimen exceeded t h e  c reep  s t r a i n s  f o r  

t h e  183-day specimen. A s i m i l a r  e f f e c t  is  a l s o  ev ident  f o r  t h e  specimens 

loaded a t  600 p s i  a l though i t  is  no t  a s  pronounced, poss ib ly  due t o  t h e  

magnitude of t h e  s t r a i n s  and t h e  e r r o r  in t roduced  by t h e  shr inkage  r e l a t i o n -  

s h i p s .  

A,summary of t h e  r a t i o  of t h e  c r eep  s t r a i n s  i n  t h e  183-day and 365-day 

specimens t o  t h e  creep s t r a i n s  i n  t h ~ .  9n-day specimens i s  contained i n  

Table 11. During t h e  f i r s t  year  under l oad ,  t h e  creep s t r a i n s  ' i n  t h e  specimens 

cured f o r  183 days o r  365 days were approximately. 85 and 68 pe rcen t ,  r e -  

s p e c t i v e l y ,  of t h e  c r eep  s t r a i n s  i n  t h e  specimens cured f o r . 9 0  days. 

E f fec t  of  Curing Hi s to ry .  A comparison of t h e  a x i a l  c r eep  s t r a i n s  

du r ing  t h e  f i r s t  2 .5 y e a r s  under a  load of 2400 p s i  (Table 12) i n d i c a t e s  

t h a t  t h e  a i r - d r i e d  specimens e x h i b i t e d  l a r g e r  a x i a l  c r eep  s t r a i n  than  t h e  

a s - cas t  specimens r e g a r d l e s s  of t h e  age  a t  loading.  I n  a d d i t i o n ,  i t  was con- 

cluded i n  t h e  pre l iminary  eva lua t ion  (Ref 11) t h a t  t h e  a i r -d r i ed  specimens 

e x h i b i t e d  l a r g e r  c r eep  s t r a i n s  throughout t h e  one-year loaded per iod  and 

t h a t  t h e  r e l a t i v e  magnitudes d id  not  change wi th  t ime. The r a t i o s  of t h e  

as -cas t  s t r a i n s  t o  t h e  a i r - d r i e d  s t r a i n s  were f a i r l y  c o n s i s t e ~ i t ,  w i t h  t h e  R V P T R ~ P  

v a l u e s  f o r  t h e  90, 183, and 365-day specimens be ing  0.80, 0.86, and 0.81, 

r e s p e c t i v e l y ,  and t h e  o v e r a l l  average 0.82. Thus, i t  was concluded t h a t  

t h e  c r eep  s t r a i n s  i n  as -cas t  specimens a t  any given time were approximately 

82 pe rcen t  of t h e  c r eep  s t r a i n s  i n  a i r - d r i e d  specimens sub jec t ed  t a  t h e  samp 

s t r e s s  l e v e l .  

During t h e  next  2.5 y e a r s ,  however, t h e  r a t i o s  of t h e  as -cas t  c reep  

s c r a i n s  t o  t h e  a f r -d r i ed  c reep  s t r a i n s  i nc reased ,  i n d i c a t i n g  t h a t  t h e  magni- 

t udes  of t h e  a s - cas t  and a i r - d r i e d  c reep  s t r a i n s  were approaching t h e  same 

va lue .  This may i n d i c a t e  t h a t  t h e  a i r -d r i ed  specimens i n i t i a l l y  deformed 

a t  a much h ighe r  r a t e  because mois ture  was f r e e  t o  move quick ly  and e a s i l y  

i n t o  t h e  p a r t i a l l y  dry  c a p i l l a r y  vo ids  and, t h e r e f o r e ,  t h e  maximum creep  
t 

s t r a i n  w a s  approached ho re  quick ly .  With t ime,  however, t h e  mois ture  i n  

t h e  more s a t u r a t e d  a s -cas t  specimens w a s  a b l e  t o  migra te ,  a l lowing creep  t o  

cont inue .  The u l t i m a t e  c r eep  s t r a i n  may be approximately t h e  same f o r  both 

a s - cas t  and a i r - d r i e d  specimens, o r . t h e . u l t i m a t e  c reep  s t r a i n  may a c t u a l l y  



TABLE 11. RATIO OF AXIAL CREEP STRAINS FOR 183 AND 365-DAY SPECIMENS TO CREEP 
STRAINS FOR 90-DAY SPECIME'NS 

Air-D.ried A s - C a s t  Average A i r - ~ . r i e d  As-Cas t 

Days a f t e r  
Loading 

Average 

9c Excluding 

Curing Time and H i s t o r y  

0 . 8 5  . O .  91  0 .88  0 .68  0 .67 0 .68  
(0.82)* (0.89);k';' (0 .85)* 

v a l u e  28 days a f t e r  l o a d i n g .  

183 Days 365 Days 



TABLE 1 2 .  EFFECT OF CURING HISTORY ON LONG-TERM AXIAL 
CREEP STPAINS , IIICROUNITS * 

*Uniaxial s t r e s s  = 2600 p s i  
Tempera t c r e  = 7 5 " ~  . 

**Ratio of a s - c a s t  t o  a i r - d r i e d  s t r a i n s  

Days Af t e r  
Loading 

2 8 

56 

84 

168 

2 52 

365 (1 y r )  

547 (1.5 y r s )  

730 (2 y r s )  

924 (2.5 y r s )  

1096 (3 y r s )  

1279 (3.5 y r s )  

1461 (4 y r s )  

1643 (4.5 y r s )  

1748 (4.75 y r s )  

1826 ( 5  y r s : ~  

1930 (5.25 p r s )  

Average 
(from Ref b )  

//Average f o r  f i r s t  year  
##Average f o r  f i r s t  2.5 years  

###Average f o r  f i r s t  2 years  

90 Days 

(B- y )  (B-15) 
AS-Czst ACr-Dried Ratio** 

155 185 0.84 

203 261  0.78 

233 2 95 0.79 

275 348. 0.79 

2 90 368 0.79' 

319 3 98 0.80 

- - - - - - 
- - - - - - 
- - - - - - 
- - - - - - 
- - - - - - 
- - - - - - 
- - -- - - 
- - - - - - 
- - - - - - 
- - - - - - 

- - - - 0.80# 

Curing Time and His tory  

183 Days 

(H- 34 ) (1-20) 
As-Cast Air-Dried Ratio** 

155 180 0.86 

186. 2 16 0.86 

2 09  239 0.87 

238, 2 80 0.85 

2 55 306 0.83 

2 80 330 6-85 

32 1 371 0.86 

351 400 0.88 

364 413 0.88 

3 82 42 1 0.91 

3 94 42 6 0.92 

403 430 - 0.94 

413 433 0.95 

418 435 0.96 

42 3 43 7 0 :  97 

42 8 438 0.98 

- - - - 0.868# 

365 Days. 

in-24) (H- 1 7 )  
bs-Cast Air-Dried Ratio** 

LO2 130 0.78 

12 5 16 7 0.75 

143 190 0.75 

L 7 9 2 32 0.77 

Z 06 2 60 0.79 

i 39 '290 0.82 

2 93 32 9 0.88 

C 1.5 34 0 0.93 

35 L 343 1.02 

3 74  350 1.07 

3'92 356 1.10 

Ul? 362 1.12 

42 3 36 7 1.15 

433 368 . 1.18 

- - - - - - 
- - - - - - 

- - - - 0 .8 1 ///I// 



b e  g r e a t e r  f o r  t h e  a s - c a s t  specimens b e c a u s e , o f  t h e  g r e a t e r  q u a n t i t y  o f  w a t e r  

invo lved .  The observed b e h a v i o r  cou ld  a l s o  s u g g e s t  t h a t  t h e  a s - c a s t  specimens 

were  a l s o  l o s i n g  m o i s t u r e  over  a n  ex tended  p e r i o d  o f  t ime  s i n c e  l o s s  o f ' w a t e r  

would b e  expec ted  t o  have a g r e a t e r  e f f e c t  on t h e s e  specimens.  

Creep P o i s s o n ' s  R a t i o  

The r e s u l t s  d e f i n i t e l y  i n d i c a t e  t h e  e x i s t e n c e  o f  a c r e e p  P o i s s o n ' s  e f f e c t .  

P r i o r  t o  t h i s  s t u d y ,  some i n v e s t i g a t o r s  had r e p o r t e d  no c r e e p  P o i s s o n ' s  e f f e c t ,  

o r  t h a t  c r e e p  P o i s s o n ' s  r a t i o  was .approximately  z e r o ,  w h i l e  o t h e r s  r e p o r t e d  

t h a t  c r e e p  P o i s s o n ' s  r a t i o  was approx imate ly  e q u a l  t o  t h e  e l a s t i c  P o i s s o n ' s  

r a t i o  (Ref 1 1 ) .  P o s s i b l y  p a r t  o f  t h i s  d i s c r e p a n c y  was due t o  t h e  d i f f e r e n t  

test c o n d i t i o n s  and t o  t h e  d i f f e r e n t  methods used t o  d e t e r m i n e  t h e  magnitude 

of c r e e p  P o i s s o n ' s  r a t i o .  

I n  t h i s  s t u d y  t h e  fo l lowfng  e x p r e s s i o n  was used t o  c a l c u l a t e  t h e  c r e e p  

~ o i s s o n . ' ~  r a t i o  f o r  c y l i n d r i c a l  specimens s u b j e c t e d  t o  t h e  v a r i o u s  s t a t e s  

o f  s t r e s s :  ! _  

where 

v = c r e e p  P O ~ S S U I I ' S  r a t i o ;  
C 

cS = a x i a l  s t r e s s ,  p s i  
a 

o = r a d i a l  S L ~ ~ S S ,  p s i  ; 
r 

( & c ) a  
= c r e e p  s t r a i n  i n  a x i a l  d i r e c t i o n ;  

(E ) = c r e e p  s t r a i n  i n  r a d i a l  d i r e c t i o n .  
c. r 

90-Day Specimens. Creep P o i s s o n ' s  r a t i o s  f o r , a l l  90-day cured  specimens 

a t  v a r i o u s  t imes  d u r i n g  t h e  l o a d i n g  p e r i o d  a r e  p r e s e n t e d  i n  Tab le  13 .  For 

t h e  c o n c r e t e  cured  f o r  90 days  and s u b j e c t e d  t o  l o a d  f o r  one y e a r  i t  was 

concluded t h a t  

(1) A c r e e p  P o i s s o n ' s  e f f e c t  o c c u r r e d  and c r e e p  P o i s s o n ' s  r a t i o  v a l u e s  
ranged from approx imate ly  39 p e r c e n t  t o  84 p e r c e n t  of t h e  e l a s t i c  
P o i s s o n ' s  r a t i o .  The a c t u a l  magnitude depended p r i m a r i l y  on c u r i n g  
h i s t o r y  p r i o r  t o  l o a d i n g ,  t e m p e r a t u r e ,  and s t a t e  of s c r e s s .  .The 



.. . , . . 
TABLE 1 3 .  CREEP POISS0N"S RATIO FOR 90-DAY CURED SPECIMENS* 

. -  . . 
75' F, As-Cast 

75' F, Air-Dried 

Specimen 

B-7 
C-16 x 

: c-23.. . 
D-26 
D -3 3. 

' F-5 
F-9 .- . 
F - 13 
G-35 
H-22 , 

150' F ,  As-Cast 

-kt* 
Average. .18 .18 .19 ..20 .21 

3tress, p s i  
Axial  Radial  

2179 0 
1100 0 '  
2139 600 
3449 12 00' 
3472 .>boo 

56 7 6UU 
2147 2400 

0 600 
536 3600 

0 3600 

Creep Poisson ' s  Rat io 
a t  fol lowing days a f t e r  loading tt 

28 84 140 2 2 4 .  364 Avg 

.10 -13 .12 .13 .13 
-22 .23 .2 9 .34 .4 1 
.28 .23 .24 .25 . -26 
.18 .19 .21 .21 .22 

- . 3 h  .?I. .?1 -3.3. . 33  
-29 '08 633 i38 .39 

' . I 5  . .09 , .20 .20 .19 
.15 . 2 1  .21 .23 .24 
.18 .18 .18 .18 .19 
.17 -17 .17 

0.14 

(Continued) 

- 
-19 

3; t 3; 
. Average -12 .13 .14 -16 -19 

.08 -10 .09 . lo  .I1 

.17 . .19 .21 .22 .23 
.40 . .41 .41 .40 .40 
'11 .11 
.37 .35 .38 .3 7 .41 
.10 . l o  13 .16 .24 
.33 .31 .32 .32 .32 
. lo  .14 .13 .14 .17 
.13 
*14 

B-19 
C - 1 1  
D -40 
D -44 
E - 13 
E -40 
F -30 
F -42 
G-30 
H-14 

2179 0 
2139 600 
3472 3600 
3449 1.3.00 

562 600 
527 0 

2147 2400 
0 600 

536 3600 
0 . 3600 

.18 

.. 

: - ,  ... ,. 

I. .: 

. . 

. .. 
: ; . : 

. . .' &kt 
Average .19 .19 . .18 .11 

.20 .16 .18 . .25 
.21 .18 
.12 .4.0 e30 i 3 8  053 
.I5 ,123 .08 .0? 
.12 .14 .14 
.20 .. 15 - ,  

.44 

.19 .18 . i 5  

.29 .28 -31  3 1 i35 

.29 .28 .26 

A-35 
B-16 
D-7. x 

~ D-15, , . 
E - 18 

' E-43..  
F-20 
F-33 
G-9 
1-27 

:.....; 1, ;  ; -  
. . 

... 
. . : *. 5 : .  ' 

600 0 .. 
3450 0 

. 108.6 0 
,1102 . O  
2259 600 

0 2400 
.3474. 3600 
.2123 0 
'3.268 2400 

0 12 00 



TABLE 13. (CONTINUED) ,. 

1 .. 

. . 

150' F ,  Air-Dried 

* Specimens which f a i l e d  or had improperly func t ioning  gages ""e'ie" 
excluded . . . , . . .  ; .  .., 

Specimen 

B - 1 
C-46 x 
D -3 
D -22 
D -4 1 
E-1 
E -4 
F -6 
F-34 
G-19 

** .. . .  . . . 1. 

Average over t he  e n t i r e  t e s t  per iod f o r  a l l  envi ro&e&ta l  t e s t  
condi t ions  except those  loaded h y d r o s t a t i c a l l y  and those  ?n which 
o i l  pene t ra ted .  

*** 
Averages f o r  a l l  specimens except  those loaded hydros ta t ica l1 .y  and 
those which o i l  pene t ra ted .  . . 

' .  , 

Jck* 
Average' , .14 .16 -11 .10 .04 

S t r e s s ,  p s i  
Axial  Radia l  

561 0 
1032 0 

0 12 00 
0 1102 

1086 2400 
0 2400 

2259 ' 600 

x Radia l  p re s su re  reduced t o  zero  s h o r t l y  a f t e r  loading due t o  o i - l  
l e ak  i n  t he  specimen. 

' I .  1 

Creep Poisson 's  Ra.tio 
a t  fol lowing days a f t e r  loading ** 

2 8 84 140 . 224 364 Avg 

-10 -20 -11 .09 0 
.28 ,, .18 .24 .27 . .  . .2.8 
-17 .22 . 19 -18 ' 

-15 -18 -06 .05 ' - . O 1  
.13 .12 .ll .12 .12 
.16 
.14 .ll -10 .05 

,:I.  . 
I 

. . .  -12 

.. . . " > 

. .  

... , 

. . 

3474 3600 1 .30 .30 ,36 . . .  . 
. . . 

2123 o i -15 . l o  010 . 

, . .  . 
22 68 2400 .26 .31 .32 .32 ... 3 6' : 



average creep Poisson's ratio throughont 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 
~oisson's ratio although this influence was less at the higher 
temperature and for the air-dri.ed concrete. 

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

with estimating shrinkage and ifs effect on the relatively small radial 

strains, it was difficult to obtain a reliable value for creep PoJ.ssonls 

ratio for specimens cured for 183 nr 365 days and s1.1hjected to a uniaxial Etrccc 

for a period of either 5.25 or 4.7.5 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 1-20 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 

~ l ~ a l :  creep Poissoa's ratio averaged about U.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-teri 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 

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 k 7 to k 9 microunits while the standard errors of estimate 

were in the range of f 10 to 2.  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 

t = time after loading, 

'L = age al: lutlcliug, 

K, a, and B = constants. 

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

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

value for creep Poisson's ratio V from uniaxial test results. These 
f. 



relationships are then substituted into cnnven.tiona1 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 75O F and 150' F. All specimens were loaded at the age of 

90 days, and, therefore, the effect. of the age at loading T nn 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 bbtained 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 75O F (Fig 31) the creep proportional 

llmft 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 (60n and 76rnfl 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 larger for 150' F than for 7.5O F and for the 

air-dried condition than for the as-cast. 



Time After Loading, days 

Creep Strain , microuni ts 

Fig 29.  S t r e s s - c r eep  s t r a i n - t i m e  r e l a t i o n s h i p s  f o r  
0 

a s - c a s t  specimens a t  7 5  F .  

Time After Loading , days 

Creep Strain , microunits 

Fig 30. S t r e s s - c r e e p  s t r a i n - t i m e  r e l a t i o n s h i p s  f o r  
0 

a s - c a s t  specimens a t  150 F .  



Time After Loading , days 

1 7 2 8  84 196 364 

Creep Strain, microunits 

Fig 31. Stress-creep strain- time relationships for 
0 

air-dried specimens at 75 F .  

Time After Loading, days 

0 100 200 300 400 500 600 700 

Creep Stmin , microu n its 

Fig 32. Stress-creep strain-time relationships for 
o 

air-dried specimens at 150 F. 



TABLE 1 4 .  U N I T  CREEP FUNCTIONS AND ULTIMATE U N I T  CREEP OBTAINED FROM 
UNIAXIALLY LOADED SPECIMENS UNDER VARIOUS TEST CONDITIONS 

t = time a f t e r  loading, days 

Ultimate Unit Creep S t ra in ,  

microuni ts /ps i  

0.277 

0.358. 

0.282 

0.276 

Unit Creep Function F(t ,go),  

microunits/psj.' 

-0.091t 
0.358 

0.277(1 - e ) 

0.385 
0.358(1 - . e -0.110t 1 

-0.098t 0.407 
0.282(1 - e 1 

-- 

- 0 . 2 0 8 ~  0.399 
0.276(1 - e ) 

Test 
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-i.ma+ 0.339 
F(t ,90) = 0.276 ( 1 - e ) Air-Dried 150 O F  

I 
o 30 gj 120 190 I 2io 240 270 wo 330 360 

Time After Loading, days 

F i g  33. Unit creep functions for various t ~ s ' t  conditions. 



Creep Poisson's Ratio. In order to predict multiaxial'creep strains, 

creep Poisson's ratios should be estimated from uniaxial tests. ~bwever, 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.75O 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 meas.ured 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 curing periods were 

differenf. 

The accuracy and validity of the prediction equations were also evaluated 

by comparing predicted creep strains with experimentally measured results. 



TABLE 15. UNIT CREEP PREDICTIVE EQUATIONS 

CT = a x i a l  s t r e s s ,  p s i  
a 

= r a d i a l  s t r e s s ,  p s i  

Air-Dried 

As seas L 

A j . r  -nr i erl 

A s  -Cas t 

L 

t = time a f t e r  loading ,  days 

A t  75O I? 

[ -0.098t 
('c'a 

= 0.282 1 - e """3[. - Om: 1.J 

( E ~ ) ~  0.202 1 - r -0.098t L Owii071 Lr - O.lODDr + ua) I 
[ -0.091t 

( E ~ ) ~  = 0.277 1 - e O 3  Fa - 0.300"9] 

[ - 0 . 0 9 i t ~ * ~ ~ ~  Lor 
('c'r 

= 0.277 1 - e - 0.150(or + oa)  'I 
A t  1 . 5 0 ~  F 

[ -0.208t 
('c'a 

= .0.276 1 - e 0m397 La - 0.28.d 

= 0.276 1 - e  i -0.208t 
( 'c)r "'"3 Gr - 0.140(ur + o 3 ) I 

[ -0.110t (ac), = 0.358 1 - c 0*37 Fa - ~ . 2 9 8 u J  . 

-0.110t 
( 'c)r 

( E ~ ) ~  = c reep  s t r a i n  i n  a x i a l  d i r ec -  
t i o n ,  microuni t s  

('c'r = c reep  s t r a i n  i n  r a d i a l  d i r ec -  
t ion.,  mic.rounits 
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TABLZ 16. ~ T I O  OF LONG TERM AND ONE-YEAR CREEP 

*Measured from a x i a l  s t r a i n s  from specimens 1oaded.with a u n i a x i a l  s f r e s s  of 2400 p s i .  
**Estimated from u n i z x i a l l y  loaded specim-ens cured 90 days before  load ing;  7 5 ' ~  and 60 percent  r e l a t i v e  humidity.  

***70"~ and 50 percent  r e l a t i v e  humidity.  

Time a f t e r  
Loading, 
y e a r s  

1 .0  

1.5 

2  . O  

2.5 

3 .0  

3 . 5  

4.0 

4.5 

5 . 0  

I n f i n i t e  

Measured* 

183-Day Curing 365-Day Curing 

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

1.00 1 .00  1.00 1.00 

i . 1 5  1.12 1.21 1.13 

1.25 i . 2 1  1.32 1.17 

l .30  1.25 1.47 1.18 

1.36 1.28 1.56 1 .21  

1.41 1.29 1.64 1.23 

1.44 1.30 1.70 1.25 

1.46 1.32 1.77 1.27 

1.48 ' 1.32 - - - - 
- - - - - - - - 

Estimated (Ref 1)>k* 

75" F 150" F 

A s - ~ a ' s t  Air-Dried As-Cast Air-Dried 

1.00 1.00 1.00 1.00 

- - - - - - - - 
1.17 1.15 1.15 1.06 

- - - - - - - - 
- - - - - - - - 
- - - - - - - - 
- - - - - - - - 
- - - - - - - - 

1.40 1.32 1 .31  1.11 

1.89 1.51 1.52 1.13 

From N e v i l l e  
and Meyers 
(Ref 12)*** 

1.00 

- - 
1.14 

- - 
- - 
- - 
- - 
- - 

1.2@ 

- - 



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 

relat ivelv accurate. Nevertheless, wlrh che exception of thc 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 condfeions, all Lour equationc were modified hy m~iltiplylng 

t h e  K constant (Eq 3.2) by the ratio of the slope of the 45 degree llne 

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 betweell b he 

measured creep strains and the creep strains predicted using the modified 

equations are graphically illustrated in Figs 38 through 41. In chese  figures 

it can be seen that the predicted strains are very close to the measured strains 

for the conditions and measurements .ulacle 5.6 thc. experimental porti .an 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. . 
. . 



,, B e s t  F i t  

o = Creep S t r a i n s  for Stresses 
L e s s  ~ h a n  the C r e e p  
P r o p o r t i o n a l  L i m i t ,  
7 S p e c i m e n s  

x  = Creep St ra ins  for Stresses 
L a r g e r  T h a n  the Creep 

E x p e r i m e n t a l  C r e e p  S t r a i n ,  m i c r o u n i t s  

F i g  34. P r e d i c t e d  and e x p e r i m e n t a 1 , c r e e p  s t r a i n s  f o r  t r i a x i a l l y  
loaded a s - c a s t  specimens a t  75' F .  

F i g  35. P r e d i c t e d  and e x p e r i m e n t a l  c r e e p  s t r a i n s  f o r  t r i a x i a l l y  
loaded a i r - d r i e d  specimens a t  75' F.  



L i n e  o f  B e s t  F i t  

o = Creep  S t r o i n s  for  S t r e s s e s  
L e s s  T h o n  t h e  C r e e p  
P r o p o r t i o n a l  L i m i t ,  
7 S p e c i m e n s  

- 2 0 

Fig  6. Predicted and experimental creep s t r a i n s  fo r  t r i a x i a l l y  
loaded as -cas t  specimens a t  150° F. 

L i n e  of B e s t  F i t  

o = C r e e p  St ro ins  for S t r e s s e s  
L e s s  T h a n  the Creep  
Propor t iona l  L i m i t ,  
G S p e c i ~ r ~ e r ~ s  

x = C r e e p  S t r a i n s  f o r  S t resses  
L a r g e r  T h o n  t h e  C r e e p  
P r o p o r t i o n a l  L i m i t ,  
2 S p e c i m e n s  

- 2  0 

F i g  3 7 .  Predicted and experimental c reep s t r a i n s  f o r  t r i a x i a l l y  
loaded a i r - d r i e d  specimens a t  150° F. 



Fig 38. Experimental and predicted creep strains from modified 
unit creep prediction equations for triaxially loaded 
as-cast specimens at 75O F. 

X 

Fig 39. Experimental and predicted creep strains from modified 
unit creep prediction equations for triaxially loaded 
air-dried specimens at 75O F ,  



Fig  40. Exper imenta l  and p r e d i c t e d  c r e e p  s t r a i n s  from modi f i ed  
u n i t  c r e e p  p r e d i , c t i o n  e q u a t i o n s  f o r  t r i a x i a l l y  loaded 
a s - c a s t  specimens  a t  150' ,F. 

F i g  41. Exper imenta l  and p r e d i c t e d  c r e e p  s t r a i n s  from modi f i ed  
.. , .  I . u n i . t  c r e e p  p r e d i c t i o n  e q u a t i o n s  f o r  t r i a x i a l l y  loaded  

. . . . . a i r - d r i e d  spccirncns a t  150° F.. 



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 0.r 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 spekimens :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 o f  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 a t ' 7 5 V  while in other cases the instan- 

taneou.5 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 recove'ry, defined as 

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

(Text continued on page 87) 



TABLE 1 7 ,  I N S  TANTANEOUS RECOVERY AND CREEP RECOVERY S T R A I N S  * 

* A f t e r  5 months f o r  90-day specimens;  a f t e r  77 days f o r  183 and 365-day specimens 
8 Nominal a x i a l  s t r e s s .  
x R a d i a l  p r e s s u r e  reduced t o  z e r o  s h o r t l y  a f t e r  i n i t i a l  l oad ing .  

** Compression i s  p o s i t i v e  and t e n s i o n  i s  n e g a t i v e .  
#{1 Gage f a i l e d  o r  gage r ange  was exceeded.  

Creep ~ e c o v e r ~  
eCr** J 

micruuniCs 

Axia l  , Radia l  

- 8 6 
-68 19 

8 :21 - 

6bIP - 1 0 Z t t 1  
- 16 - 16 
-65 2 - 38 i 
- 89W 6 11 /1 
-40 -33 
- 5 1  - 54 

L 1 -121 
-49 -69 

- 8 U 
-45 24 

- 5 4 
-45 8 

- l t i  = 2 
-88 16 

1 -23 
64811 - 11118 

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

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

32 - 118 - 96 -118 

- 6 10 
. -53 14 

-2 7 
- 50 19 

[1# 8 
- 72 /1+ 
- 59 !1# 
#I - 34 

-42  11 I/ 
-61 -13 
-95 -127 

- 19 18 
- 5 7  8 

-112 ## 
rje {1 II 

-118 #I1 
- 86 14 

3 1 -107 
- 7 5  - 104 

- 160 l l1 

S t r e s s ,  p s i  

, ~ x i a l '  Rad ia l  

600 0 
2400 0 

0 600 
0 3600 

600 600 
2400 600 
1200 1200 (0)  
3600 1200 
1200 2400 
2400 2400 

bUU 3600 
3600 3600 

600 0 
2400 0 

600 0 
2400 U ' 

600 0 
2400 0 

0 600 
0 3600 

600 600 
2400 600 
1200 1200 
3600 1200 
1200 2400 
zcrnn 2400 

600 3600 
3600 ... . , .. 3600 .- . . . .. - , .. . . . . 

bUO 0 
2400 0 

600 U 
24 00 0 

600 0 
1200 o 
2400 0 

0 60n 
1200 1200 
1200 2400 (0)  
2400 2400 

600 0 
1200 0 
2400 o 

o 600 
2400 600 
i200. 1200 (0) 
1200 2400 
2400 2400 
3600 3600 

Temperature ,  
O F  

Ins t an taneous  
Recovery 
eir** , 

microun i t s  

Axial  Rad ia l  

- 85 23 
-401 94 

5 5 - 74 
303 - 548 
- 39 - 53 

-298 18 
-166 4 3 
-495 - 1 
-178 - 194 
-181 - 199 

2 33 -402 
-275 -322 

' -72 32 
-429 9 5 

- 73 2 1 
-395 91 

- 100' 2 7 
-433 103 

5 3 - 81 
316 
-51  - 55 

- 385 15 
- 70 -95 

- 13 
- 153 -222 
- 184 -211 I 
2 14 

-315 .382 . . .- 
- 75 2 1 

-418 99 

- 108 17 
-476 114 

iit 2 2 
.211 air 

Bit C II 
## -65 

- 1 4 3  B t  
-200 51 
- 199 -272 

- 96 2 1 - 13/1 /a 7 

-431 ar1 
Y Y  B# 

-343 88 
-277 53 

3 -368 
- 188 -249 
-295 Bd 

Curing 
P e r i o d ,  

days 

90 

183 

365 

90 

183 

36 5 

90 

90 

Curing 
His  t o r y  

&, 

ii 
I 
d. 

, .. 

Specimen 

E-39 
8 -  7 
F- 13 
H- 22 
E- 5 
C - 1 3  
c- 16x 
D-26 
3-41 
P- 9 
G- 35 
D-31 

H-45 
H- 34 

H- 5 
H- 24 

E-40 
I1-19 
F-'12 
H- 14 
E- 13 
C- 11 
C-17 
D..44 
8-42 
F- 30 
G- 30 
D-4U 

~ 

1-39  
1 - 2 0  

H-31 
11- 17 

8 -4  
13-15 
F- 33 
A735 
C- 12 
D-2x 
G- 9 

B- 1 
uz29 
F-34 
U- 3 
E-4 
C-46x 
D-41 
ti- 19 
F- 6 

P 

.d 
8d 
o 
l4 
.A 
a 

U 
VI 

? 
a 

n 
B 
,A 
Id 

C: 
.d 
4 



CTA = 6 0 0  psi  ( N o m i n o l  ) 

A x i a l  

- - - R o d i a l  

I A ( 0-1, 1 5 0 ° F ,  A i r -  D r i e d )  

( 8 - 4 ,  150°F, As - C a s t )  
( E - 3 9 ,  7 5 ' F ,  As - C o s t )  

( E - 4 0 ,  75 'F ,  A i r  - D r i e d )  

( E - 3 9 , 7 5 ' ~ ,  A s -  C o s t )  
( 8 - 1 ,  1 5 0 ~ ~ ~  A i r - D r i e d  
( E - 4 0 ,  75'F, A i r  - D r i e d  

-7 5 i I I I I  I l l  I  I  I  I I  I  l b l l  I I  I  I 
I  10 100 5 0 0  

T i m e  A f t e r  Un lood ing  , d o y s  

Fig 42. E f f x t  of temperature and curing history on creep recovery for 90-day 
spe-imens loaded uniaxially at 600 psi. 



QA = 2 4 0 0  p s i  ( No.rninol )  

A x i a l  

- - - R a d i a l  

0 
L 

0 .- 
E ( 6-19,  7 5 ' F ,  A i r  - D r i e d )  
.. 0 

O'F, A S  - C a s t  

( 8 - 7 ,  7 5 ' ~ ,  A s - C a s t  

( 6 - 1 9 ,  7 5 " ~ ~  A i r - D r i e d )  

( F-34, 150°F,  A i r  - D r i e d  ) 

- 150 I I I il I I I 1 1  I I I I I I  I I I  I I 
I  10 100 500 

T i m e  A f t e r  U n l o o d i n g ,  d a y s  

Fig 4 3 .  Eflzect of t emperz tu re  and c u r i n g  h i s t o r y  on Cree? recovery  f o r  90-day 
speclnrens loaded u n l a x i a l l y  a t  2400 p s i .  
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A x i a l  

- - - R a d i a l  

( F - 1 3 ,  7 5 O ~ ,  A s - C o s t )  

( F - 4 2 , 7 5 O ~ ,  A i r  - D r i e d )  

( ~ - 1 3 , . 7 5 ~ F ,  A s - C o s t )  
( F - 4 2 ,  75OF ,  A i r -  D r i e d )  

( A - 3 5 , 1 5 0 ~ ~ ,  A s -  C o s t  ) 

- 7 5  I I I 1 I I I  I I 1 I I I l l l  I I I I 
I  10 100 500 

T i m e  A f t e r  U n l o a d i n g ,  d a y s  

F i g  44 .  E f f e c t  of t e m p e r a t u r e  and c u r i n g  h i s t o r y  on c r e e p  r e c o v e r y  f o r  90-day 
. specimens loadzd  b i a x i a l l y  a t  600 p s i .  



I A x i o l  ( H - 2 2 . ~ ~ ~ .  A s - C a s t )  A x i o l  ( ~ - 2 2 , 7 5 O F ,  A s - C a s t )  
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w 
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I I  13 . 100 5 0 0  

T i m e  A f t e r  U n l o a d i n g ,  days  

Frg 45 .  Effec= of temperature and curing history on crzep recovery for 90-day 
specimens loaded biaxlally at 3600 psi. 



FA 2 4 0 0  p s i  ( N o m i n a l )  
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CR = 6 0 0  p s i  

F i g  46. E f f e c t  of t e m p e r a t l r e  and cur iAg  h i s t o r y  on c r e e p  recovery  £ o r  90-day specimens 
loaded t r i a x i a l l y ;  

'a = 2400 p s i ,  o = 600 p s i .  
r 

- 1 5 0  I I I I I ( 1 1  I I I I I I 1 1 1  I I I 1 
I  .I 0 10 0 5 0 0  

. T i m e  A f t e r  u n l o a d i n g ,  d a y s .  
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D-41, 1 5 0 ° F ,  A i r - D r i e d )  
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( B -  41, 75 'F ,  A s - C a s t )  

I' 

F i g  37.  E f f e c t  o £  t empera?xP  and c u r i n g  h i s t o r y  on c r e e p  recovery  t o r  90-day specimens 
loaded  t r i a x i a l l y ;  3 a = 1200 p s i ,  r = 240C. p s i .  
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F i g  48. E f f e c t  of t empera tu re  and c u r i n g  h i s t o r y  on c r e e p  re . zo ;e ry  f o r  90-day specimens 03 

loade.3 t r i a x i a l l y  ; = o = 2400 p s i .  cn 
"a r 
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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 

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 75O 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 t h e  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 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 rhe s t r e ~ i g t h  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 functiua of thc mag- 

nitude of the stress removed. For the uniaxial and biaxial loading, it was 



concluded t h a t  t h e r e  w a s  a l i n e a r  r e l a t i o n s h i p  between t h e  in s t an t aneous  

recovery  and t h e  magnitude of t h e  removed s t r e s s  s i n c e  t h e  r e l a t i o r i sh ips  

passed through t h e  o r i g i n .  

A s  r epo r t ed  i n  Ref 2,'previous i n v e s t i g a t i o n s  have shown c o n f l i c t i n g  

r e s u l t s  w i th  regard  t o  s t a t e  of s t r e s s .  Tn some casco ,  i t  was cvncfuded t h a t  

c r eep  recovery i s  a f u n c t i o n  of t h e  previous ly  sus t a ined  s t r e s s ,  whi le  o the r  

s t u d i e s  found t h a t  c r eep  recovery was independent of t h e  magnitude of t h e  

removed s t r e s s .  The r e s u l t s  of t h i s  experiment i nd ica t ed  t h a t  c reep  recovery 

was dependent on t h e  magnitude and t h e  s t a t e  of s t r e s s  prev ious ly  app l i ed .  

For u n i a x i a l l y  and b i a x i a l l y  loaded specimens, t h e  recovery at rain^ both i n  t he  

d i r e c t i o n  and pe rpend icu la r  t o  t h e  d i r e c t f o n  of t h e  removed s t r e s s  w e r e . l a r g e r  

a t  t h C  higher s t r e s s  l e v e l s .  This  i n d i c a t e s  t h a t  t h e  magnitude of t h e  c reep  

recovery  s t r a i n s  was r e l a t e d  t o  t h e  magnitude of t h e  reuioved s t r e s s .  

For t r i a x i a l l y  loaded specimens, t h e  r e s u l t s  i n d i c a t e  t h a t  when a l a r g e  

r a d i a l  s t r e s s  was removed, t h e  magnitude of t h e  axi.a.1. creep  rccovelry s.Lraln 

decreased  when t h e  a x i a l  s t r e s s e s  were l a r g e  and increased  when t h e  ax ia l .  

s t r e s s e s  were r e l a t i v e l y  smal l .  A t  t h e  same t ime,  when the.removed r a d i a l  

s t r e s s  i nc reased ,  t h e  r a d i a l  c r eep  recovery showed a sha rp  i n c r e a s e  i n  t h e  

t c n a i l e  d i r e c r l o n .  These e f f e c t s  were s i m i l a r  t o  the e f f e c t s  observed f o r  

c r eep  s t r a i n .  

Curing and Loading Times. The recovery c h a r a c t e r i s t i c s  f o r  t h e  specimens 

loaded f o r  4.75 o r  5.25 y e a r s  followed by a recovery per iod  of 77 days a r e  

shown i n  Table 16.. Based on the  l i m i t e d  number of specimens a v a i l a b l e ,  t h e r e  

was no apparent  e f f e c t  produced by t h e  increased  cu r ing  and load  times. 

Re la t ionsh ips  Between Ins tan taneous  .._ . .. _. . . . ..-_- Loading, Creep,  and Recovery 

Ins tan taneous  Recovery and Loading . S t r a i n s  f o r  90-Day Specimens. Fur t h e  . - 
u n i a x i a l  loading  c o n d i t i o n s  a t  75' F,  t h e  r n t i n a  nf t l i ~  l n ~ t a n t a n e o u s  recovery 

s t r a i n  and t h e  in s t an t aneous  loading  s t r a i n  of t h e  as -cas t  specimens (Table 18) 

averaged 0.976, w h i l e  f o r  t h e  a i r - d r i e d  specimens t h e  r a t i o s  averaged 1.062. 

For t h e  b i a x i a l l y  loaded specimens, t h e  r a t i o s  averaged 0.966 f o r  t h e  as -cas t  

specimens, w h i l e  i n  t h e  a i r - d r i e d  c a s e  t h e  r a t i o s  averaged 1.014. For t h e  

t r i a x i a l l y  loaded c o n d i t i o n  t h e  v a r i a t i o n  between specimens was l a r g e r  and 

t h e  r a t i o s  averaged 1.041 and 1.021,  r e s p e c t i v e l y ,  f o r  t h e  as -cas t  specimens 



TABLE 18. RELATIONSHIPS BETWEEN INSTANTANEOUS , CREEP, 
AND RECOVERY CHARACTERIS TICS 

* Nominal a x i a l  s t r e s s .  
x Radial pressure reduced t o  zero due t o  o i l  leak.  
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and a i r - d r i e d  specimens. The va lues  f o r  t h e  t r i a x i a l  loading  cond i t i ons  

were eva lua t ed  exc luding  t h e  r a t i o s  of specimens B-41 and B-42 i n  t h e  a x i a l  

d i r e c t i o n ,  which were obviously i n  e r r o r .  

The o v e r a l l  average r a t i o  of t h e  ins tan taneous  recovery t o  t h e  in s t an -  

taneous 1 o a d i n g . s t r a i n  f o r  a l l  t h e  d i f f e r e n t  loading  cond i t i ons  a t  75' F was 

1.020. Thus, t h e  in s t an t aneous  recovery a t  t h e  t ime of unloading genera l ly  

w a s  l a r g e r  t han  t h e  in s t an t aneous  s t r a i n  a t  t h e  t ime of loading .  

Very few gages i n  t h e  90-day as-c-.asi sper-.inens a t  150' F l a s t e d  through 

t h e  e n t i r e  t e s t  pe r iod .  Thus, a d e t a i l e d  eva lua t ion  of t h e  c reep  recovery 

behavior  of t h e  as -cas t  specimens could not  be made. Never the less ,  t h e  

i n s t an t aneous  recovery s t r a i n s  gene ra l ly  were l a r g e r  t han  t h e  ins tan taneous  

load ing  s t r a i n s  f o r  t h e  as -cas t  specimens, w i th  an average r a t i o  of 1.175, b u t  

lower t han  t h e  in s t an t aneous  l o a d i n g , s t r a i n  f o r  t h e  a i r - d r i e d  specimens, wi th  

an  average  r a t i o  of 0.922. 

Creep Recovery and Creep S t r a i n s  f o r  90-Day Specimens. The c reep  s t r a i n  

recovered  a f t e r  a per iod  of f i v e  months from t h e  time of unloading f o r  spec i -  

mens a t  75' F v a r i e d  from 3 t o  69 percent  of t h e  c r eep  s t r a i n  devel.oped dur ing  

one y e a r  of loading .  The r a t i o  of c reep  recovery s t r a i n  a f t e r  f i v e  months t o  

c r eep  s t r a i n  a f t e r  one y e a r  d id  not  show any sys t ema t i c  d i f f e r e n c e  f o r  d i f f e r -  

e n t  s t a t e s  of s t r e s s .  This  r a t i o  v a r i e d  from 0.034 t o  0.667 and averaged 

0.241 f o r  t h e  a s - cas t  specimens, wh i l e  i t  va r i ed  from O.U30 t o  0.686 and 

averaged 0.256 f o r  t h e  a i r - d r i e d  specimens; t h u s ,  t h e  a i r - d r i e d  specimens 

g e n e r a l l y  e x h i b i t e d  a l a r g e r  recovery a f t e r  f i v e  months, r e l a t i . v e  t.n t h e  c r e e p -  

s t r a i n  developed a f t e r  one y e a r ,  than  d i d  t h e  as -cas t  specimens. 

A t  150' F,  t h e  c r eep  recovery s t r a i n s  va r i ed  from 6 t o  49 percent  of t he  

c r eep  s t r a i n  developed a f t e r  one year  under load .  For t h e  as -cas t  specimens, 

th.e r a t i o  of th.e c r eep  recovery s t r a i n  a f t e r  f i v e  months t o  t h e  c reep  s t r a i n  . 

a f t e r  one year  v a r i e d  from 0.100 t o  0.486 and averaged 0.301, wh i l e  f o r  t h e  

a i r - d r i e d  specimens i t  v a r i e d  from 0.062 t o  0.284 and averaged 0.216. Unlike 

specimens a t  75' F,  t h e  average va lues  shown he re  i n d i c a t e  t h a t  t h e  as -cas t  

specimens recovered a l a r g e r  percentage  of t h e  c reep  s t r a i n  developed a f t e r  

one y e a r  than  d id  t h e  a i r - d r i e d  specimens. 

Creep Recovery and Ins tan taneous  Recovery S t r a i n s  f o r  90-Day Specimens. 

A t  75' F,  t h e  c r eep  recovery s t r a i n s  a f t e r  a per iod  of f i v e  months were small  

i n  comparison t o  t h e  in s t an t aneous  e l a s t i c  recovery ,  i n  c o n t r a s t  t o  t h e  c reep  



strain, which in svme 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.instantane0u.s 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' F as-cast specimens showed a higher 

average ratio of creep recovery strain over the instantaneous recovery strain 

,than the corresponding air-dried specimens. 

Recovery ~oisson'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 75O 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 Tor 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 75O 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 ale0 noticed in the creep recovery 

period. The creep recovery Poisson's ratio for each specimen under the 75' F 



.... 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 Ei~r 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 t~ make any valid :jud#aegf o t  t h e  craep rccavery 

Poisson.'s.rat%o o f  sp~rim~ns at 150° J? due co 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, 

2 both for. air-dried specimens. 

Recovery'Poisson's Katio for 183 and 365-Day -. .- Specimens . . .. .... 

A definite Poisson's effect was observed for bdth instantaneous recovery 

and creep recovery of Che 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 reco,v,er'y were con- 

: 3istenl .  wl~h'values reported for t h e  90-day specimens. Thus, there. was no 

. . .  apparent time effect. &.In additisin, there was no apparent effect of curing 

history. However, the number of specimens was small. 

Estimation of Recovery Strains by Superpositio.n. 
.. . 

As discussed in Ref 2, many researchers have invectigated aud discussed 

,,the validity and accuracy of the principle of superposition, and most,of them 

c.oncludcd,f$=~at i L  uveresflmates the measured,creep recovery strains. Figurco 
. * . . . . . . 

.. . .. . . 5O.and.31 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 ati,an age 01 365 days by applying the principle of'superpusition of 
. , c .  . . 
strain. . . These two figures clearly indicate that the estimated values were 

. . ... . . t 

substantially larger than the measured creep strains and indicate that super- 
.- . .. . _  . , .! .. . 

2 " . -. 
position overestimates creep recovery strains. Even though there was a . . .  , . 
differei& of 90' days betkeen the time that' specimens'H-5 and H-24 were loaded, 
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Pig 50. Estimated and measured creep recovery strain for as-cast specimens loaded 
uniaxially at 600 psi. 
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Fig 51. Estirrated and measured creep recovery strain for as-cast specimens 
Ioadej uniaxially at 2400 psi. 



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 ma jo r i t y  of t h e  equipment, p rocedures ,  and techniques  employed w e r e  

, developed s p e c i f i c a l l y  f o r  t h i s  p r o j e c t  w i th  on ly  l i m i t e d  oppor tun i ty  f o r  

e v a l u a t i o n  p r i o r  t o  t h e i r  a c t u a l  use.  This  chap te r  d e a l s  wi th  t h e  equipment, 

i n s t rumen ta t i on ,  and procedures  i n  t h e  s tudy  t o g e t h e r  w i t h  a  p o s t - t e s t  evalua-  

t i o n  of t h e  specimens. For t h e  most p a r t ,  t h e  equipment and procedures  u t i l i z e d  

were s a t i s f a c t o r y .  

A s  each phase of t h i s  s tudy  was ccmpleted, t h e  specimens involved were 

sub jec t ed  t o  a  ca re fu l  and d e t a i l e d  eva lua t ion .  Each specimen was weighed, 

phys i ca l l y  ,disassembled, inspec ted  e x t e r n a l l y  and i n t e r n a l l y ,  and photographed 

i n  o rde r  t o  i d e n t i f y  t h o s e  specimens which may have p'rovided ques t i onab le  

d a t a  du r ing  t h e  course  of  t h i s  s tudy .  P e r t i n e n t  in format ion  r e s u l t i n g  from 

t h i s  e v a l u a t i o n  is  presen ted  i n  Tables  9 ,  19., 20, and 21. 

EQUIPMENT AND INSTRUMENTATION 

Loading Unit  

The loading  frame was designed..and f a b r i c a t e d  s p e c i f i c a l l y . f o r  t h i s  proj-  

e c t .  A schematic  of t h e  load ing  u n i t  for t h e  t r i a x i a l l y  loaded c a s e  (Fig 4 ,  

p  16) i l l u s t r a t e s  a l l  components .of t h e  l oad ing  systems.  The r a d i a l  load  was 

app l i ed  d i r e c t l y  t o  t h e  s e a l e d  specimen by h y d r a u l i c  p re s su re  through o i l  

. con ra ined  by a  s teel  p r e s s u r e  j a c k e t ;  t h e  a x i a l  load  was app l i ed  by a  h y d r a u l i c  

ram. Thus, t h e  t r i a x i a l  l oad ing  system was made up of both an a x i a l ' a n d  a 

r a d i a l  p r e s s u r e  system, which p e ' m i t t e d  each p re s su re  t o  be  v a r i e d  independently.. 

The a i i a l  l oad ing  frame wi thout  the p r e s s u r e  j a c k e t s  was used f o r  t h e  u n i a x i a l  

case .  '.The r a d i a l  p r e s su re  j acke t  wi thout  t h e  a x i a l  l oad ing  frame was used 

f o r  t h e  b i a x i a l  case .  

The load ing  system was s a t i s f a c t o r y ;  however, pre l iminary  tests revea led  

t h e  fo l lowing  two p o t e n t i a l  problem sou rces :  

(1) reduced a x i a l  load  due t o  f r i c t i o n  and 

(2)  p e n e t r a t i o n  of o i l  from r a d i a l  p r e s s u r e  system. 



TABLE 1 9 .  SUM%3V O F  POST-  "ST EVALUATION AND GAGE PERFORllA'?JCE O F  
UNI.!.XIALLY- LOADED CREEP SPECIMENS 

*Range of  gage exceeded 
**InPomation n o t  o b t a i n e d  
NA = Not a p p l i c a b l e  

Tempera ture ,  
O F  

7 5  

1508 

Curing 
H i s t o r y  

Curir.g 
P e r i o d ,  

days 
1 S ~ e c i m e n  

. Gage F a i l e d ,  
Days A f t e r  Loading 

A x i a l  R a d l z l  
Remarks 

- 

' - 

NA NA 

- 

308 - 
224 

L ~ O  

112+ - 

3 8 

0.5* 168* 

A x i a l  
S t r e s s ,  

p s l  

As-Cast 

Damaged, r e p l a c e d  by 1-39  

Functioned a f t e r  un load  

Q i g h t  Change, oz 

Curi2g T e s t  
P e r i o d  Per iod  

600 

2400 

600, 

24CO 

60(! 

240C 

6110 

2430 

600 

603  

2403 

EQI 

2LC.O ' 

6 0 0 ~  

1700 

2 ~ 0 0  

36*1C 

600 

. 12011 . 

24 0.3 

3E03 

- f .O - 1.2 - 4.2 

- 2 . 0  0 .0  - 2.0 

=* ** - 1.2 

11.0 - 0 . 6  - 0.8 

1 .0  - 0.5 - 0.5 

' -  1 . 5  - 2.3  - 3.6  

- 12 .O 4 ; ~  ** 
- U l . C l  - 1.5  -12.5 

** *+ ** 
-:1:0 - 1.2 -12.2 

- 6 . 0  - 2 . 0  - 8.0  

-'L4.8 - 0.5 -15.3 

-16.0 - 6.2 -22.2 

- 1.0  -16 .0  -17 .0  

- 0 . 5  - 4.0 - 4 . 5  

*+ ** ** 
- 1 . 0  -15.0 -16 .0  

-11.5 - 3 . 0  -14.5 

- 9.5 - 5 . 0  -12 .5  

-10 .8  + 1.0  - 4.8 

-14.5 - 5.0  -19 .5  

E-39 
9  11, 

1 B-7 

183 

1 H-24 
I 

ti-45 

H- 34 

Air -Dr ied  

As-Cast 

Air-DrLed 

369 

E-40 

H- 5  

91 

. 183 

B- 19 

{H- 16) 

, 1-39  

1-20  

35 5 

30 

90 

H-31 

H-17 

B-4 

D- 15 

F-33 

B- 16 

B-1 

D-22 

F- 34 

B- 5  
I 



TABLE 20. SUMMARY 3 F  POST-  T E S T  EVALUATION AND GAGE PERFORMANCE FOR B I A X I A L L Y  
LOADED CREEP SPECIMENS CURED FOR 90 DAYS 

*Range of  gage exceeded 
**Information not  ob ta inec  
NA = Nor a p p l i c a b l e  

Gage F a i l e d ,  
Days A f t e r  Loading 

Axial  Radial  

NA NA 

YA NA 

56* 

252 

NA NA 

168 168 

56* - 
K4 NA 

56* 221"  

NA NA 

Nh NA 

385 224 

Zl* 112* 

NA NA 

T e ~ e r a t u r e  , 
OF. 

75 

150 

' 

Remarks 

Fa i l ed  dur ing  load ing ,  r ep laced  by H-22 

Fa i led  12 hours a f t e r  load ing ,  r ep laced  by H-14 

Fa i led  during load ing ,  replaced by 1-27 

Unloaded a t  196 days 

Fz i l ed  dur ing  load ing ,  r ep laced  by 1-16 

Fa i l ed  dur ing  load ing ,  r ep laced  by 1-13 

Fa i l ed  9 hours a f t e r  load ing ,  not  r ep laced  

Fa i l ed  dur ing  load ing ,  not  r ep laced  

Radial  
S t r e s s ,  

psi 

600 

3600 

3600 

600 

3600 

3600 

600 

1200 

1200 

2400 

3600 

3600 

600 

600 

1200 

2400 

3600 

Curing 
History 

As-Cast 

Air-Dried 

Weight Change, oz 

Curing Test 
Period Period Tota l  

- 4 . 0  , ** 44 

-13.0 af t  ** 
** 5* -kk 

-10.0 0.0 -10.0 

-1'1.0 a-* 44 

- 8.0 ai 44 

- 2 .0  ** M 

- 3 . 5  p* *.* 

* .** . wx 

- 3 .0  +1.0 - 2.'0 

- 2.5 a* i~ 

M ** ** 

-10.5 ** ** 
- 8 .0  ** 
-11.0 +7.C@ - 4 . 0  

- 9 .5  ** ** 
- 8 . 5  ** 

Specimen 

F- 13 

(A-9) 

H-22 

F-42 

(A- 12) 

H- 14 

Presence of O i l  

Specimen Gage 

NA NA 

44 t* 

NA NA 

** ** 

yes 

N A NA 

** ** 

NA ' NA 

X* t* 

NA NA 

NA NA 

Yes Yes 

NA NA 

As-Cast 

A-35 

(D-46) 

1-27 

E-43 

(C-34) 

I- 16 

Air-Dried 

(A-19) 

1 -13  

D-3 

E- 1  

C- 13 



TABLE 21. SUMMARY C F  P O S T - T E S T  EVALUATION AND GAGE PERFORMANCE FOR TXIAXIALLY 
L 3 A D E 3  CREEP SPECIMENS CURED FOR 90 DAYS 

A x i a l  3 a c i a l  
Cur ing  Specimex S t r e s s ,  S t r e s s ,  
H i s t o r y  

p s i  p s i  

E- 5 600 630  

G-35 600  3WO 

C- 16  1200 1200 (C2 

8 - 4 1  1200 2AOO 
As-Cast  

C-23 2400 600 

F- 9  2400 Z400 

D-26 3600 I200  

D-31 3600 3500 

E- 1 3  6 0 0  6 0 0  

G-311 ' 600' Z600 

C-17 1200 1203 

8-42 120C 2400 

C- U 

D- 2 

As-Cast  E-18 

G-? 

C-.i6 

D - i l  

Ai r -Dr ied  
G; 19 

(F- 6 

I- 30 

~ d i g h t  Change, oz 

Cur ing  T z s t  
P e r i o d  P e r i o j  

T o t a l  

P r e s e n c e  oE o i l  

Specimen Gages 

Gage F a i l e d ,  
Days A f t e r  Loadisig 

Renarks 

A x i a l  R a d i a l  . 

' 

R a d i a l  p r e s s u r e  reduced t o  z e r o - o i l  l e a k  

196 289 

F.adia1 gage d i s p l a c e d  

2 1  252" 

/ R a d i a l  p r e s s u r e  :educed t o  z e r o - o i l  l e a k  

y e s  - 1  1 ; l a d i a l  p r e s s u r e  reduced t o  z e r o  

- . 2!.2 

Yes Yes 1+0* End c a p  d e t a c h e d ,  r e p l a c e d  by 1 - 3 0  

NF, NA 28" 4' F a i l e d  33 days  z f t e r  l o a d i n g  

*Range of gage exceeded 
' * * ~ n f o r m a t i ~ n  n o t  o b t a i n e d  



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 seaiing 

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 systelkl was designed for 5000 psi maximum pressure. A dual 

system was employed for each of the four test pressures (600, 1200, 2400, and 

3600 p s j ) .  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 

ai'r 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 



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. 

Thc hydrauljr 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 t h e  

npressary valves. In the ~rlj-rfal Ltrses thcrc ware fai l i ires in fit~il~gs 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 possihile 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 tempeiature and ri Eai.rIy constant relative humidity had to 

be maintained for an extended pe.rj.od 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 tes't condition were conducted 

jn a controlled temperature chamber with approximate dimensions of 14 x 20 x 7 

feet, which was designed to maintain a constant temperature i f l  r h e  railge from 

-20' F to 150' I?. 

Temperatures during the test period weie moni~ored and rec.orded 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 averake 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 



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 spec'imen. 

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 in 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 ~ersonnes' 

and Hooke's Laws (Ref 11): 

where 

K = gage factor, 

F = the initial, or reference, frequency, 
i 

Ft = rhe frpqi~~ncy at the strain point desired, 

E = the initial, or reference, strain, 
i 

E = the strain point desired. 
f 

The Perivale when cast in concrete has a gage factor 

which was determined experimentally by the manufacturer. The range of the 

gage is approximately 285 microunits in tension to 1050 microunits in com- 



p r e s s i o n  and a l though  i t  is  p o s s i b l e  t o  read t o  one microunit  of s t r a i n ,  such 

accuracy  was n o t  assumed. I n  f u t u r e  s t u d i e s ,  t h e  i n i t i a l  f requencies  of 

t h e s e  gages should  b e  s e t  according t o  t h e  magnitude of t h e  s t r a i n  a n t i c i p a t e d  

s i n c e  i n  many c a s e s  t h e  range of  t h e  gage was exceeded. 

A c r o s s  s e c t i o n  of the P e s i v a l e  gage i s  shown i n  F ig  52. The gage is  

4 inches  long wi th  a 3.44-inch gage l eng th .  ~ s s e n t i a l l ~  t h e  gage c o n s i s t s  of 

a n  e l ec t romagne t i c  system, c e n t r a l l y  l o c a t e d ,  a  hollow b r a s s  tube  wi th  s t e e l  

caps  a f i x e d  t o  each end ,  and a  f i n e ,  h igh  carbon s t e e l  wi re  pre- tensioned be- 

tween t h e  two s t e e l  end caps .  I n  u se  t h e  gage responds t o  compressive o r  

t e n s i l e  f o r c e s  a long  i t s  p r i n c i p a l  a x i s ,  thereby  decreas ing  o r  l,nc.reaslng ~ l l t !  

t e n s i o n  i n  t h e  wi re .  

P r i o r  t o  u se ,  50 gages were t e s t e d  (Ref 6)  b y  submerging them in water f o r  

a pe r iod  of approximately 12  days. Half of t h e  gages were i n  water  a t  75O F 

and h a l f  i n  wa te r  a t  150° F. E ight  of t h e  gages f a i l e d  t o  o p e r a t e  a f t e r .  t h i s  

t e s t . ,  thereby  i n d i c a t i n g  p o s s i b l e  mois ture  leakage .  These gages were allowed 

t o  a i r -d ry  i n  t h e  l a b o r a t o r y  f o r  approximately 55 days ,  a t  which time f i v e  

of  t h e  gages began t o  o p e r a t e  aga in .  'Twenty a d d i t i o n a l  gages were water-. 

proofed with two c o a t s  of l i q u i d  neoprene (GW-5, Budd Instrument  Company) a t  

the.  j unc t ion  of t h e  e l e c t r i c a l  l e a d s  and t h e  gage house and submerged i n  water 

a t  75O F o r  150° F. S ince  none of t h e s e  gages f a i l e d  t o  .operate  s a t i s f a c t o r i l y ,  

a l l  gages were waterproofed p r i o r  t o  use.  

Temperatures w i t h i n  t h e  c r eep  and shr inkage  specimens were measured 

throughout  t h e  t e s t  per iod  by a Wheatstone b r idge  system Tn t h e  son ic  com- 

p a r a t o r ,  which measured t h e  change i n  r e s i s t a n c e  of t h e  e lec t romagnet ic  c o i l  

i n  each gage. A coil-resistance ve r sus  temperature curve w a s  provided by t h e  

s t r a i n  gage manufacturer .  

The i n t e r n a l  tempera ture  r ead ings  obta ined  from t h e  v i b r a t i n g  wire  s t r a i n  

gages.were n o t  t o t a l l y  r e l i a b l e  i n  terms of exac t  temperatures .  Some d i f f e r e n c e s  

were recorded between specimens i n  supposedly i d e n t i c a l  environments. Never- 

t h e l e s s ,  t h e s e  measurements d id  provide  a  measure of t h e  r e l a t i v e  temperature 

changes w i t h i n  t h e  specimens. To o b t a i n  more a c c u r a t e  and dependable tempera- 

t u r e  readings  from i n d i v i d u a l  specimens, thermocouples,  bondable temperature 

s e n s o r s ,  o r  o t h e r  gages should be  i n v e s t i g a t e d  f o r  p o s s i b l e  use .  

Gage Performance. The v i b r a t i n g  w i r e  s t r a i n  gages performed s a t i s f a c t o r i l  

and appeared t o  remain s t a b l e  throughout t h e  20 t o  71  months of t h e  t e s t s .  



Electromagnet  and 
Electromagnet  Response 

0.01-Inch Steel  
Wire Under Tension 

Steel 
Cap 

F i g  52.  Cross s e c t i o n  of P e r i v a l e  v i b r a t i n g  w i r e  s t r a i n  gage PC 641 . '  



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 Q B W  in a s - c a u ~  Y ~ ~ C ~ L I I C I I S .  Thud,  t h c  fail 

ure ratio was much more severe at the elevated temperature and in specimens 

with high moisture ;ontents. 

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 marerials, the concrete, the brass gage housing, and th .e  

pretensioned steel wire in the gage, each with different thermal expansion 

characteristics, as shown in Fig 53. 

To determine t .he e f f e c t  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 75O F to 150° F. , 



TABLE 22.  SUWARY OF GAGE PERFORMANCE . . 

N = Number o f  gages .  

F = Number of  gage f a i l u r e s  

Ai r -Dr ied  

As-Cast 

1 5 0 ' ~  

7 5 " ~  

Gage 
5 P e  

A x i a l  

R a d i a l  

T o t a l s  

Specimen znd F a i l u r e  Type 

N F  % 

25 1 4  

21 10 47.6 

28 1 3:5 

20 5  25 

25 0  0  

21 12 ' 5 7 . 1  

28 3  1 0 . 7 '  

20 9  4 5  

188 4 1  2 1 . 8  T o t a l  

Curing 
H i s t o r y  

P.s-Cast 

Ai r -Dr ied  

As-Cast 

Ai r -Dr ied  

Temp, 
c F 

'5 

150 

75 

150 

75 

1:.0 

55 

150 

T r i a x i a l  

N F x 
8 0 0  

5  2  40 

8  1 1 2 . 5  

6  1 1 .  

8 O E  

5 3  6G 

8  1 1 2 . 5  

6  3  50 

54 11  20.3 

Shr inkage  

N F Z  

9  1 11.1 

8  2  25 

12 0  0  

8  1  12.5 

9 0 0  

8  5  62 .5  

12 1 8 . 3  

8  ? 25 

74 12 16.2 

N F %  

46 11  23 .9  

48 6  12 .5  

46 12 26 .1  

48  12 25 

N F . %  

94' 17 1 8 . 1  

94 24 25.5 

U n i a x i a l  

N F  x 

6  0  0 

4  2  50 

6 0  8 .  

4  . 1  25 

6  0  C. 

4  2  5C 

6  0  G 

4  2  50 

40 7 17 .5  

B i a x i a l  

N F %  

2 0  0  

4  4  100 

2  0  0  

2  2  100 

2 0  0  

, 4  2  50 

2  1 5 0  

2  2  100 

2'0 11 55 



TABLE 2 3 .  S W A R Y  OF CAUSE OF GAGE F A I L U R E  

I S~.ec imen  and Fa i1~1-e  Typt 1 
Gage 
5 ~ e  

R a d i a l  

F  = Number of gage f a i l u r e s .  

I I 

Cur ing  
H i s t o r y  

T o t a l  

Ai r -Dr ied  1 8  1 0  8 

As-Cast  

Ai r -Dr ied  

R  = Number of gages which exceeded range .  As-Cast 23  5  18  

TYP,  
F 

12 0  13 

0  = Number cf gages  which cezsed  3 p e r a t i n g -  1 5 0 " ~  36 12 24 

' C  , 2 
150 

?5  

150 

S h r i n k a g e  

F  I C. 

7 3 '  

0, 0  11. 

5 0 5  

1. 0  1 

2  0  ? 
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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 ehe gage assembly was greater than.that of the . 

rnnrrete, stresses developed at the gage-concreie lllLer..l:ait, thcrcby zlightly 

inr.reasing the deformation of the concrete relative to the gage. These apparent 

additional strains are indicated in Fig 53 by the dotted lines d u v e  the truc 

expansion limits of the concrete. 

The apparent coef'ficient 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 fur the air-dried and as-cast concretes were 

5.8 x and 4.6 x respectively. The true thermal coefficients of che 

concretes were probably slightly less than the apparent thermal coeffl.ci.ents 

calculated, due to the stress conceuCration 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 13.. 

Subsequent to the initiation of chis study, gage manufacturers have 

developed new gages which suppuseclly 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 constarlt 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. 



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 indicatioi 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 a1.l 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 st-udy, 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 e.qi~i.lj.brium 

had been reached. 

Throughout this study, the two original' comparators functioned without 

problems, and required only periodic bat~ery 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 



i n v e s t i g a t i o n  were c a s t ,  a number of p re l iminary  t e s t s  (Refs 6 through 10)  were 

conducted wi th  t h e  a c t u a l  tes t  equipment and m a t e r i a l s  s i n c e  much of t h e  

equipment and materials used i n  t h i s  s tudy  was new and had been designed 

s p e c i f i c a l l y  f o r  t h i s  p r o j e c t .  The purpose of t h e s e  pre l iminary  tests was 

to rlveliiate the equipment and in s t rumen ta t i on  and t o  e s t a b l i s h  techniques  and 

procedures  p r i o r  t o  t h e  beginning  of  t h e  a c t u a l  test  program. 

I n  a d d i t i o n ,  numerous conc re t e  specimens were prepared i n  o rde r  t o  develop 

t h e  techniques,  r e q u i r e d  f o r  mixing t h e  conc re t e  and c a s t i n g  t h e  specimens. 

Compressive s t r e n g t h  and cons i s t ency  tescs were a l s o  performed t o  i l l s u r e .  t h a t  

t h e  d e s i g n  requirem&iCS f o r  Y L L ' E L I ~ L ~ I  rliid ~0113i3tcncy . w o ~ i I d  be s a t i  s f j  eri. 

The s i n g l e  most d i f f i c u l t  problem encountered involved s e a l i n g  t h e  spec i -  

mens t o  prevent  mo i s tu re  l o s s  and o i l  peueLraLi~n during t h c  c u r i n g ,  loading, 

and recovery p e r i o d s  (Ref 7 ) .  

The weight  changes du r ing  t h e  cu r ing  and test  p e r i o d s  f o r  each specimen 

a.re shown i n  Tables  9 ,  1 9 ,  20, and 21, and summaries of  t h e  'changes a r e  

con ta ined  i n  Tables  1 0  and 23. The average  l o s 8 e s  du r ing  t h e  c'?ring pe r iod  

f o r  t h e  a i r - d r i e d  and a s - ca s t  specimens cured  f o r  90 days were 9.5 and 1'.7 

ounces ,  r e s p e c t i v e l y  (Table  10 ,  p 28) .  The ranges f o r  t h e  i n d i v i d u a l  specimens 

cured  f o r  90 days w e r e  3.5 t o  14.5 ounces f o r  t h e  a i r - d r i e d  specimens and 

0 .0  t o  4 .0  ounces f o r  t h e  as -cas t  specimens exc luding  specimen A-9,  which l o s t  

1 3  uunces.  

The average  weight  changes du r ing  t h e  test  pe r iod  a r e  shown i n  Table  24. 

The shr inkage  and u n i a x i a l l y  loaded specimens, which were n o t  confined no r  

s u b j e c t e d  t o  a r a d i a l  p r e s s u r e ,  e x h i b i t e d  an  average  weight  l o s s  va ry ing  from 

0 .6  t o  3 .0  ounces a t  7.5' F and 2.5 t o  11.7 ounces a t  1506 F. The b i a x i a l l y  

and t r i a x i a l l y  loaded specimens, however, g e n e r a l l y  e x h i b i t e d  a weight  ga in  

due t o  o i l  p e n e t r a t i n g  t h e  specimens. The average  g a i n s  v a r i e d  from ze ro  t o  

3.8 niinces a t  75' F and 0.2 t o  7.0 ounces a t  150' F. The average wefght changes 

f o r  t h e  shr inkage  specimens and c r eep  specimens loaded u n i a x i a l l y  f o r  approxi- 

mately 4.75 and 5.25 y e a r s  a f t e r  c u r i n g  pe r iods  of 365 and 183 days were mini- 

m a l ,  va ry ing  from a -1.6 t o  a -3.4 ounces.  I n  t h e  c a s e  of  b i a x i a l  and t r i a x i a l  

specimens,  i t  was n o t  p o s s i b l e  t o  de te rmine  t h e  amount of mois ture  l o s s  since 

a p o r t i o n  of t h e  l o s s  could  have been o f f s e t  by o i l  p e n e t r a t i o n .  

Preventcon of  mo i s tu re  l o s s  a t  150' F was p a r t i c u l a r l y  d i f f i c u l t  and 

s e v e r a l  d i f f e r e n t  s e a l i n g  techniques  were t r i e d .  The method f i n a l l y  developed 



TABLE 24. SWIARY OF AVERAGE WEIGHT CHANGES DURING THE TEST PERIOD 

*Numbers i n  paren theszs  a r e  t h e  nuniber of specimens f o r  which information was a v a i l a b l e .  
**Curing pe r iods  of 90 days ,  183 days ,  and 365 days,  r e spec t ive ly .  

Type 
0 f  

Specimen 

Shrinkage 

Uniax ia l  

' B i a x i a l  

T r i a x i a l  

Average Weight Change*, og 

17 M~nths**  . 6.0 Years** 

Air-Dried As-Cast . 

75O F 75O F 

(1) -0.5 (0) - 

( 2 ) - 1 . 6  ( 1 ) - 0 . 8  

No Tes ts  No Tes t s  

No Tes t s  No Tes t s  

Air-Dried 

75O F 1 5 0 ° F  

5.5 Years** 

Air-Dried As-Cast 

75O F 75O F 

(1) 0.0 (0) -' 

( 2 ) - 3 . 4  ( 2 ) - 1 . 4  

No Tes t s  No Tes t s  

No Tes t s  No Tes t s  

As-Cas t 

' 75OF 150' F 

(6) -1.0 (6) -3.0 

( - 5  ( 4 ) - 2 . 5  

(1) 0.0 (1) 7.0 

(7) 3.8 (4) 6.7 

(3) -0.7 (5) '  - 2.7 

( 2 ) - 0 . 6  ( 3 ) - 7  

(0) - (1) 1 .0  

( 7 j  1 .0  (3) 0.2 



w a s  found t o  b e  f a i r l y  s u c c e s s f u l  du r ing  pre l iminary  t e s t s .  Never the less ,  

i t  was recognized p r i o r  t o  t h e  s t a r t  of t h e  a c t u a l  t e s t i n g  program t h a t  some 

moi s tu re  l o s s e s  and o i l  p e n e t r a t i o n  would occur .  A review of t h e  weight 

changes of t h e  i n d i v i d u a l  specimens (Tables 9 ,  19 ,  20, and 21) i n d i c a t e s  t h a t ,  

wh i l e  most specimens d i d  n o t  s u f f e r  l a r g e  l o s s e s ,  i n  a  few cases  a s  much a s  

16  ounces were l o s t  dur ing  t h e  15-month t e s t  pe r iod .  

. One major p o i n t  of mois ture  l o s s  f o r  a l l  specimens was t h e  l ead  w i r e  

h o l e s  l oca t ed  i n  t h e  load ing  heads,  o r  end caps.  These h o l e s ,  approximately 

n.7.5 inch i n  d i ame te r ,  accommodated t h e  c a b l e  l e a d s  from t h e  embedded s t r a i n  

gages. A 1  rhough t h e  h o l e s  and c a b l e s  were s e a l e d  w i t h  cpolry, they represen~ed 

a p o t e n t i a l  weak p o i n t  i n  t h e  mois ture  b a r r i e r .  I n  f u t u r e  c r eep  t e s t s ,  con- 

s i d e r a t i o n  should be  g iven  t o  u s i ~ ~ g  c o f n p r e s ~ i u ~ ~  f i t t i n g c .  t oge the r  w i th  a 

s e a l a n t  which i s  non-hydroscopic and non-temperature s e n s i t i v e .  These f i t t i n g s  

could be  e i t h e r  a t  t h e  o u t e r  o r  i n n e r  s u r f a c e  of t h e  end caps o r  a t  bo th  

l o c a t i o n s .  I n  a d d i t i o n ,  t h e  l ead  w i r e  h o l e s  which a r e  t o  be f i l l e d  wi th  t h e  

s e a l a n t  probably should  be  overs ized  t o  f a c i l i t a t e  s e a l i n g  wi th  epoxy. A 

second problem, r ega rd ing  both mois ture  l o s s  and o i l  p e n e t r a t i o n ,  concerned 

t h e  e f f e c t i v e n e s s  of t h e  s o l d e r  j o i n t  between end caps and t h e  copper j acke t .  ' 

The mass of . s t e e l  made i t  d i f f i c u l t  t o  b r i n g  t h e  end cap t o  t h e  proper  s o l d e r i n g  

temperature w i thou t  overheat ing '  t h e  conc re t e  ad j acen t  t o  t h e  end caps. Pre- 

t i n n i n g  the  end cap  helped tlie s o l d e r i n g  ope ra t ion  and kept  t h e  temperature 

a t  an accep tab le  l e v e l  b u t  d i d  not  e n t i r e l y  e l i m i n a t e  cold-solder  j o i n t s .  

I n  f u t u r e  s t u d i e s ,  c o n s i d e r a t i o n  should be  given t o  t h e  use  of a s o l d e r  which has  

a  lower me l t i ng  p o i n t ,  b u t  which has  adequate  s t r e n g t h ,  and t o  t h e  p o s s i b i l i t y  

of r edes ign ing  t h e  end cap t o  reduce i t s  mass and provide a c o l l a r  t o  which 

t h e  copper can b e  so lde red .  

O i l  p e n e t r a t i o n  of r a d i a l l y  loaded specimens was a s i g n i f i c a n t  problem 

tllruughout t.hc t es t .  .Ppnet.ration of t e n  occurred a t  t h e  j o i n t  between the 

copper j acke t  and end caps .  During t h e  h y d r a ~ l i c ' l o a d i n ~  of t h e  specimen, e i t h e r  

t h e  copper j a c k e t  tended t o  pul l . away from t h e  end c a p ,  j f  t h e  s o l d e r  j o i n t  

was poor ,  o r  t h e  copper would t e a r .  To a  c e r t a i n  e x t e n t ,  t h e  l a t t e r  problem 

was e l imina ted  by forming a  s l i g h t  expansion hel lows i n  both  ends of t h e  

copper j acke t  . 
I n  t h e  p o s t - t e s t  e v a l u a t i o n ,  i t  was found t h a t  i n  specimens where o i l  

pene t r a t ed  t h e  j o i n t ,  i t  would migra te  down t h e  gage l e a d  w i r e s ,  s a t u r a t i n g  

t h e  surrounding c o n c r e t e ,  and, i n  some c a s e s ,  e n t e r i n g  t h e  gage. O i l  a l s o  
. 



pene t r a t ed  a  few specimens through p i n  h o l e s  i n  t h e  copper j a c k e t ,  which 

developed dur ing  s o l d e r i n g  o r  because of  improperly f i l l e d  s u r f a c e  vo ids  

and voids  j u s t  be low. the  s u r f a c e .  I n  s e v e r a l  i n s t a n c e s ,  a  very  rough epoxy 

c o a t i n g  caused t h e  j acke t  t o  be p e r f o r a t e d  under load .  

Except f o r  occas iona l  gage f a i l u r e s  due t o  malfunct ion o r  t o  exceeding 

t h e  o p e r a t i n g  range of t h e  gage, t h e  sh r inkage  specimens and t h e  u n i a x i a l l y  

and t r i a x i a l l y  loaded specimens g e n e r a l l y  performed s a t i s f a c t o r i l y .  However, 

a s  i l l u s t r a t e d  i n  Table  20,  i t  was e s s e n t i a l l y  imposs ib le  t o  load  t h e  specimens 

b i a x i a l l y .  0fte.n t h e  specimen deformed a x i a l l y  t o  such an  e x t e n t  t h a t  i t  

f a i l e d  i n  t e n s i o n  du r ing  o r  soon a f t e r  load ing .  I n  a d d i t i o n ,  end caps  were 

o f t e n  e j e c t e d  when o i l  pene t r a t ed  t h e  copper a t  t h e  conc re t e  end cap i n t e r f a c e .  

It i s  recommended t h a t  no a d d i t i o n a l  e f f o r t  be  devoted t o  o b t a i n i n g  b i a x i a l  

c reep  informat ion .  

EXPERIMENT' DESIGN 

Future  experiments  should u t i l i z e  a  s t a t i s t i c a l  de s ign  which would a l low 

t h e  r e s u l t i n g  d a t a  t o  be  analyzed us ing  accepted  procedures .  Such .des igns  

d e f i n i t e l y  should i n c l u d e  d u p l i c a t e  specimens i n  o r d e r  t o  o b t a i n  in format ion  

on exper imenta l  e r r o r .  
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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 w@re 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) Excluding'hydrostatically-loaded specimens, the modulus of rlaslicify 
for specimens cured for 90 days ranged from 4.0 x lo6 to 7.1 x lo6 

6 psi and averaged 5.5 x 10 psi. 

(2) The air-dried 90-day specimens had slightly lower moduli o f  
elasticity than the as-cast specimens, but the difference was not 
significant. 

(3) The 90-day specimens loaded at 150° F had smaller moduli than the 
specimens loaded at 75O F. 

(4) The modulus of elasticity increased only slightly with increased 
curing time. 



(5) ~ o i s s o n ' s  r a t i o  was no t  s i g n i f i c a n t l y  a f f e c t e d  by cu r ing  h i s t o r y ,  
c u r i n g  t ime,  o r  t e s t i n g  temperature.  Values ranged from 0.21 t o  
0.29 and averaged 0.25. 

Thermal and Shrinkage C h a r a c t e r i s t i c s  

(1)  The apparent  thermal  expansion of t h e  a i r - d r i e d  conc re t e  was l a r g e r  
than  t h a t  of t h e  as -cas t  concre te .  

(2) E s s e n t i a l l y  no shr inkage  occured i n  t h e  as -cas t  specimens dur ing  
t h e  90-day c u r i n g  per iod .  

( 3 )  ~ u i t f n g  t h e  c u r i n g  pe r iod ,  t he  90-day a i r - d r i e d  specimens exh ib i t ed  
contil luous ~ h r i n l c a g e ,  with t h e  a x i a l  shr inkage  s t r a i n  exr-eeding t h e  
r a d i a l  sh r inkage  s t r a i n .  A t ' t h e  end  o f  82  d a y s  of c u r i n g ,  t ho  
average a x i a l  and r a d i a l  shr inkage  s t r a i n s  were 240 and 190 micro- 
u n i t s .  

(4 )  Subsequent t o  s e a l i n g  82 days a f t e r  c a s t i n g ,  t h e  a x i a l  and r a d i a l  
shr inkage  s t r a i n s  i n  t h e  a i r - d r i e d  specimens began t o  converge, 
becoming e s s e n t i a l l y  equa l ,  a f t e r  which no a d d i t i o n a l  shr inkage  
occurred .  

(5)  .During t h e  s t r e s s e d  per iod  f o r  t h e  90-day specimens, t h e  as -cas t  
specimens a t  75O F  e x h i b i t e d  e s s e n t i a l l y  no shr inkage .  The a i r -  
d r i e d  sh r inkage  specimens a t  75O F  exh ib i t ed  an  apparent  shr inkage  
throughout t h e  s t r e s s e d  pe r iod ;  however, t h e  magnitude of  t he  s t r a i n s  
a f t e r  12 months was r e l a t i v e l y  sma l l ,  w i th  34 microuni t s  ( tens ion)  
i n  t h e  a x i a l  d i r e c t i o n  and 18  microuni t s  (compression) i n  t h e  r a d i a l  
d i r e c t i o n .  

(1)  The t o t a l  s t r a i n  and . t h e  s t r a i n  r a t e  f o r  a i r -d r i ed  spec i~ l le~ls  were 
s i g n i f i c a n t l y  l a r g e r  f o r  as -cas t  specimens. 

(2) The t o t a l  s t r a i n  and t h e  s t r a i n  r a t e  f o r  specimens a t  150' F  wcre 
s i g n i f i c a n t l y  l a r g e r  than  f o r  specimens a t  75' F. 

(3) The o r d c r  of i n c r e a s i n g  t o t a l  s t r a i n s  was 75' F, a s - c a s t ;  75' F ,  
a i r - d r i e d ;  150° F, a s - c a s t ;  and 13U" k', a i r -d r i ed .  

Craap S f r a i n c  and Echavior 

(1) The c reep  behavior  involved many i n t e r a c t i n g  e f f e c t s .  The fol lowing 
f a c t o r s  produced a  h ighly  s i g n i f i c a n t  i n f luence  on t h e  observed creep  
behavior and i t  was found t h a t  t h e  c reep  s t r a i n s  f o r  specimens cured 
f o r  90 days were l a r g e r  f o r  

(a)  a  t e s t  temperature of 150' F than  f o r  75' F,  

(b) a i r - d r i e d  conc re t e  t han  f o r  as -cas t  conc re t e ,  

(c) i nc reased  t ime a f t e r  l oad ing ,  and 

(d) h ighe r  u n i a x i a l  and b i a x i a l  s t r e s s  l e v e l s .  . 



(2)  The a c t u a l  magnitude of t h e  c r eep  s t r a i n  was dependent o n . t h e  
o t h e r  f a c t o r s .  The fo l l owing  two and t h r e e - f a c t o r  i n t e r a c t i o n s  
were found t o  s 5 g n i f i c a n t l y  a f f e c t  c r eep  behavior :  

Temperature x Curing Hi s to ry  x S t r e s s  

Temperature x S t r e s s  - 
Curing Hi s to ry  x S t r e s s  

Radia l  S t r e s s  x Axia l  S t r e s s  

S t r e s s  x Time Af t e r  .Loading. 

(3) The e f f e c t  of cu r ing  h i s t o r y  decreased wi th  t ime.  During t h e  f i r s t  
2 .5  y e a r s  under 1-oad, t h e  r a t i o s  of t h e  a s - ca s t  s t r a i n s  t o  t h e  a i r -  
d r i e d  s t r a i n s  were 0.80,  0 .86,  and 0.81 f o r  t h e  90,  183,  and 365- 
day specimens, r e s p e c t i v e l y ,  w i th  an  o v e r a l l  average  of 0.82. During 
t h e  next  2.5 yea r s  t h e  s t r a i n s  appeared t o  be  approaching t h e  same 
va lue .  

( 4 )  The cu r ing  time p r i o r  t o  l oad ing  in f luenced  t h e  magnitude of  t h e  
c r eep  s t r a i n s .  Longer cu r ing  pe r iods  gene ra l l y  r e s u l t e d  i n  smal le r  
c r eep  s t r a i n s .  During t h e  f i r s t  yea r  under l o a d ,  t h e  c r eep  s t r a i n s  
i n  t h e  specimens cured f o r  183 o r  365 days were approximately 85 
and 68 p e r c e n t ,  r e s p e c t i v e l y ,  of  t h e  c r eep  s t r a i n s  i n  t h e  specimens 
cured f o r  90 days.  

C r e e ~  Poisson ' s  Rat io  

(1) A c reep  Po i s son ' s  e f f e c t  d i d  occur  and  t h e  cre.ep Po i s son ' s  r a t i o  ranged 
from approximately 39 t o  84 pe rcen t  of t h e  e l a s t i c  Po i s son ' s  r a t i o ,  
t h e  magnitude of which depended p r i m a r i l y  on c u r i n g  h i s t o r y  and on 
t h e  s t a t e  of stress. The average  c r eep  Po i s son ' s  r a t i o  f o r  t h e  . 
e n t i r e  t e s t  per iod  was 0.16,  which was approximately 65 pe rcen t  of 
t h e  average e l a s t i c  Po i s son ' s  r a t i o .  

( 2 )  Creep Po i s snn ' s  r a t i n  f o r  a i r - d r i e d  conc re t e  was approximately 
70 pe rcen t  of t h e  va lue  f o r  a s - c a s t , c o n c r e t e .  

(3)  The magnitude of stress and t h e  s t a t e  of  s t r e s s  in f luenced  c r eep  
Po i s son ' s  r a t i o ,  bu t  t h i s  i n f l u e n c e  was l e s s  a t  h ighe r  tempera tures  
and f o r  a i r - d r i e d  conc re t e .  

( 4 )  There was no evidence t h a t  c r eep  Po i s son ' s  r a t i o  was t i m e  dependent.  

P r e d i c t i o n  of Creep Behavior 

(1) A s e r i e s  of r e g r e s s i o n  equa t ions  were developed which e s t ima ted  
t h e  c r eep  behavior  of t h e  specimens. The m u l t i p l e  c o r r e l a t i o n  
c o e f f i c i e n t s  f o r  t h e s e  equa t ions  were 0.99. 

(2)  P r e d i c t i v e  eqilatinns based on t h e  u n i t  c r e e p  f u n c t i o n  were developed 
t o  e s t i m a t e  long-term c reep  behav io r  under m u l t i a x i a l  s t a t e s  of  
s t r e s s  fru111 s h o ~ t - t e r m  u n i a x i a l  c r eep  t c s t c .  These equa t ions  
s a t i s f a c t o r i l y  p red i c t ed  t h e  c r e e p  behavior  of specimens sub jec t ed  
t o  m u l t i a x i a l  stresses and the- long-term u n i a x i a l  c r eep  behavior .  



In s t an taneous  Recovery 

(1)  In s t an t aneous  recovery w a s  no t  a f f e c t e d  by temperature but  was 
l i n e a r l y  r e l a t e d  - t o  t h e  p rev ious ly  s u s t a i n e d  s t r e s s  f o r  s t r e s s  
l e v e l s  l e s s  t h a n  about 55 percent  of t h e  u l t i m a t e  s t r e n g t h  of t he  
conc re t e .  

(2) In s t an t aneous  recovery s t r a i n s  f o r  a i r - d r i e d  specimens were l a r g e r  
t han  f o r  a s - cas t  specimens, which is  probably r e l a t e d  t o  t he  h igher  
s t r e n g t h s  of t h e  as -cas t  specimens. 

(3)  The in s t an t aneous  recovery s t r a i n s  a t  t h e  t ime of unloading were 
g e n e r a l l y  hfghcr  than  t h e  in s t an t aneous  e l a s t i c  s t r a i n s  a t  t h e  time 
of l oad ing  a  y e a r  e a r l i e r ,  e s p e c i a l l y  a t  75' F. 

( 1 1 )  Thc i n o t a n t a n c s u ~  recovery I 'U~SSUII'S ~ a L l u  was nor: affecred By 
t empera ture  no r  s t a t e  of s t r e s s ,  bu t  was g r e a t e r  f o r  t h e  as -cas t  
s p ~ c i m c n s  than  for t h e  a i r - d r i e d  opccimens. ~ o i s s o a ' s  r a . t i o  fo.r 
i n s t an t aneous  recovery v a r i e d  from 0.20 t o  0.27 and averaged 0.'25, 
which was e s s e n t i a l l y  equal  t o  Poisson ' s  r a t i o  A t  the time of . 

loading .  

Creep Recovery 

(I.) Creep recovery s t r a i n s  were a f f e c t e d  by tempera ture ,  cur ing  h i s t o r y ,  
and s t r e s s  cond i t i ons .  The c reep  recovery s t r a i n s  were l a r g e r  a t  
150' F  than  a t  75' F and were l a r g e r  f o r  a i r - d r i e d  specimens than  
f o r  t h e  a s - cas t  specimens. The ma .gn i . t~~de  of t h e  c r eep  recovery 
s t r a i n s  was a l s o  r e l a t e d  t o  t h e  magnitude of t h e  previous ly  sus t a ined  
stress. 

(2) At 75' F, t h e  r a t io  of  t h e  creep recovery s t r 8 i n . s  S months a f t e r  
unloading t o  t h e  c reep  s t r a i n s  12 months a F t e r  loa.di.n@; was l a r g e r  
f o r  t h e  a i r - d r i e d  spec ikens  than  f o r  t h e  as -cas t  specimens; however, 
a t  150' F  t h e  r a t i o  was l a r g e r  f o r  t h e  as -cas t  specimens. 

( 3 )  The c reep  recovery  s t r a i n s  were sma l l e r  t han  t h e  ins tan taneous  
recovery s t r a i n s ,  i n  c o n t r a s t  t o  t h e  f a c t  t h a t  dur ing  t h e  loading  
per iod  t h e  creep s t r a i l ~ s  weir l a r g e r  illan che insrarltarleous s t r a i n s .  
A t  75' F. t h e  r a t i o  of c r eep  recovery s t r a i n  5 months a f t e r  un- 
loading  t o  t h e  in s t an t aneous  recovery s t r a i n  was l a r g e r  f o r  t h e  
a i r - d r i e d  specimens than  f o r  t h e  as -cas t  specimens; however, a t  
150° F  t h e  r a t i o  was l a r g e r  f o r  t h e  as -cas t  specimens. 

(4 )  Creep recovery Poisson ' s  r a t i o  was l a r g e r  f o r  t h e  as -cas t  specimens 
than  f o r  t h e  a i r - d r i e d  specimens. Excluding hydros t a t i ca l ly - loaded  
specimens, c r eep  recovery Poisson ' s  r a t i o s  5  months a f t e r  unloading 
v a r i e d  from 0.16 t o  0.28 and averaged 0.23 f o r  t h e  as -cas t  spec i -  
mens.... For a i r - d r i e d  specimcnc, t h e  r a t i o s  v a r i e d  frurn 0.02 t u  0.21 
and averaged 0.13. These va lues  a r e  s i m i l a r  i n  magnitude t o  t h e .  
observed c reep  Po i s son ' s  r a t i o .  

(5)  In  long-term tests t h e r e  was no apparent  e f f e c t  on c reep  recovery 
produced by t ime o r  c u r i n g  h i s t o r y .  



(6 )  The p r i n c i p l e  o f  s u p e r p o s i t i o n  o v e r e s t i m a t e s  t h e  a c t u a l  c r e e p  
r e c o v e r y  s t r a i n s  and t h u s  s h o u l d  n o t  b e  used u n l e s s  a  r e l a t i v e l y  
l a r g e  e r r o r  can  be  t o l e r a t e d .  

CONCLUSIONS AND RECOMMENDATIONS CONCERNING THE EXPERIMENTAL PROGRAM 

(1)  For t h e  most p a r t ,  t h e  equipment and p rocedures  u t i l i z e d  i n  t h i s  
' s t u d y  were  s a t i s f a c t o r y  and i t  was concluded t h a t  t h e  o v e r a l l  

s t u d y  was s u c c e s s f u l .  

' (2)  It was ex t remely  d i f f i c u l t  t o  l o a d  specimens b i a x i a l l y .  Large 
a x i a l  s t r a i n s  developed q u i c k l y  and t h e  specimen e i t h e r  f a i l e d  i n  
t e n s i o n  o r  f a i l e d  a t  t h e  i n t e r f a c e  between t h e  specimen and t h e  
end cap.  

(3) The most d i f f i c u l t  problems i n v o l v e d  t h e  s e a l i n g  of specimens t o  
p r e v e n t  m o i s t u r e  l o s s  and o i l  p e n e t r a t i o n .  

( a )  The method of  s e a l i n g  was g e n e r a l l y  a d e q u a t e  t o  p r e v e n t  
m o i s t u r e  l o s s .  The one major  weakness i n  t h e  seal was t h e  
l e a d  w i r e  h o l e s  loc .a ted i n  t h e  l o a d i n g  head.  M o i s t u r e  l o s s  
was much more s e v e r e  a t  150' F t h a n  a t  75' F. Improved methods 
of s e a l i n g  t h e  l e a d  w i r e  h o l e s  s h o u l d  b e  i n v e s t i g a t e d .  

(b)  O i l  p e n e t r a t i o n  of specimens s u b j e c t e d  t o  r a d i a l  p r e s s u r e  
was more d i f f i c u l t  t o  c o n t r o l .  t h a n  m o i s t u r e  l o s s .  I n  some 
c a s e s ,  o i l  p e n e t r a t e d  t h e  specimen through p i n h o l e s  i n  t h e  
copper j a c k e t  o r  a t  t h e  specimen end cap  i n t e r f a c e .  P i n h o l e s  
were developed dur ing '  h a n d l i n g  o r  c r e a t e d  by t h e  h i g h  r a d i a l  
p r e s s u r e s  p e n e t r a t i n g  t h e  copper  a t  s u r f a c e .  i r r e g u l a r i t i e s .  
Observed f a i l u r e s  a t  t h e  end c a p s  were  caused by l a r g e  a x i a l  
s t r a i n s  and c o l d - s o l d e r  j o i n t s  between t h e  caps  and t h e  copper  
j aclcct . 

(c )  S o l d e r i n g  o f  t h e  copper  j a c k e t  t o  t h e ' e n d  caps  was d i f f i c u l t .  
F u t u r e  s t u d i e s  s h o u l d  c o n s i d e r  u s i n g  s o l d e r  w i t h  a lower m e l t i n g  
p o i n t  and r e d e s i g n i n g  t h e  end caps  t o  reduce  t h e i r  mass and 
t o  p r o v i d e  a c o l l a r  t o  which t h e  copper  can  b e  s o l d e r e d .  

(4)  The v i b r a t i n g . w i r e  s t r a i n  gages  performed s a t i s f a c t o r i l y  and 
appeared  t o  remain s t a b l e  th roughout  t h e  test  p e r i o d  which v a r i e d  
from 20 t o  7 1  months. Approximately 78 p e r c e n t  o f  t h e  gages  func- 
t i o n e d  th roughout  t h e  t e s t ,  i n c l u d i n g  1 5  gages  which f u n c t i o n e d  f o r  
approx imate ly  6  y e a r s .  Only 1 3 . 8  p e r c e n t  a c t u a l l y  f a i l e d  and t h e s e  
f a i l u r e s  can p robab ly  be  a t t r i b u t e d  t o  o i l  and w a t e r  e n t e r i n g  t h e  

gage.  An a d d i t i o n a l  7 .9  p e r c e n t  became i n o p e r a b l e  because  t h e  
r a n g e  o f  t h e  gage was exceeded.  E l i m i n a t i n g  t h o s e  gages  whose 
o p e r a t i n g  r a n g e  was exceeded,  8 6 . 1  p e r c e n t  o f  t h e  gages  f u n c t i o n e d  
s a t i s f a c t o r i l y .  

( a )  Gage f a i l u r e  w a s  much more s e v e r e  f o r  150' F and f o r  a s - c a s t  
specimens .. 

(b)  The gages  d i d  n o t  moni to r  a b s o l u t e  t e m p e r a t u r e  a c c u r a t e l y .  I f  
such  i n f o r m a t i o n  is needed i n  f u t u r e  s t u d i e s ,  o t h e r  gages  o r  
methods o f  m o n i t o r i n g  t e m p e r a t u r e  s h o u l d  b e  i n v e s t i g a t e d .  



( c )  The gages should be f u r t h e r  waterproofed p r i o r  t o  use.  

(d) The gages whose ope ra t ing  range was exceeded were p r imar i ly  
i n  t h e  b i a x i a l l y  and t r i a x i a l l y  loaded a i r - d r i e d  specimens, 
p a r t i c u l a r l y  a t  150° F. For f u t u r e  t e s t s ,  t h e  i n i t i a l  f r e -  
quencies  should be  s e t  i n  accordance wi th  t h e  a n t i c i p a t e d  
s t r a i n s .  

(e )  The gages were no t  thermal ly  compatable wi th  t h e  conc re t e ,  and 
a p p r o p r i a t e  c o r r e l a t i o n  f a c t o r s  should be employed f o r  t e s t  
c o n d i t i o n s  i n  which t h e  temperature is v a r i e d .  

( f )  The method of p o s i t i o n i n g  and main ta in ing  t h e  -gages dur ing  
. c a s t i n g  w a s  s a t i s f a c t o r y .  

(3)  The loading sysrem was general 1.y sar1,sLactorjt. Tlle vrily major 
problem was t h e  f a c t  t h a t  i t  was necessary  t o  c o r r e c t  t h e  a x i a l  
s t r e s s e s  i n  f r i c t i o n  l o s s e s .  A s i g n i f i c a n t  improvement would be 
t h e  a d d i t i o n  of i n d i v i d u a l  p re s su re  c o n t r o l s  f o r  each t e s t  u n i t ,  
which would a l low compensation f o r  f r i c t i o n  l o s s e s .  

( 6 )  I n  h y d r o s t a t i c a l l y  loaded. specimens, t h e  r a d i a l  s t r a i n s  gene ra l ly  
were l a r g e r  t han  t h e  a x i a l  s t r a i n s .  The f r i c t i o n  l o s s e s  i n  t h e  a x i a l  
l o a d ,  however, could no t  account e n t i r e l y  f o r  t h e  observed d i f f e r -  
ences  and t h e  cause  was a t t r i b u t e d  t o  t h e  r e l a t i v e  s i z e s  of t h e  gages 
and specimens and t h e  c o n f i g u r a t i o n  of t h e  specimen and end caps.  
These d i f f e r e n c e s  were much l a r g e r  f o r  h igh  s t r e s s  l e v e l s .  Future 
t e s t s  should cons ider  t h e  p o s s i b l e  e f f e c t s  of specimen s i z e ,  shape,  
and c o n f i g u r a t i o n .  

(7 )  The experiment was no t  designed s t a t i s t i c a l l y .  Future  s t u d i e s  . 

should u t i l i z e  s t a t i s t i c a l l y - d e s i g n e d  experiments developed i n  
coopera t ion  w i t h  an exper ienced ,  app l i ed  s t a t i s t i c i a n .  

RECOMMENDATIONS FOR FUTURE STUDIES 

(1)  Future  s t u d i e s  should concen t r a t e  on u n i a x i a l  t e s t s . w i t h  minimum 
e f f o r t  devoted t o  t r i a x i a l  t e s t s  because of t h e  d i f f i c u l t i e s  . 

a s s o c i a t e d  wi th  s e a l i n g  and ,I,oadi.ng t h e .  specimens. I f  t r i a x i a l  
test.s a r e  needed, i t  i s  r e r n m m ~ n d ~ d  t h a t  hyclrnst?t ic  t e s t s  h e  
conducted wi th  t h e  specimen sub jec t ed  t o  o i l  p r e s su re  i n  a l l  
d i r e c t i o n s .  No b i a x i a l  t e s t s  should be conducted. 

( 2 )  T t  is  naF npcexsary ti, rncasure.l-adial ~ L i a i u u  i l l  I u L u r t :  L ~ S L S  si~icw 
t h e s e  s t r a i n s  r e l a t e  p r i m a r i l y  t o  Poisson ' s  e f f e c t s .  S ince  c reep  
and c reep  recovery Poisson ' s  r a t i o s  have been e s t a b l i s h e d ,  such 
measurements a r e  unnecessary. 

(3)  Future  t e s t s  r e l a t e d  t o  p r e s t r e s s e d  conc re t e  r e a c t o r  v e s s e l s  
should concen t r a t e  on a  cu r ing  h i s t o r y  s i m i l a r  t o  t h e  as -cas t  
cond i t i on  used i n  t h i s  s tudy .  

( 4 )  Uniaxia l  c reep  t e s t s  a t  temperatures  i n  excess  of 150' F  should be 
conducted t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  between c reep  behavior  
and tempera ture .  



(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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TOTAL S T R A I N  RELATIONSHIPS' FOR SPECIMENS CURED 
FOR 183 AND 365 DAYS 
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lnstuntane~us Strain 
Legend Specimen 

A x  io l  Radial 

90-Day C ~ r i r . 9  8- 19 379 .5  -103.8 

-- 183-Doy Caring 1 - 2 0  385.7 - 93.5 

--- 365-Day Caring t i - 1 7  441.7  - 8 4 . 9  
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F i g  A - 2 .  T o t a l  a x i a l  and r a d i a l  s t r a i n  r e l a t i b n s h i p s  f o r  a i r - d r i e d  s p e c i m e n s . ~ i t h  u n i a x i a l  s t r e s s  
of 2400 p s i .  
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o f  600 p s i .  

L I 
a ! 

-/--- --=,=----- 

9 3 

Specimen 

.- 
I 

c 5C .- 
e * 

U J  

9 0 - D a y  Curing E -  3 9  

.-- 183-Day Curing H - 4 5  

--- 3 6 5 - D a y  Curing H -  5 

- 

---- 

Instantaneou; St ra in  . 
Axio l 

8 7 . 3  

9 0 . 9  

7 3 . 7  

I 
- - - - A 1 9  

~.G-L*>? i I - 
:O 800 9 0 0  1000 1100 1 2 0 0  1 3 0 0  1 4 0 0  I 5 0 0  1 6 0 0  1700. 1800 1 9 0 0  2 0 0 0  

T ime A f t e r  L o a d i n g  , d a y s  
Radia l  Strains 

Radia l  

- 2 5 . 6  

- 2 3 . 2  

- 1 9 . 9  , 

- 5 0  
C 0 .- 
VI C 

e 

- 

-100-  



I I Instantaneous Strain 1 
I Legend 1 Specimen I Axial  I Radial 

I. I I 1 9 0 - D a v  Curina I E -  4 0  1 93:6 I .  - 2 6 . 0  

Axia l  Strains 
U 129 A - .- 

C 
3 1.-- ------ 
e 
0 

5 0  

-- 133-Day Curing 

--- 355-Day Curing 

C .- I 

: d,,( I 2 0 0 0  * J0 .A0 i b o  .Lo 7bo 9b01 llJlo llbo ,L l o o  Jo0 L 1 lAclo 19005.5 
Time l f t e r  b o d i n g  , days 

- 3 4 . 2  -35.4 

-- 
,-.-----.--- --.------.----62.9 

C 

F i g  A - 4 .  T o t a l  a x i a l ' a n d  r a d i a l  s . t r a i n  r e l ~ t i c n s t . i p s  f o r  a i r - d r i e d  spec imens  w i t h  u n i a x i a l  s t r e s s  
of 600 p s i .  

1 - 3 9  

H - 3 1  

77.1 

9 9 8  

- 2 2 . 6  

- 2 0 . 4  




