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PREFACE

This is the fourth in a series of reports dealing with the findings of a
research project concerned with the evaluation of the creep behavior of con-
crete subjected to triaxial compressive stresses and elevated temperature.
This report evaluates the recovery data obtained after the compressive stresses
were removed. The effects of curing history, temperature during the loading
and unloading periods, and stress conditions were evaluated for instantaneous
and creep recovery strains. In addition, the accuracy of superposition as a
method of estimating creep recovery was evaluated.

The experimental investigation was conducted and financed under Union
Carbide Subcontract 2864. The analysis of the recovery data and the prepara-
tion of the report were conducted and financed under Union Carbide Subcontract
3661, Both studies were for the Oak Ridge National Laboratory, which is oper-
ated by the Union Carbide Corporation for the United States Atomic Energy Com-
mission.

The planning, conducting, and analyzing of data for this investigation
required the assistance and cooperation of many individuals and organizations;
the authors would like to acknowledge the cooperation and assistance obtained
from the Concrete Division of the Waterways Experiment Station, Jackson,
Mississippi, and the Department of Civil Engineering of the University of
California at Berkeley. In addition, special thanks are extended to Mr. G. D.
Whitman, Coordinator Pressure Vessel Technology Program of the Qak Ridge
National Laboratory, whose active participation and support engbled this in-
vestigation to be successfully conducted, and to Dr. J. P. Callahan, Mr. J. G.
Stradley, and Dr. J. M. Corum of the Oak Ridge National Laboratory. Apprecia-
tion is also extended to Professor Clyde E. Kesler, Department of Civil Engi-
neering, University of Illinois, who served as a consultant to the project.
Special appreciation is due Mr. Victor N. Toth, Dr. Ervin S. Perry, Dr. Nabil
Jundi, Dr. Guy P. York, and Dr. John W. Chuang for their aid in the planning

of the experiment, the preparation of the specimens, and the collection of the
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data. And finally, the aid extended by personnel of the Center for Highway

Research, The University of Texas at Austin, is acknowledged.

Future reports will be concerned with a detailed inspection and evaluation

of the specimens used in this investigation.and an evaluétion of the effect of

curing time on creep behavior.

Amin Hijazi
Thomas W. Kennedy

March 1972



ABSTRACT

This report presents the findings of an experimental investigation to
evaluate the effects of three different factors on the instantaneous and creep
recovery strain of plain concrete after being subjected to sustained loads for
a period of one year. The factors investigated were (1) temperature during
the loading and unloading periods (75o F and 150° F); (2) curing history (as-
cast and éir-dried); and (3) state of stress, which varied from 0 psi to
3600 psi.in both the axial and radial directions,

This experiment consisted of applying compressive loads along the three
principal axes of cylindrical concrete specimens for a period of one year,
after which the loads were removed and creep recovery strains were observed
for an additional five months. The loads were applied by means of a hydraulic
loading system that permits independent variations of loads along the axial
and radial axes allowing triaxial, biaxial, and uniaxial sfates of stress.

The strains were measured using vibrating wire strain gages that were cast in
the concrete specimens along the axial and radial axes.

The effect of each of the above factors on the creep recovery strain was
evaluated separately, after which a comparison of the different relatiomns
between strains during the loading period and strains during the unloading
period was made. In addition, Poisson's ratio during the recovery period
and the applicability of the principle of superposition of strains were

evaluated and are discussed briefly.
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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
the concrete subjeéted to different temperatures, curing times, curing his-
tories 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 the
design of the reactor, Because of the long-term nature and complexity of some
of the tests required to evaluate the creep and creep recovery behavior of
concrete, there is limited information on creep and essentially no detailed
information on creep recovery,

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 at The University of Texas at Austin to study the behavior of creep and
creep recovery of concrete subjected to multiaxial compressive stresses and
elevated temperatures. The investigation consisted of measuring strains in
cylindrical specimens subjected to 54 test conditions involving a variety of
multiaxial loading conditions (compressive stresses ranging from zero to
3600 psi), three curing times (90, 183, and 365 days), two curing histories
(air-dried and as-cast), and two temperatures (75o F and 150° F). After cur~
ing, the specimens were subjected to a prescribed load and temperature for
12 months, followed by a five-month unloading period. During the curing,
loading, and unloading periods, strain measurements were made in order to
evaluate the creep and creep recovery behavior of the concrete,

The purpose of this report is to summarize and discuss the findings from
the evaluation of the data obtained during the recovery period after the re-
moval of loads. The report consists of six chapters and appendices. Chapter 2

summarizes the current status of knowledge concerning the creep and creep



recovery phenomena of concrete, factors affecting creep recovery, and methods
of estimating creep recovery behavior. Chapter 3 describes the experimental
program, including the preparation of specimens, equipment and instrumentation,
experimental procedures, and experimental designs. A summary of the test
findings before and after the removal of loads is presented in Chapter 4, and
the recovery results are discussed and evaluated in detail in Chapter 5. Con-
clusions and recommendations are contained in Chapter 6. The appendices in-
clude data complementary to those of Ref 35 and recovery strain-time relation-

ships for the recovery period for the different test conditions.



CHAPTER 2. CURRENT STATUS OF KNOWLEDGE

This chapter summarizes the current status of knowledge concerning the
phenomena of creep and creep recovery of concrete and the relationships of one

to the other.

CREEP AND CREEP RECOVERY

Wnen a sustained load is initially applied to a concrete specimen, the
specimen exhibits an instantaneous elastic strain €; which is proportional
to the magnitude of the load applied. This is followed by a time~dependent
strain which consists of a shrinkage strain e due to envirommental effects,
and a creep strain GC » due to the sustained load (Fig la). The creep
strain is usually considered to be the algebraic difference between the total
strain and the sum of the instantaneous elastic strain and the shrinkage strain
(Fig 1b).

Similarly, when the load is removed, an instantaneous recovery strain
€, occurs in the direction opposite to the instantaneous elastic strain.
This instantaneous recovery is followed by a gradual time-dependent recovery
of strain, known as creep recovery €.« The creep recovery strain eventually
reaches a limiting value, and a permanent deformation or strain € or is left
in the concrete. The creep recovery is also termed reversible creep, and the

permanent deformation caused by the load is known as irreversible creep.

MECHANISM OF CREEP AND CREEP RECOVERY

To fully understand the nature of creep and creep recovery, it is neces-
sary to consider the creep mechanism and the relation between creep and creep
recovery., Several mechanisms, which have been reviewed by Neville (Ref 25),
have been proposed to explain the behavior of concrete under sustained load.
Some investigators (Refs 3, 9, and 34) suggested that the creep of cbncrete is
the result of plastic deformation, including intracrystalline slips and local

rupture of the cement paste, Other investigators (Refs 2, 6, and 32) considered
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the creep of concrete to be a form of viscous flow of the cement paste. Ac~-
cording to Lynam (Ref 21) and many others (Refs 19, 20, 30, and 31), the creep of
concrete is due to the loss of moisture from the cement paste to the surrounding
environment under the pressure of the applied load, Freyssinet (Ref 8) ex-
plained that creep deformations of concrete are the result of change in the
arrangement of the capillary structure of the cement paste under load. However,
even though some of these theories offer a reasonable explanation of the be-
havior of concrete under sustained load, none of them provides a full explana=-
tion of all the aspects of the creep phenomenon.

Adsorbed water was emphasized as one of the main causes of creep of con-
crete by many investigators, Freudenthal and Roll (Ref 7) found that when
a concrete specimen is subjected to an external load, the adsorbed gel water
is expelled toward the surface by the hydrostatic pressure gradient that
builds up internally, thus causing creep strain to occur. This indicates that
creep should be completely reversible when the expelled water is restored, but
it has been shown that creep is not completely reversible,

Ali and Kesler (Ref 1) considered creep to be the summation of two com-
ponents. One component, basic creep, occurs under conditions of hygrometric
equilibrium and is essentially a process of molecular diffusion and shear de-
formation of the gel and the adsorbed water, while the other component is
characterized by delayed elastic action of the gel.,

Powers (Ref 27) concluded that water molecules, which occupy the narrow
interstitial spaces between the quasi-crystalline'solid bodies of the paste,
are able to resist forces tending to expel them from their positions by main=-
taining static pressure. The free energy resulting from this pressure produces
a movement of the load-bearing adsorbed water molecules in the direction of
the non~loaded regions of the system in an attempt to achieve thermodynamic
equilibrium, This change of state in the adsorbed water after the specimen
has been stabilized by previcus loading (Ref 10) accounts for the reversible
component of creep, and the irrecoverable component is considered to be due

to nonelastic deformation, perhaps plastic yielding which results in a perma-

f

nent deformation,
The physical structure of the hydrated cement paste was considered by

many investigators (Ref 26) to be a main cause of creep of concrete. Freyssinet

(Ref 8) stated that loading in&reases the probability of rearrangement of the



colloidal size particles in the gél, thué causing a reduction of the volume of
the concrete. Other investigators (Refs 9, 22, and 34) suggested that crystal-
line flow, slipping within the crystal lattice, or localized fracture of hy-
drated cement paste contributes to the creep of concrete,

Gopalakrishnan et al (Ref 11) considered that the deformation of a
hydrated cement gel subjected to an external load consists of two parts:
(1) deformation of the individual gel particles due to a change in intermolecular
spacing and (2) relative movement of the gel particles due to deformation of
the load-bearing adsorbed water between the particles. With further deformation
in the elastic skeleton of the paste, a strain energy buildup will develop
within the system due to the high contact stresses of the solid surfaces. The
release of this strain energy when the load is removed causes a part of the creep
recovery of the concrete, The other part is due to the change of the free
energy distribution in the adsorbed water which develops from the change in
- spacing of the solid particles when the load is removed. The recovery is
gradual because of the restraint imposed by the viscous properties of the ad-

sorbed water.

EVATLUATION OF CREEP RECOVERY

A useful method for evaluating creep recovery employs the principle of
superposition of strains (Ref 22)., This principle states that strains pro-
duced in concrete at any time t by a stress increment applied at any time
t0 are independent of the effects of any stress applied either earlier or
later than t0 . The stress increment could be either an addition of stress
or a relief of stress. Thus, if a compressive load on a concrete specimen is
removed, the magnitude of the creep recovery strain* would be equal in magni-
tude to the creep strain which would have occurred if the concrete had been
subjected to stress equal to the stress which was removed at the same time t1
(Fig 2). |

The accuracy of this method of estimating creep recovery has been questioned

by many investigators and Neville (Ref 24) summarized the conclusions from

/

%
Defined as the difference between the actual strain at any time and the
strain that would occur at the same time if the specimen had continued to

be loaded by the original stress.,
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McHenry's principle of superposition (Ref 22),



some of the results of tests of various evaluations of the accuracy of super-
position (Refs 5, 29, and 33) and reported that the principle of superposition
overestimates the creep recovery strain.

It has been suggested (Ref 14), however, that in some instances overesti-
mation of creep recovery was due to the effect of drying shrinkage, which is
greater in a virgin specimen, and in other instances it was due to the use of
the principle of superposition on total strain rather than on creep strain
only. Jessop et al (Ref 14) stated that the main reason for the overestimation
of creep recovery was that the principle of superposition was being considered
for the usual basic creep, which represents creep under conditions of no mois=-
ture exchange with the ambient humidity. This basié creep includes a part,
denoted as stress-induced shrinkage, which is partially irrecoverable and is
due to the movement of some moisture from the adsorbed water layers on the gel
surfaces to the nearby capillary void fegions. According to these investi-
gators an improvement in the applicability of the principle of superposition
to the evaluation of creep recovery would result if the principle of super=
position were used on a new parameter which included only the reversible part
of the basic creep, since its full reversibility is possible only when the
original moisture content at the time of loading is restored. The new parameter
represents deformation under constant hygrometric conditions, exclusive of
stress~-induced shrinkage, and is termed new basic creep. In the recovery
state, the new basic recovery response, which is the strain under constant
hygrometric conditions obtained from the continuation of the creep curve
less the amount of stress relief swelling and the continuation of stress in-
duced shrinkage, is used with the new basic creep parameter,

Jessop et al (Ref 14) conducted an experimental program to verify the
accuracy of the principle of superposition on these new parameters. The re-
sults obtained showed that the accuracy in some cases was not much better
than the accuracy of the principle of superposition generally used.

Other investigators, such as Illston (Ref 13) and Roll (Ref 28), suggested
the use of rheological models to obtain an equation suitable for the prediction
of creep recovery strains. However, it would be desirable to use superposition

as a tool for design and evaluation, and additional work should be conducted to

evaluate the accuracy of the method.



-FACTORS AFFECTING CREEP RECOVERY

The effect of different factors on creep has been discussed thoroughly in
the literature, but little has been published about factors affecting creep
recovery. In this section, several observations on the effect of some factors
on the creep recovery are reviewed briefly., A broader summary of the effect
of these factors on creep strain was included in an earlier report (Ref 35) on
the experimental program at The University of Texas at Austin.

As far as the effect of cement on creep recovery is concerned, Neville
(Ref 24) found that creep recovery could not be related to the type of cement
in the mortar or to its chemical composition. He also concluded that there
was no correlation between creep recovery and the strength of concrete, either
at the time the load was applied or the time the load was removed. On the
other hand, he found that instantaneous recovery is a function of the modulus
of elasticity of concrete at the time of unloading, which in turn is related
to the strength, Thus the ratio of creep recovery to instantaneous recovery
depends on the strength of the cement paste.

The level of the previously sustained stress also affects creep recovery.
Freudenthal and Roll (Ref 7) reported that creep recovery varies linearly
with the magnitude of sustained stress. At a later time, Roll (Ref 28) found
that generally both instantaneous recovery and total time dependent recovery
were linear functions of stress up to 65 percent of the ultimate strength of
the concrete. On the other hand, Nasser and Neville (Ref 23) reported that
creep recovery is independent of the magnitude of the stress that is removed
and that creep recovery is independent of temperature and storage conditions.

In a paper on the mechanism of creep, Gopalakrishnan et al (Ref 1l1)
pointed out that the magnitude of creep recovery is a function of both creep
at the time of unloading and elastic recovery strain. On the other hand, from
the results of a multiaxial compression test on concrete, Hannant (Ref 12)
concluded that creep recovery is proportional to neither elastic recovery
strain nor the magnitude of measured creep but rather is dependent on the
magnitude of stress removed parallel to the direction of the strain measure-
ment,

Creep recovery can take place in a given direction under multiaxial com=-
pression even if the applied stress in that direction is zero or if the creep

due to Poisson's effect is negligible. Hence the magnitude of creep recovery
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in a given direction for the same stress applied in the same direction may

vary when the other principal stresses are not the same.

. Based on 84 days of creep recovery and a preliminary evaluation of the

data , York concluded in a previous report (Ref 35) that

(1)

(2)

(3

(4)

The modulus of elasticity and Poisson's ratio for elastic recovery
were essentially equal to the modulus of elasticity and Poigson's
ratio at the time of loading.

The elastic recovery strains were generally slightly higher than the
initial elastic strains, except for air-dried specimens loaded at
150° F and most hydrostatically loaded specimens.

Curing history appeared to be the only factor studied that signifi-
cantly affected the percentage of creep recovered. A larger per=-
centage of the creep strain, which occured during one year under
load, was recovered from the as~cast concrete than from the air-
dried concrete.

Factors that caused larger creep strains generally caused larger
total recovery strains although they did not necessarily cause a
larger percentage of the creep strains to be recovered.
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CHAPTER 3, EXPERIMENTAL PROGRAM

This chapter contains a brief description and discussion of the factors
investigated, the design of the experiment, the techniques used to prepare
the specimens, the equipment used, and the test procedure. A more detailed
discussion and description are contained in Refs 18 and 35.

The tests consisted of applying compressive loads along the three princi-
pal axes of cylindrical concrete specimens and measuring the strains in the
axial and radial directions throughout the testing period. The axial and
radial loads were applied by means of a hydraulic loading system and were
varied independently, permitting triaxial, biaxial, and uniaxial states of
stress to be developed, Strains were measured by two vibrating wire strain
gages embedded in the concrete along the axial and radial axes of the cylindri-

cal specimen,

TEST CONDITIONS

Although numerous factors affect the creep and creep recovery behavior of
concrete, this study included only temperature during loaded and unloaded re-

covery periods, curing time, curing history, and state of stress.

Temperature During Test Period

During the loaded and unloaded periods, the concrete was subjected to the
two temperature levels which are the limits of the range of temperatures that
would be expected to occur in the concrete of a nuclear reactor vessel. The
low level was 75o F, which approximates the temperature at the outer surface
of a reactor, and the high level was 150° F, which approximates the tempera-
ture at the inner surface of a vessel. The temperature was controlled within

j;ZoF‘of the desired levels and was recorded continuously.

Curing Time

In this investigation, 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 a period of 183 and 365 days prior to loading.

11
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Curing History

Two curing histories were selected for study and were designated as "as-
cast" and "air-dried." These two histories simulated the range of curing con-
ditions to which concrete in a prestressed concrete reactor would be subjected
during curing. The as=-cast condition is representative of the curing history
of concrete at the inner face of a reactor or of concrete in any massive struc~
ture except that near a free-air surface., This condition involved sealing the
specimens shortly after casting to maintain their initial water content by
preventing evaporation losses.

The air-dried condition is representative of the curing history of the
concrete at the outer surface of a reactor or other mass=-concrete structure,
or of concrete in relatively thin members. In this case, the concrete was
moist cured for approximately seven days and then allowed to air-dry for the
remainder of the curing period. Thus, curing history was closely related to
moisture condition in the concrete during the curing and loading periods.
However, since it was difficult to determine the actual moisture conditions
which resulted from the two types of curing, and because it was impossible to
assign the cause of an observed effect to anything but the curing procedure,
this wvariable was designated as curing history. The procedures associated with
the various curing histories are described in detail in this chapter under
TEST SPECIMENS, Curing and Sealing.

All specimens were removed from the molds 24 hours after casting and were
placed in a moisture curing room for 24 hours. Subsequent to this initial
48~hour curing period, the as-cast specimens were sealed in copper and allowed
to cure at 75° F for an additional 81, 174, or 365 days, depending on the
designated curing period for each specimen, and then they were placed in the
test temperature enviromment. After the initial 48~hour curing period, the
air-dried specimens were placed in lime-saturated water for five days (a total
of seven days of moist curing), after which they were removed and allowed to
air-dry in the laboratory at 75° F and 60 percent relative humidity long enough
to give a total curing period of 83, 176, or 385 days after casting, when they

were sealed and placed in the test temperature environment.

State of Stress

Specimens were loaded triaxially at five stress levels, ranging from O to

3600 psi for both axial stress o, and radial confining stress cr . Since
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the combination of stresses involved some zero stress levels, the loading
conditions were classified as uniaxial, or = 0 ; biaxial, oa = 0 ; and triaxial,
The five stress levels involved were 0, 600, 1200, 2400, and 3600 psi nominal
pressures. A schematic of the basic test unit and photographs of the units
used to achieve these loading conditions are shown in Figs 3 and 4.

Prior to the actual testing, it was determined that the actual stress in
the axial direction was somewhat less than the indicated stress due to friction
in the hydro-mechanical system which was used to load the specimens axially.
Therefore, each loading unit was calibrated using a standard load cell, and it
was established that the average initial axial stresses delivered to the speci-
mens were 0, 545, 1080, 2185, and 3460 psi, respectively, The variation of
the axial stresses with time was monitored with mechanical dial gages and found

to be negligible.

TEST SPECIMENS

Description of Specimens

A total of 430 specimens were cast in nine batches, which were designated
A through I,

Three basic types of specimens were utilized in this investigation: creep,
shrinkage, and strength., All creep and shrinkage specimens were 6 inches in
diameter by 16 inches in length and were attached to 3-inch-thick steel end
slugs, through which the axial load was applied (Fig 5). The specimens were
cast horizontally in specially designed molds. The tensile and compressive
strength specimens were 6 inches in diameter by 12 inches in length and were
cast vertically in standard 6 X 12-inch molds,

The experiment design contained 66 creep specimens and 36 shrinkage speci-
mens which were used to measure the total strains experienced by the concrete
under the various combinations of the four factors. For each batch of concrete
and for each envirommental test condition, an unloaded shrinkage specimen was
placed in the same test enviromment as its companion loaded specimens. These
shrinkage specimens were used to evaluate shrinkage strains in order to esti-
mate the time~dependent strains due to the load and in order to check batch=-

to~batch variations.

In addition, a total of 328 concrete strength specimens were cast. These

were distributed among the nine batches and consisted of as-cast, air=-dried,
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(a) Uniaxial and triaxial loading conditions.
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Fig 4. Test units.
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and standard cured specimens. The as-cast and air-dried specimens were sub-
jected to the same curing and temperature conditions as the creep and shrinkage
specimens. These strength specimens were used to evaluate the compressive and
tensile strengths of the concrete for the various test conditions at various
times throughout the test and to compare any existing batch-to-batch variations.
The standard strength specimens were cured by being submerged in lime-saturated
water and were used to compare the as~cast and air-dried concrete with concrete

cured in accordance with ASTM Specifications C-192,

Casting and Compaction

A detailed description of the preparation of the test specimens for

various test conditions was presented in Ref 18, A brief summary of the cast-

ing and compaction operations follows:

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

(2) After mixing, the concrete was placed in the molds., The 6 X 12=-inch
specimens were cast and compacted as described by ASTM Specifica-
tion C~192 and then vibrated for 3 seconds at a frequency of 3600
cycles per minute., The 6 X 16-inch specimens were cast horizontally
and compacted by approximately 200 strokes of a l/4~inch diameter
rod. A specially constructed curved trowel was used to finish the
exposed longitudinal surface of the 6 X 1l6-inch specimens, which
were then vibrated for 5 seconds on a vibrating table at a frequency
of 3600 cycles per minute. The entire casting and compaction opera-
tion to this point took approximately 45 minutes,

(3) Four hours after casting, the 6 X 1l2-inch specimens were capped with
neat cement and a glass plate was used to smooth the end surfaces,
The exposed sides of the 6 X 1l6-inch specimens were also finished,
with neat cement applied with the curved trowel.

Curing and Sealing

All specimens were completely covered with wet burlap immediately after
casting and cured in the laboratory for 24 hours. Forms were removed after
24 hours and the specimens stored in the curing room at 100 percent relative
humidity for an additional 24 hours. Immediately after Ehe forms were removed,

the surfaces of the 6 x 1l6-inch specimens were scrubbed with a wire brush and
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a pumice stone to remove surface irregularities. All surface voids were filled
with a neat cement paste. Subsequent curing and sealing procedures depended
on the type of the specimen and are summarized in Table 1,

The sealing procedure (Ref 18) included the application of two coats of
epoxy to the surface of the specimens, applied 24 hours apart. While the
second coat was still wet, a 0,008-inch-thick copper jacket was wrapped around
the specimen and soldered to the steel end slugs and to itself along the longi-
tudinal seam, Just prior to assembling of the specimens in the test units, a
6-inch diameter, 0,l12-inch-thick neoprene sleeve was slipped over the copper
jacket for added protection against oil penetrating the specimen. The ends of
the neoprene jacket were sealed with liquid neoprene and clamped to the speci-

men with a 1/4-inch stainless steel clamp.

MIXTURE DESIGN

The mixture design and all materials utilized in this investigation except
water were furnished by the Concrete Division, Waterways Experiment Station,
Jackson, Mississippi. Prior to shipping, the materials were proportioned into
thirteen 12~cubic~-foot batch quantities and placed in sealed containers,

The materials consisted of Type II cement and crushed fine and coarse
limestone aggregates with a maximum size of 3/4 inches. The concrete was de=
signed for a 28-day compressive strength of 6000 + 600 psi for specimens cured
while submerged in lime~saturated water (ASTM C-192). Mix proportions and a
summary of the results of engineering tests on the materials are presented in

Refs 18 and 35. A brief summary of the concrete design proportions is shown. in

Table 2,

EQUIPMENT AND INSTRUMENTATION

A detailed description and a discussion of the test equipment used in

this experimental program are contained in Refs 18 and 35, and, therefore, the
loading unit, hydraulic system, envirommental control system, instrumentation,

and recording system are discussed only briefly in this section.

Loading Unit

The schematic of the loading unit (Fig 3) shows all components of the

loading systems. The radial load was applied directly to the sealed specimen
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TABLE 1, CURING AND LOADING HISTORY OF SPECIMENS AFTER INITIAL
24 HOURS OF CURING

Specimen Type

6 X l6-inch
As=Cast 24

48

83

90

176

183
358

365
454

6 X lb6-inch
Air-Dried 24

48

81

Age

hours

hours

days

days

days

days
days

days
days

hours

hours

days

days

Curing/Sealing Operation

First coat of epoxy applied
Specimens placed in curing room
Second coat of epoxy applied
Specimens sealed in copper

Specimens placed in laboratory
at 73.4 + 3° F

90~day specimens sealed in neo-
prene and placed in test unit
at designated testing tempera-
ture - ‘

90-day creep specimens loaded

Shrinkage specimens remained
unloaded in test environment

183-day specimens sealed in neo-
prene and placed in test unit at
75° F

183~day creep specimens loaded

365-day specimens sealed in neo-
prene and placed in test unit
at 75° F

365~day specimens loaded

90-day specimens unloaded

Specimens placed in curing room

Specimens submerged in 11me-
saturated water at 73.4 + 3° F

Specimens removed from lime-
saturated water and placed in
laboratory at 73.4 + 3° F and
60 percent relative | humidity

First coat of epoxy applied to
90-day specimens

(Continued)
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TABLE 1.

Specimen Type ' Age

82 days

83 days

90 days

174 days

175 days

176 days

183 days
356 days

357 days

358 days

365 days
454 days

6 X 12=inch
As-Cast 24 hours

48 hours

(Continued)

Curing/Sealing Operation

Second coat of epoxy applied to
90-day specimens, which were
then sealed in copper

90-day specimens sealed in neo-
prene and placed in test unit
at designated testing tempera-
ture

90-day creep specimens loaded

Shrinkage specimens remained un-
loaded in test environment

First coat of epoxy applied to
183~day specimens’

Second coat of epoxy applied to
183~-day specimens, which were
then sealed in copper

183-day specimens sealed in neo-
prene and placed in test unit
at 75° F

183~-day creep specimens loaded

First coat of epoxy applied to
365-day specimens

Second coat of epoxy applied to
365~-day specimens, which were
then sealed in copper

365-day specimens sealed in neo-
prene and placed in test unit at
75° F

365-day specimens loaded

90-day specimens unloaded

Specimens placed in curing room

Specimens sealed in copper

(Continued)



Specimen Type

6 X 12-inch
Air-Dried

6 X 12~inch
Standard
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TABLE 1. {(Continued)

Age

e

83 days

28, 90, 183
365, 538 days

24 hours
48 hours

7 days

83 days

28, 90, 183,
365, 538 days

24 hours
48 hours

28, 90 days

Curing/Sealing Operation

Specimens placed in laboratory
at 73.4 + 3°F

Specimens to be tested at
183 days or beyond stored at
designated temperature

Compressive or tensile strengths
determined; 24 hours prior to
strength test, copper seal re-
moved and specimen stored at
734 + 3°F

Specimens placed in curing room

Specimens submerged in lime-
saturated water at 73.4 + 3°F

Specimens removed from lime-
saturated water and placed in
laboratory at 73.4 + 3° F and
60 percent relative humidlty

Specimens to be tested at 183
days or beyond sealed in copper
and stored at designated
temperature

Compressive or tensile strengths
determined; 24 hours prior to
strength test, copper seal re-
moved and specimen stored at
73.4 + 3° F

Specimens placed in curing room

Specimens submerged in 11me-
saturated water at 73,4 + 3°F

Specimens removed from lime-
saturated water, compressive
strength determined
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TABLE 2, MIX DESIGN SUMMARY

Wéter-cement ratio, by weight 0.425
Cement content, sacks/cu yd 7.25
Maximum gize of coarse aggregate, inches 3/4
Slump, inches 2

Mix Proportion, Percent

Material Size Range By Volume By Weight
Cement ——— 15.5 17.8
Fine aggregate Sand 37.1 35.9
Coarse aggregate (A) No. 4 ‘ 14,2 13,9
Coarse aggregate (B) 3/8 inch 16.6 16.2

Coarse aggregate (C) 1/2 inch 16.6 16.2
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by hydraulic oil pressure contained within a l-inch-thick steel pressure
jacket; the axial load was applied by a hydraulic ram. Thus, the triaxial
loading unit consisted of both an axial and a radial loading system, which
permitted each to be varied independently. The axial loading frame without
the pressure jackets was used for the uniaxial case. The radial pressure
jacket without the axial loading frame was used for the biaxial case (Fig 4b).

Each loading unit contained two specimens from the same batch, one as-
cast and one air-dried, which were simultaneously subjected to the same tempera-.
ture and stress conditions, The relative positions of the as=-cast and air-
dried specimens within the frame were determined randomly in order to minimize
bias in the results due to specimen location., The biaxial specimens were also
simultaneously loaded in pairs under identical conditions.

The loading system developed for this investigation was generally satis-
factory; however, preliminary tests (Refs 15, 16, and 17) revealed that the
axial stresses were less than those indicated by the pressure gage, due to
frictional losses in the hydraulic-mechanical pressure system. Therefore, each
of the loading units was calibrated with a load cell., The axial stress for the
various units ranged from 90 to 97 percent of the desired stress. The average
axial stresses for the units with the desired levels of 0, 600, 1200, 2400,
and 3600 psi were 0, 545, 1080, 2185, and 3460 psi, respectively,

Hydraulic System

Hydraulic pressure was supplied to the loading units by using the 100-psi
air pressure, available in the laboratory, to drive oil pressure intensifiers
since only a small quantity of oil had to circulate once the system was pres-~
surized.

The hydraulic system consisted of a pressure control console, eight pres-
sure manifolds to the loading units and the necessary return lines., The pres=-
sure control console housed the pressure control valves, pressure intensifiers,
air reservoir, auxiliary air compressor, and pressure gages for the four dif-
ferent pressures.

The pressure system was designed for 5000-psi pressure and consisted of
hydraulic pressure pipes with flexible pressure hoses to the test units, A
dual system was employed for each of the four pressures (600, 1200, 2400, and
3600 psi). One manifold system supplied pressure to the 75° F laboratory and
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the other to the 1500 F temperature control room., Each manifold system con-
tained a return line with connections to each test unit to allow oil to be
circulated in order to remove air from the system and prevent the control valves
from sticking.

The hydraulic system was designed with two back-up subsystems. An auxil-
iary pressure intensifier was installed to be ready to replace any of the four
intensifiers which might fail or require maintenance. Also included was an
auxiliary air compressor which operated automatically if the laboratory air
pressure dropped significantly.

The control system automatically regulated the pressure to within + 5 per-
cent of the assigned gage pressure, Any of the eight pressure lines could be

independently controlled, and each test unit had separate controls,

Environmental Control

To make valid creep comparisons, a constant temperature an& relative
humidity had to be maintained over a long period of time. The tests performed
under the nominal 75° F test condition were conducted in an air-conditioned
laboratory, while the tests performed under the nominal 150° F test condition
were conducted in a temperature chamber which was designed to maintain a con-
stant temperature anywhere in the range of -20° ¥ to 150° F. The relative
humidity was maintained by the air-conditioning system at an average value of

about 60 percent, although it fluctuated from about 50 to 65 percent,

Vibrating Wire Strain Gage

A vibrating wire strain gage, PC 641, manufactured in England by Perivale
Control Company, was used., This gage, approximately 4 inches long, had a gage
length of approximately 3.5 inches, was stable over a relatively long period
of time, and was relatively inexpensive,

A cross section of the Perivale gage is shown in Fig 6. The gage basi-
cally consisted of a hollow brass tube with a steel cap at each end and a
steel wire tensioned between them. The gage measured strain, or change in
strain, by detecting changes in frequency of vibration of the wire., The fre-
quency of the wire was measured by an electronic comparator which, when acti-
vated, plucked the wire by use of an electromagnet in the gage. The magnetic
coil was used to measure the vibration of the wire and the frequency was com-
pared with a standard frequency generated in the comparator. From this com-

parison, the frequency of the gage wire could be measured and used to calculate
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the change in strain (Eq 1), providing the initial and final frequency read-
ings were made at the same temperature and there was temperature equilibrium,
Actual strains were calculated using Mersonnes' and Hooke's Laws, which

in combination yielded the following equation:

he = €, =€ = K (Fi - F%) n
where

K = gage factor,

F, = the initial (or reference) frequency,

Ff = the frequency at the strain point desired,

ei = the initial (or reference) strain,

€. = the strain point desired,

f

The Perivale gage when cast in concrete had a gage factor of 1,24 X 10-3,

which was determined experimentally by the manufacturer. The range of the gage
was approximately 1000 micro-units of strain and it could be read to an accuracy
of one micro-unit of strain. The gage was supplied with an initial frequency
or wire tension which allowed strain measurements ranging from 285 micro-units
in tension to 1050 micro=-units in compression.

Temperatures in the creep and shrinkage specimens were measured throughout
the test period by e wheatstone bridge circuit in the comparator which measured
the change in resistance of the electromagnetic coil in each gage. Thus, two
internal temperature readings were recorded for each specimen., An equation
relating coil resistance to temperature change was provided by the manufacturer,

For recording strain and temperature data, the comparator was connected
to & switchboard. Each gage was connected by an individual cable to the switch-
board, end the strain or temperature in any one of the 204 gages (102 speci-
mens) was measured from a central location.

The vibrating wire strain gage was considered generally satisfactory and
appeared to remain stable throughout the test period., However, 39 of the 204

gages became inoperative before the end of the test: 11 stopped functioning
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because the range of the gage was exceeded, 5 exceeded the range of the com-
parator, and 23 simply failed, probably due to oil or water leakage., The num-
ber of gage failures was much higher for the test conditions at 150° F than at

75° F.

OUTLINE OF EXPERIMENTAL PROCEDURE

The actual test program began with the casting of Batch A on October 29,
1968. Thereafter a new batch was cast each week in alphabetical order through
Batch G. Batches H and I were cast in June 1969. Batches A through G provided
concrete for specimens of the 90-day loading condition, while Batches H and I
provided concrete for specimens of the 183 and 365-day loading conditions and
for replacements of specimens which failed in Batches A through G. The casting
and testing procedures were identical for all batches. All specimens cured for
90 days were loaded for a period of 12 months, after which the load was removed
and observations of creep recovery continued for five months. Specimens cured
for 183 or 365 days were loaded for an indefinite period of time,

The loading and unloading operation for each batch followed the same pro=-
cedure, Each as~-cast specimen was loaded or unloaded simultaneously with its
companion air-dried specimen, Both axial and radial loads were applied or re-
moved at the same time with maximum stress applied or removed at a rate of
35 psi per second. The ratio of the axial to radial loads during loading or
unloading was maintained constant and equal to the ratio of the final axial
and radial loads. The gages in each test unit were read in the following
order: as-cast axial gage, as-cast radial gage, air-dried axial gage, air-
dried radial gage.

In addition, the unconfined compressive and tensile strengths were deter-
mined for various envirommental conditions during the test period. The com-
pressive strength was determined at 28, 90, 183, 365, and 538 days after casting
(ASTM C-39). Tensile strengths at 28, 90, and 538 days were determined for
Batches B through F using the indirect tensile test (ASTM C-496).

EXPERIMENTAL DESIGN

The various specimens of the 90-day loading condition investigated in

this experimental program were randomly assigned to the first seven batches,
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with the restrictions that each batch contain specimens at both test tempera-
tures and an equal number of specimens for each curing history. The only
restrictions on Batches H and I were to provide specimens for the 183 and
365-day loading conditions and replacements for specimens of the 90-day loading
condition that failed before or during the test. The specimens in each batch
were prepared and tested in a random numerical sequence in order to eliminate
bias resulting from the casting and testing operations. The various combina-
tions of test variables for the creep and shrinkage specimens are shown in

Table 3.



TABLE 3. EXPERIMENTAL DESIGN FOR CREEP AND SHRINKAGE SPECIMENS
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9]
-
X 8 Companion
T , Shrinkage
o:g 2. Axial Radial Creep Specimens*¥* Specimens¥¥
Qg 5 o Load, Load, P °pP P
<4 HO psi psi As~Cast Air-Dried As-Cast  Air-Dried
0 600 F-13 F-42 F=23 F-17
0 3600 H-22r H~-1l4r H-24 H-1
600 0 E-39 E-40 E-28 E-23
600 600 E-5 E~13 E-28 E-23
600 3600 G-35 G-30 G-18 G~10
1200 1200 C-16x c-17 C-39 C-6
10 1200 2400 B-41 B-42 B-29 B=-23
2400 0 B-7 B-19 B~29 B=-23
2400 600 Cc-23 c-11 Cc-39 C-6
2400 2400 F-9 F-30 F-23 F-17
3600 1200 D-26 D-44 D-20 D-33
3600 3600 D-31 D-40 D-20 D-33
O
< 0 600 A=35 I-13rf A-22 I-1
0 1200 I-27r D-3 I-21 D-23
0 2400 E-43 E-1 E-10 E-42
0 3600 I-16r I-30rf I-21 I-1
600 0 B-=4 B-1 B-13 B~26
1200 0 D-15 D~-22 D-12 D-23
- 1200 1200 c-12 C-46x C-41 Cc-36
i 1200 2400 D-2x D-41 D-12 D-23
2400 0 F-33 F=-34 F-15 F=-21
2400 600 E-18 E-4 E-10 E=42
2400 2400 G-9 G-19 G-1 G-21
3600 0 B-16 B=5 B-13 B-26
3600 3600 F-20 F-~6 F~15 F=-21
0 1n 600 0 H-45 I-39 H-28 I-17
= 2400 0 H-34 I-20 H-28 I-17
i i 600 0 H-5 H-31 H-28 H-35
™ 2400 0 H=-24 H-17 H-28 H=35
* age of loading for creep specimens
%% gpecimen designation: the letter indicates the batch and the numeral
indicates the specimen within the batch
r replacement specimens
x radial pressure zero (0_ = 0) due to oil leak in specimen
f specimen feiled shortlyrafter loading
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CHAPTER 4. EXPERIMENTAL RESULTS

This chapter contains a summary of the data obtained in this investigation.
With the exception of the information on creep recovery, most of these results
have been presented and discussed in previous project reports (Refs 1 and 35).
Nevertheless, it was felt that these results should be briefly summarized in
this report in order to completely describe the overall experiment, incorpo-
rate information for the evaluation of the observed creep recovery behavior,
and to document data obtained subsequent to the completion of the previous
reports. Thus, this chapter contains summaries of compressive and tensile
strengths, shrinkage strains prior to and subsequent to loading of the creep
specimens, instantaneous strains at the time of loading, creep strains, and

recovery data, including the instantaneous and creep recovery strains.

STRENGTH OF CONCRETE

The compressive strengths of all the 252 specimens were determined in
accordance with ASTM C39-66 testing procedures, and the tensile strengths of
76 specimens were obtained in accordance with ASTM C496-69.

The average compressive and tensile strengths for the nine batches of
concrete are shown in Table 4. These strength values usually represent the
average of at least three tests although in some cases only two specimens were
tested. The individual compressive strengths of the specimens tested at ages
of 183 days or less are presented in Appendix B of Ref 1, while the individual
strengths at 365 and 538 days are contained in Appendix A of this report.

The average strength of standard cured specimens at 28 days was 6420 psi,
which was within the design strength of 6000 * 600 psi, and the standard devi-
ation was 208 psi. The average strength of standard cured specimens at 90
days was 8220 psi with a standard deviation of 343 psi.

The air-dried specimens had a higher average compressive strength than
the as-cast specimens up to a period of 90 days after casting. Subsequent to
this time the as-cast specimens were stronger. The probable cause of this

phenomenon is associated with the curing procedure for the two types of
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TABLE 4,

AVERAGE COMPRESSIVE AND TENSILE STRENGTHS

Average Compressive Strengths of Batches, psi

Average of

Age at| Curing Temperature, all Batches,
Testing| Conditions OF A B C D E F G H I psi

- Standard 6760 6650 6140 6200 6520 6510 6440 6340 6260 6420
2 As-Cast 6580 4710 5700 5980 5410 5650 5940 5650 5790 5710
Air-Dried 7060 6200 6520 6640 6540 6680 6570 6320 6440 6550
Standard 8550 8690 8290% 8540 8200 8090 7730 8110 7870 8220
Q As-Cast 6880 6110 6430% 6500 7290 7410 7460 6330 6160 6640
° Air-Dried 6960 7790  7370% 7790 7420 7870 7460 7280 _ 7060 7450
> As-Cast 75 8260 - - - - - 7620 7660 6960 7630
@l o 150 8120 - - - - - 8280 - 7730 8040
of -~ Alr-Dried 75 7030 - - - - - 7310 7470 7200 7250
& 150 7760 - - - - - 7100 - 6960 7270
3 Ase 75 8840 - - - - - 8190 6930 7340 7830
1 s-Cast 150 7600 - - - - - 810 - 7660 7860

O
™ Air-Dried 75 7480 - - - - - 7810 6860 7590 7440
150 7010 - - - - - 7860 - 7170 7350
As-Cast 75 8430 - - - - - 9010 7530 7170 8040
o 150 9130 - - - - - 8270 - 7470 8290
A Adr-Dried 75 8570 - - - - - 8070 7550 7470 7920
150 7940 - - - - - 7550 - 7860 7780
Standard - 630%*% 580 620 570 550 - - - 590
® As-Cast - - - 520 - - - - - -
Air=Dried - 560%% = 530 - - - - - -
2 Standard - 540 680 510 710 690 - - - 630
2l 2 As-Cast - 550 610 530 590 590 - - - 570
5 Air-Dried - 540 580 550 550 580 - - - 560
= 75 - 600 590 - 550 490 - - - 560
® As-Cast 150 - 600 550 - 620 610 - - - 600
A X . 75 - 760 740 - 650 690 - - 710
Air-Dried 150 - 660 580 - 610 660 - - 630

%

Batch C tested at 83 days.

*%

Only one sample used.

[43
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specimens. The air-dried specimens were moist cured for two days and then
submerged in lime-saturated water for five more days before being ailr-dried
at 75° ¥ for the remainder of the 90-day curing period. The as-cast specimens
were sealed directly after the first two days of moist curing. The more
efficient wet curing experienced by the air-dried specimens during the first
seven days produced strength gains in excess of those experienced by the as~
cast specimens. However, over an extended period of time continuous curing
at a higher moisture content resulted in a greater rate of strength gain for
the as-cast specimens than for the air-dried specimens. The average strengths
of the specimens subjected to a temperature of 150° F were slightly higher
than the average strengths of specimens subjécted to 75° F.

The average tensile strength of specimens in all batches increased
slightly with age. The individual strengths for the specimens tested at 28
and 90 days are given in Appendix C of Ref 35 and the strengths-for specimens

tested at 538 days appear in Appendix A of this report.

INSTANTANEOUS STRAINS AND ELASTIC PROPERTIES

The instantaneous or elastic strain due to the applied load was determined
by taking readings just prior to loading and immediately after the maximum load
had been applied. Since there were four gages to be read, there was a delay
in obtaining all of the readings; therefore, the instantaneous strains were
estimated by extrapolating the strain-time relationship to obtain the strain
at time zero. 1In general, it was found that these estimated strains were
approximately 1 to 5 microunits less than the measured values.

The elastic properties of concrete, i.e., modulus of elasticity and
Poisson's ratio, were calculated from theory of elasticity. Calculated values
for modulus of elasticity and Poisson's ratio are shown in Table 5. The
modulus of elasticity and Poisson's ratio of uniaxially and biaxially loaded
specimens were very consistent, while values for the triaxially loaded speci-
mens were inconsistent, probably because the relationships used to calcu-
late the values are very sensitive for a hydrostatic loading condition. 1In
addition, the radial and axial loads were applied at different rates, which
may have caused additiomal errors. For these reasons specimens subjected to

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



TABLE Da.

INSTANTANEOUS STRAINS AND CREEP STRAINS AFTER ONE YEAR OF LOADING

FOR AS-CAST SPECIMENS AT 75° F

Instantaneous Creep Strain
Strain After 1 Year
* *
Stress, €; » €. e /e
Age at psi Micro-Units Micro-Units c i Elastic Creep
Loading,| Speci- : E x 10, Poisson's Poisson's
days men Axial Radial| Axial Radial Axial Radial| Axial Radial psi Ratio Ratio
E-39 527 0 87 -26 75 .862 -.385 6.04 .293 -.133
B-7 2179 0 385 -94 322 -42 .836 LA47 5.66 .243 .130
F-13 0 600 ~-52 72 -37 .712 .792 6.13 .264 .378
H-22 0 3600 -333 631 -308 739 .925 1.171 4.51 .209 4l
E-5 562 600 38 57 24 .632 . 649 2.78 .381 .387
& Cc-23 2139 600 283 -10 242 -15 .855 1.500 6.54 .244 .260
c-16x| 1100 1200 58 127 216  -207 - - 2,04 .409 .958
D-26 3449 1200 473 -12 373 .789  -2.167 5.91 .273 .219
B-41 1092 2400 -8 214 340 154 | -42.500 .703 7.14 .239 1.446
F-9 2147 2400 178 197 191 238 1.073 1.208 | 12.55 -.017 .192
G-35 536 3600 -255 524 -176 614 .690 1.172 4.91 .248 .187
D-31 3472 3600 286 342 300 348 1.049 1.018 3.11 .358 .334
. H-45 600 0 91 -23 121 1.330 -1.828 6.59 .253 -.347
©
— H-34 2400 0 385 -84 274 -34 712 405 6.23 .224 .124
" H-5 600 0 74 -20 35 473 -.100 8.11 .270 -.057
= H-24 2400 0 328 -90 232 -22 .708 .245 7.32 274 .095

Ye



TABLE 5b.

FOR AIR-DRIED SPECIMENS AT 75°

INSTANTANEOUS STRAINS AND CREEP STRAINS AFTER ONE YEAR OF LOADING

Instantaneous Creep Strain
Strgin After % Year
Stress, € 2 € >
Age at psi Micro-Units Micro-Units ec/ei ¢ Elastic Creep
Loading,] Speci=- E x 107, Poisson's ©Poisson's

days men Axial Radial| Axial Radial Axial Radial Axial Radial psi Ratio Ratio
E-40 527 0 93 -26 69 -17 LT42 .655 5.64 .279 .247

B-19 2179 0 379  -104 398 43 1.050 414 5.76 274 .108

F-42 0 600 -52 74 -33 81 .635 1.095 5.98 .258 .169

H-14 0 3600 -340 572 -353 *% 1.038 - 4.85 .229 -

E-13 562 600 32 51 45 77 1.406 1.510 2.84 .329 .406

K c-11 2139 600 331 =21 397 -8 1.199 .381 5.51 .261 .233
c-17 1100 1200 75 101 35 45 467 A 4,92 .306 .273

D-44 3449 1200 533 -16 %k 114 - =7.125 5.23 .276 -

B-42 1092 2400 -4 262 233 129 ~58.250 492 6.05 .233 2,152

F-30 2147 2400 171 220 271 423 1,585 1.923 6.30 .223 .323

G-30 536 3600 -240 522 -134 ok .558 - 4,99 L241 -

D-40 3472 3600 298 357 532 705 1.785 1.975 2.97 .359 .602

- I-39 600 0 77 =23 -9 -39 ~-.117 1.696 7.9 .299 -4.333
ar I-20 2400 0 386 - 94 330 -3 .855 .032 6.22 244 .091
" H-31 600 0 100 -20 36 5 .360 -.250 6.00 .200 -.139
- H-17 | 2400 0 442 -85 291 -15 659 .176 5.43 .193 .052

S¢



TABLE 5c., INSTANTANEOUS STRAINS AND CREEP
FOR AS-CAST SPECIMENS AT 1500 F

STRAINS AFTER ONE YEAR OF LOADING

Instantaneoﬁs Creep Strain
Strgin, After % Year
Stress, . °i . ) e le,

Age at psi Micro-Units Micro-Units c 1 Elastic Creep
Loading, Speci=- E y 10, Poisson's Poisson's
days men Axial Radial| Axial Radial Axial Radial | Axial Radial psi Ratio Ratio
B-4 561 0 94 -22 L 80 - =3.636 5.9 .235 -
D-15 1102 0 203 -53 195 Wk .961 - 5.44 .259 -
F-33 2123 0 412 -109 Jok ok - - 5.15 .265 -
B-16 | 3450 0 538 -150 ok Jede - - 6.42 .280 -
A-35 0 600 -48 71 % 70 - .986 6.35 .253 -
I-27 0 1200 -101 147 *% G - - 6.08 .256 -

4 E-43 0 2400 -221 321 *k e - - 5.56 .256 -
I-16 0 3600 -351 350 *% *k - - 4.97 .242 -
E-18 2259 600 322 -4 ok ok - - 6.19 .219 -
c-12 1032 1200 77 95 147 *% 1.909 - 10.36 .096 -
D-2x 1086 2400 -54 266 391 -402 - - 5.28 .284 -
G-9 2268 2400 181 239 273 353 1.508 1.477 3.12 .355 346
F-20 | 3474 3600 423 423 ok Jok - - 1.56 416 -

9¢



TABLE 5d.

FOR ATIR-DRIED SPECIMENS AT 150° F

Instantaneous

Creep Strain

INSTANTANEOUS STRAINS AND CREEP STRAINS AFTER ONE YEAR OF LOADING

Strain After 1 Year
Stress, eiw’ Gcw’

Age at psi Micro-Units Micro-Units €c/€i Elastic Creep
Loading, Speci-| E x 107, Poisson's Poisson's
days men Axial Radial] Axial Radial Axial Radiall Axial Radial psi Ratio Ratio
B-1 561 0 102 =25 114 0 1,118 - 5.49 .249 -
D-22 1102 0 255 -54 202 .792 -.037 4.32 .210 -.010
F-34 2123 0 469 -123 . 623 ok 1.328 - 4.53 .262 -
B-5 3450 0 759 -174 sk Fede - - 4.58 .229 -
I-13f 0 600 -53 87 . - - - - 5.29 .235 -
D-3 0 1200 -86 160 -36 %k 419 - 5.91 .211 -

& E-1 0 2400 | -233 369 ok - - | 4.93 240 -
1-30f 0 3600 | -377 629 - - - - 4,40 .230 -
E-4 2259 600 378 -15 416 *%k 1.101 - 5.23 .237 -
C-46x 1032 1200 101 117 359 -226 - - 10.28 -.003 -
D-41 1086 2400 -23 382 131 500 [-5.696 1.309 4,04 .246 .118
G-19 2268 2400 190 253 295 391 1.553 1,546 2,82 .361 .359
F-6 3474 3600 387 429 700 Rk 1;609 - 3.80 .278 -

* Compression is positive and tension is mnegative.
** Gage failed or gage range was exceeded.
f Specimen failed shortly after loading. _
x Radial pressure reduced to zero shortly after initial loading due to oil leak.

Le
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Excluding hydrostatically loaded specimens, the averages of moduli of
elasticity for the as-cast and air-dried specimens loaded at 75° F were
5.86 X 106 and 5.50 X 106 psi, respectively. Specimens loaded at 150° F had
lower modulus values, with the average values for the as-cast and air-dried

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

SHRINKAGE STRAINS

In order to estimate creep strains it was necessary to measure shrinkage
strains during the creep and the recovery periods. 1In order to interpret

these shrinkage strains it was necessary to evaluate shrinkage strains during

the curing period.

During the Curing Period

Estimates of the relationships between shrinkage strain and time for the
as-cast and air-dried specimens during the curing period were obtained by
averaging the strains measured in both the shrinkage and creep specimens from
batches A through I, which provided concrete for the specimens loaded at 90
days (Fig 7). In these relationships the seven-day reading was considered
as the initial reference point, since the curing and handling procedures dur-
ing the first seven days were different.

The average axial and radial strains of the as-cast specimens were essen-
tially zero throughout the curing period (Fig 7a) and these specimens did
not show any significant»loss of water during the curing period. On the other
hand, the average strains of the air-dried specimens showed continuous in-
crease (Fig 7b) accompanied by continuous loss of water during the first
82 days, at the end of which the specimens were sealed in copper. The average
axial and radial shrinkage strains for the air-dried specimens were approxi-
mately 240 and 190 micro-units respectively, and the loss of water was between
8 and 11 ouhces. The apparent increase in strains between 83 and 90 days for
as-cast and air-dried specimens subjected to 150° F was due to a difference in

thermal characteristics of the gage and concrete and is discussed in Ref 1.

During the Testing Period

Shrinkage strains were measured during the loading period in order to
estimate creep strain by separating the total time-dependent strain into that

due to moisture loss and that due to load. Throughout the 12-month loading
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specimens during the 90-day curing period.
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period shrinkage specimens were subjected to the same environmental condition
as the creep specimens. Average shrinkage curves for the as-cast and air-
dried shrinkage specimens from batches A through G are shown in Fig 8.

Essentially no shrinkage occurred in the as-cast specimens (Fig 8a)
at 75o F; however, at 150o F the specimens exhibited expansion rather than
shrinkage. Most of this expansion occurred during the first 84 days of the
loading period, at the end of which the axial and radial gages indicated ten-
sile strains of 33 and 37 microunits, respectively. During the remainder of
the loading period very little additional strain was detected.

The shrinkage behavior associated with specimens subjected to the 150° F
temperature can probably be attributed to an interaction effect involving
temperature change, the concrete, and the gage. This effect is believed to
be due primarily to the fact that the gage and the concrete are not compatible
when subjected to temperature change. When the temperature was raised from
75° F to 150° F the gage tended to expand more than the concrete but was pre-
vented from expanding by the concrete. Nevertheless, localized stresses were
produced in the concrete, and as these stresses were relieved by localized
creep of the concrete, the gage was allowed to expand, producing increased
tension in the gage wire. This increasing tension during the first 84 days
after loading accounts for the apparent expansion of the concrete. This
effect is discussed in detail in Ref 35.

The axial and radial shrinkage strains in the air-dried specimens at
75° F (Fig 8b) increased at a decreasing rate throughout the entire load-
ing period. However, the radial strains were comperssive (shrinkage) while
the axial strains were tensile (expansion). Nevertheless, the magnitudes of
the strains after 12 months were relatively small, with the axial gage indi-
cating 34 microunits (tension) and the radial gage 18 microunits (compres-
sion).

The shrinkage strain relationships for the air-dried specimens at 150° F
were similar to those of the as-cast specimens at the same temperature, al-
though the strains were larger. These specimens expanded continuously at a
decreasing rate. At the end of the 12-month loading period the axial and
radial strains were 67 and 53 microunits (expansion), respectively.

No special shrinkage specimens were cast for the as-cast specimens which
were loaded at 183 and 365 days after casting since'all as-cast specimens,

regardless of the curing period, were sealed two days after casting. Thus,
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the shrinkage strains for the as-cast specimens were estimated from the average
shrinkage time relationships obtained from the shrinkage specimens associated
with the 90-day creep specimens. The average shrinkage strains resulting from
these considerations are shown in Table 6. For the air-dried condition, the
183 and 365-day specimens were cured longer than the 90-day specimens before
being sealed, thus requiring special shrinkage specimens to obtain satisfactory
results. The values obtained from a single shrinkage specimen for each of the

air-dried 183 and 365-day specimens are also shown in Table 6.

CREEP STRAINS

Creep strain estimates were obtained by subtracting the instantaneous
strains and the shrinkage strains from the total strains. Thus it was assumed
that the instantaneous (elastic) strain for each specimen was constant and did
not vary with time and that the time-dependent strains, i.e., shrinkage and
creep, were not interrelated. The creep strain-time relationships for the
various specimens are shown in Figs A.l through A.19 in Appendix A of Ref 4
and the data are summarized in Appendix G of Ref 35.

The creep rate was much larger during the early portion of the loading
period, but about three months after loading the creep strain became rela-
tively constant and no significant change occurred during the remaining nine
months of the loading period. The creep strains after one year under load and
their ratios to the instantaneous strains at the time of loading are summarized
in Table 5. These ratios were larger for the air-dried specimens and for the
specimens loaded at 150° F.

A more comprehensive evaluation of the effects of moisture condition and
testing temperature is contained in Ref 35. The results discussed above can,
however, generally be summarized as follows:

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

strains than as-cast specimens.

o .
{(2) Both as-cast and air-dried specimens tested at 150 F exhibited
higher creep strains than those tested at 75° F.

(3) 1In uniaxially and bilaxially loaded specimens at both temperatures,
creep strains occurred in the direction perpendicular to the direc-
tion of the applied stress, indicating a creep Poisson's effect.
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TABLE 6. AVFRAGE SHRINKAGE STRAINS FOR THE 183 AND 365~DAY
LOADING CONDITIONS, TEMPERATURE AT 75° F

183-Day Loading Condition 365~-Day Loading Condition

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

After
Loading Axial Radial Axial Radial Axial Radial  Axial Radial

2 -3.9 -1.2 -2.5 0.0
5 -6.2 -.6 -6.3 1.3
7 -7.3 -1.2 -5.0 2.5
14 -11.8 1.8 "12.6 0.0
21 -15.7 1.8 -15.2 0.0
28 -0.4 -0.1 -19.1 .6 1.1 2.3 -19.0 1.3
56 0.3 0.8 -31.6 -3.0 4.2 4.4 -27.9 -6.4
84 0.3 1.4 -43.6 -7.8 5.8 5.6 -36.8 -12.8
112 1.9 1.8 -45.3 -9.7 6.3 6.2 - -
140 3.3 4.0 - - 9.3 8.9 -43.2 -16.6
168 5.2 5.3 -55.6 -17.5 9.7 8.8 -<56.1 -28.1
196 5.9 6.1 -62.0 -23.0 -54.8 -25.6
224 7.7 8.4 -62.5 -23.0 -58.6 ~-29.4
252 10.1 10.5 -67.7 -27.2 -56.1 -26.9
280 11.7 11.7 - - -56.1 -26.9
308 12.2 12.3 -70.1 -29.7 - -
336 15.2 15.0 -72.4 ~-32.1 -62.5 -33.3
364 15.6 10.9 -74.1 -34.0 -65.1 -34.6
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CREEP POISSON'S RATIO

The results from this investigation definitely indicate a creep Poisson's
effect.
The following expression was used to calculate the creep Poisson's ratio
for cylindrical specimens subjected to the various states of stress:
ca(ec)r - cr(ec)

a

Ve = ; ¢4.1)

c 20.(e ), - (), (o, *+ 5,)
where
Ve = creep Poisson's ratio;
o, = axial stress, psi;
oL = radial stress, psi;
(ec)a = creep strain in axial direction;
(ec)r = creep strain in radial direction.

Creep Poisson's ratios calculated for the as-cast and air-dried specimens
tested at 75o F are shown in Fig 9. The ratios for both as-cast and air-
dried specimens increased slightly with time. The overall average creep
Poisson's ratio for the as-cast specimens was 0.150 and for air-dried speci-
mens was 0.108.

Creep Poisson's ratios calculated for the as-cast and air-dried specimens
tested at 150° F are shown in Fig 10. Creep Poisson's ratio decreased rapidly
during the first week under load. For the as-cast specimens, the average creep
Poisson's ratio decreased from 0.30 at three hours after loading to 0.142 at
the end of the first week, and then fluctuated around 0.165. For air-dried
specimens, the average creep Poisson's ratio decreased from 0.27 at three
hours after loading to 0.17 at the end of the first week, and then fluctuated
around 0.14. The overall average of creep Poisson's ratio during the first

month was 0.149 for as-cast specimens and 0.140 for air-dried specimens.
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Fig 9., Creep Poisson's ratio for as-cast and air-dried
specimens at 75° F (Ref 4),

0.3 +
x
X X
X X X X
0.2 4 x X x X
Xy X
% ° o ° Y ° o ® [ ] [ o [ ®
0.1 ‘r' °®
°
0 1 1 1 L i L 1 : 1 1 1 L
4 T L ¥ T T Ll ] 1 L ) 1
0 30 60 90 120 150 180 210 240 270 200 330 360
Time, days
(a) As=-cast specimens.
x F-42 (Biaxial)
0.3 © E-40 (Uniaxial)
® B-19 {Uniaxial)
o o
o
0.2¢4
x o X X
Q Q x ? %
3 X & o .
0.11# “x & 8 ° ° ° ° ° ° ¢ o *
L
0 Tt e e YT P e e
0 30 60 90 {20 150 {80 210 240 270 300 330 360



46

o 0.3 T .
5 Radiol Gage x A-35 (Biaxial)
© ailed
. ® F-33 (Uniaxial)
'g 0.2 .. ° :
@ x *x ? *
o
u- x
0.1 5
a
[}
P
© (0] : " 1 L 1 1 | 1 1 l 1
T 1 1 1 1 T T 1] ¥ Ll 1
0 30 60 90 120 150 180 210 240 270 300 330"
Time , days
(a) As-cast specimens.
0.3
2 ® B-i (Uniaxial)
€ o F-34 (Unioxial)
2 0.2 [
° Radial Gage
@ ®%o00 ) ° Failed
[=] [ ] o
a ot L o
- .
-1
It
© o & : 4 : ) : : —r 4 s
o 30 60 90 120 150 180 210 240 270 300 330
Time, days
(b) Air-dried specimens.
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specimens at 150° F (Ref 4).
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The creep Poisson's ratios after one year under load are shown for each
specimen in Table 5. Exluding the hydrostatically loaded specimens and
specimens that were penetrated by oil, the values of the creep Poisson's
ratios after one year of loading ranged from 0.108 to 0,414, and averaged
0.234 for specimens under the 90-day loading condition. This value was some~
what, but not significantly, smaller than the average value of the elastic

Poisson's ratio.

RECOVERY AFTER THE REMOVAL OF LOADS

The specimens were subjected to loads for a period of 12 months, after
which strain measurements were continued for an additional five months. These
recovery strains were divided into instantaneous elastic recovery strains and
créep 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 are shown in
Table 7.

Curves representing the total strain less the average shrinkage strain
from the time of unloading up to five months later are shown in Appendixes B
through E for specimens having at least one gage functioning properly at the
time of unloading. These curves indicate that creep recovery occurred at a
high rate in the early weeks after unloading, then almost leveled off in about
one month. These curves tend to indicate that a recovery period of five months
is sufficient to obtain reasonable estimates of the maximum creep recovery.

A detailed discussion and summary of the findings obtained from the analy-

sis of these data is contained in Chapter 5 of this report.



TABLE 7. TINSTANTANEOUS RECOVERY AND CREEP RECOVERY STRAINS

Instantaneous Creep Recovery
Recovery, After 5 Months,
e, * e _*
ir cr
Pressure, psi Microunits Microunits
Curing
Temperature Condition { Specimen  Axial Radial Axial Radial Axial Radial
E-39 527 0 -85 23 -8 6
B-7 2179 0 -401 94 -68 19
F-13 0 600 55 -74 8 -21
B-22 0 3600 303 -548 66%% -102%%
9 E-5 562 600 -39 -53 -16 -16
3 C-23 2139 600 -298 18 -65 2
LN C-16x - 1100 1200 -166 43 -38 7
< D-26 3449 1200 -495 -1 -89%% 6%%
B-41 1092 2400 -178 =194 -40 -33
F-9 2147 2400 -181 -199 -51 -54
ay G-35 536 3600 233 -482 © 41 -121
o D-31 3472 3600 -275 -322 -49 -69
~ E-40 527 0 -100 27 ~16 2
B-19 2179 0 -433 103 -88 16
F-42 0 600 53 -81 1 -23
o H-14 0 3600 316 - 64%% -111%*
3 E-13 562 600 -51 -55 -16 -16
A c-11 2139 600 -385 15 -91 -16
4 Cc-17 1100 1200 -70 -95 -24 -23
= D-44 3449 1200 - -13 -131 -26
B-42 1092 2400 -153 -222 -10 -34
F-30 2147 2400 -184 -241 -67 -82
G-30 536 3600 214 - 32 -118
D-40 3472 3600 =315 -382 -96 -118

(Continued)

8%




TABLE 7. (Continued)

Instantaneous Creep Recovery
Recovery, After 5 Months,
e, * g *
ir CcTY
Pressure, psi Microunits Microunits
Curing \

Temperature| Condition | Specimen  Axial Radial Axial Radial Axial Radial

B-4 561 0 S 22 ok 8

D-15 1102 0 -211 ok -72 Feke

tr F-33 2123 0 Jede *k -59 ok

& A-35 0 600 woke -65 wk -34

& c-12 1032 1200 -143 ke -42 ke

< D-2x 1086 2400 -200 51 -61 -13

- G-9 2268 2400 -199 -272 -95 -127

s B-1 561 0 -96 21 -19 18

b D-22 1102 0 -234 47 -53 8

o F-34 2123 0 -431 Kk -112 fek

3 D-3 0 600 99 Fek *k %k

A E-4 2259 600 -343 ok -118 s

4 C-46x 1032 1200 -277 53 -86 14

= D-41 1086 2400 3 -368 31 -107

G-19 2268 2400 -188 -249 -75 -104

F-6 3474 3600 -295 ok -160 -k

* Compression is positive and tension is negative.
*% Gage failed or gage range was exceeded.
x Radial pressure reduced to zero shortly after initial loading due to oil leak.

Table includes specimens having at least one gage functioning properly at the time of unloading.

6%
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CBAPTER 5. EVALUATION OF RECOVERY CHARACTERISTICS

The purpose of this chapter is to discuss the results of the analysis and
evaluation of the strain data obtained after the loads were removed in the
creep investigation described in Chapter 3. For purposes of evaluation and
discussion, the recovery strains have been divided into instantaneous recovery
strains and creep recovery.

The discussion has been subdivided into factors affecting recovery, re-
lationships between creep and creep recovery characteristics, and the applica-
bility of the principle of superposition of strains. For purposes of evalua-
tion it was assumed that

(1) There was no significant batch-to-batch variation, a reasonably

valid assumption since the tensile and compressive strengths did
not vary significantly between batches,

(2) All axial loads applied from the same hydraulic pressure system were
equal, This assumption was not entirely accurate since there were
differences between loading units due to friction losses. However,
the differences were very small and are assumed to be ineligible.

The recovery strain-time relationships for each specimen are shown in Appen-
dices B through E. In these relationships the estimated shrinkage strains have

been removed, Each relationship begins 364 days after loading, at which time

the loads were removed.

FACTORS AFFECTING RECOVERY

Temperature

Instantaneous Recovery. No definite effect of temperature on the in-

stantaneous recovery strain could be established (Fig 11). In some cases the
instantaneous recovery strains were larger at 150° ¥ than at 75° F while in
other cases the instantaneous recovery strains were smaller at 150° ¥, How-
ever, in many of these cases the difference was quite small. Hence, it was
concluded that temperature did not have an effect on the instantaneous recovery

of the concrete specimens in this investigation. If, as discussed in Chapter 2,
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instantaneous recovery is closely related to the strength of the concrete,
then no effects of temperature would be expected since there were no significant

strength differences for the two temperatures in this investigation (Table 4),

Creep Recovery. Previous work has indicated that creep recovery, defined

as the recovery in excess of the instantaneous recovery at the time of unload-
ing, was independent of the temperature at which the test was conducted but
that the creep rate increased with increased temperature up to 160° F (Chap-
ter 2). 1In this investigation, however, a definite temperature effect was
evident, as shown in Figs 12 through 19, for different curing histories and
different states of stress, For specimens loaded uniaxially at 600 psi

(Fig 12), the magnitude of the recovery strains was larger for the specimens
at 150° F than at 75° F; however, the differences were of no practical signifi-
cance, At a higher stress level, 2400 psi, the effect of temperature was more
pronounced (Fig 13). For the air-dried specimens, the creep recovery strains
were larger at 150° F than at 75° F althdugh the differences were small, The
effect of temperature could not be evaluated for the biaxially loaded speci=-
mens (Figs 14 and 15) since most of the gages at 150° F had failed prior to
unloading. For triaxially loaded specimens (Figs 16 through 19), the creep
recovery strains for specimens at 150° F were substantially larger than those
at 75° F for both the as-cast and the air-dried cases, Thus, it was concluded

. . o
that, in general, the creep recovery strains were larger at 150 F than at

75° ¥,

Curing History

Instantaneous Recovery. The air-dried specimens generally showed larger

instantaneous recovery strains than the as-cast specimens, as indicated in
Fig 20, although the differences were small unless the stress levels were
high. This can be related to the fact that as-cast specimens exhibited higher

strengths than air-dried specimens.

Creep Recovery. 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 12 through 19,

 For the uniaxially loaded specimens (Figs 12 and 13), the creep recovery
strains in the direction of the applied stress for the air-dried specimens at

both temperatures were larger than for the as-cast specimens, while no
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significant differences were apparent in the directién perpendicular to the
applied stress. The effect of curing history on the biaxially loaded speci-
mens at 150° F could not be determined since most of the gages at this tempera-
ture failed prior to unloading. For biaxially loaded specimens at 75° F, the
creep recovery strains in the direction of the applied stress were larger for
the air-dried specimens than for the as-cast specimens, while smaller creep
recovery strains were exhibited in the direction perpendicular to the applied
stress by the air-dried specimens (Figs 14 and 15). For triaxial loading at
75° F (Figs 16 through 19), the air-dried specimens exhibited larger creep
recovéry strains than the as-cast specimens. At 150° F, only one set of speci-
mens (Fig 18) survived through the recovery period, and it indicated that the
creep recovery strains for the air-dried specimens were smaller than those for
the as-cast specimens.

Thus, it can be concluded that the air-dried specimens exhibited larger
creep recovery strains in the direction of the major stress while in the di-
rection perpendicular to the major stress the creep recovery strains were
smaller. The possible cause could be the fact that the as-cast specimens had
higher strengths than the air-dried specimens, thus indicating that creep re-

covery strain might be related to the strength of concrete.

State of Stress

Instantaneous Recovery. The effect of stress level on the instantaneous

recovery was similar to the effect of stress level on creep recovery, regard-
less of whether the stress condition was uniaxial, biaxial, or triaxial,
Figures 21 through 23 indicate that instantaneous recovery was definitely

a function of the magnitude of the stress removed. For the uniaxial and bi-
axial loading, it was‘concluded that there was a linear relationship between
the instantaneous recovery and the magnitude of the removed stress since the

relationships passed through the origin.

Creep Recovery. Previous investigations have shown conflicting results

with regard to state of stress, Freudenthal and Roll (Ref 7) concluded that

creep recovery is a function of the previously sustained stress, while Nasser
and Neville (Ref 23) found that creep recovery was independent of the magnitude

of the removed stress, The results of this experiment (Figs 24 through
26) indicated that creep recovery was dependent on the magnitude and the

state of stress previously applied. For uniaxially and biaxially loaded
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specimens (Figs 24 and 25), the recovery strains both in the direction of
the removed stress and perpendicular to the direction of the removed stress
were larger at the higher stress levels. This indicates that the magnitude of
‘the creep recovery strains was related to the magnitude of the removed stress,
but since the relationship did not pass through the origin, the relationship
may not be linear,

For triaxially loaded specimens (Fig 26), the results indicate that
when a large radial stress was removed, the result was a decrease in the
magnitude of the axial creep recovery strain if the axial stress was large
(Figs 26c and 26d) and an increase in the magnitude of the axial creep re-
covery strain if the axial stresses were relatively small (Figs 26a and 26b).
At the same time, when the removed radial stress increased, the radial creep
recovery showed a sharp increase in the tensile direction. These effects were
similar to the effects observed for creep strain (Ref 1), but were opposite

in direction.

RELATIONSHIP BETWEEN INSTANTANEOUS, CREEP, AND RECOVERY CHARACTERISTICS

Comparison of Instantaneous Recovery and Instantaneous Elastic Strains

Specimens at 750 F. For both the as~-cast and the air-dried curing his-

tories, two specimens were loaded uniaxially, two biaxially, and eight tri=-
axially at the 75° ¥ enviromnment. For the uniaxial loading conditions, the
ratios of the instantaneous recovery strain and the instantaneous strain of
the as-cast specimens ranged from 0.885 to 1,042 (Table 8) with an average

of 0,976, while for the air-dried specimens the ratios ranged from 0.990 to
1,143 with an average of 1,062, TFor the biaxial loading specimens, the ratios
varied from 0,869 to 1,058, with an average of 0,966 for the as-cast specimens,
while in the air-dried case, the ratios varied from 0.929 to 1.095, with an
average of 1.014; For the triaxial loading conditions the variation was
larger with the ratios varying from 0.886 to 1,800 for the as-cast specimens
and from 0,714 to 1,594 for air-dried specimens, with an average of 1.041 and
1.021, respectively., The figures shown above for the triaxial loading condi-
tions were evaluated excluding the ratios of specimens B=41 and B-42 in the

axial direction, which had values of -22,250 and -38,250, respectively, and

were obviously in error.



TABLE 8. RELATIONSHIP BETWEEN INSTANTANEOUS, CREEP, AND RECOVERY CHARACTERISTICS

3]
[
8 g Stress, Instant. Creep
§ ﬁﬁE psi €ir/ei €ir/ec €cr/sir Recovery Recovery
&g Speci- Poisson's| Poisson's
S 5 g| men Axial Radial Axial Radial Axial Radial Axial Radial | Ratio Ratio
E-39 527 0 - 977 - .885 -.107 + .600 +.094 + .261{( +.268 + .750
B-7 2179 0 -1.042 -1,000 -,211 - ,452 +.170 + .202 | +.236 + .279
F~13 0 600 -1.058 -1.,028 -,216 - .368 +.146 + ,284 ] +.264 + .160
H=-22 0 3600 - .,910 - .869 -.214 - ,138 +.,218 + ,186 | +.217 + 244
E-5 562 600 -1.026 - .930 -.667 - 432 +.410 + ,302| +,355 -1,000
= Cc-23 2139 600 -1,053 -1,800 -.269 - .133 +.,218 4+ 111} +.260 + .240
81 C-lé6x 1100 1200 ces ces -.176 - 034 +.229  + ,163 | +.258 + .512
11 D-26 3449 1200 -1,047 + .083 -.239 - 231 +.180 -6.,000| +.257 + .298
< | B=41 1092 2400 | +22,250 - .886 -,118 - 214 +.225 + ,170 -.696 -3.203
F-9 2147 2400 -1,017 -1.010 -.267 - 227 +.282 + 271} -,058 - 237
G-35 536 3600 - 914 - .920 -.233 - .197 +.176 4+ .251 | +.,247 + 204
= D=-31 3472 3600 - .962 - ,942 -.163 - .198 +.178 + 214 | +.342 + 417
%Q E-40 527 0 -1.075 -1,039 -.,232 + .118 +,160 - 074 | +.266 - 125
B~-19 2179 0 -1.143 - .990 =-,221 - 372 +.203 4+ ,155 | +.239 + 182
F-42 0 600 -1.019 -1.095 -.030 - 284 +.019  + ,284 ) +.246 + 021
H-14 0 3600 - .929 ces -,181 ces +.203 o cre + .210
3 E-13 562 600 -1.594 -1,078 -.356 - .,208 +.314 + ,291 1 +.093 -1,000
- c-11 2139 600 -1.163 + 714 -.229 +2.000 +.236 -1,067 | +.245 + ,089
= c-17 1100 1200 - .933 - 941 -.686 - 511 +,343 + ,242 ] +.303 cee
H D=44 3449 1200 cee - .813 ves - .228 ces +2.000 cos + 124
< | B=42 1092 2400 |} +38.250 - 847 -.043 - 264 +,065 4+ 153 | +.235 + .102
F-30 2147 2400 ~1,076 -1.096 =247 - .194 +.364 4+ 340} +.235 + 172
G‘-SO 536 3600 - .842 LICI -.239 eoe +.150 s e ) + .182
D=-40 3472 3600 -1,057 -1,070 -.181 - .167 +.305 4+ .309 ) +.367 + .376
(Continued)



TABLE 8. (CONTINUED)
o
2 § Stress Instant C
8 o . €. e, e, /e e /e, . reep
A ' psi ir' i ir’ ¢ cr’ ir Recovery | Recovery
&l Speci~ Poisson's| Poisson's
21338 men Axial Radial Axial Radial Axial Radial Axial Radial| Ratio Ratio
B=4 561 0 ces -1,000 e -.100 cee +.364 .o oo
D~15 1102 0 -1.039 e -.369 e +.341 ces e oo
o F-33 2123 0 . e o e o aee e cee
a A=-35 0 600 e - 916 ees ~-.486 . +.523 ces cee
©Q c-12 1032 1200 -1.857 ces -.286 ces +.294 o oes cos
e 2 D-2x 1086 2400 o ces -.156 . +.305 -.255 +.256 -.213
° G-9 2268 2400 -1,099 ~-1,138 -.348 -.360 +.477 +.467 | +.370 +.361
©
= B-1 561 0 - .91 - .840 -.167 cee +.198 +.857} +.217 +.947
D-22 1102 0 - ,918 - .870 -.262 44,000 +.227 +.170) +.202 +.151
- F-34 2123 0 - 919 oo -.180 cee +.260 oo cee oo
2 D-3 0 600 -1.151 e .os . e .o o e
A E-4 2259 600 - ,907 e -.284 cee +.344 ces cee cae
4 C-46x 1032 1200 cee e -.240 -.062 +.311 +.264 | +.231 +.163
2 D-41 1086 2400 - .130 - .963 -.237 -.214 10,333 +.291 +.229 +.,307
G-19 2268 2400 - 990 - .984 -.254 -.266 +.399 +.418 1 +.357 +.375
F-6 3474 3600 - .762 " eee -.229 cos +.542 cee P o
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The overall average ratio of the instantaneous elastic recovery over the
instantaneous strain for all the different loading conditions under the 75° F
environment was 1.020. This indicated that the instantaneous elastic recovery
at the time of unloading was, in general, higher than the instantaneous strain
at the time of loading a year earlier for this specific environment and in this

particular experiment.

Specimens at 150° F. At 150° ¥, four specimens were loaded axially, four

biaxially, and five triaxially for both the as-cast and air-dried curing his-
tories. Very few gages in the as~-cast specimens lasted through the entire test
period., Thus, a detailed evaluation of the creep recovery behavior of the as-
cast specimens could not be made.

In the case of uniaxial loading, only two gages in as-cast specimens and
five gages in air-dried specimens were functioning properly at the time of un-
loading. The values of the instantaneous elastic recovery obtained from these
gages resulted in an average ratio of the instantaneous elastic recovery over
the instantaneous strain of 1.020 and 0.898 for the as~cast and the air-dried
cases, respectively. For each of the two different curing conditions under
the biaxial loading, only one gage survived past the time of unloading and the
resulting ratio of instantaneous recovery over instantaneous strain was 0.916
and 1.151 for the as-cast and the air-dried specimens, respectively. Under
the triaxial loading condition, 50 and 20 percent mortality occured in the
gages of the as-cast and the air-dried specimens, respectively. The instanta-
neous recovery over the instantaneous strain for the as-cast condition under

the triaxial state of stress averaged 1,365 while that of the ailr-dried condition
averaged 0,921,

It is difficult to evaluate the instantaneous recovery strains for speci-
mens subjected to a temperature of 150° F during the creep and creep recovery
periods since so many gages failed. In general, the instantaneous recovery
strains were larger than the instantaneous strains for the as-cast specimens,
with an average ratio of 1,175, and they were lower than the instantaneous

strain for the air-dried specimens, with an average ratio of 0,922,

Comparison of Creep Recovery and Creep Strains

Specimens at 75° F. ‘The creep strain recovered after a period of five

months from the time of unloading for specimens at 75° F varied from 3 to 69

percent of the creep strain developed after one year of loading. The ratio
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of creep recovery strain after five months to creep strain after one year did

not show any systematic difference for different states of Stréss.‘ This ratio
varied from 0.034 to 0.667 and averaged 0.241 for the as-cast specimens, while
it varied from 0.030 to 0,686 and averaged 0.256 for the air-dried specimens;

thus, the air-dried specimens generally exhibited a larger recovery after

5 months, relative to the creep strain developed after one year, than did the

as-cast specimens.

. o
Specimens at 150" F. The values of creep recovery strains after a period

of five months for specimens at 150° F were more uniform than for specimens at
75° F. The creep recovery strains varied from 6 to 49 percent of the creep
strain developed after one year under load. For the as-cast specimens, the
ratio of the creep recovery strain after five months to the creep strain after
one year varied from 0,100 to 0.486 and averaged 0.301, while in the air-dried
case, it varied from 0,062 to 0.284 and averaged 0,216, Unlike specimens at
75° F, the average values shown here indicated that the as~cast specimens re-
covered a larger percentage of the creep strain developed after one year than

did the air-dried specimens.

Comparison of Creep Recovery and Instantaneous Recovery Strains

Specimens at 75° . At 75° F the creep recovery strains after a period

of five months were quite small in comparison to the instantaneous elastic
recovery, in contrast to the creep strain, which in some cases exceeded the
magnitude of the instantaneous elastic strain. The ratio of the creep recovery
after five months over the instantaneous 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.

Specimens at 150° F. 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 recovery after five months to the instantaneous elastic recovery for
the as-cast specimens varied from 0.294 to 0,523 and averaged 0.396, while for
the air-dried specimens the ratios varied from 0,170 to 0.857 and averaged
0.357. These average values indicated that the as-cast specimens also showed
a higher average ratio of creep recovery strain over the instantaneous recovery

, . . . o
strain than the air-dried specimens, in contrast to specimens at 75 F,
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RECOVERY POISSON'S RATIO

Instantaneous Recovery

The air-dried specimens resulted in a smaller average Poisson's ratio
than the as-cast specimens.

Excluding the hydrostatically loaded specimens, the instantaneous recovery
Poisson's ratios for all specimens at 75° 7 ranged from 0.217 to 0.269
and averaged 0.251 and 0.246 for the as-cast and the air-dried specimens,
respectively.

Excluding the hydrostatically loaded specimens, Poisson's ratio for in-
stantaneous recovery could be evaluated for only one as-cast specimen and
three air-dried specimens at 150° F. TFor the as-cast specimen, the elastic
recovery Poisson's ratio was 0.256. This value was essentially equal to those
of the same curing condition but under the 75o F environment, and it was even
closer to the average values of the elastic Poisson's ratio at loading time
for the same curing condition and under both environments. For the air-dried
specimens, the average instantaneous recovery Poisson's ratio was 0.216. 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. In
general, it can be concluded that the instantaneous recovery Poisson's ratio
was not affected by temperature or by state of stress, but was affected by
curing history, and that Poisson's ratios for the instantaneous recovery strains
were essentially equal to the values of the elastic Poisson's ratios at the

time of loading.

Creep Recovery

A Poisson's effect was also noticed in the recovery period. The creep
recovery Poisson's ratio for each specimen under the 75o F environment was
calculated and recorded in Table 8. Excluding the hydrostatically loaded
specimens and specimens penetrated by oil, the creep recovery Poisson's ratio
five months after unloading varied from 0.160 to 0.279 and averaged 0.233 for
as-cast specimens, while it varied from 0.021 to 0.210 and averaged 0.130 for
the air-dried specimens. Similar to previous Poisson's ratios calculated at
different stages of the test, the average creep recovery Poisson's ratio of

the air-dried specimens was also smaller than that of the as-cast specimens.
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It was not possible to make any valid judgment of the creep recovery
Poisson's ratio of specimens at 150° F due to the large percentage of gage
failures, Excluding hydrostatically loaded specimens and specimens penetrated
by oil, only two values of creep recovery Poisson's ratio could be obtained,
0.151 and 0.307. Both of these values were for air-dried specimens and both
seem to be within the expected range of creep recovery Poisson's ratio of con=

crete.,

APPLICABILITY OF THE PRINCIPLE OF SUPERPOSITION OF STRAIN

Based on the previously discussed analysis, it would appear that the
principle of superposition of creep strains as a means of evaluating and esti-
mating recovery strains should be carefully examined for accuracy. As dis-
cussed in Chapter 2, many investigators have investigated and discussed the
validity and accuracy of the principle of superposition, and most of them
(Refs 5, 14, and 33) concluded that it overestimated the measured creep re-
covery strains, Although originally this investigation was not designed to
investigate this point, the nature of the experiment allowed a crude evalua-
tion of the validity of superposition to be conducted,

Figures 27 and 28 compare the estimated creep recovery strains with the
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 from the creep strains for the specimens which were loaded at an
age of 365 days by applying the principle of superposition of strain., These
two figures clearly indicate that the estimated creep strains were substantially
larger than the measured creep strains and indicate that the principle of super-
position overestimates creep recovery strains. Even though there was a differ-
ence of 90 days between the time that specimens H-5 and H-24 were loaded,

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 strains

is not accurate and should not be used unless large errors can be tolerated.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the findings and conclusions of the evaluation of

the recovery data obtained from the experimental investigation described in

Chapter 3, in which the concrete was subjected to compressive stresses, two

curing histories, and two temperatures during the loading and unloading peri-

ods. In addition, recommendations based on the results of this research are

included.

CONCLUSIONS

Instantaneous Recovery

1

@
3)

&)

Instantaneous recovery was not affected by temperature but was
linearly related to the previously sustained stress for stress
levels less than about 55 percent of the ultimate strength of the
concrete.

Instantaneous recovery strains of air-dried specimens were larger
than of as-cast specimens, which probably can be related to the fact
that the as-~cast specimens exhibited higher strengths.

The instantaneous recovery strains at the time of unloading were
generally higher than the instantaneous elastic strains at the time
of loading a year earlier, especially at 75° F.

The instantaneous recovery Poisson's ratio was not affected by
temperature or state of stress but was larger for the as-cast speci-
mens than for the air-dried specimens. Poisson's ratio for instan-
taneous recovery varied from 0.202 to 0.269.

Creep Recovery

¢9)

(2)

Creep recovery strains were affected by temperature, curing history,
and stress conditions. The creep recovery strains were larger at
150° F than at 75° F and for the air-dried specimens than for the
as-cast specimens. The magnitude of the creep recovery strains was
also related to the magnitude of the previously sustained stress.

At 75° F, the ratio of the creep recovery strain 5 months after
unloading to the creep strains 12 months after loading was greater
for the air-dried specimens than for the as-cast specimens; however,
at 150° F, the ratio was greater for the as-cast specimens than for
the air-dried specimens.

79
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(3)

(4)

(5)

The creep recovery strains were small in comparison to the in-
stantaneous recovery strains, in contrast to the fact that during
the loading period the creep strains were large in comparison to the
instantaneous strains and in some cases exceeded the magnitude of

. . o .
the instantaneous strains., At 75 ° F, the ratio of creep recovery
strain five months after unloading to the instantaneous recovery
strain was larger for the air-dried specimens than for the as-cast
specimens; however, at 150° F, the ratio was larger for the as-cast
specimens than for the air-dried specimens.

Creep recovery Poisson's ratio was larger for the as-cast specimens
than for the air-dried specimens. The instantaneous recovery
Poisson's ratio varied from 0.202 to 0.269, while the average
creep recovery Poisson's ratio was smaller, varying from 0.021 to
0.307.

The principle of superposition of strains overestimates the actual
creep recovery strains and thus should not be used unless a rela-
tively large error can be tolerated,

RECOMMENDATIONS

Based on the above conclusions, the following recommendations are made

for further studies of the creep and recovery behavior of concrete.

(D

(2)

(3

(4)

(5)

(6)

Additional study should be conducted to investigate the effects of
higher stress level, particularly on instantaneous recovery, which
showed a linear relationship up to the level investigated in this
study.

The effects of a wider range of temperature during the loading
period and a range of concrete strengths should be studied to deter-
mine whether any definite relationships exist between these param-
eters and the creep and creep recovery behavior of concrete.

The effect of curing time prior to loading on creep behavior should
be investigated more thoroughly,

The creep behavior under loading periods in excess of 12 months
should be studied since the service life of a reactor vessel is
many years.

Concretes should be studied over a range of moisture content to
determine if there is any correlation between moisture content and
the creep recovery of concrete.

The prediction of the magnitude of creep recovery strains by means
of equations which are a function of creep strain, time of loading,
level of stress, and curing history should be considered.
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TABLE A.l. 365-DAY COMPRESSIVE STRENGTHS™
Curing History: As-Cast
Average
Temp,, Load, Strength, Strength,
. o .

Specimen Remarks F 1b psi psi
A-26 Good cap 75 248,970 8805 8836
A-45 Fair cap 75 250,720 8867
A-6 Very poor cap 150 189,720 6710 7596
A-40 Fair cap 150 239,810 8481
G-3 Fair cap 75 225,530 7977 8190
G-24 Good cap 75 237,620 8404
G-8 Good cap 150 241,030 8525 8313
G-34 Good cap 150 229,040 8101
H-3 Cap 90% effective 75 192,270 6800
H~26 Cap 80% effective 75 185,840 6573 6930
H=42 Good cap 75 209,670 7416
I-19 Cap 80% effective 75 189,930 6717 7342
I-24 Good cap 75 225,260 7967
I-8 Good cap 150 210,670 7451 7658
I-10 Good cap 150 222,390 7865

Curing History: Air-Dried
Average
Tgmp., Load, Strength, Strength,

Specimen Remarks F 1b psi psi
A-24 Good cap 75 207,820 7350 24,80
A=-34 Good Cap 75 215,190 7611
A-33 Very poor cap 150 198,350 7015 2009
A-44 Very poor cap 150 198,000 7003
G-6 Fair cap (cracks) 75 222,340 7864 7809
G-46 Good cap 75 219,230 7754
G-22 Good cap 150 225,350 7970 7863
G-31 Good cap 150 219,300 7756
H-10 Good cap 75 193,250 6836
H-27 Cap 70% effective 75 177,140 6265 6856
H-44 Good cap 75 211,100 7466
I-33 Good cap 75 218,650 7733 7586
I1-38 Good cap 75 210,310 7438
I-5 Good cap 150 197,540 6987 7171
1-31 Good cap 150 207,940 7354

*

Compressive strengths at earlier ages are tabulated in Appendix B of Ref 35.
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TABLE A.2.

538-DAY COMPRESSIVE STRENGTHS

Curing History: As-Cast
Average
Tgmp., Load, Strength, Strength,

Specimen Remarks ¥ 1b psi psi

A-3 Good cap 75 249,600 8828 8425

A-21 Good cap 75 266,710 9933

A-2 Good cap 150 214,100 7572 9131

A-46 Good cap 150 262,310 9277

G-4 Good cap 75 241,640 8546 9006

G-13 Good cap 75 267,650 9466

G-2 Good cap 150 225,610 7979 8265

G-44 Good cap 150 241,740 8550

H-18 Good cap 75 202,250 7154

H-41 Good cap 75 216,170 7647 7531

H-43 Good cap 75 220,280 7792

I-7 Good cap 75 204,850 7256 7122

I-41 Good cap 75 200,370 7088

I-2 Good cap 150 210,410 7443 7466

I-3 Good cap 150 211,700 7989

Curing History: Air-Dried
Average
Temp,, Load, Strength, Strength,

Specimen Remarks °F 1b psi psi

A-30 Good cap 75 242,360 8572 8569

A-31 Good cap 75 242,170 8565

A-10 Cap 75% effective 150 211,000 7463 7940

A-27 Good cap 150 237,960 8416

G-27 Good cap 75 229,560 8119 8072

G-92 Good cap 75 226,890 8025

G-32 Good cap 150 213,460 7550 7549

G-41 Good cap 150 213,380 7547

H-2 Good cap 75 206,365 7300 7469

H-12 Good cap 75 215,884 7637

1-37 Good cap 150 222,085 7856 7856
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TABLE A.3. 538-DAY TENSILE STRENGTHS

Curing History: As=Cast

Average
Tgmp., Load, Strength, Strength,
Specimen F 1b psi psi
B-25 75 64,800 573 601
B-28 75 71,050 628
B-27 150 53,800 476 599
B-39 150 81,600 722
C-33 75 65,600 580 503
C-38 75 69,200 612
Cc-3 150 62,300 551 553
Cc-37 150 62,800 555
E-12 75 62,400 552 548
E-27 75 61,500 544
E~26 150 65,300 577 621
E-46 150 75,200 665
F-2 75 48,000 424 486
F-14 75 62,000 598
F-11 150 69,000 610 613
F-96 150 69,500 615
Curing History: Air-Dried
Average
Tgmp., Load, Strength, Strength,
Specimen F 1b _psi _psi
B-8 75 89,250 789 763
B-43 75 83,200 736
B-17 150 65,000 575 657
B-40 150 83,500 738
C-14 75 78,000 690 739
C-24 75 89,000 787
C-4 150 68,300 604 581
c-9 150 63,000 557
E-30 75 78,500 694 647
E-34 75 67,700 599
E-6 150 72,600 642 607
E-20 150 64,600 571
F-37 75 80,800 714 691
F-41 75 75,400 667
F-7 150 86,200 762 663
F-32 150 63,800 564

* Tensile strengths at earlier ages are tabulated in Appendix C in Ref 35,
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