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ABSTRACT

Equipment developed at the Oak Ridge National Laboratory was
used to make uniaxial and biaxial creep tests on mortar, normal weight concrete
and lightweight concrete using both sealed and unsealed specimens. Some of
the results are questionable because of the poor performance of the strain
gages. Nevertheless, useful information'was obtained on shrinkage, creep 4

and Poisson's ratio. Generally speaking, the results were consistent with

the work of other investigators. Both the shrinkage and creep were highest

" for the mortar and lowest for the normal weight concrete and intermediate

for the lightweight concrete.. The shrinkage and creep were highest for the

. unsealed specimens. A Poisson's ratio effect in creep was noted but the

magnitudes were slightly less than those ‘expected for elastic loadings.
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CREEP BEHAVIOR OF
PORTLAND CEMENT MORTAR AND CONCRETE
UNDER BIAXIAL STRESS

1. INTRODUCTION

1.1 Initiative for this Study

By early 1970, fhe Oak Ridge National Laboratory. had completed
the construction of apparatus for testing concrete under uniaxiai and bi-
- axial stresses. The equipment consisted of four uniaxial and eight biaxial
creep testing frames,Aloading systemé, preséure-maintaining systems, |
shecia] mechanica] strain gages, molds, sea]ingAapparétus and related
accessories. Because of changes in their program, they were not able to

use this special equipment and offered it to the.University of I1linois

provided an acceptab1e program of study using it was completed and
reported. The University had to provide, in addition, an electric
hydraulic pump and strain gage readout equipment. 7

No funds were provided for this study.. This lack of financial
" support becamé a most serious problem since the University of I11inois'
budget was reduced at the time the study was to start..‘This had not been
anticipated at the timé agreement on' the contract was reached; The lack of
funds resulted in the progfam being extended over several years wifh many

changes in personnel, including the principal investigator.



1.2 Scientific Background

Although the behavior of concrete under multiaxial stresses A
has been.investigated for many &ears, interest was increasing at this time
- because of the adient of nuclear pressure vessels which are subjected to
a complex state of stress. The behavior of concrete under multiaxial

stresses is also of importance in the design“and'estimation of the long
time performance of other engineering structures‘incorporafing plates and
shells.

Numerous studies have been conducted to determine.experimentally
the short time strength behavior of concrete subjected to multiaxial
stress etates.n.Detailed lTiterature reviews on this topic are available
(1, 2)*; It is generaily agreed that the strengfh of concrete under |
triaxial compression is larger than the strength of concrete under uni-
axial compression, and that it approximately follows Monr's failure

- theory although the intermediate stress has some‘effecf.VJ

4Under a biaxial stress state of equal ;ompression in two per—_~'
'pendicular directions, the strength of concrete may be from 10 t0420

per cent larger than the uniaxial strength. However, some data (3)
indicate that this strength increase is dependent on the particu]ar'type
and concentration of aggregates used. No significant strength increaée
of concrete under biaxial cdmpre;sion is Tikely to occnr for ]ightneight.‘
aggregate conerete; .Fer mortar, the strength increase is less than for

normal aggregate concrete.

* Numbers in parentheses refer to the list of references.




The modulus of elasticity and Poissonfs'ratio under short
time loadings are essentially independenf of the shear state to which
concrete is subjected.

Some tests on the behavior of concrete under restrained
biaxial stresses, particularly creep, have been reported (4-10).

The evaluation 6f creep deformations under multiaxial stresses 1is

greatly facilitated if the principle of superposition can be applied:

1 7 %1 7 V¢ fc2 T Ve 5¢3 : (1)
where . 'e] - = total creep strain in direction 1,
€c1° €c2° Sc3 =~ creep strains in dirgct1on§ 1, 2, 3,

caused by principal stresses acting
in these difections only,‘and

v ‘ = Poisson's ratio for creep

Assuming that creep is proportional to stress and that Ve is constant, .

Eq. 1 can be reduced to

€y = {0] - Ve (02 + 03) J E—C (2)
where 01> 9ps O3 = principal Stresseg and
E; = specific creep, uniaxial creep strain

per unit stress.




If Ve is coﬁstant and independent of the app]ted stress ratio, then creep
under multiaxial stress states can be determined from the specific creep
and Poisson's ratio as determined in uniaxial creep tests.

In several previous investigations (4-10) Poisson's ratio for
creep.have been determined. HoWever, the results from these studies are
contradiétory. Some investigators found the Poissqn's ratio for'creep to
be 0 (4;.5), others reported values between 0.05 and 0.15 (9) while one
fesearcher (8) reported that Poisson's ratio for creep is approximately
equal to the elastic Poisson's ratio. If the.]atter were true, estimation
of creep under multiaxial stresses wou]d'be very much simplified, as
shown»above- o |

It ]S generally agreed that the d1screpanc1es between prev10us .
1nvest1gatlons are at least in part due to differences in test cond1t1ons
One researcher (10) suggested that the Poisson's ratio for creep is to a
Targe extent dependent on the moisture content and drying.conditions of
concrete while under load. Poisson's ratio for creep of concrete which
does not dry during loading is almost equal to the elastic Poisson's
ratio; however, it is considerably smaller for concrete which is allowed
to dry under 1oad; Poisson's ratio for creep also appears to be dependent
on the ratio of applied stresses, and is largest in the direction of thé
L smal]est pr1nc1pa1 stress (9).

: o There are no data present]y ava11ab1e clearly show1ng the effect
of aggregate concentration on the creep of concrete under multiaxial.stresses.

Some data (11) show that aggregate stiffness can have a significant effect on

creep of specimens under multiaxial load and that the differential for .



different stiffnesses depends on whether the concrete is sealed or not.

1.3 Experimental Program

The summary of previous research indicates that Pbisson's
- ratio for creep of concrete under multiaxial stresses may be'high]y
' inffuenced by the moisture state of concrete during loading, and.the
-applied stress ratio. The objective of this investigation was, there-
fore, to investigate the influence of these parameters upon the creep
behavior of mortar and concrete under multiaxial stresses and.to check
the validity of previously reported and contradicting experimental data. -
The study was limited to studies of biaxial stress.states in'compression
on]y.' S | » | . 4

Because of the limited capacity of the available testing equipment,
the experimental prbgram was subdivided into two phases, as shown in |

Table 1.



2. EXPERIMENTAL PROCEDURES

2.1 Materials

Type 1 portland cement was used to manufacture all the
specimens. | |

A1l the aggregates, sand, gravel and ]ightweight.aggregate,
met all the appropriate American Society for Testing and Materials
specifications. The gravel-had a nominal 1-in. (25-mm) maximumsize.
The lightweight aggregate was made in a rotary kiln and had a 3/4-in.

(19-mm) maximum size. No admixtures were used.

2.2 Fabrication of Specimens

A1l materials were proportioned in general accordance with
the recommendations of the American Concrete Institute,}mixed in a
counter rotating pan mixer and vibrated into rigid machined molds. The
specimens were 3 by 6 by 6-in. (76 by 15.2 by 15.2-mm) prisms. At an
age of about 24 hr. the specimens were moved from the molds and p]aced-:
in a 100 RH, 73F (23C) room for curing.

The specimens for Phase A were kept in the moist room until
an age 6f 90 days when they were removed and placed in a 50 RH, 73F’ |
(23C) environment, either loaded or unloaded. '
| The specimens for Phase B specimens were kept in the moist
room until sealed in copper. These specimens were coated with epoxy

before being sealed with the aid of special apparatus to assure that



there were no voids between the copper and the'coﬁcrete. The joints
in the copper were sealed with solder. These -specimens were a]sb
loaded at ah age of 90 days.

| The strain measuring devices were specia]1y'deve]opedAf0r
this broject and had not beeh used previously. Portions of the gages
had to be embedded at the time of casting. Extreme caution was
required for the sealed specimens to assure that an adequate seal was
developed around portions of the gage without interfering witﬁ its

operation.

2.3 Strength

The average~compreésive strength of the concretes and mortar

at the time of Toading was approximately 6000 psi (41.4 MPa).

2.4 . Loading

The specimens were loaded on the 3 by 6-in. (76-by 15.2-mm)
faces throuéh ﬁigid aluminum b]atens with thin»tef]on'sheéts between the
platens and the specimen. The loads shown in Table 1 were generatedA'
and maintained by a hydraulic syétem. |

Strain gége readings were taken before loading. The‘strain' '
gage had a feature which permitted gas pressure to be app]iéd to the gage
at the beginning and any time during the tests to determine if there was
creep or other déformation in the gage which might affect accuracy. Any
drift was applied to subsequent strain readings as a correction.

Thefefore, readings were also taken with the gas pressure applied before



a load was applied.
The load was applied in-a few seconds and the first strain
gage readings under load were normally taken 5 min. after loading was

_initiated. The interval between strain readings increased with age.



3. EXPERIMENTAL RESULTS

3.1 Introductfon

For the unsea]ed specimens the shrinkage is shown in Figs. 1
to 3 and the.creep'in Figs. 7 to 15. For the sealed specimens the
shrinkage is éhown in Figs. 4 to 6 and the creep in Figé. 16 to 24.
Values of Poisson's ratio cohputed from the creep data are shown in
- Figs. 25 through 33. In these figures strain is répresented by ¢ and
Poisﬁon's ratio by v. The subscripts, V, H, and T, represent the
principa1-p]aﬁes. | ‘

' Thereforé, all of the data which are shown in the figures
comes directly or indirectly from feadings of the Toadsland strains_
, duriﬁg the tests;A The loads were determined reasonéb]y accﬁrate]y.A
However, there exists considerable doubt as to both the sensitivity and
accuracy.of‘the Sfrain readings. The difficu]ty apparently lies wifhin

the strain gage. -

3.2 Shrinkage and Creep of Unsealed Specimens

When a creep test on an unsea]éd specimen is made,.both the
shrinkage and creep are measured and in order tb‘determfne the creep
the shrinkage must be subtracted from the measurements obtained in the
laboratory. Thus, accurate determinatioh of the shrinkage is mandatory
for an accurate determination of the creep. The shrinkage behavior

of the unsealed mortar, Fig. 1, normal weight concrete, Fig. 2, and
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lightweight concrete, Fig. 3, appeérs to be reasonable. The appro-
priate.values shown in these three figures were subtracted from the
measured combined shrinkage and creep to obtain the creep curves shoWn
in Figs. 7 through 15.

' " The creep curves shown in Figs. 7 through 15 appear reasonable
and of'appropriaté magnitude for most specimens. However, there are a
" number of discrepancies. For instance, the transverse strains in Figs.
9, 10, and 12 do not appear to be correct. A]so; when equal biaxial
stresses were applied the vertical and horizontal creep shouid have
beeﬁ of equal magnitude bdt they were not for the mortar, Fig. 8,
although close for the normal weight concrete, Fig. ]1; and the light-.

weight concrete, Fig. 14.

3.3 Shrinkége and Creep of Sealed Specimens

The data for the shrinkage o% the sealed specimens, Figs. 4
to 6; are so poor that it was impossible to determine the proper ]dcation
of the curves. One reason for thése results might be because of leaks
in the seals. While there 1is én indication of some leakage, the(large '
scatter in the data indicates problems with the strain gages. The
problem is compounded by the difficulty of seé]ing arbund'the gages
without interfering with their operation and the smai] shrinkages which
occur in sea]ed specimens.

Consequently, considerable jﬁdgment was réquired in determining

the créep curves for the sealed specimens, Figs. 16 to 24. Some leakage
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probably occurred in BM3, Fig. 16, and BM1, Fig. 17 because the transverse
strains tend to decrease rather than increase with time. However,

similar unexplained trends were indicated in the several unsealed specimens. -
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4. ANALYSIS OF RESULTS

4.1 Shrinkage

The shrinkage of the unsealed specimens, Fig; 1 to 3, was
consistent with previous results. It was greatest for the mortar, least
for the normal weight concrete, with the lightweight aggregate concrete in
between. However, the magnitude of the shrinkage for all three materials
was s]ith]y less than expected.

The shrinkage of the sealed specimens, Fig. 4 to 6, istdifficu1t
to assess because of poor results. Nevertheless, the relative shrinkage

of the three materials appears to be appropriate although the magnitude

“ _,of the shrlnkage appears to be h1gher than expected when compared w1th that .

of the unsea]ed spec1mens

4.2 Creep

Altbough the data are not sufficiently accurate for detailed
analysis some general indications which are consistent with published
data are evident. '

In general, creep stra1n in the direction of the maximum stress,

ays is of the greatest magnitude under a uniaxial force. As the lateral

stress, ags is increased, the creep strain parallel to o , is expected

1
to decrease even though o3 has not changed. The data for neither the

sealed nor unsealed specimens fully support this expectation, but the
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indication exists. A]so; it is clear that when the lateral stress is
one-third of the vertical stress, the creep'stfains are also in this
approximate ratio, that is, the specific creep is approximately the
same.

| The sealed specimens exhibited Tess creep than the uﬁsea]ed
specimens as expected; however, the difference was greater than antici-
pated. - | |

The hagnitude of creep was greatest for the mortar and that

for'the-1ightweight°concrete was somewhat greater than for the normal

weight concrete.

4.3 , Poisson's Ratio

Poisson's ratios computed from the breep strain data ére

shown in Figs. 25 to 33 for the unsealed sbecimens. The data from the
'sealed specimens were not sufficient to permit détebmihing Poisson's
ratio. Although the results vary considerably from specimen to specimen
and even, in some caées, at different ages fér the same specimen, it

is clear thaf there fs a Poisson's ratio effect fdr creep. Poisson's
ratio for the unsealed mortar and concretes tested appears to average
“about 0.f5. This magnitude and variation are similar to those found by

Kennedy (12).
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5. SUMMARY AND RECOMMENDATIONS

5.1 ':Summary

Although much of the data from the strain méasuring gages
was doubtful, the general behavior was consistent with the results of
other investigators. |

The shrinkage was greatest for the moftar, least for the normal
‘weight concrete, and intermediate for the 1ightweight concrete for both
~ the sealed and unsealed specimens. | -
| The unit creep was greater for a uniaxial sfresé than for a
biaxial stress. As the major strgss in a biaxial ]oéded specimen was
kept. the same for all specimens and the minor stress increased, there is
some indication that the unit creep decreased. Also, thé specific Ereep
in a biaxijal 1oaded specimen appeared to be similar in the directions
of the stresses. The sealed specimens exhibited less creep‘than the
unsealed specimens; The creep was greatest for the mortar and that for
the Tightweight concrete was somewhat greater than for theinorma]
weight concrete.

A Poisson's ratio effect was noted for both the sealed and
unsea]éd specimens, although for thevsealed specimens the results are
too variable to make any conclusions. For the unsealed moriak énd
concretes the creep Poisson's ratio appeared to be about 0.15, somewhat

less than the expected elastic Poisson's ratio.
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5.2 Recommendations

Since the strain gages used in these tests did not perform
' safisfactori]y, the tests could be rerun profitabiy provided adequate
funding and accurate.strain measuring devices are available. Such
tests would determine more precisely the effect of moisture on creep
and the relative magnitudes of creep, Poisson's‘ratio, for the dif-

ferent loadings and.for different types and quantities of aggregates.
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Table 1 -

Experimental Program and Specimen Designations

Stress, psi* - Mortar Concrete .

9 g3 : Normal Wt. . Light Wt.

Phase A (50% R.H., 73F*)

~ 2000 2000 a1 Aaw ALWY

2000 670 AR AN ALU2

2000 . 0 AM3 AN AL
o 0 - AME AW AL

Phase B (sealed, 73F) A 4 .
2000 . . 2000 BM1 BNW1 _ BLW1

2000 . 670 BM2  BNW2 BLW2 ©
2000 0 BM3 BNW3 . BLW3
0 0 BM4 BNW4 - BLW4 -
* 73F = 23C
2000 psi = 13.8 MPa

670 psi 4.6 MPa
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