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ABSTRACT

The work included in this study is concerned with the effects of humidity
on the time—dependent behavior of concrete. The study is divided into two phases;
experimental and analytical. In the experimental phase, tests were carried out
on specimens which were in the form of hollow cylinders of micro-concrete having
the following dimensions: 5-in. I.D., 6-in. 0.D. and 40-in. long. The 1/2-in
wall thickness (1/4-in. diffusion path) of the micro-concrete tubes was selected
to minimize moisture gradients and to reduce the time required to reach stabiliza-
tion of the internal humidity of the concrete. It was found that a reasonably
uniform humidity of the 1/2-in. thickness of micro~concrete is reached in 14 days
of exposure to a changed level of humidity (either 50 or 100 percent R.H.).

Specimens which were loaded in compression or torsion at 73°F were exposed
to three different humidity environments. Some of the specimens were subjected
to a humidity cycle consisting of changes in relative humidity (R.H.) from 100 to
50 to 100 percent R.H. Other specimens were exposed to a constant 100 percent
R.H. and a third group of specimens were kept at a constant 50 percent R.H.
Unloaded control companion specimens were also exposed to these three kinds of
humidity environments. Deformations of the micrs-concrete were measured by means

of electrical strain gages as well as by dial gages.

In the analytical phase, the experimental results were analyzed according
to the thermodynamic theory of adsorbed load-bearing water layers. Also, Bazant's
constitutive equations were applied. The use of Bazant's constitutive equations
requires the evaluation of the parameters and functions which characterize the
material. This evaluation was conducted in accordance with findings of the exper-

imental phase.

From the experimental phase, it was concluded that the first drying is the
most important to the creep of concrete. The creep of a specimen undergoing a
drying process from 100 to 50 percent R.H. was several times that of a specimen

under a constant humidity.

The use of a numerical analysis together with the use of a digital computer,

facilitated the application of Bazant's constitutive equations. A presentation is
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given to show how to apply these constitutive equations on the results of an
experimental program. The predicted creep from the application of these consti-
tutive equations showed good agreement with creep results of specimens kept at a
constant humidity, but, due to the high rate of humidity changes, the predicted
creep of specimens undergoing humidity changes (100 to 50 to 100 percent R.H.)

was not in as good agreement with the experimental results of the same specimen.

-

-
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CHAPTER 1

INTRODUCTION

1.1 CREEP OF CONCRETE

It is a recognized fact that time-dependent deformations take place in
concrete structures under stress. Tests have shown that, although the rate of
deformation decreases with time, this deformation continues for several years
and may reach a considerable magnitude. This time~dependent deformation (or
strain) is conventionally called "creep." Creep is an inherent property of
concrete, and no concrete structure subjected to a sustained load is free from
the effects of creep, yet it is probably the least well known property of con-

crete.

In this investigation, we are concerned with creep under a magnitude of
sustained stress which is within the linear range of creep strain and applied
stress relationship. A stress level below 50 percent of ultimate strength is

usually considered to be within this linear range.

Most attempts during the last sixty years to predict the magnitude of
creep for any type of concrete, were in the form of empirical relationships
between creep and some variables in the concrete mix proportions. This approach,
probably due to the scarce theoretical background material on creep, was un-
likely to produce more than a fragmentary picture since it is generally diffi-
cult to alter only one variable in the properties of a concrete mix. Thus, the

true cause of creep variations may often have been obscured.

More recently, the attempts in the last twenty years to treat the creep
of concrete according to the viscoelastic theory have succeeded in greatly im-
proving the techniques of predicting the creep of concrete. However, the

causes of creep variations are beyond the reach of the viscoelastic theory.

The Powers~Bazant theory predicts the creep of concrete according to the
changes in the thermodynamic equilibrium of the diffusible load-bearing water
in the cement gel of concrete. This theory predicts the creep of concrete
directly--i.e., it uses material constants and environmental and loading con-
ditions to predict creep rather than transposing the material constants and
environmental and loading conditions to phenomenological actions from which

creep is predicted. This theory also explains the causes behind the creep



variations. (Discussion and applications of this theory are presented in Section
1.4 and in Chapter 3.)

1.2 CREEP SIGNIFICANCE

The creep of structural concrete has advantages and disadvantages: a re-
inforced concrete beam under sustained bending will deflect more and more with
time. On the other hand, creep is very advantageous in relieving shrinkage

stresses, induced thermal stresses, or stress concentrations.

In shells and two-way slabs, creep, under sustained two-dimensional
stresses, has a profound effect on displacements and on the stresses developed
in the reinforcement. Furthermore, prestressed concrete has stimulated inter-
est in creep since this deformation contributes to the loss of prestress which

occurs with the lapse of time.

In a statically indeterminate structure, creep, shrinkage, and relaxation
of concrete play a significant role in the stress and strain distribution through-
out the structure. One of these structures is the pressure vessel for nuclear
power reactors. Creep of concrete is one of the most difficult factors to
assess in its design because of the thermal effects and the expected state of

stress.

1.3 HISTORICAL PERSPECTIVE

Available literature on the creep of concrete is extensive and, at times,
contradictory. Some investigators studied the problem in general (1-8) while
others concentrated on one or few aspects of the creep of concrete (9,10,11,12).
The parameters which effect the creep of concrete and, consequently, the struc-

tural behavior of concrete are many, and most of them are interrelated.

The available literature provides some knowledge (though not complete)
about the effect of some of the parameters such as effect of age, stress-strain
relationship, effect of aggregates, and effect of water-cement ratio. On the
other hand, there are still other parameters whose effects are still uncertain.
Some of these are: the multiaxial loading (state of stress), constant and

cyclic relative humidities, and constant and cyclic temperatures.

Excellent reviews have been prepared by Fluck and Washa (1), Wallo and
Kesler (2), Sackman (3), and L'Hermite (4).

Most experimental work has been done with concentration on the concrete

constituents. This, however, gave rise to questions about the results which

Py
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one may expect using different types of cement, sand, gravel or water-cement
ratio. In order to study the mechanism of creep of concrete and formulate a
theory which points out the causes behind creep, the investigators moved to

study the effect of different parameters on one type of concrete (9,10,11,12).

Many theories have been introduced to predict the creep of concrete, but
none appears to be general. Neville (13) summarized most of the theories of
creep in concrete and presented their weak and strong aspects. None of the
theories discussed by Neville were based on a systematic study of the causes of
creep in concrete, rather they were all based on action and response observa-

tions.

Powers introduced evidence proving that the adsorbed water layers in the
cement gel behave as a structural element in the concrete body. He presented a
theoretical interpretation on the thermodynamics of the adsorbed water layers

in the cement gel which cause the creep of concrete (8,14,15,16).

Bazant (17) formulated a new theory, based on the findings of Powers and

others, about the thermodynamics of the adsorbed water layers in the cement gel.

For the purpose of this study, it is more convenient to summarize all the
conclusions about time-dependent behavior of concrete under a uniaxial state of
stress and constant humidity, than to present the different investigators' con-
clusions separately, since there is a generally accepted body of knowledge con-
cluded from the various investigations. This knowledge is presented below in
Section 1.3.1.

If a concrete member is subjected to variable humidity while it is under
a sustained loading, or if the concrete member is under a sustained state of
stress other than a uniaxial state of stress, the problem of time-dependent
behavior of concrete under such conditions is more complicated than that of a
concrete member which is under uniaxial sustained loading and constant humidity.
For the purpose of this study, literature concerning the effect of relative
humidity and the effect of a multiaxial state of stress on the time-dependent
behavior of concrete is reviewed in Sections 1.3.2 and 1.3.3 below. In Section

1.4, the Powers~Bazant theory is presented.

1.3.1 Summary of Present-Day Knowledge about Time-Dependent Behavior of

Concrete under Uniaxial State of Stress.--In present day termin-

ology, concrete is generally accepted as a time-variable linear viscoelastic

material for stress levels below about 50% of ultimate strength.
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Creep deformation has two main components, namely, recoverable and irre-
coverable creep. It is generally believed that the behavior of concrete under
uniaxial tension is the same as that under uniaxial compression except that the
initial rate of creep is higher in tension than in compression, but this posi- (

tion may be reversed later--i.e., a later time after loading (10).

1.3.2 Literature Concerning the Effect of Relative Humidity on the

Time-Dependent Behavior of Concrete.~-The effect of relative

humidity on the time-dependent behavior of concrete is a very important factor
in studying the creep mechanism of concrete. It has been known for some time
that the creep of concrete is profoundly linked to the hygrometric conditions

inside and surrounding the specimen.

One of the pioneering experimental programs investigating this relation-
ship was carried out by Davis and Davis (18) in 1931. The test program was
carried out on 4 by 10-in. and 12 by 24-in. cylinders which were stored in
water for 28 days after casting, then loaded between 200 and 1200 psi in axial
compression. The loaded specimens were stored at relative humidities of 0, 10,
50 and 1007 R.H.

Some of the tests lasted for one year, others for two or four years.
They concluded that under conditions of dry storage, the flow is substantially

greater than for the same quality of concrete kept continuously wet.

Davis, Davis, and Hamilton (5), in 1934, reported the results of tests

2

carried out on cylindrical specimens having diameters between 4-18 in. and
lengths between 8-48 in. The load intensity was between 300 to 1200 psi. The
test specimens were moist cured after casting until time of loading (28 or 90
days) and then loaded and subjected to a certain relative humidity. Relative
humidities of 50, 70 and 100% (submerged in water or placed in a fog room)
were used. From the results of these tests, they concluded that for plain
concrete cylinders stored under moist conditions, the total deformation due to

flow and expansion may be in the order of 1/2 - 1/4 of the total deformation of

N

similar concretes stored in dry air.

In 1934, Lynam (19) studying the role of water in portland cement, stated
in his book that '"shrinkage and creep are two aspects of the same phenomenon;
it is impossible to separate them and no good end is served by trying to do so."
At that time, the mechanism of this relationship between creep and shrinkage
was unknown but this statement proved to be extremely important because it

showed a deep insight into the phenomenological facts present at that time.



Later, it was Powers (8,14,15,16) who assembled the elements of the mechanism
of this relationship under the theory of the thermodynamics of the adsorbed

water in the cement gel.

In 1937, Dutron (20) represented data comparing creep of concrete speci-
mens drying under 45 and 70% R.H. with those stored at 100% R.H. The follow-
ing table was presented:

Storage before Storage after Creep as Compared

Loading Loading with Creep under Con-
% R.H. % R.H. tinuous Water Storage
100 45 4.0 - 4.5

45 45 3.1 - 3.4

70 70 2.1 - 2.7

45 100 1.7 - 2.2

100 100 1.0

Lorman (22) in 1940, stated that "shrinkage or swelling due to loss or
gain of moisture and creep due to seepage are interrelated phenomena." Lorman,

however, considered the effect of the two separately.

Maney (22,23) in 1940 and 1941 found that non-uniform shrinkage is the
"source of all time-yield in loaded concrete members" and that this time-yield
is not plastic flow but is merely an elastic distribution of stress, increasing
with time.

Out of this apparent confusion and disagreement, and observing the lack
of adequate theoretical analysis of the state of stress and strain in a body
such as concrete, Pickett (9) in 1942 published his famous paper, "The Effect
. of Change of Moisture-Content on the Creep of Concrete under a Sustained Load."
His paper contained theoretical as well as experimental analyses. In his
theoretical analysis, Pickett considered stress, strain, shrinkage, creep, etc.,
each as a function of the coordinates of the specimen as well as of the usually

considered variables of time, loading, storage conditions, mix, etc.

He proposed that the apparent effect of drying upon creep 1s not to increase
the stress-creep coefficient but to cause non-uniform volume changes that pro-
duce transient stresses which combine with the load stresses and give rise to

a distribution and magnitude of stress far different from those in a companion



specimen undergoing less drying shrinkage. He also proposed that the assumption
that concrete has a non-linear stress—creep relation is sufficient to explain
the observed difference in creep under different storage conditions. He con-
sidered two hypothetical materials assumed to be homogenous, isotropic, and

of such nature that after having been subjected to sustained stress, one would
show a linear relationship between stress and accumulated strain and the other,
a non-linear relationship. He analyzed rectangular prisms of these hypothetical
materials after subjecting them to various loading conditions with some of the
prisms shrinking and others not.

The experimental work included tests on loaded concrete beams simulating
the analyzed prisms. He concluded that an increase in creep accompanying non-
uniform shrinkage or swelling is a natural consequence of the fact that the sus-
tained-stress vs. strain curve for concrete is not linear. He also found that
the increase, due to wetting or drying cycle under sustained load, was irrevers-
ible.

Duke and Davis (24), presented results of exploratory experiments carried
out on tubular concrete specimens having an outside diameter of 9 in., a wall
thickness of 1 1/2 in., and a length of 29 1/2 in. The load was applied in
such a way as to induce primary or pure shear (torsion). The applied torques
caused extreme fiber stresses in shear of 50 and 100 psi. Three tubes were
tested in air at 95% R.H. and four in air at 507 R.H. Load was applied at age 7
days and continued for 50 days. The results show that shear creep was greater
in drier specimens and decreased with stress, water-cement ratio, or aggregate-

cement ratio.

In 1958, Troxell, Raphael and Davis (25) presented a paper with data for
specimens loaded up to 28 years. Some of the tests were carried out on 4 by
14-in. cylinders. After moist curing at 70°F for 28 days, these specimens were
loaded axially with 800 psi. Storage after loading was at 70°F and either 50,
70 or 100% relative humidity. They found that the creep in air at 50% R.H.
was about 1.4 times that in air at 70%Z R.H. and about 3 times that for storage

in water.

L'Hermite (4) proposed a formula for predicting creep under different

hygrometric conditions:
Ar
Am = Ami(l +Q T
ro

where: Ami = creep in the absence of shrinkage
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constant dependent on the concrete

o theoretical shrinkage for a non-existent relative humidity

r shrinkage with the corresponding relative humidity

The prediction of creep according to this formula was reported for concrete
tests carried out by Davis. The correlation is excellent. Realizing the effect
of initial curing, L'Hermite modified his formula to:

D Ar
A =§‘Ami(l+Q——)
A
ro
where: D = supplementary constant specific to the type of concrete
considered
R = ultimate strength of concrete

It may be better to replace-% by a function of R to be determined or

by a function of the curing time in a medium of a given relative humidity.

Mamillan (26), from tests on 1.6 by 1.6 by 5.0-in. cement paste prisms,
found that for the same sustained stress, the creep is three to four times as

great for the dry-stored specimens as for the water-stored ones.

De la Pena (27) presented some data on tests carried out on very thin-

walled cylindrical specimens. The wall thickness of the specimen was 2 mm.

The inside diameter of the cylinder was 45 mm and had a length of 100 mm. The
material tested was cement mortar with three mixes, 8:2. 6:4, and 4:6 cement to
sand ratio by weight. The water/cement ratio was 0.31, 0.35, and 0.48, respec-
tively. The required relative humidity was insured by means of mixes of water
and glycerine. He used relative humidities of 10, 50, and 100%. The test pro-
gram reported was continuing at that time; thus, only partial conclusions were
drawn. From the presented data, it is clear that creep under high relative

humidities is only a fraction of the creep at low relative humidities.

Hansen (6) according to a series of tests carried out on 2 by 5 by 25-cm
beams which were loaded at 28 and 128 days, states that the results confirm
that a simultaneous shrinkage or water diffusion during the time of sustained
loading greatly increases creep. The more the relative humidity of the surround-
ings differs from the level of moisture equilibrium of the concrete, the more

. the concrete creeps, while the difference levels eut by drying or wetting.

Based on tests carried out on beams which were dried in an atmosphere of
5-10% R.H. before sealing, and loaded in liquid paraffin, Hansen states that
wet concrete creeps more than dry concrete when no moisture diffusion takes place

during the time of sustained loading.
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Hansen, in 1958 (28), concluded that any internal diffusion of water within
the cement gel, whether positive or negative, should accelerate creep. This con-
clusion was based on results of tests carried out on concrete beams. Later, in
1960, based on the same type of tests, he concluded (6) that only the first per-
iod of drying has an accelerating influence upon creep. Hansen also stated that
it is more reasonable to believe that the "strong" creep during the first period
of drying is due to an irreversible modification of the cement gel and that this
effect is not repeated during any subsequent period of drying. He reported that

there are several evidences of such a modification of the cement gel.

Hansen also noticed that with quicker variations in humidity, the total
creep will end towards the value obtained when concrete is constantly exposed ¢

to the average humidity during the time of sustained loading.

Tomes, Hunt and Blaine (29,30) in 1957, and 1960, found that the surface
area of cement gel is greatly reduced during the first period of drying. This
substantiates the theory that the irreversible modification of the cement paste !

is a collapse or irreversible compression of the gel structure.

Glucklich (31), according to a series of tests with 2 by 22-in. mortar
cylinders, which were loaded in pure shear (torsion) and subjected to severe
drying (110°C for one week), found that creep is nearly nonexistent in mortar
deprived of almost all of its evaporable water. His results showed that the
creep rate approaches zero for an evaporable water content of 0.07. It then
increases linearly with an increase in the evaporable water content, up to a
value of evaporable water content of 0.45, after which it becomes nonlinear,
and continues to be nonlinear up to the saturation point - i.e., point at which

evaporable water content = 1.0.

For an evaporable water content of zero, he reported that no creep was
observed after three days. Also, deformations up to three days were described

as erratic and, therefore, not reported.

Ishai (32), basing his conclusions on tests carried out on 2 by 22-in.

]

mortar cylinders loaded in pure shear (torsion) and subjected to 80 - 100% R.H.,
or which were sealed, observed that total and residual creep become similar to
creep at 50-60 days after loading and that reversible creep increases rapidly
during the first few days under all hygrometric conditions, reaching a maximum
after 50 to 60 days from time of loading.

Mullen and Dolch (33) conducted tests on hollow cylindrical specimens of
cement paste, 7~in. long and 1l.l-in. outer diameter with 0.l-in. wall thickness.

They observed that oven-dried (110°C) portland cement paste does not creep under



sustained loading and that water is the dominant intrinsic factor in the group
of concrete. They concluded that '"The most important mechanism of creep is

seepage."

Hansen and Mattock (34), presented results on the influence of size and
shape of member on the shrinkage and creep of concrete. They derived a relation-
ship between creep, shrinkage, volume to surface ratio, and time, which could
serve as a guide for predicting the effect of volume to surface ratio on creep
and shrinkage of concrete. This relationship is represented in this report in
Fig. 1. Finally, they concluded that changes in size and shape of member affect,
at all ages, both the shrinkage and creep of concrete stored under drying condi-
tions. Both the rate and the final values of shrinkage and creep decrease as
the member becomes larger. For very large members, the creep approaches the

value of basic creep, corresponding to a sealed specimen.

Sackman (3) in 1963, suggested the idea of "humidity compensated time",
similar in nature to temperature compensated time. To check this, Sackman
replotted the data presented by Hansen (6) against log time. He then
attempted to shift all the curves to a single base curve. The results obtained
were not in good agreement but he suggested that it might be used as a crude

approximation.

Ali and Kesler (35) concluded that drying creep has time-variation charac-
teristics closely resembling free shrinkage and appears to be influenced in

practically the same manner by the same organismic and environmental factors.

Illston (10), based on limited tests carried out on concrete cylinders
with 3 1/2-in. diameter, noticed that the creep of a specimen under sustained
uniaxial tensile stress is the same both for a specimen which is kept wet through-

out loading and for a specimen which is drying.

Bertero (36) in a recent paper, 1969, presented results of tests carried
rout on solid cylindrical specimens with 3 3/4~in. diameter and hollow cylindri-
cal specimens with outside diameter of 3 3/4-in. and inside diameter of 2 1/4-in.
which were loaded in pure shear (torsion). Based on his results, and others,
Bertero concluded that 'changes in environmental conditions produce an increase
in creep, even in cases where the concrete is subjected to a level of sustained
loading stress below its plastic limit" and that most of the increase in creep

due to changes in relative humidity is of an irrecoverable nature.

Bertero's work is the most reliable and significant work published con-

cerning the effect of cyclic relative humidity. This has been emphasized by the
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choice of specimens and the testing program. The conclusion that he drew regard-

ing the effect of cyclic relative humidity on creep of concrete was that
"Although new increases in creep occur during the successive cycles of similar
changes in hygrometric conditions, these increases are of considerably smaller
magnitude than those induced by the first cycle and die out as the number of

cycles increases, becoming practically negligible after 3 or 4 cycles."

Upon reviewing the above literature, it is obvious that the effect of
relative humidity on the creep of concrete was realized at an early stage. The
complex state of strain and stress, which will exist in a member subjected to a
varying relative humidity, added to the lack of understanding of the effect of
varying relative humidity on creep. It is true that the transient stresses in
a concrete member due to differential drying will increase the amount of creep
of a concrete member, but the effect of transient stresses on creep was found
to be incapable of producing the amount of creep which was observed experimen-
tally. Therefore, the effect of varying humidity on the creep of concrete con-

tains other factors aside from merely producing transient stresses.

With more refined experimental procedures, it was observed by Hansen (28)
and Bertero (36) that the first drying produces the greatest amount of the in-

crease in creep during humidity cycling and that this creep increase is largely
irreversible. Irreversible changes in the structure of the cement gel are also

expected to take place in the first drying of a concrete specimen.

The observatioﬂs of Tomes, Hunt and Blaine (29, 30) substantiated this
assumption of irreversible changes in the structure of the cement gel by not-

ing irreversible changes in the surface area of the cement gel.

This review of available literature has by no means attempted to be
exhaustive, but has merely presented the pertinent studies which affect the
present investigation, with an emphasis on presenting their various conclusions.

I
1.3.3 Literature Concerning Time-Dependent Behavior of Concrete Under
Multiaxial State of Stress.--It should be realized that the ex-

perimental studies done on the time-dependent behavior of concrete under multi-
axial state of stress are limited; this is due to the fact that the instrumen-
tation for the application of load and strain measurements in the multiaxial

state is elaborate and time-consuming. Nevertheless,.data on lateral measure-

ments have been obtained as early as 1931.

Published work is summarized herein in order to indicate some of the

historical background and the present day knowledge of the problem.

£
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On observations of lateral deformations of columns which are reinforced
laterally, Davis (18) reported that there was no evidence of an appreciable
lateral "flow". It is noted, however, that the level of stressing of these
columns was quite low to be measured by the instruments he was using. Also, the
columns were under drying shrinkage,and it is probable that the lateral "flow"
was confused with drying shrinkage.

In 1934 Davis, Davis, and Hamilton (5) observed the lateral "flow" of
two 18 by 36-1in. cylinders which were loaded at age of two months. The stress
was 1200 psi and the cylinders were stored in the open air after loading. Strain
measurements were taken by Carlson strain meters which were embedded in the cyl~

inders while Whittemore gages were used for surface measurements.

They reported a Poisson's ratio of 1/5, using internal measurements. In
the same report (5), results of triaxial loading were presented. The test was
carried out on two similar specimens at ages of 28 and 57 days. The specimens
were 12 by 48-in. cylinders. The specimens were sealed inside copper containers.
While applying the longitudinal load, the lateral dimension was maintained con-
stant by lateral pressure applied radially against the circumferential surface
of the cylinders.

It was found that the lateral pressures required to maintain constant
lateral dimension decreased rapidly in the first day or two after loading and
more slowly at later ages. From these tests it was observed that the initial
Poisson's ratio for the specimen loaded at age 28 days was 0.20,and it became
0.16 after 19 days under 1090 psi. The lateral pressure for these specimens is
given for the start of the test and for the end of the test. For the specimen
loaded at 57 days, initial Poisson's ratio was 0.16 and became 0.12 after 28
days of loading (same axial loading as of specimen loaded at age 28 days, but
different lateral pressures). No data were reported concerning the effect of
age on the modulus of elasticity or Poisson's ratio. The investigators noted
that the axial "flow" occurring when the lateral dimension is maintained con-
stant is of the same order of magnitude as the flow observed in similar concretes

under no lateral restraint.

Duke and Davis (24) reported in 1944 the results of tests carried out on
8 by 16-in. concrete cylinders. The loads were applied 7 or 10 days after cast-
ing the concrete and were sustained for 2 or 3 months. Whittemore strain gages
as well as Carlson embedded gages were used. The investigators used more than

one method to seal the specimens but they reported that all covering proved in-
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effective in preventing passage of moisture over the period of testing. Based
on total strains, Poisson's ratio under sustained load is found to be 1/6 for
cylinders under triaxial loading. They reported that the creep characteristics
under triaxial loading were not appreciably influenced by whatever differences
may have existed in the composition of the cement. For the concrete cylinders
subjected to the same axial load, existence of lateral pressure caused a marked
decrease in longitudinal strain and caused lateral compressive strains exceeding
the lateral dimensions due to the Poisson's ratio effect under axial load only.
Also, it was found that under equal triaxial pressures (hydrostatic loading),
the total strains ceased increasing and began to decrease after about three

weeks under load.

In their paper, Duke and Davis (24) presented the formula for the prediction

of the strain-time relationship for triaxial stress as:

(o} ] (0} g3
EN7S 7
where RA = Ratio of the axial strain in a cylinder under triaxial
stress to the axial strain in a cylinder under uniaxial
stress;
01, O2, O3 = Major, intermediate, and minor principal stresses,

respectively (in the tests on cylindrical specimens,
01 was the axial stress);

Op = Axial stress in a cylinder under simple load; and
U = Poisson's ratio.
In order to apply the above formula, the following assumptions were made:

(1) The total strains (elastic + creep) are proportional to the magnitude
of the sustained stresses.

(2) The Poisson's ratio effect 1s constant.

It is reported that estimates according to the above formula are resonably
close to the observed strains for the first month or so under load, and in con-
sideration of the errors involved in analysis where data of this sort are used,
the estimated values would probably be good enough for practical purposes in a
number of situations. But, it should be mentioned here, that in addition to the
assumptions asserted by the investigators, the formula implies that concrete

under sustained triaxial stressing behaves as an isotropic material.

The results of exploratory experiments on tubular concrete specimens were

also reported (24). Specimens of 9-in. outer diameter and a wall thickness of

1 1/2 in. were loaded at age 7 days by applying equal torques at the ends of the

~

)

(21



tube. Stresses induced at the extreme fibres were 50-100 psi. The load was
applied at age 7 dayss and the shear creep strains are presented after 50 days
under sustained torsional loading. The numerical value of shear creep was in
the order of twice the compressive creep that would have occurred under a com-
pressive stress of the same magnitude as the applied shear stress. The investi-
gators proposed the estimation of approximate magnitude of creep under triaxial
stress for a state of pure shear which is created by equal, perpendicular direct

stresses as:

Creep due to shear

Rs = Creep due to axial compression
R, = 2(1+w) —
A t
where T = shear stress

o = axial compressive stress

4 = Poisson's ratio.

Ross (11) in 1954, reported experiments on slabs 6 by 6 by 2-in. which
were loaded biaxially under two compressive stresses and on tubes with 6-in.
0.D. and 3/4-in. wall thickness which were under hoop tensile stress and axial
compressive stress. All specimens were under drying shrinkage on the surface
where no load was applied. Ross concluded that concrete as a material, when
loaded initially, behaves elastically with a normal low value of Poisson's
ratio. Shrinkage proceeds with lapse of time and, under sustained two-dimen-
sional stressing, creep also develops in the principal directions with magni-
tudes generally of the same order as the corresponding creep under simple
stresses--i.e., Poisson's ratio for creep is negligible or zero. He expected
that creep strains in concrete may be influenced by the sequence of application

of the stresses.

Gambarov (37) reported the results of tests carried out on 14 by 70-cm
cylinders. Some of the specimens were triaxially loaded, others axially loaded
and restrained on the cylindrical surface. Based on his results, he concluded
that the general creep behavior is similar to that under uniaxial stress and
that creep is reduced in the axial direction due to the lateral compression of

the concrete. Poisson's ratio was found to be 1/6.

Arthanari (12) in 1967 presented creep data for 12 by 12 by 4-in. slabs
which were loaded under uniaxial and equal biaxial compressive stresses. The
experimental program was designed to investigate the creep of concrete under

uniaxial and biaxial stresses at elevated temperatures. Some specimens were
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sealed, others were unsealed. He concluded that an effective Poisson's ratio of
0.2 can be assumed for design purposes. He indicated that the ratio of elastic
plus creep strain under uniaxial stress to the elastic plus creep strain under

equal biaxial stresses of the same intensity lies between 0.76 and 0.84.

Jordaan (38) concluded that creep Poisson's ratio is zero and that for any
particular stress system--i.e., uniaxial, biaxial, or triaxial, the elastic

values of Poisson's ratio on loading and unloading were approximately equal.

-y

Jordaan's conclusions were based on tests of sealed concrete cubes which were
subjected to uniaxial, biaxial and triaxial loading with different levels of
stressing. In analyzing the results in terms of volumetric and deviatoric com-
ponents, he found that out of three deviatoric components, only two are

independent.

Gopalakrishnan (39,40), basing his assumptions on experiments done on con-
crete cubes, concluded that uniaxial creep Poisson's ratio is approximately the
same as elastic Poisson's ratio and that creep under multiaxial compression is ¢
less than under uniaxial compression of the same magnitude in a given direction.
Lateral compression was observed to reduce axial creep by up to 20 percent in
excess of reduction through creep Poisson's ratio. It follows that the effec-
tive creep Poisson's ratio is a function of the overall state of stress in the ¢
specimen. He further concluded that '"creep under multiaxial stress cannot be
simply predicted from uniaxial creep measurements. Thus, the principle of super-
position does not hold for creep strain under multiaxial compression. This is
supported by an analytical study (41) of aggregate-matrix interaction under sus- (
tained load." Gopalakrishnan postulated that creep under multiaxial compression
can be predicted by using an equation similar to the elasticity equation for
anisotropic materials with the effective creep Poisson's ratio Hy in any direc-
tion i, taken as a function of a parameter €ai representing the state of stress.
Thus:

[ ]

€ (eu/Ou)[Oi-l-li(oj + ok)]

vhere Hy “Hew ™ Kieei [

u
cu

uniaxial creep Poisson's ratio
€ ., = instantaneous strain in direction i on loading

Ki = value determined experimentally for the given mix

~

€ , 0 = strain and stress in a uniaxial specimen, respectively

Oy oj, o = stresses in three general principal directionms.



In conclusion, it can be stated that in order to determine the behavior
of Poisson's ratio under sustained loading, instruments of a high degree of
precision should be used for measuring deformations. These instruments should
also have a high degree of stability for the measuring of deformations through-
out the period of testing.

Most of the above-reviewed investigations were lacking in one or both of
the required pfoperties for instruments that should be used in such an investi-
gation. Hence, the conclusions which resulted were incomparable and many
times contradictory. However, most investigators are inclined to conclude that
creep Poisson's ratio is not a property of concrete material, but rather a func-

tion of state of stress, humidity conditions and other factors.

Furthermore, it can be concluded that creep of concrete under multiaxial

state of stress is less than that of concrete under a uniaxial state of stress.

1.4 DIFFUSIBLE LOAD-BEARING LAYERS AND THE POWERS-BAZANT THEORY

Of all the components which effect the creep of concrete, cement gel is
the most important. Cement gel generally occurs in the form of thin, rolled
or crumpled sheets (42,43). Adsorption tests andﬁmicroscopic observations sug-
gest that these sheets have an average thickness of 15 R with the possibility
that the interface distances are less than this average (15). The average sur-

face area of gel is about 500 m2 per cm3 of cement paste.

Based on experimental findings, Harkins (44) believed that on an open
surface of saturated vapor, adsorption can build up a layer five water molecules
thick (13 X). The average thickness of the adsorbed layers decreases with the
decrease of humidity. At a humidity of 50%, Powers (15) estimated the average
thickness of the adsorbed water layer to be 5 X, or about two molecules. It is
expected, therefore, that a significant amount of cement gel water is in the
adsorbed state, and the water molecules, which are in the adsorbed state are
held there by Van der Waals forces (8).

In a narrow gap, thinner than 26 X, above a certain humidity the total
thickness of the two adsorbed layers of these opposite solid surfaces cannot be
accommodated, and adsorbed water molecules fill the gap completely, in which
case it becomes "hindered adsorption" (8). When adsorbed water layers are
accommodated freely between two solid surfaces, they are referred to as "free

adsorbed water layers".

In areas where there is hindered adsorption, the pressure between the two

solid surfaces is called "disjoining pressure". Disjoining pressure is at a

15
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maximum in a saturated specimen--i.e., a specimen at 100% R.H. The hindered ad-
sorbed water layers can thus transmit normal stress and, at the same time, dif-
fuse into or from the free adsorbed layers. They represent a transition compon-
ent between the solid and the fluid. "Hindered adsorbed water layers" are also
called "diffusible load-bearing water layers'", and are recognized as a structur-

al element of hardened cement paste (8).

The thickness of a diffusible load-bearing layer is governed by humidity (h),
temperature (T), and pressure applied on the layer (P), according to the first

and second laws of thermodynamics.

An increase in P or a decrease in h or T will cause the adsorbed water to
diffuse out to the nearest pores, thus decreasing the thickness of the load-
bearing layer. A decrease in P or an increase in h or T will cause more water
from the surrounding free water to diffuse in the load-bearing layer, thus in-
creasing its thickness. The effect of drying a specimen would be the creation
of a negative film stress which, added algebraically to the stress in the load-
bearing water, changes the disjoining pressure which ultimately will change the
thickness of the layer.

In addition to the adsorbed water, other types of water exist in the cement
paste. One of these types is water chemically held in the cement gel. This
water does not affect creep or shrinkage of concrete. Another type is capil-
lary water. Capillary water is that water which exists in the capillary space.
Capillary space is that which is in excess of the space required for hydrated
cement in its densest form of aggregation--i.e., cement gel, which has a width
of 26 X or more. Capillary water is governed by surface tension in the spaces
where it exists. Some of the capillary water:is drawn up into thin and long
capillaries (thicker than 26 K). Upon application of load, this capillary water
becomes hindered and the only way to move it from these thin, long capillaries
is by diffusion. Therefore, it is considered a part of the diffusible load-bear-

ing layers.

Bazant (17), derived constitutive equations for the diffusible load-bear-
ing layers. Using these constitutive equations in which the relationship between
diffusible load-bearing water and the solid part of concrete structure was consid-
ered by utilizing a rheological model, he derived constitutive equations for
creep of concrete under any state of stress with varying humidity and tempera-
ture. Later, Bazant refined these constitutive equations and presented a numer-
ical analysis (45) for them. Two assumptions were involved in the derivation

of these equations:
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(a) At the macroscopical level, concrete is an isotropic material.

(b) Analysis is limited to the range within which the stress-strain
relationship is linear.

With the above two assumptions, the concrete's behavior can be separated
into two components; Volumetric and Deviatoric. The rheological model used in
deriving the constitutive equation‘for creep of concrete is shown in Fig. 2.
This model consists of a diffusion unit (a) connected in series with an elastic
spring (b). The diffusion unit consists of a diffusion element (d) and an elas-
tic spring (c), c and d are connected in parallel. Element d represents the
diffusible load-bearing layers while c and b represent the solid skeleton of the

cement gel and concrete body.

For the model shown in Fig. 2, and with a change of relative humidity,
Ah, while temperature T is constant, Bazant's constitutive equations are reduced

to the following:

. - . %
€ = %-}- e" (104-1)
. 5, .
= "
eij —-12 G + e 1 (1.4.2)
here: "= &' % 1.4.3
where: e" = ¢ v TX (1.4.3)

' = - - 4.
e’ ¢:u(odu oadu) Odu Khu (1.4.4)
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odu vu(o oau) Kcue u (1.4.5)
. * 1 heg
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also, K = [Kb + (Kc + Kd) ] ’ \)u = EE
¢ =16, + @ +cp 1, v - i
b c ¥ " » V' G5,
* é", é"ij’ é'u and é'iju have been used instead of €', e"ij, e'u and e'ij

as they are reported (Bazant (17)) in order to maintain consistency in present-

ing the numerical analysis as it is discussed in Section 3.1.
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() = 21—)3 where teq is equivalent curing time.

ot
eq
All terms subscripted with u belong to the Powers diffusion unit, Fig. 2.

Henceforth, this subscript will be omitted for simplicity.

é, éij = rate of volumetric and deviatoric strain respectively.

o, Sij = total volumetric and deviatoric stress (macroscopic),

¢ and éij are the rate of applied volumetric and deviatoric stresses res-
pectively.

o Sy

X and —E; account, therefore, for the rate of volumetric and deviatoric

elastic strains.

e", e",.= rate of inelastic volumetric and deviatoric strain respectively.

1]
¢, ¥ = rate of volumetric and deviatoric creep parameters.

o4 < stress resultant over a unit cross-section due to disjoining pres-

sure in the diffusible load-bearing layers in the macroscopic sense, 0,4 has the

so-called hidden variables.

Sa = equilibrium value of % at a given humidity and a given temperature.
°.d is represented by:
=L 4 I _
%2d ° T 9 ah + (T l)an
o o
oaQ = a function of temperature only.
To = reference temperature.
If T =T , then:
o
= !
%ad % ah

v -¢ - RIL Lo
where g ah fd M Sh °ah

R = universal gas constant in cc. atm/deg/mol.

T' = temperature in degrees Kelvin.

M = molecular weight of water. At a temperature of 298° Kelvin
or 25°C, RT'/M = 1360. |

o , = a parameter, Fig. 3-b, which was assumed by Bazant (46) to

ah
have the following expression:

[
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The basis of Bazant's estimation of oa

(o

ah

h

€q

dh

h
s

eq

and that the value ¢

estimations (47).

Kb’ KC, Kd’

or

Where G is shear modulus of elasticity of the model shown in Fig. 2. G

Q
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(hS -}1)(1 + heq) at a temperature of 25°%¢
equivalent humidity defined by:
dh + dhs (1.4.8)

humidity for self-desiccation, see Appendix A.

is that aoah =0

dh h=0

= 0, these values are expected to be reasonable
h=1.0

h

effective area factor for diffusible load-bearing layers.

a factor which accounts for the exessive pressure in the
diffusible load-bearing layer as a result of simultan-
eous compressive loading and drying.

volumetric stress due to fluid--i.e., capillary water
which is represented by:

£
o, =2 » O_ is needed for static equilibrium.
ad fd a
therefore, instantaneous shrinkage which corresponds to

shrinkage due to a change in surface tension.

effective area factor for non-load-bearing layers

a modulus which accounts for delayed deformation of
concrete under load due to a change in the effective
area factor fd of the load-bearing layers, occurring as

a consequence of a change in humidity (or temperature).
The term (0d Eii ) accounts for the fact that "creep under

conditions of drying is greater than creep at a constant
humidity."

bulk modulil of elasticity of elements shown in Fig. 2.

If modulus of elasticity is represented by E and Poisson's
ratio by u, then

%, and E = 2 G(14+yu)
2G(1+ )
(1-2 )

b’ Gc



20

and Gd are similar to G except for the individual elements of the model. l(.d and

Gd represent that part of K, G which depends on the compressibility of the dif-
fusible load-bearing layers, hence, it is a function of humidity.

teq = equivalent curing time or, simply, equivalent time, is
a function of the maturity parameter B and is defined
as:

t )
teq = ftOBdt (1.4.9)
where B = BTB , BT is a function of temperature only and Bh is a

function of humidity only. For constant temperature,

BT = 1, thus B = Bh. Bh is called the relative hydration
rate. Bazant (46) approximated Bh by:
. 4 -1

Bh = [1+ (7.5-7.5h)7] (1.4.10)

This approximation is based on the observation by Powers (48) that hydra-
tion is considerably slower at h = 0.95 and stops at about h = 0.80. Also,
Keeton (49) showed that the modulus of elasticity and the compressive strength
cease to rise when humidity is below about 0.80. The relationship between Bh
and h, equation 1.4.9, is shown in Fig. 3-a.

In Chapter 3, the discussions and significance of the various terms men-
tioned above as well as their effect on the prediction of creep results will be

presented and discussed in detail.

1.5 STATEMENT OF PROBLEM

It has been experimentally observed (3,4,6,8,9,13,36) that when concrete is
subjected to changes in humidity, there is considerable increase in creep. These
observations appear to indicate that the real creep characteristics of a given
concrefe, depend significantly on the environmental conditions to which the con-
crete is subjected. Therefore, this should be taken into consideration in the
interpretation of the experimental results, especially when extrapolating labora-
tory tests to predict behavior of structural elements subjected to altérnaté
variation of humidity. Most of the theories and work concerning creep of con-
crete members (3,7,22,25,28,31,34,35,37,39,50,51) is being undertaken from an
engineering standpoint which concerns itself with the creep of concrete a; a
particular phenomenon in each case rather than as a result of a mechanism or

properties of concrete.
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Accordingly, these theories failed to predict the creep of concrete mem-
bers except for a limited range of environmental conditions--e.g., a constant
humidity and constant temperature or a constant humidity with change in temper-
ature such as a change from room temperature up to 200°F. In these works, no
convincing theory or explanation was suggested regarding the effect of changes
in the environmental conditions upon the creep of concrete members. Even the
experimental data available do not give a clear picture of the real effects of
these changes. This is not surprising since the nature of creep of concrete is
still uncertain, and, in the strict sense of the word, there is no existing

theory of creep.

An understanding of the mechanism of creep should stem from an examina-
tion of the components of the concrete structure on the microscopical and sub-
microscopical levels, such as the nature of the cement gel, phases in which
water exists in the cement gel, interaction between water in the cement gel and

elastic components of the cement gel, etc.

Powers (8,14,15,16) was the first to suggest the presence of the load-
bearing adsorbed water layers in the gel structure in the study of shrinkage and
creep on concrete. The basic assumption of Powers' theory is that hindered
adsorbed water is "load-bearing water" and, therefore, it is one of the struc-

tural elements of hardened cement paste.

As was mentioned before, Bazant (17,46), basing his assumptions on a
rheological model 1like the one shown in Fig. 2, formulated constitutive equa-
tions 1.4.1 and 1.4.2, composed of a set of equations (1.4.3 to 1.4.7) for pre-
dicting the creep of concrete under variable humidity and temperature. Equa-
tions 1.4.1 and 1.4.2 are presented in terms of the derivative of total strain
(elastic strain + creep strain + shrinkage, if any) with equivalent time. The
nature of the constitutive equations requires a numerical solution. The numer-
ical analysis suggested by Bazant (45) was the one used for the solution of

these equations. This numerical analysis is presented in Section 3.1.

A glance at equations 1.4.1 to 1.4.7 will reveal that the prediction of
creep according to these equations requires the knowledge of some of the proper-
ties of concrete such as those properties represented by the moduli of elastic-
ity, the rate of creep strain, effective area factors for load-bearing layers

and non-load-bearing layers and special terms Kh and Gh’

As can be seen from equations 1.4.4 and 1.4.6, heq should be given in
order to be able to solve the problem of creep of a concrete member subjected

to changing humidity; therefore, one should solve, simultaneously, the moisture
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diffusion problem in the concrete member. The moisture diffusion problem is a
boundary value problem hence, it requires the knowledge of the coefficient of
hygral diffusivity of concrete as well as equivalent surface thickness, all of

which are discussed in Appendix A.

This study is concerned with an investigation of the effects of humidity
on the creep of concrete. Because the prediction of creep of concrete using
equations 1.4.1 and 1.4.2 requires the determination of the various material
parameters and functions which are discussed in Section 1.4, it was
decided to carry out the following studies: (1) experimental - presented in
Chapter 2, and (2) analytical - presented in Chapter 3. The analytical study

was based on the results of Chapter 2.

1.6 OBJECTIVE

The objective of this investigation was to carry out a predesigned experi-
mental program which would yield results enabling the evaluation of the follow-

ing terms:
1. All bulk moduli of elasticity K'S, and shear moduli of elasticity, G'S.
2., Effective area factors fd and fa.

3. Rate of creep parameters ¢ and V.
Coefficient of hygral diffusivity C which would enable us to solve the
moisture diffusion problem in the internal pores of the concrete body.

5. Humidity for self-desiccation, hs.

Knowing the expressions of the above terms (1-5), it is possible, by the
use of constitutive equations 1.4.1 and 1.4.2 to predict the creep of concrete
under any type of loading and under changing humidity. Furthermore, the experi-
mental program was designed to yield results which would promote understanding
of the effect of types of loading and effect of changing humidity on the creep

of concrete.

1.7 SCOPE

The change of humidity studied in this investigation ranged from 100 to 50

to 100%. The scope of the experiments and analysis was to study the effect of the
variable humidity as well as the effect of constant 100 and 50% R.H. All the work

of this investigation was carried out at a constant temperature of 73°F. Since
the study is mainly concerned with the mechanism of the creep of concrete as well

as its prediction, only one type of concrete was used. The loading types were:
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uniaxial compression, biaxial compression, as well as torsional loading.
level of sustained stress was kept below the so-called limit of the linear

range of creep strain-stress law.

The
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CHAPTER 2

EXPERIMENTAL PROGRAM AND RESULTS

For simplicity in presenting the experimental program and its test results,
this chapter is divided into two parts. Part 1 is concerned with the study of
effects of cyclic humidity on time-dependent behavior of concrete. Part 2 is
concerned with the study of effect of biaxial loading on time-dependent behavior
of concrete. In this chapter, the experimental program is presented and results
discussed. The main factors which affect the creep of concrete are evaluated
from an engineering point of view. For clarity, the determination of terms men-

tioned in Section 1.6 is delayed until Chapter 3.

PART 1 - TESTS ON EFFECTS OF HUMIDITY ON TIME-
DEPENDENT BEHAVIOR OF CONCRETE

2.1 OBJECTIVE

The objective of this phase of the investigation is to obtain and study
results of tests on the effects of humidity on the creep characteristics of con-

crete members.

2.2 SCOPE

To achieve the above objective, the following experiments were conducted:

2.2.1 Pilot Experiments.--The pilot tests were intended to determine

whether or not the proposed method of experimentation (Section 2.3) is in general
adequate to yield the required information. Through such pilot tests any unantici-
pated problems which might arise could be corrected and any modifications indi-

cated for improving the experimentation could be made.

Several aspects of the technique (Section 2.3.3) to be used were checked
and tested in these pilot experiments. The first step was to check the adequacy
of steel rings as a method of transferring sustained torque to and from the speci-
men. Several trial specimens were made. These trial specimens were cast utiliz-
ing these steel rings on both ends of the specimen. Just as the lower ring

transfers torque from the specimen to the base, the upper ring was intended to
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transfer the sustained torque to the specimen (Fig. 7-a). Development of large
cracks at the lower edge of the upper steel ring in the specimen made it ob-
vious that the steel ring should be discarded. It is believed that the cxacks
resulted from differential settlement between the fresh concrete and the steel
rings. Consequently, epoxy was used to attach the loading arms at the top of
the specimen. This proved to be a very successful substitute for the upper

steel ring. The lower steel ring was cast into the specimen.

The next technique which was evaluated was the bond between concrete and
the strain gage. In testing this, three 3 by 6-in. solid cylinders were cast
with two strain gages embedded in each. The embedding was done in the same
manner as that proposed for the main specimens. The results proved the bond to

be very satisfactory and no modifications were necessary.

To test the protofype experimental procedure itself, three specimens were
cast: one torsion, one compression, and one control companion specimen. These
resembled the proposed main specimens in all aspects. The results obtained
from these specimens after testing them under cyclic humidity showed the method
of experimentation to be satisfactory.

2.2.2 Main Experiments.--After the pilot experiments were completed and

the necessary modifications made, the main experiments were started. For these,
one type of specimen was used--a hollow cylinder, 5-in. I.D., 6-in. 0.D., and
40-in. long. Henceforth, these hollow tube specimens will be referred to simply

as "specimens".

These specimens were tested under constant R.H. of 50 and 100%Z, and under
cyclic relative humidities, 50 to 100 to 50Z. Two types of loading were employ-
ed, namely, uniaxial compression and torsion. In this report, they will be

referred to as compression specimens and torsion specimens.

Also control specimens, which were not subjected to any type of loads,
were made to determine volumetric changes of the concrete due to cyclic changes
in humidity.

All specimens were loaded at age 21 days and then subjected to different
hygral treatments. For each specimen under compressive loading, there was a
companion control specimen under no load. This control specimen, however,
underwent the same hygral treatment as the loaded specimen. In order to
remain below the limit of the linear range, the stress level for the compression
specimens was 25% of the compressive strength. For torsional loading, the

small deformations occurring in the pilot tests suggested that the use of a
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higher stress level was preferable. Consequently, a stress level of 40% of the
torsional strength was used. A total number of nine specimens were tested.

From these specimens, the deformation-time curve for each was obtained.

Other tests were performed which were designed to yield an approximate
relation between strength, modulus of elasticity, shear modulus of elasticity
and Poisson's ratio, all versus time--i.e., instantaneous or short-time tests.
These relationships are required to construct the bulk moduli of elasticity
b? Gc’ Gd and G. Two
types of specimens were used and tested at different ages: seventy-four solid

Kb’ Kc’ Kd and K as well as the shear moduli of elasticity G

3 by 6-in. cylinders of the same material as the main specimens, and twelve speci-

mens resembling the main ones—-i.e., hollow cylinders,

2.2.3 Tests to Evaluate Coefficient of Hygral Diffusivity and Humidity

for Self-Desiccation.--To be able to solve the problem of moisture

diffusion in the concrete pores, it is necessary to have a value for the coeffi-
cient of hygral diffusivity of concrete, C. For this purpose, two concrete
blocks instrumented with Monfore gage wells were used to study the coefficient

of hygral diffusivity. These blocks were cast in brass boxes in a direction
perpendicular to that of the expected water diffusion. Block No. 1 was 3 by 7 by
7 in. with six Monfore gage wells. This block was left open on one side; all
other sides were sealed against moisture loss. Block No. 2 was 2 3/16 by 7 by

8 in. with seven Monfore gage wells and two open sides (see Appendix A).

For tests on humidity for self-desiccation, two concrete rods were cast
with one Monfore gage well installed in each. These rods were sealed against

moisture loss on all sides at age of 21 days.

Block No. 1, Block No. 2 and the two rods were cured for 21 days at 73°F
and 100%Z R.H., then they were sealed as mentioned above. For details and calcu-

lations of coefficient of diffusivity see Appendix A.

2.3 FABRICATION OF SPECIMENS

2.3.1 Concrete Mix.--The concrete material used can better be described

as "micro-concrete" since the aggregate used was sand only. The cement was
Santa Cruz Type I portland cement having the chemical composition shown in

Table 1. The aggregate was a 50-50 blend by weight of Silver sand and Felton
sand. This proportioning of sand blend*was dictated bytrials which showed this
combination to have the least amount of air voids in the specimen, especially on

its surface. Sieve analysis of this sand is given in Table 2. The cement-aggre-

gate ratio was 1:2 by weight.

* Contained about 80% silica and 20% feldspar.
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The micro-concrete had a nominal cement content of 12 scy (1128 1bs per
cubic yard). The water-cement ratio was 0.58 by weight. The mix proportions

are shown in Table 3.

2.3.2 Instrumentation with Embedded Electrical Strain Gages.--Microdot

weldable strain gages (SG 189/6) were used in this investigation (Figs. 4 and 5).
Three such strain gages were embedded in each specimen which were later

loaded in compression. Likewise, three strain gages were embedded in each
companion specimen: two in a longitudinal direction (180o apart) and one in the
lateral direction (Fig. 6-a). The specimens subjected to torsion were intru-
mented with four Microdot strain gages--two pair of gages, 180° apart, were
embedded. Each gage was at 45° to the axis of the specimen. All strain gages
were embedded at the center of the specimen's wall thickness as well as being

at the midpoint of its length (Fig. 6-b).

The lead-out wires of the strain gages (1/32-in. diameter) were taken out
of the outer shell. A bridge completion unit was used with each Microdot strain
gage to minimize the effect of the change of the terminals' resistance. In order
to improve the bond between the concrete and the strain gage body, the flange of
the gage was pin-holed with an average of 24 holes on both sides of the strain
tube. Pilot tests on embedded strain gages in 3 by 6-in. solid cylinders proved
that the bond between strain gage body and concrete was very good. These cylin-
ders were tested under instantaneous loading, short-term creep (7 days), and

drying-wetting cycles of about 7-day duration.

2.3.3 Casting of Specimens.--The mold used for casting the tube test

specimens consisted of two concentric cylinders. The outside cylindrical shell
of the mold was a 1/2-in. thick Plexiglass tube. The inner cylinder was a 1/4-
in. thick steel tube (Figs. 7-a and c).

To permit demolding of the concrete specimen, the outside shell was made
of two halves and the inner shell of three segments. The mold was held together
by means of an upper and a lower flange, upper holding plate and rods (Figs. 7-b
and d). For the torsion specimens casting molds, recesses were made on the
bottom ends of the inner and outer shells to house a steel ring which was cast

with the specimen (Figs. 7-a and e).

The mold was assembled by using Duxseal to fill the bottom and longitudinal
joints. All joints were then covered with Myiar tape. This was done to prevent
mortar from washing out at the seams when casting. A light film of bond breaker

was used on the inner surfaces of the mold to help break the bond. Four wood
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discs were distributed along the length of the mold inside the inner steel tube
to support the smallest segment of this tube. Concrete was deposited through
specially designed funnels. During casting of the specimens the entire mold
assembly was vibrated to insure proper consolidation of the concrete. A variable
resistance unit was used to reduce the original speed of the vibrating table and

control it throughout the casting of the specimen.

2.3.4 Curing.--After casting, the filled molds were moved to a fog room
maintained at 73°F. The specimens were demolded 72 hours after casting, then
returned to the fog room. The 72 hours were required for the concrete to develop
enough strength to withstand the stress during stripping. The strain gage
lead-outs and bridge completion units were wrapped in plastic bags to keep them

from contact with moisture.

2.4 TESTING OF SPECIMENS

2.4.,1 Testing Apparatus.--The compressive load was applied by means of

restraining plates, rods, and a loading cell. Fig. 8-a shows a sketch of the
compression loading frame including a specimen. The sustained pressure was
kept constant by means of a hydraulic accumulator--i.e., reservoir. The stress
variation of + 2 psi per day of the hydraulic system was checked daily and cor-
rected whenever needed. The frame was then placed in a metal pan 6-in. high.
The specimen was covered by a polyethylene bag (Fig. 8-b) which was sealed on
the outer side of the metal pan. Water jets then kept the inner atmosphere of
the polyethylene bag at 1007 R.H. Small fans were fixed near the top of the
specimen to blow air inside the specimen. Perforated steel sleeves were placed
between the loading cell and specimen. These sleeves have the same cross sec-
tional area as the specimen but were only 2 in. in length. Details of the

loading cells are described by Best et al (52).

The pictorial view (Fig. 9) shows a frame built to load one specimen in
pure torsion. Fig. 10 depicts the principal dimensions of the frame. Each
torsion creep apparatus was separately built directly on the floor with a con-
crete base of 30 by 2 by 6 in. The torsional strength tests also utilized this
apparatus. For providing a 100% R.H. atmosphere, the same procedure as des-
cribed above for the compression specimens was followed~-i.e., using a poly-

ethylene bag (10 mils) and metal pan.

2.4,2 Lloading Preparations and Loading Procedures.--At age 21 days the

specimens which were to be tested at a constant 100% R.H. were loaded, then
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placed in the fog room. Specimens which were to undergo cyclic humidity were
moved to the 507 R.H. control room and were kept under the polyethylene bag
where humidity was maintained at 100% R.H. Specimens which were to be tested at
50% R.H. were moved at age 18 days to the 50% R.H. control room and were kept
there until the age of 32 days at which time they were loaded.

At age 14 days, the torsion specimens were moved out of the fog room. At
that time, the torsional arm was attached to the specimen by means of epoxy. The
specimens were kept sealed (100% R.H.) throughout this operation which took about

one hour. They were later returned to the fog room.

At age 14 days, the compression specimens were moved out of the fog room in order

to trim their ends. Each specimen was cut 1 to 2 in. on each end. The trimming
was done in one cut without rotating or tilting the specimen in order to pro-
vide an even and smooth end surface. The cut surface was perpendicular to the
axis of the specimen. The trimming was done by means of a rotary type diamond
saw. Each cut took about one minute. The final trimmed specimen length was
about 40 in. (Fig. 7-e).

2.4.3 Hygral Treatment.--Specimens which were to be tested at 50% R.H.

were moved at age 18 days to a room with 50 + 2% R.H. and 73°F temperature. They
were loaded and kept there until the end of testing. Specimens which were to be
tested at 100% R.H. were loaded at age 21 days and kept in a 100% R.H. and 73°F
curing room until the end of the testing period.

Specimens which were to be subjected to cyclic humidity were moved to the
73°F control room at age 21 days. They were loaded and subjected to a 100% R.H.
environment for one week. The environment of these specimens was then changed
to 50% R.H. by stopping the water jets and removing the polyethylene bag. The
specimens were kept at this 50% R.H. environment for two weeks. They were then
subjected to 100% R.H. for two weeks. These changes were continued for two weeks
each,as shown in Figs. 11 and 12. It should be noted here that the changes were
not abrupt changes. For example, in order to alter the humidity from 100% to 50%
R.H., the specimens were permitted to dry without accelerating this process by
blowing air on them. However, in order to insure the inner surface of drying, a
small fan was used to blow air down into the tubular specimen. In the case where
the change of humidity from 50% to 100% R.H. took place, the specimen was covered
with the polyethylene bag and the water jets were turned on. These jets did not
spray water directly onto the specimen. In half an hour's time, all surfaces of

the specimen were covered with free moisture.
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2.4.4 Application of Load

(a) Compressive load.--The specimen was first placed in the loading .

frame and the upper and lower plates were stored as close as possible without
resﬁraining the specimen. The hydraulic loading system was then pressurized to
the required level; the valve nearest to the loading cell was closed (Fig. 13).
The hydraulic accumulator's valve was then closed, the loading cell's valve
was opened quickly,and the system was pumped up to the required stress level.

The valve of the pump was then closed, and the accumulator's valve was reopened
in order to adjust the system. Readings were taken as soon as the valve of the
accumulator was open. This took about 20 seconds from the start of stressing the
specimen. This reading was considered as a zero reading for the creep data. A

reading of the dial gage and of all strain gages required an additional 25

seconds.

(b) Torsional load.--The total amount of weight required to produce

the desired torque was placed in the load baskets (Fig. 9) in two steps which
took about 15 seconds. As soon as the weight was placed, a reading of the dial
gages and strain gages was started. This reading was considered as the zero
reading for the creep data. The reading of all dial gages and strain gages

required an additional 30 seconds.

2.4.5 Deformation Measurements.--Two methods of deformation measurements

were used, electrical and mechanical.

(a) Electrical.--As mentioned before, compression specimens had
three electrical strain gages each, while torsion specimens had four strain gages

each.

(b) Mechanical.--Two 1/10,000-in. dial gages were used on each tor-
sion specimen. With a 12-in. arm, a 2.75-in. average specimen radius and a 35-in.

specimen gage length, the resolution obtained was 0.69 x 10“6 radians.

For compression specimens, three aluminum rings were attached, by means of
three pointed screws each on the outer surface of the specimen. A dial gage,
which was connected to the aluminum ring, was in contact with a 3/8-in. dia.
aluminum rod. The aluminum rod was firmly screwed to the lower ring and passed
through a slightly oversized hole in the middle ring (Fig. 14). The 1/10,000-in.
dial gage and the specimen gage's length of 35 in. gave a resolution of 2.86
microstrain. All dial gages used on specimens which were subjected to 100% R.H.

or cyclic humidity were sealed inside plastic bags.
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2.5 TEST RESULTS

The tests described in the above experimental program yielded the follow-

ing results:

2.5.1 Control Specimens.--Two types of control specimens were tested.

(a) Solid cylinders 3 by 6 in, Three or six such cylinders were

tested to obtain the modulus of elasticity, Poisson's ratio and strength under
uniaxial compression at age 3,4,7,14,20,21,23,27,28,30,37,45,56,80 and 102 days.
These tests were carried out by means of xvy' recorders. Two LVDT's were used
for measuring lateral deformations and two for measuring longitudinal deforma-
tions. Modulus of elasticity, E, as reported here is in terms of initial value
of E. Results are shown in Fig. 15. Average strength of six cylinders after
21 days of 100% R.H. curing was 3800 psi. Average modulus of elasticity was

3.60 x 106 psi, and the average Poisson's ratio was 0.18.

The results of these tests Fig. 15-a can serve as a check on the behav-
ior of modulus of elasticity, E, with time. Results shown in Fig. 15-b for
Poisson's ratio vs. time indicate some inconsistencies. A constant value of

0.17 for Poisson's ratio could serve as an average for all ages.

(b) Hollow cylinders,6-in. O.D., 5-in, I.D., and 40-in, long, Two

such cylinders were tested under uniaxial compression at age 21 days. Results
are given in Table 4. Average strength was 3600 psi. Average E was 3.43 x 106
psi, and average Poisson's ratio was 0.17. Four more specimens were tested at
later ages. All of these cylinders were kept at 100% R.H. Results obtained from
these six cylinders are shown in Figs. 1l6-a and b. These tests were carried out
in the same way as described in (a) above. For torsional strength and shear
modulus of elasticity, two hollow cylinders were tested at age 21 days. Results
are given in Table 4. Average shear modulus of elasticity was 1.80 x 106 psi at
21 days. Three other cylinders were tested at later ages. All were at 100% R.H.
Results are shown in Fig. 17-a and b. Beside the above tests, the compression
companion specimens--i.e., specimens with no load as well as all specimens which
were maintained at a constant humidity, were loaded or unloaded instantaneously,
that is, for only the period of time it took to take readings (about one minute).
The results of these tests are included in the corresponding curves and in

Figs. 16 and 17. Figs. 15-a and 16-a could be used to evaluate the bulk moduli
of elasticity Kb and Kc while Figs. 16-a and c would be used to evaluate Kd'

In the same way Fig. 17-a would be used to evaluate Gb and Gc while Fig. 17-b

would be used to evaluate Gd' All these evaluations are presented in Chapter 3.
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2.5.2 Creep Tests

(a) Specimens loaded under compression.--The changes in deforma-

tion, which occurred during the period of sustained loading, are summarized in
Figs. il, 18 and 19. These curves would be used in constructing the rate of

volumetric creep parameter and the coefficient Kh'

(b) Companion specimens.--These specimens resemble the compression

specimens in every aspect except that they are not loaded. Figs. 12 and 20 show
the results obtained for deformations of concrete vs., time under cyclic humidity
and under constant 50% R.H., respectively. Deformations of unloaded specimens
which were kept at 100% R.H. all the time were insignificant, about 1 microstrain

per week.

Creep deformations of a specimen under a humidity other than a constant
100% would be obtained by subtracting the companion specimen's deformations from

deformations of loaded specimens which have the same hygral treatment.

Deformations obtained from companion specimens would enable the determina-
tion of a value for the area factor, fa,of non-load-bearing layers in concrete,
as well as checking the value of the area factor, fd,of the load-bearing layers.
These deformations (Figs. 12 and 20) also assist in establishing the coefficient
of hygral diffusivity C (see Appendix A).

(c) Specimens loaded under torsion.--The deformations which occur-

red during the period in which these specimens were under sustained ioads are
summarized in Figs. 21 and 22. These curves serve the evaluation of the rate of
deviatoric creep parameter Y, and in evaluating Gh'

2.6 EVALUATION OF TEST RESULTS

2.6.1 Effect of Moisture Condition at Time of Loading .--For modulus of

elasticity E and shear modulus of elasticity G, the effect of humidity level at
time of loading was negligible.

The creep test results indicate that, after 54 days under the same sus-
tained compressive loading, the amount of creep of the specimen maintained at 100
R.H. is decreased by 45 percent in comparison with the creep of a similar speci-
men of equal maturity (teq) maintained at a humidity of 50%. This agrees with
results obtained in references (12,15,28,35) which can be explained by the fact
that the area factor of the load-bearing water, "adsorbed water", is smaller for

a specimen at 50% R.H. than it is for a specimen at 100% R.H. In a specimen at
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100% R.H. the load has a larger area on which to be distributed, than does the
load in a 507 R.H. specimen (see Bazant, reference 46). 1In order to obtain a true
picture of the effect of humidity, it should also be noted that both specimens
should have their internal humidity fairly well stabilized.

For specimens loaded under uniaxial compression and of the same maturity
it was observed, after 33 days of loading, that a specimen at 50% R.H. has creep
deformation equal to 1.56 times the creep deformation of a specimen at 100% R.H.
For torsional loading, the ratio is 2.02. It is believed that drying accelerates
microcracking due to the tensile component of the torsion loading, thus the ratio
of creep in torsion is higher than that of compression. Specimens at 100% R.H.
were aged for 21 days at 100% R.H. and 73°F; specimens at 50% R.H. were aged for
18 days at 100% R.H. and 73°F. Added to this is the maturity gained during the
period from 100% R.H. to 50% R.H., which was accomplished in 14 days. Thus, the
50%Z R.H. specimens were loaded at age 32 days but were assumed to have a matu-
rity of 21 days at 100% R.H. and 73°F--i.e., teq = 21 days. Fig. 3-a depicts
the maturity vs. relative humidity. As is demonstrated, no significant maturity
is gained at a humidity below 80%. Discussions about maturity are presented in
Section 1l.4.

To demonstrate how moisture conditions have a pronounced effect on shrinkage
and on creep results, especially on thin-walled specimens, the following data
should be noted: after 50 days of drying at 50% R.H., shrinkage e, was 1500
microstrain (average of two specimens). After 104 days of drying at 50% R.H.,
shrinkage was also 1500 microstrain (one specimen). If we assume that shrinkage
at 104 days is the maximum shrinkage, € oo that can be achieved at a relative
humidity of 50% for such a specimen (1/2-in. wall thickness, 1/4-in. diffusion
path), then the ratio es/esm at 50 days is 1.0, The volume to surface ratio,

V/S, of these specimens is 1/4. In comparing this with the results obtained by
Hansen and Mattock (34), after extrapolating their curves which are represented

in this report in Fig. 1, we see that for V/S of 1, eS/esco is 0.55 and for a
hypothetical value of V/S of 1/4, eS/eseo is 0.65, while for V/S of 6, es/t-:S°° is
0.10. It is obvious that the value of esles°° obtained in this investigation is
very high. However, this discrepancy can be partially attributed to the differ-
ences in the types of concrete used--i.e., Hansen used 3/4-in. gravel and a

cement content of 5.44 sacks per cubic yard, while in this investigation the maxi-
mum aggregate was that which has a dimension equal to sieve No. 4 with 12 sacks

of cement per cubic yard.
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For this investigation on the other hand, the ratio for creep at 50 days
under 507 R.H. was 0.83, while that found by Hansen was 0.68. This difference
should be attributed to the effect of shrinkage on creep as well as differences

in material properties.

2.6.2 Effect of Cyclic Humidity Condition.--This study was carried out to
investigate the effect of a change in relative humidity from 100 to 50 to 100%.

A study of the results presented in Figs. 11 and 22 reveals the following:

(a) On exposure to 50% R.H., the specimens which were loaded at 100%
R.H. exhibit a sharp increase in creep. This observation is in agreement with
results obtained by Bertero (36) even though there is a slight difference in the
method of hygral treatment and specimen size. Bertero's hygral treatment was
done by blowing air at 60% R.H. on the specimens for 3 hours, while in this in-
vestigation specimens were left to dry in the control room at 50% R.H. Bertero's
specimens had a wall thickness of 3/4 in.; specimens of this investigation have
a wall thickness of 1/2 in.

For compression specimens, creep 18 defined as the deformation of the
loaded specimen less the deformation of the unloaded companion specimen divided
by the gage length (Fig. 23). In torsion specimens, creep is the torsional
deformation of the loaded specimen per unit length (Fig. 22).

(b) The largest increase in creep occurred with the first change of
humidity from 100 to 50%R.H. After that, the amount of increase per change de-
creased with the number of changes (one cycle = 2 changes, 50 to 100 and 100 to
50% R.H.). In fact, no significant increase was observed after the third change.
This observation is also in agreement with results obtained by Bertero (36),
Hansen (6,28) and L'Hermite (53).

(c) As shown in Fig. 20, shrinkage at 14 days was 1360 microstrain,
while shrinkage at 30 days was only 1500 microstrain, and that at 104 days was
also 1500 microstrain. If we assume shrinkage to be a parameter of stability of
internal humidity, then the assumption that 14 days are enough to stabilize the
internal humidity is justifiable.

In the case of sorbtion-~-i.e., 50% to 100%Z R.H. change, the time required
to stabilize the humidity at 100% R.H. was shorter (5-6 days), as can be seen in
Fig. 12. This is due to the effect of meniscus forces in the capillary water.
Therefore, the duration of humidity cycles of 28 days was enough to stabilize
the internal humidity of the specimen.
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2.6.3 Effect of Type of Loading.~-The amount of sustained stress was kept

below the so-called linear limit, which is about 50% of compressive strength in

a short term test. In these tests, the amount of sustained stress was 25% of
compressive strength for compression specimens (900 psi) and 50% of torsion
strength for torsion specimens (95 psi at extreme outer fiber), see Section 2.2.
It is believed that in case of creep under torsion, the linear limit is of a
shorter range than in the case of creep under uniaxial compression (36). The
reason for this is the fact that strength in torsion is controlled by the tensile

strength of concrete and that fracture occurs with little plastic deformation.

When creep curves of compressive loading were compared with the correspond-
ing curves of torsional loading, it was observed that creep per spil under tor-
sional loading is always higher than that under compressive loading. The ratio
of torsion-creep to compression-creep ranges from 1.4 to 3.15 for a specimen
under cyclic relative humidity. For constant 50% R.H. specimens the ratio was
2.8, and for constant 100% R.H. specimens it was 2.0.

If we take into account the fact that torsion specimens were under 40Z of
torsional strength and that compression specimens were under only 25% of com-
pressive strength, and if we divide the torsiomal creep by 0.40 and the compres-
sive creep by 0.25, we will find that creep under torsion is approximately equal
to creep under compression when relative humidity of the specimens is about 100%.
There is no literature available which compares torsion and compression creep at
100% R.H. Therefore, whether creep under torsion is equal to creep under com-
pression or not is still unclear,and it needs more experimental investigation to
prove or disprove it. When relative humidity is about 50% torsion-creep is 1.75
to 2.00 times compression-creep. This observation is in agreement with earlier
test results by Duke (24). Duke noted that "The numerical value of shear creep
was in the order of twice the compressive creep that would have occurred under
a compressive stress of the same magnitude as the applied shear stress.” These
observations can, however, be attributed to excessive and/or non-linear deforma-
tion--i.e., microcracking due to drying, which could have taken place while the

torsion specimen was under 50% R.H.

2.6.4 Effect of Method of Measuring Deformations.--The deformations

observed from using a dial gage represent an average value of surface deformation
for the totality of gage length--i.e., specimen gage length under test.
Deformations obtained from an embedded strain gage represent the internal
deformation of the body over the length of the strain gage itself. The Microdot
strain gages used had an average length of one inch. Thus, it is expected that

deformations measured with a dial gage would be more representative than those

£
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measured with an embedded strain gage.
In order to determine the torsional deformation from the embedded strain
gages which were positioned at 45° to the axis of the specimen, an assumption must
be introduced. This assumption is that creep under compression is equal to creep

under tension.

If we let ¢ = creep in the direction of the compression component of stress

which always has a negative sign, and t = creep in the direction of the tensile

component of stress which is always positive, then for every strain measurement,

Rc’ the difference between the given reading and 3 zero strain reading of a strain

gage positioned in the direction of the compression component of stress--i.e.,

45° to the axis of the specimen, we have:

R =c+e¢
c s

RC here is always negative if we assume ss,which is drying shrinkage, to be

negative.

Similarly, for every strain measurement, Rt’ of a strain gage positioned

in the direction of the tensile component of stress, we have:

Rt =t + es

Rt can be negative or positive depending on the difference between t and

€ .
s
Assuming that quantity of creep in tension to be equal to the quantity of
creep in compression (t = -c), we obtain:
Rc =c + €g (2.6.1)
Rt = —c + €g (2.6.2)

Subtracting equation 2.6.2 from 2.6.1 we get:

c = — (2.6.3)

and

€eg =R, -— (2.6.4)

If we tabulate the readings of strain gages Rc and Rt’ then, using equa-
tion 2.6.3 will yield creep of specimen while use of equation 2.6.4 will yield

shrinkage of specimen.

It should be noted that the assumption of equal quantities of compression
creep and tensile creep is not strictly correct, but it is acceptable on the
engineering level (10). Strictly speaking, tensile creep is expected to be larger

than compression creep due to microcracking.
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Measurements obtained from torsion specimens, which were subjected to cyclic
humidity, were analyzed according to equations 2.6.3 and 2.6.4. The results of
shrinkage vs. time showed fair agreement with results obtained from unloaded
specimens which underwent the same treatment Figs. 12 and 24 For creep results,
c vs. time, it seems that creep obtained from this analysis follows qualitatively
the creep behavior obtained by dial gages. As to the reliability of the c vs.
time results, we have no other results for comparison purposes. Fig. 22 shows

shear strain (by converting c) vs. time.

In general, from comparison of the results obtained with dial and strain

gages, the following was observed:

(a) Elastic deformation.—-For all compression specimens, the deforma-

tion given by a dial gage--i.e., one dial gage supported by an aluminum ring
attached to the specimen by three pointed screws, was about 1.09 times the defor-
mation given by embedded Microdot strain gages--i.e., average of two vertically
embedded strain gages. In other words, the ratio of apparent creep measured in

a section with a strain gage was about 927 of that measured in a section which
has no strain gage. This percentage--i.e., 92%, is an acceptable one according

to the calculations and discussion in Appendix B.

For torsion tests, the dial gage deformation (an average of two dial gages
per specimen) was 2.44 times that of embedded strain gages (each specimen having
an average of four embedded strain gages at 45° to the axis of the specimen).
However, this result could be attributed to the reinforcement offered by the

strain gage.

(b) Creep deformation for specimens kept at a constant humidity.--

For all these specimens, the deformation given by a dial gage was 1.1 to 1.5
times the deformation given by embedded gages.

(c) Creep deformation for specimens under cyclic humidity.--For

compression specimens, the information obtained from the dial gage was much more
consistent than that from the embedded strain gages. Fig. 23 shows the creep
deformation (dial gage) vs. time after loading. The creep deformation given by
embedded strain gages declined throughout the drying cycles. As yet, there is

no reasonable explanation for this phenomenon.

For torsion specimens the dial gage deformations were also consistent.
The embedded strain gage deformations, however, were less consistent and were
always lower than those obtained by the dial gages. The ratio of the deforma-
tion of dial gages to the deformation from the strain gages was about 2:1. This

s,
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can be partially explained by the fact that the strain gages reinforce the
concrete section (Appendix B), but as yet there is no complete reasonable

answer.

2.6.5 Effects of Humidity and Type of Loading on the Reversibility of

Concrete Deformations.--A study of Fig. 12, which represents

shrinkage vs. time, reveals that humidity cycles of 100 to 50% produce shrink-
age in concrete having reversible and irreversible components. The first
humidity cycle has the greatest effect. The ratio of the irreversible shrink-
age to the total shrinkage of this cycle was 0.24, while for the second cycle

it was about 0.10 and for the third, about 0.06. Plotting these values against
the number of cycles (Fig. 25), it can be clearly noted that irreversible
shrinkage may diminish at the fifth or sixth cycle. These observations seem to
be in agreement with results obtained by other investigations. For example,
Pickett (54) observed that the shrinkage from the first cycle of moisture change
is greater than any subsequent expansion or shrinkage. Hansen (6,28) and
L'Hermite (53) reported that after three cycles no irreversible shrinkage was

observed.

Study of Fig. 23, indicating creep deformations vs. time under compressive
loading and cyclic humidity, reveals that at 83 days after applying the load,
the amount of creep under cyclic humidity was 1200 microstrain. Extrapolating
from Fig. 23, the amount of creep recovery at 83 days after removing the load
was 120 microstrains. Thus irreversible creep is about 90% of total creep at
83 days. It is expected that the irrecoverable creep due to increase in the
modulus of elasticity, E, through aging is of small magnitude or small signi-
ficance only because the ratio of E at 83 days to E at 21 days is about
1.2 for specimens kept at 1007 R.H. all the time. Therefore, creep due to

cyclic humidity is largely of a nonrecoverable nature.

For the specimen loaded in compression at 50% R.H. (Fig. 19), the amount
of irreversible creep, 66 days after unloading, was about 75% of the creep
after 66 days under load. For 100% R.H.,the amount of irreversible creep, 54

days after unloading, was about 807 of the creep after 54 days under load.

For the specimens loaded in torsion at cyclic humidity (Fig. 22), the
amount of irreversible creep was about 90% of the total creep. For the speci-
mens at constant 50 and 100% R.H. the irreversible creep was about 65 and 95

percent, respectively.

In the case of specimens under constant humidity, irreversible creep is

believed to be due to increase of modulus of elasticity of concrete, E, and
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microcracking of concrete. On the other hand, for specimens under cyclic humid-

ity, it is believed that the large amount of irreversible creep is due to irre-

versible changes in the internal structure of the cement gel, which take place

while it is undergoing change in humidity for the first time. Powers (15) states e
that "when the cement paste is dried for the first time, porosity diminishes

only slightly while internal surface area diminishes considerably." This change

of surface area is expected to affect the adsorbed water layers, thus changing

the area factor of load-bearing layers.

2.6.6 Effect of Carbonation on Creep Results.--Carbonation shrinkage in

hydrated portland cement is believed to be the result of dissolution of calcium
hydroxide crystals while the crystals are under pressure. When a concrete mem-
ber is under drying conditions, capillary water is in a state of hydrostatic
tension while the rigid, solid part of hydrated cement, which includes calcium

hydroxide crystals, is under counteracting compression. Carbonation does not

2%

cause shrinkage if it occurs when there is no pressure on the calcium hydroxide h
crystals; carbonation of other hydration products does not involve dissolution

and therefore produces no shrinkage (55).

Powers (55) concluded that "if the internal humidity of a specimen remains
at the saturation point, carbonation causes no shrinkage because the calcium
hydroxide crystals are not under pressure while they dissolve. Carbonation of
concrete specimens, while they remain saturated, or nearly so, eliminates all

or most of carbonation shrinkage. In any event, carbonation offers more resist-

o

ance to shrinkage force than does the calcium hydroxide that it replaced."

Verbeck (56) noted that intentional carbonation may improve the strength
and hardness and reduce the permeability of concrete products. He presented

information regarding experiments done on 1 by 1 by 1ll1-in. mortar bars which

~

were subjected to drying and carbonation with different carbon dioxide concen-
trations at 50%Z R.H. It was found that at a carbon dioxide concentration of 0.03

percent, which is the concentration at which carbon dioxide exists normally in

=,

a rural area or in a ventilated room, the length change during subsequent car- {
bonation was only about 0.028 percent, as compared to about 0.103 percent when

the carbon dioxide concentration is 100%.

Verbeck (56) also noted that the carbonation shrinkage which results from
a specimen being dried and carbonated at the same time i1s less than the carbon-
ation shrinkage which results when the same specimen is first dried (in a free

carbon dioxide atmosphere) and then carbonated at a later time (simultaneous

vs. subsequent crying and carbonation stages).
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In the tests here reported, 'all specimens were cured in a fog room which
has a relative humidity of 99-100% and which has a normal carbon dioxide concen-
tration of about 0.03 percent. It is expected then that some carbonation took
place for about 18 days during the period from the time of demolding the specimens
until time of loading. For torsion specimens,subsequent carbonation or simultan-
eous carbonation and shrinkage should not have any effect, since carbonation
shrinkage, like drying shrinkage, has only volumetric effects. Thus, the pure

deviatoric deformation of creep under sustained torsion should not be affected

by carbonation.

For compression specimens it is expected that the advantages of pre-carbon-
ation (curing specimens in a fog room) and simultaneous drying-carbonation would
reduce the effect of carbonation shrinkage to a minimum. Still, however, we
should expect a small factor in all compression creep results to be due to car-

bonation shrinkage.

Conducting tests in a free carbon dioxide atmosphere would be the best solu-
tion to avoid carbonation shrinkage. Trials were carried out to prepare free
carbon dioxide environmental cells which would have controlled humidity--i.e.,
constant 50% R.H. or constant 100Z R.H., as well as cells in which the humidity
would be changed from 50 to 100 to 50 percent R.H. To obtain a constant humid-
ity, various saturated salt solutions such as MgCl2 and NaCl were tried, but
because of the large space required for housing the test specimen, they were
ineffective. Although these cells were later improved by blowing into the cell
a mixture of 21% oxygen and 79% nitrogen by volume, simulating air, but the con-
trol of humidity was still rather poor. At this stage it was concluded that the
cost of equipment and labor to obtain environmental cells with controlled humid-
ity and free of carbon dioxide would be unjustifiable compared to the minor
effect that carbonation was expected to have on the test results of this investi-

gation.
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PART 2 - TESTS ON EFFECT OF BIAXIAL LOADING

2.7 OBJECTIVE

The objective of this phase of investigation was to examine the effect of
sustained biaxial loading on the time-dependent behavior of concrete. The
results were to be used in improving the creep predictions of the mathematical
model by refining the creep rate parameter and the Poisson's ratio behavior

under such loading.

2.8 SCOPE

Four groups of two specimens each were tested. All specimens were kept
in the same room at 73°F and 50% R.H. The first group has two control speci-
mens which were tested for modulus of elasticity, Poisson's ratio, and strength
at 21 days. Specimens of the second group, called Group A, were sealed at age
21 days and has,no load applied to them. Specimens of Group B were sealed at
age 21 days and loaded under a uniaxial compressive load. Specimens of Group C
were also sealed at age 21 days, then loaded under equal biaxial compressive
load. The amount of compressive loading was 25% of compressive strength,

Each specimen was cast in the form of a hollow cylinder with a 5-in. I.D., 6-in.
0.D. and length of 20 in. One type of concrete was used (see "Concrete Mix"
in Section 2.3.1). All specimens were cured for 21 days at 73°F and 100% R.H.

2.9 CASTING AND INSTRUMENTATION

Specimens of this phase of the study were cast in the same manner as those
described in Section 2.3.3. Likewise, the mold was similar to those described
in Section 2.3.3, except that they were only 20-in. long,and that the inmer
shell was made of Plexiglass having a thickness of only 1/2 in. Each specimen
was instrumented with four Microdot strain gages--two sets of two gages at 180°
apart, one positioned parallel and the other perpendicular to the axis of the
specimen. The method of positioning these gages was the same as was described
in Section 2.3.3. Three specimens, one in each group, were further instrumented
with one Carlson strain meter. These Carlson meters were used over the entire
length of the specimen. See Fig. 26 for details. The ends of all specimens
were trimmed at age 14 days by means of a diamond rotary saw,as previously

described for compression specimens.

-
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2.10 SEALING AND LOADING

Each specimen was sealed in a 1/8-~in. thick neoprene rubber sleeve. Lead-
out wires of embedded Microdot gages penetrated through the sleeve's wall and
were sealed with silicone rubber. At the ends of the specimen, the sleeves
were fastened with metal clamps to 1-in. thick stainless steel discs (Fig. 26).
Calculations and experimental trials proved that no significant water loss from
the concrete would occur during a test period of six months. The use of neoprene
rubber sleeves was preferred over other types of sealing because this method has
no side effects such as restraining the specimen's movement or affecting the

distribution of stresses.

Loading of specimens of Group B, which were under uniaxial compression,
was accomplished in the same way as described in Section 2.4.4. However, the
perforated steel sleeve was eliminated because it was not needed for sealed

specimens. The top loading plate was solid--i.e., no concentric hole.

Loading of specimens of Group C which were under equal biaxial compressive
stresses was accomplished by means of a pressure vessel and a loading cell. As
shown in Fig. 27, the specimen was loaded uniaxially by constraining it between
the top flange and the loading cell. The circumferential pressure was supplied
by a separate hydraulic system through the wall of the vessel. The loading pro-
cedure was as follows: the axial pressure was applied first, all readings taken,
and then the circumferential pressure was applied with oil under hydraulic pres-
sure, and readings again taken. This last reading was considered as a zero
reading for creep deformations. The loading procedure took about three minutes

for a crew of three persons to complete; this included readings.

2,11 TEST RESULTS AND THEIR EVALUATION

Results of tests on control specimens are shown in Table 4. Average
strength was 3650 psi, average modulus of elasticity was 3.3 x 106 psi, and
average Poisson's ratio was 0.17. Results obtained from Group A, two specimens
for which there was no load, showed no significant deformations (1 microstrain
per week). This shows that swelling due to progressive hydration, and shrinkage

due to self-desiccation of a sealed specimen cancel each other.

Creep results are shown in Fig. 28, The lower curve in Fig. 28 gives creep
deformations, average of two specimens, of Group B which was loaded under uni-
axial compressive loading. The upper curve, in Fig. 28 gives creep deformations,

average of two specimens, of Group C which was under equal compressive loading.
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Deformations obtained by using Carlson strain meters,were slightly higher
than those obtained by using Microdot embedded strain gages. This is believed
to be due to the reinforcement offered by the embedded strain gage, to the sec-

tion of specimen.

The specimens loaded under uniaxial compression (Group A), showed axial
deformations which compare very well with those obtained on specimens which
were under uniaxial compressive loading and 1007 R.H. (Sections 2.6.1 and
2.6.3). The ratio of a sealed specimen's creep to that of one under 100% R.H.,
at 54 days after loading, was 1.05.

From lateral deformation, we observe that creep Poisson's ratio is zero.

This is in agreement with the conclusion reached by Ross (1l).

It can be noted from studying Fig. 28, that the equal biaxial loading
produced equal deformations in both directions, which indicates isotropy of con-

crete at the macroscopical level.

Creep deformation of a specimen under biaxial compressive loading,after
deducting elastic Poisson's ratio and assuming creep Poisson's ratio to be zero
(see above), was about 0.80 of éreep of a specimen under uniaxial compressive
loading at 54 days after loading. Comparing these observations with results
found by other investigators, it can be seen that they are in agreement with
Duke's results (24),which showed that creep under uniaxial loading would be
reduced if the specihen is subjected to triaxial loading. Gopolakrishnan (39)

and Jordaan (38) gave nearly similar conclusions.

From Fig. 28, we note that 50 days after unloading the specimens of
Group B, irreversible creep was about 75% of the total creep obtained 50 days
after loading. For Group C, which was under equal biaxial compressive loading,
irreversible creep was about 75% of the total creep at 50 days after loading.
Considering the effect of self-desiccation of sealed specimens, we see that
this result is in reasonable agreement with results found in Section 2.6.5 for
specimens at 50 or 100% R.H., for which the ratio was 75 to 80%Z.

2.12 OBSERVATIONS BASED ON RESULTS OF EXPERIMENTAL PROGRAM

From the results presented in Section 2.5, and discussed in Section 2.6,

and results of Section 2.11, the following observations can be made:

1. For concrete cured at 100% R.H., the increase in modulus of elastic- .

ity, E, in the period 21 to 160 days, is very small compared to the value of
the modulus of elasticity itself at 21 days.
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2. There is no appreciable difference between the modulus of elasticity
of a specimen which has an internal humidity of 507 throughout its entire cross-
section, and the modulus of elasticity of similar specimens but with an internal
humidity of 100% throughout.

3. Results on elastic Poisson's ratio were inconsistent, but, for the

purpose of this study, it will be assumed to be constant with a value of 0.17.

4. Shrinkage of concrete specimens subjected to humidity cycles of 100
to 50 to 100%,is generally of a recoverable nature. Furthermore, shrinkage and

swelling become totally recoverable after three humidity cycles.

5. The creep of a specimen in compression or torsion,kept at a constant
humidity of 50%,was generally higher than that of a specimen maintained at a
humidity of 100%. However, since creep at 100% R.H. has a small magnitude, and,
since it is expected that some shrinkage is still taking place,especially on the
inner part of the cross section (i.e., the specimen surfaces may have the same
humidity as the environment, namely, 50%, while the central section of the spec-
imen's wall thickness is still asymptotically approaching a humidity of 50%),
some shrinkage and effect of shrinkage on ereep could have been incorporat-
ed in the creep results. Therefore, more elaborate and extensive experimenta-
tion is needed to confirm or deny this issue. For the purpose of this study,
the results presented in Section 2.5 will be assumed valid--i.e., creep at 50%
R.H. is higher in magnitude than creep at 100% R.H.

6. Creep increase of specimens subjected to humidity cycles of 100 to 50
to 100% is generally of an irrecoverable nature. For both types of specimens
under uniaxial compression or torsional loading, creep is sharply increased by
the first humidity change--i.e., 100 to 50%Z R.H. At the end of the first dry-
ing period, the magnitude of creep of a specimen under uniaxial compression and
changing humidity was 7 times the magnitude of creep of a specimen under the
same loading and 50% R.H., and it was 13 times the magnitude of creep of a
specimen under the same loading but at 100% R.H.

For torsional loading, at the end of the first drying period, the creep
obtained from a specimen subjected to a changing humidity, 100 to 50%, was 4
times that of a specimen under constantspyz R.H., and 6 times that of a specimen
under constant 100%Z R.H. and same loading. Subsequent humidity changes have
very little effect on creep, and after three humidity changes, they become
negligible.
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7. No clear observation can be drawn on the difference between creep

under sustained compressive loading and creep under sustained torsional loading.

8. For sealed specimens, creep under equal sustained biaxial compressive
loading was about 0.80 that of a specimen under uniaxial compressive loading.
Also, it was observed that equal biaxial loading produced equal deformations in

both directions. This indicates isotropy of concrete at the macroscopical level,

9. It should be recognized that the effects of humidity on the creep of
concrete have been magnified in the tests of this investigation,because of the
choice of specimen dimensions and because of the rate of humidity change to
which these specimens were subjected. An ordinary structural member--e.g., a
beam or a column, usually has a very high volume/surface ratio compared to the
specimens of this investigation. Therefore, the humidity distribution patterns
of an ordinary structural member is greatly different from those of the tested
specimens. In a column 6 in. in diameter, for example, the humidity gradient
will be much smaller than for the specimens in the same environment. Hence,
the effect of humidity change on the creep of the member is expected to be less
than the effect of this same change on the creep of the tested specimens as

observed in 6. above.

10. In a structural element, the period required to change the humidity
throughout the member is very much longer than that required to change the
humidity in the tested specimens. In the tested specimen,a period of 14 days
was enough to change the humidity throughout the specimen from 100 to 50 + 3%
R.H. In a structural member, for example, a column 6 in. in diameter, the
period required to produce the same change is about 3 years, Hansen (57). Since
typical envirommental conditions do not endure for such long periods of time,
it is believed that structural members will never be able to be fully dry
except if the environment's humidity is always a constant low humidity. Typical
environmental humidity changes every few months, and usually there is at least
one change per year. Since a structural member starts drying at a certain time
in the year, then, after a few months the humidity will be reversed. Hence, it
starts gaining moisture until the humidity is reversed back again,after another
few months, then the member starts drying again,and so forth. It appears,
then, that no structural member will be strictly under constant humidity unless

it is permanently under water or is extremely bulky such as in the case of a dam.

In such a case, humidity changes at the surface have negligible effects.
Thus, it can be deduced that typical environments submit ordinary structural

members (beams, columns, slabs, etc.) to continuous humidity changes, i.e.



continuous moisture migration in or out of the member. The effect of this
continuous humidity change is to set the rate of the creep of the structural

member at a value between that of the creep of the first drying and that of
the creep at 100% R.H.
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CHAPTER 3

MATHEMATICAL MODEL, PREDICTIONS AND COMPARISONS

3.1 INTRODUCTION

A mathematical model represents an equation or set of equations which con-
sists of what is conventionally known as the constitutive equation, as well as
parameters and functions representing the properties of material for which the
mathematical model is being constructed. 1In this study, the constitutive equa-
tions are given by equations 1.4.1 and 1.4.2. 1In order to obtain a mathematical
model, which will be able to obtain a solution for a given problem, it is essen-
tial to determine expressions for the terms which represent the material proper-

ties--i.e., K, G, fd’ fa’ Sh’ Kh, Gh’ and C.

As it was mentioned earlier in Section 1.4, the best solution for the con-
stitutive equations 1.4.1 and 1.4.2 is a numerical solution. Bazant (45) sug-

gested a numerical procedure which may proceed as follows:

1. Present the constitutive equations 1.4.1 and 1.4.2 in a numerical

form as follows:

For a given subdivision to’ tl’ ceey tn of time t, introduce subinter-

vals t = tr - tr and examine Ac, e Ao, Sij’ Acd, S during At. The finite

-1 ij° d

difference form of the constitutive equations is, 1]
pe = 82+ pem (3.1.1)
ASi.
= J n PP
Aeij 7G + Ae 14 (i,j 1,2,3) (3.1.2)
where Ac
Ae" = pe' - 2 (3.1.3)
K
' Ahe
Ae' = At - - - —&q
¢(04 - 0,4) - 9y K] (3.1.4)
= - - 1
Acd v(Ac Aoa) KC(Ae ) (3.1.5)
1 Aheq
be". . = Ae' . = . At - P S -8 —t (3.1.6)
ij ij 2 dij dij 2 Gh
= LS - . \J
ASd v ASij 2Gc Ae ij (3.1.7)

1]
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Here it is clear that the terms which represent material properties

are K, G, ¢, ¢, Kh, and Gh while the terms Ae, Acg, Ae", Aeij’ Asij’ Ae"ij’

A€, Aoa, Aod, v, v', ASd are parasitical terms--i.e., once the material
ij

properties are given, these terms can be determined utilizing the consti-
tutive equation. The term Aheq will be found by solving the diffusion

problem inside the concrete body for time interval At.

2. Given the initial values of h and T at to’ calculate heq’ teq’

and hs according to their definition in equations 1.4.8, 1.4.9 and A.7,
respectively. Then calculate od = fd x 1360 x Sh(h -h)@ +h ).
s eq

(Notice that-% = 1 and (%— - 1) = 0 in the expression of 9.d in Section

o o
1.4, because T = T for this analysis); fd and Sh are to be determined in
Section 3.6. Then calculate , _ _a  ,. (f 1is to be determined in

a fd d a

Section 3.5).

3. Calculate Kb’ Kc, Kd, K, v, Gb’ Gc’ Gd’ G and v' according to

their expressions (to be determined in Section 3.4).

4, Given o and Sij which are applied stresses where

=1 : =
g = 3(011 + 0 volumetric stress and Oij g+ Sij’ stress tensor

22 * 933)
determine the volumetric and deviatoric components % and Sd of the

initial values in step At, equation 3.1.5. (Ae' = as an ini%lal value).

5. Calculate the values of ¢ and y according to their expressions

(to be determined in Section 3.6).

6. Given changes in humidity Ah, calculate Kh and Gh according to

their expressions (to be determined in Section 3.7).

Solve the moisture diffusion problem inside concrete body for step
time At because the humidity changes are usually given at the surface of
the concrete body--i.e., environmental humidity changes. This problem of
diffusion is solved by a finite difference scheme for the partial differ-
ential equation governing this problem which is presented in Appendix A.
This solution is carried out in the computer program Appendix C in Sec-

tion 9.

7. According to equations 3.1.4, 3.1.5, 3.1.6 and 3.1.7, calculate

Ae' and Ae;j .  (Note that this process involves 2 to 4 iteratioms,

-

-
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Bazant (45).) Calculate Ae" according to equation 3.1.3 and Ae'{j = Ae;‘j from
equation 3.1.6.

8. Assuming that in the given problem, the values of o4 Sd s Oy €,
ij

Sij’ eij have already been calculated up to the time tr—l (or have been given at
this time if t 1= to) together with the values Ae" and Ae", as outlined above

ij
in 1 to 7, then equations 3.1.1 and 3.1.2 may be formally regarded as A FICTI-

TIOUS INCREMENTAL ELASTIC STRESS - STRAIN LAW WITH PRESCRIBED INCREMENTAL INITIAL

STRAINS Ae" AND A"eij. The calculations of Ao, Ae, AS for the given load

13> b3
increments and given boundary displacement increments 1s, therefore, A Problem of

Elasticity. This problem can then be solved by the finite element method for the
given body. 1In the case of a creep test for a specimen under constant load,

Ao = AS,,
1]
deformation, Ae = Ae,, = 0.

ij

9. For a creep problem, at the end of one process like that above (1 to 8),

0. In the case of a relaxation test for a specimen under a constant

the increment in creep strain Ae and Ae,, will be determined for the given At—-

ij

i.e., at t, + At = ty- For a relaxation problem, Ac and AS,. will be determined,

1j
For the solution of the first time step, notice

instead of Ae and Aeij’ at tl.
that the elastic stresses and strains represent the initial values of o, Sij’
£, eij’

Suppose that the problem is a creep problem and assume that t = 2 days,

for example; then creep strain after 2 days from loading will be (¢ + Ae) for

volumetric strain and (eij + Aeij) for deviatoric strain (e and eij are given
initial values). Notice that creep strain Aeij is Aeij = Ae + Aeij where
Ae + Ae + Ac
_ 11 22 33,
Ae = 3 3 €11 €9y and €44 are principal strains.

For the next time step, the values calculated in the above step will be
used as initial values and the same procedure should be carried out to compute

Ae, Aeij at the end of next At.

The use of the bulk modulus of elasticity K is adopted rather than the
use of the modulus of elasticity E. The use of K is more convenient in the cal-
culations than the use of E, especially for the computation of stresses and
strains due to shrinkage, which is a pure volumetric process. Hence the use of
volumetric and deviatoric components of stresses and strains is adopted in the

constitutive equations.

It can be concluded that if material properties are given as expressions
of Kb’ Kc’ Kd’ Gc, Gd’ fd, fa, ¢, ¥, Kh’ Gh and C, the creep problem can be sol-

ved by utilizing the constitutive equations, 3.1.1 and 3.1.2, as demonstrated
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above for any type of lcading and any environmental condition--hence, the
advantages of these constitutive equations. The size effect, rate of dry-

ing, shape of concrete member, type of load, etc.,are all included in the

i~

solution of any creep problem according to the above procedure because of
the nature of the constitutive equations and the nature of the procedure

to be followed for the solution of such equations.

All solutions of the constitutive equations according to the above
procedure were carried out using a computer program which is capable of
solving this problem for any axisymmetric body. This computer program is
presented in Appendix C.

3.2 OBJECTIVE

As pointed out in Section 1.6, the objective of this phase of investi-
gation is to evaluate parameters and functions which are necessary for the
prediction of the time-dependent behavior of concrete. These parameters (
and functions are the moduli of elasticity of the rheological model shown
in Fig. 2, £ Sh, o, ¥, Kh and Gh,all of which are discussed in
Section 1l.4.

d’ fa’

3.3 SCOPE

As already discussed in Section 1.7, the evaluation of different
terms mentioned above is restricted to the type of concrete used in the
experimental program presented in Chapter 2. Validity of these terms is,
therefore, limited to the scope of the experimental program--i.e., con-
stant temperature of 73°F, humidity range of 50 to 100% and compressive

or torsional loading.

3.4 MODULI OF ELASTICITY

The definition of the bulk modulus of elasticity K, for the model
shown in Fig. 2 is: the ratio of applied volumetric (hydrostatic) stress

™

to the volumetric strain (unit volumetric change), thus

(3.4.1)
1 ¥ e teg)
AV

where (e1 te, + €3) =5 AV is volume change
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€ €, and €, are principal strains, and

1’ "2 3

01 + 02 + 0
and Oy = , where ol, 02 and 03 are principal stresses.
3

This definition of K applies also to Kb’ Kc and l(.d which are the bulk

moduli of elasticity of spring b, spring c and diffusion element d, respectively.

From Fig. 2:
-1 1,71
K = [l(b + (1(c + Kd) ] . (3.4.2)

The bulk modulus of elasticity K relates to the modulus of elasticity E

as follows,

- _E '
K = 1- 2 where u is Poisson's ratio,
also
E E E
- b - c = 4d
Kb =1 zub, K, 1= zuc and Kd 1= Z“d . (3.4.3)

The relation between modulus of elasticity E and shear modulus of elasticity G,

is given by:

E
G also
u)’

=2(1+

Eb Ec Ed
b IA Fuy) G =7+ W) and G4 = 73 )

From equations 3.4.3 and 3.4.4, keeping similar subscripts together; i.e.,

G (3.4.4)

¢ \ .
G and K, Gb and Kb’ Gc and Kc, and Gd and Kd’ and solving for u's, we get:

_kK2-¢ -}
H K+ G
o526
b ¥ C
%" % - (3.4.5)
K/2 -G
=_c ¢
uc Kc + Gc
and = Eiii;;:ii
Y4 R, + G _J
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1 '\
G _ 7%
Kb 1+ ub
1
G 5 - M
c _ 2 c
X “1+%u > (3.4.6)
c c
1
%1%
Kd 1+ ud D

The experimental results of E and u shown in Fig. 16 were used to
evaluate K by utilizing the first of equation 3.4.3. These K values are
presented in Fig. 29. Poisson's ratio, u, was assumed to be a constant

equal to 0.17 (see Section 2.12 for conclusions on Poisson's ratio).

Since Kb is the bulk modulus of elasticity of spring b in Fig. 2,
and the characteristics of spring b continually change due to progressive
hydration, then Kb is a function of equivalent curing time teq' The term

teq is a parameter for hydration (see Section 1.4).

The characteristics of the diffusion unit; i.e., elements c and d,
under isothermal conditions, is affected by both humidity and hydration.
The characteristics of element d are related to the compressibility of the
diffusible load-bearing water layers. The behavior of the diffusible
load-bearing 1ayefs is governed by humidity (see Section 1.4). On the
other hand, element c represents the elastic solid part of cement paste
or concrete visualized as being connected in parallel with element d.
The characteristics of element c are also dependent on hydration but do
not necessarily have the same degree of dependence as Kb. Therefore, it
is justified to assume KC to be a function of teq only and Kd as a func-

tion of heq only. To summarize:

Kb = fl(teq)
Kc = f2(teq)

K is known to decrease only slightly at drying (58,59,60). The
following table was extracted from Plowman's work (60) for concrete with
w/c ratio of 0.55 and using a Poisson's ratio of 0.17 for calculating K

and G from given experimental E values.

Y

-
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Calculated K, by Calculated G, by
E,Pirom Tat;:)l eq. 3.4.3 with eq. 3.4.4 with
owman = =
Maturity* a 0.17 - 2.1

OF x hrs| Curing, 64°F and Curing, 64°F and Curing, 64°F and

Air Air Air Air Air Air

Water loog R J65% RH ["2teT oy ru k5% RH | ¥ateT{gny gy 65% RH

3,800] 4.34| 4.41 |4.75 |6.77[6.90 | 7.41 1.84] 1.87 |2.01
8,900 4.82| 4.82 | 4.78 | 7.56]| 7.56 | 7.47 2.04] 2.04 |2.02
17,800] 5.00| 4.89 | 5.07 | 7.80]| 7.64 | 7.91 2.13] 2.08 |2.16
26,700) 5.07] 5.03 | 5.12 } 7.90] 7.85 | 8.00 2.15) 2.13}2.17
35,600 5.28| 5.13 | 5.16 | 8.25} 8.02 | 8.06 2.23] 2.17 | 2.18
115,700 5.68| 5.26 | 5.10 | 8.86] 8.21 | 7.96 2,40} 2.2312.17
230,130 5.85| 5.53 | 5.21 |9.14] 8.64 | 8.15 2.48] 2.34)2.20

455,190| 5.92| 6.91 | 5.05 | 9.24/10.80 | 7.90 2.51} 2.92|2.14

*Maturity = (Temperature in °F of concrete - llo) X time in hours.
From the experimental program of this investigation, it was noticeable

from Fig. 29~a and b that the effect of humidity on K is even less than that

shown in the above table. At teq = 21 days, K of h = 1.00 was approximately

equal to K of h = 0.50. From the above table, and for a maturity of 26,700°F x hr.,
which is equal to curing of 21 days at 64°F, K for h = 1.00 is 7.90 while K for

h = 0.65 is 8.00. '

Fig. 17-a and b show that at 21 days, G with h = 1.00 is approximately
equal to, or less than, G at 21 days with h = 0.50. From the above table, at
maturity of (26,700)°F X Hrs., G at h=1.00 was 2.15, and when h = 0.65, it was
2.17.

From the above observations, it can be concluded that K, must be rather

d
high compared to Kc in equation 3.4.2 in order to produce such minor dependence
of K on Kd'
Suppose an average value of Kc of 1.0 x 106 psi is used, then Kd is expected

to be (80.0 to 100.0) x 106 psi in order to produce such low dependence on humid-

ity. Examination of equation 3.4.2 would reveal that such values of Kd will make
the value of K highly dependent on the value of Kb; e.g., if Kc =1.0 x 106,



54

= 6 ) - 1 6
Kd = 99.0 x 10 , then equation 3.4.2 gives: K (l/Kb) + (1/100) x 10.

Therefore, K is approximately equal to Kb' The same deductions can be made

for shear modulus of elasticity (G); i.e., G is approximately equal to Gb'

At greater maturity (t:eq = 200 days or more), the change of K with

humidity is negligible; therefore, we may assume K, + «, G, + ® and K can

d d
be safely approximated as K = Kb, and G = Gb' It is apparent that Kc
and/or Kd have only a slight effect on elastic properties of concrete

which are represented by K. Likewise, Gc and/or Gd have only a slight
effect on elastic properties of concrete which are represented by G. How-
ever, Kc has also a significant effect on the time-dependent volumetric
deformations of concrete because the change in thickness of the diffusible
load-bearing layer; i.e., change in the thickness of element d (Fig. 2) af-
fects the rate of change with time of stress in the diffusible load-bear-
ing layer itself; that is to say, Kc affects the term §, in equation

d
1.4.5. However, Kb and Kd have no effect on the time-dependent deforma-
tion other than being components of K. Also, Gc has the same effect on
time-dependent deviatoric deformations as Kc has on the time~dependent

volumetric deformations. Gc affects the term éd in equation 1.4.6.

1]
The derivation of Kb’ Kc, Kd’ Gb’ Gc’ and Gd then proceeded according

to the following:

1. Guided by the previous discussions, a value was given to Kb
and Kc at teq = 21 days (21 days was chosen because this value
of K was obtained from average of six tests), and a value for
Kd with h = 1.0, such that calculated K, equation 3.4.2, is
equal to experimental K at 21 days with a humidity of 100%
(Fig. 29), which was extracted from experimental E values

(Fig. 16) with Poisson's ratio equal to 0.17.

2. With some increase in Kb and Kc’ and for the same Kd’ another
K was calculated for teq = 150 days. This increase in Kb and
Kc made calculated K equal to experimental K at 150 days for a
humidity of 100% (150 days was chosen because 150 days was the
highest teq value of experimental data available based on an

average of three tests).

The estimated value of Kb when teq = 21 days was 6.4 and

when teq = 150 days was 7.0. Values of Kc were estimated at

-

-~



1.3 when teq = 21 days and 2.4 when teq = 150 days respectively.
Using these two values of Kb and Kc’ the curves labeled "first trial"
in Fig. 30-a and b were then obtained.

Since KC affects the time-dependent deformations directly, Kc
was examined by comparing the creep predicted from "first trial" K,

with experimental creep data (see Section 3.5). From this it was
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found that with minor changes of Kc’ better results would be obtained.

Kc was then modified in such a way as to make creep predictions as
close as possible to the experimental data (see Fig. 30-b for modifi-

cations.)

Using modified Kc with the experimental values of K, (Fig. 29)
and assumed Kd values at 1007 R.H., Kb was redetermined. This new Kb
was called modified Kb (see Fig. 30-a). The modification of Kc to
obtain creep results as close as possible to experimental creep data
was a matter of trial and error. For each time a Kb or a Kc curve
was assumed or redetermined, the curve was first fitted by the least
squares method to produce a mathematical expression convenient for
use in a digital computer. Then the expression was examined to
check whether or not it satisfied the necessary conditions. If it
satisfied the conditions, it was accepted, and if it did not, it was
modified, refitted by the least squares method, and examined again
for satisfaction of the conditions. The least squares method used
was similar in procedure to the one explained by Conway (61), p. 44.

This procedure was executed with the help of the "Symbolic Matrix
Interpretive System'" (SMIS), programmed by E. L. Wilson (62).

The final trial curves of Kb and Kc have the following expres-

sions:
= (7.2 - 20.4/t__ + 59.0/t% ) x 10° (3.4.7)
Kb . . eq . eq A,
and
_ _ 2 6
Kc = (2.9 50.0/teq + 221-0/teq) x 10" ., (3.4.8)

Since K increased only slightly with a lower humidity level at the
time of testing (see previous discussion), it is expected that a

linear relationship between Kd and h would be sufficient for such a

K change with h. Actually, even a constant value of Kd might be

acceptable. However, it was found more efficient as far as calcula-

tions were concerned to represent Kd in the following form:
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Kd = a(b + h) x 106.

To evaluate a and b, the values of Kd at h = 1.0 and at h = 0.5
were determined from experimental values of K at teq = 21 days with

h=1.0 and h = 0.5 respectively, with values of Kb and Kc at

teq = 21 days, which are independent of h. From these two values
of kd’ it was found that a = 85.2 and b = 0.05; therefore,
Ky = 85.2(0.05 + h) x 10°. (3.4.9)

For element d, whose elastic properties depend on the compressibility
of diffusible water layers, no lateral deformation was expected in
such layers if they were uniaxially loaded. Hence, Poisson's ratio
of this element is zero, i.e., My = 0. This implies, according to

G

equation 3.4.6, that 2% = 0.5,
d
G
Using My = 0.17 and M, = 0.17, then EE. = 0.28 and
Gc
ra 0.28. G was calculated, and it was found that slight modifica-
c

tions were needed to make this calculated G consistent with G values
found experimentally. Since Gb affects G directly (in the same way
that Kb affects K) and Gc affects G only indirectly after being com-
bined with Gd’ which has a relatively high value (Gd/Gc about 100),
it was decided to change Gb rather than Gc' With the experimental
values of G (Fig. 17-a) and with values of Gc = 0.28 Kc and

Gd = 0.5 K.d with the expressions of Kc and Kd as given by equations
3.4.8 and 3.4.9 respectively, a Gb vs time curve was determined for
h = 1.00. This curve was fitted by the least squares method to a
suitable expression, then the G values were recalculated and found
to be very close to the experimental values (see the solid line in
Fig. 17-a). This Gb expression was,

_ _ 2 6
Gb = (2.3 15.0/teq + S0.0/teq) x 10" . (3.4.10)

Summary of Section 3.4

Guided by previous knowledge about effects of humidity on the modulus of
elasticity E, and studying the relationship between E and K as well as between
E and G, and studying the behavior of the rheological model (Fig. 2) it was
concluded that Kd has a relatively high value compared to Kc or Kb' Using

experimental values of K with Poisson's ratio equal to 0.17 and by the trial

LN

=%

-



57

and error procedure, the expressions 3.4.7, 3.4.8 and 3.4.9 were determined.
Predictions of K according to these expressions were in good agreement with the
experimental results (see Fig. 29).
Gd Gc
Using a value of ol 0.50 and a value of X - 0.28, a Gb expression was
deduced, expression 3.4.?0, which will make calculated values of G consistent

with experimental results (see Fig. 17).

3.5 DETERMINATION OF CREEP RATE PARAMETERS, ¢ AND ¢

By definition, ¢ is the rate of volumetric creep parameter, and y is the
rate of deviatoric creep parameter. From equation 1.4.4 it can be seen that for
a constant equivalent humidity (ﬁeq =0), ¢' = ¢(od - oad)’ where ¢' is volumet-
ric creep strain and o3 ~ Uad represents the difference between the existing
stresses over a unit cross-section due to pressure in the diffusible load-bear-
ing layers and its equilibrium value for a given humidity and temperature, i.e.,

thermodynamic equilibrium. This difference (od - oad) is the determining factor

for creep at a constant humidity. Let ¢' = O3 = T4 then:
e'
$ =357

Also, for heq = 0, equation 1.4.6 gives:
2e’
P
S

dij

Therefore, the derivation of ¢ and ¢ will be based on experimental creep
data obtained from specimens which have no moisture movement such as those

results presented in Figs. 19 and 21, so that ﬁeq = 0.

¢ is expected to be a function of humidity or heq and a function of time
after load application. Since the difference between creep at a constant humid-
ity of 50% and creep at a constant humidity of 100% is only a slight one (as
found by experimental results presented in Fig. 19), then for convenience ¢
should be used either as a constant or as a linear function of humidity. If ¢
is assumed to be constant with humidity change, then creep at a constant humid-
ity of 0% will be equal to creep at a constant humidity of 100%, a case which

could prove to be true later (see discussion in Section 2.12).

For this study, however, since creep at a constant humidity of 50% is
observed to be higher than that at a constant humidity of 100%, a linear rela-
tionship between ¢ and humidity will be assumed rather than assuming ¢ as con-

stant with humidity change.
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After several trials, the following expressions were found suitable:

_ -9 _ t + 500.0
¢ = 21.3 x 10 " (0.9 0.4 heq)( t + 1.0 ) psi/day (3.5.1)
and {
_ -8, « _ t + 500.0
v =14.2 x10 " (1.5 heq)( T+ 1.0 ) psi/day (3.5.2)

where t is time in days after application of load.

Using values of moduli of elasticity as derived in Section 3.4 and a value (
of fd = 0.0375 (see Section 3.6 below), and following the procedure outlined in
Section 3.1 by utilizing the computer program (Appendix C), creep strains were
calculated for uniaxial compressive and torsional loadings. Loads used in these
calculations were of the same magnitude as those used in the experiments, namely,
25% of compressive strength for uniaxial compressive loading and 40% of torsional
strength for torsional loading. The calculated creep strains are in good agree-
ment with the experimental results which were discussed in Section 2.5.2. Fig. 31 shows
the experimental and calculated results, according to expressions 3.5.1 and 3.5.2 (
above, for a specimen loaded under uniaxial compression,while Fig. 32 shows
experimental and calculated results according to the same expressions but for a

specimen under torsional loading.

It should be recognized here that both ¢ and ¢ affect the creep of a
specimen loaded under a uniaxial compressive loading while only y affects the

creep of a specimen under a torsional load#,

3.6 DETERMINATION OF AREA FACTORS f, AND fa’ AND SPECIAL
COEFFICIENTS K, AND G,_l

3.6.1 Determination of Area Factors f, and fa.—-fd is the effective area

factor for load-bearing water layers. This factor represents that fraction of
gross cross—sectional area over which pressure in the load-bearing layers is
effective. fa is the effective area factor for non-load-bearing water layers.
It represents that fraction of gross cross-sectional area over which fluid

pressure in the non-load-bearing layers is effective.

As was shown in Section 1.4, fd affects o, and ¢ hence, it also affects

d ad’
creep characteristics of concrete. fa affects Oa’ which in turn affects oa,

which in turn affects shrinkage of concrete. Therefore, £, is a function of

d
the amount of water in the load-bearing layers, and fa is a function of the v

amount of adsorbed water in the cement paste.

*Shortage of computer time prevented predicting creep under biaxial loading.
However, this is believed to be a matter of a straight forward application of

the terms ¢ and Y.
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Using the computer program (Appendix C) in which the moduli of elasticity
have the expressions derived in Section 3.4 and the coefficient ¢ and Y have the
expressions derived in Section 3.5, solutions of creep problems showed that a
value of 0.0375 for fd will be appropriate to give creep strains corresponding
to the experimental values for all gpecimens in a constant humidity enrivon-
ment, namely, uniaxial compression as well as torsion at 50 or 100% R.H. The
calculated and experimental shrinkage curves are shown in Fig. 33. Hence, fd
was assumed to be a constant with a value of 0.0375.

The term fa was found by solving the problem of shrinkage of a specimen
having the same characteristics as those mentioned above; a value of 0.431
will produce the same amount of shrinkage as that obtained from a specimen dry-
ing at a humidity of 507 at the age of 18 days. Calculated shrinkage values,
as well as experimental shrinkage values for such a specimen are shown in
Fig. 33. Therefore, it was assumed that for a specimen drying (desorption)
from 100 to 50% R.H., a value of f8 = 0,431 would be sufficient to produce
shrinkage equal to that obtained experimentally. It should be noted that the
rate of shrinkage depends on C, the coefficient of hygral diffusivity, and Doh
and Dlh’ the equivalent surface thicknesses. C, Doh and Dlh are all presented
in Appendix A. Their values as developed in Appendix A were used in the solu-
tion of all problems involving a moisture exchange with the outer atmosphere of

the concrete specimen.

The value of fa = 0.431 was also suitable for the solution of the shrink-
age problem of the companion specimen which was under cyclic changes of humid-
ity of 100 to 50 to 100%, however, it was suitable for the first humidity change
only, which was a l4-day drying process from a humidity of 100 to 50% R.H.
Results from the solution of this shrinkage problem as well as corresponding

experimental values, are shown in Fig. 34.

For the solution of the swelling problem for the second humidity change
of the same specimens--i.e., from 50 to 100% R.H., it was found that a value
of fa of 0.431 would produce greater swelling than that obtained experimentally.
Thus, a decrease in fa value is necessary for the swelling magnitude to be
equal to that obtained experimentally. The low magnitude of swelling (experi-
mental) is the result of what is known as the irreversibility of sorption and
desorption. This irreversibility is greatest for the first humidity change.
It has been observed that the first humidity change produces drastic changes
in the cement gel. By means of visual evidence (Scanning Electron Microscope),

Mills (63) observed that the structure of cement hydrates collapses upon drying.

Helmuth (64) and Feldman (65) have shown experimentally that the first
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drying does, in fact, produce a large amount of irreversible shrinkage and
that this is due to the fact that first drying is a manifestation of a major
rearrangement of the layers or sheets of cement gel. This was also found to

be true in the experimental phase of this study (see Section 2.6.5).

For the purpose of predicting swelling values, an abrupt change of the
value of fa at the time when the humidity is reversed will be necessary.
Thus, it was found that, in order to match the swelling values obtained experi-
mentally, the value of fa had to be changed from 0.431 to 0.337. Calculated
values are shown in Fig. 34. Values of Doh and Dlh used were 0.0 for each
(see Appendix A).

After the first cycle~-i.e., second humidity, the values of fa which were

necessary to produce swelling or shrinking of the same order as obtained experi-

mentally were as follows:

third change (desorption), fa = 0.337
fourth change (sorption), fa = 0.300
fifth change (desorption), fa = 0.337
sixth change (sorption), fa = 0,300 .

Calculated and experimental deformations for all cycles are shown in
Fig. 34.

3.6.2 Determination of Special Coefficients Kk and Gh.--Kh is defined as

a coefficient which accounts for delayed volumetric deformation under load due
to a change in fd occurring as a consequence of a change in humidity. Similarly,
Gh is a coefficient which accounts for delayed deviatoric deformations due to
the same factors.

As observed in Section 3.5.1, the amount of shrinkage was greatest at the
first drying. This phendmenon consequently affected the amount of creep obtain-
ed simultaneously throughout the period of the first drying. After the first
drying, the increase in creep (experimental) appeared to be slight. No signi-
ficant increase in creep was recorded after the third humidity change (see Sec-
tion 2.6.3). This observation applies to both creep under uniaxial compression
and creep under torsion. Because of the small increases in creep which occur-
red during the third humidity change and all other humidity changes which fol-
lowed, it was assumed that creep increases significantly only during the first

and second humidity changes.

After se&eral trials of predicting the creep deformations while the
specimen was being subjected to changes in humidity, it was found that the

-
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amount of computations required to predict creep for every single humidity
change was not practical since (1) the work would be very long and complicated,
and (2) the creep values obtained were not in such good agreement as to merit

such long and complex computations.

These difficulties were believed to exist because of the severe changes in
the structure of cement gel due to cyclic changes in humidity. Therefore, it
was believed that predicted creep values of a specimen under cyclic humidity
should be approximated. A reasonable approximation seems to result from the
observations of the experiments in Section 2.6.3 which show that, for both creep
under torsion and creep under compression, creep increases significantly only
during the first and second humidity changes,and no increase was observed after

the third humidity change. Hence, the Kh and G, expressions were developed so

as to match the large increase in creep during :he first humidity change.
Furthermore, so that no abrupt increases in creep would take place at the time of
the humidity change, the Kh and Gh expressions were set so that the computed
creep rate would be equivalent to the experimental rate for all subsequent humid-

ity changes.

In constructing the Kh and Gh expressions, it should be noted that both
Kh and Gh should be functions of humidity. Since shear deformations (torsion)
are affected only by Gh’ it was decided to f;rst ascertain the expression for
Gh. After a few trials using the computer program as presented in Appendix C,
and utilizing all expressions developed in Sections 3.4, 3.5 and 3.6.1 as well as

those in Appendix A, the following expressions were found suitable:

19.0 x 104(1.0 + h) for first humidity change (3.6.1)

[p]
[]

and

[p]
L]

28.4 x 10° x ah x (1.5 + h)™1 for all humidity changes
after the first (3.6.2)

Calculated creep results according to these expressions are shown in

Fig. 35, together with the corresponding experimental results.

Finding an expression for Kh involves deviatoric as well as volumetric
creep. Also, the prediction of deformations for a specimen loaded under uni-
axial compression and subjected to humidity changes is inherently linked to that
for the same specimen when it is subjected to the same humidity changes but with
no loading. This linkage occurs because volumetric deformation components
exist in both the deformation of an unloaded specimen subjected to

changing humidity and of a loaded specimen also subjected to changing humidity
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P

(except if the specimen is loaded under pure shear). Furthermore, since the
shrinkage stresses and uniaxial compressive loading act in the same direction--

i,e., both are increasing the pressure in the diffusible load-bearing layers,
= f —E « S g
d d M h ah’

presented in Section 1l.4,should be increased above the value of Sh = 1.0. Because

this fact was realized, the following procedure was devised to be used in predict-

it is expected that the value of Sh in the equation °,

(=N

ing creep and total (creep + shrinkage) deformations for a concrete specimen
under any type of load (other than pure shear) being subjected to prescribed
humidity changes:

(1) Construct a Kh and Gh expressions which will give creep deformations
(after subtracting shrinkage of an unloaded specimen) as close as possible to

the experimental creep results of the first drying.

(2) With these Kh and Gh expressions find the "total deformations" curve
for the period under which the specimen is under load. Use Kh and Gh expression
which will give a higher increase in total deformation, than the set used in (1).

Use a value of Sh higher than 1.0.

(3) From the curve obtained in (2), subtract the shrinkage for the specimen,
assuming that drying took place from time of first humidity change until time of
unloading with no subsequent humidity changes. The resulting curve represents the

creep curve under the same type of load and given humidity changes.

(4) To obtain total deformations of the specimen, solve the shrinkage
problem according to the prescribed humidity history (see Section 3.5.1), and

[ Y

combine this solution with the curve found in (3).

A limitation should be imposed on the type of humidity changes that could
take place for a member whose creep problem is to be solved according to the
above procedure. This limitation is that no subsequent drying should exceed
the first drying of the member while it is under sustained loading. In other
words subsequent drying of a member under load should not produce a humidity
distribution in which the humidity of any part of the cross—section is less
than that of the same part at the end of the first drying (while the member is p
under loading). This limitation is required because the increase of creep due
to humidity change (mainly drying) is highly dependent on the first drying as

was discussed previously in this section.

If the first drying produced a certain humidity distribution, there is a (
certain increase in the amount of creep of a given member. If a subsequent

drying exceeded the first drying (by extending the period of drying or lowering



63

the humidity of the atmosphere in which the member is drying), it will produce
another humidity distribution which has a lower value of humidity for some parts
of the member's cross-section, thus increasing the amount of creep beyond that
of the first cycle. This limitation also implies that no drying of the specimen
should take place before application of sustained loading.

After the first drying, subsequent dryings may take place for a shorter
period of time but at the same humidity environment as that of the first drying.

To demonstrate the above procedure, the experimental creep results pre-

sented in Sections 2.4.3, 2.5.2, and 2.6.2 were calculated as follows:

1. First a Kh expression was constructed (based on trials for the first

drying) as,
K, = 23.7 x 10* (1.0 + h) (3.6.3)
with Gh = 2Kh and Sh = 10.0.

2. With these K., Gh and S, expressions the "total deformations" curve
was produced as if there were only one humidity change. In this case,
no change in Kh’ Gh or Sh was needed to yield an increase in "total

deformations,"” due to second humidity change.

3. The shrinkage was found for a specimen as if drying took place from
the time of the first drying of the first humidity cycle until the
time of unloading (as in Section 3.5.1). Subtract this shrinkage
curve from the curve found in (2) above. The resulting curve repre-
sents creep value which corresponds to the experimental creep value

in Fig. 23. The results calculated above are shown in Fig. 36.

4. In order to calculate the total deformations (creep + shrinkage), the
shrinkage-swelling problem was solved (Fig. 34) according to Section
3.5.1. It was then combined with Fig. 36. The result is shown in
Fig. 37.

Comparison of experimental creep and/or total deformation results with
calculated results show a fair to poor agreement up to the end of the first
cycle but fail to give the sudden increase as soon as there is a new change in
humidity. However, it should be emphasized that this procedure gives only an
approximation of the problem of creep of concrete as affected by cyclic humidity
because the structure of the cement gel changes so drastically under a combina-
tion of humidity change and sustained loading that characteristics of the new
gel structure--i.e., gel structure after first humidity change become very much

different from the characteristics of the old gel structure--i.e., gel structure
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before any humidity change.

It is believed that the steepness of the sudden changes in the creep curve
(Fig. 35) is caused by a combination of the high rate of humidity change and
the smallness of the specimen's wall thickness. It is also believed that this

combination caused excessive microcracking in the concrete which resulted in

the steepness of the sudden changes in the creep curve (Fig. 35). It is expected,

however, that for a specimen having a wall thickness ten times that of the spec-
imen used in this investigation, the steepness of the sudden changes in the
creep curve will be less than that for the creep curve of the specimens used in
this investigation. Although the high rate of humidity change will produce
microcracks in the specimen of large wall thickness, these cracks will have
little effect on the deformation of the specimen because there will still be a
large portion of the specimen's cross-section which is uncracked. However,

if for the large wall thickness specimen the humidity change was such that
microcracks produced throughout the cross—section of this specimen are com-
parable to the microcracks produced throughout the cross-section of the speci-
men of this investigation, then the steepness of the sudden changes in the
creep curve of both specimens should be the same. Microcracks are produced on
the surface of a concrete specimen for any environmental humidity change higher
than 0.06% R.H. per hour, Bazant (46). The humidity change used in the experi-
mental program was 50% R.H. over a period of about five minutes, which is the
period through which free water was observed to disappear from the surface of
the specimen when humidity was changed from 100 to 50% R.H. (see procedure of
humidity change described in Section 2.4.3). This humidity change is far above
the limit of non-crack producing humidity change--i.e., 0.06% R.H. per hour;
hence, the effects of microcracking on concrete deformations was significant,

as discussed above.

The Bazant theory represented by the constitutive equations 1l.4.1 and

1.4.2, does not account for the effect of microcracks on the creep deformations.

Therefore, the prediction of creep of concrete for a specimen subjected to chang-

ing humidity should not be expected to be in full agreement with experimental
results. Therefore, the larger the amount of microcracking is, the higher the
difference between experimental and predicted creep for a specimen under chang-
ing humidity is expected to be, Indeed, the predicted creep results accord-
ing to Bazant's theory show a significant difference with the experimental
results for a specimen under changing humidity (Figs. 35, 36 and 37). The max-
imum difference between predicted and experimental results occurred at the end

of the first drying cycle, which was about 16% of total creep at 80 days after

-
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loading and six humidity changes, which is equivalent to about 6% of total
deformation (creep plus shrinkage) at 80 days after loading and six humidity
changes. On the other hand, predicted creep results according to the same theory
for specimens under constant relative humidity were in good agreement with exper-
imental results, being within the range of 1% of total creep at 80 days after
loading. However, in a concrete member having a large cross-section (e.g.,

24 in. by 24 in.) which is subjected to changing humidity, the difference

between predicted and experimental creep results is expected to be smaller than

16% of total creep at 80 days after loading.

Although the problem of steep sudden increase of creep in a structural
member is expected to be of less significance than that of the specimen of this
investigation (because usually a structural member would have a wall thickness
much larger than 1/2 in.),as was discussed earlier, a solution can be achieved
by modifying the properties of concrete by modifying the expressions of moduli
of elasticity, ¢, ¢, Kh’ Gh’ a process which requires the same amount of work as
that in Sections 3.5, 3.6, 3.7 and Appendix A. Generally, for more precise pre-
dictions of creep of concrete under changing humidity, a more sophisticated
model with more parameters and functions representing the material proper-

ties, together with more experimental observations, is needed.

3.7 SUMMARY

Based on both the experimental results presented in Chepter 2 and on the
considerations of the thermodynamics of diffusible 1load-bearing water layers, a
mathematical model can be developed. This mathematical model consists of the

constitutive equations:

. S
L= 0 ‘n * = i[ ]
€ X + ¢ and eij 5 G + eij
where &a .
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€ €T X 14 eiju .
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The different terms of the above equation set were discussed in Section 1.4.

This model also consists of a set of material characteristics given by:

04" 1360 x O.n X fd

0.4 " 1360 x O.p X fa

Ooh = Sh(l - hz)

fd = 0.0375 .
fa = 0.431 For first humidity change.
fa = 0.337 For second humidity change.
fa = 0.337 For third humidity change.
fa = 0.300 For fourth humidity change.
fa = 0,337 For fifth humidity chaﬁge.
fa = 0.300 For any subsequent change.
Sh = 1.0

3 “90.9 - £ + 500.0, . _ -8 5 _ € + 500.0
¢ =21.3x10 (0.9 - 0.4 h V37 5) ¥=142x10 1.5 - b)) 31,0

_ 4
Kh = 23.7 x 107 (1.0 + heq) Gh

with Gh/Kh = 2.0 for first humidity change and,

_ 6 -1
Gh = 28.4 x 10 x Ah(1.5 + heq)

4
19.0 x 107 (1.0 + heq)

for all changes after the first

change.
-3 t, + 4
C=17.8 x 10 (0.1 + h) (—tfl—) (desorption)
eq
t
C =15.0 x 1073(0.76 + —2;1—16- + %) (—EQL*—"-) (sorption)
h eq
together with
Doh = Dlh =1.0 (desorption)
Doh = Dlh = 0.0 (sorption)

Together with the elastic properties of elements of the rheological model

shown in Fig. 2,

£y

Y

-,



CHAPTER 4

CONCLUSIONS AND FUTURE RESEARCH .

The conclusions reached in this chapter are based on the experimental
program presented in Chapter 2 and the analytical work presented in Chapter 3.
Since the only type of concrete material used in this study was micro-concrete
(see Section 2.3.1), the conclusions of this chapter are primarily valid for
that type of concrete only. Furthermore, these conclusions are limited by the

scope of this study as indicated in Section 1.7.

4.1 CONCLUSIONS REGARDING EXPERIMENTAL PROGRAM

The following conclusions can be made regarding the experimental phase of

this study:

1. For a concrete member under sustained loading, any change in humidity
will increase creep. As mentioned in Section 2.12, at the end of the
first drying period, the magnitude of creep of a specimen under uni-
axial compression and changing humidity was seven times the magnitude
of creep of a specimen under the same loading and 50% R.H. It was
thirteen times the magnitude of creep of a specimen under the same
loading and 100% R.H. For torsional loading, at the end of the first
drying period, the creep obtained from a specimen subjected to a
changing humidity of 100 to 50% was four times that of a specimen
under constant 50% R.H. and six times that of a specimen under con-

stant 100% R.H. and the same loading.

The first drying period is found to produce the greatest
increase in creep. Subsequent wetting or drying produces only minor
increases in creep. After the third humidity change, the increase in

creep is practically negligible.

If the first drying causes complete humidity stabilization over

*
the entire cross-section of the member , then it is expected that no

* A complete humidity stabilization means that, if drying is taking place in an
atmosphere of 707 R.H., complete humidity stabilization will be achieved only if

the entire cross-section of the member reaches a humidity of 70% R.H.
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significant creep increase will take place during any drying there-
after provided that the relative humidity of the subsequent dryings
is not lower than that of the first drying.

2. The increases in creep due to the conditions mentioned above are gen-

erally of a non-recoverable nature.

3. The creep of concrete in compression or torsion kept at a constant
humidity of 50% was generally higher than that of a specimen main-
tained at a humidity of 100%.

4. Shrinkage of a concrete specimen subjected to humidity cycles of 100
to 50 to 100% is of a relatively recoverable nature. The largest non-
recoverable shrinkage is that which occurs after the first drying;
it was about 20% of total shrinkage at the end of the first drying.
Furthermore, shrinkage and swelling become totally recoverable after

the fifth or sixth humidity change.

It is suggested, according to the above conclusions, that dry-
ing a structural member at least once before loading would aid sig-
nificantly in reducing excessive creep increases under variable humid-
ity. It would aid significantly in reducing excessive shrinkage.

This suggestion can be economically adopted for precast structural

members, especially those that are prestressed.

5. For sealed members loaded under equal biaxial compressive loading, the
amount of creep in either direction was less in magnitude than that
of a member under uniaxial compressive loading, and creep Poisson's

ratio was zero.

4.2 CONCLUSIONS ON ANALYTICAL WORK

From the analytical phase, a mathematical model consistiﬁg of constitutive
equations and material parameters and functions was developed. It is summarized
in Section 3.7. This model was developed to reflect the experimental findings
of this study, and a successful demonstration was presented regarding the creep
of concrete members subjected to a constant humidity. The difference between
predicted and experimental results was within 1% of total creep at 80 days
after loading. However, the model was not as successful in predicting the
creep of concrete members under variable humidity. The difference between
predicted and experimental results was within 6% of total deformation at
80 days after loading. This is believed to be due to the excessive cracking

=N
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occurring at the surface of the concrete specimens caused by the high rate of

humidity change used in these tests.

Since the objective of the analytical phase of this study is to develop a
mathematical model by studying the experimental results and finding expressions
for the parameters and functions representing the material properties K's and
G's, ¢, V¥, fd’ fa’ Sh’ Kh’ and Gh’ it can be concluded that such an application
of the Powers-Bazant theory is possible. However, a modification of this

theory is recommended so that effects of microcracking on creep can be intro-

duced.

4.3 PRACTICAL APPLICATIONS

In an ordinary concrete structural member, the concrete material is
expected to be different from the material used in this investigation. The
concrete usually used in a structural member has an aggregate/cement ratio
higher than the aggregate/cement ratio used in this investigation which was 2/1.
The aggregate size is also expected to be larger than the maximum aggregate
size used here which had a maximum size smaller than sieve No. 4 (see Table 2).
The conclusions of Section 4.1 are, therefore, only qualitatively valid for a
structural concrete material--i.e., a concrete which has different aggregate/
cement ratio or has a different water/cement ratio from those of this study for
example. It is expected [Polivka (66)] that 1if fhe concrete has a higher aggre-
gate/cement ratio (or less cement paste content) than that of the concrete used
in this investigation, the magnitude of creep would be smaller than that obtained
and presented in Section 2.5.2. Effect of humidity change on creep of struc-
tural concrete is also expected to have the same qualitative effect and to be

of a smaller quantity than that of the concrete of this study.

For the solution of creep problems, from a practical point of view, the
theory, together with the program (Appendix C), was simple and economical to
use provided that the material properties are known. On the 7090 IBM computer
the solution of a problem for 100 days after load application will require about
55 seconds. What seems to be a handicap at this stage, however, is the evalua-

tion of the material properties.

Since this theory was applied for the first time on actual experimental
results in this study, the role of the different parameters and functions is
still not very clear. The importance of some of them and the insignificance

of others still remains to be determined.
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4.4 TFUTURE RESEARCH

After completing this investigation, both experimentally and analytically,

it seems that the following future research 1s necessary to explore the possi-

bility of a more comprehensive application of the Powers-Bazant theory to creep

problems:

1.

Experiments on specimens which are kept at different constant relative
humidities in order to investigate in detail the effect of the level

of constant relative humidity on the creep of concrete.

Experiments to study the effect of changing humidity (100 to 70% R.H.)
on creep of specimens having a large cross-section-—-i.e., hollow

cylinders with wall-thickness of two inches,

For analytical work, the experimental data of other investigators can
be analyzed according to the Powers-Bazant theory. However, some of
these experimental data may not provide sufficient information about
loading, hygral treatment and other experimental aspects needed for

the analysis.

In order to predict the effects of microcracking, a modification in
the constitutive equations is necessary. This modification might be
achieved by adding new parameters which will account for the effects
of microcracks on the creep of concrete. However, it is recommended
that the effect of microcracks be first investigated and evaluated,
then the modification in the constitutive equations can be easily

made.

~
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APPENDIX A

EVALUATION OF COEFFICIENT OF HYGRAL DIFFUSIVITY
AND SELF-DESICCATION FUNCTION

A. EVALUATION OF COEFFICIENT OF HYGRAL DIFFUSIVITY

A.1 Theory.--The objective of these tests is to investigate the factors
which affect the coefficient of hygral diffusivity and provide an expression for

this coefficient in terms of these factors.

It has been shown (45) that humidity h, as a function of time t and space

coordinates, satisfies the following partial differential equation of the para-

bolic type:
sh (t )
ah 2 S e u 3T
== = +
5¢ = kbpe,V b + k grad (bpe,) grad h + —p—b +¥% = (a.1)
2
where V = Laplace operator.

kbc, = coefficient of hygral diffusivity, bT is a function
of temperature only, ch is a function of humidity
only and k is sorption resistance.

h_ = humidity at self-desiccation, a function of teq
(see part B in this Appendix).

T = temperature.

= hygrothermic coefficient.

= equivalent curing time.

T
In these tests-%? = 0, therefore, the last term of equation A.l is zero.

The self-desiccation function hs(teq) as it is found in part B in this
appendix, was very close to 1.00. The change dhs(teq) was only about 1.5% after
a period of 180 days. Examining the mathematical expression for hs which is,

0.985 t + 20
= eq

hs(teq) - t + 20
eq
for t =1, h_=1.00 and for t _ = 200, h_ = 0.990.
eq s eq s 5h (£ )
Therefore, it can be assumed as an estimation that ——Eszsg— =0,

hence the third term of the right side of equation A.l is zero.

It is believed (46) that grad (chh) = gradient of chh is very small and
that to eliminate this term it would make calculations much easier, Therefore,

equation A.1 reduces to:
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oh 2
-a—E = kaChV h
or
oh _ . .333 (A.2)
ot 3 2 .
X

for one dimensional diffusion process. C is the coefficient of hygral diffu-
sivity which is (kach).

Using a standard finite difference representation,

oh _ Mu,ge1 TPy

ot a

Rt o T s Y B T
sz d2

where a,d,i and j are as shown in Fig. A-1 below.

time
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Fig. A-1. Mesh for finite difference representation.

Therefore,

c, , - (hi,j+1 - hi,j)/(hi+1,j N 221,3 * hi-l,j) 4.3)
’ a

where i is the thickness (space) subscript and j is the time subscript.

For a boundary value problem, the formulation of boundary conditions is
necessary. Suitable expressions for boundary conditions were presented by

Bazant (45) as,

-
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oh _ _
oh Bx - ln(h/hexO ). for x = X
(A.4)
D dh _ -In(h/h ) for x = x
1h 9x ex1 1

where, h = humidity at x
ex o

= humidity at x
ex,

In ( ) = natural logarithm and

1

Doh and Dlh are equivalent surface thicknesses at

X and X respectively.

These imaginary surface thicknesses characterize the rate of moisture
transmission at the surface of specimen. Doh = o for a specimen sealed at the

surface x = X and Dlh = 0 for the surface at x = X which is unsealed and has

perfect ventilation.

A.2 Experiments.--As was mentioned in Section 2.2.3, two blocks were cast
using the same material as that of the main specimens which was described in
Section 2.3.1. Block No. 1 (Fig. 38) had all sides sealed except one. Block
No. 2 (Fig. 39) had all sides sealed except two opposite ones. Block No. 1 was
tested for desorption only--i.e., drying conditions, at a humidity of 50%, while
Block No. 2 was tested for sorption and desorption--i.e., wetting and drying,
between 50 to 100% R.H. All tests were carried out at 73°F temperature. Monfore

gages, such as the one described by Monfore (67), were used.

A.3 Results.--Results obtained from the above described tests are pre-
sented in Figs. 43 and 37. Fig. 40 shows the distribution of internal relative
humidity of Block No. 1 as obtainad after different periods of drying times.

Fig. 41 shows the distribution of internal relative humidity of Block No. 2 after
different periods of drying time. Internal humidity distribution for Block No. 2

after wetting was erratic.

Calculations of C, according to equation A.3 shown in Section A.l, were
done and results are presented in Fig. 42. 1In order to avoid the boundary
effects, the values of C for wells closest to the surface were not calculated--

i.e., wells at 1/4-in. from surface.
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A.4 Evaluation of Results and Coefficient of Hygral Diffusivity.--The C

values obtained from these tests were very scattered (Fig. 42). But with the
help of observed deformations of control specimens (6 in. 0.D., 5 in. I.D. and

~n

40 in. long) which were subjected to drying and wetting, some general conclusions
can be drawn regarding the behavior of C. From these conclusions, an expression

for C will be determined. These observations are:

1. For drying conditions, it was found by trial that a linear relationship

between C and teq of the form
C=17.8x 102 (0.1 +h)  in.%/day

with Doh = D1h = 1,0 (see A.1 above) will give satisfactory results in (
terms of amount and rate of drying deformations of control companion

specimens (see Fig. 24 and pertinent discussions in Section 3.4 as well

as discussions below about dependence of C on teq)' This relationship

is shown in Fig. 42 by the solid linear curve (desorption).

2. For sorption, it was observed that the control specimens were nearly
stabilized in terms of deformation, which is a measure of humidity,
after about five days (see Fig. 12). The following expression was tried
and was found to satisfy the requirements of the control companion speci- {
men, with the given factor of time (see discussion below) and with

D, = D1 = 0 (see Fig. 33).

oh h

C=15.0 x 103 (0.76 + 2.16 _ —;), :I.n.z/day. 2

h
h
This expression is presented by the upper solid curve in Fig. 42.

-

All values obtainable, for R.H. of 50 to 100Z, from the above two
expressions for the coefficient of hygral diffusivity fall within the limit
established by experimental values of C in Fig. 42. As for the sorption values
of C, there are no reliable results to depend upon. Therefore, these expressions

will be assumed for C.

It is expected that C depends on teq’ the equivalent curing time. How-
ever, it was not possible to verify this dependence because all control speci-
mens and Blocks No. 1 and No. 2 were tested at the same age (21 days). It was
observed while searching for an expression for C that to increase the value of

t +4 -
C by a factor of -5%}———- will make calculated deformations closer to experimental

eq
results of deformations of control specimens. Consequently the following

expressions were adopted:
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For desorption

-3 te + 4
C=17.8 x 10~ (0.1 + h) (—+—) (A.5)
teq
and for sorption
-3 206 1, feqt?
Cc =15.0 x 10 (0.76 + % - —2-)( ¢ ). (A.6)
h eq

A.5 Determination of Doh and Dlh.--As was mentioned above, a value of

Doh = D1h = 1.0 was required in order to obtain shrinkage results which have the

same rate as those obtained experimentally while for the sorption phase, a value
of DOh = Dlh = (0 was required for the same purpose. This seems to be in agree-
ment with the definition of Doh and D1h as being equivalent surface thicknesses.
In a desorption phase, the rate of exchange of moisture between the specimen
surface and the surrounding atmosphere is being hindered by the rate of trans-
mission of water vapor from water surfaces to air which is a function of humidity
of the surrounding atmosphere, ventilation and all other factors which may affect
evaporation of water. In the sorption phase, water reaches the specimen surface
directly,and it was accelerated to the inside of the specimen by means of capil-
lary action. Hence, the thickness of equivalent surfaces is assumed to be zero,
and it was indeed necessary to assume Doh = D1h = 0 in order to obtain predicted
swelling rates equal to experimental swelling rates in a sorption phase. These
values of Doh and Dlh will be used accordingly in all calculations which involve

moisture exchange with the surrounding atmosphere of the specimen.

B. EVALUATION OF SELF-DESICCATION FUNCTION

Self-desiccation, dhs’ represents the change of internal humidity of con-
crete due to hydration of unhydrated cement, with no moisture exchange with the
external atmosphere--i.e., the concrete remains at a constant water content.
The following tests were carried out to observe the change of internal humidity
of concrete specimens under self-desiccation conditions and to provide a mathe-

matical expression for this change as a function of equivalent curing time (teq).

Two bars, 1 by 20 in., were cast using the same material as that of the
main specimens. They were cured for 21 days at 100% R.H. and 73°F. They were
then enclosed in brass tubes, each having one end closed and the other instru-
mented with a Monfore gage's attachments. Each bar was then separately sealed

except for the Monfore gage well which was filled with a brass rod (see Fig. 43).

Both bars were kept in a 73°F room throughout the testing period which was

about 180 days. Readings with the Monfore gage were taken periodically. These
are plotted in Fig. 44.
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It was obvious (Fig. 44) that the change of internal humidity was very
small, a decrease of about 1.5% after 180 days. This low decrease in internal
humidity can be attributed to the high water/cement ratio of the concrete used
which was 0.58 by weight.

For the results shown in Fig. 44, it was found that an expression which

may yield an average value of h8 at a given equivalent time, teq is,

0.985 t__ + 20
= eq

h, = Tt + 20 (4.7)
eq

The value of hs vs. teq from this expression are represented in Fig. 44 by

the solid line.

£n
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APPENDIX B

EFFECT OF STRAIN GAGE ON CONCRETE DEFORMATIONS

The following analysis is meant to demonstrate the reinforcing effect of
an embedded strain gage on the deformations of the cross-section of a specimen
under a sustained uniaxial compressive loading. Details of strain gages are
shown in Figs. 5 and 45. Details of an embedded strain gage are shown in
Fig. 46. Concrete properties are all taken to be similar to those cured at 100%
R.H. for 21 days. Those properties used in this analysis are given below. Strain

gage dimensions and properties were obtained from the manufacturer, '"Microdot

Inc."

The effect of the reinforcement offered by the strain gage body is most
important in the region of the concrete's cross-section closest to the strain
gage: the further away from the strain gage, the less the effect of the strain

gage in reinforcing the concrete's cross-section.

Since the strain tube is filled with compacted powder of magnesium oxide
(Mg0) and since the flange of the gage is perforated, the modulus of
elasticity of gage material should be replaced by the effective modulus of

elasticity defined as follows:

EsAs
E =
eff At
where
ES = the modulus of elasticity of strain gage
As = cross—sectional area of gage
At = total cross-sectional area occupied by gage.

Since information on the stiffness of Mg0 powder is lacking, two cases can
be considered to give an upper and lower bound on the value of Eeff' These two

cases are:

1. When the Mg0 powder has a very small modulus of elasticity as compared
to strain gage steel, then the strain tube should be assumed empty

except for the sensitive elements. See Fig. 45, Section 1.1, Scheme C.

2. When the Mg0O powder has a modulus of elasticity equal to the modulus
of elasticity of the strain gage material, consider the tube as a

solid. See Fig. 45, Section 1.1, D.

The following values are calculated according to the dimensions of the
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strain gage shown in Fig. 45:
At = 803 x 10—6 sq. in.
As (according to Scheme C) = 329 x 10-6 sq. in.

AS (according to Scheme D) = 653 x 10-6 sq. in.

Using a modulus of elasticity equal to 30.0 x 106 psi (as given by manu-

facturer), the following effective moduli were determined:
Eeff (according to Scheme C) = 12.3 x 106 psi

Eeff (according to Scheme D) = 24.5 x 10-'6 psi.

Since in both cases, Eeff is larger than E it is clear then that

concrete’
Eeff’ according to Scheme D, will produce a significantly larger effect in terms
of reinforcement offered by strain gage to concrete than does Eeff according to

Scheme C. Therefore, Scheme D will be considered in the analysis below.

Consideriﬂg the bond between strain gage and concrete, and, considering
the continuity of the cross-section of the specimen, it is obvious that the
only rigorous solution is one which considers the time-dependent behavior of
continuous media. Other solutions, less rigorous, could offer an excellent
estimation of the amount of reinforcement offered by the strain gage to the
concrete. One of these solutions is a finite element approach with time
effects (68). Such a solution would consider shear between every two elements
as well as considering normal stresses. For the purpose of this analysis, a
segmental approach is used. This segmental approach neglects the effect of
shear but considers the normal stresses and strains for one time step. Nine
different segments were used for one half of the cylinder. The first segment
has an angle of 2.5° between two radii; the second has 10°, and the third has
20°. Others were originated by adding 10° on each side (Fig. 47).

ASSUMPTIONS FOR ANALYSIS

1. Steel (material of strain gage) remains elastic.

2. The strain gage if fully bonded to concrete.

3. For every segment (Fig. 47) a straight section before creep
remains straight and parallel to its original direction.

If creep strain, ec, occurs in Section 1.1, Fig. 45, then the force

required to restore the specimen's original length 1is:

F = ec X Ec x A (B.1)

8



where

81

E
c

A
g

If creep strain, Eé’ occurs in Section 2.2, the resistance offered by the

modulus of elasticity of concrete

gross cross-sectional area of Section 1.1.

embedded strain gage, against this deformation, tends to make Eé < ec. The

force

where

if

or

equation B.3:

required to restore the original length of this section is:

F' =¢'
Ec X EC X Ac + es X Eeff x AS (B.2)

strain in steel

Eeff = effective modulus of elasticity of strain gage material

cross-sectional area of steel

F

F' to restore the original length, then
e XxXE xAg=€¢'xE xA +€_ xE xA
c c c c c s s s
Assumptions 2 and 3 require that eé = €. then

e xE xA =¢ xE xA +¢ xE X A
c g s c c s eff s

€ E A . .
s _ cg _ Creep in a reinforced section (B.3)
€ EA +E _.A Creep in a section with no '
c cc eff's
reinforcement
€s
The following table was prepared by calculating = according to
c
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°,Angle L _3| EA A, EA, EA +| . (
ginieg- x 10 x 10&6 x 103 | x 10-6 E e =
Fig.’46 sq. in. ibs. sq. in. 1bs. 1056 lﬁs. €e
2.5 60.00 0.210 59.35 0.208 0.224 0.93 .
10 240.00 0.840 239.35 0.839 0.855 0.98 )
20 480.00 1.680 479.35 1.679 1.695 0.99
40 960.00 3.360 959.35 3.359 3.375 1.00
60 1,440.00 5.040 | 1,439.35 5.040 5.056 1.00
80 1,920.00 6.710 | 1,919.35 6.710 6.726 1.00
100 2,400.00 8.400 | 2,399.35 8.400 8.416 1.00
120 2,880.00| 10.090] 2,879.35] 10.090 | 10.106 1.00
140 3,360.00] 11.750| 3,359.35] 11.750 | 11.766 1.00 .
160 3,840.00f 13.420] 3,839.35| 13.420 | 13.436 1.00 )
180 4,320.00] 15.100} 4,319.35f 15.100} 15.116 1.00
E .. =24.5x 10° psi, E_= 3.50 x 10° psi, A_ = 0.653 x 10 g3
eff c s q.1n,
B, A, = 0.016 x 107° 1bs.
€
Results of EE-vs. 6 from the above table are plotted in Fig. 47.
c

DISCUSSION

For © = 2.50, the section of concrete is the one which is within the two
€
radii that include the strain gage (see Fig. 47). The EE' value of this section
c
18 clearly not representative of what is actually taking place in the creep

£y

specimen since it is expected that the concrete which is 1/8 in., or even 1/4 in.
away from the strain gage boundary would share the effect of reinforcement
offered by the strain gage, with the concrete contained in the section of

0= 2.5°. It seems reasonable, then, that the section which could be used as a
representative for the effect of the strain gage's reinforcement would be one
such as that of 8 = 1.0° (see Fig. 47). This, then, means that the ratio of the

apparent creep measured in a section with a strain gage to the creep measured by



83

a method which does not reinforce the concrete's cross-section is 98% of the
creep measured by the latter section. However, unaccounted-for microcracks or

bond failure may change this ratio.

The difference between the analysis of the strain gage's effect on the
creep deformations and that of the elastic deformations is that, in the case of
creep, it is expected that there would be no effect of hair cracks which might
close up in the course of creep deformations. On the other hand, in the case of
elastic loading, existing hair cracks (if any) would close up after applying a
compressive load causing an additional amount of deformations. The deformations
obtained from a section which does not have an embedded strain gage will consist
of elastic deformations gained by the closing up of the hair crack's components
which are in a direction perpendicular to the direction of applied compressive
load. 1In a section which has an embedded strain gage, the strain gage will try
to resist the closing of the hair cracks and will reinforce the section against
elastic deformations. Therefore, actual deformation ratios may probably be

higher in the case of elastic loading than those shown in the table.

In the case of shrinkage, the strain gage reinforces the section against
shrinkage so that a section with a strain gage is expected to show less shrink-
age than a section without one. As for swelling (sorption), the strain gage is

expected to reinforce the section against dilatation.
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APPENDIX C

COMPUTER PROGRAM AND ITS USE

The computer program used in this investigation (except for curve fitting
by the least squares method) was that reported by Bazant (45). This program
was slightly modified to allow for the input of new material parameters and
more varying humidity behavior. All the modified and added program statements
are underlined in the program listing which appears at the end of this appendix.
In order not to repeat most of the material in Reference 45, the reader is
referred to this reference for the main aspects of the program. However, some
of the necessary details for usage of the modified program are explained here

according to their appearance in the program.

DIMENSIONING

Dimensions of arrays are set at a minimum for a number of elements;
NEL = 8 and number of diffusion units, NU = 3. To change these two numbers,
the dimensions should be changed. RATGC (3) and RATGD (3) are added.

SECTION 1

In this section, the basic material characteristics such as functions of

humidity, temperature, time, change of humidity, etc., are built.

The data statement is presented to aid in constructing the material
characteristics which are represented by functions which relate to the diffu-

sion units.

SECTION 2

Other data,which may not relate to the material characteristics but which
are necessary for the program, are given. Notice that the torsional loading
has been inserted in the data statement of this section. The rest of this
section 18 mainly for reading the input cards at the end of the program listing.

SECTION 3

This section is devoted to writing the input data of the problem at the
start of the expected output, to check the input.

-

L

F_Y
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SECTION 7

The modified program allows for loading and unloading of sustained tor-

sional load whether or not there is an axial load, whereas the unmodified

program allows for loading of sustained torsional load only if there is a com-

pressive axial load. It does not allow for unloading in any case.

SECTION 8

In this section, the humidity and temperature of the member is changed in
the event an immediate change of humidity and temperature is required. Such a
change is accomplished by specifying LPPT = 77 in the input cards at the end of
the program. Any value of LPPT other than 77 will not produce an immediate

humidity and temperature change.

In the program reported in (45), if humidity is changed from 100 to 90%,
the teq value will no longer increase--i.e., teq value will stay as a constant
which has a value equal to its value at the last time step when humidity change
started. The added statements will allow for the teq increase as it should be,
as a function of time, humidity and temperature. This same change works if

temperature 1is changed.

SECTION 9

A statement has been added to make the new expression of HDIFFU workable

for the first time step. This statement is: IF (IT. EQ.1) DHEQ = 0.0001

The value of DHEQ in this statement is irrelevant.

SECTION 11
Kb’ Kr’ Kd, Gb’ GC and Gd are all made independent of each other. Hence,

the new statements are needed. Notice that in Section 1, functions for Gb’ GC

and Gd have been added.

SECTION 12

Because ¢ and Y are made functions of time after loading, the following

statement is added:
TEE = (IT - IL1) * DT

where TEE is time in days after loading. Other changes in the statements of

this section are needed to allow the use of different Gh for a specimen under



torsional loading only. For a specimen which has no humidity change or which

has compressive loading it is necessary to make IH3 larger than IT.

SECTION 18 and 19

While the original program has ANGLE on the output, the modified program
has SHSTN on its output. ANGLE is the relative angle in radians resulting from
the sustained torsional loading and SHSTN is the shear strain due to the same
loading. 1If ANGLE is required on the output, put ANGLE instead of SHSTN in the
first WRITE statement in Section 19 and in the statement (FPRMAT 14) in Section 3.

The following is a list of modified or added variables and functions as
used in the modified program:

GBB = G,

b
GCC = G
c
GDD = Gd
IH3 = Time in days at which the first drying period is ended. It

is to be used for torsional loading only to change Gh' Make
IH3 larger than IT if there is no axial loading or if there

is constant humidity.

F

Fo

[

PHHDT1 = Gh after IH3
PSI = wl(w of diffusion unit number 1)
PSPH =G, /
by Khl
RATE = ¢u/¢l
RATGC = G /Gc
cu 1
RATGD = Gd /cd
u 1
RATPSI = wu/wl
TEE = Time after loading (for ¢ and Y)

oy

~

)
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The input data for the program are presented in three cards for each

problem to be solved. These input data are:

CARD 1

L@PT

NEL

NPRINT
MPRINT
TIMEO

TSTART
HSTART

SW

TDISTO

TDIST1

HDISTO

HDIST1

CARD 2

DT
IT1
IT2

TO

Integer parameter to allow for immediate internal humidity and temper-
ature change (L@PT = 77) or solve diffusion problem (LPPT # 77).
Number of elements in the axisymmetric solid (member) to be used in
finite element solution of strains and stresses.

Number of Powers' units in the rheological model, according to

Fig. 2, NU = 1,

For output purposes. Every NPRINT step print deformations and
stresses,

For output purposes. Every MPRINT step print humidity, temperature,
time and internal stresses.

Initial time.

Temperature of member at initial time.

Humidity of member at initial time.

A parameter; for AL = 1.0, pure temperature dilatation is included;
for AL = 0.0, pure temperature dilatation is omitted.

A parameter; for SW = 1, thermal swelling is considered; for SW = 0.0,
thermal swelling is omitted.

A parameter;for HY = 1.0, the hygral deformations are included; for
HY = 0.0, the hygral deformations are omitted.

Equivalent surface thickness for inner surface of cylinder for heat
diffusion.

Equivalent surface thickness for outer surface of cylinder for heat
diffusion.

Equivalent surface thickness for inner surface of cylinder for
moisture diffusion.

Equivalent surface thickness for outer surface of cylinder for

moisture diffusion.

Time step to be used in the solution in days.

Number of interval (IT) at which first temperature change occurs.
Number of interval (IT) at which the step change of STEPT per DT
is to be stopped.

Temperature at the inner surface of cylinder at ITl.
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Tl = Temperature at the outer surface of cylinder at ITI.

STEPT = Changes of temperature at the inner and outer surfaces of the
cylinder starting at the initial ﬁime and ending at IT2,

HL )

IH2

HO , are the same as IT1, IT2, TO, T1l, and STEPT, respectively but

H1 for humidity.

STEPH |

IPL )

1P2

DPOO , are the same as ITl, IT2, TO, Tl and STEPT, respectively but

DP11 for circumferential pressure.

STEPP

CARD 3

IL1 = Number of interval (IT) at which the specimen is loaded.

IL2 = Number of interval (IT) at which the specimen is unloaded.

DLD = Axial load per one radian.

DLD1 = (Unused space yet.)

PREST = Prestress of reinforcement.

RELAX = A Parameter. If Longitudinal force is prescribed, put RELAX = 0.0.
If longitudinal extension is prescribed, make RELAX = 1.0.

RO = Inner radius of cylinder.

R1 = Quter radius of cylinder.

REVER = Modulus for unloading. It makes modulus of elasticity for unloading
equal to modulus of elasticity before loading times REVER.

TDIFFU = Coefficient of thermal diffusivity.

EA = Young's modulus of elasticity of reinforcement.

SCALE (1), (2), (3), (4) = For plotting purposes.

CHAR = Array of characters for plotting on printer.

The data cards for solving a typical problem using the program are pre-~
sented on the following page. The computer output for this problem is presented

on page 103.

¥ -

-

~

F Y
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TYPICAL SET OF DATA CARDS FOR ONE PROBLEM

CARD 1
Col.
No.

80

TLSIMH

75

OLSIaH

1.E0|1.E0

70

TLSIAL

0.

OLSIAL

0.

60f 65

1.0

55

MS

50

v

45

IIVLSH

1.0

JAVISL

35] 40

OdWIL

1{ 21.} 25.

30

INIddH

INTIdIN

1

20| 25

IN

80

15

10

TIN

1dg1

CARD 2

80

ddi1s

75

11dd

70

00da

¢dl

60| 65

TdI

55

HdJ1S

50

TH

45

OH

40

CHI

35

THI

8 199910.50]0.50{0.0 }999 }999 10.010.0] 0.0

30

LdILS

0.

11

0'

201 25

oL

0.

¢LI

g 15

111

Col.
No.

5

1d

1.0999 | 999

CARD 3

80

4vHO

13

(%)TTVOS

70

(€)ATVOS

(2)3a1vos

60! 65

(1)31vos

2.012.012.0 2.0 {xxxxx

55

vd

50

NJ4IaL

45

JIATY

™

35 40

10} 1

.3517.62{1.00]0.0 | 0.9

30

XVIdy

25

LS3dd

20

1qIa

15

10

¢l

Col.
Mo .

T1I

19} 999560.0} 0.0§0.0 | 0.0
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TABLE 1

Chemical Composition of Type I Santa Cruz Cement

Oxide Percent Compound Percent
8102 22.28 C3S 54.7
A1203 3.94 CZS 22.7
Fe203 2.64 C3A 6.0
Ca0 63.85 C4Al 8.0
Mg0 2.02 CaSO4 3.3
SO3 1.95 Others 5.3
Ignition loss 1.04
Insoluble residue 0.28
TABLE 2

Sieve Analysis of Blended Sand
(50% Silver Sand - 507 Felton Sand, by weight)

Sieve No. Percent Cumulative
Retained Percent Retained

0.0 0.0

1.0 1.0

14 7.6 8.6

28 17.7 26.3

48 26.7 53.0
100 13.5 66.5
200 29.6 96.1
Pan 3.9 100.0

Fineness Modulus (F.M.) = 1.55.

-

-

),
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TABLE 3

Concrete Mix Proportions

Mix Proportions
By Weight Per Cubic Yard

(pcy)
Water 5.2 652
Cement 9.0 1128
Sand 18.0 2256

Cement Content, 12 sacks per cubic yard (scy).

TABLE 4

Strength and Elastic Properties of Concrete

Control Specimens

(Specimens - 5-in. I.D., 6~in. 0.D. at 21 days.
Specimens were kept under 1007 Relative Humidity
after casting.)

Modulus of Shear Modulus

Tests (average of two Strength, . Poisson's
tests) . psi Elasticity, of Elasticity, Ratio
psi psi

Uniaxial Compression, 3600 3.43 x 106 1.45 x 106* 0.17
40 in. long cylinder

Uniaxial Compression, 3650 3.30 x 106 1.40 x 106* 0.17
20 in. long cylinder

Torsion, 40 in. long 238 - 1.80 x 106 -

cylinder

*Calculated by using Modulus of Elasticity and Poisson's Ratio.
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FIG. 6-a DETAILS OF POSITIONNNG EMBEDDED STRAIN
GAGES IN CASTING MOLD FOR COMPRESSION
SPECIMEN
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FIG. 7-c¢ DETAILS OF INNER AND OUTER SHELLS OF
CASTING MOLD

FIG. 7-d DETAILS OF UPPER HOLDING RING AND
RESTRAINING RODS OF CASTING MOLD



126

FiG.

@ s 3-‘;’:?_; S
/ t
A A B B

Section A-A

Screwa

’
2
L b

L
g [

[
° o
. [
5 g
L o

L]

; 1 40
»
4 9
. o
d !
4 o
l‘ L

Section B-B

Section a—-a

i
N r
o
o
X
4 c
o
L
W R
\ 3
i L
o 3
| q
, r
N
1 X
v o
K g
J
W of
H
9 3
L e
L]
40" |
4
3
o
{
p
9
o
3
B
L
b
3
g
J
4
b
1
L]
L
]
o
b
o
o
L
U
L
u
U
o
4
-
5
7 UL LAY

Compression
Specimen

7-e DETAILS OF SPECIMEN FABRICATION

[



/Zle——WOODEN BLOCKS: 4°X 4"

K T = S« ALL THREADS S.AE. 21-1}
6" z = LEDLOY RODS
ca = "ﬂ
‘J' lJ__ €"DIA. 3 RECESS
J .
Ty
4" DIA. HOLE
SPECINEN
3-1% DA HOLES
" IL -
60 4
PERFORATED
STEEL
SLEEVE LOADING .
CELL 12" DIA
\\ /
L “/
o /1 | warer

" [ ﬂ JET NOZZLE . 1” EcESS

_l | = . . L7 DlA.-Ta

W 3 8! 2

9” ::'. ::- é
l = = 2 || f~——meTAL PAN: 15" X 13" X 6"

| 7

N\

N
N

N\

77

FIG. 8-a DETAILS OF COMPRESSION LOADING FRAME

127



128

FIG. 8-b

POLYETHYLENE BAG ENCLOSURE OF A
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FIG. 9 TORSION LOADING APPARATUS
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FIG. 13 SCHEMATIC REPRESENTATION OF HYDRAULIC
LOADING SYSTEM FOR COMPRESSION SPECIMEN
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FIG. 15 EFFECT OF MATURITY ON THE MODULUS OF
ELASTICITY (E) AND ON POISSON'S RATIO FOR
3 by 6 -in. CYLINDERS
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(a) MAINTAINED AT 100% R.M.

5-0 L} v v v L J v aJ N
3.0 1
" W —ha——h lr———gh -
Lo A 1 1 I i 1 1 1
o 40 80 120 160

Days Since Casting

® EXPERMENTAL
A CALCULATED ACCORDING TO SEC. 3.4.

(D) MAINTAINED AT 100% R.H. UP TO 18 DAYS, THEN

AT 80% R.H.
5‘0 L ) v A A L 1 4
30 .
i ]
0}2,—4 y G S W W VR |
A 1 1 1 ] i i []
' 40 8 120 160

Days Since Casting

EFFECT OF teq ON SHEAR MODULUS OF ELASTICITY (G)
OBTAINED BY TORSION TESTS ON HOLLOW CYLINDERS,
5-in. I.D., 6-in. 0D. AND 40-in. LONG. (Each Point is an

Average of Two or Three Tests)
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100 TO 80 TO 00 %
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FIG. 25 EFFECT OF NUMBER OF HUMIDITY CYCLES ON

IRREVERSIBLE SHRINKAGE
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(Q) MAINTRINED AT 100% R.N.

70+ .
: W
(-%
o ot -
o o)
x 8.0} .
¥. -
3———26——80 120 160
teq » Days After Casting
O EXPERIMENTAL, FIG. 16, WITH ps 0.47
& CALCULATED ACCORDING TO K, KeAND Ky
(b) MAINTAINED AT 1009 R.H. UP TO 18
DAYS, THEN AT 50% R.H.
7.0 L] L R L |
H o .
e — o — = —
< 5
o 50+ o% -
x" L .
306——=26 8 120

teq » Days After Casting

FIG. 29 EFFECT OF. EQUIVALENT CURING TIME, teq AND

HUMIDITY, heq - ON BULK MODULS OF ELASTICITY, K.

(Effect of hg is neglected. 5o is calculoted using
Equation 1.4.8 )
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FIG. 30 EFFECT OF i.q ON Ky AND K,
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