STRESS-INDUCED THERMAL AND SHRINKAGE STRAINS IN
CONCRETE

By Zdenék P. Bazant,! F. ASCE, and Jenn-Chuan Chern?

ABsTracT: A previous material model for the increase of creep of
concrete caused by simultaneous drying is extended to describe the
effect of both drying and wetting, as well as the increase of creep caused
by temperature changes, both heating and cooling. By theoretical
arguments and comparisons with numerous existing test data, it is
shown that the creep increase due to temperature changes, sometimes
called the transitional thermal creep, is physically the same phenomenon
as the increase of creep due to humidity changes, known as the Pickett
effect (or the drying creep effect). In accord with the previous model for
drying creep alone, the present extended model explains the increase of
creep due to humidity or temperature changes as a consequence of
principally two effects: (1) Stress-induced shrinkage (or swelling) or
stress-induced thermal expansion (or contraction); and (2) the distrib-
uted tensile cracking (or strain-softening) of concrete. The former effect
is explained by the previously advanced hypothesis that the creep
viscosity depends on the pore humidity rate. The latter effect reduces
measured overall deformations, and thus results in the true thermal
expansion or shrinkage of uncracked material being considerably larger
than observed on load-free companion specimens when significant
nonuniformly distributed self-equilibrated stresses are produced by the
temperature or humidity change. The proposed material model is
suitable for finite-element programs.

INTRODUCTION

A change in temperature of concrete during its creep under load causes
a significant transient increase of creep (Fig. 1). This effect, which has been
sometimes referred to as the transitional thermal creep (14,16,18,24,28),
occurs for both heating and cooling. It has been regarded as a special,
peculiar property of concrete, which added further complexity to the
multitude of various effects exhibited by this common yet intriguing
material.

The reality, however, is simpler. In a previous work (10) it was
suggested that what had been known as the transitional thermal creep is
in fact the same phenomenon as the Pickett effect, also known as the
drying creep effect. That this suggestion is indeed true will be demon-
strated in this study by analysis of the test data that exist in the litera-
ture. For this purpose, the previous theory (10), which represents a special
case of an earlier thermodynamic theory for the role of moisture migra-
tion in concrete creep (3,4), will be extended by making it applicable not
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FIG. 1. Effect of Temperature or Humidity Change during Creep (¢, = Stress-
Produced Strain)

only for drying, but also for wetting and for temperature changes of either
sign.

We will see that the creep increase due to humidity as well as
temperature changes is a consequence of two phenomena: (1) The stress-
induced shrinkage and stress-induced thermal expansion (termed swel-
ling or contraction if negative), which arise from the effect of micro-
diffusion of water between capillary pores and gel pores on the rate of
bond breakages that are the source of creep, and (2) the effect of tensile
cracking (strain-softening), which causes the strain of a load-free com-
panion specimen to be much less than the true material shrinkage or
expansion and represents an apparent mechanism in Wittmann’s terminol-
ogy (31).

The existence of stress-induced thermal expansion was pointed out in a
preceding paper (10) as a consequence of the fact that the chemical
potential of pore water in concrete must depend both on pore relative
humidity (relative vapor pressure) and temperature. A similar concept of
stress-induced thermal expansion was recently independently proposed
and experimentally justified by Thelandersson (26,27), although without
any relation or equivalence to the stress-induced shrinkage and without
theoretical derivation on the basis of thermodynamics and a hypothesis
about a microdiffusion mechanism. It may be also pointed out that
the stress-induced shrinkage, as well as the stress-induced thermal expan-
sion, represents a special limiting case of an earlier thermodynamic theory
for the role of pore water in concrete creep (3,4) when it is assumed
that the microdiffusion of water between the capillary pores and the gel
pores is infinitely fast (compared to the macroscopic diffusion of water
through concrete specimens or structures). This assumption is probably
very good although its verification by direct measurement seems impos-
sible.

RevieEw oF MoDeL FOR CREEP wWiTH CRACKING AT VARIABLE HumIDITY

To satisfy the condition that for a large tensile strain the maximum
principal tensile stress must reduce to zero, it is necessary that the col-
umn matrix € of the strains due to cracking be additive to the column
matrices for the elastic strains with creep e, for shrinkage or swell-
ing €, , and for thermal strain ¢, (also called thermal dilatation or thermal
expansion). Thus, the matrix of the total strain in concrete may be
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FIG. 2. Maxwell Chain Model for Linear Aging Creep with Elasticity, Coupled in
Series with Cracking (Strain-Softening) Element and Shrinkage-Thermal Expan-
sion Element (after Ref. 2)

expressed as
E=C+ & g i, 0]

This equation may be illustrated by the rheologic model (Fig. 2) in which
the system of springs and dashpots that describe creep with elastic
deformation is coupled in parallel with a cracking element and an element
that describes shrinkage (or swelling) and thermal strains. The progressive
distributed cracking which is manifested by strain-softening is most easily
described by a secant stress-strain relation

G =&, Ty B oo )

Cis a 6 X 6 matrix of secant elastic moduli, which depends on the cracking
strain and possibly also on temperature T and pore relative humidity 4. In
the simplest possible formulation, all the elements of matrix C are zero
except the first three diagonal ones, associated with the normal stresses
and strains. These diagonal elements of matrix C may be approximately
described as functions of the corresponding cracking strain, i.e., C =
C..(£,.) in which a = 1, 2, 3. A convenient expression for this function is
Coo = E; exp(—c&,) in which E,, ¢, and s = material constants (10,11).
Repetition of Greek subscripts implies no summation.

The viscoelastic strain e may be effectively represented by the Maxwell
chain model (4,6), according to which the stress-strain relation for the
viscoelastic deformations is

Bo, +
cE(@) Y @) "

o, = the column matrix of the partial strains (internal variables) associated
with the pth unit of the Maxwell chain (0w = 1, ... N), and E, and g, =
the elastic moduli and viscosities of the uwth Maxwell unit. These param-
eters are functions of the equivalent hydration period 7, (or maturity). B
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and B’ are 6 X 6 constant matrices that express the conditions of material
isotropy and are defined in terms of Poisson ratio. These matrices are
symmetric and B]l = Bzz = B33 = 1; B44 = B55 = B66 =1+ Vv, and B]z =
B,; = B;3 = —v, all other matrix elements being zero. The moduli E, as
functions of 7, may be obtained from a given compliance function of
concrete creep by a well-known efficient algorithm (4,6,22).

The viscosity coefficients and the equivalent hydration period may be
further expressed as (10)

1L o9,
n”([e) = +E, (¢) 7T (4a)
te= J.Br Bu Al e (4b)

in which =, are properly chosen relaxation times (4,6,22); t = time; ¢ and
B = functions of temperature T; and ¢, and B, = functions of pore relative
humidity 4. The temperature effect may be given according to the
activation energy concept, in which case ¢ = exp[(Ty' — T")U./R]; and
Br = expl(Ty! — T-Y)U,/R] where T, = reference temperature (25°C); R =
universal gas constant; and U, and U, = the activation energies for the
creep rate and for the hydration rate. The influence of humidity may be
approximately characterized by the empirical expressions ¢, = o, + (1 —
ap)h?; and B, = [1 + (@ — ah)*)™?, in which a,, and a are constants (a = 5).
These expressions were justified by analysis of test data in BaZant (4).

When the normal stresses exceed approximately 40% of the strength,
one should take into account the nonlinear dependence on stress. As
described in Ref. 10, this nonlinearity may be most simply characterized
by replacing in the stress-strain relation the values e, e, , and es; by
enfi, enfi, and essf; in which f; = a function of the normal stress.

The shrinkage or swelling at zero stress may be approximately described
by the relations (10):

B = KR (5a)
Ko B W e (5b)
=g,(t) 4. :lh) ............................................................... (5¢)

in which k = shrinkage coefficient; € = constant; g,(¢,) = a given function
of age t., which characterizes the reduction in shrinkage due to the
hardening caused by continuing hydration; and f;(A) = function that
defines shn'nlgage at zero stress as humidity 4 is varied. Approximately,
fih) =1 - m.

ErFFecT oF VARIABLE TEMPERATURE AND HuMIDITY

One mechanism that causes an increase of the creep rate during drying
is the microcracking or strain-softening produced by shrinkage stresses
(Fig. 3). As aresult, the true material shrinkage is considerably higher than
that measured on a shrinkage specimen, and thus the creep strain obtained
by subtracting the deformation of a companion shrinkage specimen from

1496



FIG. 3. Stresses and Cracking Induced In Layers of Loaded or Load-Free Speci-
mens at Change of Temperature

the deformation of a loaded specimen is considerably larger than it woqld
be if the true material shrinkage were subtracted. The role of strain-
softening or cracking was analyzed in the early 1970’s by Baiapt and Wu
(12), and later Wittmann and Roelfstra pfoposed that cracklpg, as an
apparent mechanism, can explain essentially all of the drying creep
phenomenon. However, detailed finite-element analyses have revealed
that this is not the case (10). To be sure, Wittmann and Roelfstra (32) were
right when they identified cracking as a major contribution to the firymg
creep effect. However, the difference between the true matenql shrinkage
and the apparent shrinkage observed on a companion specimen could
explain the increase of creep at drying only if.the creep viscosities n, were
independent of the pore humidity 4. In reality, as dlsqovered during the
1960’s, (13,23,30,31), the creep viscosities strongly increase as h de-
creases, i.e., the lower the moisture content the smaller is the creep rate,
provided that the moisture content is constant in time (i.e., the pore water
is in thermodynamic equilibrium). If the decrease of creep rate fiue toa
lowered pore humidity is taken into account, the deforma}tlon dliferer_lce
between a loaded drying specimen and a load-free drymg companion
specimen is not large enough to yield an increase of 'deformatlon compared
to the creep of a loaded, sealed specimen. At most, it can merely offset the
reduction of creep due to a lowered moisture content.

This conclusion, which resulted from extensive finite-element analyses
of numerous test data from the literature, requires that there exists an
additional physical mechanism on the microstructural level that causes an
increase in the long-time deformations during drying. Such a mechanism is
probably the effect of microdiffusion of water in cement gel on the rate of
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bond breakages in the solid microstructure which are imagined to be the
source of creep (3,4,6,10).

As shown by thermodynamic arguments in a previous work (10), this
physical mechanism, which is a special simplified case of that proposed
about 15 years ago (3,4), is described by the hypothesis that creep viscosity
7 is a function of the microdiffusion flux of water j, i.e., 5 = n(j) (for the
moment, we now drop subscript p from 7, and consider a single Maxwell
unit instead of the Maxwell chain). The hardened Portland cement paste is
a double porosity material, whose pore space includes capillary pores (the
macropores) as well as far smaller gel pores (the micropores, usually
considered under 30 A thick). The macroscopic diffusion of water through
concrete passes predominantly through the macropores, although the
passages must include some micropore-sized necks between adjacent
capillary pores since the capillaries (in a good quality concrete) are not
continuous. A microdiffusion in cement gel, consisting of a local flow of
water between the gel pores and the adjacent capillary pores, can be
induced only by a change in the chemical potential (Gibbs free energy/unit
mass) of water in the capillary pore. This potential is a function of the pore
relative humidity h and temperature T. Thus, an imbalance in chemical
potential between the molecules of water in the capillary pore and the
adjacent gel pores is produced by a change in pore humidity as well as
temperature. This then produces a local flow of water molecules into the
gel pores or out of them. It is hypothesized that the flow through pores of
molecular dimensions in the cement gel promotes the bond breakages that
cause creep.

The microdiffusion of water between the capillary pore and the adjacent
gel pores must happen, on the average, equally in all directions, and so the
flux j must be a scalar. From the viewpoint of a macroscopic smoothing
continuum, this flow happens at a point, i.e., j is a point property.
Mathematically, our basic hypothesis is that n (or mu) is a function of j.
Now, as a result of the observation that the diffusion half-time for the
microdiffusion must be far shorter than that for the macrodiffusion through
the entire specimen, as introduced in Ref. 10, flux j is a function of the time
rate g of the chemical potential of water in the macropores. At the same
time, this chemical potential is a function of & and 7, which may be
approximately considered as linear for our purposes. This leads to the
conclusion that flux j may be described as j = a;H where (10)

H=h+a;T (a;>0)

in which ar = a coefficient that is independent of H and 7. Superimposed
dots denote the time rates.

In the preceding work (10), it was assumed that creep fluidity (i.e.,
inverse viscosity) 1/m was a linear function of j. Based on subsequent
experience with the fitting of further test data, it now appears to be more
appropriate to consider 1/m as a function of |jl rather than j. This means
that the breakages of bonds are assumed to be promoted by both positive
J (flux into the gel pores) and negative j (flux out of the gel pores). In the
previous work (10), this distinction was not necessary since only test data
for drying, for which j > 0 and & < 0, were considered. So we introduce the
hypothesis that
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in which the basic viscosity n and coefficient ' are independent of h and
7. Now, noting that [H | = H sign H and substituti_ng Eq. 7 into tl}e
equation for a single Maxwell unit (6/E) + (o/m) = ¢ — kh — aT we obtain

%+c|:%—x’(h+ar’f')signH]:é—fch—&T ........................ ®)
The bracketed term represents 1/n; and k and & = ‘the stress-independgnt
shrinkage coefficient and thermal expansion coefficient, respectively; sign
H = 1if H =0, and sign H = —1if H < 0. Combining algebraically the
terms with 4 and T, Eq. 8 can be rewritten as

6 o©

E+Heé—xﬁ—a'f .................................................. ereeee ()
in which

k=691 — 7o sign H) .ccooviinnniiiiiiiiiiiiiiiii e (10
0 =0(1 — PO SigN H) coovovririerieiiiiiiiiiiiia e (11)

with the notation r = k'/, and p = o'/&. The basic thermal expansion
coefficient & is independent of stress as well as 4 and T, but it can (and
probably does) depend on pore humidity A. ‘ ’

In the preceding paper (10), the expressions k = eyl + ro); and o =
a(l + po) were used. Nevertheless, the data fitting in that worlg is
compatible with the present formulation because only the case of drying,
for which sign H is negative, and constant temperature were considered.
The fact that Eq. 7 should involve |H| rather than H and that the stress’in
Egs. 10, 11, 13, and 14 should be multiplied by sign H was recently proposed
by Bazant (7) on the basis of the theoretical argument just sketched. )

The advantage of including the effect of microdiffusion flux j in the
shrinkage and thermal expansion terms (Eqs. 9-11) rather than in the
viscosity term (Eq. 8) is the possibility of a simpler generalization to th'e
Maxwell chain, which is required when creep over a broader time range is
considered. If the terms with k’ were retained in the viscosity term as in
Eq. 8, it would be necessary to include such terms for each of the
viscosities m, , in general with different coefficients for each unit of the
chain. On the other hand, when these terms are included on the right-hand
side of Eq. 9, generalization for Maxwell chain is easy and requires no
additional parameters; it suffices to replace the left-hand side of Eq. 9 with
6JE, + o /n,.. ' . o

Further generalization to three dimensions may be written, in view of
Eq. 1, as follows:

in which é = the column matrix of creep plus elastic strains; é is expressed
on the basis of the Maxwell chain model according to Eq. 3; and k and o
= the column matrices of the shrinkage coefficients and the thermal
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expansion coefficients. The elements of these 6 X 1 column matrices
‘consist of the following generalizations of Eq. 10 and 11:

K =Eg W8, — (roy; + oo 8;) sign H] ..ooovvviiiiiiiinininiceecinins 13)
o; =a[8; — (po,; + p'oyd;)sign H].............. e (14)

in which o9 = o4/3 = mean stress; 8; = Kronecker delta; and subscripts
ijin Eqs. 13 and 14 refer to Cartesian coordinates x; , i = 1, 2, 3. Egs. 13
and 14 are the most general possible generalizations of Egs. 10 and 11,
such that the condition of material isotropy remain satisfied. However, for
the same reasons as mentioned before (10), it seems that ' = p’ = 0. From
experifnce it appears that usually the values of r and p are between 1 and
6psi~! .

The constitutive relation is now completely specified by Egs. 2, 3, 6, 12,
13, and 14. A finite-element program based on this constitutive relation has
been written and used to analyze various test specimens. Integration in
time is carried out in time steps, using quasielastic incremental formulas
which were presented previously (11). These formulas make it possible to
increase the time step to very long intervals if the rates of strains and
stresses decay with time. The finite-element program solves also in each
time step the pore humidity distribution throughout the finite-element
system, based on specified boundary conditions for humidity. In this
calculation, the dependence of moisture diffusivity C on the equivalent
hydration period ¢, , as well as on pore humidity A, is easily taken into
account, as described before (10). However, a possible effect of cracking
on the effect of diffusivity of moisture is neglected for lack of test data.

For the purpose of the present study, the program developed before
(10,11) has been extended to variable temperature. The heat conduction
equation is solved by finite elements to yield the temperature distribution
at each time step, along with the value of T in each finite element.

The principal result of the present theoretical analysis is the dependence
of the shrinkage and thermal expansion coefficients on stress o, as given by
Egs. 10 and 11. The stress-dependent terms in these equations may be
called the stress-induced shrinkage and the stress-induced thermal expan-
sion. If the present theoretical argument is correct, then the existence of
stress-induced shrinkage must imply the existence of stress-induced ther-
mal expansion, and vice versa. This is because the value of the chemical
potential of pore water depends both on pressure and temperature.

The concept of stress-induced thermal expansion was independently
proposed on the basis of experimental data (1) by Thelandersson (26,27).
Both the phenomena of stress-induced thermal expansion and stress-
induced shrinkage were also implied indirectly in the formulation of Ref. 3
(see Eq. 21 of Ref. 10). It is the intent of the present study to show that the
stress-induced thermal expansion is inseparable from the stress-induced
shrinkage and represents one and the same physical phenomenon. This
was in general terms already suggested in the previous study (10).

The increase in the creep rate at a rapid change of temperature,
discovered experimentally during the 1970’s (e.g., Ref. 5), was originally
called the transitional thermal creep and has been considered as an
additional new phenomenon. In this study it is argued that this phenome-
non is in fact the same as the stress-induced shrinkage, i.e., as the drying
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creep or the Pickett effect. No new mathematical formulation and no
further material constants need to be introduced to model the so-called
transitional thermal creep. In this sense we find that the reality is simpler
than previously thought—a gratifying outcome for a theoretical investiga-
tion.

ANALYSIS OF TesT DATA

The finite element program used in data fitting was based on the
assumption of plane cross sections remaining plane. For beam specimens,
the cross section was subdivided into square elements; see Ref. 10. For all
other specimens, an axisymmetric finite-element program was used.

The finite-element program has been used to analyze the basic test data
available in the literature in order to calibrate the unknown material
parameters and determine whether the data can be fitted in a consistent
manner. Difficult though this task might seem, it is nevertheless quite
feasible since all the material parameters need not be determined simulta-
neously but can be identified sequentially. From the basic creep data,
consisting of the values of the compliance function J(z,1'), one can
determine 7, and E,(r.) by a well-known algorithm (6). If the basic creep
data are missing, J(z,t') is predicted according to the BP model. If the data
are incomplete, the most frequent case, the prediction of the BP model is
adjusted to fit the available data. Coefficients &,, ¢,, B,, and B, can be
predicted from the formulas that are mentioned in connection with Eq. 4
and were developed before. Function g(t.) (Eq. 5) results from shrinkage
tests for various ages of concrete at the start of drying or at various
specimen sizes. Function f;(h) (Eq. 5) is determined primarily by shrinkage
tests at various environmental humidities. Coefficient £, for stress nonlin-
earity in compression has only minor importance for fitting the present
type of data and can be taken according to the uniaxial compression
stress-strain diagram (Eq. 4 in Ref. 10). The dependence of moisture
diffusivity C on ¢, and & can be taken as determined before (10) from drying
tests. Approximate values of the thermal diffusivity, if not reported, can
also be taken from the literature. The function C,; (¢,,, T), which
characterizes strain-softening due to microcracking, may be identified
from stabilized uniaxial tensile tests, as done before (11). This leaves only
two coefficients £° and r to be determined from the deformation of loaded
and load-free specimens caused by a change of environmental humidity at
constant temperature, and only three coefficients, &, p and ar, to be
determined from deformation measurements on load-free and loaded
specimens at variable temperature and, preferably, at constant moisture
content. The values of the material parameters corresponding to the
individual fits shown in various figures are given either in the figure or in
Appendix I. .

The fact that Eqs. 13 and 14 should indeed involve sign H is corrobo-
rated by comparing the effects of heating and cooling as well as the effects
of drying and wetting. Since both of these generally tend to increase the
deformation, |1H| instead of H is needed in Eq. 7, and sign H in Eqgs. 10-14.

The primary motivation for the present study was the modeling of
concrete response at high temperatures. The strain-softening due to
microcracking at high temperatures was checked against the post-peak
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FIG. 4. (a) Schnelder’s (18) Tests at Constant Stress Rate and Various Tempera-
tures; (b) Compression Stress-Strain Curves Measured by Furamura (19); (o)
Compression Stress-Strain Curves Measured by Purkiss (20); (d) Predictions of
Concrete Response for Schneider's Tests

compression stress-strain curves measured by Schneider (25), Furamura
(15), and Purkiss (21); see Fig. 4(a—c). Despite a significant stres§ drop due
chiefly to strain-softening (though partly also to stress relaxatlon), there
were no visible macrocracks in the specimens, i.e., strain softening was
due to invisible microcracking. Fig. 4 also shows the fits of these data with
the present model, taking into account, of course, the increased creep at
high temperatures. )
Fig. 5 shows test data for the effect of temperature on the elastic
Young's modulus, the compressive strength, and the tensile strength.‘ The
data were directly digitized at small temperature intervals, and linear
interpolation within these intervals was then used in the computer pro-
gram. The stress-strain curves calculated in this manner are sl_lown in Fig.
4(b—d). The temperature contribution to these curves was cah_brated from
the data shown later in Fig. 5(a). Subtracting this contribution one can
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obtain the remaining strains, which have to be described by the strain-
softening element.

Fig. 6 shows Thelandersson’s measurements of the restraining force
caused by heating at zero strain. The calculated curve agrees reasonably
well with these data.

Fig. 7(a and b) shows the importance of stress-induced thermal expan-
sion. On the left side, the test data by Anderberg (1) are fitted without the
stress-induced component (i.e., with p = r = 0), and on the right side with
this component. The difference between the results of the calculation is
very large, and while there is a large discrepancy on the left side of Fig. 7,
a good agreement is seen on the right side. Fig. 8(a) extends this analysis
to higher temperatures. Good fits were found to be impossible, but they
become possible when the stress-induced components are included, as
shown in Fig. 8(a). In both cases, the load history and the temperature
history are the same. The load is applied before heating, while for curve a,
the load is applied after the start of heating. We see that if the temperature
rises while the specimen is under sustained load, the thermal expansion is
substantially reduced.

Fig. 9 compares the calculations according to the present model with the
test data obtained by Hollington (17) for the deflection history of beams
under load, subjected at the same time to temperature cycles. Calculations
show that moisture migration has a relatively small effect on the result,
which is partly due to the large size of cross section, relatively high
environmental humidity (85-100%), and relatively low temperatures
(5-20°C). The beams are subjected to a uniform load of 56 1b./ft.2 plus their
own weight. While the mean prediction of the present theory is quite good,
the fluctuating part of deflection is nevertheless underestimated.

Next we consider test data on transitional thermal creep (14,16,28). Fig.
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IQ shoyvs Hanson’s test data on the deflections of mortar beams of
dimensions 0.8 X 2 X 10 in. which are immersed in water and are subjected
to load before or after heating and to different heating rates. The apparent
increase of the midspan deflection due to the transient thermal effect at an
early stage of loading is seen to be quite significant. Furthermore, the beam
that is heated faster deflects more. The present theoretical model fits the
datg well. The moisture effect can be neglected in the fitting of these data.

Flg. 11 shows the test results by Wallo, et al. (28) obtained for flexural
loading of U-shaped specimens, with arms of cross section 1 X 1 in. and
lengt'h 9.375 in. Fig. 11 shows that any change of temperature, either
heatl_ng or cooling, temporarily accelerates the deflection increase. It is
also interesting that the cooling process yields more deflection, but this is
probably caused by the fact that the cooled specimen initially begins at

1505

high temperature at which the creep rate is also increased due to high age.
The curves for the present theory agree with the data reasonably well.

Fig. 12 shows the test results of Fahmi and Bresler (14) obtained on
hollow microconcrete cylinders with inner and outer diameters 5and 6in.,
loaded axially in compression. Due to the small thickness of the wall, the
temperature quickly reaches a uniform distribution throughout the wall
thickness, and so the transient temperature effect occurs for only a very
short time period and is therefore rather small. However, the drying that is
induced by heating is a much slower process, and its transient effect is in
these tests the major cause of the increase in deformation, i.e., we see in
these tests primarily the Pickett effect (stress-induced shrinkage or drying
creep). For the tests at 50% environmental humidity, the Pickett effect is
relatively short-lived, and later the deformation rate becomes very small
due to low moisture content (Fig. 12). For comparison, the calculation
results for creep at steady environmental conditions are also indicated in
Fig. 12. We see that compared to this curve the transient effect is very
significant.

Fig. 13 shows Schneider’s test data for fast heating at high temperature
(300°C). The moisture and heat transfer at high temperature (over 100°C)
was calculated by the finite-element program TEMPOR?2 based on the
theory formulated in Ref. 5, 8, and 9. The specimens were cylinders of
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diameter 3.15 in. and length 12 in. The rapid heating produces a rapid
moisture loss from the surface layer of the specimen, while at the same
time it drives part of the moisture toward the core at the beginning of
heating, thus causing temporary water migration. In this type of test, the
effect of T on the deformation increase dominates, and the effect of / is
much smaller.

Fig. 14 shows the original test results of Pickett (19), which first clearly
documented the drying creep effect (Pickett effect). Plain concrete beams
of 2 X 2 in. and span 32 in. were subjected to drying and wetting cycles. In
addition to its own weight, the beam was loaded by a 50-lb. force at
midspan. Curve a was obtained for loaded beams at cyclic humidity, curve
b—loaded and drying, curve c—loaded but not drying, and curve d—
drying but not loaded. The temperature was constant in these tests. We see
that both drying and wetting increase the deflection and that the present
theory can model these additional deflections due to humidity changes
quite well. To model the deflection increase due to wetting, n must be
considered to depend on 14! rather than 4 or the stress-induced shrinkage

1507

unsteady state temp.-SOO'C
4 7/\ heating rate=2°C/min, q/'; = 0.3

I
1
(=]
';
€
"
L 30/
@ LOADED BEFORE HEATING
o
o
° 2
8
s ,|' LOADED AFTER HEATING
]

14

o Schneider, 1973
Analysis
1 13 i L
o] 1 2 3 4 5
t-t’',(days)

FIG. 13. Fits of Test Data by Schneider (25)

60 T T . .
sol W D W, D w*ll i
- ° 0
- 40| ]
-]
z W= WETTING IN WATER _|
z 3 0= DRYING ATS0% RK.
& o PICKETT {I942) |
8 20+
g THEORY
a ¢
10 - 4
0 d 1
0 40 80 120 160

TIME , (days)
FIG. 14. Fits of Test Data by Pickett (27)

term must involve sign h. Satisfactory fits of many fqrther test dat.a, whigh
included drying but not wetting, were demonstrated in the preceding study
(10).

CONCLUSIONS

vious Bazant and Chern’s theoretical conclusion that the

ph;sizgle rger:f:hanism of the additignal creep ca}l.sed by a te;nperatuge;
change, either heating or cooling (}.e., the transitional thprma cr;er;:ism
stress-induced thermal expansion) is t.he same as tl}e physu:_al mec attin
of the additional creep due to humidity qhange, elthgr drying or \la;f_e )i%
(drying creep, Pickett effect, or the stress—l_nd.uced shrinkage or swelling
corroborated by comparisons with the exlstmg’ test data. ) that the

2. The available test data confirm BaZant’s hypothesis (7) t "Ia"l\ &
apparent creep viscosity nisa function of the variable 1H| = 1h + aTt] tt?é
6), rather than a general function of A and T, and that consequently
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stress in the stress-induced shrinkage and thermal expansion terms (Egs.
10 and 11) ought to be multiplied by sign H. N

3. The physical mechanism of the apparent additional creep ca}usgd by
changes of humidity as well as temperature may be explamefi principally
by two effects: (1) The stress-induced shrinkage (Qr swelling) apd the
stress-induced expansion (or contraction), both _belpg merely‘dlfferent
manifestations of the same phenomenor}; and (2) distributed tensile crag:k-
ing (or strain-softening) of concrete, which represents an unknown portion
of measured deformation, thus causing the true material shrinkage or
swelling as well as thermal expansion to not be ol.)seg'vable on load-free
companion specimens. In addition to these two pglpClpal eﬁ'ects., furgher
appreciable contributions arise from the 1nev§r51b111ty of unloadmg (.e.,
resistance to contraction) after tensile cracking, and from t_he aging of
concrete, i.e., the increase of its stiffness with age, unloading stiffness

included (see Ref. 10).
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ApPPENDIX |. TEST DATA AND PARAMETERS USED

Hansen and Eriksson (22). Cement mortar beams (0.8 X 2 X 16 in.) were
loaded to produce uniform bending moment between two supports (CI' =
58;5s =03;E,=6 x 10°; b, = 6; n = 0.174; m = 0.306; o = 0.069; f =
6,500 psi; and r = 6).

Pickett (27). Beams of cross section 2 X 2 in.. and 32-in. span loadeczlg by
own weight plus a 50-1b concentrated load at midspan (Es = 1.58 X 10°; ¢
= 55; s = 0.3; and r = 3.0; other information: see Ref. 1).

Wallo, et al. (23). U-shaped specimens for flexural creep test had arms
with cross-sectional dimensions 1 X 1 in. for a length of 9.375 in. (¢ = 58;
s =013;r = 4; f. = 4,775 psi; 1o = 60 days; E;, = 6 X 105 &, = 3.5;n =
0.134; m = 0.31, and a = 0.045).

Fahmi, et al. (24). Hollow cylinders of 6-in. external diameter, 1 ip.-wall
thickness, and 40-in. length; 21-day compressive strength 5,840 psi; E; =
6x107; ¢y =3.4;,n=0.128; m = 0.345; o = 0.04;p=24r= 5.0; U,
= 4,200; U, = 2,700; t' = 21 days; f. = 5,840 psi; h‘e = (.5; permeablllty
coefficient a; = 5 X 1073 m/s; and thermal conductivity = 1.79 J/m-sec-°C.

Schneider (25). Solid cylinder with 3.15-in. diameter and 12-in. length;
age at loading = 450 days; E; = 4.8 X 10%; ¢; = 3.5; m = 0.297; n =,0.122;
a=0.05p=0.8;r=1.6; U, =4,200; U, = 2,700; f = 6,890_p§1;f, = 500
psi; & = 0.0007; ao = 5 x 107'? m/s; and thermal conductivity = 1.79
J/m-sec-°C.

Anderberg and Thelandersson (15). Specimens made with a concentrical
hole of diameter 4 in. to facilitate the deformation measurements (E; = 4.8

1509

x107;¢;=1.3;n= 0.128; m = 0.297; a = 0.042; U,, = 2,700; U, = 4,500;
p=16;r=23;a,=1x 10712 m/s, and thermal conductivity at 25°C =
1.79 J/m-sec-°C). ‘

Hollington (21). Two large-size beams with reinforcing bars were tested.
The beams were subjected to a uniform superimposed load of 56 Ib/ft? ;
self-weight, and seasonal temperature changes (c = 58; s = 0.3; 09 = 1.2
X 1073, E; =1 X 108; r = 2.0; p = 6.0).
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