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A theoretical basis for expecting the moisture distribution in water-soaked
hardened portland cement pastes to change with temperature is presented.
The theory predicts shrinkage after warming and swelling after cooling. A
method for measuring length changes of paste specimens during and after
temperature changes is described. The results of dimensional change
measurements are consistent with the theory presented, as are also the
weight changes of specimens saturated with water at 25 C and 0 C. The
initial dilations produced by freezing water-soaked pastes, likewise, show
the effect of moisture distribution changes.

® DURING a study of the freezing of
water-soaked hardened portland cement
pastes, length changes of such speci-
mens were measured above 0 C as well
as in the freezing range. Meyers (1)
and others (2) have reported that the
“thermal coefficient of expansion’” of
hardened pastes is not a constant, but
depends on the relative vapor pressure
of the water contained in the paste, and
hence on the amount of water in the
pores in the paste. T. C. Powers (3)
has given a discussion of the structure
of hardened portland cement paste in
which two classes of pores in the aggre-
gations of solid particles in the paste
are recognized: gel pores, which are so
small that there is space for only a few
molecular layers of adsorbed water on
the solid particles, and the much larger
capillary spaces which are not filled by
gel or other solids of the system. In
the present study temperature changes
were found to produce shrinking and
swelling effects which lagged the tem-
perature change in addition to ordinary
thermal expansion and contraction.
Theoretical study of the problem indi-
cated that the dimensional changes
were caused by flow of water from
capillaries to gel pores during cooling

and from gel to -capillaries during
warming. To verify this interpretation
water-soaked hardened pastes were
weighed at different temperatures to
determine the changes of capillary and
gel water content with temperature.
Examination of the differences in freez-
ing behavior between (a) pastes which
are cooled from room temperatures to
freezing temperatures without access to
additional water and (b) those which
can imbibe more water at temperatures
above freezing show that these results
are also in accord with the theory.

THEORETICAL CONSIDERATIONS

Changes in the moisture distribution
in porous colloidal solids are to be ex-
pected from thermodynamic considera-
tions, The water in the small pores of
hardened cement paste is in a state
different from that of water in the large
capillary spaces because of the solid
surface force field. Powers and Brown-
yard (4) reported that the entropy
decrease of the system during ad-
sorption of water is much greater at
low vapor pressures when most adsorp-
tion occurs in the gel than near satura-
tion when the capillary spaces are filled.
Hence it seems reasonable to suppose
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that the partial molar entropy of the
gel water, S, is, on the average, smaller
than the partial molar entropy, 8., of
water in the capillary spaces, which in
very porous pastes should approximate
that of free bulk water.* This should be
true even at and near complete water
saturation because of the orienting
influence of the surface force fields. The
partial molar (Gibbs) free energy, or
chemical potential, of the capillary
water, F.,, can be related to S, at
constant pressure as in solution thermo-
dynamics: (4)

aF.\ &
(25)- -5

Then a change in temperature, AT, will
result in a change in the chemical
potential of the water:

- T+AT _

T

(D

(2)

Identical equations can be written for
the gel water. If the system is in equi-
librium at the temperature 7, the
chemical potential of the water in
capillary spaces decreases more than
that of the water in the gel when the
system is warmed by AT because

AF, —AF,~ — (8, -8,)AT <0 (3)

These systems will then react to
eliminate this difference in the chemical
potentials. Moisture loss from both gel
pores and capillary spaces decreases
the chemical potential of the remaining
water and an increase in moisture
content raises the chemical potentials
until saturation is reached. Hence, the
difference in chemical potentials created
by raising the temperature can be
eliminated by diffusion of gel water
into the capillary cavities. When the
temperature is decreased, diffusion of
water from capillary cavities into the
gel should result.

Powers and Brownyard also pre-
sented some work by Pickett which
indicated that drying shrinkage was

* A summary of mathematical symbols is
given in the Appendix.
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proportional to loss of part of the
evaporable water, presumably the gel
water. If this is true, part of the
shrinkage or swelling caused by chang-
ing the temperature should lag the
changing temperature as much as the
moisture diffusion between gel pores
and capillary spaces lags the tempera-
ture. If the paste is cooled very slowly
in contact with water, diffusion will
maintain the gel nearly saturated at
each temperature. The linear ther-
mal expansion coefficient observed,
I/L(8L/0T )sa, will then include the
effect of water absorption by the gel. If
the paste is cooled so rapidly that very
little moisture transfer into the gel
occurs during the temperature change,
the thermal expansion coefficient
at constant gel water content,
l/L(oL/aT).,, will be larger because
very little swelling will occur to com-
pensate for the contraction during
cooling. If the temperature is then held
constant the swelling will occur at that
temperature. During cooling at an
intermediate rate, the contraction rate
will at first be high because of the
small diffusion producing potential (Eq.
3), but will decrease as diffusion into
the gel occurs more rapidly.

After a specimen has been cured in
water a long time at room temperature,
further soaking in water at a lower
temperature should fill the empty
capillary space produced during cooling.
Additional absorption of water should
also result because of the thermal con-
traction of water (above 4 C). The part
of the weight change due to the in-
creased adsorption at the lower tem-
perature, Aw,, should be proportional to
the solid surface area, or to the gel water
content, w,, both of which are propor-
tional to the non-evaporable water,
w, (6). Copeland and Hayes (7) re-
ported the gel water content to be
0.74 w, for the cement (15754) used in
this study. Aw, can be considered to
include the weight change of the gel
water caused by both increased adsorp-
tion and the change in the density of the
gel water. The remaining weight change,
Aw,, can be considered to be caused by
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the difference between the change of
volume of the capillary water and the
capillary pore space. This should be
proportional to the amount of capillary
water. Then, the total weight change
can be expressed as:

Aw=Aw+Awe=aw,+Bw. (4)

If the coefficients « and g are de-
termined for weight changes between
25 C and 0 C and if a specimen satu-
rated with water at 25 C is cooled to
0 C without imbibing more water, the
extent to which the capillary spaces are
emptied as the gel absorbs capillary
water and as the density of the water
changes can be calculated. If the gel
remains saturated, as assumed by
Copeland and Bragg (8), the capillary
water content must decrease by
(¢ w,+B w.) and the fraction, f, of
empty capillary space is:

_Aw_aw,+Bw.
f—wc = (5a)
or
0.7 w,
f =w6:(_1.7t)1ww"+[3 (50)

for pastes made with cement 15754. The
extent to which the capillary spaces
remain filled, the ecapillary saturation
coefficient, s,, is then (1 —f).

It is believed that water does not
freeze in gel pores or small capillary
spaces until very low temperatures are
reached (9). If some of the water in
capillary spaces diffuses into the cement
gel during cooling from the curing tem-
perature to freezing temperatures, there
may be enough empty space in such
cavities to accommodate freezing of
the remaining water without producing
destructive expansions even in pastes
without entrained air.

EXPERIMENTAL METHODS
Specimen Preparation and Analysis

Specimens were made from tap water
and a Type I portland cement (15754)
of 1,800 sq cm per g specific surface
(Wagner) and the oxide analysis and
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ANALYSIS OF TYPE I PORTLAND CEMENT
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computed compound composition given
in Table 1. Neutralized vinsol resin solu-
tion, 22.7 g per liter, was added to
some of the mixtures in place of part of
the tap water as an air-entraining
agent.

To insure homogeneity and promote
complete water saturation of air-free
pastes a small specimen size was
chosen. The outside mold was a 1.1x10-
in. glass tube with a thin paraffin
coating inside. A 14-in. hollow core
was formed by inserting a length of
rubber tubing supported by a glass rod
in a centered hole in the rubber stopper
which formed the bottom of the mold.
After casting the paste, a wooden block
with a centered hole was used at the
top of the mold to stabilize the core
assembly.

For pastes with entrained air, 500-cc
batches of cement paste were made,
each of these filling three molds. A
blender was used as a mixer. The water
required for the batch was chilled
before use to make the batch tempera-
ture 23 4-3 C after mixing. Some pastes
were mixed in an evacuated system
(10) to eliminate the air normally
whipped into the paste during mixing.

Specimens were cured in several dif-
ferent ways. The first group of speci-



318

mens was allowed to stand in the molds
with water on top of the paste for 24 hr
after casting. Then the core mold was
removed and replaced with water. The
top was stoppered and the specimen put
in storage at 23 C. Some specimens were
put in a 15-gal tank of saturated
calcium hydroxide solution to permit
leaching of the soluble alkalies in the
specimens. It was found that the air
voids in pastes cured under water
became nearly filled with water. In an
attempt to avoid this, new specimens
were cast and after 24 hr the hollow
core of the specimen was packed with
wet tissue paper. The specimens were
then placed upright in a tank with
about 1 in. of water in the bottom and
kept wet by the tissue in the core which
served as a wick.

In some cases pastes were cured to
permit self-desiccation (8). The bleed-
ing water was removed and the wooden
block was sealed with a plastic putty
to prevent moisture loss by evaporation.
The next day the block and core mold
were removed and the mold stoppered.
If curing was to be done for more than
a few days, the stopper was sealed with
paraffin wax.

To retard hydration of the cement
some specimens were cured at 5 C until
a few hours before testing when they
were removed from the molds and cut to
size for the extensometer.

At the end of the curing period the
glass mold and wet tissues (if used)
were removed from the specimen. From
the top, middle, and bottom of the
cylinder, 14-in. slices were cut for water
content measurements. Between these,
2.5-1n. or 1.0-in. test specimens were cut
for use in the extensometer. Specimens
are labeled to indicate whether they
were cut from the top (t) or bottom (b)
of the cylinder as cast. Determinations
of density, total water content per
gram of cement w,/c, and non-
evaporable water content per gram of
cement w,/¢c, were then made on
portions of the 14-in. slices (7). Total
water content data are not given for all
specimens because of a systematic error
in some determinations. Specimens

MATERIALS AND CONSTRUCTION

cured in limewater for about two years
were found to have lost about 10 per-
cent of the CaO from a surface layer
which was about 1 mm thick in pastes
of 0.45 original water-cement ratio.
Since dimensional changes were prob-
ably controlled by the interior of the
specimen, the water contents should
have been determined only on interior
material, and in later work this is what
was done. However, in the earliest work
the entire slices were used for ignition
loss determinations so these were sys-
tematically too high. In such cases the
original water-cement ratio, w,/c (with
an estimated correction for bleeding) is
reported instead.

The ends of the test specimens were
faced off on a lathe and the cylinders
were turned down slightly to remove
paraffin and to insure alignment in the
apparatus. A hole for a thermocouple
was drilled with a No. 29 drill through
the wall of each 2.5-in. specimen.
Saturated specimens were kept wet
during these operations. The specimen
was then placed under limewater in a
beaker or a screw-capped jar and
usually was tested within 3 days. The
specimen was returned to the container
after the test and remained there until
the next test or until it was prepared
for determination of the air content.
The 1-in. specimens were treated the
same way except that a No. 41 drill
was used to drill a hole in the top of
the specimen for a four-junction
thermel.

Figure 1. One-inch paste specimens before and
after cutting for linear traverse measurements
of air void characteristics.
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Self-desiccated pastes were protected
from wetting or drying with a foil
wrapping or by placing in a screw-
capped jar when this did not interfere
with these preparatory operations.

The air content and void spacing
were determined by the linear traverse
method (11) for each specimen after
the freezing test. Vertical sections were
sawed through the specimens to form a
rectangular prism for this analysis.
Figure 1 shows typical 1-in. specimens
before and after the vertical sections
were cut. The void spacing factor, L,
was calculated from equations given by
Powers (12).

Dimenstonal Change Measurements

Specimen length changes were meas-
ured with an extensometer built around

Figure 2. Extensometer with Statham gage,
1-in. paste specimen and thermel in place.
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a Statham model G-1-4-70 transducer.
The transducer was mounted in a rigid
invar frame and length changes of the
specimen mounted on three pins set in
the base plate of the frame were trans-
mitted to the transducer through an
invar rod. Figure 2 shows the frame
with a 1-in. specimen of hardened
paste. The contacts at the end of this
rod were pressed with a force of about
1 1b to the top of the specimen by the
spring and cross-bar just above the
specimen. The vertical position of the
transducer in the frame was determined
by the screw which is partly visible
(Fig. 2) above and below the ways in
which the base slides. A lock screw at
the back prevented slippage. The speci-
men gained lateral stability from the
supports behind it and the coil spring
which pressed the specimen against
them. During tests the mounting frame
was partially submerged in a kerosene
bath so that the specimen was com-
pletely immersed and the transducer
was well up in the room air. In some
tests a steel can was mounted around
the specimen on the base of the frame
so that the specimen could be immersed
in mercury during the test.

The length of each specimen was
measured before each test with a vernier
caliper which was read to 0.001 in.

The input voltage to the transducer
was supplied through a Statham CB-7
control unit by a d-c¢ power supply with
a voltage stabilizer. The output was
connected in series with a Leeds and
Northrup Type K potentiometer to a
Leeds and Northrup 12 channel Speedo-
max 1 mv range recording potenti-
ometer to prevent the output from
exceeding the range of the recorder.
Four of the recorder channels were used
to record the transducer output so that
a length measurement was made every
twelve seconds. The other channels
were used for thermocouples.

The temperature control bath con-
sisted of a double-walled glass vessel
with a copper tubing coil fitted inside
close to the wall. Refrigerated methanol
from a cold sink ( —40 C) was pumped
through the coil to cool the bath. The
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pump was a rubber tubing positive dis-
placement unit. It was driven through
a continuously variable speed trans-
mission by a 14-hp electric motor. The
rate of cooling could be maintained very
nearly constant by manually adjusting
the speed of the transmission. Warming
was done with externally mounted
250-w infrared heater lamps with volt-
age controls. Temperatures could be
maintained constant with a bimetallic
spiral thermoregulator control on the
heater lamps and use of slow pumping
of the coolant. An electric stirrer was
mounted in the bath near the side. The
agitation was vigorous enough to pro-
duce a churning motion at the liquid
surface and to emulsify water in the
kerosene.

The temperatures of the bath, speci-
men surface, and specimen interior were
measured with calibrated copper-
constantan thermocouples connected to
the recorder through reversing switches.
The thermocouple junctions were made
with insulating shields to prevent heat
flow at all points except at the point of
measurement. Temperatures were meas-
ured to the nearest tenth of a degree
centigrade. Differences between the
temperatures of the bath and the
interior of the specimen were usually
less than 0.5 C, but were somewhat
greater during periods of rapid tem-
perature change or rapid freezing or
melting.

Calibration was accomplished by
measuring the length changes of a steel
specimen produced by measured tem-
perature changes. The volume co-
efficient of the same steel had been de-
termined in a mercury displacement
dilatometer over the temperature range
~10 C to +25 C. The linear coefficient
was taken to be (12.78+0.07) x10—¢
in./in./°C, one third of the value of the
volume coefficient. Calibration tests
were made using different rates of
temperature change and constant tem-
perature periods as long as 5 hours.
The calibration results required that the
following corrections be added to the
AL/L vs temperature curves with
cement pastes: (2.040.6) xX10-¢/°C for
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the 2.5-in. specimens and (3.040.5) X
10-¢/°C for the 1-in. specimens. These
corrections have been added to the
results presented herein. The uncer-
tainty in the reported values of the
slopes of these curves is just that of the
calibration correction because each
curve was separately determined with
higher precision.

Length change vs temperature meas-
urements were begun by mounting the
specimen in the extensometer and im-
mediately lowering it into the tempera-
ture control bath which was usually at
room temperature. In some cases the
specimen was allowed to reach constant
length before cooling; sometimes cool-
ing was begun immediately. When the
desired minimum temperature was
reached, the thermoregulator was set to
hold that temperature, or warming was
begun immediately, depending on the
type of test.

TRANSIENT CHANGES OF LENGTH

Length change measurements of
water-saturated pastes during cooling
from 23 C to 0 C showed curvature in
the length change vs temperature plots.
The curvature was more pronounced
with dense pastes than those of high
water-cement ratio. When specimens
were cooled and warmed without pause,
hysteresis curves resulted (Figs. 3
and 4).

Specimen UVb of Figure 3 had an
original water-cement ratio of 0.43. It
was cured in water 21 months at 23 C
and w,/c was 0.225 at the time of the
test, which consisted of three cooling-
warming cycles at 14 C per min. The
length changes referred to the length at
21 C are shown in Figure 3.

Figure 4 shows the results of two
cooling-warming cycles at 1 C per
min of specimen HVt for which w,/c
was 0.61 and w,/c was 0.232 after
curing in water 21 months at 23 C. The
length changes in this case are referred
to the starting temperature of 24 C.
The hysteresis was much less than in the
test of Figure 3, presumably because
diffusion of moisture between gel and
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Figure 3. Cycles of cooling and warming of 1 C

per min of 2.5-in. specimen UVb of wy/c = 0.43

and w,/c = 0.225 in kerosene bath.

capillary space occurred much more
rapidly in this more porous paste.

Figure 5 shows the results of 114
cycles at 1 C per min obtained with
specimen TVb for which w,/c=0.43.
After being cured in water for 21
months at 23 C w,/c was 0.221. Before
this test, the specimen was stored in
ice water for 23 days to permit the
paste to absorb additional water at 0 C,
yet there seem to be no significant dif-
ferences between these results and those
of Figure 3.

In each of these results the position
of the curve of the first cycle is higher
than that of subsequent curves. The

specimens are apparently more or less
permanently disturbed from the initial
condition by the first cycle. In some
cases this was cbserved again when the
paste was stored in water and retested
after several days, which suggests that
the paste returned slowly to the initial
condition during storage.

The foregoing tests were conducted in
a kerosene bath in which a small
amount of water had been emulsified.
The test of Figure 4 was a repeat of a
test made in a water bath. Essentially
the same results were obtained in both
tests which indicates the hysteresis is a
result of internal processes and involves

| Temperature (degrees C) begin
o 4 8 12 16 20 24,,(
A
Py
= -loof

al Ist cycle

< 2nd cycle — —
-200¢ S
-300F

Figure 4. Cycles of cooling and warming at } C per min of 2.5-in. specimen HVt of w,/¢c = 0.61
and w,/c = 0.232 in kerosene bath.
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Temperature  (degrees C)
Figure 5. Cyecles of cooling and warming at 3 C per min of 2.5-in. specimen TVb of wo/c = 0.43
and w,/¢ = 0.211 in kerosene bath; stored at 0 C for 23 days before test.

little or no interaction between the years in limewater after which w./c
specimen and the bath fluid. A cooling- was 0.207. After the specimen reached
warming cycle test in water was also a constant length at 25 C it was cooled
made with specimen 384;t for which at 14 C per min to 14 C, held there 75
w,/c was 0.545. It was cured for 8.5 min, warmed at }{ C per min to 25 C,

-20
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©
o -100
x
._ll_j
<
-140
-180

-220

T

1

:

Temperature (degrees C)

A

16 18 20 22

T T

Figure 6. Cycles of cooling and warming of 1.0-in. specimen 34;t of w,/¢ = 0.545 and w./c = 0.207
in water bath; first cycle at ¥ C per min, second at 3 C per min.
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held there 45 min, cooled at 14 C per
min to 15 C and held there 40 min. The
resulting length changes are shown in
Figure 6. In each case the constant tem-
perature periods were long enough to
permit shrinking or swelling to a
constant length. The length changes
that occurred during the constant
temperature periods of the first cycle
were both 43X10-%, therefore, the
permanent contraction was a result of
greater contraction during cooling than
expansion during warming. The slopes
of the curve at points of interest are
indicated (Fig. 6).

Eight days later this specimen was
tested in a water-saturated but surface-
dry condition while submerged in mer-
cury in a steel can mounted on the base
plate of the extensometer (Fig. 7). In
this test two complete cooling-warming
cycles were made, the first at 14 C per
min, the second at 14 C per min with
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constant temperature periods of 65, 50,
55, and 45 min in that order. After the
fourth constant temperature point the
specimen was warmed at 14 C per min
to determine the initial slope. The loops
are very similar to those of Figure 6 but
the end points are more reproducible
and the slopes near the ends of the
cooling and warming parts were not
quite the same in the two tests, pre-
sumably because there had been some
interaction between the bath water and
the specimen surface in the earlier test.
Nevertheless, the slope between equi-
librium points was 13.7x10-¢/°C in
Figure 7 which agrees well with 13.6
and 13.9X10-¢/°C found in Figure 6.
The initial slopes in both tests were
(28£1) X10-¢/°C at 25 C. A small
amount of water probably moves in and
out of paste specimens during such tests
but apparently has a very small effect
on dimensional changes; the primary

o
A A
s/ | /
Temperature (degrees C) e begin— [l /
16 8 20 227 24l /26
—» t ) T T / 1 o
-20F
-60
© R
o
= -l00f
=K
-[40F
|
B
-180F | Ist cycle 1/4C /min,
s v .
- — — — 2nd cycle 1/72C /min.
-220+F

Figure 7. Cycles of cooling and warming of 1.0-in. specimen 34,t of w;/c = 0.545 and wn/c = 0.207
immersed in mercury.
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Figure 8. Response to temperature change of 2.5-in. specimen 13.t of w,/c = 0.658
and w,/c = 0.180 in kerosene bath.

cause of the hysteresis appears to be
essentially independent of such
variation in conditions on the specimen
surface.

Even pastes of high porosity show
considerable overshoot during stepwise
cooling if the rate of cooling is high
enough. Specimen 18.t, for which w,/c
was 0.658 and w,/c was 0.180 after
curing in contact with a water-soaked
wick for 50 days, was cooled from 21.5 C
to 5.2 C in about 22 min. The cooling
curve and the resulting length change
are shown in Figure 8. The shaded area
shows the difference between the actual
length and that which the specimen
would have had with a constant value
for the thermal expansion coefficient.
The constant temperature portion of
the curve was found to deviate from a
straight line on semilogarithmic paper
by no more than 1X10-¢ for 60 min
after the cooling was stopped. Meas-

uring time from 27 min in Figure 8 the
equation of this curve was as follows:

AL (6)

T A +Bexp( —nt)
in which A, = -170X10-%, B= -63 X
10-% and » =0.10.

The curves of recovery at constant
temperature after cooling and warming
in the test of Figure 7 were similarly
analyzed. The constants of Eq. 6 are
given in Table 2.

TABLE 2

CONSTANTS FOR EQ. 6 FOR CONSTANT
TEMPERATURE CURVES OF FIGURE 7

Temper-
Cycle ature A X1076 B X106 n
1st Cooling 15.0C —100 —65  0.036 min~!
1st Warming 25.1 —3 48 0.087
2nd Cooling 14.9 —108 —69 0.072
2nd Warming 25.1 —3 75  0.101
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EVIDENCE FOR WATER IN AIR VOIDS IN
HARDENED PASTES

When water contents were deter-
mined for water-cured pastes made with
entrained air, it was found that the total
water content was greater than could be
calculated from the original and non-
evaporable water contents: w,=w,+
0.254 w, for cement 15754 (13). It was
concluded that some water had entered
the entrained air voids during the curing
period. In such cases the total water
content in the paste, w, was calculated
from the following:

we_ 1
¢ 0.988
(1 —A) Wio Wh
[ . 7<_F+1> +0.251% _0.319]

(7)

in which 0.988 is the apparent specific
volume of the evaporable water (13); A
is the fraction of the specimen volume
occupied by air voids; d, is the apparent
density of the specimen; w,, is the total
water content, including the air void
water, w, is the non-evaporable water
content, ¢ is the weight of cement; and
0.319 is the specific volume of the
cement. The amount of water in the air
voids, w,, was obtained as the dif-
ference (w. —w,). When w, was calcu-
lated for a unit volume of specimen, the
fraction of the air voids space which was
water filled was taken as w,/A. The
results of calculations for w,/A for 50
wick-cured specimens are given in
Table 3, in which the values for w../c,
w,/c and d, are averages of the values
determined on slices above and below
the specimen for which the air content
was measured. These pastes ranged in
age from 13 days to 162 days, but there
seems to be no systematic relationship
between w,/A and age even for pastes
of the same air content and total water
content. Though the dispersion is con-
siderable, the calculated w,/A values lie
between 0.00 and 1.00 for 43 of the 50
samples. This is taken as good evidence
that water collected in the air voids
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even with this curing procedure and
suggests that the water entered the
voids during the first 24 hours while the
paste was still very permeable, and the
water at the top of the mold exerted a
positive pressure.* Six samples had
values greater than 1.00, and one was
less than 0.00. These values are physi-
cally impossible and must have been
caused by experimental errors. In four
cases, 8,t, 17:t, 17,b and 17.b, these
errors were evidently quite large.

COEFFICIENTS OF THERMAL EXPANSION
FOR HARDENED PASTES

To obtain a value for the thermal
coefficient of expansion under conditions
such that the paste could remain water
saturated during temperature changes,
pastes of w,/c=0.55 containing en-
trained air voids were used. These
pastes were cured 5 months in their
molds and then for 22 months in a
15-gal tank of saturated Ca(OH),
solution and all had total water con-
tents that indicated the air void space
was at least half full of water. Three of
these specimens were tested in a water
bath by cooling and warming several
times between 25 C and 0 C, somewhat
as was the specimen of Figure 4 except
that the temperature was held constant
at certain points in the cycles. At these
constant temperature points the length
usually assumed a value above the
cooling curves and below the warming
curves. The slope of the line drawn
through these points and parallel to
the cooling and warming curves, which
were nearly straight lines, is believed to

* It should not be inferred from these data
that the air voids in concrete in the field will
become nearly water-filled by soaking under
water. If the soaking is begun at the time the
concrete is placed, the air voids may accumu-
late appreciable quantities of water because
the permeability of the cement paste during
the first day of curing is very much higher
than it is after a day or two of hydration. If
the air voids in concretes did become nearly
water-filled in field exposures or in laboratory
freezing and thawing testing, concretes with
recommended air contents (and bubble counts)
and sound aggregates could not possibly show
the extremely high resistance to frost damage
that they do.
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TABLE 3
WATER IN VOIDS IN CEMENT PASTES

Specimen B-20-2 wo/C wn/c do A Age, days wy/A
it 0.7105 0.1631 1.539 0.163 20 0.28
3ib 0.6727 0.1599 1.588 0.124 20 0.16
4t 0.7137 0.1636 1.519 0.142 22 0.10
41b 0.6953 0.1612 1.537 0.148 22 0.16
61t 0.5897 0.1737 1.764 0.059 29 0.19
61b 0.5699 0.1717 1.803 0.068 29 0.47
Oat 0.6209 0.1841 1.743 0.090 93 0.48
62b 0.5953 0.1840 1.759 0.070 93 0.28
81t 0.6413 0.1714 1.632 0.133 46 0.28
81b 0.6196 0.1700 1.648 0.136 46 0.30
8t 0.6127 0.1842 1.584 0.101 97 —0.37
&b 0.6086 0.1831 1.616 0.135 97 0.10
8t 0.6409 0.1852 1.603 0.135 127 0.15
8b 0.6201 0.1837 1.640 0.115 127 1.02

101t 0.5156 0.1665 1.891 0.078 46 0.77
10b 0.5013 0.1664 1.900 0.069 46 0.69
1t 0.4913 0.1746 1.747 0.154 43 0.30
11ib 0.4967 0.1738 1.752 0.147 43 0.31
11t 0.4946 0.1953 1.784 0.099 162 0.05
113b 0.4970 0.1934 1.754 0.098 162 0.16
121t 0.5025 0.1693 1.820 0.070 48 0.10
12:b 0.4953 0.1692 1.802 0.084 48 0.08
14t 0.6807 0.1670 1.664 0.100 13 0.41
141b 0.6428 0.1666 1.677 0.097 13 0.29
1616 0.6028 0.1868 1.653 0.110 31 0.05
16b 0.5803 0.1872 1.694 0.129 31 0.27
162t 0.6342 0.2006 1.641 0.166 91 0.40
16:b 0.6248 0.2007 1.659 0.138 91 0.31
171t 0.6655 0.1834 1.815 0.020 33 1.73
17:ib 0.6210 0.1820 1.838 0.017 33 1.34
17t 0.6730 0.1945 1.793 0.032 56 1.08
17:b 0.6415 0.1930 1.826 0.012 56 1.53
181t (.6908 0.1885 1.720 0.074 62 0.61
18ib 0.6420 0.1856 1.756 0.071 62 0.58
18:t 0.7018 0.1995 1.691 0.058 99 0.25
18:b 0.6703 0.1974 1.722 0.083 99 0.53
101t 0.5894 0.1712 1.849 0.022 23 0.94
1%:b 0.5728 0.1688 1.859 0.013 23 0.65
192t 0.5851 0.1807 1.854 0.007 41 0.47
19sb 0.5806 0.1797 1.866 0.023 41 1.03
201t 0.6178 0.1728 1.789 0.079 27 0.75
20b 0.5886 0.1717 1.819 0.054 27 0.67
202t 0.5934 0.1800 1.789 0.046 42 0.27
20sb 0.5836 0.1793 1.814 0.037 42 0.31
205t 0.6062 0.1922 1.766 0.076 104 0.43
201b 0.5912 0.1912 1.806 0.046 104 0.36
2Lt 0.4950 0.1755 1.945 0.008 65 0.26
21b 0.4985 0.1750 1.941 0.027 65 0.86
221 0.5034 0.1793 1.929 0.037 68 0.72
221b 0.4965 0.1791 1.927 0.048 68 0.70

approximate the thermal coefficient of
expansion of pastes saturated with
water. As mentioned earlier, the first
temperature change seems to affect the
paste more or less permanently. In

TABLE 4

THERMAL EXPANSION COEFFICIENTS FOR
PASTES OF we/c=0.55 WITH WATE

AIR VOIDS
Air Void
Speci- Yn Content, Spacing -lll—A—L- X107t
men ¢ LA Factor AT
DDit  0.220 9.5 0.020 inch 12.0
MMib (.224 11.4 0.011 11.4
MMib 0.224 11.4 0.011 11.7
MMib 0.224 11.4 0.011 11.5
RRib 0.223 11.4 0.009 11.2

these tests this was apparent as a
shrinkage “set” of as much as 85X10-¢
in the first cycle, so the constant tem-
perature points in the first cycle were
1gnored in estimating the slopes of these
curves.

Table 4 gives the specimen data and
the thermal coefficients of expansion
determined in these tests.

The precision of these determinations
was limited primarily by the calibration
correction uncertainty of +0.6X
10—¢/°C.

The change in response to tempera-
ture change produced by drying the
paste as much as is produced by self-
desiccation is shown in Figure 9.
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Figure 9. Cycles of cooling and warming of 1.0-in. self-dessicated specimen 31,b of w:/c = 0.450
and w./¢c = 0.206 immersed in mercury.

Specimen 31,b was cured at 23 C with-
out access to additional water for 46
months. For this paste, w,/c was 0.450
and w,/¢c was 0.206, The pores were
calculated to be 82 percent water-filled
and Copeland and Bragg’s data (8)
indicate that the water vapor pressure
was about 94 percent relative to satu-
ration. The specimen was tested while
in a steel can containing enough mer-
cury to cover the specimen and this
protected it from contact with the bath
fluid. It was cooled and warmed three
times between 25 C and 15 C. The
constant temperature periods are indi-
cated (Fig. 9). The rates for the first
and second cycles were 15 C per min,
for the third 1 C per min. (The second
and third warming curves are omitted
for clarity.) No changes in length were
observed at constant temperature, no
curvature was evident during tempera-
ture change, and the slopes were more

than twice as great as for water satu-
rated specimens. The slopes of the
cooling curves were smaller than those
of the warming curves as is commonly
observed with building stones, (14, 15,
16) concrete (17), cement mortars
(18), and neat pastes (2).

VARIATION OF WATER CONTENT OF
SATURATED PASTES WITH
TEMPERATURE

To determine the values of the coef-
ficients « and 8 in Eq. 4, eight speci-
mens, ranging in size from 31 g to 50 g,
cut from five different mature cement-
paste cylinders were weighed in a water-
saturated, surface-dry condition after
soaking in water (saturated with cal-
cium hydroxide) at 25 C and 0 C. Pre-
liminary measurements at 25 C and 5 C
showed that the specimens lost about
0.1 mg per g of sample per day during
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Figure 10. Weight changes of water-soaked
cement pastes between 25 C and 0 C.

soaking, presumably because of leaching
of alkalies and calcium hydroxide. Most
of the weight change occurred within 20
minutes of changing from 0 C to 25 C
for pastes of w,/c =0.58. Denser pastes
required more time.

Because of the leaching, weight dif-
ferences caused by temperature change
were determined by plotting the weights
vs time at each temperature. The dif-
ference between these curves was taken
as the change due to the temperature
difference alone.

The specimens used had nearly equal
non-evaporable water contents per gram
of cement so the weight change can be
regarded as a function of w./c alone.
The data shown in Figure 10 were

AL §
L x 10
600

400

200

l\ 1 i 1 o
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analyzed by the method of least squares
to yield the following equation:

A% —0.00309+0.0024 2= (8)

The intercept at w./c =0 (Fig. 10) is
0.00309 which applies at w,/c =0.215,
the mean value for these specimens. The
value of « in Eq. 4 is then

_Aw,__ 0.00309
T w, " (0.714) (0.215)

Thus Eq. 4 becomes
Aw =0.0194 w,+0.0024 w, (9)

=0.0194.

EFFECT OF MOISTURE DISTRIBUTION
CHANGES ON INITIAL FREEZING
EXPANSIONS

The manner in which specimens were
cooled from room temperature to freez-
ing temperatures had a measurable
effect on the initial freezing expansions.
This was especially important in the
case of the low water-cement ratio
pastes. Figure 11 shows the length
changes produced by cooling specimen
9;b from 24 C to —-24.8 C at 14 C per
min. For this paste w./c was 0.477 and
w,/c was 0.184 after curing 5 months
in contact with a water soaked wick.
The initial freezing expansion of 40X
105 occurred at -1 C. A similar
specimen, 9.t for which w,/c was 0.493
and w,/c was 0.184, was cured 414

begin

=

1 i 1

25W
~—— 200

Figure 11. Freezing test results of 2.5-in. specimen 9;b of w./¢ = 0.477 and w,/c = 0.184 during

-

1
5 10 15 20 25
Temperature (degrees C)

cooling at 1 C per min.
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months by the wick method. It was held
at 10 C for 100 min during cooling from
22 C to —21.4 C. The cooling was done
at 14 C per min except for the constant
temperature period during which the
specimen expanded 75 X 10-%. The initial
freezing was hardly discernible, indi-
cated by only the small expansion of
4%x10-%at —4.2 C.

Specimens of w,/c=0.45 cured in
water for more than two years showed
initial freezing expansions of about the
same as that of specimen 9;b. One such
specimen was then stored in ice water
for 4 days, after which the initial
freezing expansion was 100 <105,

When pastes of w,/c=0.45 were
cured in contact with water at 5 C,
initial expansions much larger than that
of specimen 9;b were observed, even
though the specimens were held at
about +1 C for 75 minutes. During this
period the specimens did not reach an
equilibrium length but at least 85 per-
cent of the expansion at that tempera-
ture had occurred. Specimen 57,t, cured
42 days at 5 C at which time w,/c was
0.488 and w,/c was 0.162, showed an
expansion of 850X10-¢ between —2.0
and -5.5 C. Specimen 59;t, cured 128
days at 5 C at which time w,/c was
0.496 and w,/c¢c was 0.187, showed an
mitial expansion of 450X10-% Speci-
mens of this type cured at room tem-
perature showed initial expansions of
less than 50x10-%. Evidently the 5 C
cured pastes contained more freezable
water.

Even when the porosity is much
greater than in the above cases, cooling
to freezing temperatures is able to
reduce expansions produced by freezing.
This is shown in Figure 12 where the
first parts of the freezing curves of four
pastes containing entrained air voids
(containing some water) are compared
with results of pastes of nearly equal
total and non-evaporable water con-
tents without entrained air. In each case
the paste with entrained air is seen to
produce initial expansions greater than
those of the similar air-free pastes, pre-
sumably because water in the voids was
absorbed by the paste during cooling to
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freezing temperatures. A further dis-
cussion of the relationship between
freezing expansions and capillary satu-
ration coefficient is given elsewhere
(19).

GENERAL DISCUSSION

Transient length changes, weight
change measurements, and the initial
freezing expansions in both air-free
pastes and pastes with entrained air,
each indicate that moisture distribution
changes occur in cement pastes as a
result of temperature change. It is
believed that the results are not peculiar
to the cement of the particular compo-
sition used because all portland cements
produce pastes of similar pore structure.

The exponential dependence of AL/L
on time after cooling or warming can be
explained if the movement of moisture
is regarded as a simple diffusion process.
In rectangular space coordinates z, ¥
and z, the equation for diffusion through
a homogeneous isotropic permeable
medium is as follows:
aC aC  9:C | 9:C
ot D(ax2+6y2+az2> (10)
in which C is the concentration of the
diffusing substance and D is the dif-
fusion coefficient. If the changes in
concentration are large, D must be
regarded as a function of the concen-
tration and Eq. 10 takes a slightly
different form, but if the range of varia-
tion of C is small, D may be assumed
to be constant. The solutions of Egq.
10 depend on the initial and boundary
conditions and are well known for
simple conditions. Though the cement
gel around capillary spaces is believed
to be a non-homogeneous mass of
particles and the diffusion is surface
diffusion on the particle surfaces, the gel
can be regarded as a homogeneous
medium if the regions considered are
large compared with the dimensions of
individual elements. C; denotes the
concentration of the water in the gel
when the paste is at equilibrium at
some initial temperature. If the tem-
perature is abruptly changed, the con-
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Figure 12, Freezing dilations of 2.5-in. specimens,
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centration of moisture throughout the
gel will begin to approach a new
equilibrium value, C;. The water in the
capillaries will maintain the boundary
of the gel at the equilibrium value
during and after the temperature
change. These conditions and Eq. 10
define the problem except for the
geometry. In the real system the
geometry is unknown and no doubt
extremely complex. However, the solu-
tions to similar problems for a number
of different simple models are so similar
that it seems not unreasonable to expect
that the real system may be adequately
represented by a summation of a large
number of small simple systems. If so,
the real system may have a solution of
the same mathematical form.

Instead of giving the solutions for
the instantaneous values of the concen-
tration as functions of the time and
space coordinates, it is more informa-
tive to consider the total amount of
substance, M, which has diffused into,
or out of, the medium from the bound-
aries at any time, ¢{. As examples of
solutions for geometrically simple sys-
tems, Crank (20) gives for a plane slab
of thickness, L:

Mo, o8& 1

Mg 2y -

M. s 2 ON 1)
.exp_D(2ZJj_1)27r2t (11)

and for a hollow sphere of inner radius,
@, and outer radius, b:

M Z(b cosNm —a)?
M, — N?(a*+ab+-b?)

___DNZ 2

in which M_ is the total amount of
substance transferred during the ap-
proach to equilibrium. In real experi-
ments the temperature change is not
Instantaneous, but is a function of the
time. In these cases the solutions be-
come more complicated because the
distribution of moisture at the beginning
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of the constant temperature period is
not uniform. However, the general
solution of the plane slab problem given
by Crank shows that even in these cases
the coefficient of ¢, which is the rate
constant, n, of the first term of the
summation 1s the same as given by Eq.
11. According to Brunauer (21), it is
sufficient for most purposes to use
only the first term of the summations
in equations like Egs. 11 or 12. Both of
the solutions may then be written:

M=M_1-Gexp(-nt)] (13)

in which G is a constant derived from
the geometry. If this approximation is
used, the constant G should probably
be set equal to unity. If it is not, the
value of M at t=01is M _(1 —-G) which
is absurd unless G=1. For maximum
accuracy at all values of ¢ the value of
G should probably lie between unity
and the value given by the geometry.

The value of M at equilibrium, M,
corresponds to a gel water content of
W,.. If the gel water content im-
mediately after the temperature change
is wyo:

Mco =Wye _w{IO (14)

and at any time, ¢, after the temperature
change

Wy =Wz+M (15)
Substitution of Eqs. 13 and 14 in Eq.
15 yields

w, =wum+(wao _waou) eXp( —-nt) (16)

If we assume that the specimen length
changes are proportional to the gel
water content in the range of variation
near water saturation, the length change
is given by

%=>\=kwg (17)
or
A =Xyt (N —A,) €xp( —nt) (18)

in which A, 1s the value of A\ at {=0
and )\, is the value of A when equi-
librium is reached.
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The equation derived on the basis of
these simple assumptions agrees accu-
rately with that found experimentally
(Eq. 6). Thus it is possible to charac-
terize the complex real system by a
single rate constant. In Powers’ model
the system is a combination of many
small connected capillary-gel systems
each of which should be characterized
by its own rate constant. That the
integrated response of all these systems
to temperature change can be charac-
terized by a single rate constant seems
to imply that these small systems are
all of about the same dimensions.

The change in » in the sequence
given in Table 2 seems to be a super-
position of two changes, one depending
on the sequence, the other on the tem-
perature. If the observed dimensional
changes are indeed caused by diffusion
of water in the paste, a large change in
the rate constants with temperature
would be expected because the diffusion
coefficient is related to the temperature
through the Arrhenius equation (22).
The change with temperature is compli-
cated by the fact that after cooling
adsorption occurs, but after warming
desorption occurs. The change of the
rate constant with sequence indicates
that the diffusion occurs more readily
after the first cycle.

Figures 7 and 9 show that the thermal
expangsion coefficient of a water satu-
rated paste at the beginning of cooling,
when the moisture content of the gel
must be essentially constant, 29 X10-¢
per °C, is very nearly the same as that
of a self-desiccated paste in which
there is much less capillary water
available for diffusion, 27X10-% per
°C. This agreement supports the inter-
pretation in terms of moisture diffusion
given for the changing slope observed
during changes of temperature of the
water saturated specimens.

The permanent shrinkage ‘“‘set” ob-
served to result from the first cooling-
warming cycle of water saturated pastes
may be related to the partial irre-
versibility of the drying shrinkage of
cement pastes and mortars observed by
Pickett (23), who suggested that a
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permanent rearrangement of  gel
particles resulted from the first drying.

The value of g in Eq. 4 was deter-
mined from weight change measure-
ments to be 0.0024. This value would
be expected from the density change
with temperature of a 0.4 percent
sodium hydroxide solution. The pastes
used contained enough sodium and
potassium to produce about 1 percent
solutions of the hydroxides, but some
of the solute was lost by leaching so
this is a reasonable value for 8.

The value determined for «, 0.194, is
more than eight times the value of g.
The slight increase in water retention
by the solid force field at lower tem-
peratures corresponds to a large value
for the apparent thermal expansion
coefficient of the gel water. However,
the true coefficient cannot be deter-
mined from these data without
assuming a value for the thermal
expansion coefficient of the gel pore
space, which is unknown.

From the results cobtained in this
work the expansion produced by mois-
ture diffusion can be compared with
the mass of water absorbed by the gel
during cooling. If a specimen could be
cooled from 25 C to 0 C so rapidly that
no change in moisture distribution
occurred, the thermal contraction would
be 29x10-¢ per °C. When sufficient
time is allowed for all the moisture
diffusion into the gel to occur the con-
traction is only about 11X10—% per
°C. The net expansion caused by
diffusion of water into the g2l is then

AV AL _[1/oL\  1[/4L
v =L E [L(al“) i(w)JAT

=3(29 —11) x10-¢x25
=1.35X10-3 (19)

These coefficients were determined
using hardened pastes for which the
w,/c values were about 0.21 and the
w,/c were about 0.5. For such pastes the
increase in water content between 25 C
and 0 C is given by Eq. 9 to be 0.0038
g per g cement or 0.0047 g per cu cm
hardened paste. Then the change in
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paste volume is indicated to be 0.29
cc per g of water absorbed at 0 C at
saturation. This volume change is
several times as great as that produced
per gram of water during drying shrink-
age experiments. This suggests that
drying shrinkage results primarily from
loss of only that part of the water
contained by the gel, which agrees with
Powers and Brownyard’s interpretation.

Since the values of « and 8 of Eq. 4
have been determined by weight change
measurements, the capillary saturation
coefficient, s., can be obtained using
Eq. 5 for pastes saturated at 25 C and
cooled to 0 C so that additional water
cannot be imbibed:

s.=(1-f)=1

0.0194 (0.74)w,
T ow.-174w,

For mature pastes (w,/c=0.20) of
w./c=0.40 this yields s,=0.942. Since
the capillary spaces are believed to exist
in a wide range of sizes and the largest
cavities probably lose water most
readily, the average values of s, given
by Eq. 20 are probably greater than the
true values for the largest cavities and
smaller than the true values for the
smallest cavities. If so, this moisture
distribution change may entirely elimi-
nate dilation caused by freezing in situ
in the larger capillary spaces, as is
indicated by Figure 12,

Initial freezing expansions of low
water-cement ratio pastes which had
been saturated at 23 C or 25 C were
quite small. There are at least two
reasons for this: (a) the evidence indi-
cates that capillary spaces are at least
partially emptied by diffusion of capil-
lary water into the gel during cooling,
and (b) ice formation cannot take place
in many of the capillary spaces because
the spaces are too small to contain ice
crystals stable in the range of tempera-
tures used. This second reason is the
subject of current study.

SUMMARY OF CONCLUSIONS

1. Warming water-soaked cement
pastes causes moisture diffusion from gel

—0.0024  (20)
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pores to capillary spaces. The net result
of warming is an expansion because
the expansion at constant gel water
content is greater than the contraction
which occurs as the gel loses water.

2. Cooling water-soaked cement
pastes causes moisture diffusion from
capillary spaces to gel pores. The net
result of cooling is a contraction be-
cause the contraction at constant gel
water content is greater than the ex-
pansion which oceurs as the gel absorbs
water.

3. The shrinkage or swelling which
occurred at constant temperature, after
a change of temperature, was found to
obey Eq. 6.

4. The air voids in moist-cured pastes
with entrained air were found to con-
tain water after moist curing for 13
days or more. The water probably
entered the voids during the first 24 hr,
when the specimens were under water.

5. The “thermal expansion -coeffi-
cient” of hardened cement pastes,
maintained completely water-saturated
during the determination by excess
water in air voids, was (11.6+0.6) X
10— per °C.

6. The thermal expansion coefficient
of certain partly dried (self-desiccated)
cement pastes is about 25X 10-% per °C,
because there is not enough water in
such pastes for free exchange of mois-
ture to occur between capillary and gel
space after temperature change.

7. Capillary spaces emptied by cool-
ing from 25 C to 0 C can be filled by
soaking in water. The resultant increase
in weight is given in Eq. 9.

8. If a paste saturated at 25 C is
cooled to temperatures below 0 C with-
out soaking in water, the resulting
empty capillary space provides space in
which some of the excess volume pro-
duced by freezing can be accom-

modated. This provides protection
against freezing expansions.
9. Water in air voids in cement

pastes tends to maintain water satura-
tion of the paste during cooling. As a
result, pastes with entrained air voids
containing water show larger initial
freezing expansions than air-free pastes
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which are saturated at temperatures
above freezing.
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APPENDIX

SUMMARY OF MATHEMATICAL SYMBOLS

A =fraction of the specimen volume
occupied by air voids;

B =amplitude of transient length
change per unit length;

C =concentration of diffusing sub-
stance;

D =diffusion coeflicient;

F =partial molar free energy (chemi-
cal potential) ;

G =constant derived from the ge-
ometry in solutions of the dif-
fusion equation;

L =length of specimen, or thickness

_of a plane slab;

L =air void spacing factor;

M =total amount of substance which
has diffused into, or out of, the
medium from the boundaries;

N =term index in infinite series;

S =partial molar entropy;

T =temperature;

V =volume;

a =Inner radius of a hollow sphere;

b =outer radius of a hollow sphere;

¢ =weight of cement;
d, =apparent!density;

f=fraction of the capillary space
which is empty;
k =proportionality constant relating
w, to AL/L;
n =rate constant in exponential decay
equations;
P =pressure;
s, =capillary saturation coefficient;
t =time;
w =weight of water;
w, =weight of capillary water;
w, =weight of gel water;

w, =weight of non-evaporable water;
w, =weight of water originally in the
(fresh) paste, after bleeding;

w, =total weight of water in the paste;
wi, =total weight of water in the

specimen with entrained air voids;
w, =weight of water in air voids;
Aw; =weight change due to the change
in adsorption with temperature;
Aw; =weight change due to the volume
change of capillary water and
capillary pore space with tem-
perature;
x =rectangular space coordinate;
y =rectangular space coordinate;
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z =rectangular space coordinate; 8 =proportionality constant relating
AX =change in the value of X; capillary water content to weight
a =proportionality constant relating change with temperature; and

gel water content to weight A=AL/L, change of length per unit
change with temperature; length.





