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N E W exijerimental data are presented on the freezing of hardened portland-cement 
pastes wi th and without entrained air. They are explained in terms of tw-o mecha
nisms: 1) the generation of hydraulic pressure as water freezes in capillary cavities and 
2) the growth of the bodies of ice in the capillary cavities or air voids by diffusion of 
water from the gel. Air voids l imi t the hydraulic pressure and shorten the period 
during which the ice in the cavities can increase. The closer the air voids are to each 
other the more effective they are in controlhng either mechanism. 

9 I N two jn-evious pa])ers {1, 2) a hypothesis 
was advanced to explain the mechanism In* 
which freezing may damage hardened cement 
paste in conciete and by which air voids may 
prevent that damage. The hy])othesis was 
based on the assumption that damage is due 
to hydraulic ])ressure generated during the 
process of freezing. Work done in the labora
tories of the l^jr t land Cement Association 
during the last 2 yr. has, we think, advanced 
the basic assumption of that hypothesis to 
the status of established fact. At the same 
time we have learned that hydraulic pressure 
does not account for all the phenomena 
pro(hiced by freezing. Part of the effect of 
freezing is ajjparently due to the tendency 
of microsco|)ic bodies of ice to gi'ow by di-aw-
ing water from the gel. 

This pai)er is not intended to be a complete 
report of the laboratory research on which i t 
is based. Additional details will be given in 
othei' papers as .soon ;is the work is finished. 
The present ])aper will deal with the salient 
features of the experimental results and give 
oui' interpretation of them. 

VOLUMK CHANGES DUE TO KREEZING 

Sevcral-hundi'ed experiments were made 
in which the length changes of cement-paste 
specimens were measured simultaneously with 
measurements of temperature. Ai'rangements 
were such that the tem])eratuie could be 
held constant or could be caused to change 
at tmy desired rate through a range extending 
from +25 to —25 C. Changes in length as 
small as 1 microinch jier in. could be detected. 

The temperature measurement was sensitive 
to about 0.1 C. Length change, temperatui-e 
change, and elapsed time were recorded 
automatically. 

The specimens were composed of neat 
cement paste, some made with and some 
without entrained air. They were tubular, 
about 2 in. long; outside diameter, 1 in. ; 
inside diameter, J 2 in- ^lost of them con
tained a Ty])e I cement. Various water-
cement ratios were used ranging from 0.45 
to 0.70 by weight. The specimens were cured 
so as to maintain the highest possible degiee 
of .saturation throughout the curing i)eiiod. 
Ages at test ranged from 3 weeks to about 3 
mo. for most of the work. Some specimens, 
however, were about 2-yr. old when testeil. 

The results of a test on a sjjecimeu con
taining no air voids' is shown in Figure 1. 
The left-hand scale of ordinates gives the 
change in length and the right-hand scale, 
the change in temperature. The scale of 
absci.ssas gives the elap.sed time aftei- the 
beginning of the experiment. In most respects 
the features shown are typical f)f all relati\'ely 
poi'ous pastes made without entrained air. 

Beginning at room temperature, the speci
men was cooled about 0.25 deg. per inin. In 
this ca.se the si)ecimen contracted linearly (the 
contraction is usually not linear) until the 
tempei'aturo was —(i.d C. At the time when 
tins temjjerature was reacheil, freezing oc-

' .Air \ o i d s are not considcle i l to be a part of the p.iste; 
the paste is the substance surrounding the a ir voids. T h e 
paste is lX)rovis (see later) a m i its pores m a y contain either 
air or water. I n this paper, we deal on ly w i t h water - sa tu 
rated paste, b u t in no case w o u l d we speak of a n CTniity 
poie in the paste as an a ir vo id . 
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curred, as shown by the sudden rise in tem
perature. At the instant that freezing began, 
the specimen began to expand rapidly and 
with continued cooling it continued to ex
pand. 

The particular specimen represented by 
Figure 1 supercooled about 6 deg. before 
freezing began. Usually the degree of super
cooling is less, often negligible. For specimens 
of the same kind, the greater the degree of 
supercooling, the greater the initial expansion. 
Without supercooUng, expansion begins grad
ually, and apparently in such a case, too, it 
begins at the same time that freezing begins. 

10 60 70 so 

Terr iperatL;r -e — Terr iperatL;r -e — 
i - — P i s e due to starl 

^{V. of Freezing 

J-.r-e _ M I r u l e s 

Figure 1. Coincidence of initiai expansion witil freez
ing; paste porosity, 0.46. 

For a specimen containing no entrained 
air and for rates of cooling 0.25 deg. per 
min. or higher, the expansion that occurs 
during freezing is smaller the smaller the 
porosity of the sample. The porosity of the 
sample also influences the temperature at 
which pronounced expansion begins. 

Similar data for a specimen containing 
entrained air are shown in Figure 2, lowest 
cui've. In this case freezing began at about 
— 1 C. and it was accompanied by a small 
expansion (about 30 microinches). Then as the 
temperature continued to fall at a nearly 
constant rate the specimen contracted. When 

the temperature reached -8.3 C, the cooling 
was stopped and the temperature held 
pi-actically constant for about 22 min. During 
this period of constant temperature the 
specimen containing entrained air (bottom 
curve) continued to contract for about 12 
min. of the 22-min. constant-temperature 
period. When coohng was resumed, the speci
men resumed contracting. 

The dashed-line curve shows the behavior 
of a similar specimen without air voids as it 
followed the same tempei'ature schedule. 
The behavior is like that shown in Figure 1, 

Figure 2. Freezing of pastes witli and witliout air 
voids; paste porosity, 0.45. 

modified by the difference in supere^ooling. 
As the tem))erature fell the sî eeimen ex
panded at an inci'easing I'ate. At the time 
when cooling was stopped anrl the constant-
temperature period began, the specimen 
without entrained air continued to exjiand 
slightly while the sjiecimen with entrained 
air was contracting. After a small expansion 
the specimen without entrained air then re
mained almost at constant length. 

At the start of the second period of cooling, 
the specimen without entrained aii' began 
abruptly to expand, whereas that made with 
enti-ained air began gradually to conti-act. 
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Figure 3 is presented to show the effect, on 
a sample containing no air voids, of holding 
the tempei'ature constant after the freezing 
process starts. The sample, a relativelj' dense 
one, did not begin to expand until the temper
ature reached —19 C. The graph includes a 
record of the experiment for a period beginning 
30 min. before expansion began and continuing 
for more than 6 hi-, after that time. For the 
first 40 min. the temperatui'e was decreased 
at neai-ly constant rate. When the temper
ature had reached —21.3 C, coohng was 
stopped and the temperature was held 
constant. During the constant-temperatui-e 
pei'iod the specimen continued to expand. 
Finally, cooling was resumed, whereupon 

Tempe'-ature 
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Fifture 3. Effect of holding temperature constant after 
freezln}^ starts in a relatively dense paste. 

there was a slight contraction followed by 
an abrujit increase in the rate of expansion. 

The principal point to be noticed in this 
graph is the expansion during the constant-
temperature period. This same tendency is 
discernible in the dashed line of Figure 2; 
l)ut for reasons associated with the dimensions 
and porosity of the sample, the effect was 
small and of short duration. 

Figure 4 shows the relationship between 
length change and temperature change in the 
freezing range for jiastes containing different 
amounts of entrained air and, hence, for dif
ferent void-spacing factors, L. The pastes 
rejjresented by the different curves all had 
ai)proximately the same porosity. The ujiper-
most cui've i-epresents a specimen containing 
no entrained aii'. The indicated spacing 
factor foi' such a specimen is based on the 

geometry of the specimen, i.e., no point in the 
speeimen can be more than 0.1 in. from a 
boundary. The spacing factors for the speci
mens containing entrained air were based on 
the calculated mean distance between voids, 
the calculations being made hy a method 
previously published (£). 

The feature to be noted is that at a given 
low temperature, say —20 C, the expansion 
produced by freezing is smaller the smaller 
the spacing factor. In the low range of spacing 
factoi-s, the specimens expand slightly and 
then they contract more than can be ac-

Rate - C . : S ' C / r 

T e r r i p e r a + u r e - ^ 

Figure 4. Effect of entrained air. 

counted for by normal thermal contraction 
alone. 

Many variants of these curves were found 
among the several-hundred obtained. But it 
is not necessary to deal with those variants 
here, for they are such as would be expected 
from the mechanisms that ma}' be deduced 
from the curves presented above. The data 
chosen were those that illusti-ate with a 
minimum of complication the mechanisms 
producing the volume changes. 

The principal phenomena may be sum
marized as follows: (1) In all water-soaked 
pastes not containing air voids exjiansion 
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bef̂ ins at the instant that freezing begins. 
(2j When air voids are present and clo'feely 
spaced, initial expansion, if any, begins with 
freezing and is followerl by contraction. (3) 
When cooUng is stopped in the midst of the 
freezing process and the temperature is held 
constant, pastes without air voids continue to 
exjjand, and those with closely spaced air 
voids continue to contract, for limited jieriods. 
(4) When cooling is resumed after a constant-
temperature period, pastes without voids be
gin abi'uptly to expand and those with voids 
begin gradually to contract. (5) On freezing 
water-soaked i)astes of given porosit5-, ex
pansion is smaller the smaller the spacing 
factor of the air voids. With spacing factors 
such as those found in air-entrained concrete, 
the specimens contract. 

I N T E R P R E T A T I O N OF E X P E R I M E N T . S 

Knowledge of the submicroscopic structure 
of hardened portland-cement paste is pre
requisite to an understanding of the 
phenomena tnider discussion. ^Ye shall see 
that these phenomena can occur only in a 
material that holds some freezable water in 
))ores so small that the water cannot freeze 
while it is in those pores, together with some 
water so situated that it can freeze in place. 
Experimental evidence has already been 
])ublished showing that hardened portland 
cement paste is such a material (3a). Its pores 
are of two kinds, gel poves and capillary 
pores. Water cannot freeze in gel ])ores but can 
freeze in the capillary pores. 

Phj/sical Structure of Paste 
In 1947 data were published (3c) showing 

that the ultimate particles in cement paste 
(ultimate with res]5ect to water jienetration) 
were exceedingly small, their a"\-erage diam
eter being about 140 A.- The calculation of 
size was based on measured specific surface of 
the ultimate i)articles. A few months ago we 
obtained data on the low-angle scattering of 
X rays that confirmed this calculation of 
average size. More recently, in cooperation 
with the National Bureau of Standai'ds, we 
obtained election photomicrographs showing 
that the ultimate particles were roughly 
spherical and ranged in size from 50 to 

- 140 angsti-oin units equiil 0.014 micron, or 0.6 micro-
incii. On tire basiw of current work, this figure is being re
vised downward. The average diameter is now believed to 
be between 85 and 100 A. 

200 A, the apparent a\-erage being iis pre
viously calculated. The Bureau of Standards 
also obtained low-angle X-raj^ data confirming 
the average size. The tiny s])heres are evi-
denth- linked together to form tlie cohesive 
mass we call cement gel. Points of contact are 
believed to be bonded chemically, as if the 
spheres were spotwelded together. 

Other data pubhshed in 1947 showed that 
when the cement gel completeh- fills the spiu'e 
available to it, the porosity of the specimen 
is about 25 percent. From this we deduced 
that the interstitial spa(«s among the spheres 
are about 25 percent of the over-all \-olume, a 
figure now seen to be consistent with the sh;ipe 
of the particles and their limited size range. 

G e l 
Pa r t i c l e ^ _ 

Gel P o r e ^ 

B o u n d a r y 
of Part of 
an Air Void 

Figure 5. Simplified diagram of paste structure; C 
Indicates capillary cavity. 

In most pastes the volume of the gel does 
not equal the apparent volume of the ]5aste. 
The unfilled space in the paste occurs as 
cavities in the otherwise continuous mass of 
gel. These spaces are called cai)illary pores 
or capillary cavities. The gel pores are the 
interstitial spaces among the massed spheres 
that surround these cavities. 

With this knowledge at hand we are able to 
construct a diagram on which a discussion of 
the mechanism of freezing can l)e based. Tliis 
is'given in Figure 5. The gel particles are in
dicated by the black spots and the capillary-
pores by the empty spaces. So as not to obscure 
the gel ])ores, we have indicated the dense 
regions to be much less dense than they really 
are.̂  

3Ca(OH)2 crystals and residues of inih,vdrated cement 
are not represcjnted. These are comparativel,\- few and far 
between and of no significance here. 
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The curved bouiKlary at the left is sup
posed to i-epi-eseiit a part of the wall of an air 
void and is intended to suggest that air voids 
such as tliose in air-entrained concrete are 
extremely large as compared with the capillai-y 
cavities and gel pores in the paste. If the air 
void were ch-awn to scale and were of average 
size, the curvature would harfily be discernible. 

The capillary cavities ai-e more numerous 
and larger tlie higher the original water-
cement latio and the shorter the period of 
curing. Such cavities are the only places where 
ice can exist within the boundaries of the 
paste. 

Experimental data show that a \-ery-small 
amount of water fi-eezes near the normal 
freezing point, but in most specimens a 
significant amount of freezing occurs onl}-
after the temperature falls well below the 
normal freezing point. This behavior (as well 
as other evidence) indicates that most of the 
capillar}' cavities are quite small. They are so 
small that the ice crystals they contain cannot 
exist except when the temi)erature is below 
the normal freezing point. The reason for this 
is too complex to be dealt with here. A simple 
explanation is that the surface tension of the 
bodies of ice in capillary cavities puts them 
under a pi-essure that is higher the smaller the 
body. Hence, the smaller the cavity and, of 
necessit\-, the smaller the ice body the higher 
the pressure and the lower the freezing point.^ 
(The gel i)ores are so small that fi-eezing 
cannot occur at any temperature, at least not 
at any temperature above —78 C.) 

Freezing starts at the temperature required 
by the largest cavity, and as the temperature 
continues to fall, the water in the smaller 
cavities progressively bet'omes fi-ozen. Freez
ing curves, such as the dashed line in Figure 
2, indicate that the water is held in cavities of 
various sizes. 

The foregoing i-emarks pertain to freezing 
in a saturated specimen, in which case the 
free energy of the unfrozen watei' is at a 
maximum. Owing to adsorption and capillary 
forces and to dissolved substances, principally 
the alkalies, the free energy of the water in 
hai-dened jjaste is a function of its degree of 

Tlie (lopreaaion of tlie freezing point slionUi not he con-
fuae<l with tile supercooiing mentioned earlier. When cavi
ties of a size tliat slioukl permit freezing at say —0,5 C are 
present in a sample and freezing does not begin until —6 C , 
tlie water in tliose cavities has been supercooled 5.5 deg. In 
some specimens the water can be cooled to —18 deg- or lower 
without freezing. But this is not due to supercooling; it is 
due to the lack of the larger capillary cavities. 

saturation (S). The same is true of the cement 
gel considered by itself. The maximum free 
energy is somewhat below that of pure water 
in bulk, because of the solute concentration. 
When water is removed from the paste or the 
gel, the free energy of the residual water be
comes progressively lower. Hence, the highest 
temperature at which the remaining water can 
freeze becomes lower as water is extracted 
from the paste. 

Capillary size, limiting as it does the size of 
the ice crystal, fixes the least amount by 
which the free energy of ice in a capillary 
exceeds that of bulk ice. (When the capillary 
ice is subjected to pressure, its free energy 
rises above the minimum.) Desiccation of the 
paste lowers the free energy of the freezable 
water and fixes the highest temjierature at 
which the freezable water can be in equilib
rium with bulk ice. The temperature at which 
freezing can occur in a given capillary cavity 
is determined by the free energj- of the ice 
and the free energy of the freezable water; 
thus, i t is controlled both by cavity size and 
degree of desiccation. 

In the following discussion we shall assume, 
for the sake of simplicity, that the concentra
tion of soluble material is negligible, hence, 
that the free energy of the water in saturated 
gel is practically the same as the free energy 
of pure water in bulk at the same temper
ature. This condition is not entirely h\-po-
thetical; i t has been produced in the 
laboratory. 

Freezing in Capillaries and Generation of 
Hydraulic Pressure 
In a water-soaked paste the capillary pores 

and the gel pores are full, or nearly full, of 
water. When the temiierature falls to the 
point where freezing can begin, ice crystals 
should appear, presumably in the largest 
capillary cavities only. Consider the capillary 
cavity marked Ci in Figure 5. When the 
water it contains begins to change to ice, the 
volume of water plus ice will e.xceed the 
original capacity of the cavity. This comes 
about, of course, because 1 cc. of water 
occupies about 1.09 cc. of space after freezing. 
Therefore, during the time when the water in 
C\ is changing to ice, the cavity must dilate or 
the e.xcess water must be expelled from it. 

As indicated by the diagram, cement paste 
is a permeable material (though the coef-
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ficient of permeability is extremely low). 
Hence, there is a possibility that the excess 
water can escape from Ci during the process 
of freezing. If we consider Figure 5 to represent 
half of a layer between two voids, we can see 
that there is a possibility for the excess in 
Ci to escape into the air void at the left. We 
may think of the growing ice body in Ci 
.as a sort of pump forcing water through the 
paste toward the void boundary. Obviously, 
such a pumping out of water involves the 
generation of pressure. The factors controlling 
this pressure have been dealt with in detail 
in a previous paper (S). The most important 
factors are: (1) the coefficient of permeability 
of the material through which the water is 
forced; (2) the distance from d to the void 
boundary; and (3) the i-ate at which freezing 
occurs. 

Let us now consider freezing in the capillary 
marked Cj. Clearly, the excess water can 
escape from Ci more readily than from Ci. 
Therefore, the maximum pressure reached 
during freezing in Ci must be less than the 
maximum reached in Ci. In general, we can 
see that during the process of freezing hy
draulic pressure will exist throughout the 
paste, and this pressure vyill be higher the 
farther the point in question from the nearest 
escape boundary. If a point in the paste is 
sufficiently remote from an escape boundary, 
the pressure may be high enough to stress the 
surrounding gel beyond its elastic limit, or 
beyond its strength, and thus may produce 
permanent damage. 

I t becomes clear that every air void en
veloped by the paste must be bordered by a 
zone or shell in which the hydraulic pressure 
cannot become high enough to cause damage. 
Theoretically, the pressure increases ap
proximately in proportion to the square of the 
distance from the void, the pressure being 
zero at the void boundary. By reducing the 
distance between voids to the point where the 
protected shells overlap, we can prevent the 
generation of disruptive hydraulic pressure 
during the fi'eezing of water in the capillaries. 

The foregoing is the essence of the hy-
draulic-pressui-e hypothesis that has been 
developed in detail pi-eviously. Experimental 
data of the kind already pi-esented advance the 
hypothesis to the status of established fact. 
To see how this is so, consider aj;ain the 
capillary cavity represented in Ci in Figure 5. 

Hydraulic pressure must appear in this 
cavity at the very instant that freezing begins. 
Therefore, the specimen as a whole (acted on 
simultaneously by all similar cavities) should 
begin to expand at the instant that freezing 
begins. Figure 1 shows that this is exactly 
what happens. No other mechanism that we 
can think of can account for this cqincidence 
of events. This evidence alone, when all its 
implications are evaluated, is enough to 
confiim the hydraulic-pressure hypothesis. 
Other evidence will be brought out further on 
pertaining to lesponses to changes in rate of 
coohng. 

However, generation of hydraulic pressure 
through the mechanism just described does not 
account for all phenomena illustrated in Fig
ures 1 to 4. In particular, it does not account 
for shrinkage that accompanies freezing when 
air voids are present nor for certain responses 
to change in i-ate of cooling. To account for 
these phenomena, we must consider what may 
happen after the water in a given capillary 
cavity becomes frozen. 

Diffusion and Freezing of Gel Water 
With the water in cavity d turned to ice, 

we have to consider the relationship of that 
ice to the unfrozen water in the sui-rounding 
gel. (Remember that water cannot freeze in 
the gel.) I f the gel is saturated, the gel water 
has the same free energy as that of ordinary 
water in bulk. Therefore, it can be in thermo
dynamic equilibrium with the ice in Ci at 
0 C if both the ice and the gel water are under 
a pressure of 1 atmosphere and if Ci is so 
large as to have negligible surface energy. I f 
now the temperature drops below the temper
ature at which the water in Ci became 
frozen (we here assume it to be 0 C), the gel 
water is no longei- in thermodynamics equilib
rium with the ice; its free energy is highei-
than that of the ice. We know this because we 
know that the water that can be extracted 
from a saturated gel has a higher entropy than 
that of ice (Sb). When such a difference in 
entropy exists, it is a direct thermodynamic 
consequence that lowering the tempei'ature 
will cause the water to gain free energy faster 
than does the ice. As a consequence, the gel 
water acquires an energy potential enabling 
it to move into the cavity and cause the ice 
crystal to grow and enlarge the cavity. Our 
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conclusions l egarding the mechanism by which 
this gi'owth takes place will now be described. 

As indicated in Figure 5, the walls of the 
cai)illary cavities are made ui) of gel particles. 
Each gel particle carries its adsorbed water 
"fi lm" and the water film separates the gel 
particles from the ice, the degree of separation 
being submicroscopic, only a few molecular 
fliameters. We attempt to show this boundary 
I'egion l)etween ice and cavity wall in Figure 
6. The body of ice is shown to be separated 
from the cavity wall by an unfrozen film, 
the adsorbed layer, which film is continuous 
with the adsoi-bed layers within the gel. 

The water molecules in the film tend to have 
the oi'ientation demanded In- the force field 
of gel particles. The same molecules are also 

Fifture 6. Disposition of water films. 

.subject to the force fields of the ice crystal 
which tend to produce the molecular orienta
tion charactei'istic of the ci'ystal. Thus, the 
water in tfie film is subject to competitive 
forces. At a given temperature below 0 C, the 
ice crystal is able to capture some of the film 
water and reduce the thickness of the film 
Ijelow what it would be if no ice were present. 
As the temperature becomes still lower, more 
of the molecules in the film are captured by 
the ice and the film becomes thinner. Since 
the films are identical with the adsorbed 
layei s on the gel particles in the intei ior of the 
gel (the gel water), the depletion of the film 
in the capillary cavity by the ice in the 
capillary cavity pioduces a free-enei'gy dif
ference between the film in the cavity and the 
gel water. Consequently, water creeps along 

the surfaces of the gel particles into the film 
in the ice-bearing cavity as requii-ed to leduce 
the free-energy potential created by depletion 
of the film in the cavity. The process is called 
surface diffusion. 

Whenever the gel loses water it tends to 
shrink, no matter whether the water is lost 
by evaporation or by freezing. The tendency 
of the gel to shrink as water is extracted fi-om 
it, b}' freezing and the growth of the ice body, 
places the ice in the capillai-y ca\-ities and the 
film around the ice under ]ji-essure. Much 
pressure increases the free energy of the ice 
and of the water in the film between the ice 
crystal and the gel particles and tends to 
prevent the replenishment of that film by 
diffusion of water fi'om the gel. However, the 
swelling i)ressure in the film is enougii to 
produce dilation. For examjjle, if the gel were 
saturated and if the ca])illary cavities con
tained ice at — 5 C, the pressures in the film 
between the ice and the solid could be as much 
as ] ,200 psi. This amount of jJiessure would 
sui-ely cause the paste to dilate appreciably. 
Thus, expansion can be caused by diffusion of 
water from the gel to the capillary cavities. 

Diffusion to Air Voids 
Up to this point we have spoken mostly of 

the diffusion of gel water to capillary cavities. 
From the same considerations of thermody
namics, we can see that while gel water is 
diffusing to capillary cavities it is diffusing also 
to the ice in the air voids. 

The amount of ice in the air voids is not 
equal to the capacity of the voids.* Con-
sequenth', as the ice grows and the gel 
shiinks, the ice in the air void may be unfler 
no significant pressure. Such would be the case 
when the ice exists as discrete crystals oi' as a 
thin shell lining the void, the shell having 
negligible rigidity. If the shell becomes thick 
enough, it might offer resistance to the con
traction of the void. But it could not offer as 
much resistance as the ice in the completely 
filled capillary cavities. The point is that the 
pressures on the capillary ice may be much 
higher than the pressures on the air-voifl ice. 

^ Under some circumstances the air voids in cement 
paste or in concrete can become filled, or partly filled, with 
water prior to freezing. In practice, such circumstances are 
rare, as attested by the successful use of air-entrained con
crete. In the present discussion we assume that the air voids 
contain no water except that received during tlie process of 
freezing. However, they could contain a considerable addi
tional amount of water without appreciable alteration of 
their protective efTect. 
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, Since the pressui-e on the capillary ice may 
be higher than that on the air-void ice, its 
fi'ee energy- ma.v be correspondingly higher. 
Also, as we have already .seen, the bodies of 
capillary ice are very small, and as a con-
se(iuence, the free energy of the capillary ice 
is higher than that of the bulk ice in the air 
voids at the same tem[)erature and pressure. 
Hence, at a given temperature the free energy 
of the cajjillary ice will be higher than that 
of the air-void ice, because of the smallness of 
the jjarticles of caiiillary ice and, at times, 
liecause of higher pressure on the capillar}- ice. 

The consequences of these differences in 
free energy can best be understood with the 
aid of Figure 5. Consider again capillary 
C->. Let us sui)])ose as before that a temper
ature has been reached at which the water 

- - G e l Wate 

Capi l lary Ice 

Air-Vo;d Ice 

T; me 

Figure 7. Free-energy changes in reaching equilibrium. 

in this cavity becomes frozen. Because of the 
nearby air void, we ma.v now as.sume that the 
excess water produced in this cavity has been 
forced into the air vtiid where, along with the 
excess water from other cavities, it has 
])ro(luced a thin coating of ice on the void 
boundary. We shall .sui')pose further that the 
hydraulic pressure has been relieved so that 
the ice in the air \-oid, the water in the gel, and 
the ice in the cavity :ire under equal pressure. 
Now let us cool this region quickly to a lower 
tein])erature and then hold the temperature 
constant.'* The effect of this change is illus
trated ill Figure 7. 

Tills diagram shows the changes in free 
energy of the gel water, the capillary ice, and 
the air-void ice that will take place while the 

Lowering the teni]ieratnre should cause other, smaller 
cavities to freeze, but we are considering only the small 
region indicated. 

temperature is held constant. The upper 
curve represents the free energy of the gel 
water at a particular point within the gel, 
which we shall call Point A. This point is 
assumed to be nearer to C 2 than it is to the air 
void. The time, <o, corresponds to the time at 
which the diffusion is assumed to begin. At 
this time the capillary ice and the air-void ice 
are assumed to be under the same pressure, 
but the free energy- of the ca]iillar>- ice is 
shown to be higher than that of the air-void 
ice, because the body of capillary ice is 
assumed to be very small. The free energy of 
the gel water is .shown to be higher than either 
of the ice bodies, because in dropping from the 
first to the second temperature, it gained 
more free energy than did the bodies of ice. 

The starting point of the curve for ctijiillary 
ice relative to the other two points will 
depend upon the size of capillary void in 
question. The smaller the ice body, the 
smaller will be the initial difference between 
its free energy and that of the gel water and 
the greater will its free energy exceed that of 
the air-void ice. Figure 7, therefore, represents 
conditions pertaining to a particular size of 
capillary cavit}-. 

Since at the start the free energ>- of the gel 
water exceeds that of the two ice l)odies and 
since the gel separates the two, gel water will 
begin to diffuse in both directions, that is, to 
the air void and to the capillary cavity. As 
diffusion proceeds, the gel water at Point A 
is not immediately- affected. After a certain 
time interval, to t i , the amount of gel yvater 
at Point A begins to diminish and the free 
energy begins to decrease. 

During the intery-al to i i , the capillary ice 
increases and, through the mechanism already-
dis(aissed, produces pressure on the wiills of the 
cavity. As a consetiuence, the free energy of 
the capillary ice increases during this interval. 

The air-y-oid ice also receives water during 
this period; but, being at constant temper
ature and under negligible pressure, its free 
energy remains constant. 

During the interval ti to I2 the free energy 
of the gel yvater continues to decrease, because 
of continued desiccation of the gel. At the 
same time the free energy of the capillary ice 
rises until it equals the free energy- of the 
residual gel water. At this time diffusion 
through Point A to the capilkiry cavity 
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ceases. Thereafter, the gel wiiter moves toward 
the air \-oid only. 

During the interval (2 to the system comes 
close to etiuilibrium. In this period the free 
energy of the (^a]jillary ice is at all times higher 
than that of the residual gel water. Hence, the 
capillary ice loses water to the gel and eventu
ally to the air-void ice. At equilibrium the gel 
has reached the required degree of desiccation, 
and the ice in the capillary cavities has been 
flci)leted enough to relieve the |)re.ssuie. 

During the interval to to /o, the capillary ice 
increases by approximately 1.09 times the 
volume of water it receives. The parts of the 
gel from which this water is received tend to 
shrink, l)ut even when unrestrained the 
shrinkage is much less than the volume of 
water lost. Hence, the net effect is a tendency 
to expand. 

The concomitant volume increase of the 
air-void ice either results in no expansive force 
at all or else in only a feeble one, as we have 
already pointed out. Con.sequently, the net 
effect of water lost from the gel to the air void 
is a tendency to shrink. Both tendencies 
coexist during the interval to to i j , that being 
the period of diffusion in both directions; but 
in the following interval gel water diffuses 
toward tlie air void only, and the net effect 
is shi-inkage throughout the gel. Over-all 
exi)ansion due to diffusion is po.ssible while the 
capillary ice is still receiving gel water, though 
it may cease while diffusion to some capillary 
cavities is still going on. 

In a i)astc of given characteristics, the 
amount of gel water that can enter a ciipillary 
cavity by diffusion and freezing will be a 
maximum if the ])aste contains no air voids 
and if the boundaries of the si.iecimen are at a 
practically infinite distance from the cavity.'' 
In this case, the cai)illary ice can grow for as 
long as necessary to reach equilibrium with the 
gel. If the stresses, whether from hydraulic 
jiressurc or from subsequent growth of 
capillary ice, rupture the gel and thus release 
the i)rcssui-e on the ice, the growth will be 
limited only liy the amount of wtiter in the 
system freezable at the given temperature. 

On the other hand, if the paste contains air 
voids and if the caoillarv cavitv is adjacent to 
a void, the free energy of the gel water between 

^ .\n ice coating on a specimen is like the ice in the air 
VQuls witliin the specimen. It can receive water from tlie gel 
as its temperature falls below 0 C , anil it can produce a 
tendency for the specimen to shrink. 

the cavity and the void must decrease rtipidly. 
The period of tliffusion to the capillary ctivity 
will be eorres])ondingly brief (see C-, of Fig. 
5). I f the cavity is remote from the void, 
depletion of the gel water in the vicinity of 
the cavity by diffusion to an air void will be 
correspondingly delayed and diffu.sion to the 
capillary cavitv prolonged (see Ci of Fig. 5). 
In terms of the relationships shown in Figure 
7, this means that the farther the capillary 
cavit}' is from the nearest air void, the longer 
the interval to to and the greater the i)ro-
portion of total freezable water j-ecei\'efl by 
the capillary cavity. 

Application to Test Data 
Let us now ajjjjly this theory to the data 

presented in Figures 1 to 4. First, the evidence 
of expansion due to hydraulic pressure: 

As already mentioned, the instantaneous 
expansion shown in Figure 1 seems to bo 
explainable only in terms of the hydraulic 
pressure generatetl during the freezing of 
capillary water, that is, by water freezing 
in place. Because of the relativeh' high 
porosity of the sample and because of super
cooling, a relatively lai'ge amount of water wiis 
able to freeze at one time. (The only escape 
for the e.xce.ss water was the outer boundiU'ie.s 
of the specimen.) The continued ex|)ansion 
accompanying further cooling was also due 
mostly to hydraulic pressure, but the evidence 
for this conclusion does not appear in Figure 
1 (see discussion of Fig. 4). 

In Figure 2 the first rising jjart of the 
dashed-line curve rejjiesents expansion due to 
hydraulic pressure, though again the proof 
does not appear in this diagram. This i)art of 
the curve is mentioned, however, ;is an 
illustration of the fact that expansion due to 
hydraulic pressure is not alwa.\-s greatest at 
the start of the freezing process, though the 
start of expansion is always coincident with 
the start of freezing. The clearest indication 
of freezing in place is shown at the end of the 
constant-temperature period: when the tem
perature began to drop, exjjansion at ; i 
relatively high rate be>an abruptly. 

In Figure 3, resumjjtion of cooling at the 
end of the 6-hr. constant-temperature period 
gave evidence of freezing in î lace and ex
pansion due to hydiiiulic pressure. Notice that 
the sample showed a momentary contracticm. 
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probably thermal, followed by abrupt ex
pansion, when cooling started. 

In Figure 4 the toiimost curve representing 
an air-free pa.ste re|)resents expansion ))i'i-
maiily due to the genei'ation of hydraulic 
pressure, as already mentioned. Vai'ious 
experiments show that if at any time fluring 
the production of such a curve the rate of 
cooling is suddenh' increased, the rate of 
expansion is also suddenly increased. This 
i-esponse to a change in I'ate is characteristic 
of the hydraulic pres.sure mechanism; ex
pansion due to diffusion to a capillary cavity 
responds in the opposite way. 

Now we shall examine evidence of ex
pansion due to diffusion and freezing of gel 
water: 

The clearest exam])le is that shown in 
Figure 3. These data wei-e from a I'elatively 
dense specimen in which an appreciable 
amount of freezing did not begin until the 
temperature reached —19 C. After freezing 
started, the specimen was allowed to expand 
for 10 min., during which time cooling was 
continued. This exjjaiision is characteiistic of 
that due to hydi'aulic pressure. At the end of 
the 10-min. jieriod, cooling was stopped and 
the temperature held constant for 6 hr., as 
described before. At the start of this constant-
temperature period we have a limited amount 
of ice in capillary cavities in contact with 
saturated gel at a temperature of -21 C. 
This corresponds to time to of Figure 7. The 
capillary ice is probably under pressure, but 
it is not under enough pressure to raise its 
free energy to that in the saturated gel. In 
this case the "air-voirl ice" is represented b_\-
whatever ice may be on the exterior surfaces 
of the specimen. This ice is too far away from 
the interior parts to have an}- discernible 
effect in a specimen as impermeable as this 
one. As the cai)illary ice grows, the pressure on 
it increases and it undergoes corresponding 
increases in fi-ee energy. Thus we see that the 
expansion during the B-hr. constant-temper
ature period corresponds in Figure 7 to the 
rising part of the energy curve for capillary ice. 

The process of diffusion is relatively slow. 
Hence, when the temperature is falling 
li deg. or so per min., an experiment such as 
that shown in Figure 1 can be completed 
before an ai)preciable amount of diffusion 
takes place. Diffusion phenomena are apparent 
only when the temperature is kept constant 

for a considerable length of time or when 
closely spaced air voids are jjresent. They 
should be appaient, too, when the cooling is 
very slow. 

The influence of air voids is shown by the 
bottom curve of Figure 2. As stated before, 
the small initial exp;msion is probably flue tct 
hydraulic pressure. As the temperature falls, 
more capillary cavities freeze and tend to 
cause expansion while, at the same time, the 
ice in capillaries already frozen tends to draw 
water from the gel. With the air voids only a 
few thousandths of an inch ai:>art and with the 
ice they contain under no jiressure, diffusion 
from the gel can occur at a relatively high 
rate. Very soon after freezing starts, the re
lationship between the capillary ice, air-void 
ice, and gel water must be as indicated for the 
time interval to to ta of Figure 7 for most of the 
capillar}' cavities in the paste surrounding 
the air voids. Hence, the o\'er-all effect is 
contraction.** 

A study of lesponses to change in rate of 
cooling was rewarding. The process of dif
fusion must alwa}-s lag behind the develop
ment of potential causing the diffusion, thiit 
is, it lags behind the drop in temperature. 
Consequently, when the cooling is sto))))ed, 
the lag is manifested by a continued contrac
tion. This is shown clearly in Figure 2, 
bottom curve. The rate of contraction de
creases in the manner exjiected. At the end of 
the constant-temiierature period, i)i'obal)ly 
little potential between air-void ice and gel 
water remained. When cooling was resumed, 
the potential began to increase, probably 
linearly with the deci-ease in temperature. 
As would be expected, continued shrinkage 
developed only gradually, the rate of shiink-
age increasing with the increase in potential. 
The gradual beginning of shrinkage on re
sumption of cooling is to be contrasted with 
the abrupt exi)ansion that occuri'ed for the 
paste without air voids (dashed-line cui've). 
This difference in behavior is one of the 
clearest means of distinguishing between a 
volume change controlled by diffusion and one 
controlled by hydraulic pressure. 

Under certain conditions the tendency to 
expand from the freezing of capillary cavities 
is about equal to the thermal contraction 
plus the tendency to contract due to diffusion 

*Valore (5) observed this previously. Specimens of iiir-
entrained concrete or of i)lain conerete partially dried 
showed shrinkage at constant temperature after fast cooling. 
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to ice bodies. While such conditions exist, the 
specimen does not change in volume as the 
temperatui'e falls. Also, if the rate of cooling 
is varied, the specimen does not respond in a 
manner distinctive of eithei- mechanism. 
Among the many experimental curves ob
tained almost every possible variation has 
been observed. 

In Figure 4 we see the effect of differences 
in void-spacing factor. The results are as 
would be expected from the two mechanisms 
discussed above. However, curves such as 
these alone do not tell whether hydraulic 
pressure or diffusion to cavities is the principal 
factor causing expansion, when expansion 
occurs. Auxiliary experiments were necessary 
to observe the effects of changes in cooling 
rate, as already discussed. 

When considering the curves of Figure 4, 
we must remember that the volume changes 
shown are those that occur during the course 
of cooling. When the specimens are returned 
to their original temperature, some return 
to approximately their original dimensions, 
if given enough time; others show residual 
expansion. Specimens undergoing as much 
expansion as the two represented by the 
upper curves will show a considerable residual 
expansion. For a specimen to show no i-esidual 
expansion the spacing factor must be small 
enough to produce over-all contraction 
throughout practicalh' all the freezing-temper
ature range. 

We noted that with various families of 
curves, such as that shown in Figure 4, 
reductions in the spacing below 0.01 in. 
produced relatively little additional shrinkage. 
I t seems, therefore, that a spacing factor of 
0.01 in. is about that required to produce the 
practical maximum effect of entrained air. 
This is also about the optimum spacing 
factor found from freezing-and-th:iwine tests 
on air-entrained concrete. 

I t is of some interest to speculate as to 
why to pi'otect the paste we must produce a 
spacing factor that gives a substantial amount 
of contraction. Why is it that a factor that 
just prevents expansion is not enough? 
We have already seen reasons to believe that 
although freezing may produce no over-all 
expansion, a tendency to expand may never
theless be present in some regions. The regions 
tending to contract offset the regions tending 
to expand. On repeated freezings the tendency 

to expand, opposed by the tendency to 
conti-act, may gradually produce mechanical 
damage. The paste evidently can be fully 
protected only when the regions tending to 
expand approach the vanishing point. From 
these considerations, admittedly speculative, 
test results on neat cement pastes, like those 
shown in Figure 4, seem to be in excellent 
agreement with test results on aii-entrained 
concrete. 

G E N E R A L R E M A R K S 

The two earlier papers dealing with the 
theory of frost resistance, previously referred 
to, gave the development of a hypothesis. 
As such, they aimed to be a logical develop
ment of a stated premise. They were not 
based on experimental data and consequently 
could be no more valid than the premise on 
which they were based. In contrast, the 
present paper is based on experimental data. 
The data are those obtained not only from 
freezing experiments on hardened cement 
paste but also from studies pertaining to the 
submicroscopic structure of hardened paste 
and the thermodynamics of the physical 
interactions between the solids and the 
evaporable water in the paste. Therefore, the 
theory presented here is more than a hy
pothesis; i t rests on experimental results and 
known physical principles. Moreover, it is able 
to account for the phenomena observed. 

I t was gratifying to find that the original 
hydraulic-pressure hypothesis was correct 
with respect to its major premise and that the 
principal deductions from that premise are 
borne out hy the experimental results. To 
make the theory complete, it was necessai'y 
to develop further the observation made in 
1945 to the effect that diffusion could play a 
part. Experiments showed that it played a 
prominent role and could not be regarded 
simply as an auxiliary phenomenon. 

In this paper we devoted much space to 
developing the theory of diffusion and freezing 
of gel water and relatively little to the freezing 
of capillary water and the generation of 
hydraulic pressure. As already indicated, this 
does not mean that we hold the diffusion 
theory to be the more important or to dis
place the hydraulic-pressure theory. Both 
are indispensable parts of a general theory, 
and neither part alone can account for all the 
observed phenomena. We did not need to 
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devote much space here to the theory of 
hydraulic pressure, because that yvas treated 
I'ather exhaustiveh- in the earlier papers. 

Althougli the experimental evidence of 
hydraulic pressure is easily observed, the basis 
for the diffusion part of the theory may not 
be as clear, because the experimental evidence 
is less direct. The data reported in Reference 
3b pertaining to the energy of binding of 
evaporable yvater in hardened paste is the 
starting point. Figures 4 to 9, p. 571 of the 
paper referred to, give the results of calcu
lations of the change in entropy that yvater 
undergoes yvhen it enters a dry paste. The 
data show that the yvater first to enter dry 
paste undergoes more entropy change than the 
entropy- change of freezing, but they shoyv also 
that as the paste nears saturation the incre
ments of yvater undergo a negligible change in 
entropy. I t is thus experimentally established 
that the entropy of the yvater that might be 
extracted from the gel by freezing at a given 
temperature yvithin the range of temperatures 
of interest here is greater than the entropy of 
ice at the same temperature. 

One of the fundamental thermodynamic 
relationships is 

dF\ 
4 , = 

yvhich says that the change in free energy of a 
given component produced by a change in 
temperature yvith pressure held constant is 
equal to its entropy but opposite in sign to the 
change in temperature. Therefoi'e, if the 
entropy of the ice is smaller than the entropy 
of yvater to be extracted from the gel, a 
decrease in temperature yvill pi-oduce a greater 
change in the free energy of the ice than the 
change in free enei'gy of the gel water. Hence, 
if the starting point is one of equilibiium 
(yvhere the tyvo free energies are equal), 
loyvering the temperature yvill destroy the 
equilibrium and create a free-energy potential. 

The energy data already cited shoyv that 
such a potential is produced between the 
unfrozen gel yvater and the capillary ice yvhen 
the tenipei-ature is loyvered. This demonstrates 
that a change in the system will take place in 
such a yvay as to restore ecjuilibrium. In the 
present case, the theoretically possible change 
yvould produce either a contraction or an 
expansion, according to circumstances, as 
discussed in this paper. The expected changes 
yvere observed to take place. 

Thus, though the experimental evidence 
for diffusion is more complicated than that for 
hydrauhc pressure, it is just as conclusive. 

The beginnings of the diffusion theoi-y de
veloped here yvere mentioned in the 1945 
paper in connection yvith the hj-pothesis 
advanced by Collins (6), yvhich yvas, in turn, 
based upon the "segregation" theory of 
Taber (4). I t yvas pointed out that a transfer 
of gel water to capillary ice is thermody-
namically possible and that i t should result in 
expansion. Hoyvever, at that time it did not 
seem possible to account for the protective 
effect of air by such a mechanism. Since air 
voids did control frost action and since the 
method of control of hydraulic pressure by air 
voids yvas clear, it seemed necessary to assume 
that hj'draulic pressure was the principal 
cause of damage. Confronted yvith data such 
as given in this paper, yve reconsidered the 
diffusion theory and found that it, too, could 
account for the protective effect of air and 
that the explanation yvas compatible yvith 
that given for the control of hydraulic pres
sure. 

The explanation of pressure generation 
through the adsorbed film between the ice 
body and the solid is essentially like that 
advanced by Taber in 1930 for the groyvth of 
ice lenses in soils (4). Hoyvever. tlie "lenses" 
in ]:)aste are microscopic bodies, and the forces 
set up are of a nature peculiar to cement paste. 

Both mechanisms of frost action on cement 
paste are predicated on the peculiarities of the 
paste. Hydraulic pressure yvoultl be no factor 
at all if it yvere not for the particular combina
tions of permeability, strength, and porosity 
found in paste, together with typical distances 
betyveen air voids in non-air-entrained con
crete. Also, diffusion phenomena of the kind 
described are possible liecause cement jiastes 
are capable of holding some freezable yvater 
that cannot be frozen in place, along with 
some that can be frozen in place. 

Although we did not bring it out explicitly 
in the preceding discussions, the reader may 
have seen that the water movements discussed 
are reversible, or mostly so. When yvatei' is 
exti'acted from the paste to the air y-oids dur
ing a period of freezing, it yvill retiu'n from the 
voids to the paste during a period of thayving. 
Thus, yvater that was expelled or that diffused 
to the air voids during freezing will be ex
tracted from the air voids during thayving. 
This accounts for the persistence of the pro-
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tective effect of entrained air. \Mien air \-()ids 
are absent, water extracted from the gel to the 
capillary cavities will I'eturn to the gel during 
thawing. 

A question remains as to which of the two 
mechanisms is princii)ally resi)onsible for 
expansion when expansion occurs. I t is clear 
that the ans\\ er will depend mainly upon the 
rate at whicli the sam])le is cooled and the 
length of time it renuiins at a subfreezing 
temperature and the permeability of the 
l)aste. At the rates of cooling normallx' used 
in laboratory freezing-and-thawing tests, most 
of the expansion of avei-age non-air-entrained 
concrete that takes place while the cooling is 
going on at customary rates ma\' be due to 
hydiaulic pressui'e. If , however, the specimen 
is held in the freezer for a time after the 
minimum tem])erature is reached, continued 
expansion may take [ilace through the other 
mechanism. Concrete in the field cools slowly, 
and low temperatures may be maintained 
for many hours or days. If the ijaste is not 
protected with entrained air, it is liable to be 
damaged by both mechanisms: first, by 
hydraulic pressure, anfl then by growth of the 
ice Ixxlies. The lower the tem])erature, the 
more se\'ere the final effect. 

With air-entrained concrete, the role played 
by hydrauUc ])i'essure will depend upon the 
degree to which the jjaste is piotected by the 
iiir voids. If the air voids are close together 
and if the nite of cooling is not excessive, 
hydraulic pressure is exceedingly transitory, 
and diffusion to the air voids dominates the 
process almost immediately. If the air voids 
are too far apart for ade()uate protection of the 
paste, hydraulic pressure may |)lay a more 
lirominent role. The dominant influence of the 
sixicing factor cannot be overenii)hasized. 

SUMM.\RY 

Water freezing in cainllary cavities [iro-
duces hydiaulic pressure and consecjuent 
dilation. At any tenqieratiire below the 
temi)erature at which the ice in a cavity was 
formed, gel water can diffuse to that cavity 
and cause the ice body to grow, producing 
expansion. Both processes can occur simul
taneously in different i)arts of the |)aste. 
Since diffusion is .slow, expansion is due mainly 
to hydraulic ])ressure when freezing is rapid, 
as in laboratory tests. 

When air voids are present, they limit the 
hydraulic jiressure according to the thickness 

of the layers of paste between them. Also, 
the ice they contain draws water from the 
])aste, causing the ])aste to shrink. Since the 
ice in the capillary cavities generally has a 
higher free energy than that in the ;iir voids, 
the ice in the air void may eventually draw 
the excess from both the gel and the frozen 
cavities, producing over-all contraction. Ex-
IJansion due to growth of ice in the capillary 
cavities is prevented if the air voids ;ire close 
enough together, as is also exjiansion due to 
hydraulic jjressure. 

During thawing, the water that was ex-
ti-acted from the paste by the ice in the air 
voids diffuses back. In a i)aste free of air 
voids, the ice in the capillary cavities melts 
progressively, and the water drawn from the 
gel during freezing is returned to the gel. 

Expansion or contraction during cooling at 
constant rate occin-s in the manner expected 
from the theory. Also, the effects of changes 
in rate of cooling are in accord with the theory. 

The function of the air voids is to limit 
hydraulic ])ressure and to limit the time dur
ing which capillary ice can increase by dif
fusion of gel water. The spticing factor controls 
the effectiveness of the voids for eitlier 
mechanism. 
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