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Freezing-Induced Strains and
Pressures in Wet Porous Materials
and Especially in Concrete Mortars

Vesa Penttala
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A theory based on thermodynamics will be presented by which the
pressure in the pore structure of wet porous materials can be
deduced during freezing. The pore structure is partly filled with
liquid and inert gases such as air. The theory is based solely on
thermodynamic relationships; no knowledge of the real geometry of
the pore system or the degree of liquid filling in the void space is
needed. The only inputs needed in the theory are relative humidity
and temperature measured in the sample chamber during the
freezing. The wvalidity of the theory will be compared with the test
results of mortar samples frozen and thawed in a low temperature
calorimeter. During the cooling from 20 to —70°C and subsequent
heating of the sample, the strains, heat capacity, and ice evolution of
the samples were measured simultaneously in the calorimeter. Two
of the three mortar samples were produced using an air-entraining
admixture. ADVANCED CEMENT BASED MATERIALS 1998, 7,
8-19. © 1998 Elsevier Science Ltd.
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Freezing Theories and Models of
Porous Materials

he thermodynamic basis of freezing theories in
porous materials were laid by the fundamental
works of J. Thomson [1], W. Thomson (later
Lord Kelvin) [2], and J.W. Gibbs [3]. The freezing point

depression of pore water is related to the pore radius by
the equation:

1(T)——2‘AG'V”’ (M)
Mr1.) =7 Aner

where T (°K) is the temperature of pore liquid, T, (°K)
is the freezing temperature of bulk liquid at the pres-
sure of 1 bar, AG is the interfacial energy change
between matrix and frozen liquid and between matrix
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and liquid during freezing, v,, is the specific volume of
water, Ah is the latent heat of fusion, and r is the pore
radius. The other basic equation used in the freezing
theories is the equation of capillary condensation, the
so-called Kelvin equation or Laplace equation:

In(p> - 7 M (1 + 1) @
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where p;, is the saturated vapor pressure of bulk liquid,
p is the existing vapor pressure over a concave surface,
o is the surface tension of the liquid, M,, is the molec-
ular weight of the liquid, p,, is the density of the liquid,
R is the gas constant, T is the absolute temperature in
Kelvins, and r; and r, are the radii of curvature of the
liquid in the pore. P. Kubelka [4] took into consider-
ation the tension in the pore fluid and derived Gibbs-
Thomson equation (eq 1) to the form where AG was
unity.

The first to apply these equations to concrete paste
was T.C. Powers [5,6] together with his coworkers T.L.
Brownyard and R.A. Helmuth [7-9]. Powers started his
deduction from the physical fact that, during freezing,
water expands about 9% and, if the pore structure was
water filled over 91%, freezing caused deterioration of
the matrix. Later his theory of hydraulic pressure was
refined to take into consideration the fact that, during
cooling, the water in the largest pores freezes first, and
only after the smaller pores have been frozen would the
expansion be hindered, causing large hydraulic pres-
sures and subsequent paste destruction.

Powers and coworkers also observed another freez-
ing mechanism: the growth of the bodies of ice in the
capillary cavities or air voids by diffusion of water from
the nanometer-sized gel pores. However, they assumed
that this mechanism also always caused expansion in
hardened Portland cement paste. Their experiments
showed that empty air voids limit the hydraulic pres-
sure and shorten the period during which ice in the
cavities can increase. The closer these entrained air
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voids are to each other, the more effective they are in
controlling the two freezing mechanisms. They also
noticed the effects of the freezing rates. At a low
freezing rate the diffusion of gel water is the dominant
feature causing drying shrinkage in the gel structure,
whereas at a fast freezing rate diffusion of the gel water
does not have time to evolve and hydraulic pressure
governs the freezing deterioration and induces cracks
in the matrix. They were also able to show that osmotic
pressures have a role in freezing of cement paste,
especially when considerable amounts of salts are
present in the pore liquid.

Based on thermodynamics, the generalized Gibbs-
Thomson equation (eq 1), and Laplace’s equation (eq 2),
D.H. Everett and J].M. Haynes [10,11] showed that ice in
a larger pore could expand or grow to a smaller,
water-filled pore only when the interface between the
ice and water in the connecting tube between the large
and smaller pores was curved. Due to this curvature a
lower pressure would be induced in the smaller, unfro-
zen pore water, which would draw water from the
smaller pores to the ice crystal until ice could not
expand further because of lack of space.

The third important theoretical impact on the freez-
ing theories of porous solids was provided by G. Litvan
[12-15]. According to Litvan’s model, the surface forces
of pores have an important effect during the freezing of
pore liquid. These surface forces hinder ice crystal
formation, and the water layer situated a few molecular
diameters from the surface remains structurally ori-
ented during the freezing of the rest of the pore water.
According to Litvan, the vapor pressure of these meta-
stable, undercooled structural water layers exceeds the
vapor pressure of the solid phases of ice and matrix,
causing moisture transport from the pores to the outer
surface of the test sample. Similarly, according to
Litvan, if the cooling rate of the sample is faster than the
rate of the transport process, freezing damage occurs.

M.]. Setzer [16] criticizes Litvan’s assumptions of
constant surface stresses in the adsorbed interface be-
tween vapor and the capillary condensed liquid, where
Litvan assumes a zero contact angle between the liquid
meniscus and pore surface. According to Litvan’s sim-
plified assumptions, for example, gel water could not
freeze. Setzer presented a revised thermodynamic
model based on Litvan’s basic assumptions but took
into consideration the changes in surface stresses in the
adsorbed water layer on the pore surface during the
thickness changes of this adsorbed, structurally ori-
ented water layer. This structurally oriented, superficial
water layer freezes only at very low temperatures from
—90 to —100°C. In his presentation Setzer is the first to
derive an approximate equation for the pressures in-
duced in a totally water-filled porous material during
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FIGURE 1. Conceptual drawing of a situation in a freezing
pore. Numbers 1, 2, and 3 denote different freezing condi-
tions.

freezing. According to Setzer, if the liquid is water, the
pressure difference induced by freezing is:

Ap=122+(Ty—T) ®)

where Ap is in MPa, T is the freezing temperature of the
pore water in Kelvins, and T, = 273.15°K is the freezing
temperature of bulk water. This linear relationship is of
a highly approximate nature because of the rather crude
assumptions Setzer made regarding the coefficient of
surface tension, which has been assumed to be a con-
stant although it really is a function of pore size.

The Theory

The thermodynamic state in a pore of the material
presented in Figure 1 will be studied. The chemical
potentials of ice, adsorbed or capillary water, and some
inert gas (for example, air) will be discussed. It has been
shown by Brun and coworkers [17] that the Gibbs-
Duhem equations, which govern the freezing phenom-
enon of highly dispersed liquid in porous materials in
which gas phases are also present, cannot be solved in
closed form except in a particular case where the
solid-gas interphase is plane. However, this situation in
which all of the pores are totally filled with water is, in
this author’s opinion, unrealistic in almost all practical
cases of concrete structures. For example, when a test
specimen is taken out of water immersion to a relative
humidity of <100%, a large portion of the largest pores
having dimensions >10 pm are emptied of water and
filled with gas and water vapor. Similarly, concretes
that have been produced using large amounts of bind-
ers dry inside, even under water, due to the self-
desiccation caused by the hydration process, which can
lower the relative humidity in the pore structure to
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75%. The situation presented in Figure 1 will prevail,
especially in the larger pore dimensions. During the
freezing process, even water from gel pores having
diameter around 2 nm will be diffused to ice situated in
larger pores, causing shrinkage of the matrix and the
introduction of gas voids to the pore spaces.

To derive a theoretical solution to the problem of
freezing in a porous solid in which gas phases are also
present in the pore structure, some simplifying assump-
tions have to be made. In the deduction of the presented
theory, the surface forces acting between the pore
surface and pore water have been neglected.

The derivation of the theory will be done for water;
all other liquids can be handled similarly. During the
equilibrium situation at the freezing temperature, T, the
chemical potentials of ice, p; must be equal to the
chemical potential of water, v,

“‘i(T/ P) = M‘w(T/ P) (4)
where p is the pressure in the pore void. Similarly, the
chemical potential of water vapor must also be in
equilibrium with water and ice.

If water vapor is considered as an ideal gas:

Po

where p, = 1 bar = 0.1 MPa, a reference pressure. For
liquids and solids the chemical potential has the form:

Ro(T, p) = po(T, po) + vo(T) - (p — po) (6)

AT, p) = ndT, po) + vAT) - (p — po) (7)
where v,, and v, are the molar volumes of water and ice,
respectively. Terms w,(T, po), Ro(T, po), and AT, py),
can be presented as:

pT, po) = w(Tg) + f ar

= wilTo) + j (=su(T)aT ®)
o(T, Po) = too(To) +j 7dT

= wilTo) + j (=52, (T)AT ©
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Specific entropy in eqs 8-10 can be calculated from:

T o
s°(T) = s°(T,) +f asa(TTO) dT

To

T e
=s°(T0)+J gt (11)

To

The specific heat capacities of water vapor, water, and
ice cannot be considered constant in the rather large
temperature range in question and, therefore, the fol-
lowing equations were used [17]:

c,(T) =38.052+[1+373.7-107°-(T = Tp)]  (12)

CpoT) = 75.996 [1 = 54.0- 107"+ (T — T)]. (13)
The specific heat capacities of eqs 12 and 13 are pre-
sented in J/mol.

In a wet pore there are three different principal
freezing situations that are represented by numbers 1, 2,
and 3 in Figure 1. Point 1 represents the situation of
unfrozen capillary water. The same freezing situation
exists when pore water first freezes. The solution equa-
tion is obtained by substituting eqs 6, 7, and 9-11 into
the equilibrium equation (eq 4). The following equation
is obtained:

T T ©
MZU(TO)—S;(TO)-(T—TO)—j f LdeT

To ¥ Ty

+ v,(T) - (P —Ppo) = M‘:(TO) - Sj(To) (T —Ty)

T T ©
—ff ”’deT+v(T) (p — po)- (14)

To Y To

In an equilibrium state at point 1 when a gas phase and
liquid phase are in contact with each other, the chemical
potential of water vapor equals the chemical potential
of the same component in the liquid phase:

Ro(liquid) = ., (gas). (15)

Applying the relation shown in eq 15 to eqs 5 and 6
gives the following equation:
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vo(T) - (p = po) = R+ T~1n(’”“> (16)

Po
which can be placed into eq 14. At the reference

temperature T, = 273.15°K and pressure p, = 1 bar,
water and ice are in equilibrium:

M;(To) = M:(To)
that is,

h:u(TO) =Ty S;(TO) = h;(To) — Ty Sz(To)
and

h:u(TO) - h;(TO) _ Ah:vi
T, ST

sw(To) = 5;(To) = 17)

where Ah,, is the freezing heat of the water at 273.15°K.
Introducing eq 17 into eq 14, the solution equation for

this freezing situation is achieved:

. _R-T1<m)+Ah;z—T_T
P=Po= nPo Vi'To(O )

e
+-J f pi ” Cpe g (18)

Vi T
To ¥ To

in which the reference pressure p, = 0.1 MPa and
reference temperature T, = 273.15°K. If the pore liquid
is water, the specific volume of ice v; = 1.998 - 107>
m’/mol and Ak,,; = 6.0 - 10° ] /mol. The gas constant, R,
is 8.314 J/mol /K.

Using similar deduction for freezing situation 2, in
which ice is forming on the surface between water
vapor and ice, the following equation can be derived:

— _RT1<pv)+Ah‘D”T_T
P=Po= n Vi'To(O )

Vi Po
T [T Tep—cp
+ —- ———EdTdT (19)
Vl* T
To ¥ To

in which Ak, is the sublimation heat of the vapor to
solid. For water, Ah,; = 51.0 - 10° J/mol. The freezing
equation at point 3 in Figure 1 gets the form:

_ L;” T T
p pO_(Vi_vw)'TO(O )
T N B e o
(V,’ - vw) T ’ (

To ¥ Ty
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If the pore liquid is water, the specific volume is v, =
1.8+ 107° m’/mol.

Comparing freezing eqs 18-20 it can be noted that
eqs 19 and 20 cause approximately 10 times larger
freezing pressures in the pore structure compared to eq
18. Freezing equation 18 is energetically most advanta-
geous and, therefore, it governs the freezing process of
wet porous solids. During the freezing process of po-
rous solids, when freezing has commenced in so small
pore sizes that they are totally filled with liquid before
freezing, only then does eq 20 become valid.

In an equilibrium state when a gas phase and liquid
phase are in contact with each other, the chemical
potential of water vapor equals the chemical potential
of the same component in the liquid phase according to
equation 15. The chemical potential of water vapor in
the pore spaces inside the continuously porous material
can be calculated merely by measuring the partial water
vapor pressure in the test chamber outside the test
sample. When this assumption is used, the surface
forces acting between the pore surface and pore water
have been neglected. When freezing commences in the
smallest pores, equation 15 can no longer correctly
convey the information of the pressures in the pore
system to the outside chamber in the form of vapor
pressure. This will govern the applicability range of the
presented theory.

When the pressure in the test chamber is the same as
the reference pressure, p, = 0.1 MPa, p,/p, equals the
relative vapor pressure, ¢, in the test chamber. This can
be measured and inserted into eq 18. The pressure of
the inert gas in the chamber has a marginal effect on the
vapor [18].

In eqs 18-20, p denotes the pressure in the pore space,
and eq 18 enables the calculation of pressure in the pore
system during freezing by merely measuring the rela-
tive vapor pressure in the test chamber as a function of
temperature, T. It must be emphasized that eq 18 is
valid only after ice is present in the pore system. If the
pore system was totally free of gas bubbles and all the
pores were filled with water, eq 20 would govern the
freezing process. In this situation the freezing pressure
in the porous solid would increase remarkably com-
pared to the situation studied in this article.

Tests with Mortars

Three mortar samples were produced to validate the
presented theory. The composition of the mortars was
chosen to represent the ingredients of normal concretes
in which the larger aggregate fractions from 2 to 16 mm
have been omitted. This explains the large binder
amounts of the test mortars presented in Table 1. Test
mortar M50 was a normal mortar in which no air-
entraining admixtures were used, whereas in test mor-
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TABLE 1. Composition and compressive strength results of
the test mortars

Test Mortar M50 M60A M35A

Aggregates (kg/m°) total 1155 1004 1266
1-2 mm 266 231 291
0.5-1.2 mm 266 231 291
0.1-0.6 mm 346 301 380
<0.125 mm 277 241 304

Cement (kg/m®) 583 656.6 393.7

Water (kg/m?) 340 262.6 231.7

Air-entraining admixture — 1.31 1.95
(kg/m?)

Compressive strength 50.7 59.5 34.6

(MPa) 100-mm cubes

tars M60A and M35A extra air was introduced into the
mix with an air-entraining agent. Test mortar M35A
was run with a test arrangement in which the temper-
ature of the sample chamber was measured, whereas in
the two other mortar cases only the block temperature
of the calorimeter could be measured. The first test
arrangement was much more complicated because the
wires of the temperature gauge had to be installed in
the small sample chamber in addition to the wires of the
two strain gauges and the relative humidity measuring
device. However, this test arrangement provided re-
sults in which the temperature changes due to heat
release during freezing could be detected. Because of
data transfer problems, the computer measuring strain,
temperature, and relative humidity data of test mortar
M35A booted twice during the run, and, therefore, the
test curves in Figures 5, 9, and 10 are incomplete.

The binder used was rapid hardening Portland ce-
ment CEM52,5R of local origin produced by Finnse-
mentti Oy (Table 2). The aggregates were sieved into
five fractions and their petrographic composition was

TABLE 2. Chemical composition and physical properties of
the cement CEM52,5R

Chemical Composition (w-%) CEM52,5R
CaO 62.3
SiO, 20.3
AlLO, 4.5
Fe,O4 29
MgO 3.9
K,O 0.84
Na,O 0.92
SO, 3.2
Loss of ignition (950°C) 0.8
Physical Properties
Compressive strength (MPa)

1d 312

7d 48.8

28 d 56.9
Specific area (Blaine) (m*/kg) 446
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TABLE 3. Measured weights of the wet duplicate test prisms
during the different test phases and the air content of the fresh
mortar paste measured by the pressure test

Weight in Air

at the
Weight Beginning of Dry Air
Test in Water the Test Weight Content
Concrete (g (g (g) (%)
M50 7.44 13.28 11.39 0.8
M60A 7.34 13.43 11.48 6.5
MB35A 5.98 11.64 9.04 8.4

mostly granite. The air-entraining admixture was a
vinsol resin.

After mixing for 4 minutes the test mortars were
poured into 2-dl polyethylene bottles, which were ro-
tated for 5 hours to prevent segregation. At the age of 3
days the bottles were cut open and 10 - 10 - 55 mm®
prisms were cut. Two strain gauges were glued on
opposite sides of one of the prisms. The prism was
placed into a desiccator in vacuum for 2 days; thereaf-
ter, it was immersed in water for 5 days. A comparison
prism was oven-dried at 105°C for 1 week after it was
cut. At the age of 35 days two strain gauges were glued
on the dry comparison sample and wires were soldered
to the strain gauges. It was then placed into the refer-
ence chamber of a low temperature calorimeter. At the
same time, the wet sample was taken from the water,
wires were similarly soldered to the strain gauges, and
the sample was placed in the other measuring cell of the
calorimeter. The wiring procedure of the wet sample
lasted from 7 to 10 minutes; during this time a consid-
erable amount of water evaporated from the mortar
prism. The evaporated and retained water amounts
were measured by weighing a duplicate wet sample at
the consequent time intervals and by drying the dupli-
cate sample later in oven (Table 3). The pore size
distributions of the test mortars are presented in Figure
2.

During the cooling test the strains of the wet and dry
samples were measured every 40 seconds. The strain
gauges were calibrated using steel samples for which
the coefficient of temperature expansion was known. At
the same time intervals, the relative humidity in the test
chambers was measured by special humidity gauges
produced by Vaisala Oy. The difference in the heat
capacities of the wet and dry test samples was mea-
sured by the low temperature calorimeter produced by
Setaram. The cooling rate of the test was 3°C/hour and
the following heating rate was 4.4°C/hour. The test
started from +20°C and the temperature dropped lin-
early to —70°C and again increased back to +20°C after
a few hours at —70°C.

The strain results of the test samples are presented in
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FIGURE 2. Pore size distribution
of the test mortars produced by

mercury intrusion porosimetry.
Sample preparation and testing

procedures are similar to those in
reference 19.
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early to —70°C and again increased back to +20°C after
a few giyrs at —70°C.

The strain results of the test samples are presented in
Figures 3-5. Heat capacities of the wet test mortars and
the formed ice amounts are presented in Figures 6-8.
The relative humidity measurements in the test cham-
ber of the wet samples are shown in Figure 9, and the
pressure results calculated according to eq 18 are pre-
sented in Figure 10. In Figures 11-13 the freezing strain
results of test mortars M50 and M35A are compared to
theoretical results obtained by superposing the strains
caused by the freezing pressures presented in Figure 10
to the strains of the dry test specimens. The shrinkage
strains caused by water movement in the porous solid

10000 100000

during the freezing process have not been taken into
consideration.

Discussion

As the dilation curves of Figures 3-5 show, test speci-
mens M50 and M60A exhibit a large expansion when
the water in the largest pores of the mortar prisms first
freezes. Air-entrained lower strength test specimen
MB35A also expands during the first freezing, but the
expansion is much smaller compared to the two other
mortars. It can also be noted that the remaining dila-
tions after the freezing and thawing test were quite
large for M50 and M60A mortars (3.6 - 10 * and 1.6 -
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10™%, respectively). The dry test specimens M50 and
M60A also exhibit noteworthy remaining expansions
after the test (0.5 10" *and 0.6 - 10~ *, respectively). The
remaining dilations of test mortar M35A were much
smaller (0.3 - 10°* and 0.25 - 10”* for wet and dry
samples, respectively).

The large remaining dilations after the freezing and
thawing test of test mortars M50 and M60A indicate
that remarkable specimen cracking has occurred during
the test. On the other hand, the remaining dilation in
the air-entrained low strength test mortar M35A was
very near the remaining dilation of the dry comparison
sample. It shows that no significant cracking has oc-
curred due to freezing or thawing of the pore water.

The calculation of the freezing stresses caused by the

-800

expansion of the test prisms during the first freezing
indicates that test mortar M50 should possess 17.0 MPa
tensional strength if no cracking is induced in the test
prism. The respective values for M60A and M35A are
7.3 and 1.8 MPa. Previous investigations of the ten-
sional properties of concrete and mortar [20] imply that
the direct tensional strengths of the test mortars M50,
M60A, and M35A are approximately 3.7, 3.9, and 2.9
MPa, respectively. The tensional capacity of only M35A
exceeds the stresses that are induced into the test prisms
during the first freezing. In the microscopy investiga-
tion, cracks were detected in tests mortars M50 and
MG60A after the test. In test mortar M35A, cracks were
not seen in the outer surface of the wet test prism after
the freezing and thawing test.
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FIGURE 6. Heat capacity differences of the wet and dry test
samples of the three mortars in the temperature range at
which water in the gel pores freezes.

The pressures at the temperature when first freezing
of pore water occurred and calculated by eq 18 and
presented in Figure 10 would cause tensional stress
values of 13.4, 3.2, and 1.8 MPa for test mortars M50,
M60A, and M35A, respectively. These pressure values
would cause the strains in the test prisms presented in
Table 4.

The results listed in Table 4 show that the test results of
M50 and M60A exceed the expansion values obtained by
eq 18, whereas the theoretical and test values of M35A are
quite near each other. This is in line with the previous
reasoning of cracking in the test specimens.

The behavior of the test prisms below the first freez-
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FIGURE 7. Heat capacity differences of the wet and dry test
samples of the test mortars when the first ice formation takes
place. The curves of test mortars M50 and M60A were
produced by using the block temperature of the calorimeter,
whereas in test mortar M35A the temperature was measured
from the test chamber.
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FIGURE 8. Ice evolution of the test mortars in g/g of the
saturated surface dry specimens.

ing temperature is totally different for mortar M50, in
which no air-entraining agents were used, and the
air-entrained mortars M60A and M35A. During the
temperature decrease after the first freezing expansion,
the wet mortar prism M50 expands compared to the
dilation of the dry comparison sample. In the air-
entrained mortars M60A and M35A, the situation is
quite opposite. The wet mortar prisms contract rapidly
after the expansion and only when the gel water begins
to freeze below —35°C is another expansion noted in
the test prisms.

The reason for the rapid contraction after the first
expansion of mortars M60A and M35A can be seen in
Figure 10. The pressure in the pore system of the
air-entrained mortars changes sign from over pressure
to under pressure, which is the reason for the rapid
contraction. The contraction takes place in test mortar
M60A even though it has cracked during the first
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FIGURE 9. Relative humidity in the calorimeter chamber of
the wet test mortars during the cooling and heating run.
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FIGURE 10. Pore pressures in the wet test mortars according
to eq 18.

expansion. The thermodynamic reason is already pre-
sented in the literature survey portion of this article by
Everett and Haynes [10,11]. Ice that forms in the larger
pores draws unfrozen water from the smaller pores due
to the lower chemical potential at the ice surface com-
pared to the unfrozen water. This suction causes low-
ering of the pore pressure. The low pressure phase in
the pore system of M35A goes down to —25°C, and for
M60A this lasted down to —19°C.

The suction of gel water from the smaller pores,
which have a large surface area, causes inevitable
shrinkage of the matrix, and this increases the contrac-
tion of the air-entrained mortars during the tempera-
ture decrease. The intention of the author was not to
calculate or deduce the theory of shrinkage during
freezing. However, the test results seem to give credit to
the presented thermodynamic freezing pressure theory.

The relative humidity in the calorimeter chamber of
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FIGURE 11. Theoretical and measured freezing strains of test
mortar M50. In the theory, the strains caused by the shrinkage
of the colloidal gel due to water movement during the
freezing process are not taken into consideration.
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the wet mortars is presented in Figure 9. When the first
freezing of the pore water takes place, the expanding
pressure in the pore system drives water out of the test
sample and the relative humidity in the chamber is
abruptly increased. When ice forms in the pore system,
this draws water vapor back from the chamber and the
relative humidity of the chamber decreases.

Two evolution maxima are presented in the heat
capacity curves of Figures 6 and 7. The first freezing of
M35A, which possesses the largest capillary pores of
the test mortars, takes place at a temperature of —7.7°C.
M50 freezes at —8.9°C and M60A at —9.4°C. The curve
of M35A is made by using the chamber temperature,
whereas the two other test curves are produced by
using the block temperature of the calorimeter. In the
curves of M35A shown in Figures 7 and 8, the warming
effect of heat liberated during the first ice formation can
be seen. This causes the chamber temperature to in-
crease by nearly 0.5°C. The same phenomenon can be
seen in the freezing dilation curve of Figure 13. The
other smaller heat capacity evolution maximum is
noted in Figure 6 around the —35 to —40°C temperature
range. In this temperature range, a portion of gel water
that is situated in voids having a dimension of 2 to 4 nm
is frozen.

To evaluate the effect of shrinkage-induced contrac-
tion in the air-entrained test mortars, the dilations
caused by the pore pressures of eq 18 were calculated
theoretically and compared to the test results of test
mortars M50 and M35A (Figures 11-13). When the first
freezing takes place, the pore pressure is effective on
the whole cross-section of the prism. When part of the
pore water is transformed into ice, the pore pressure no
longer has an effect on the whole cross-section, and the
pressure area is diminished in relation to the amount of
unfrozen water in the pore system. The dilation caused
by the pore pressure presented by eq 18 can be super-
posed on the dilation of the dry test prism according to
equation:

P~ Po
Econ + Eice ' Vice(T)/Vtof

2Wlice B mice(T)
E’/nice

6wet‘(T) = edry(T) +

21

where
Epn = 5000 - \f. (MPa)
and
E,.=[5.69 — 0.0648 - (T — 273.15)] - 1425 (MPa)

where f, is compressive strength of concrete in (MPa),
>m,, is the total ice amount in the pore system of the
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sample at —70°C, and m,.(T) is the ice amount in the
sample at the temperature under consideration.
Equation 21 is based on the theory of linear elasticity
in which no cracks are assumed to be induced into the
structure. The formula for the modulus of elasticity of
ice, E;.,, is combined from the publications of P.V.
Hobbs [21] and I. Hawkes and M. Mellor [22]. The
theoretical dilation curve of test mortar M50, in which

Freezing test

no air-entraining admixtures were used, is presented in
Figure 11. Because the pore pressure after the first
expansion decreases abruptly, as presented in Figure
10, the theoretical dilation also contracts. However, in
reality, the prism is severely cracked and as the pore
pressure of M50 does not change its sign, the prism
stays in its extended length. The form of the dilation
curve below the first freezing temperature is similar to
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TABLE 4. Measured and theoretical expansion dilations of the
test mortar prisms at the temperature of the first freezing

Expansion (10%)

Test

Mortar Test Result Eq 18
M50 4.5 3.6
M60A 1.9 0.8
M35A 0.5 0.6

that of the theoretical curve, but it is somewhat more
pronounced. This is most likely because, at low temper-
atures, freezing takes place in small pores that do not
contain water vapor and gas, and freezing pressures are
governed by eq 20 instead of eq 18. Therefore, the
freezing pressures are much higher. The change from
eq 18 to eq 20 takes place gradually, and no abrupt
jump in the pore pressure is noted.

In Figure 13 the theoretical and measured freezing
strains of test mortar M35A follow each other very
precisely in the beginning of the freezing. When tem-
perature decreases 1.5°C from the first freezing temper-
ature shrinkage dilations start to govern the freezing
strains and they form the major portion of the differ-
ence between the dilations of dry and wet mortar
samples, as can be noted in Figure 12.

When the thawing dilations of the test mortars are
studied in Figures 3-5, it can be noted that only test
mortar M50 shows a major hysteresis behavior. The
thawing dilation of M50 starts to deviate from a straight
line only after the temperature has risen to about
—25°C. This is approximately the same temperature at
which the pore pressure changes its sign during thaw-
ing, shown in Figure 10.

In the air-entrained test mortars the thawing dilation
curve is straighter compared to the freezing dilation
curve, and the thawing curve forms an angle from
nearly a straight line only after almost all ice has melted
near 0°C.

Range of Applicability of the Theory

When freezing commences in the smallest pores, eq 15
can no longer correctly convey information regarding
the pressures in the pore system to the outside chamber
in the form of vapor pressure. When the pore pressures
shown in Figure 10 are compared to the dilations of the
test mortars shown in Figures 3-5 one can note that the
under pressure in the air-entrained mortars M60A and
MB35A prevails down to —19°C and —25°C, respec-
tively. According to the dilation results, the contraction
of these mortars increases down to —30 ... —35°C and,
therefore, the applicability range of the solution eq 18
could not extend below —20°C, possibly not even below
—15°C. This corresponds to the freezing of pores having
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a diameter of about 10 nm. With such a limited appli-
cability range, the last integral term in eq 18 has only a
small effect on the pore pressure and it can be omitted.
At —15°C its effect is <5%.

Conclusions

1. A theory based on thermodynamics was derived
by which the pressure in the pore system of a
porous body can be calculated during freezing by
merely measuring the relative humidity in the test
chamber as a function of temperature. The appli-
cability range of the theory is estimated not to
extend below —15... —20°C.

2. Saturated, surface dry mortars expand during the
first freezing irrespective of the air-entrainment.

3. Use of air-entraining admixtures decreases the ex-
pansion at the temperature at which the first freezing
of pore water takes place. Even a 6.5% air-entrain-
ment in mortar does not necessarily hinder the
cracking of mortar during the first freezing.

4. The dilations of air-entrained and normal mortars
in which no air-entraining admixtures have been
applied differ completely from each other below
the temperature at which the first freezing of pore
water takes place. Wet mortars without air-en-
trainment continue to expand compared to dry
comparison mortars when temperature is decreased.
Wet air-entrained mortars contract abruptly after
the expansion of the first freezing. This is due to
the under pressure in the pore system caused by
the suction of water from the smaller pores to the
ice surfaces in the larger pores. As the temperature
is decreased, shrinkage caused by the water trans-
fer from gel structure also contributes increasingly
to the contraction dilations in air-entrained mor-
tars.

5. When the first freezing of the pore water in
mortars occurs, the over pressure induced into the
pore system drives pore water out into the sample
chamber and the relative humidity is abruptly
increased. During the subsequent temperature de-
crease, ice in the mortar cavities draws the water
vapor back into the pore system and the relative
humidity is decreased. The lowest relative humid-
ities in the calorimeter chambers of the wet mortar
samples were measured around —55°C and the
measured relative humidity values were 65-70%.

6. At the temperature at which the first freezing of the
pore water occurred, the largest pressure in the pore
system calculated by the theory was in test mortar
M50 in which no air-entraining admixtures were
applied. The calculated pore pressures were 13.4, 3.2,
and 1.8 MPa for test mortars M50, M60A, and M35A,
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respectively. After the first freezing, the pore pres-
sures in the air-entrained mortars changed their sign
and an under pressure prevailed until the tempera-
ture had decreased to the value of —19°C for M60A
and —25°C for M35A. During thawing, the pore
pressure changed to under pressure between —26
and —19°C. The lowest under pressures were calcu-
lated near 0°C, where M50 possessed a pore pressure
of —16 MPa, M35A had a pore pressure of —18 MPa,
and M60A obtained about —23 MPa under pressure
according to the theory.
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