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By combining calorimetric measurements with dilatometry, it has been possible to calculate the
contributions of thermal expansion, pore pressure, and crystallization pressure of ice to the strain observed
in a mortar during freezing/thawing cycles. Air-entrained mortars contract upon freezing, while non-air-
entrained mortars expand. The expansion of the latter is attributed primarily to hydraulic pressure, owing to
the rapid growth of ice, which nucleates at low temperatures in laboratory samples. Poromechanical
calculations account quantitatively for the contraction of samples with air entrainment, assuming that ice
crystals form in the air voids. As originally proposed by Powers and Helmuth, those crystals create suction in
the pore liquid that offsets the crystallization pressure of ice in the mesopores of the paste, resulting in a net
contraction. Ice in the matrix also contributes significantly to the increase in the thermal expansion
coefficient of the mortar.
The magnitude of the contraction in air-entrained mortar is shown to account for a reduction of salt scaling
damage. According to the glue-spall theory, the damage results from cracking of the ice on the surface of
concrete, when the thermal expansion mismatch stress exceeds the strength of the ice. The contraction of
the mortar caused by air entrainment offsets the thermal expansion mismatch sufficiently to prevent
cracking.
Based on observations of the nucleation temperature of ice in laboratory samples of various sizes, it is
estimated that there is one site capable of nucleating ice at −1 °C in a cube of mortar roughly 34 cm on an
edge (or, one per square meter in a slab 3 cm thick). This suggests that ice nucleates in the field at high
temperatures, compared to what is typically seen in the laboratory, and propagates slowly through the pores
as the temperature drops. This mode of growth may lead to fatigue damage over many cycles, owing to local
stresses from crystallization pressure, where the contribution of hydraulic pressure is insignificant.
r).
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1. Introduction

Salt scaling is a type of superficial damage that occurs when the
surface of concrete is exposed to ice and salt (or other solute) [1]. The
phenomenology of scaling has been extensively reviewed [2–4] and a
theory, called the “glue-spall”model, has been proposed that seems to
account for most of the observations [5]. Briefly, the idea is that the ice
layer binds mechanically to the surface of the concrete, and tensile
stress develops in the ice as the temperature descends, owing to
the higher thermal expansion of the ice (50×10−6/°C for ice versus
~10×10−6/°C for concrete). If the stress is high enough to cause the
ice to crack, the crack will penetrate the surface of the concrete, then
turn and remove a flake; if the ice is pure, then it is too strong to crack,
and if the solute content is high, then the ice remains too soft to
damage the concrete. At intermediate salt contents (~2–5 wt.%),
unfrozen pockets of brine act as stress concentrators that promote
cracking of the ice and consequent damage to the underlying
concrete. This model explains the dependence of scaling damage on
solute concentration and temperature cycle [5], and it predicts a
dependence on the thickness of the ice layer that has recently been
verified [6]. The principles are also supported by finite-element simu-
lations [7]. To account for the observation [1,6] that scaling damage is
strongly reduced by use of air-entraining agents (AEA), the glue-spall
theory offers two suggestions: a) the AEA reduces bleeding of pore
water, so the surface is stronger and more resistant to scaling [5];
b) air-entrained concrete contracts when it freezes, and this offsets
the thermal expansion mismatch with ice, so cracking of the ice is
reduced [4]. The purpose of the present paper is to make a quanti-
tative assessment of the validity of the second suggestion.

Tremblay et al. [6] made a careful study of scaling using a series of
mortars with a range of water/cement ratio (w/c) and amount of
entrained air (0, 3, and 6 vol.%). The air content was shown to have a
dramatic effect on scaling. In the present work, we have used samples
of the samemortars. We measured the amount of ice formation in the
mortar with a differential scanning calorimeter (DSC) and observed
the dimensional changes during cooling and reheating in a differential
mechanical analyzer (DMA). We will show that the observed dila-
tation can be quantitatively explained on the basis of poromechanics
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[8,9], and that the contraction of air-entrained mortar is sufficient to
account for the reduced salt scaling.

To perform the strain calculations, we must know the size and
shape of pores that are filled with ice as a function of temperature. As
we will show, the required data are most directly obtained calori-
metrically. A detailed discussion of those measurements is presented
elsewhere [10]; only the pertinent results are included here.

2. Experimental procedure

The samples used in the present experiments were provided by
Tremblay et al. (Laval University), who prepared the samples for the
work presented in Ref. [6]. All mortars were made from ASTM Type I
ordinary Portland cement. A low percentage (20% by volume) of
Ottawa sand type C-109 was used as fine aggregate to improve mix-
ture homogeneity. Mixtures were prepared at twowater/binder ratios
(0.40 and 0.55) and three different air contents (0, 3 and 6 vol.%)
using a synthetic detergent air-entraining agent (Microair by BASF).
Batching was done using a counter-current pan mixer. A Welan gum-
based viscosity modifying agent was added at the end of the mixing
sequence to minimize internal bleeding. They were stored in a wet
room at 100% RH and 23 °C from 24 h after mixing until they were
sent to us (at an age of about 1.5 years); they had dried in transit, but
were immersed in limewater (i.e., water saturated with calcium
hydroxide) in our lab until use (about 6 months).

The length change of samples during freezing was measured with
a Perkin-Elmer differential mechanical analyzer (DMA7e). Samples
with dimensions of about 5×5×15 mm were cut from the mortar
cylinders. The samples were saturated by storage in limewater for
months. When the sample freezes in the DMA, the volume change
causes ice to extrude through the surface, which can displace the
sensor, even if the sample does not expand. To avoid this problem, the
sample was dried briefly under ambient conditions to minimize ice
extrusion. During the measurement, the sample was immersed in
clear odorless kerosene and the instrument was cooled down to as
low as−40 °C. To encourage ice nucleation, metaldehyde (Acros) [11]
was used in some cases on the surface of the samples. The as-received
metaldehyde powder was lightly ground in a mortar and pestle, then
sprinkled on the surface of the sample, which was then wrapped with
tape to insure good contact of the powder with the mortar. One air-
entrained sample (w/c=0.55, 6% air) was immersed in water and
subjected to 2.5 MPa of pressure for 12 h to fill the voids with water
before freezing in the DMA.

To calculate the contraction expected from the negative pore
pressure during freezing, it is necessary to know the elastic properties
of the porous body. Therefore, the static elastic (Young's) modulus
was measured using a strain gauge (Epsilon Extensometer) on the
cylindrical mortar sample while compressing it at a crosshead speed
of 1 mm/min to a maximum strain of 0.1% with an INSTRON 600
mechanical testing machine. The samples had an irregular cross-
section, because pieces had been cut from the original 10×20 cm
cylinders for other tests, but the loaded area could be accurately found
by dividing the weight by the height and density of the sample. The
dynamic modulus was also obtained from the acoustic velocity, which
was measured using 54 kHz transducers (PUNDIT).

To measure the porosity of the samples, the weights of both
fully saturated and dried samples were measured. The samples were
vacuum saturated by placing them in a desiccator and evacuating
the vessel for 3 h, and then back-filling with water for another 2 h.
The fully saturated samples were weighed and then dried in the oven
at 105 °C for 2 days and weighed again; the pore volume of the
sample was then calculated from the weight difference of wet and dry
samples, assuming that the pore water has a density of 1.0 g/cm3. This
high temperature removes interlayer water [12] and may cause some
dehydration of C–S–H or ettringite [13]. Our purpose is to find the
volume of pore liquid that can exert pressure on the body, and it
seems reasonable to exclude the interlayer water from that quantity,
as argued by Ghabezloo et al. [14]. Therefore, we also used a milder
drying treatment intended to remove water only from the capillary
and gel pores. Mortars were exchanged into isopropanol and weighed
after drying at 60 °C; the weight gain after resaturating with water
was used to determine the porosity. To determine the skeletal density,
mortars with 0 and 6% entrained air were measured by helium
pycnometry (Micromeritics Accupyc 1330) after exchange into
isopropanol and drying at 60 °C for 2 weeks.

DSC data can be used to determine the pore size distribution, since
the freezing point of the pore water is reduced by the curvature of the
crystal/liquid interface, κCL, according to the Gibbs–Thomson equation:

γCLκCL = ∫TMð∞Þ
T

ðSL−SCÞ
VL

dT ð1Þ

where γCL is the crystal/liquid interfacial energy, SL and SC are the
entropies of the liquid and crystal, respectively, TM(∞) is the melting
point of a macroscopic crystal, and VL is the molar volume of the
liquid. This technique, called thermoporometry (TPM), was described
in detail by Brun et al. [15], who pioneered its development. Based on
comparisons ofMIP and TPM results for various porousmaterials, they
concluded that an unfrozen film of water with a thickness of about
δ≈0.8 nm remained between the crystal and the porewall. Therefore,
if the pore is a cylinder with radius r, then the advancing interface is
hemispherical, with κCL=2/(r−δ). During freezing, the amount of
heat released at temperature T indicates the volume of pores that
are accessible through entries with radius r given by Eq. (1). During
reheating, the curvature of the pore interior controls the melting
temperature, so a hysteresis is observed that is analogous to that seen
in adsorption/desorption isotherms; for a cylindrical crystal, the cur-
vature controlling the melting temperature is κCL=1/(r−δ). For the
calculation of freezing strain, we only need to know the amount of ice
in the pores as a function of temperature; details about the pore size
and shape determined calorimetrically are presented elsewhere [10].

Bulkwater can be cooled below 0 °Cwithout freezing, owing to the
energetic barrier to nucleation, and this effect must not be confused
with the effect of pore size on freezing temperature. Therefore, to
determine the effect of pore size on freezing temperature, it is neces-
sary to cool the sample until some of the pore liquid freezes, then to
heat to a point just below the melting point [15]. This procedure
creates crystals that reside in the macropores (or on the surface of
the sample), and these crystals propagate through the pores as the
temperature is decreased again. During the second cooling cycle, the
invasion of the crystal phase through the pores is strictly analogous to
the invasion of mercury during mercury intrusion porosimetry (MIP)
or of vapor during the desorption cycle in a nitrogen adsorption/
desorption (NAD) experiment; however, the stress that is exerted on
the porous host by the ice is about 10 times less than that exerted by
mercury in a pore of the same size [16]. More importantly, the TPM
sample does not have to be dried (indeed, it must be fully saturated),
so the pore structure is not altered by capillary pressure. The
importance of thiswas demonstrated byVilladsen [17],who compared
the pore size distributions found fromMIP, TPM, and NAD; moreover,
he comparedMIP samples dried followingmethanol exchange, and he
performed TPM on samples that had been dried and resaturated. His
results, some of which were presented in Ref. [18], clearly show that
drying increases the pore volume and pore size compared to that of an
undried sample.

To confirm the total pore volume, mortar samples were examined
by TPM, MIP, and NAD. To minimize the difference in the results
obtained by these methods, the samples were subjected to the same
preparation procedure. The limewater-saturated paste was immersed
in isopropanol for 12 h to replace the water in the pores with alcohol,
thendried in an oven at 60 °C for 12 h; after that, theDSC sampleswere
vacuum saturated, as described above for porosity measurements. To
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maximize the sensitivity, samples were cut in the form of disks
~5×5×1 mm thick to fill the DSC pan. A drop of kerosene was added
on top of the sample to improve thermal contact with the aluminum
sample pan and tominimize drying of the samplewhile the lid is being
crimped onto the pan. The temperature cycles ranged from +5 °C to
about−40 °C at a rate of 0.25 °C/min using a Perkin-Elmer Differential
Scanning Calorimeter (Pyris 1), which had been calibrated using pure
water. The accuracy of the temperature measurement is ±0.1 °C and
that of the enthalpy is ±2%. The interpretation of TPM data for mortar
is complicated by the presence of solutes in the pore water. Since our
samples were stored for an extended period in limewater, the alkali
are likely to have diffused out, so the pores are expected to contain a
solution very similar to limewater. Measurements on porous glass
containing either purewater or limewater confirm that the solute has a
negligible effect on the results [10].

The use of mercury intrusion for measuring the pore size of
cementitious materials is problematic, because drying is known to
alter the microstructure (e.g., the permeability rises by two orders of
magnitude, apparently as a result of microcracking [19]); moreover,
the pressure exerted during intrusion can cause damage [20]. The
samples prepared for the scaling tests had been dried in transit, so the
drying damage was largely done before our tests began. However,
some of that damage probably healed by hydration during lengthy
storage (several months) in limewater. Before mercury intrusion
porosimetry (MIP), the water-saturated samples were exchanged in
isopropanol, and then dried at 60 °C. MIP measurements were
performed using a Micromeritics 9410 on granules ~2 mm in
diameter. One measurement was made shortly after the samples
were obtained, and another about a year later (contemporaneously
with the DSC measurements). As reported in the next section, a
significant decrease in pore volume resulted from the year of aging in
limewater, so we compare the DSC results to the later MIP data. This
means that the pore structure of our samples is different from that of
the younger samples used in the scaling study [6]; however, the
samples measured in this study by DMA and DSC were strictly
equivalent. Similar samples were characterized by nitrogen sorption
using a Micromeritics ASAP 2010.

3. Results

The porosity and modulus values for the mortars are shown in
Table 1. An upper bound on the porosity, ϕ, is found from the weight
loss upon heating to 105 °C. Dividing the bulk density 1−ϕ yields a
skeletal density of 2430±30 kg/m3, but this is an overestimate; the
values from helium pycnometry are about 4% lower. For the sample
without air entrainment, given the bulk density (ρb=1.681 g/cm3)
and the skeletal density from pycnometry (ρs=2.318 g/cm3), the
Table 1
Modulus and porosity of mortar with w/c = 0.55.

Air content (vol%)a 0 (1.5) [0] 3 (5.0) [4.0] 6 (5.8) [6.0]
Saturated densityb

(kg/m3)
1993 1953 1884

Bulk densityc

(kg/m3)
1681 1614 1517

Skeletal densityd

(kg/m3)
2443 (2498) [2318] 2442 (2642) 2397 (2638) [2313]

Porositye 0.312 (0.268) 0.339 0.367 (0.333)
Dynamic E (GPa) 28.5 27.7 24.9
Static E (GPa) 20.1 18.6 16.0

a Nominal air content (Measured value from Ref. [6]) [Calculated from ratio of dry
bulk densities].

b Sample saturated, except for air voids.
c Calculated from initial volume and weight after drying at 105 °C.
d Calculated from bulk density and porosity (Calculated from bulk density and

porosity, allowing for measured volume of air voids) [From helium pycnometry].
e Calculated from weight loss at 105 °C (after drying at 60 °C).
pore volume is Vp=1/ρb−1/ρs=0.164 cm3/g, and the porosity is
ϕ=1−ρb/ρs=0.275. The values of air content in the mortars that
were measured in Ref. [6] are shown in the table, along with values
estimated from the ratios of the bulk densities of the dry samples, and
they are seen to be consistent. The ratios of the saturated densities
show that the sample with a nominal air content of 3% has a density
2% lower than the sample without air entrainment, so the air voids are
largely empty. The sample with a nominal air content of 6% has a
saturated density 5.5% lower than samplewithout AEA, so its voids are
also empty. After the non-air-entrained mortar was exchanged into
alcohol and dried at 60 °C, it was resaturated with water; the weight
gain corresponded to a pore volume of 0.161 ml/g, which agrees well
with the value calculated from the pycnometry data.

The amount of ice formed during freezing and melting on each
cycle agrees within about 6%, as shown in Table 2. This level of
agreement is only obtained by taking proper account of the tem-
perature dependence of the thermodynamic properties; in particular,
if the heat of fusion is treated as a constant, the amount of ice formed
on freezing appears to differ from the amount melted by almost 20%.
The hysteresis in the amount of ice is large, as shown in Fig. 1 for the
mortar containing 6% air.

Fig. 2 shows the strain measured in the DMA on mortar samples
with nominal entrained air contents of 0, 3, and 6%. All of the samples
nucleate at about −6 °C (when metaldehyde is applied), after which
the air-entrained samples contract while the other sample expands.
The same behavior was observed by Powers and Helmuth [21]. The
role of the air voids in causing contraction is further illustrated in
Fig. 3, which shows the expansion of an air-entrained sample whose
pores were filled with water by application of pressure.

4. Discussion

4.1. Freezing in pores

From the DSC data, we can calculate the volume fraction, ϕC, of
the pore space that freezes at a given undercooling. The result,
shown in Fig. 1, is needed to calculate the dilatation of the body in
Section 4.3.We can also use these data to determine the consequences
of undercooling before nucleation occurs. For example, if ice first
forms at -10.6 °C, as in Fig. 3, the ice can immediately invade 21% of
the pore space. Since the growth rate is high at such a low tem-
perature, the resulting hydraulic pressure is quite damaging in a
mortar without air entrainment.

The static pressure in the liquid, pL, can be found using a formula
developed by Coussy and Monteiro [22],

pL−patm≈
VC−VL

VC

� �
ϕC

ϕC = KC + ð1−ϕCÞ= KL
ð2Þ

where VC and VL are the molar volumes and KC and KL are the bulk
moduli of the crystal and liquid, respectively. This equation is based on
the assumption that the surface of the sample is sealed (or,
equivalently, that the air voids are very far apart), so that the hydraulic
pressure resulting from the volume change cannot escape; thus, it
constitutes an upper boundon the pore pressure. For ice andwater, the
property values are VC=19.65 cm3/mol [23], VL=18.0 cm3/mol [23],
KC=8.8 GPa [24], and KL=2.2 GPa [23]. At −10.6 °C, Fig. 1 indicates
that ϕC=0.21, so Eq. (2) yields pL≈46 MPa. Assuming that all pores
Table 2
Volume of ice (ml/g) detected by DSC.

Cycle Freezing (ml/g) Melting (ml/g)

1 0.0891 0.0943
2 0.0993 0.0936
3 0.101 0.0957



Fig. 3. Strain measured in DMA during cooling of a mortar with 6% air entrainment, but
which was subjected to ~2.5 MPa pressure while submerged in water to fill the air
voids. Nucleation occurred at about−10.6°C, because no nucleating agent was used. In
contrast to the air-entrained samples in Fig. 2, the pressurized sample expands on
freezing, as the air voids are full of water.

Fig. 1. Left axis: volume fraction of the pore space filled with ice, ϕC, versus temperature
during freezing and melting cycles, from DSC data on mortar without air entrainment;
pore volume 0.161 cm3/g. Right axis: thermal expansion coefficient of mortar
containing ice, α, calculated using theory from Ref. [32].
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deform to the same degree when subjected to the same pressure, the
linear strain of the body is given approximately by [9]:

εx≈
1

3Kp
− 1

3KS

 !
½ϕCpA + ð1−ϕCÞpL� + αΔT ð3Þ

where Kp and KS are the bulk moduli of the porous body and the solid
phase itself, α is the thermal expansion of the body (including con-
tributions from mortar and ice), and pA is the pressure applied on
the pore walls by the crystals. The static Young's modulus of themortar
with 6% air is reported in Table 1 to beEp=16.0 GPa, and it is reasonable
to assume that Poisson's ratio is νp≈0.2, so Kp=Ep/[3(1−2νp)]≈
8.9 GPa. It has been suggested [25] that the bulk modulus of the solid
can be estimated from Kp≈Ks(1−ϕ)2. This value is slightly lower than
the lowest upper bound for a two-phase composite where one phase is
void, which Hashin and Shtrikman [26] found to be:

Kp≈KS
1−ϕ
1 + ϕ

� �
ð4Þ

We use the latter bound, with Kp=8.9 GPa and ϕ=0.333 to
find KS=17.8 GPa. Ignoring the pressure from the crystals, Eqs. (2)
Fig. 2. Strain measured during cooling of saturated mortar in DMA, following tem-
perature cycle shown on the right ordinate. All samples nucleated at a temperature of
about −6°C, owing to the use of a nucleating agent (metaldehyde). The air-entrained
samples both contract immediately upon freezing, while the non-air-entrained sample
expands.
and (3) indicate that the strain caused by freezing at−10.6 °C should
be about 6.8×10−4. This is greater than the strain limit for fracture,
εF≈σT/Ep≈2.5×10−4, given a maximum tensile strength of σT≈
4 MPa (estimated to be ~10% of the compressive strength, which was
measured to be 39.8 MPa at 56 days [6]). Therefore, we conclude that
the hydraulic pressure alone is sufficient to damage the sample
without air entrainment, when ice nucleates at −10.6 °C. These are
overestimates of the pressure and strain, because the high pressure in
the liquid would inhibit growth of ice, according to the Clausius–
Clapeyron equation, so ϕC would be smaller than the values given
in Fig. 1, which apply when the liquid pressure is atmospheric.
Nevertheless, the correction would not be large enough to change the
conclusion that pore pressure is destructive, if nucleation occurs well
below the melting point.

If the pore pressure were free to escape, then the strain would be
given by Eq. (3) with pL=0. We will consider that case in Section 4.4.
In the next section, we consider the influence of air voids on pL.

4.2. Freezing strain

Fig. 4 shows the strain of the mortar with 6% air, replotted from
Fig. 2 as a function of T. The increase in slope following nucleation is a
consequence of the suction created in the mesopores by ice crystals in
the air voids [11]. The situation is shown schematically in Fig. 5 (see
the detailed discussion in Ref. [27]1): the macroscopic ice crystal in
the air void bulges into the mesopores surrounding the void (Fig. 5a),
but does not enter them until the temperature, T, is low enough.
The curvature, κCL, of the crystal/liquid interface is related to T by the
Gibbs–Thomson equation, Eq. (1). If the entropy is constant, that
equation reduces to:

T = TMð∞Þ−
γCLκCL

ðSL−SCÞ= VL
ð5Þ

If we assume the bulge to be a hemisphere with radius r, then
κCL=2/r, and:

r = 2γCL=∫TMð∞Þ
TMðrÞ ΔSfvdT≈

2γCL

ΔSfv½TMð∞Þ−TMðrÞ�
ð6Þ
1 There are two typographical errors in Ref. [27] of which we are aware: the minus
sign in Eq. (13) should not be there, and the plus sign in front of the entropy term on
the right side of Eq. (44) should be a minus sign.



Fig. 4. Strain measured in DMA during cooling of a mortar with 6% air entrainment
(data from Fig. 2). Before nucleation occurs at about −6.5 °C, the slope represents the
thermal expansion coefficient of the saturated mortar, α. After freezing, the slope
increases to 34.4×10−6 °C−1 as a result of the suction in the liquid caused by the ice in
the air voids.

Fig. 5. a) Schematic illustration of a macroscopic ice crystal in an air void that sucks
water from the surroundingmesopores (shaded channels). The curvature of the crystal/
liquid interface where the ice bulges into the mesopore is related to the temperature by
Eq. (6). Before the ice can penetrate into that pore, it creates a negative pressure given
by Eq. (7). b) Ice penetrating a mesopore with radius rp is separated from the pore wall
by a liquid filmwith thickness δ. c) A crystal in a pore where the radius of the pore body,
rB, differs from that of the pore entry, rE. d) Crystal spreading through the pore network
has radius of curvature r at the boundary and different curvatures (e.g., rB1 and rB2)
inside each pore.
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where ΔSfv=(SL−SC)/VL>0. The ice escapes from the void and
penetrates a mesopore with radius rp when the temperature is low
enough so that r=rp−δ, where δ is the thickness of the unfrozen
layer of water against the pore wall (see Fig. 5b), which is 2–3
molecular layers thick (~0.8 nm for pure water [15], or ~1.0–1.2 nm in
cement paste [10]). Before the ice enters themesopores, it suckswater
from those pores into the void, creating a negative pressure in the
water-filled pores equal to [27]:

pL−patm = −∫TMð∞Þ
TMðrÞ ΔSfvdT≈ΔSfv½TMðrÞ−TMð∞Þ� ð7Þ

It is this pressure that causes the contraction of the air-entrained
samples after nucleation of ice. The pressure created by the meniscus
in the void is sustained by water/ice or water/air menisci in other
voids and at the outer surface of a concrete body. In our experiments,
the sample is surrounded with kerosene, so there are water/kerosene
menisci at the surface. The water/kerosene interfacial energy is about
0.042–0.047 J/m2 [28–30], whereas the water/ice interfacial energy is
about 0.04 J/m2 [15], so we expect those external menisci to sustain
the pore pressure until the ice escapes from the voids.

At the same time that ice in the air voids is creating suction, the
DSC results indicate that there are ice crystals that nucleate in the
mesopores and occupy volume fraction ϕC of the pore space. Those
crystals apply a pressure pA on the pore walls whose magnitude
depends on the shape of the crystal. Suppose that a crystal of ice
occupies a pore in which the radius of the pore body, rB, is larger than
that of the pore entry, rE, as in Fig. 5c. Assuming that the curvature of
the ice at the pore entry is in equilibrium with the temperature of the
water, according to Eq. (6), then the pressure on the pore wall is given
by Eq. (6) of Ref. [27] (see also Ref. [31]):

pA = γCLðκECL−κSCLÞ≡γCLκ
E
CLð1−λÞ ð8Þ

where κCLE and κCLS are the curvatures at the pore entry and pore side,
respectively, and we define the pore shape parameter, λ, as:

λ≡κSCL
κECL

= ∫TMð∞Þ
TMðrBÞΔSfvdT=∫

TMð∞Þ
TMðrEÞΔSfvdT ð9Þ

where TM(rE) is the melting point of ice with a radius of curvature
sufficient to enter the pore and TM(rB) is the melting point of ice with
the radius of curvature of the interior of the pore body. If the entropy
of fusion is not a strong function of temperature, we can approximate
λ by:

λ≈ΔTM
ΔTF

=
TMð∞Þ−TMðrBÞ
TMð∞Þ−TMðrEÞ

ð10Þ

where ΔTM is the undercooling where melting occurs in that pore and
ΔTF is the undercooling at which freezing occurs (i.e., where the
crystal/liquid interface enters the pore). In a cylindrical pore, where
rE=rB, the entering ice has a hemispherical shape with a curvature of
2/(rE−δ); however, when that cylinder of icemelts, it has a curvature
of 1/(rE−δ), so λ=½. For spheroidal pores (as in Fig. 5), λ is smaller,
and can approach zero for a macroscopic pore with a mesoscopic
entrance. The existence of the freezing/melting hysteresis can be seen
in Fig. 8, since the measured contraction starts at about −2.7 °C on
cooling and ends at about −1.3 °C on heating.



Fig. 6. The shape parameter, λ, calculated from the data in Fig. 1 using the exact
expression, Eq. (9) (solid curve), and the approximation, Eq. (10) (dotted curve); also
shown is a linear approximation to the exact result. Results are plotted as a function of
the volume of ice per gram of solid matrix.
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Thus, the pressure exerted by the crystal can be written in general
as:

pA = ð1−λÞ∫TMð∞Þ
T ΔSfvdT≈ΔSfvðΔTF−ΔTMÞ ð11Þ

As the temperature continues to drop, the ice will propagate into
smaller pores, as indicated in Fig. 5d. The radius of curvature at the
leading edge of the ice is r, which decreases with temperature
according to Eq. (6). Assuming that all of the pores remain in
equilibrium, the pressure on the pore wall in each pore depends on
the difference between the curvature of the pore body and that of the
leading edge. That is, the pressure in each spherical pore is given by
Eq. (8), with κCL

S =2/(rB−δ) and κCL
E =2/r, where r is the radius of

curvature in equilibrium at the current temperature according to
Eq. (6). To find the net pressure exerted by the crystals, we need to
take account of the volume fraction of pores of each size. If ФC(rE) drE
is the fraction of the pore space containing ice that has pore entry
radius between rE and rE+drE, then the volume fraction of the pores
that contain ice is:

ϕC = ∫r
rmax

ΦCðrEÞdrE ð12Þ

where the integral is over the range of pore entry radii, from the
largest, rmax, to the current size, r(T); ϕC becomes equal to unity as r
approaches the minimum pore entry size, rmin. For a body with
polydisperse spheroidal pores, the term ϕC pA in Eq. (3) should be
replaced by:

〈ϕCpA〉 = γCL∫
r
rmax

2
r
− 2

rB−δ

� �
ΦCðrEÞdrE ð13Þ

or, using Eq. (6),

〈ϕCpA〉 = ϕC∫
TM
T ΔSfvdT−∫r

rmax

2γCL

rB−δ

� �
ΦCðrEÞdrE ð14Þ

The pressure in the second integral in Eq. (14) can be written as:

2γCL

rB−δ
= ∫TMð∞Þ

TMðrBÞΔSfvdT = λ∫TMð∞Þ
TMðrEÞΔSfvdT ð15Þ

so the pressure can be expressed in terms of the undercooling:

〈ϕCpA〉 = ϕC∫
TM
T ΔSfvdT−∫rmax

r
λ∫TMð∞Þ

TMðrEÞΔSfvdTΦCðrEÞdrE ð16Þ

To express the pressure without reference to pore radius, we can
replace the pore size distribution with a melting point distribution:

ϕCðTÞ = ∫TMð∞Þ
T ΦC T ′

� �
dT ′ ð17Þ

where now ФC(T) dT is the fraction of the pore space accessible to ice
at a temperature between T and T+dT. With this definition,

〈ϕCpA〉 = ϕC∫
TM
T ΔSfvdT−∫TMð∞Þ

T λ T ′
� �

∫TMð∞Þ
T ′ ΔSfvdT

″
� �

ΦC T ′
� �

dT ′ ð18Þ

From Eqs. (3), (7), and (18), the strain during freezing is found to
be:

εx =
b

3Kp

 !
ð2ϕC−1Þ∫TMð∞Þ

T ΔSfvdT−∫TMð∞Þ
T λ T ′

� �
∫TMð∞Þ
T ′ ΔSfvdT

″
� �

ΦC T ′
� �

dT ′
n o

+ ∫T
TMð∞ÞαdT ð19Þ

where b is the Biot coefficient [8], defined by:

b = 1−
Kp

KS
≈ 2ϕ

1 + ϕ
ð20Þ
and the approximation follows from the Hashin–Shtrikman bound,
Eq. (4). If the pores are monodisperse and uniform in shape, Eq. (19)
reduces to:

εx≈
b

3Kp

 !
ΔSfvðTMð∞Þ−TÞ½ð2−λÞϕC−1� + ∫T

TMð∞ÞαdT ð21Þ

According to Eq. (3), crystallization in air-entrained mortar causes
contraction as long as ϕCpA+(1−ϕC)pL<0 (that is, as long as the
volume fraction of ice in the mesopores is small enough so that the
crystallization pressure does not overwhelm the effect of the suction in
the pore liquid. Using Eqs. (7) and (11), we find that (for pores of
uniform size and shape) the positive pressure from the crystals dom-
inates when ϕC(1−λ)>(1−ϕC), so the critical fraction of ice beyond
which the crystallization pressure exceeds the suction in the pore
liquid is:

ϕC
�
>

1
2−λ

ð22Þ

Since λ<0.5, the net pressure remains compressive until ϕC>2/3.
(A more general condition is obtained by setting the expression in
braces in Eq. (19) equal to zero.) This effect is offset by the thermal
expansion coefficient of the mortar/ice composite, which increases
with ϕC, augmenting the contraction during cooling. We can estimate
the effect of ice on the thermal expansion coefficient of the mortar
using the theory developed by Schapery [32] (see Appendix A); the
result is shown in Fig. 1.

We can use the data in Fig. 1 to evaluate the parameter λ, as
follows. The freezing curve (labeled ϕC, Freezing) indicates that the
fraction of the pore space filled with ice reaches ϕC=0.25 when
T drops to −13 °C, so ΔTf=13; the melting curve (ϕC, Melting)
indicates that this ice melts at −3.4 °C, so ΔTm=3.4. According to
Eq. (10), the shape factor for these pores is λ≈3.4/13=0.26. Based
on the data in Brun et al. [15], the integral of the entropy (for pure
water, in units of MPa/m2) is

∫TM
T ΔSfvdT≈−1:238T−5:20 × 10−3T2

; −40≤ Tð∘CÞ≤ 0 ð23Þ

Amore precise estimate of λ can be obtained by using this result in
Eq. (9). As shown in Fig. 6, the difference between the exact and
approximate calculations is small, but the dependence on tempera-
ture is strong. At higher temperatures, where the volume of ice is
small, the small value of λ indicates that the pores are spheroidal; as T



Fig. 8. Strain measured in DMA for mortar with 6% air (Measured) and strain
(Calculated) from Eq. (19). Arrows indicate the direction of the temperature change.
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decreases, the ice enters smaller pores that are increasingly cylindrical
in shape.

Nowwehave all the parameters needed to calculate the strain from
Eq. (19). The components of the strain are shown separately in Fig. 7.
The thermal expansion coefficient of the mortar alone, taken from
Fig. 4, is αS=−10.9×10−6°C−1. As ice forms, α increases consider-
ably, as indicated in Fig. 1; integrating α over T leads to the thermal
strain of Mortar+Ice shown in Fig. 7. The sum of the contributions
from the pressure in the pore liquid and the crystallization pressure
exerted by the ice is calculated from Eq. (19) with α set to zero. This
pressure is negative, as long as the suction in the pore liquid has a
greater effect than the positive crystallization pressure; in ourmortars,
the condition given in Eq. (22) is not reached at temperatures as low as
−40 °C, so the net effect of crystallization remains compressive. All of
the ice that is observed in the DSC is included in ϕC, so we are ignoring
the ice that forms in the voids; that is, we are overestimating the
positive pressure from ice in the mesopores. However, the ice in the
voids will melt as the sample is heated above 0 °C, and the DSC results
indicate that the amount of ice thatmelts at 0 °C is 1−4%of the total ice
that forms; therefore, our approximate calculation is not seriously in
error. The sum of all of these strains represents the total contraction of
the body, which is compared in Fig. 8 to the strain measured in
the DMA. The comparison is reasonably good, given the uncertainties
in λ, α, and ϕC. Thus, the poromechanical computation can account
quantitatively for the contraction observed in air-entrained samples,
at least down to −25 °C.

The discrepancy between the measured and calculated strains is
significant only below about −25 °C, where the measured strain
begins to plateau, while the magnitude of the predicted strain
continues to increase. This implies that there is another mechanism
affecting the strain, such as formation of isolated pockets of water that
burstwhen they freeze, or blockage of the surface pores on air voids that
prevent the macroscopic ice from enhancing the suction in the pore
liquid. It is also possible that this is the temperature at which the
macroscopic ice is able to growout of the voids into themesopores, thus
increasing the positive pressure on the solid phase; if so, it would imply
that the pores in the shell of the air voids have radii of about 4 nm.

4.3. Scaling damage

According to the glue-spall theory [5], scaling damage happens
when an ice layer on the surface of the concrete cracks, and the crack
penetrates the surface. The stress that causes cracking results from the
large difference in linear thermal expansion coefficient between
ice (~50×10−6°C−1 [33]) and concrete (~10×10−6°C−1). As a salt
Fig. 7. Calculated strains during cooling cycle: Mortar=thermal strain of mortar (αS=
−10.6×10−6 °C−1, from Fig. 4); Mortar+Ice=thermal strain of mortar containing ice,
with α (from Fig. 1) calculated using composite theory from Ref. [32]; Freezing=strain
from crystallization, from Eq. (19) with α=0; Total=sum of thermal and crystalli-
zation strains from Eq. (19).
solution freezes, the solute is not incorporated into the ice, but is
rejected into the unfrozen brine; stress can only begin to build up after
a continuous network of ice has developed. Valenza and Scherer [5,34]
calculated the stress in the ice, based on data from the literature for
elastic modulus and strength of frozen brine. We have recently
discovered that some of those data were erroneous, because they
reported concentrations as percent salt, when they were actually
parts per thousand salt. The best available data for the flexural
strength, σT, of frozen NaCl–water solutions, compiled by Timco and
O'Brien [35–39], are presented in Fig. 9 as a function of the volume
fraction of unfrozen brine, vB. The scatter is quite large, but a reason-
able approximation is given by:

σTðMPaÞ≈1:76 expð−5:88
ffiffiffiffiffi
vB

p Þ ð24Þ

The best available data for the static elastic modulus of these solu-
tions are presented in Fig. 10 [37,40–44]. Again, the range of values is
very broad, but a rough approximation is given by:

EðGPaÞ≈10 expð−7:1
ffiffiffiffiffi
vB

p Þ ð25Þ

As the temperature decreases, the stiffness of the frozen layer will
increase, which will allow the thermal stress to rise. Cracking of the
layer will occur when the stress exceeds its strength.

For the crack to penetrate the surface of the concrete, as in Fig. 11,
the stress must satisfy a criterion developed by Thouless et al. [45].
Fig. 9. Flexural strength of frozen solutions of NaCl in water, compiled by Timco and
O'Brien [35].



Fig. 10. Static elastic modulus of frozen solutions of NaCl in water. Data from Vaudrey
[43, 44], Dykins [38,39], Blanchet et al. [37], Frederking and Timco [42], Barrette et al.
[41], and Anderson [40].

Fig. 11. Crack in layer of ice with thickness tI penetrates to a depth dC into the concrete,
then bifurcates and runs parallel to the surface.
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When the concrete is much thicker than the ice layer, the criterion
reduces to:

KI≈
2:6σ0tIffiffiffiffiffiffiffiffi

πdC
p ≥ KIc ð26Þ

where KI and KIc are the stress intensity and critical stress intensity of
the surface of the concrete, respectively, tI is the thickness of the ice,
dC is the depth of the crack in the concrete, and σ0 is the thermal stress
in the ice layer.2 Since cracking of the ice requires that the thermal
stress exceed the tensile strength, we conclude that a crack will
penetrate the concrete surface when:

σ0 > σT >
0:68KIc

ffiffiffiffiffi
dC

p
tI

ð27Þ

The stresses presented in Fig. 12 were calculated by the method
described in Ref. [34], except that the elastic moduli were taken from
Eq. (25), and the thermal cycle was the one actually used in the
experiments [6]. If the stress exceeds the strength from Eq. (24), it is
assumed that cracks occur in the ice and that the stress drops to become
equal to the strength. For the sample without air entrainment, this is
predicted to occur at about−10 °C, when the strength is 0.11 MPa and
the volume fraction of ice is about 0.78. For the samples with 3 or 6% air
entrainment, owing to the contraction of the substrate caused by ice in
the voids, the stress in the ice layer never exceeds the strength of the ice,
so no scaling should occur in the air-entrained mortars. To predict the
depth of penetration of a crack into the concrete substrate, we need a
value for KIc. In Ref. [5], a value of 0.1 MPa·m1/2 was adopted, as it is
characteristic of the interfacial transition zone, and scaling cracks are
reported to follow the interface around the aggregate [7,46]. Using that
value, at the lowest temperature of the cycle (about −17 °C), Eq. (27)
predicts that dC would be about 0.1 mm for tI=4 mm, and 0.45 mm
for tI=8 mm.

4.4. Nucleation and growth

Ice forms in porous materials by heterogeneous nucleation, and
the temperature at which it forms depends on the contact angle
between the ice and the nucleating substrate. As the size of the body
decreases, the probability of finding a substrate with a low contact
2 This criterion was discussed in Ref. [5], but there was a typographical error in the
definition of the parameter ω, which should have been (in the notation of that paper)
ω=d / tf−1.
angle decreases, so ice forms at lower temperatures in smaller bodies.
This is evident in comparing the temperature of freezing of −14.0±
0.4 °C in DSC samples (~0.05 g) with−10 to−12 °C in DMA samples
(~0.7 g), and −3 to −5 °C in brick-size pieces (~465 g). What is
particularly important in the present context is that the nucleation
temperatures are the same in mortars with and without air
entrainment, so there is no indication that nucleation is favored in
the voids. How, then, does the ice get into the voids quickly enough to
cause the immediate contraction seen in Fig. 2? Once ice nucleates, it
can propagate through the mortar at a rate on the order of several
mm/s [47]. Therefore, one might argue that the ice crystals penetrate
into the voids as they pass through the paste. However, if they can
grow through the pores in the shells surrounding the voids, they
should be able to pass out through the shells, rather than exerting
suction on the mesopores. More likely, the volume change that occurs
as the ice grows through the paste causes a pressure wave that pushes
water into the voids, where it immediately freezes. In fact, this
phenomenon has been seen by Corr et al. [48]. Since the pressure
wave runs ahead of the propagating ice, the ice might freeze in the
voids before the neighboring mesopores begin to crystallize. That
would mean that the contraction from the pore suction would quickly
offset the crystallization pressure from the ice in the mesopores. Since
the nucleation does not occur first in the voids, then crystallization
pressure is exerted in the mesopores in every freezing cycle, before
the contraction begins. This could lead to frost damage by fatigue over
many freezing cycles. If so, then it might be beneficial to stimulate
nucleation by including nucleating agents in the voids, so that ice
forms there before it occurs spontaneously in the mesopores [49].

Based on the variation in freezing temperature with sample size in
our samples, we estimate (see Appendix B) that there would be one
nucleus capable of producing ice at−1 °C in a cube of mortar roughly
35 cm on an edge (~80 kg), or one per square meter in a plate 3 cm
Fig. 12. Calculated stress in frozen brine layer containing 0, 3, or 6% air (indicated on
curves); the curve labeled “Strength” is the flexural strength of the frozen brine, based
on Eq. (24); the curve labeled “Ice” is the volume fraction of ice in the frozen brine, and
refers to the right ordinate.
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thick. This may mean that the nature of freezing damage in the field is
very different from that in the laboratory, because the large size of
civil structures means that good nucleating agents are inevitably
present. For example, on a road surface or sidewalk, we would esti-
mate that one nucleus forms per square meter at about -1 °C, then the
ice propagates through the pores as the temperature drops. This
might avoid the shock of hydraulic pressure that occurs in a small lab
sample (e.g., Fig. 3) when nucleation occurs at a low temperature.
However, even if ice nucleates near 0 °C, it cannot spread through a
pore with radius r, until the temperature is low enough to satisfy
Eq. (6). To spread arbitrarily far through the network of pores, the
temperature has to reach the breakthrough point (see discussion of
Fig. 5 in Ref. [27]), where the radius of the ice is small enough to enter
a network of pores that percolates through the body. If we suppose
that this point corresponds to the temperature where the intrusion
increases rapidly during the freezing cycle in Fig. 1, then breakthrough
only occurs at about TBT≈-7 °C (rBT≈10 nm). As the temperature
drops toward that point in a large structure, nucleation might still
occur in an isolated pocket of water at a substantial undercooling,
resulting in a significant stress being suffered by the concrete.
Unfortunately, there seems to have been no systematic investigation
of nucleation in large concrete bodies.

Suppose that nucleation occurs at a temperature near zero, so that
the ice penetrates progressively through the pores as the ambient
temperature drops. In that case, the hydraulic pressure may be
negligible, so one might ask whether air entrainment is necessary. We
can calculate the strain that would result from the presence of ice
crystals in mesopores, when the pore liquid remains at ambient
pressure, by setting pL=0 in Eq. (3). In the notation of Eq. (19), the
strain from crystallization pressure is found to be:

εCx≈
b

3Kp

 !
〈ϕCpA〉 =

b
3Kp

 !
ϕC∫

TM
T ΔSfvdT−∫TMð∞Þ

T λ T ′
� �

∫TMð∞Þ
T ′ ΔSfvdT

″
� �

ΦC T ′
� �

dT ′
h i

≈ b
3Kp

 !
ϕCΔSfvðTM−TÞð1−λÞ

ð28Þ

where the approximation applies for monodisperse pores of uniform
shape. The rigorous result is shown in Fig. 13 (calculated using the
properties of the mortar with 6% air). The dashed lines indicate the
strain at which tensile failure is expected in this mortar (as estimated
in Section 4.1). The crystallization pressure imposes a strain in excess
of the tensile limit when T falls below about −34 °C. Thus, if the
nucleation and growth process occurs slowly enough to avoid
Fig. 13. Calculated strain in mortar without air entrainment, if crystallization is slow
enough to avoid hydraulic pressure; calculated using the properties of the mortar with
6% air in Eq. (28). The dashed lines indicate the strain at which tensile failure is
expected in this mortar.
hydraulic pressure, then this mortar would not fail in a single freezing
cycle, unless it was taken below−34 °C. Of course, failure could result
from fatigue following many cycles that generate smaller strains.
Alternatively, the damage seen in non-air-entrained mortars in cycles
that only descend to −20 °C might result from pressure bursts when
ice nucleates in isolated regions that exist above the breakthrough
temperature. For example, in the present case, where TBT≈−7 °C, a
nucleation event in the mesopores at −6 °C would cause a high
localized pressure; in an air-entrained sample, that pressure would be
over-balanced by the suction from ice in the voids.

5. Conclusions

In saturated laboratory samples without air entrainment, nucle-
ation occurs at a low temperature, resulting in high hydraulic pressure
and immediate damage. When air entrainment is present, nucleation
occurs at the same low temperature, but the body contracts and there
is no noticeable damage. Nevertheless, the evidence suggests that a
significant amount of ice has to form in the mesopores to push water
into the voids, which means that crystallization pressure is exerted
during every freezing cycle. We have calculated macroscopic strains,
which show an overall contraction of the air-entrained mortar
throughout the freezing cycle; however, the local stresses around
crystals in the mesopores may be tensile. This could lead to fatigue
damage over many cycles, even when proper air entrainment is
present.

Since the temperature of nucleation rises with the size of the
sample, it is likely that ice forms at higher temperatures in the field,
but the way ice propagates through a large structure, and the
frequency of nucleation at low temperature in isolated regions are not
known. Evenwhen nucleation happens at small undercoolings, so that
drastic hydraulic pressure does not occur, our calculations indicate
that the crystallization pressure may exceed the tensile strength at
low temperatures.

Once ice forms in the voids in air-entrainedmortar or concrete, the
ice creates suction in the surrounding mesopores. The body contracts
by an amount that is quantitatively predicted by poromechanics. This
contraction accounts for the protection of the body, as originally
explained by Powers and Helmuth.

The contraction of air-entrained concrete also accounts for the
beneficial effect of air entrainment on salt scaling. Calculations based
on the glue-spall theory show that no scaling is expected in mortars
with 3 or 6% air, whereas non-air-entrained samples are predicted to
suffer damage. We conclude that the glue-spall theory successfully
explains every experimental observation related to salt scaling.
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Appendix A. Thermal expansion coefficient of partially
frozen mortar

Eq. (32) of the paper by Schapery [32] provides bounds on the
thermal expansion coefficient of a multiphase material. In the present
case, we are interested in a mortar whose pores contain a mixture of
water and ice, so we have a three-phase composite. The water is
assumed to be free to flow, so it does not exert pressure on the solid
and therefore does not contribute to the expansion; that is, its bulk
modulus is effectively zero. When ice forms in air voids, there is
suction in the liquid that contributes to contraction of the body, but
that is calculated separately; here we only consider thermal
expansion effects. When the bulk modulus of one phase is zero,
Schapery's bounds on the linear thermal expansion coefficient reduce



Fig. 14. Number of sites per cm3 with contact angle θ calculated from Eq. (38), based on
nucleation temperatures observed in mortar samples with sizes between 0.4 and
250 cm3.
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to:

α =
〈Kα〉
〈K〉

� 1
⌢
K
− 1

〈K〉

� �1=2
〈Kα2

〉− 〈Kα〉2

〈K〉

 !1=2

ð29Þ

where:

〈Kαm
〉 = ∑

N

n=1
Knα

m
n vn ð30Þ

and Kn, αn, and vn are the bulkmodulus, thermal expansion coefficient,
and volume fraction of phase n in a composite of N phases. The
quantity K̑ in Eq. (29) is the bulk modulus of the composite, which can
be estimated from the Hashin–Shtrikman bounds. The lowest upper
bound on K for a three-phase composite consisting of water (E=0),
ice (E=10 GPa, ν=0.33 [33,50], K=8.3 GPa), and mortar (ES=
32.0 GPa, νS=0.2, KS=17.8 GPa), is given by the Hashin and Shtrik-
man theory as:

KLU =
17:78ð1−vwÞ−6:43vice

1 + vw + vice
ð31Þ

where vw=ϕ (1−ϕC) is the volume fraction of water and vice=ϕ ϕC

is the volume fraction of ice.
Inserting the property values for the phases and plotting Eq. (29),

we find that the appropriate bound corresponds to the positive sign in
that equation. The result is shown in Fig. 1. The lower bound, given by
the negative sign in Eq. (29), shows a non-monotonic dependence of
α on the volume fraction of ice.

Appendix B. Frequency of nucleation in a porous body

Suppose that the cooling rate is q=dT/dt (°C/s) and the interval of
observation is Δt=ΔT/q. To see a nucleation event in a porous body
with volume V, the nucleation rate, Iv (cm−3s−1), has to satisfy the
following condition:

IvVΔT = q≥ 1 ð32Þ

Suppose that the total surface area in contact with the liquid per
unit volume of the body is A and that the fraction h(θ) of the surface
has heterogeneous nucleation sites with contact angle θ. Let it be a
discrete distribution of contact angles, θn, and let hn=h(θn), so that:

∑
N

n=1
hn = 1 ð33Þ

If the specific surface area of the solid phase is sBET (m2/kg) and the
bulk density is ρb (kg/m3), then A=ρb sBET. The heterogeneous
nucleation rate attributable to each quality of substrate [51] is:

Inv = hnρbsBET
NAkT
3πΩη

� �
exp −ΔGhom f ðθnÞ

kT

� �
ð34Þ

whereΩ is the molecular volume, NA≈1/ Ω2/3 is the number of liquid
molecules per unit area, and η is the viscosity of the liquid. The total
nucleation rate is:

Iv = ∑
N

n=1
Inv ð35Þ

For a spherical nucleus [51],

ΔGhom =
16πγ3

CL

3ðTM−TÞ2ΔS2fv
ð36Þ
and for a spherical cap on the substrate,

f ðθÞ = 1
4
½2−3 cosðθÞ + cos3ðθÞ� ð37Þ

Generalizing Eq. (32), a crystal is observed when:

1 = V∫t
0Ivdt = V∫T

T0
ðIv = qÞdT ð38Þ

Evaluating this expression using handbook values for the proper-
ties of water, we find that the result is very weakly dependent on V, q,
or hn, but is strongly dependent on the contact angle, θ. That is, for the
range of sample sizes used in this study (~0.4–250 cm3), and for
cooling rates between 1 °C/min and 1 °C/h, the temperature of nucle-
ation only varies by a few tenths of a degree for a given contact angle.
Therefore, we can construct an approximate curve relating the nucle-
ation temperature to θ. We can also find the contact angle that would
yield nucleation at a certain temperature in a given volumeofmaterial.
Using the sample sizes and nucleation temperatures observed in our
experiments, we obtain the result shown in Fig. 14. These very
preliminary data indicate that the frequency (number/cm3) is:

FðθÞ = 3:67 × 10−7 expð19:3θÞ ð39Þ

To obtain nucleation at −1 °C would require a site with θ≈0.22
radians. Extrapolating Eq. (39), we find that there should be one such
site in 39,000 cm3, or a cube 34 cm on an edge. Of course, this is a
crude estimate based on only a few measurements. Far more data are
needed for the nucleation temperature versus sample size for a range
of cementitious materials, so that the field behavior can be reliably
predicted.
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