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Abstract

Salt scaling is a major durability issue for concrete. Despite this, and an extensive research effort, the cause of this damage is unknown.
Therefore, no means for preventing salt scaling can be identified. One of the primary reasons for this shortcoming is the lack of a critical review on
the state of the research in this field. Such a compilation is presented in this series of articles. In Part I, the characteristics of salt scaling were
outlined. In this article, proposed mechanisms are discussed, and their adequacy is judged based on their ability to account for the phenomenology.
© 2007 Published by Elsevier Ltd.
Keywords: Salt scaling; Mechanisms; Internal crystallization; Role of salts; Glue spalling

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1022
2. Internal crystallization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1023

2.1. Hydraulic pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1023
2.2. Crystallization pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1025
2.3. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1028

3. Role of salt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1028
3.1. Thermal shock . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1028
3.2. Precipitation and growth of salt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1029
3.3. Salt concentration in the pore solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1029

3.3.1. Reduction in vapor pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1030
3.3.2. Osmotic pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1030

3.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1031
4. Glue spalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1031
5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1032
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1032
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1032
1. Introduction

Concrete is the most widely used material in the world. The
raw materials are ubiquitous, so it is relatively inexpensive, but
concrete poses numerous durability issues that result in high
⁎ Corresponding author. Hampshire St., Cambridge, MA 02139, USA. Tel.:
+1 6177682346; fax: +1 6177682386.
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maintenance costs. The National Research Council estimates
that repair of the infrastructure in the United States costs nearly
$50 Billion annually [1]. Moreover, the cost of new roadways,
bridges, and terminals is estimated at hundreds of billions of
dollars annually. Clearly, improving the durability of concrete
has huge social and economic implications.

Over the past 60 years, concrete infrastructure has deterio-
rated by “salt scaling”, which is superficial damage caused by
freezing a saline solution on the surface of a cementitious body
(Fig. 1). The damage is progressive and consists of the removal
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Fig. 1. (a) Picture of a severely scaled sidewalk. (b) Sidewalk that was severely scaled, which led to a complete loss of mechanical integrity, probably by internal frost damage.
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of small chips or flakes of material. These characteristics were
first revealed in the 1950s through laboratory testing [2,3], and
they were subsequently verified through field tests [4]. In
moderate to extreme cases, this damage culminates in the
exposure of the coarse aggregate.

In cold climates, salts (NaCl, CaCl2) are regularly used to de-
ice roadways and walkways. Consequently, salt scaling is one of
the major durability issues facing cementitious materials in this
climate. While salt scaling alone will not render a structure
useless, it results in accelerated ingress of aggressive species,
such as chlorides, and the propensity for a high degree of
saturation. The former renders the body susceptible to corrosion
of the reinforcing steel [5–7], while the latter results in strength
loss from internal frost action [8–10]. Both of these effects
diminish the service life of concrete (Fig. 1).

Hundreds of laboratory and field studies have clearly identified
the characteristics of salt scaling, but have not explained the
cause. In a companion article [11] this work was critically
reviewed, and the following list of characteristics was compiled:

1. Salt scaling consists of the progressive removal of small
flakes or chips of binder.

2. A pessimum exists at a solute concentration of ~3%,
independent of the solute used.

3. No scaling occurs when the pool of solution is missing from
the concrete surface.

4. No damage occurs when the minimum temperature is held
above −10 °C; the amount of damage increases as the
minimum temperature decreases below −10 °C and with
longer time at the minimum temperature.

5. Air entrainment improves salt scaling resistance.
6. The salt concentration of the pool on the surface is more

important than the salt concentration in the pore solution.
7. Susceptibility to salt scaling is not correlated with suscep-

tibility to internal frost action.
8. The strength of the surface governs the ability of a

cementitious body to resist salt scaling.

A number of mechanisms for salt scaling have been
proposed. In the next two sections, we consider the ability of
these mechanisms to account for the above characteristics. First,
in Section 2 we consider mechanisms related to internal crystal-
lization. Then in Section 3 we consider mechanisms related to
the role of salt. In Section 4, we consider a new, purely physical
mechanism known as glue spalling. Finally, we summarize the
implications of our analysis in Section 5.

2. Internal crystallization

In spite of evidence that indicates the distinct nature of salt
scaling and internal frost action [11], considerable attention has
been paid to internal crystallization as a cause of salt scaling.
Therefore, in the interest of completeness it is necessary to
discuss this topic. Much of the discussion follows analyses by
Scherer [9] and Scherer and Valenza [10] that consider the
thermodynamics of crystallization in a porous medium. The role
of hydraulic pressure is considered in Section 2.1 and
crystallization pressure in Section 2.2.

2.1. Hydraulic pressure

The specific volume of ice is 9% greater than the water from
which it forms. When ice forms in a porous medium this volume
increase results in a flux away from the zone of freezing. Powers
[12] suggested that the hydraulic pressure that drives this flux is
the cause of damage from internal frost action. In a porous
medium this flux obeys Darcy's Law:

J ¼ −
k
gL

jp ¼ −
k
gL

PL−Pe

L

� �
ð1Þ

where, J (m/s), is the fluid flux, k (m2), is the permeability,
ηL (Pa s) is the fluid viscosity, PL is the pressure in the pore
fluid, Pe is the ambient pressure, and L is the distance over
which the pressure gradient in the pore fluid, ∇p, exists. To
limit the pressure that arises upon freezing, Powers suggested
reducing the average distance between air voids in concrete
[13,14] (i.e., air voids represent escape boundaries where
the pressure is Pe). In a later study, Powers and Helmuth
[15] verified that limiting the average air void spacing to

http://dx.doi.org/doi:10.1016/j.cemconres.2007.03.005
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Fig. 2. Results from reference [15]. (a) Volume change is reversed by reducing the average air void spacing. (b) Dilation of a non-air-entrained sample does not relax
during the isotherm, and contraction of an air-entrained sample does not immediately stop when cooling is arrested.

1024 J.J. Valenza II, G.W. Scherer / Cement and Concrete Research 37 (2007) 1022–1034
250–300 μm (Fig. 2a) prevents deleterious expansion upon
internal crystallization.

The results from reference [15] show that as the air void
spacing is reduced the volume change is reversed (Fig. 2a).
When cooling is arrested, dilation of a non-air-entrained sample
does not relax away (Fig. 2b, dashed curve) [15]. Hydraulic
pressure does not account for either of these observations. The
adequately air-entrained paste contracts upon freezing, because
ice crystals on the surface of the air voids suck water from the
surrounding porous matrix (Fig. 3) [10]. It is a common
misconception that this contraction is a result of ice melting in
the capillary pores and the diffusion of gel water to ice in the air
voids [15]. In the next section it will be shown that ice in the
capillary pores is in equilibrium with ice in air voids. Osmotic
pressure is also excluded, as it can be shown (see Section 3.3.2)
that hydrodynamic relaxation quickly dissipates the pressure
gradient caused by diffusion.

When ice forms on the external surface of a porous medium,
the crystals bulge into the mouths of surface pores (Fig. 3). The
Fig. 3. (a) Dilation of a saturated Vycor® plate that is frozen [18]. The plate contract
external surface of a Vycor® plate, indicative of the experiments discussed in referenc
a surface pore.
curvature of the crystal/liquid interface, κCL, in a pore is given
by [10]:

PA þ gCLjCL ¼ −DVCLgLVjLV þ DSfCðTm−TÞ ð2Þ
where PA is pressure applied to the crystal only, γ is the
interfacial energy, κ is the curvature, ΔSfC=(SL−SC) /υC is the
entropy of fusion per unit volume of ice, ΔVCL=(υC−υL) /υC is
the fractional volume change that accompanies solidification,
ΔT=Tm−T, is the undercooling, Tm is the melting point of the
solution (in this case bulk water), S is the entropy, v is the molar
volume, the subscripts CL and LV indicate quantities that
correspond to the crystal/liquid and liquid/vapor interfaces
respectively, and the subscripts C and L indicate quantities that
correspond to the crystal and liquid respectively. The pressure in
the liquid, PL, adjacent to the bulging crystal is [10]:

ðPL−PEÞ ¼ −DSf LðTm−TÞ ¼ gLVjLV ð3Þ
where PE is the equilibrium vapor pressure of bulk ice (Fig. 3),
and the second equality follows from Laplace's equation [16]
s until the temperature reaches, T=−17 °C. (b) Schematic of ice forming on the
e 18. (c) Schematic of ice on the surface of the Vycor®, bulging into the mouth of
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(note: here ΔSfL=(SL−SC) /υL). When ice bulges into the pore
mouth there is no restraint on the crystal/liquid interface
(PA=0), and ΔSfL=1.3 J/cm3 K [17], so PL=PE−1.3ΔT (the
parameter PE is included for rigor. However, under normal
ambient conditions this pressure is 3 to 4 orders of magnitude
smaller than PL, so it can be set to zero, PE=0, with the
introduction of very little error). It is this suction that causes air-
entrained samples to contract.

Litvan observed this relationship between pore pressure, PL,
and undercooling,ΔT, when measuring the dilation of saturated
Vycor® upon freezing [18]. He observed that ice first formed on
the surface of the Vycor® (Fig. 3). The ice on the surface
imposed the freezing suction in the pore fluid, which forced the
body to contract (Fig. 3). The thermal contraction strain was on
the order of 3.3×10−5/°C. The mechanical response of a
saturated porous body with pressure in the pore fluid was
determined by Biot and Willis [19–22] and expressed in terms
of conventional parameters by Johnson [23], Coussy [24], and
Scherer [25]:

ex ¼ PL

3KP
1−

KP

KS

� �
ð4Þ

where K is the bulk modulus, and the subscripts P and S
indicate values that correspond to the drained porous network
and the solid phase, respectively. The bulk modulus of Vycor®
is KP≈7.8 GPa, and the modulus ratio is estimated to be
KP /KS≈0.42 [26]. Therefore, Eq. (4) indicates that the pressure
driving contraction of the Vycor® is PL=−(3.3×10−5)(3)
(7.8×109) /0.58=−1.3 MPa/°C, which agrees with the theoret-
ical prediction.

The curvature of a spherical air void in cement paste
(rp=50–500 μm) is 4–5 orders of magnitude larger then that of
the “gel” pores in the paste (rp=2–50 nm), so the surface of an
air void is approximated as an external surface. When ice forms
on the surface of an air void [27], it imposes the pore pressure
(suction) in the pore fluid on the surrounding porous matrix. The
analysis we applied to Litvan's results can be used to interpret
the experiments by Powers et al. (Fig. 2b). In our laboratory we
found the elastic modulus of cement paste with w/c=0.6 to be
EP=12 GPa [28]; assuming Poisson's ratio to be ν=0.2, the
bulk modulus is KP=EP / 3(1−2ν)=6.7 GPa. Reference [28]
indicates that the modulus ratio obeys the power law, KP /KS=
ρ2, where ρ=0.5 is the volume fraction of solids [28]. The
thermal expansion coefficient of cement paste is 10−5/°C [29],
so the strain exerted by the pore pressure is 2.5×10−5/°C, and
the magnitude of the pore pressure is PL=− (2.5×10−5)(3)
(6.7×109)/0.75=−0.7 MPa/°C. The discrepancy between this
value and the theoretical value (45%) is attibuted to crystalli-
zation pressure in the capillary pores, which is discussed in the
next section.

Fagerlund demonstrated that deterioration of concrete by
internal frost action occurs rapidly once a critical degree of
saturation is achieved [30]. He suggests that the main cause of
damage is hydraulic pressure that is exacerbated by the
reduction in permeability caused by internal ice formation.
The critical degree of saturation is observed to be between 80
and 90% [30] and necessitates 100–200 days of continuous
immersion [31–33]. Such conditions are not met during a salt
scaling test, which lasts no more than 60 days, and it is not
likely that they are met in practice. This high degree of
saturation renders a considerable fraction (∼50%) of the air
voids saturated [30,33].

For two hypothetical, but realistic, air void systems,
Fagerlund estimated the size of the largest filled void at the
critical degree of saturation to be ∼100 μm [33]. The growth
rate of ice, U, measured in a glass capillary tube [34] is:

U ¼ 1:6DT1:7mm=s ð5Þ

Therefore, at an undercooling of only ΔT=3 °C, the growth
rate is 1.3 cm/s and a saturated air void (rp=100 μm) will
crystallize in less than 1/1000 s. The velocity of the water forced
out of the air void is U / (1−ρ)≈1.3/0.5=2.6 cm/s. Assuming
the void spacing at this saturation is L∼400 μm [33], the
viscosity of water at −3 °C, ηL=0.003 Pa s, and the perme-
ability, k=10−19 m2, then from Eq. (1) the estimated hydraulic
pressure from freezing in the air voids is PL≈ (0.026)(0.003)
(4×10−4) / 10−19≈312 GPa (ambient pressure, Pe, is set to
zero). Of course such high pressures are not possible, because
the ice would be forced to melt. The fluid pressure is limited by
the Clausius-Clapeyron condition [35]:

dPL

dT

� �
DG¼0

¼ DSf L
DVCL

¼ 13:5 MPa=-C ð6Þ

Eq. (6) indicates the pressure from crystallization in
saturated air voids will exceed the tensile strength (∼3 MPa)
of cement at small undercoolings, ΔT≈0.25 °C. Heteroge-
neous nucleation in bulk water is routinely observed at much
greater (5–15 °C) undercoolings; therefore it is likely that
damage of saturated concrete is a result of bursting of water-
filled air voids, owing to the expansion of the ice. Note that
this is not equivalent to the usual mechanism of hydraulic
pressure.

2.2. Crystallization pressure

The results presented in Fig. 2 led Powers to retract the
hydraulic pressure hypothesis [36]. Helmuth shared this
sentiment, and later suggested that crystallization pressure
was the main cause of frost damage [37]. The predominance of
crystallization pressure is demonstrated by the fact that porous
bodies are damaged when they are frozen containing liquids that
do not have a smaller specific volume than the corresponding
solid [38,39]. The mechanisms by which this damage occurs are
discussed below.

When solidification occurs in a fine pore (rpb50 nm) the
melting point is reduced, because the crystals have a high
surface to volume ratio. The energy of the system is not
minimized by solidification at the melting point of bulk water,
because the energy gained by solidification of a small volume is
offset by the energy of the crystal/liquid interface. The Gibbs-
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Thomson equation provides the relationship between the
melting point and the curvature of a small crystal [9]:

T ¼ Tm−
gCLjCL
DSfC

ð7Þ

Therefore, the relationship between the melting point, T,
and the largest spherical crystal that can fit in a pore with radius,
rp, is:

T ¼ Tm−
2gCL

ðrp−dwÞDSfC ð8Þ

where δW≈0.9 nm is the thickness of the unfrozen water layer
between the crystal and the pore wall [17]. Eq. (8) indicates that
the melting point is reduced by 2 °C for rp≈33 nm, by 5 °C for
rp≈13 nm, and by 10 °C for rp≈7 nm.

Eq. (8) provides the relationship between the temperature
and the size of the pore that ice can penetrate from a larger pore,
void (Fig. 5), or external surface (Fig. 3). This is illustrated in
the results reported by Litvan [18], presented in Fig. 3. Initially
ice forms on the exterior of the Vycor® plate and the sample
contracts until a temperature of T=−17 °C. At this temperature,
there is a hump in the thermogram (bottom of Fig. 3a), which
corresponds to internal crystallization (penetration of the
external ice). At T=−17 °C, Eq. (8) indicates that ice is
capable of entering pores with a radius of rp≈4 nm, which is
reasonable for Vycor®. This material has a very narrow pore
size distribution, so once the ice penetrates the interior it is
capable of accessing a majority of the microstructure. As the ice
invades the microstructure the plate begins to dilate.

Consider a hypothetical cylindrical crystal in a pore of
radius, rp (Fig. 4). Here the hemispherical end (E) of the crystal
and the cylindrical body (B) adopt the radius rp−δW. The
pressure in the liquid, PL, and the temperature are such that
Eq. (2) is satisfied with PA=0 and κCL corresponding to the
hemispherical end (E). As a result of the difference in curva-
ture between the side [κCL=1 / (rp−δW)] and the end [κCL=2 /
(rp−δW)] of the crystal, the crystal attempts to grow in the
direction of the pore wall. To suppress this growth and satisfy
Fig. 4. Schematic of a cylindrical crystal in a pore of radius rp. Both the
hemispherical end (E) and the cylindrical body (B) adopt the radius, rp−δW.
mechanical equilibrium in the crystal, the wall must apply a
radial compressive pressure on the cylindrical body of the
crystal:

PA ¼ gCL jECL−j
B
CL

� � ¼ gCL
ðrBP−dW Þ

ð9Þ

The repulsion between the crystal and the pore wall is so
large that the pressure necessary to force them into contact is
greater than the tensile strength of cement paste or Vycor® glass
[9]. Therefore, the film of fluid persists and the crystal attempts
to grow towards the wall, pushing the wall away [40–42]. This
is the same mechanism that causes frost heave [43–47]. This
crystallization pressure, PA, causes a tensile hoop stress in the
pore wall, σθ≈PA / 2. Assuming that the tensile strength of the
cementitious binder is 3 MPa, this implies that the binder will be
damaged when ice forms in cylindrical pores with rpb7.6 nm,
which corresponds to a melting point of T=−10 °C according
to Eq. (8).

The pore geometry in Fig. 4 is overly simplified: binder in
concrete has pores with irregular shapes, consisting of cavities
with constrictions at the points of entry (i.e., rP

BN rP
E), otherwise

known as inkbottle pores [48]. In addition, the pore and void
sizes range over 5–6 orders of magnitude [49,50]. Consider the
more realistic situation illustrated in Fig. 5, where the
temperature is such that ice has formed in the air void (on the
right) and in the larger cavity of the capillary. At this tem-
perature, the ice is unable to obtain the curvature necessary to
penetrate the conduits between the capillary cavity and the air
voids. At equilibrium, the pressure in the pore fluid is
determined by the curvature of the crystal bulging into the
mouth of the conduit from the air void (N), which is identical to
the curvature of the crystal at E. In the previous section it was
shown that the freezing suction, imposed by the crystal/liquid
interface at (N), is PL=−γCLκCLN ≈−1.3DT. To support this
suction, the liquid/vapor (LV) meniscus forms at (A) (on the
left) with curvature found from Eqs. (2) and (3) [35,51]:

jLV ¼ −
gCLjCL
gLV

ð10Þ

Stress arises in the pore wall as the crystal attempts to grow.
Eq. (9) indicates that when the curvature of the ice body is
positive the pressure necessary to prevent growth, PA, is less
than the suction imposed on the pore fluid, PL (viz., PA≈PL / 2).
Therefore, once the fluid pressure equilibrates with the suction
imposed at N and E in Fig. 5, the net hoop stress in the capillary
cavity will be compressive. This statement is true, whether or
not ice forms in the air void, because liquid/vapor menisci (A in
Fig. 5) will support the suction imposed by the crystal/liquid
interface at E. At point F in Fig. 5, the curvature of the ice body
is negative, so the pressure necessary to prevent growth is
greater than the suction in the pore fluid: PA=γCL(κCL

E −κCLF )=
−PL−γCLκCLF . Therefore, the ice in the cavity creates hoop
tension in the wall at (F) after the pore fluid equilibrates at PL.

This analysis indicates that ice can exist in the capillaries and
in the air voids simultaneously, because of the suction in the



Fig. 5. Schematic of ice forming in a capillary cavity and in an air void. The temperature is such that the ice cannot obtain the curvature (Eq. (7)) necessary to penetrate
the conduits between the cavity and the air voids.
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pore fluid. At equilibrium, crystals in the capillary can exert
pressure on the wall at points where the curvature of the crystal
is negative (F). It is the pressure at these points that contributes
to the discrepancy between the theoretical pore pressure and that
calculated from the results of Powers et al. (Fig. 2). In addition,
when the ice penetrates the pores (i.e., when the curvature at
E or N reaches 2 / (rp−δ), but before the liquid pressure
equilibrates), it imposes crystallization pressure on the pore
walls. It is this crystallization pressure that causes the initial
dilation illustrated in Fig. 2 at T=−2 °C. The air-entrained paste
eventually contracts as ice in the air voids imposes suction on
the pore fluid. The time over which this dilation relaxes away is
governed by the transport properties of the body, and is
therefore characteristic of the material. Overall, the air-entrained
paste exhibits contraction (Fig. 2) because once equilibrium is
established the majority of the internal surface is exposed to the
(negative) pore pressure, PL.

This analysis [10,52] also accounts for the transient
contraction observed when cooling is arrested (Fig. 2b — air-
entrained paste). The sample continues to contract, because the
pressure in the pore fluid is equilibrating with the pore pressure
at the crystal/liquid interface (N— Fig. 5). As the temperature is
reduced, the pore pressure at the interface (N) becomes more
negative because the interfacial curvature increases. Therefore,
there is a difference between suction at the interface and greater
fluid pressure elsewhere. During an isotherm, fluid flow
alleviates this gradient according to Eq. (1) and the curved
liquid/vapor meniscus will form (A) or the suction will be
supported by an equivalent liquid/crystal interface at the mouth
of a connecting pore (N).

Fig. 2 indicates that the transient expansion (Fig. 2a, T=
−2 °C) and contraction (Fig. 2b, T=−8 °C) relax in a period of
roughly 7 min. For similar, intentionally saturated material, at
29 °C we measured a hydrodynamic relaxation time, τR≈700 s
[53]. The relaxation time is proportional to the viscosity and the
distance over which flow occurs (τR∝ηLL
2); taking into

account the three-fold increase in ηL between the temperature
of our experiment and that of Powers, we estimate that the
average distance over which relaxation occurs is L≈450 μm.
The samples used by Powers et al. were cured with the intent of
maintaining the highest degree of saturation possible, and the
age at testing is between 3 weeks and 3 months, with some
samples tested at an age of 2 years [15]. Fagerlund indicates that
after complete submersion for 3 months to 1 year (depending
on the shape of the air-void size distribution) the spacing factor
increases to L≈400 μm from the filling of voids [33].
Therefore, it is plausible that the transient volume changes
illustrated in Fig. 2 are a result of hydrodynamic relaxation.

The freezing suction, PL, arises at the crystal/liquid interface
(N) and propagates through the pore network as hydrodynamic
relaxation occurs. Thus, at the instant that growth begins,
crystals in capillary cavities will impose crystallization
pressure, PA, at all points adjacent to the pore wall. This
pressure is eventually offset as the pressure in the pore fluid is
reduced, compressing the porous network. It was observed that
the fluid pressure equilibrates over a period of 7 min, so there is
a substantial transient during which crystallization pressure
creates tensile stress in the porous skeleton.

The propensity for damage from crystallization pressure
depends on: the temperature of the system, the extent of ice
formation, the morphology of the capillary pores, and where
initial freezing occurs. In particular, our analysis indicates that
promoting initial nucleation at a small undercooling in the air
voids is beneficial, and lining the voids with dense paste (i.e.,
reducing the pore size at N in Fig. 5) will prevent penetration
into the capillary network until very low temperatures. To
accomplish the former it has been proposed to introduce
nucleating agents into the air voids [53]. For water the energy of
the liquid/vapor interface is larger than that of the crystal/liquid
interface; therefore, if ice forms in the air voids first, the ice will
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drain the intersecting pores until the liquid/vapor meniscus
enters a constriction with a size such that Eq. (10) is satisfied (A
in Fig. 5). Once this condition is met, the crystal/liquid interface
can no longer drain fluid from the pore because Eq. (10)
requires that the crystal will penetrate the pore before the liquid/
vapor meniscus passes the constriction.

Chatterji [54] reports that certain air-entraining agents
(AEA) are more effective than others. It has not been
determined whether this trend is a result of the ability of the
AEA to nucleate ice or the affinity of the surfactants for cement
particles, resulting in smaller pores in the paste surrounding the
voids. However, Mielienz et al. [55] demonstrated that the most
effective AEA have a higher affinity for cement grains.
Therefore, it appears to be beneficial to form a dense shell of
paste around the void. If ice forms in the voids first, drains some
of the fluid from the intersecting capillary pores, and imposes
suction in the saturated porosity, the potential for damage from
crystallization pressure is greatly reduced.

As the temperature is further reduced, ice is able to accessmore
of the porosity. When this occurs, there are two situations that can
lead to the formation of damaging stress: (1) ice escapes from a
large cavity or void by passing a constriction; (2) ice grows into a
zone of saturatedmicrostructure encapsulated by the invading ice.
The stress that arises during the former depends on the
morphology of the microstructure. The corresponding variations
are analyzed elsewhere [56]. The latter situation is analogous to
freezing a water drop, where a crust of ice forms on the droplet
surface and the ice propagates toward the interior. In this case the
pressure in the confined water rises quickly but is limited by
Eq. (6). Evenwith this limitation, atT=−1 °C the fluid pressure is
13.5 MPa, and the corresponding stress in the pore wall is well
above the tensile strength of concrete. Fagerlund [56] and
Chatterji [54] previously suggested that damage is caused when
pockets of water are surrounded by ice and the fluid pressure
increases as the ice invades the trapped pores.

2.3. Summary

Experimental results indicate that hydraulic pressure is not
responsible for the damage from internal crystallization.
Analysis of the thermodynamics of internal crystallization and
allowing for hydrodynamic relaxation accounts for all char-
acteristics of the experimental results (Figs. 2 and 3) obtained
with properly air-entrained cement paste or Vycor® glass.
Adequately air-entrained concrete will be immune to internal
frost action, if initial ice formation occurs in the air voids and
compresses the surrounding matrix. Absence of adequate air
entrainment results in destructive dilation from crystallization
pressure. The critical air void spacing indicates the average
distance at which the majority of the body will be compressed
upon internal freezing. If the surface of the body is adequately
air-entrained, the suction imposed by ice in these air voids
might also aid in preventing salt scaling. Once the temperature
is low enough to allow the ice to propagate through a majority
of the microstructure, destructive stresses are expected.

To evaluate the importance of crystallization pressure as the
cause of salt scaling, it is necessary to consider the effect salt has
on these mechanisms. It is shown below that after very short
times (2–5 days, Fig. 7) the salt concentration in the surface will
equilibrate with the concentration of the outer solution. Since
the amount of ice that forms decreases with increasing salt
concentration [57–59], it is expected that pure water would
yield the most salt scaling if either hydraulic pressure or
crystallization pressure was responsible for salt scaling.
Therefore, neither of these mechanisms can account for the
pessimum concentration. In addition, these mechanisms do not
account for the lack of damage when the pool of solution is
missing from the concrete surface. For example, experiments
have been performed where the sample is frozen without the
solution, then thawed with the solution on the surface. This
technique was determined to be less detrimental than freezing
the saline solution on the surface [3].

3. Role of salt

In this section we will consider several proposed mechan-
isms that concern the role salt plays in salt scaling. In Section
3.1 we will consider the fact that salt reduces the melting point
of ice, and how this may result in stress from thermal shock. In
Section 3.2 we examine the possibility that damage is caused by
the precipitation of salt in the pore system. Section 3.3.1 deals
with the effect of salt on the vapor pressure of water and the
corresponding degree of saturation of the cementitious surface.
Finally, the role of osmotic pressure is considered in Section
3.3.2.

3.1. Thermal shock

In the presence of a salt solution, the melting point, Tm, of ice
is reduced [60] (Fig. 6 — Liquidus). Accordingly, application
of salt to an ice layer causes the ice to melt if the salt
concentration lowers the melting point below ambient temper-
ature. The heat necessary to cause this melting is withdrawn
from the surface of the concrete body. As a result, a temperature
gradient will form in the surface, resulting in differential strain
and stress [61].

An approximate upper bound on the stress can be obtained
by assuming that the pressure in the pore fluid is negligible and
that the temperature change is limited to a small thickness near
the surface. In this case, the body does not deform as a result of
the stress, σx, in the thin layer, and there is tensile stress in the
surface [62]:

rx ¼ Ep

1−m

� �
aDT ð11Þ

Reference [61] indicates that ∼80% of the time when salt is
applied to ice on the surface of a concrete body, the temperature
of the surface is reduced by ~1 °C. For a concrete sidewalk
with, EP≈30 GPa, α=10−5/°C, and ν=0.2, Eq. (11) indicates
that the maximum stress in the surface from a temperature
change of ΔT=−1 °C is, σx≈0.34 MPa. In order to approach
the tensile strength of the concrete (∼3 MPa), Eq. (11) indicates
that the necessary temperature drop at the surface is ΔT=8 °C.



Fig. 6. (a) NaCl-H2O liquidus; illustrating the lever rule (i.e. at −10 °C the volume fraction of ice is determined by, φ=1−x1 /x2=1−W0 /W−10). (b) Picture of epoxy
impregnated brine ice, where the epoxy fills the brine pockets [63].
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Reference [61] indicates that such a drastic shock never occurs
in the field. In addition, this mechanism does not account for the
pessimum concentration, and it does not apply to most
laboratory experiments, which involve freezing a saline solution
on the surface of a concrete body, rather than applying salt on
top of existing ice. In fact, it was empirically verified that
freezing a saline solution on the surface is more destructive than
applying salt to ice on the surface of a concrete slab [3].
Therefore, we conclude that thermal shock is not a significant
contributor to salt scaling damage.

3.2. Precipitation and growth of salt

When a saline solution is frozen, the ice does not incorporate
any of the dissociated salt ions in the crystal lattice [63] (Fig. 6b).
Therefore, the concentration of salt in the remaining solution
increases. The concentration of the solution in equilibrium with
ice at any temperature below the melting point can be determined
from the corresponding point on the liquidus curve in the phase
diagram (Fig. 6 — NaCl/H2O system). This means that the
surface of a sample in a salt scaling experiment is exposed to a
concentrated solution whose composition depends on the
minimum temperature imposed. At any temperature, the
equilibrium volume fractions of ice and brine can be determined
by the lever rule [64] with the knowledge of the initial solution
concentration. The volume of the concentrated solution decreases
as the initial solution concentration decreases. For a 3 wt.%
solution of NaCl at −20 °C the concentration of the remaining
solution in contact with the sample is ∼22 wt.% NaCl, and the
volume fraction of solution is ∼5%.

Precipitation of salt has been suggested as a possible cause
of salt scaling [65,66]. To test the viability of this mechanism,
we will consider the specific case of sodium chloride (NaCl),
one of the most common deicers. At room temperature a NaCl
solution is saturated at ∼26 wt.% NaCl [67]. The maximum
initial solution concentration used in salt scaling experiments is
∼10 wt.%. Therefore, during a salt scaling experiment, precipi-
tation of NaCl will not occur before the eutectic temperature is
reached, T=−21.1 °C. This temperature is below the minimum
temperature used in salt scaling experiments. Therefore, there is
not enough salt present, nor is the minimum temperature low
enough, to permit damage from salt precipitation in laboratory
experiments. Furthermore, this mechanism would not account
for the occurrence of the pessimum or the similar behavior of
chemically dissimilar (organic and inorganic) solutes.

In practice the concentration of salt in the concrete surface
will equilibrate with that of the external solution. Upon drying,
the concentration of salt in the pore solution will increase and
precipitation of salt will occur. It has been shown that these
conditions may result in destructive stresses [68,69]. The extent
of damage depends on the rate of salt application, and the rate at
which salt is removed from the surface by drainage. Drying
does not occur in laboratory tests for salt scaling, but it does
occur in the field, so salt crystallization during drying might
contribute to surface damage in practice.

3.3. Salt concentration in the pore solution

The depth at which the salt concentration in the pore fluid
will equilibrate with that in the pool on the surface is estimated
from x2 =Dt, where x is the equilibrated depth, D is the dif-
fusion coefficient, and t is time. At room temperature the
diffusion coefficient of the chloride ion in cement-based
materials is known to be 10−11 to 10−10 m2/s [70]. Assuming
that the diffusion coefficient of the sodium ion is similar, Fig. 7
shows the equilibrated depth as a function of time. Increasing
the salt concentration in the pore fluid increases the degree of
saturation of the surface, and reduces the amount of ice formed
in the pores [57–59]. When ice forms in this environment, the
salt concentration in the brine adjacent to the ice will be higher,
resulting in an osmotic pressure gradient. In Section 3.3.1 we
will consider how salt increases the degree of saturation in the
surface and what effect this has on scaling. The effect of osmotic
pressure will be considered in Section 3.3.2.



Fig. 7. Depth, x, over which the salt concentration in the pore solution will
equilibrate with that of the pool on the surface. After the first few days of testing
it is expected that the pore solution in the first 2–5 mm of the surface will have
the same concentration as the pool.

Fig. 8. Osmotic pressure calculated using Eq. (13). The stress in a pore wall from
this pressure will exceed the tensile strength of cement when the concentration
of salt varies by ∼14%.

1030 J.J. Valenza II, G.W. Scherer / Cement and Concrete Research 37 (2007) 1022–1034
3.3.1. Reduction in vapor pressure
Raoult's Law indicates that the vapor pressure of a dilute salt

solution is lower than that of pure water [71].

vs ¼ vbx ð12Þ

where, v is the vapor pressure, x is the mole fraction of water,
and the subscripts, s and b, indicate values that correspond to
the salt solution and bulk water, respectively. Therefore, salt
dissolved in the pore solution increases the degree of saturation
of concrete above that of salt free concrete, at a given relative
humidity. It was previously argued by Fagerlund that internal
frost action becomes detrimental at a critical degree of
saturation [30]. This correlation led to the suggestion that salt
scaling is the result of an increase in the degree of saturation of
the concrete surface due to the presence of salt, leading to
damage by internal crystallization [72,73].

It was shown above that internal crystallization does not
account for the characteristics of salt scaling, most importantly
the pessimum concentration. Indeed, the effect of salt on the
vapor pressure is monotonic, so if this were responsible for
scaling, it would get worse as the salt content increased.
Moreover, moderate salt concentrations (∼3%) are known to
result in a drastic increase in scaling damage. However, these
same concentrations will not result in a large increase in the
degree of saturation [58].

3.3.2. Osmotic pressure
In Section 3.2 it was shown that the concentration of the

remaining solution increases when ice forms from a salt
solution. Therefore, when ice forms in the concrete surface there
will be a difference in salt concentration between the zone
where ice has formed and the surrounding saturated porosity. In
response, there will be a tendency for water to diffuse from the
zone of low concentration, to the zone of high concentration. As
water diffuses towards the higher salt concentration, the fluid
pressure will rise in this zone. Eventually, this pressure will be
equivalent to the difference in the osmotic pressure
corresponding to the two concentrations, ΔΠ, which is the
pressure that must be applied to the zone of higher concentration
to prevent diffusion [60]. The osmotic pressure is dictated by
the difference in mole fraction of solute at the crystal/liquid
interface, x, and that far from the interface, x∞:

DP ¼ P xð Þ−P xlð Þ ¼ RT

V̄ L
ln

x
xl

� �
ð13Þ

where, R=8.314 J/mol K is the ideal gas constant, and V̄L is the
partial molar volume of water. Fig. 8 shows the osmotic
pressure of solutions containing various amounts of NaCl. As a
result of the osmotic pressure, a tensile hoop stress will arise in
the pore wall, where: σθ≈ΔΠ / 2. The potential for this stress to
rise above the tensile strength occurs when the salt concentra-
tion differs by ∼14%.

The osmotic pressure will never evolve to a destructive level.
As the water molecules diffuse towards the zone of high
concentration, causing the fluid pressure to increase there, a
counteracting fluid flow described by Eq. (1) will occur. The
characteristic time for the hydrodynamic relaxation of a pres-
sure gradient, τR, is proportional to the square of the distance
over which the gradient exists: τR∝L2. In our experience,
τR≈700 s at 29 °C for a plate of cement paste (w/c=0.45) with
L=1.5 mm [74]. Assuming that the concentration gradient
occurs over a distance of 400 μm, the pressure will be relieved
by fluid flow in 124 s (τR∝L2). In the same paste the diffusion
coefficient is estimated to be, D≈1.4×10−7 cm2/s [75], so the
concentration gradient will be alleviated by diffusion after
t=x2 /D=(0.04 cm)2 / (1.4×10−7)≈11.7 h. Therefore, fluid
flow prevents the formation of destructive osmotic pressure,



Fig. 9. (a–c) Schematic representation of the glue spall mechanism. (a) Sandblasted glass surface, (b) epoxy/glass composite at initial temperature, T0, and (c) interface
of composite, illustrating the islands of epoxy and the thin scallops of glass removed when T≪ T0. (d–e) Schematic representation of an epoxy/glass/epoxy sandwich
seal and the stress that arises in the composite. (d) Sandwich seal, dimensions and orientation. (e) Schematic of stress that arises in the glass surface under the epoxy,
σg, in the epoxy, σe, and the glue spall stress around the boundary of the epoxy, σgs.
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because hydrodynamic relaxation quickly dissipates this
pressure as it arises. [The hydrodynamic relaxation time and
diffusion coefficient used in these calculations are only valid at
T=25–29 °C. However, the Stokes–Einstein equation indicates
that the diffusion coefficient is inversely proportional to the
fluid viscosity [76], so the ratio of the times is valid at any
temperature.]

Osmotic pressure cannot account for the pessimum concen-
tration because this pressure is maximized when internal
crystallization occurs at very low temperature (about −15 °C)
in a low concentration salt solution. In addition, osmotic
pressure does not account for the absence of damage when the
pool of solution is missing from the concrete surface.

3.4. Summary

Several mechanisms have been proposed that focus on the
role of salts. None of these mechanisms adequately account for
all of the characteristics of salt scaling. Field measurements
indicate that the thermal shock realized when salt is applied to
an ice layer on a concrete surface is not large enough to result in
destructive stresses. Salt precipitation is not expected in the
temperature range of scaling experiments; but even if it were,
this mechanism would not account for the fact that organic
solutes (ethanol and urea) produce results similar to those
obtained with inorganic salts. It has been argued that the
presence of salt in the pore solution increases the degree of
saturation in the surface, which results in damage when the
critical degree of saturation is surpassed. However, moderate
salt concentrations, like those that result in the most severe
scaling, do not result in a drastic increase in the degree of
saturation. Lastly, this system will never experience destructive
osmotic pressures. The osmotic pressure is limited by
hydrodynamic relaxation, which has a characteristic time that
is two orders of magnitude smaller than that necessary for the
osmotic pressure to realize its potential.
4. Glue spalling

Recently, the glue spall mechanism was proposed as the
primary cause of salt scaling [75,77]. Glue spalling is a technique
used to decorate the surface of glass with uniform shallow
scallops [78,79]. The procedure consists of sandblasting a glass
surface, spreading a layer of epoxy over the surface at high
temperature, and reducing the temperature of the composite
(Fig. 9). As the temperature is reduced the epoxy tends to contract
much more than the underlying glass, which places this layer in
tension. Eventually, the epoxy fractures into many small islands.
Along the perimeter of these islands a tensile stress forms in the
glass (Fig. 9 — σgs). This glue spall stress causes flaws in the
glass surface to propagate, culminating in the removal of a thin
glass scallop. When a solution freezes on a concrete surface an
ice/concrete bi-material composite forms. As the composite
temperature is reduced below themelting point of the solution, the
ice layer tends to contract 5 times as much as the underlying
concrete [80–83]. Therefore, ice plays a role similar to the epoxy
on a concrete surface [75,77].

Depending on the original solution concentration, the
corresponding ice layer will crack under the tension imposed by
the rigid concrete substrate [75,77]. Fracture mechanics allows us
to predict how these crackswill behave [84–88]. It was previously
shown [75,77] that cracks in the ice layer are expected to penetrate
the underlying cementitious binder, and subsequently propagate
into a path that is parallel to the composite interface, which results
in the removal of a scallop. Therefore, with knowledge of the
mechanical properties of the constituent materials, fracture
mechanics allows us to account for both the occurrence and the
morphology of damage due to the glue spall stress.

Here we systematically consider how the glue spall
mechanism accounts for the characteristics listed in Section 1.

1. Salt scaling consists of the progressive removal of small
flakes or chips of binder.
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Fracture mechanics allows us to predict whether or not
cracks in the ice layer will penetrate the concrete surface
[85], and how they will behave when they do [86–88]. These
analyses indicate that crack penetration, and the depth at
which the crack turns parallel to the composite interface is
dictated by the mechanical properties of the constituent
materials. Therefore, if the properties of the concrete do
not vary significantly in the surface, each freezing cycle
will result in a relatively constant amount of damage. The
damage morphology was accounted for in the previous
paragraph.

2. A pessimum exists at a solute concentration of ∼3%, inde-
pendent of the solute used.
The pessimum is a result of the effect of brine pockets
(Fig. 6) on the mechanical properties of the ice layer. It was
previously shown [75,77] that during a scaling experiment
pure water ice is not expected to crack, brine ice formed from
solutions of moderate concentration will crack, and highly
concentrated solutions do not gain strength in the temper-
ature range of interest. Therefore, only moderately concen-
trated brines result in scaling. Various solutes produce
similar trends because they exhibit similar relationships
between melting point depression and solute concentration
(i.e., the shape of the liquidus, Fig. 6).

3. No scaling occurs when the pool of solution is missing from
the concrete surface.
There is no composite without the pool.

4. No damage occurs when the minimum temperature is held
above −10 °C;
Ice formed from a 3% NaCl solution, which is used in all
conventional tests, does not have strength above this
temperature [89].
The amount of damage increases as the minimum temper-
ature decreases below −10 °C.
The glue spall stress is proportional to the undercooling, ΔT,
so smaller and smaller flaws will propagate as the
temperature drops.

5. Air entrainment improves salt scaling resistance.
Air entrainment reduces bleeding [90,91], so it produces a
stronger surface. Furthermore, when an effective air-
entraining agent is properly utilized, initial freezing in air
voids imposes suction in the pore fluid that compresses the
porous skeleton (see Section 2.1). In fact, calculations
similar to those presented in Section 2.1 indicate that
compression of the porous matrix due to freezing in the air
voids can reduce the damaging stresses due to the thermal
expansion mismatch by one third (assuming ρ=0.8 for
concrete or mortar). Therefore, cooling an air-entrained
sample to −18 °C is equivalent to cooling a non-air-entrained
sample no lower than −12 °C.

6. The salt concentration of the pool on the surface is more
important than the salt concentration in the pore solution.
The pore liquid has no effect on the severity of the glue spall
stress, because internal ice formation does not play a role in
salt scaling (see Section 2).

7. Susceptibility to salt scaling is not correlated with
susceptibility to internal frost action.
The glue spall mechanism is not related to internal
crystallization.

8. The strength of the surface governs the ability of a
cementitious body to resist salt scaling.
The strength of the finished surface is important, because the
estimated glue spall stress is marginal with respect to the
tensile strength of the cementitious binder (∼3 MPa). Any
treatment or handling expected to weaken the surface (e.g.,
bleeding) will therefore result in more scaling. In fact,
Marchand et al. indirectly verified the importance of surface
strength by comparing results from finished and sawn
surfaces. The authors showed that the amount of scaling was
proportional to the amount of the surface covered by
cementitious binder [92], which indicates that the much
tougher aggregate prevents crack penetration.

5. Conclusions

In Part I of this series a comprehensive review of the
experimental studies on salt scaling was presented, and the
characteristics of this damage were summarized [11]. In this
article, previously proposed mechanisms (including internal frost
action) were considered. The feasibility of these mechanisms, as
well as the characteristics of salt scaling, was used as a basis for
judging adequacy. None of the previously proposed mechanisms
is both feasible and capable of accounting for all characteristics of
scaling damage. The glue spall mechanismwas recently proposed
as the cause of salt scaling, and we conclude that this mechanism
adequately accounts for all the characteristics of this damage.
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