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Mechanism for Salt Scaling

John J. Valenza II' and George W. Scherer

Princeton Institute for the Science & Technology of Materials, Department of Civil and Environmental Engineering,

Over the past 60 years, concrete infrastructure in cold climates
has deteriorated by “salt scaling,” which is superficial damage
that occurs during freezing in the presence of saline water. It
reduces mechanical integrity and necessitates expensive repair
or replacement. The phenomenon can be demonstrated by pool-
ing a solution on a block of concrete and subjecting it to freeze/
thaw cycles. The most remarkable feature of salt scaling is that
the damage is absent if the pool contains pure water, it becomes
serious at concentrations of a few weight percent, and then stops
at concentrations above about 6 wt%. In spite of a wealth of
research, the mechanism responsible for this damage has only
recently been identified. In this article, we show that salt scaling
is a consequence of the fracture behavior of ice. The stress arises
from thermal expansion mismatch between ice and concrete,
which puts the ice in tension as the temperature drops. Consid-
ering the mechanical and viscoelastic properties of ice, it is
shown that this mismatch will not cause pure ice to crack, but
moderately concentrated solutions are expected to crack.
Cracks in the brine ice penetrate into the substrate, resulting
in superficial damage. At high concentrations, the ice does not
form a rigid enough structure to result in significant stress, so no
damage occurs. The morphology of cracking is predicted by
fracture mechanics.

I. Introduction

ONCRETE (see sidebar 1, Cement and 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 maintenance costs.
The National Research Council estimates that repair of the in-
frastructure in the United States costs nearly $50 billion an-
nually.! Moreover, the cost of new roadways, bridges, and
terminals is estimated at hundreds of billions of dollars annu-
ally. Clearly, improving the durability of concrete has huge so-
cial and economic implications.
Salt scaling is defined as superficial damage caused by freezing
a saline solution on the surface of a cementitious body. The dam-
age is progressive and consists of the removal of small chips or
flakes of material. These characteristics were first revealed in the
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1950s through laboratory testing,>* and they were subsequently
verified through field tests.* In moderate to extreme cases, this
damage culminates in exposure of the coarse aggregate (Fig. 1).

In cold climates, salts 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 chlo-
rides, and the propensity for a high degree of saturation. The
former renders the body susceptible to corrosion of the rein-
forcing steel,” ” while the latter results in strength loss from in-
ternal frost action®'° (Fig. 1). Both of these effects diminish the
service life of concrete.

Hundreds of laboratory and field studies have clearly identi-
fied the characteristics of salt scaling, but have not explained the
cause. The most well-known characteristic is that a maximum
amount of damage is achieved with a moderate amount of salt.
This “pessimum’ concentration is widely accepted to be at a
solute concentration of ~3% by weight, independent of the
solute used®>!'™1> (Fig. 2). A number of mechanisms have been
proposed to explain various features of salt scaling, but none has
been able to account for all of the observed characteristics, until
recently.16’17 In the next section, we will summarize the features
of salt scaling, and then offer a new explanation that accounts
for all of them.

II. Phenomenology

Figure 2 shows the results of a classic study of salt scaling that
demonstrated the existence of a pessimum concentration of sol-
ute. Blocks of concrete were covered with a pool of water con-
taining various concentrations of solute, and then exposed to
freeze/thaw cycles. The most striking result was that the damage
was the worst at intermediate concentrations of solute, regard-
less of the type of solute (inorganic salt, alcohol, urea). This
study also showed that damage did not occur if the solution was
poured off the sample before freezing. After other studies con-
firmed that the pessimum concentration was around 3 wt%,
standard tests of resistance to scaling were developed using 3%
solutions of NaCl.

One standard method is the American Society for Testing and
Materials (ASTM) standard C672.'% A solution 6 mm deep is
confined on the surface of a sample > 75 thick, which is cooled
to —17.8°4+2.8°C in 16-18 h, and then thawed at 23°+3°C for
6-8 h. The amount of damage is quantified visually (rated on a
scale of 0-5, 0 = no scaling, 5 = severe scaling), and by change in
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Sidebar 1. Cement and Concrete

Portland cement is made by firing a combination of limestone and clay, with minor additions of other components to influe-
nce the liquidus temperature and phase development during cooling. After reacting at ~ 1500°C, the products are a mixture
of calcium silicate and aluminum silicate phases that are reactive with water. This material is ground to an average particle
size around 30 pm, which is known as cement. The product obtained by mixing cement with water is cement paste; mortar is a
composite of sand (grains <5 mm) with paste, and concrete contains both sand and coarser aggregate. The most important
contributors to strength development in cement paste are tricalcium silicate (3CaO - SiO», called alite) and slightly less reactive
dicalcium silicate (2CaO - SiO», called belite). [The most reactive mineral in Portland cement is tricalcium aluminate, which
would cause premature setting (making it virtually impossible to cast concrete into molds). This problem is avoided by adding
gypsum to the cement, which reacts with the aluminate to form needles of ettringite that do not cause stiffening of the paste.]
When water reacts with alite and belite, the product is calcium-silicate—hydrate (C—S—H), which is a gelatinous substance with
no fixed stoichiometry, but with an average composition close to 1.7CaO - SiO, - 4H,0. After cement and water are mixed, C—
S—H begins to form in the water, and binds the structure together as it deposits on the surfaces of the cement particles. If the
water/cement ratio (by weight) is below about 0.4, then the volume of C-S-H is sufficient to fill completely the space
originally occupied by water; even at w/c ~0.6, the C—S—H can depercolate the channels originally containing water. When
this happens, the permeability of the paste is very low, because the pores in the C—S—H are in the nanometer range. In mortar
or concrete, the cement particles do not pack as densely against the aggregate particles as they do in pure paste, so there is a
region of enhanced porosity at the paste/aggregate interface called the interfacial transition zone (ITZ). Its width is roughly
equal to the size of a cement grain (20-50 um). The ITZ profoundly affects the strength of concrete, because cracks first form
and spread along the interface, and it dominates the permeability. The larger pores in the ITZ may result in preferential
formation of ice, but this has not been demonstrated. To protect against frost damage, chemical additives called air
entrainment agents (AEA) are added to the water during mixing of concrete. The AEA are surfactants that encourage
formation of air bubbles ~ 50-150 um in diameter. Their function is discussed in the sidebar on Internal Frost. In addition to
these air voids, there is typically ~3 vol% air that is mechanically entrapped in concrete during mechanical mixing of the
ingredients.

mass. European standards use similar temperature cycles, but 7.

3,29-31

Susceptibility to salt scaling is not correlated with sus-

judge the damage quantitatively by weighing the debris after
various numbers of cycles.'*?° Most of the studies cited here use
variants of the latter procedure.

Numerous studies have revealed the following characteristics
of salt scaling (representative citations noted):

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! 121424 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.'>!?

12,23,26-29

(&)

Coarse Aggregale

ceptibility to internal frost action.

8. The strength of the surface governs the ability of a
cementitious body to resist salt scaling.'”

Previous explanations for the cause of salt scaling invoke pore
chemistry (see sidebar 2, Role of Salt) or attribute the damage to
the same causes as internal frost action (see sidebar 3, Internal
Frost Action). However, neither of these explanations adequate-
ly accounts for all of the characteristics listed above.'® In the
remainder of this article, we explain how the glue-spall mecha-
nism produces all of the features of salt scaling. In the next sec-
tion, we describe the glue-spall mechanism. In Section 7V, we
discuss the mechanical and viscoelastic properties of brine ice. In
Section ¥V, we present the results of a viscoelastic stress calcu-
lation that shows why the pessimum occurs at 3% solute. The
fracture mechanics of salt scaling, discussed in Section V7, ac-
counts for both the depth and morphology of this damage. In
Sections VI and VIII, we present experimental evidence show-
ing that the glue-spall mechanism is active when a saline solution

[iH] Sidewalk De-sdm}'od hﬁ"'";f.ﬂil‘lﬁ and

Subsequent Internal Frost Action

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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Fig.2. Results from Verbeck and Klieger® (Figure 2, p. 3) indicate that
a maximum amount of damage occurs at a solute concentration of
~3%, and that this trend is independent of the solute (sodium chloride,
calcium chloride, urea or ethyl alcohol). These results also illustrate the
beneficial effect of air entrainment (A/E).

Sidebar 2.
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is frozen on a cementitious surface. The results are summarized
in Section IX.

III.  Glue-Spall Mechanism

Glue-spalling is a technique used to decorate a glass surface.*
The procedure consists of spreading epoxy on a sandblasted
glass surface, allowing the epoxy to cure, and then lowering the
temperature of the composite (Fig. 4(b)). During cooling, the
stress from the thermal expansion mismatch causes the epoxy to
crack into small islands. High tensile stresses are created in the
glass surface at the boundary of the islands as the epoxy shrinks
relative to the substrate (Fig. 4(e)—0,). These stresses propa-
gate cracks in the glass surface, culminating in the removal of
the island and a thin piece of glass (Fig. 4(c)).

In 1982, Gulati and Hagy analyzed the stresses in an epoxy/
glass composite exposed to a uniform temperature change and
performed a finite element calculation that confirmed their an-
alytical solution.*’ The elastic analysis approximates the glue-
spall stress in the glass surface as the difference between the
stress from the thermal expansion mismatch and the tensile
stress in the epoxy:

E 1 —ve
o)

where o is the stress parallel to the x-axis (Fig. 4(d)), E is the
elastic modulus, v is Poisson’s ratio, Ao = o,.—0, is the thermal

6

Role of Salt

Several mechanisms have been suggested by which salt might contribute to scaling damage: (1) precipitation of salt creating
crystallization pressure; (2) chilling from sudden melting of ice when salt is applied; and (3) osmotic pressure. However, we
will show that none of these may be responsible for salt scaling. Crystallization of salt can certainly cause destructive
stresses.>> However, NaCl does not precipitate from a brine until the temperature drops below the eutectic at —22°C. As that
temperature is not reached in conventional scaling tests, and rarely occurs outdoors in most locations, growth of salt crystals
is not the culprit in salt scaling. Salt strongly reduces the melting point of ice, as shown in Fig. 5(a), so deicer salts are applied
in sufficient quantity to lower the melting point below ambient temperature. The heat necessary to cause this melting is
withdrawn from the surface of the concrete body, so a temperature gradient forms in the surface, resulting in differential
strain and stress.*> However, field measurements indicate that the temperature shock experienced when salt is spread on the
ice layer™ is not large enough to result in damaging stresses.** Moreover, this mechanism is not consistent with the procedure
used in the standard test method,'®2° which consists of freezing a saline solution on the surface of a concrete slab. The pore
liquid in cement naturally contains dissolved ions in concentrations around 0.5M, and the concentration may be higher after
the pore liquid equilibrates with the external solution (see sidebar 4, Salt Swelling). When ice forms in the pores, the solute is
not incorporated into the ice, so the liquid adjacent to the ice is enriched in solute relative to the bulk of the solution.
Consequently, there is a tendency for water to diffuse toward the zone of high concentration (i.e., toward the ice/water
interface), causing the fluid pressure to rise. In principle, this effect could raise the pressure to the osmotic pressure, I1, which
is the pressure necessary to prevent the diffusion of water molecules.®® In the present case, the osmotic pressure results from
the difference in mole fraction of solvent, x, between the ice/solution interface (x,) and that of the pore liquid far from the ice
(x.,), which is

AIT = T(xg) — M(xs) = —%ln(%) (1)

where R is the ideal gas constant and J/j is the partial molar volume of water. As a result of the osmotic pressure, a tensile
hoop stress will arise in the pore wall, where oy ~ AIl/2. The potential for this stress to rise above the concrete tensile
strength occurs when the salt concentration differs by ~ 14%; if x, is equal to the liquidus composition (which is the highest
value it could reach), then Eq. (1) predicts damaging tensile stress at temperatures below about —10°C.** In fact, the osmotic
pressure will never evolve to a damaging level, because the rising pressure is quickly relieved by fluid flow. If diffusion raises
the pressure near the ice, then Darcy flow will relax the pressure, and flow is faster than diffusion. The characteristic time for
hydrodynamic relaxation of a pressure gradient is proportional to the square of the distance over which the gradient exists,
g o< L2 3 Our experiments yield tg ~700 s for a plate of cement paste (w/c =0.45) with a half-thickness of 1.5 mm.*’
Assuming that the concentration gradient occurs over a distance of 400 um (typical of the largest air void spacing in concrete),
the pressure will be relieved by fluid flow in 700 (0.4/1.5)*> = 50 s. Given D~ 1.3 x 1077 cm?/s** (see sidebar 4, Salt Swelling),
the time required to build up the osmotic pressure is ¢~ x*/D~(0.04 cm)?/(1.3 x 10~ ")~ 1.2 x 10* s in the same paste. Even if
the concentration gradient were 100 times narrower than the spacing between air voids, the time to build up the osmotic
pressure would be much longer than that required to relieve the pressure by flow. Therefore, hydrodynamic relaxation
prevents the formation of destructive osmotic pressure.
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Sidebar 3. Internal Frost Action

It is widely believed that frost damage results from the 9% increase in volume as water transforms to ice. However, the
damage from freezing of concrete is actually a result of crystallization pressure.'%!®3* The stress exerted on porous bodies by
crystals of salt or ice follows from the fact that the solids repel one another. That is, there is a film of liquid (of unknown
thickness, but estimated to be less than 1 nm) separating the surfaces of the growing crystal and the pore wall. Contact
between the two crystals would create an interface with high energy, so the energy of the system is lower if both solids are in
contact with liquid. In the case of ice, the van der Waals forces alone provide a large enough repulsive force so that stresses
exceeding the tensile strength of concrete would be required to push ice into contact with the mineral surface.” To avoid
destructive pressure from growth of ice in the pores, air voids are deliberately introduced into concrete. It was originally
thought that these voids provided sinks for the water displaced by the volume change,*® but it was subsequently realized that
the voids serve as nucleation sites for ice,*” as explained below. When ice forms in a pore, the ice occupies more volume than
the water from which it formed. As the adjacent water is pushed away, pressure builds up to a degree that depends on the rate
of growth of the crystal, the permeability of the pore system (which controls the resistance to movement of the water), and the
distance to the nearest free surface. Powers™® modeled this phenomenon and demonstrated that the pressure could be kept at a
safe level if closely spaced air voids were introduced into concrete to serve as sinks for the displaced water. His calculation was
conservative in several respects. First, as he noted, the pressure will only develop if the saturation exceeds 91% in the pores
near the ice. Second, the pressure depends on the rate of growth, which will be controlled by heat flow, and is therefore likely
to be relatively slow. Powers and Helmuth?® later concluded that hydraulic pressure was unimportant, and that the real role
of the air voids was to provide nucleation sites where ice could grow without constraint.As explained below, crystals in the
voids suck liquid from the small pores of the paste and thereby impose compressive stresses on the concrete. If a crystal has a
radius of curvature r, then its melting point (77,) is lower than that of an infinitely large crystal by an amount given by the
Gibbs-Thomson equation”:

K
Tn(kcr) = Tn(0) TG 2)

where ycp is the crystal/liquid interfacial energy, ASy, is the entropy of fusion per unit volume of crystal, and K¢y, = 2/r is the
curvature of the crystal/liquid interface. For a crystal to exist in a small pore, as in Fig. 3(b), the temperature must be lower
than T(kcr), where ke = 2/(r,—0) and 9 is the thickness of the unfrozen water layer. When the temperature is reduced
below T},(2/(r,—9)), the crystal will bulge into the mouths of intersecting pores (radius rg<rp) until the curvature satisfies Eq.
(2). To preserve equilibrium in the crystal, the pore wall imposes a confining pressure on the surfaces of the crystal (Fig.
3(b)—red arrows), which results in tensile hoop stress in the pore wall. The magnitude of the confining pressure is
proportional to the difference in curvature between the surface of the crystal bulging into the intersecting pore and that
adjacent to the pore wall.'® Therefore, the pressure is maximized when the pore confining the crystal is much larger than the
intersecting pores. It is this stress that results in microcracking and weakening of concrete during internal freezing. When
crystals form in an air void (10-1000 pm in diameter), which are several orders of magnitude larger than the inherent porosity
of cement paste (r, <50 nm), this stress is not realized, because the crystal does not fill the void. Instead, the curved crystal/
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Fig.3. (a) Results from Powers and Helmuth® (Figure 2, p. 286) that indicate air voids (average spacing, L =375 pm)
reverse the volume change realized upon freezing a cement prism. (b) Schematic of ice confined in a capillary pore (i, <50
nm), but unable to penetrate the intersecting pores. The red arrows indicate the confining pressure necessary to prevent
growth in the direction of the pore wall. This pressure results in a tensile hoop stress in the pore wall. (¢) Schematic of ice in an
air void and in a capillary pore. The negative pressure in the pore fluid next to the nose (N) pulls the solid matrix into
compression, nullifying the hoop stress in the pore wall because of the crystal in the capillary pore.
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Sidebar 3. Continued

formed,'>'>4°

important, the most damaging solution would be pure water.

liquid interface that bulges into intersecting pores (Fig. 3(c)—N) will impose suction in the pore liquid surrounding the void,
compressing the porous skeleton.'®'®** When the voids are intentionally entrained at a small average spacing, this suction
pulls the entire solid matrix into compression, overriding the crystallization pressure in the porosity. This explains the means
by which air entrainment reverses the volume change observed when a saturated concrete body is frozen (Fig. 3(a)): ordinary
concrete expands, owing to crystallization pressure in the pores of the cement paste, but air-entrained concrete contracts,
owing to the suction created in the pore liquid by crystals in the voids. The beneficial effect of air entrainment on both internal
frost action and salt scaling has led many researchers to conclude that the same mechanisms are responsible for both types of
damage. However, susceptibility to these damage mechanisms is often uncorrelated.?**3140# Moreover, crystallization
pressure does not account for all the characteristics of salt scaling (Section /7), most notably the pessimum concentration.
When a salt solution is confined to the surface of a concrete slab, the concentration of salt in pores near the surface increases,
and eventually (within days) equilibrates with the external solution. The presence of salt reduces the amount of ice
and thus the overall volume exposed to crystallization pressure. Therefore, if crystallization pressure were

expansion mismatch, AT is the temperature change, and
throughout this section the subscripts g and e indicate quanti-
ties that correspond to the glass and epoxy, respectively. The
stresses in the epoxy, o, and the glass, G, are

- 0.514[Eg/(1 — vg) | AdAT
0.5t (Eg/Ee)[(1 = ve) /(1= vg)] + te

Gy = —20C; <§§) ®)

where 7 is the thickness of the constituents. Equations (3)—(5)
indicate that 645 = —0,.

The same analysis can be applied to a composite of ice on the
surface of a cementitious material (CM = cement paste, mortar,
or concrete), where ice plays the role of the epoxy. From the
dimensions normally used in a scalin% experiment and the prop-
erties of ice®®* and cement paste®”> (Table 1), the glue-spall
stress is Oy~2.6 MPa for a uniform temperature change of
AT =20°C. This stress is capable of damaging a CM surface,
especially if the surface is weakened by exposure, or if the ag-
gregate is visible, because the interfacial transition zone (ITZ)
between the aggregate and cement paste is the weakest portion
of the body.%>

Oe¢

(C

(a) Sandblasted Glass Surface

(b) T=T E
4 — poxy
7 T,
ATy
Glass
e} T<<T,

Scalloped Surface
Fig. 4.

IV. Properties of Brine Ice

The liquidus of an NaCl-H,O solution is shown in Fig. 5. When
ice forms from a saline solution, none of the solute enters the
crystal lattice, so ions originally in solution are expelled into the
remaining brine. Using the liquidus concentration, W, and the
original solution concentration, W, the volume fraction of ice,
¢, at a given undercooling, AT, can be calculated using the lever
rule (Fig. 5)°

o=1-7" ©)

Any two-phase mixture of NaCl and H,O, at a tempera-
ture below the melting point, will contain brine above the
eutectic temperature, 7~ —21°C. Figure 5 indicates that this
brine is contained in pockets encompassed by ice. 3738
The same behavior is expected for the other solutes investi-
gated in the classic scaling studies (Fig. 2),° because they
exhibit similar melting point depressions as a function of con-
centration.

The pessimum concentration is explained through consider-
ation of the effect of the brine pockets on the mechanical
properties of brine ice. Freezing a moderately concentrated
solution produces brine pockets that constitute flaws, which
weaken the ice, rendering the ice layer prone to cracking.
Cracks propagate into the surface and cause scaling. Freezing

AZ
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I €
H I 17 IR RER —_—
iGlass X[ t,
U T —_—
c | A
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o
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"" - .....-\‘
5 > X
]
8
Compression

(a—c) Schematic representation of the glue-spall mechanism: (a) sandblasted glass surface, (b) epoxy/glass composite at initial temperature, 7,

and (c) interface of composite, illustrating the islands of epoxy and the thin scallops of glass removed when 7' < Tj,. (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, o, in the epoxy, g., and the glue-spall stress around the boundary of the epoxy, g4 Figure reprinted from

Gulati er al*®
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Tablel. Typical Values for Cement Paste, > Ice,*®* and

Glass *' Used in Warping Experiments and Salt Scaling
Experiments like ASTM C672

Material E (GPa) v ax 10° (°Ch ¢ (mm) w (mm)
Ice (f) 10 0.33 5.1 3-6 17.4
CM (c¢) 16.2 0.2 1 3-75 21.4
Glass (g) 57.1 0.275 3.2 25

In the text these parameters utilize subscripts. The subscripts corresponding to
each material are indicated in parentheses following the material name.

more highly concentrated solutions produces ice with such high
volumes of brine that the ice has no strength, so it cannot gen-
erate enough stress to cause damage to the CM.

Weeks® froze NaCl solutions of various concentrations and
measured the tensile strength, o. He found the following em-
pirical dependence on the volume fraction of ice, ¢:>°

o1(MPa) =247 — 5.15\/T— ¢ 7)

Equation (7) indicates that brine ice has no strength below a
volume fraction of $~77%. At the lowest temperature in a salt
scaling experiment (7'~ —20°C), ice is in contact with brine at
Wi ~22% (Fig. 5). Using this value in Eq. (6), setting ¢ = 77%,
and solving for W, indicates that a solution with W, > 6% has
no strength in the temperature range of a salt scaling experi-
ment. Given W1 (—10°C) = 14%, the same calculation indicates
that a salt solution with W,=3% has no strength above
T = —10°C. Therefore, the inability of highly concentrated so-
lutions (W, > 6%) to cause scaling and the absence of damage
above 7= —10°C are explained by consideration of how brine
pockets affect the strength of brine ice.

To estimate the mismatch stress in the ice layer and predict
the likelihood of cracking when W;<6%, it is necessary to
know the elastic modulus of the frozen layer, Ef. Brine ice is a
heterogeneous material with two phases, ice and porosity (pock-
ets) filled with salt solution. Bounds on the modulus can be es-
timated using the composite theory of Hashin and Shtrikman,®
which provides the best possible bounds given only the volume
fractions and mechanical properties of the constituent materi-

(A

T_(*C)

Vol. 89, No. 4

als.®! The 3-d solution represents a body containing a random
distribution of irregularly shaped inclusions. It is applicable
when ice crystals spread throughout the brine forming a porous
network saturated with the remaining brine. The 2-d solution is
exact for disks in a plane (aligned cylinders in 3-d), and would be
most accurate for brine ice formed by unidirectional freezing,
which results in parallel channels of brine. It was previously
shown® that either bound (2- or 3-d) represents a good approx-
imation to data for the elastic modulus of brine ice.”

Ice exhibits rapid creep, so the stress in the frozen layer de-
pends strongly on the viscoelastic parameters for ice. The creep

strain rate, &,, is proportional to the cube of the stress, o

&y = Joroo ®)

The temperature dependence of creep was originally described
by a series of Arrhenius fits over small ranges of temperature,**
but we find that the Vogel-Fulcher-Tammann equation®
provides an excellent fit over the whole temperature range of

interest:
211.71
> )

Jor = exp(—2l.183 - R 3%R

V. Stress in the Ice Layer

When ice forms on a sidewalk, the stress in the ice layer is biaxial
and that in the concrete is negligible, because the thickness of the
ice layer is small compared with that of the concrete slab,
tr < t.. In this situation, the elastic stress in the ice layer is
given by:

Ey
l—Vf

o, = AoaAT = Brgg (10)

where Ao = op—a, is the thermal expansion mismatch, g =
AoAT is the thermal mismatch strain, Br= Eg/(1—vy,) is the
biaxial modulus, and the subscripts f and ¢ stand for the frozen
ice layer and the CM, respectively. Using the properties of ice
and cement shown in Table I, and setting o, equal to the tensile

L

Fig.5. (a) NaCl-H,O liquidus; illustrating the lever rule (i.e., at —10°C the volume fraction of ice is determined by, ¢ = 1—x/y = 1—-W,/W_,y).
(b) Picture of epoxy impregnated brine ice, where the epoxy fills the brine pockets. Picture taken from Weissenberger et al.
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strength of ice (2.5 MPa),” Eq. (10) suggests that pure ice will
crack at AT~4°C. If this were the case, we would expect pure ice
to cause scaling damage, which is not consistent with the em-
pirical observations (Fig. 2).

This apparent discrepancy results from our neglect of creep
when calculating the stress. Allowing for creep, the stress is rep-
resented by®

Tm 3
Gx:/ Bf(Aot—Jcr—.Gx) dT (11)
T T

As the creep strain depends on the cube of the stress, an ana-
lytical solution for stress is not possible, so the stress must be
computed iteratively. For salt solutions, this calculation is com-
plicated by the fact that the volume fraction of ice increases as
the temperature is lowered (Fig. 5). After each temperature step,
the newly formed ice is stress free, and the stress in the existing
ice varies based on when it was formed. The corresponding
stress in the ice layer is calculated as the volume-weighted
average stress®>

3

(n=1) (n=1) Jcr<gf¥ﬂ l))

A S Tl VA G )
f T

(1)
Ox D)

where the superscript in parentheses indicates the number of the
temperature steps of magnitude d7. The calculations presented
here represent an improvement over the calculations in Valenza
and Scherer,®? because the stress is not permitted to arise until
the volume fraction of ice is high enough to permit nonzero
strength, according to Eq. (7).

The stress was calculated using Egs. (9) and (12) for NaCl
solutions of various concentrations exposed to a uniform linear
temperature change between 7'=0° and —20°C over 3 h. The
biaxial modulus of the ice layer is calculated from the Hashin—
Shtrikman bounds using the properties of ice shown in Table I,
and the following properties of brine: G; =0 and K; =2.18
GPa.* The volume fraction of ice is determined by the lever
rule, Eq. (6), where the initial solution concentration, W, is
specified and the concentration of the solution in equilibrium
with ice, W7, is incrementally increased until the eutectic con-
centration is reached. The corresponding temperature is calcu-
lated from the fit of a third-order polynomial to data for the
melting point depression of NaCl-H,O solutions from Weast
and Astle®® (Fig. 5). For comparison, the elastic stress is also
calculated using Eq. (10).

Results from the simulations for solutions with NaCl con-
centrations between 0% and 3% are shown in Figs. 6-9. The
results show that creep limits the stress in the ice layer to a value
below the strength, when pure water or a 1% NaCl solution is
frozen on a sidewalk. In contrast, when a 2%-3% NaCl solu-
tion is frozen, the mismatch stress is greater than the strength of
the brine ice, so the ice layer is expected to crack. Results for a
4% NaCl solution were similar to those for a 3% solution, with
the exception that the ice layer does not gain strength until
the temperature is reduced to —14°C. The stress in a pure ice
layer was calculated for three freezing rates, assuming that
the temperature was reduced from 0° to —20°C in 1, 3, or 5 h.
The calculated stress increases as the freezing rate increases, but
remains below the strength (2.5 MPa) even for rapid freezing
rates (1 h) that are uncharacteristic of scaling tests or natural
cooling.

Over the range of concentration where brine ice is expected
to crack, increasing the salt content from 2% to 4% reduces the
temperature at which the brine ice gains strength, as well
as the volume fraction of ice at 7= —20°C. Reducing the tem-
perature at which the ice gains strength limits the stress that the
fractured ice layer can impose during a scaling experiment,
and a lower volume fraction of ice reduces the contact area
between the ice and the surface. Both of these effects will result
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in less scaling damage.” The stress that arises when the com-
posite is formed from a 2% salt solution is marginally greater
than the corresponding strength. As a result, there may be less
cracking in the ice layer when a 2% solution is frozen, than
when a 3% or 4% solution is frozen. Fewer cracks will also
result in less scaling damage. Considering these three effects, it
seems that a 3% salt solution presents the optimal situation for
causing salt scaling. The 3% solution gains strength at a higher
temperature and forms a greater volume fraction of ice than a
4% solution, and the stress in the ice layer is expected to be
roughly twice the strength, a much greater difference than that
realized with a 2% solution. The difference between the stress
and the strength is relevant because strength is dictated by larger
flaws; when the stress rises significantly above the strength, the
propensity for propagating smaller flaws will result in more
cracking.

The results from the simulation indicate that when frozen on
the surface of a CM: (a) salt solutions with concentrations less
than 1% are not expected to crack, (b) moderately concentrated
solutions (2% —4%) are expected to crack and cause scaling, and
(c) solutions of higher concentration are not expected to impose
stress on the surface. This conclusion is illustrated in Fig. 10,
which shows how the mechanical properties of ice account for
the pessimum concentration.

VI. Fracture Mechanics

Cracking of a brittle layer on a substrate has been extensively
studied using the theory of linear elastic fracture mechanics
(LEFM), which requires that the fracture process zone at the
crack tip is very small compared with the dimensions of the
material. Concrete is quasi-brittle,®® so the size of the fracture
process zone is not negligible. However, qualitatively the con-
clusions drawn from the LEFM analyses are applicable, and
account for both the occurrence and morphology of scaling
when the ice layer is expected to crack.

(1) Crack Penetration

When the ice layer cracks, scaling can occur by two processes:
(1) propagation of pre-existing surface flaws or (2) penetration
of the crack from the ice layer into the surface. The former
process occurs in the glue-spall technique, where flaws are in-
troduced into glass by sandblasting. It is likely that a CM sur-
face has pre-existing flaws from exposure and traffic, so
propagation of these flaws is expected. To investigate the latter
possibility, we utilize a fracture mechanics analysis of channel
cracking in a film on a substrate.®

There are three situations that can occur when a film cracks
on a substrate (Fig. 11): the crack can arrest at the interface, it
can bifurcate along the interface, or it can penetrate the subst-
rate. A crack will bifurcate along the interface only if the bond
between the film and the substrate is weak. Experimental evi-
dence indicates that the bond between ice and hydrophilic sur-
faces is greater than the strength of ice itself, owing to the
mechanical interlocking between the two materials.%” This is es-
pecially likely for a cementitious surface, which offers greater
roughness than the metal surfaces on which this trend was dem-
onstrated.

To predict whether a crack in the ice layer will penetrate the
substrate, one only needs to know the elastic properties and
fracture toughness of the constituent materials. The elastic mis-
match in a system consisting of a film on a substrate is charac-
terized by the Dunder’s parameter, pp:*’

_ (1 - VC)/GC - (1 — Vf)/Gf
Po = (1 —=ve)/Ge+ (1 —vr)/Ge (13)

where the subscripts ¢ and f, stand for cementitious (CM subst-
rate) and film (ice layer), respectively. Using the parameters for
hardened cement paste and ice shown in Table I, and G = E/
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Fig.6. Calculated stress (Oviscoelastic) N @ pure ice layer on a sidewalk.
Creep prevents the stress from rising above the strength, whereas the
elastic stress rises above the strength at an undercooling of AT~4°C.

2(1+v), the Dunder’s parameter for an ice/cement paste com-
posite is fp~—0.2.

The fracture toughness, K., of the constituent materials is
shown in Fig. 12, and the fracture energy, I', is related to the
fracture toughness by I' = Ki./E. The gray bar along the abscissa
represents the ratio of fracture energies that correspond to the
low end of the reported range of fracture toughness for cement
paste (Kic~0.1-0.5 MPa - m”).>>7 Considering only the lower
portion of this range is not overly pessimistic, because the sur-
face is the weakest part of the CM, because of bleeding, finish-
ing, and drying.”"7* The effect of drying is pertinent, because
most scaling experiments recommend a period of drying in lab-
oratory air before testing, and drying causes microcracks. More-
over, once a crack penetrates the surface of concrete, the ITZ
between the aggregate and the paste will govern the fracture
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Fig.7. Calculated stress (Gviscoelastic) int the ice layer when a 1% NaCl
solution is frozen on a sidewalk. Creep prevents the stress from rising
above the strength.

Fig.8. Calculated stress (Gviscoelastic) i the ice layer when a 2% NaCl
solution is frozen on a sidewalk. Creep reduces the stress well below the
elastic stress, but does not prevent the stress from rising above the
strength.

process, because the ITZ has a toughness on the order of 0.1
MPa - m®°.%3 For this range of toughness, Fig. 12 indicates that
the crack will penetrate the cement paste up to a depth of 0.75
times the thickness of the ice layer.

(2) Crack Trajectory

The mechanics of film spalling have been investigated thorough-
ly.”>77 With respect to salt scaling, these analyses are of interest,
because they account for the damage morphology. Consider the
situation illustrated in Fig. 11(c), where the split in the film pen-
etrates the underlying substrate. After the crack reaches a crit-
ical depth, it deflects into a trajectory parallel to the interface.
The mechanics of the fracture process account for this trajecto-
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elastic stress; however, the stress is still well above the tensile strength.
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ry, and provide a means for predicting the likelihood of crack
propagation parallel to the interface.

When the substrate is much thicker than the film, the mode I
stress intensity, K, for a line force on a crack surface is”

K 2.6
LI 14
ocoV/Ir /T (14

where o = r{d—tp). Equation (14) indicates that the stress inten-
sity for crack penetration decreases as the crack depth (d) in-
creases, because the driving force for crack penetration is the
mismatch stress at the interface.®>’® The mode I stress intensity
for a crack parallel to the interface is”

K 0434
covlr VE+o
n 0.9660(1 + o)

\/(z +0)[E2 + 0* + 2502 + 30 + 20?)]
15

where X = Ef/E.. Equations (14) and (15) are plotted in Fig. 13
for the ice/cement paste system, which illustrates that the
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Fig. 12. Plot of the depth of crack penetration for several values of the
Dunder’s parameter, fp. The gray bar along the abscissa represents the
lower 25% of the range of fracture toughness reported for cement paste
in Mindess and Young.>® The corresponding gray bar on the ordinate
indicates the expected depth of crack penetration for the range of cement
paste K. indicated. Figure from Ye er al.,*” reprinted with permission
from Elsevier.

propensity for crack propagation parallel to the interface is
greater than that for penetration once the crack reaches a critical
depth.

The crack becomes parallel to the interface at a depth where
the mode II stress intensity is zero, Ky; =0 577

Ki 0558
ooVl VIt o

0.7520(1 + o)
VE+0)[2 +0f +250(2 + 30+ 207)]
(16)

For an ice/concrete composite with #r~ 6.5 mm and £~ 8/25, the
mode II stress intensity goes to zero when w=0.7, which corre-
sponds to a depth of approximately 4.2 mm. The mode I stress
intensity for a crack parallel to the interface at this depth, ac-
cording to Eq. (15), is Kic~0.1 MPa-m®°. This value is on the
low end of the range of fracture toughness of CM (Fig. 12), but
it is representative of the ITZ.> It is known that cracks in CM
propagate preferentially through the ITZ,>* and it was recent-
ly reported that scaling cracks circumscribe the aggregate par-
ticles.* A finite element simulation of ice cracking on concrete
also indicates that the cracks pass through the ITZ.* Thus, the
occurrence and morphology of scaling damage are consistent
with the LEFM analysis.

Fig. 11. Illustration of the three situations that may occur when the ice layer cracks from the mismatch stress. The crack may (a) arrest in the ice,
(b) bifurcate along the ice/cement interface, or (c) penetrate the cement surface.
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VII. Experimental Procedure

In this section, we describe a series of experiments that prove the
importance of thermal expansion mismatch stress between ice
and CM. The frozen layer is shown to crack only when a small
amount of solute is present, and cracking of the ice leads to
damage in the surface of the CM. The experimental method is to
freeze a layer of brine on a thin plate of cement paste, and to
determine the resulting stress from the bending of the ice/CM
composite. Details of the procedure are reported elsewhere.'*!

(1) Bi-Material Effect

Timoshenko derived an expression for the radius of curvature,
p, of a bi-material composite exposed to a uniform temperature
change, AT"% (in the present case, 7'is the undercooling below
the liquidus temperature, 77):

1 A
1_ ek (17)
p h
T
Agp = / (o1 —on)dT = AoAT (18)
T
6(1 2 /
K ( +m )mn (]9)

T 1+ dmnl + Pon® + 6m2nl + dmdnl

where 7 is the layer thickness, E is the elastic modulus, w is the
width, and the subscripts 1 and 2 indicate quantities that cor-
respond to the top and bottom layers, respectively; h = t;+1, is
the thickness of the composite, m = t,/t>, n= E{/E5, [ =w;/w,.
Equations (17)—(19) are derived following the method of Ti-
moshenko, but allowing for different layer widths.

If the bi-material strip is simply supported (Fig. 14), the de-
flection due to a uniform temperature change, AT, is determined
by approximating the curved composite as a portion of the cir-
cumference of a circle with radius, p. This geometrical repre-
sentation is illustrated in Fig. 14(b), which indicates that
b= p—38. The Pythagorean theorem yields 3(2p—8) = (Wy/2)*;
therefore, when 6 < < p, the deflection is related to the curvature
by

W MR Auk
8p 8 h

(20)

where the second equality follows from Eq. (17).
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Fig.14. (a) Schematic of the warping experiment. The experiment
consists of simply supporting a thin plate of cement paste, confining
a pool of fluid to the surface of the plate, and exposing the system

to a temperature cycle. (b) Geometrical representation of bi-material
bending.

(2) Warping Experiment

Figure 14 shows a schematic of the apparatus used to detect the
deflection caused by freezing a pool of solution on a thin CM
plate. The sample sits above an optical probe that measures the
movement of the bottom of the CM with a sensitivity of ~1 pm.
Two thermoelectric coolers are used to control the temperature.
Inside the apparatus, the sample is simply supported by two
invar T-supports that are anchored to an invar plate. The
temperatures inside the box, in the solution on the sample
surface, and that of the optical probe are monitored by
thermocouples.

(3) Freezing Saline Solutions

Owing to the effect of brine pockets on the mechanical proper-
ties of ice, the propensity for ice to crack varies with the initial
solution concentration. Empirical evidence of this effect was
obtained by freezing solutions held in a glass cup with a cold
stage. The bottom of the cup was sandblasted to promote ad-
hesion between the ice and the glass. A video of the experiments
was recorded through an optical microscope.

VIII. Experimental Results

(1) Warping Experiment

(A) Pure Water: Results from a warping experiment
with a cement paste plate (7. =2.7 mm), and pure water are
shown in Fig. 15. After solidification of the pool, a cement
paste/ice bi-material composite is formed. The thermal expan-
sion coefficient of the ice layer is five times that of the cement
paste (Table I). Figure 15 illustrates that as the temperature is
reduced below the melting point (7, = 0°C), the composite ex-
hibits a concave upward deflection. The deflection expected
from a uniform temperature change is determined from the ra-
dius of curvature using Eqs. (17)—(20). With the values in Table
I, the expected deflection is ~ 12 pm/°C. The observed deflection
(Fig. 15—indicated by arrows) is 8—10 pm/°C. The discrepancy
between the expected deflection and that observed results from
creep in the ice layer.

The ice creeps during an isotherm after a temperature change.
Figure 15 shows that allowing for creep yields good agreement
between the predicted and observed deflection. This is an a priori
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Fig. 15. Results from warping experiment with pure water after nuclea-
tion and subsequent temperature reduction. Accounting for creep in the
ice layer, the calculated curve reproduces all the characteristics of the
observed deflection. The discrepancy observed between the measured
and calculated deflection during the first temperature step is most likely
because of slippage at the interface, which would also explain the
instability at =70 min.

prediction of the deflection using the material properties shown
in Table I and creep data for ice from Barnes er al.®* (Eq. (9)).
The analysis assumes a perfect bond between the two materials.
Therefore, the large discrepancy between the measured and cal-
culated deflection corresponding to the first temperature reduc-
tion (Fig. 15) is most likely related to imperfect adhesion
between the ice layer and the cement paste. The latter effect is
only active at higher temperatures (7> —5°C),*” and may also
account for the instability in the deflection after the first tem-
perature change.

To test our creep calculations,®* warping experiments were
performed with a borosilicate glass plate and pure water. The
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surface of the plate was sandblasted to promote good adhesion.
The expected deflection was calculated using the properties of
ice and glass shown in Table I, and creep in the ice layer was
accounted for with Egs. (8) and (9). The elastic modulus and
linear thermal expansion coefficient of the glass were measured
by beam bending and dilatometry, respectively.’! Good agree-
ment was observed®' between the measured deflection and that
predicted using the reported creep data.®*

Attempts were made to determine the effect of salt on the
creep rate. However, owing to the stiffness of the glass plate, and
the effect of brine pockets on the strength of the ice layer, no
deflection was detectable. When the ice layer fails, there is no
observable deflection, because cracking relieves the mismatch
strain that leads to bi-material bending. This effect was verified
by dividing a pure ice layer into several compartments, and then
monitoring the corresponding deflection during a warping ex-
periment. As the number of islands increases (from 1 to 28), the
observed deflection disappears;’' correspondingly, as the num-
ber of cracks in a frozen brine increases, the deflection decreases.

(B) Salt Solutions

(a) One Percent NaCl Solution:  The results from a warp-
ing experiment with a cement paste plate (¢, =2.7 mm) and a
1% NaCl solution are shown in Fig. 16(a). The initial deflection
(6~60 pm) is attributed to salt swelling (see sidebar 4, Salt
Swelling).

The plot illustrates the occurrence of limited bi-material
bending after the temperature is reduced to —7.5°C. It was
shown in Section 7 (Fig. 7) that the strength of the ice layer is
not expected to rise significantly above the stress until 7< —6°C.
Accordingly, Fig. 16(b) shows that the bi-material effect is first
observed in the form of oscillations in the deflection correspond-
ing to oscillations in the ice temperature around 7= —7.5°C.
Subsequent temperature reductions result in additional bi-ma-
terial bending.

(b) Three Percent NaCl Solution: The results from a
similar experiment with a cement paste plate (7. =2.86 mm)
and a 3% NaCl solution are shown in Fig. 18. Before nuclea-
tion, the baseline drifts by ~50 um over a period of 210 min.
This is in very good agreement with the deflection observed
during the salt swelling warping experiments, shown in Fig. 17.
At t =234 min, ice nucleates in the pool, and the temperature
rises to —1.75°C, which is the melting point of this solution.”!
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Fig.16. (a) Warping experiment with cement paste plate (f. = 2.7 mm) and 1% NaCl solution illustrates bi-material bending after the temperature is
reduced to —7.5°C. (b) Exploded view of point (F) in (a) shows that after the temperature is reduced to 7'= —7.5°C, there are oscillations in the deflection
that correspond to oscillations in the temperature. The theoretical calculation of the stress in the ice layer performed in Section V indicates that the
strength will not rise significantly above the stress, until the temperature is reduced to 7<—6°C, as observed.
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Sidebar 4. Salt Swelling

The depth at which the salt concentration in the pore fluid will equilibrate with that in the pool on the surface is estimated
from x~ = Dt, where x is the equilibrated depth, D is the diffusion coefficient, and 7 is the time. At room temperature, the
diffusion coefficient of the chloride ion in cement-based materials is known to be 10~"'-107'° m?/s.®! Assuming that the
diffusion coefficient of the sodium ion is similar, it is expected that the concentration of salt in the first 2-5 mm of a concrete
surface will equilibrate with that of an external solution in 2-3 days. When the ions from a dissociated chloride salt enter the
microstructure, cement expands.®” The alkali ions are bound, reversibly, by deprotonated silanols®*** in the C-S-H gel.
Chloride is irreversibly bound.®* and several studies have shown that CI" can exchange for OH™ in aluminate phases in cement
paste.®®%” Recent XRD analysis indicates that exposure of cement paste to chloride salts results in the precipitation of Friedel’s
salt in any case where expansion is observed.®* It has been reported that the basal spacing of the C-S—H increases upon
exposure to chloride salts.”® At present, it is still unclear whether the expansion that accompanies exposure to chloride salts is
caused by swelling from ion exchange or crystallization pressure from the precipitation of Friedel’s salt. When the slab of CM is
thin, expansion of the surface causes the plate to warp concave down. Figure 17 demonstrates this effect and indicates that
increasing the concentration of the external solution results in faster initial warping rates and a greater maximum deflection.
Companion measurements indicate that upon exposure to a 21 wt% NaCl solution in water, the maximum swelling strain is
€,,~5.6 x 107*, This strain is reached after submersion of a 3 mm cement paste plate for 1~2800 min. The maximum strain is
not achieved until the entire porous network swells from exposure to the salt ions, so D~ L/t~ 1.3 x 10" m?/s, which is

within the expected range for chloride diffusion in cement
paste.®! During a scaling experiment, the CM surface is
exposed to a concentration close to the eutectic (~22%
NaCl) at the minimum temperature (7~ —20°C) for a period
of 4-6h. Over six hours, it is expected that the salt
concentration in the surface will equilibrate with the external
concentration to a depth of 0.5-1.5 mm. As the thickness of the
surface that swells is small compared with the dimensions of the
concrete sample, the swelling is totally suppressed and a biaxial
compressive stress arises in the surface:

E
1—v

Oy = — €5 (21)

Assuming a typical value for the elastic modulus of the CM,
E = 13-19 GPa, and the Poisson’s ratio, v = 0.2, Eq. (21) indicates
that the compressive stress is 6, = 9—13 MPa. This stress is below
the resported range for the compressive strength of CM, 25-45
MPa,>* but it may weaken the surface by causing buckling over
defects or aggregate, rendering it more susceptible to salt scaling. It
is unlikely that salt swelling is the primary cause of scaling
damage. In particular, salt swelling does not account for the
pessimum concentration or the similar effect of chemically
dissimilar solutes. Moreover, the formation of Friedel’s salt and
the related damage are not observed when cement paste is exposed
to chloride solutions at low temperature (T<0°C).”' However, in
practice, NaCl and CaCl, are regularly used to de-ice roadways
and walkways, and the stress resulting from this exposure may
render a CM surface more susceptible to salt scaling.
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Fig.17. Results from warping experiments, performed at room tem-
perature, with 3 mm thick cement paste plates using NaCl solutions of
varying concentrations. The results illustrate that increasing the con-
centration of NaCl results in higher warping rates, and greater max-
imum deflection.

During the remainder of the experiment, the ice layer is inca-
pable of causing bi-material bending, because the brine ice does
not gain strength until 7~ —9°C.>® The same observations were
made during a similar experiment with a 7% NaCl solution.

The mechanical response during a warping experiment pro-
vides insight into the mechanisms active when a pool of solution
is frozen on the surface of a cementitious body, and the effect of
salt on the dominant mechanism. The results obtained with pure
water illustrate bi-material bending after freezing. Experiments
run with salt solutions indicate the occurrence of salt swelling.
The absence of bi-material bending with the 3% and 7% NaCl
solutions is expected from consideration of the temperature at
which these solutions gain strength: a 3% NaCl solution is not
expected to gain strength until 7= —9°C, and a 7% NacCl so-
lution will not gain strength above —20°C, but in these exper-
iments the minimum temperature was 7= —10°C. Accordingly,
none of the samples used in these experiments was damaged.
Therefore, these experiments confirm the stress calculations pre-
sented in Section V, but do not demonstrate the mechanisms
responsible for salt scaling. For this purpose, warping experi-
ments were performed using a thermal cycle extending to a low-
er temperature (—18°C), as explained in the next section.

(C) Comparative Experiments ( Low Temperature): The
results from the experimental series on cement paste (f.~6.5
mm) are shown in Fig. 19. The results indicate a clear difference
in the mechanical response after freezing of brines contain-
ing 0% or 3% NaCl. In the case of pure water, bi-material
bending (concave up) is observed. In contrast, the compos-
ite formed by freezing the salt solution exhibits a fairly constant
rate of deflection (concave down) after freezing, where a max-
imum deflection of 465 pum is achieved. Owing to the low tem-
perature, it is not expected that this deflection is caused by salt
swelling (see sidebar 4, Salt Swelling). The deflection is attrib-
uted to ice that wedges open and propagates cracks created by
the glue-spall mechanism (see sidebar 5, Ice Wedging); the strain
is enhanced by creep of the CM>"?*%> and by loss of stiffness as
damage increases. In Fig. 21, it is shown that the difference in
mechanical response is accompanied by a drastic difference in
damage. The sample exposed to the thermal cycle with pure
water is not visibly damaged, while the 3% NaCl solution de-
stroys the sample surface. The morphology of damage is iden-
tical to that expected from salt scaling, and the crack trajectory
is exactly that predicted by the fracture mechanics analysis in
Section V1.
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Fig.18. Warping experiment with cement paste plate (7, =2.86 mm)
and a 3% NaCl solution. Before nucleation, the baseline drifts by ~ 50
um owing to salt swelling. After nucleation, the ice layer is incapable of
causing bi-material bending.

The only noticeable difference between the experiments with
cement and mortar is that the scaling damage is finer when
mortar is used (Fig. 22). Cracks tend to propagate through the
ITZ, because it is weaker than the remainder of the matrix,>> >
so the damage takes the form of thin flakes of cement that may
contain aggregate, or aggregate particles alone.

(2) Damage from the Glue-Spall Mechanism

The warping experiments indicate that moderately concentrated
(>3% NaCl) brine or a compartmentalized ice layer is incapa-
ble of causing bi-material bending. In this section, it is verified
that this similarity is related to fracture of the brine ice layer,
and that the glue-spall mechanism is responsible for the corre-
sponding damage.

(A) Microscopy, Saline Solutions:  Freezing was directly
observed by putting the solution of interest in a glass cup in a
cold stage on an optical microscope. The bottom of the glass cup
was sandblasted to promote adhesion. Figure 23 shows a still
photo taken from the video of an experiment with pure water
when the temperature of the water was 7~ —18°C. Air bubbles
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and grain boundaries are clearly visible in the photo, but there is
no evidence of cracking.

Figure 24 shows two still photos, taken nearly 1 s apart, from
an identical experiment with a 3% NaCl solution when the tem-
perature was T~ —18°C. The ice is cracked, and comparison of
the top and bottom photos illustrates crack propagation. Iden-
tical experiments were performed with more highly concentrated
solutions (7%—10%), and no evidence of cracking was observed.
As explained earlier, no cracking is expected in the more con-
centrated solutions, because the solids content is too low to al-
low stress build-up. An identical experimental series with
ethanol solutions revealed the same trend. Cracking of the ice
is not expected to cause spalling of the glass cup, according to
the LEFM analysis, because the glass is too strong.

(B) Warping Experiment, Pure Water Ice in Compart-
ments: To test the prediction that a cracked ice layer results in
surface cracking from the glue-spall mechanism, we performed
warping experiments with cement paste and pure water, where
the water was separated into compartments (Fig. 25). The in-
tention was to mimic failure of the ice layer, and observe the
corresponding effect on the deflection as well as to investigate
the occurrence of surface cracking. The results from these
experiments indicate that the compartmentalized ice is initially
capable of imposing bi-material bending. However, as the tem-
perature is further reduced, the bi-material bending abruptly
stops, and is followed by a rapid concave down deflection. The
latter deflection is attributed to ice wedging (see sidebar 5, Ice
Wedging) in surface cracks created by the glue-spall mechanism.
The maximum deflection obtained was ~ 125 um, and the peak
and subsequent decrease in the deflection is related to failure of
the sample (Fig. 25).

The temperature at which the bi-material effect is overcome
by ice wedging is related to the thickness of the ice islands. For
ice islands that were roughly 1, 2, or 3 mm thick, the bi-material
response arrested at 7= —8.3°, —7.3°, and —6.3°C, respectively.
This trend is consistent with the relationship between the glue-
spall stress, G4, and the thickness of the ice islands, f, which
corresponds to 7. in Eq. (4).*® As the thickness of the islands
decreases, the stress in the ice increases and the glue-spall stress
decreases, because when the ice is very thin, it is incapable of
deforming the cement paste. Using the properties for ice and
cement paste shown in Table I, and the thickness of the ice is-
lands and corresponding undercooling noted above, Egs. (3)
and (4) indicate that bi-material bending is arrested by ice
wedging after surface cracks are opened by a glue-spall stress
in the range 1.5-2.5 MPa. This range is in excellent agreement
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Fig.19. Warping experiments with cement paste plates (7.~ 6.5 mm) and (a) pure water or (b) 3% NaCl solution. The pure water composite exhibits a
distinct bi-material response, while the 3% NaCl composite exhibits a constant concave down deflection that is attributed to ice wedging, creep, and a

reduction in the effective thickness because of scaling damage (Fig. 20).
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Sidebar 5. Ice Wedging

Ice wedging occurs when ice fills a crack and pushes the faces apart (Fig. 20). When a crack forms, a film of pore solution
spreads over the fracture surface; as soon as it touches the ice at the original surface, ice spreads along the fracture surface,
and extracts more liquid from the pores. Owing to the small volume of the crack, it will quickly fill with ice, which will wedge
the crack open. When the ice forms, it maintains a film of water between itself (see sidebar 3, Internal Frost Action) and the
fracture surface. The crystal bulges into the mouths of the pores of the paste, as indicated in Fig. 20(b), until the curvature of
the water/ice interface, K¢y, satisfies the Gibbs—Thomson Equation (see sidebar 3, Internal Frost Action—Eq. (2)). At any
point along the interface where the curvature differs from that in the pore, a pressure, P, must be applied on the ice by the
fracture surface to suppress crystal growth'®:

N s
Pa=vcL (K(CL) - KE:L)) (22)
At the shoulder and along the opposite fracture surface, where the interface is flat ( ), the ¢ pressure IS Py = 'YCLKE:L In
Scherer and Valenza'® it is shown that 'YCLK(CL) = ASwAT; for water, ASp, = 1.37J. cm’3 K’ 250 Pa=A S,AT=13AT
MPa over the area corresponding to both shoulders (S) and the opposite fracture surface. The mode I stress intensity at the
crack tip for an edge crack with uniform loading (P,) on the fracture surface is”>

K
Vae

where a, is the crack length The fracture toughness of cement paste is 0.1-0.5 MPa-m®>°*"%o0 Eq. (23) indicates that
ice wedgmg will result in crack propagatlon at a very small undercoohng Equatlon (23) assumes that the material in
question is brittle, whereas cement paste is qua51 -brittle,’® so Eq. (23) is only semi-quantitative. However, it is safe to
assume that crack propagation will occur from ice wedging at a small undercooling. In the presence of brine ice, the
cracks from the glue-spall stress will fill with brine from the pockets breached by fracture in the ice layer. The corres-
ponding brine ice is unable to impose a significant stress on the fracture surface because the driving force for ice
growth is suppressed by the presence of the solute. However, over time this ice will extract liquid from the surrounding
microstructure diluting the saline solution surrounding the ice. As the salt concentration decreases, the driving force
for ice growth, and thus the stress imposed on the fracture surface increases. The longer the ice sucks moisture from
the surrounding microstructure, the greater the stress and thus the propensity for crack propagation. This interpretation
is supported by a limited amount of experimental evidence that suggests that prolonging the freezing period results in
more salt scaling.

= 1.98 P, = 2.6AT MPa - m®> (23)

N Hrine Pockets (L3}

Fig.20. (a) Schematic of ice that forms in a crack. (b) Ice crystal bulges into a pore intersected by the crack at N. The interfacial
curvature at N is determined by the undercooling, AT. The difference in curvature exhibited between N and S necessitates a
pressure of P (MPa)= 1.3AT to suppress crystal growth at S.

with that expected to result in microcracking of cement paste,
which has a tensile strength of ~3 MPa. Moreover, as discussed
previously, the sample surface is expected to be the weakest
zone of the body, so a stress of this magnitude is likely to
cause damage.

The glue-spall stress imposed on the surface around the
perimeter of the ice islands should lead to edge cracking that
circumscribes the island. To investigate the occurrence of surface
cracking from this mechanism, the area under the vacuum
grease partitions (Fig. 25) was analyzed with an optical micro-
scope immediately after completion of the warping experiment.
Figure 26 shows the perimeter of an ice island, which corre-
sponds to the area stained by vacuum grease. The top of the

picture corresponds to the vacuum grease line bisecting the sam-
ple along its length (Fig. 25). The picture clearly illustrates the
occurrence of surface cracking that circumscribes the ice island.
In addition, some of the surface laitance is removed by the shear
stress at the interface. Cracking was also observed under
the vacuum grease dam along the entire perimeter of the
sample surface (Fig. 25). Figure 26 shows an edge view of a
crack that intersects the sample edge; as expected from the
fracture mechanics analysis (Section V/), the crack bifurcates
below the surface.”” Observation of these cracks became
increasingly difficult after ~10-15 min. This effect is attribut-
ed to equilibration of the sample with ambient temperature,
which resulted in melting of the ice wedging open the cracks.
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Fig.21. Samples used in comparative warping experiments, the results
of which are shown in Fig. 19, clearly illustrate the difference in damage
observed with (a) pure water, or (b) and (c) 3% NaCl. The thickness
of the scaling damage is ~1-2 mm. The critical stress intensity for a
crack propagating parallel to the interface at this depth is 0.1-0.25
MPa-m %3,

Fig.22. Mortar samples after warping experiments with (a) and (c) 3%
NacCl solution, or (b) pure water. (c) Scaling damage removed from the
sample is finer than that yielded by the cement paste (Fig. 21). This is a
direct result of the interfacial transition zone dominating the fracture
process.

Mechanism for Salt Scaling

Fig.23. Still photo taken from video of freezing experiment with pure
water in a sandblasted glass cup. No cracking occurs in pure water ice,
even though the temperature was rapidly reduced to ~—18°C. The im-
perfections in the ice are air bubbles, expelled upon solidification, and
grain boundaries.

It is clear from Fig. 26 that there is no cracking in the area
underneath the ice island. Furthermore, the bottom of the sam-
ple, which was also covered with vacuum grease, did not exhibit
any cracking. To be absolutely certain that the cracks shown in
Figs. 26 and 27 are a result of the glue-spall mechanism, similar
experiments were performed where adjacent compartments were

Fig.24. Two still photos taken nearly 1 s apart from video of freezing
experiment with a 3% sodium chloride solution. Comparison of the
photos reveals crack propagation.
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(a) Prior to experiment, with square lattice of vacuum
EFease

Stains from vaouum grease

Fig.25. (a) Cement paste plate (7. = 5.04 mm) with a square lattice of
vacuum grease on the top surface. The square compartments are filled
with pure water to a height of ~ 1-3 mm before the experiment. (b) Ce-
ment paste plate after warping experiment with pure water in 28 com-
partments, showing that the sample was destroyed by exposure to low
temperature. The surface area stained by vacuum grease was investigat-
ed for surface cracking.

left dry. After exposure to a low temperature, the area under a
vacuum grease partition between two adjacent dry compart-
ments was compared with that under a partition adjacent to an
ice island. No cracking was observed under the vacuum grease
partition of two adjacent dry compartments, while cracking
parallel to a wet compartment was clearly visible.

(3) Discussion and Conclusions

The results of the warping experiments indicate that salt changes
the dominant mechanism active when a pool is frozen on the
surface of a cement plate. When pure ice was compartmentalized
on a borosilicate glass plate, it was observed that as the number
of compartments increased (corresponding to a highly cracked
ice layer), the amount of bi-material bending decreased. To ver-
ify that the frozen brine layer does crack, microscopy experi-
ments were performed to investigate the behavior of various
solutions upon solidification. It was observed that pure water
did not fail upon cooling, while cracking was clearly visible
when a 3% NaCl solution was cooled below —10°C. As expect-
ed, no cracking was observed when highly concentrated (> 7%—
10%) solutions were frozen.

Once it was determined that an ice layer formed from a 3%
Nacl solution is expected to fail, it was necessary to determine
whether or not the corresponding ice islands would result in
edge cracking from the glue-spall mechanism. To mimic failure,
a pure ice layer was compartmentalized (Fig. 25) on the surface
of a plate, and the area under the partitions was analyzed for the
occurrence of glue-spall cracks. It was clearly shown that the ice
islands cause edge cracks that circumscribe their perimeter
(Fig. 26). Moreover, when two adjacent compartments were
left dry, no cracking was observed under the common partition.
When a pure ice layer was divided into 28 compartments
(Fig. 25), the resulting composite exhibited concave down
warping similar to that observed during low-temperature warp-
ing experiments with 3% NaCl solution (Fig. 19). This deflec-
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Fig.26. Closeup of one of the compartments in Fig. 25 after warping
experiment with compartmentalized water. The perimeter of the ice is-
land corresponds to the areas stained by vacuum grease. The picture
clearly indicates cracking along the perimeter of the island from the glue-
spall mechanism. Also shown is removal of the surface laitance from the
shear stress at the interface.

tion is attributed to ice wedging (see sidebar 5, Ice Wedging) in
cracks created by glue-spalling.

The best evidence for the scaling mechanism is the difference
in damage morphology shown in Figs. 21 and 25, corresponding
to the 3% NaCl solution and compartmentalized water exper-
iments, respectively. The latter picture shows that while the
cracks are either parallel or perpendicular to the plate, all of the
cracks run through the entire thickness of the plate. The direc-
tion of the cracks suggests that they were initiated by the glue-
spall mechanism, because the vacuum grease partitions are all
drawn either parallel or perpendicular to the edge of the plate.
The fact that all of the cracks are through-cracks indicates that
the mechanism that drives crack penetration clearly dominates
the fracture process. In the case of pure ice, once the cracks are
opened on the surface, the glue-spall stress has very little influ-
ence on the crack trajectory, because ice wedging becomes dom-
inant. In contrast, the crack pattern observed with the 3% NaCl
solution was random. This is consistent with the formation of
cracks in the brine ice layer, which is dictated only by the loca-
tion of brine pockets. Once the glue-spall cracks are opened,
they follow a trajectory that turns parallel to the interface at a
shallow depth. This indicates that the glue-spall stress is dom-
inating the fracture process.

The different damage morphologies (Figs. 21 and 25) are at-
tributed to the effect of salt on the ability of ice to wedge open
surface cracks. With pure water, the entire pool on the surface is

Fig.27. Edge view of cracks that intersects the edge of the sample.
In accord with the theory discussed in Section V1, the crack bifurcates
under the surface.
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frozen, so once the surface cracks are opened, the moisture nec-
essary to fill the cracks with ice wedges is provided by the pore
solution. As the temperature is further reduced the driving force
for crack penetration increases. In the warping experiment with
compartmentalized water, the large undercooling resulted in ice
wedging dominating the fracture process, leading to the forma-
tion of numerous through-cracks.

In the experiment with 3% NaCl, once the glue-spall cracks
are opened, they are filled with concentrated brine from brine
pockets breached by fracture of the ice layer. As the temperature
is further reduced, ice will form from this brine, but the stiffness
of the wedges is reduced by the presence of brine pockets.*’
Furthermore, the stress that the brine imposes is much less than
that realized with pure water ice, because the ice is in contact
with a solution very close to its melting point. That is, the brine/
ice is at a temperature that constitutes a small undercooling,
which results in a small stress on the fracture surface. Therefore,
in the warping experiment with 3% NaCl solution the glue-spall
stress dominates the fracture process, while the small stress from
ice wedging contributes to a concave down deflection. As the
total deflection occurs over a period of 700 min (Fig. 19), the
magnitude of the strain is affected by creep of the CM. In ad-
dition, the damage realized during this experiment represents a
reduction in the effective thickness of the plate. If the material is
removed progressively, then some of the deflection may also be
attributed to a reduction in the stiffness of the substrate.

From the results presented above, we can conclude that a
moderately concentrated (~3%) salt solution results in an ice
layer that will crack when it forms a composite with a cemen-
titious slab. A pure ice layer will not crack under the same con-
ditions, and highly concentrated brine will result in ice that has
no mechanical integrity in the temperature range of interest. The
pessimum concentration arises, because it is necessary for the ice
layer to fail to cause glue-spall damage in the substrate. When
an ice layer fails, glue-spall cracking is expected to circumscribe
the corresponding islands. It is necessary for the glue-spall
mechanism to open surface cracks for ice wedging to occur,
but when salt is present, it is not expected that ice wedging will
dominate the fracture process. Combined with the analysis pre-
sented in Sections III-VI, the experimental results provide
strong evidence for the primary importance of the glue-spall
mechanism.

IX. Characteristics of Salt Scaling

Here, we summarize how the glue-spall mechanism accounts for
the salt scaling characteristics outlined in Section /1.

1. Salt scaling consists of the progressive removal of small
flakes or chips of binder:
The morphology of damage from glue-spalling is similar to that
observed from salt scaling. The damage should be progressive.
The fracture mechanics analysis (Section V7I) indicates that the
depth of scalloping depends only on the mechanical properties
and dimensions of the constituents. If the properties of the sur-
face do not vary significantly with depth, then with each freeze/
thaw cycle a relatively consistent amount of material will be re-
moved by this mechanism. Once the coarse aggregate is exposed,
the ice layer will bind to the surface of the aggregates, and cracks
in the ice above aggregate will not result in damage, so the rate
of removal of material per unit area in each freeze/thaw cycle
should eventually drop off. Accordingly, when sawn surfaces are
tested in scaling experiments, the scaling rate is very similar to
that realized on a finished surface, if the weight loss is calculated
based on the fraction of the surface occupied by cementitious
binder.”®

2. A pessimum exists at a solute concentration of ~3%,
independent of the solute used:
The glue-spall mechanism requires that the ice layer crack to
result in scaling damage. The viscoelastic stress calculation (Sec-
tion V) indicates that the pessimum concentration is a conse-
quence of the effect of brine pockets on the mechanical
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properties of ice: (i) because of creep, pure ice will not crack;
(ii) the stress rises faster than the strength in ice formed from a
moderately concentrated brine; and (iii) more highly concen-
trated solutions produce ice that has no strength in the temper-
ature range of interest. The same behavior is observed with
various solutes because the solutes exhibit similar melting point
reductions as a function of solute concentration. Therefore, the
microstructure of the brine ice is consistent, which suggests that
the fracture and creep behavior are also consistent.

3. No scaling occurs without a pool of liquid on the surface:
There is no composite, and no stress, without the pool.

4.  No scaling occurs above T=—10°C:
Ice formed from a 3% NaCl solution, which is used in all con-
ventional tests, does not have strength above this temperature.
The severity of scaling damage increases as the minimum temper-
ature is reduced:
The glue-spall stress is proportional to the undercooling, AT
(Eq. (3)), so smaller and smaller flaws will propagate as the
temperature drops.

5. Air entrainment reduces salt scaling damage:
Air entrainment reduces bleeding,>*>°"*® so it produces a
stronger surface. The beneficial effect of AEA is expected for
all test surfaces (i.e., finished, molded, or sawn), because the ef-
fect on bleeding is realized throughout the concrete body. Fur-
thermore, when an effective air-entraining agent is properly
utilized, initial freezing in air voids imposes suction in the pore
fluid that comlpresses the porous skeleton (sidebar 3, Internal
Frost Action).'®!16%

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.'®

7. Susceptibility to salt scaling is not correlated with suscep-
tibility to internal frost action:
The glue-spall mechanism is not related to internal crystalliza-
tion.

8. The strength of the surface governs the ability of a cemen-
titious 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 CM (~3 MPa). Any treatment or handling ex-
pected to weaken the surface (e.g., bleeding) will therefore result
in more scaling.

X. Conclusions

Salt scaling contributes to exorbitant repair costs for the United
States infrastructure. To prevent this damage, an understanding
of the mechanism that results in salt scaling is necessary. In this
paper, we have provided theoretical and experimental evidence
demonstrating that the glue-spall mechanism accounts for all the
characteristics of salt scaling.

An understanding of this mechanism indicates that salt scal-
ing can be prevented by increasing the toughness of the surface,
which is the weakest portion of a concrete body. It is clearly
beneficial to prevent bleeding or handling that exacerbates the
effects of bleeding.!” Scaling might also be reduced by the in-
clusion of fibers, which hinder crack propagation.
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