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Abstract

The thermodynamic and kinetic factors influencing crystallization pressure are reviewed for cases including capillary rise and
evaporation, cyclic wetting and drying, and hydration of cement. Under equilibrium conditions, where the crystal is surrounded by a film of
solution, high stresses are expected only in small pores, but when that film is discontinuous (as may occur during drying), high stresses can
arise even in large pores. High crystallization pressure requires a substantial supersaturation of the pore liquid. In the case of sodium sulfate,
supersaturation results from the difference in solubility between the anhydrate and decahydrate phases; for ettringite, supersaturation may
develop following the cooling from elevated temperatures. During the hydration of Portland cement, crystallization pressure may result from

the growth of ettringite and/or calcium hydroxide.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous materials, including stone, mortar, and concrete,
can be damaged when crystals precipitate from the liquid
in their pores. Salts may be inherent to the material (as is
the case in cementitious materials), or be absorbed with
ground water or formed by reaction with atmospheric
pollutants (particularly sulfates), or created by the meta-
bolic activity of microbes. Whether crystals form, and
how much damage they do, depends on the supersatura-
tion of the salt, the size of the pores, and the magnitude
of the repulsive force between the salt and the confining
pore surfaces. A variety of factors influence the supersat-
uration, including the nature of the salt (which affects the
ease of nucleation) and the rates of the supply of the
solution, and evaporation of water. In this paper, we will
examine four cases of crystallization pressure: (1) capil-
lary rise and evaporation; (2) cyclic wetting and drying;
(3) precipitation of ettringite; and (4) hydration of cement.
In each case, we will examine the thermodynamic factors
that set bounds on the possible stresses resulting from
crystal growth and discuss the kinetic factors that affect
stress development.
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2. Capillary rise and evaporation

When a porous material, such as stone or masonry, is in
contact with the soil, ground water may be drawn into the
pores by capillary suction. This is particularly deleterious for
walls adjacent to sidewalks exposed to deicing salts [1].
Water may also enter a wall from a leaky roof or water pipes,
or from the breath of the inhabitants [2], and mobilize the salts
already present in the wall. The capillary rise of ground water
is shown schematically in Fig. 1. Water is drawn up into the
wall by capillary pressure, p. (<0), which depends on the
pore size distribution and wetting behavior of the porous
body. The flux, J, into the wall is given by Darcy’s law [3]:

k
J p Vp (1)
where £ is the permeability, 1 is the viscosity, and p is the
pressure. If the liquid has risen to height 4, then, the pressure
gradient is approximately (p.+ prLgh)/h, where pp is the
density of the liquid and g is the gravitational acceleration.
The flux from the capillary rise, Jc, is therefore

dh  k (—pe — prgh)
Jo = A2 = E1TPe = PLER 2
c=¢ i i (2)

where 4 is the area of the surface in contact with the ground
and ¢ is the porosity of the material. Eq. (2) does not apply
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Fig. 1. Schematic of capillary rise and evaporation from a wall in contact
with damp soil. Groundwater rises into the wall at a rate that decreases with
height, while evaporation from the surface occurs at a nearly uniform rate.
Near the ground, where the rate of rise is fast compared with the rate of
evaporation, there is a liquid film on the surface of the wall. Evaporation
raises the salt concentration in the water, but the diffusion of salt back
toward the source may prevent the solution from becoming supersaturated.
Higher up the wall, where the rate of rise is slower, the solution may
become supersaturated, so that crystals efflorescence (i.e., grow in the
external water film). At A, the rate of supply of water by capillary rise
becomes equal to the rate of evaporation; above that location, the water
evaporates inside the wall, resulting in subflorescence (i.e., growth of
crystals below the surface).

when =0, where inertial effects are important [4] but is valid
at small distances above the ground. Eq. (2) shows that the
rate of rise decreases as & increases, whereas the rate of
evaporation, Jg, is roughly constant. If the conditions are
constant, a steady state will arise where the pore pressure
varies linearly from p=0, at ground level, to p. + p gh; at
height A4 (see Fig. 1), where Jc = Jg; if Jg=0, then, A is
simply the equilibrium height of capillary rise, /eqm:

--£ ©)

For example, if water is rising in a material with a
mean pore radius 7,=0.5 um, then, p. = 2y/r, = 0.28
MPa, given that its surface tension is y = 0.072 J/m?;
without evaporation, the water would rise to a maximum
height of /.qnm=29 m. Suppose that the rate of evapora-
tion is sufficient to volatilize 2 mm of water in 24
h (Jg=23x10"% m/s, as observed in my kitchen at

relative humidity 60 £2%), then, solving Eq. (2) for
h=h,, we find that the water (given p;=1000 kg/m?’,
n=0.001 Pa s) only reaches a height of about 13 m
before the rate of evaporation exceeds the rate of capillary
rise. The difference increases as the pore size decreases: if
1, =50 nm, then, Aeq,m=290 m, but ~;=2.3 m. Near the
ground, the pore liquid is near the atmospheric pressure,
hence, the menisci in the pore mouths are nearly flat, and
a liquid film forms on the external surface of the body. At
height &g, the pore pressure is p., and the radius of
curvature of the liquid/vapor interface approaches —ry,.
Above that level, the interface retreats inside the body,
and the rate of evaporation decreases, thus, the liquid rises
higher inside the wall than at the surface, as indicated in
Fig. 1.

When the ground water contains dissolved salts, the
situation is a bit more complicated. As water evaporates,
the concentration of salt in the liquid near the drying surface
rises, and the gradient in the concentration causes the salt to
diffuse back toward the source [5,6]. However, as the solute
builds up, the diffusive flux away from the surface slows
down because the gradient flattens out (that is, the distance
to a source of dilute solution increases). Near the ground,
where the reservoir of groundwater constitutes a large sink
for solute, the breadth of the gradient is limited by the

Fig. 2. Salt crystallization is demonstrated in this apparatus, in which
samples of stone (5 X 5 X 25 c¢m) are suspended from a horizontal rod, such
that approximately 2 cm of the bottom of the sample is immersed in a
solution containing 16 wt.% sodium sulfate. The system is covered with a
glass container, and the relative humidity inside the enclosure is controlled
at approximately 39% by a saturated solution of calcium chloride. In this
case, 10 different types of stone are tested.
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Fig. 3. After 47 days of exposure in the apparatus shown in Fig. 2, this
sample of relatively porous Ohio Masillian sandstone shows efflorescence,
but little damage, on the bottom half (a). However, the top of the sample is
cracked (b), owing to subflorescence of sodium sulfate.

distance to the ground, and the concentration may not reach
saturation. Farther up the wall, however, the salt concentra-
tion at the drying surface continually increases until the
supersaturation is high enough to cause a precipitation of
salt. Thus, it is typical [7] to find a zone near the ground that
is wet but contains no crystals, followed by a higher zone
with efflorescence (i.e., crystals growing in a superficial
layer of water). If the crystals grow while submerged in a
free film, they grow polyhedral (equilibrium) shapes; where
the wall is drier, whiskers tend to form, as ions are only
added to the base of the crystal as it grows away from the
surface. Crystals of any salt, regardless of their equilibrium
morphology, will grow as needles from a porous substrate
[8]. At higher levels, there is subflorescence (i.e., crystalli-
zation below the surface), and it is in this region that
damage may occur if the crystallization pressure exceeds
the tensile strength of the porous material.

Damage from salt precipitation during capillary rise is
demonstrated using the apparatus shown in Fig. 2, based on
the design of Lewin [9]. Prismatic samples of stone are
suspended, with the bottom touching a solution of sodium

sulfate, which rises into the stone. The relative humidity is
kept near 39% by a bath of calcium chloride, so the water
evaporates from the stone and the salt precipitates. For

Fig. 4. Sample of Cordoba Cream limestone exposed in the apparatus shown
in Fig. 2. (a) After 8 days, there is no sign of efflorescence, but the sample has
begun to crack. (b) After 47 days, a layer of stone has separated from all over
the surface. (c) A closer view of the sample in Panel (b) shows columnar
crystals of salt growing from the surface under the separated layer of stone.
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such short samples, the gravitational term in Eq. (2) is
negligible, so the height of rise is found to be

h =SVt (4)

where the sorptivity, S, is

(5)

The permeability is roughly proportional to the square of
the pore size, ko rpz, and the capillary pressure is p. o 1/r,
and thus, Eq. (5) indicates that S O(rpl/ 2. Fig. 3 shows the
result for a sandstone that is relatively porous (¢ =0.21) and
permeable (S=0.18 cm/s'’?). The bottom half is covered
with a layer of efflorescence, but the major damage occurs
above that level, owing to the subflorescence of the salt
inside the pores. Fig. 4 shows a limestone that is equally
porous (¢p=0.21) but less permeable (S=0.06 cm/s'?) than
the sandstone. It shows no efflorescence because the evap-
oration occurs inside the stone, even near the bottom. The
difference in the sorptivity of the two stones implies that the
pores in the limestone are an order of magnitude smaller
than those in the sandstone. Cracks appear on the surface of
the limestone after 8 days (Fig. 4a); after 47 days, a layer
approximately 2 mm thick has separated from the surface of
the entire block (Fig. 4b), and columnar crystals of salt are
growing from the newly formed surface (Fig. 4c). This
sequence of events is typical of what is seen in the field [7].

3. Crystallization pressure

The tensile strength of the limestone in Fig. 4, as
measured by the Brazil test [10], is about 3.8 MPa; thus,
the salt growing in the pores of the stone evidently gener-
ated stress of that magnitude. The origin of this stress has
been analyzed in detail previously, for both equilibrium [11]
and nonequilibrium [12] conditions. Suppose that a spher-
ical crystal with radius r is growing in a supersaturated
solution, if the crystal/liquid interfacial free energy is ycp,
then, the increase in surface energy resulting from growth is
ycr.d4, where A=4m” is the surface area. This increase in
energy inhibits the growth of the crystal; it is equivalent to
applying a mechanical pressure, p, so that the crystal has to
do work pdV as it increases in volume. (For example,
imagine that the crystal is surrounded by a semipermeable
elastic membrane that allows molecules to move from the
liquid to the solid, but not the reverse. As the crystal grows,
it must stretch the membrane so that the energy of the
crystal is elevated by the amount of mechanical work it must
do. The surface energy acts like such a membrane.) Setting
the two energies equal, we find the pressure that would have
to be imposed on the crystal to raise its energy by the same

amount as the surface energy; for a spherical crystal with
volume V= 4nr3/3, the result is

d4 2y
f— —_—= 6
P ="7cL v , (6)

(This is not the Laplace pressure inside the crystal; that
pressure depends on the surface stress, rather than the
surface free energy, and the two are not equal for solids
[13]. The Laplace pressure is related to the work that would
have to be done to stretch the surface area, whereas we are
increasing the area by adding a material to the crystal
without changing the state of strain of the surface.) Eq.
(6) indicates the amount of pressure that would have to be
imposed to inhibit growth as much as the surface energy
does. Since p depends on the curvature of the crystal, which
is kcp =dA/dV; it has a large effect on small bodies such as
the crystals that grow in small pores.

The surface free energy raises the solubility of the crystal
so that a small crystal is in equilibrium with a higher
concentration of salt than a macroscopic crystal. The solu-
bility product, O, in equilibrium with a crystal having
curvature K¢y is [13,14]

R, [0
= —1 —
YeLKcL 7 n <K> (7)

where K is the equilibrium solubility for a macroscopic
crystal, R, is the gas constant, I'is the absolute temperature,
and ¥ is the molar volume of the crystal. The physical
interpretation of this equation is that an atom on the surface
of a small crystal is in a highly energetic condition;
therefore, it has a stronger tendency to hop into the liquid
than does an atom on the surface of a large flat crystal.
Consequently, to sustain equilibrium, a higher concentration
of ions in the adjacent solution is required, so that there is a
correspondingly high frequency of atoms hopping from the
liquid onto the solid. Eq. (6) indicates that the energy of the
small crystal is equivalent to that of a crystal subjected to
pressure p=7ycpKcr; inserting this result into Eq. (7), we
obtain the result known as Correns’ equation [15]:

This equation indicates that a mechanical pressure ap-
plied directly to a crystal raises its solubility. For a crystal
growing in a pore, it is the pore wall that applies stress to
arrest growth.

Now, consider the case of a crystal growing in a
cylindrical pore under conditions of subflorescence, as
shown in Fig. 5a. The hemispherical end of the crystal
has curvature KCLEZZ/(rp — 0), where 0 is the thickness of
the film of solution lying between the crystal and the pore
wall [11,12]. The existence of this film is inferred from the
fact that a crystal subjected to a load continues to grow,
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Fig. 5. A crystal has precipitated in a pore with radius 7, in the zone of
subflorescence shown in Fig. 1. (a) If the pore is cylindrical, then the end of
the crystal is hemispherical and has curvature k&L =2/(r, — &), while the
cylindrical side has curvature Koy = 1/(r, — 9); here, 0 is the thickness of the
liquid film between the crystal and the pore wall. (b) When a crystal grows
in a large pore (7, macroscopic) with small entries (radius rg<<ry), the
curvature of the body of the crystal is k& = 0, and the crystallization
pressure is determined by the curvature of the crystal in the pore entries,
k&L =2/(rg — 9).

adding material in the region between the surface of the
crystal and the confining surfaces [16—18]. Evidently, there
is a repulsive force between the growing crystal and the
opposing surface. For ice crystals, the van der Waals forces
are repulsive, and the force that would be required to push
an ice crystal into contact with a mineral surface is estimated
to be tens of megapascals [11]. For salt crystals, the
repulsion (or disjoining force) probably arises from a
combination of electrostatic and solvation forces. The thick-
ness of the film is estimated to be 1 or 2 nm [12].

If the crystal in Fig. 5a is in equilibrium, then, the
solubility product, OF, of the solution adjacent to the crystal
must satisfy

2ycL R,T QE
= —1 —_—
-0 Ve "\K )

If the pore is cylindrical, then, the curvature of the side of
the crystal is k2 = 1/(r, — 0), so that region of the crystal
would be in equilibrium with a lower solubility product, O°:

yizgln Q_S (10)
I"p—é VC K

Since the liquid surrounds the crystal, the cylindrical side
is actually in contact with a solution having the solubility
product OF; thus, it is subjected to a supersaturation whose
magnitude is 0F/0°, and the crystal tends to grow radially.
The pressure that would have to be applied to stop its
growth is found from Eq. (8):

_RT ) (O°N _ va
P~ 1n<QS> =0 o

where the second equality follows from Egs. (9) and (10).
The pore wall blocks the growth of the crystal and, to do so,
it must apply the pressure given by Eq. (11).

More generally, if the most strongly curved part of the
crystal, with curvature KEL, is in equilibrium with the
surrounding solution, then, any other part of the crystal
whose curvature is k& must be subject to a pressure from
the pore wall, p, given by

R,T e
po =t~ = () (12)

This is the crystallization pressure, which is the pressure
exerted by the crystal on the surrounding solid matrix. The
maximum pressure occurs when a large crystal grows in a
pore with small entries, as in Fig. 5b. If the radius r,, is
macroscopic, then k&) = 0 and 0°=K, so Eq. (12) reduces
to Correns’ equation, Eq. (8), with 0= QOF. The compressive
stress exerted normal to the confining surface by the crystal
produces a tensile stress in the perpendicular direction. If the
supersaturation is significant, then the stress can exceed the
tensile strength of the body; this is evidently the case for the
stones shown in Figs. 3 and 4.

4. The drying front

A porous body typically has interconnected pores with a
range of diameters. When the pore liquid begins to evapo-
rate, a meniscus develops in each pore, and the capillary
pressure in the pore liquid decreases (i.e., becomes increas-
ingly negative) according to Laplace’s equation:

2'))LV (13)

"m

Pc = Pe + VLvKLV = Pe +

where p, is the equilibrium vapor pressure of a flat surface,
yLv 1s the liquid/vapor surface energy, and kiy is the
curvature of the meniscus; the second equality applies for
a hemispherical meniscus with radius 7,,. The curvature of
the interface is related to the relative humidity (RH) by [14]

_ 2Ly _RT

. 7z In(RH) (14)

pc - pe
where V1 is the molar volume of the liquid. The curvature of
the meniscus must be the same in each pore, regardless of its
size, or the capillary pressure would induce flow between
pores until equilibrium was established; that is, 7, depends
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on the relative humidity, not on the pore radius, r,. Consider
the simple case shown in Fig. 6, consisting of a large and
small pore with radii 7 and rg, respectively. If the RH is

K r,=13r r,=13r >rg
high enough so that *
R,T 2 0 a
—£_ In(RH)> _LOS() (15)
3 L
where 0 is the contact angle between the liquid and solid, rL ?s

then both pores remain full of liquid, as in Fig. 6a. (In the
following discussion, we assume that the contact angle is
low, as is typically true in cementitious materials and stone.)
If the RH drops into the range,

2 (0) _ R, T 2 (0) . /
fm>iln(m)2fm (16)
o 49 rs

then, the larger pore will drain, and a pressure difference

will occur between the two pores equal to v AR A
Ap — 21 0 1 1

p = 2yycos(0) o ras (17) Tm =1
where 7,5 is the radius of the meniscus in the small ' * | Flow |

pore. This pressure difference will draw liquid from the P

larger pore into the smaller one at a rate determined by

Eq. (1). If 0=90°, then, the menisci are flat, and both

pores drain simultaneous when RH drops below unity; if

0>90°, then, the smaller pore drains first. If the RH b) &
satisfies

R,T 21 0

Bl (R < — 21veos(0) (18)

5 rs

then the small pore should drain when equilibrium is
established. Suppose, however, that the large pore has
only receded a distance /4 into the interior, as in Fig. 6b,
so that the flux of liquid to the surface is

ks Ap _ 2y ycos(0) ks ( 1 1 )

Jo=——"0 2 19
c o PR (19)

’mS L

where ks is the permeability of the partially saturated c)

network, in which only the smaller pores contain liquid.

Fig. 6. A large pore (radius 71 ) and a small pore (rs) intersect the surface of
a porous body. (a) As liquid evaporates, the radius of the meniscus, rp,, is
the same in each pore; otherwise, the difference in capillary pressure would
produce flow until the pressures did equilibrate. (b) If the relative humidity

- O
. .o . . . 3 " ®
is low enough that r, <7, the liquid will drain from the large pore into the .H. ] L] ﬁ * %
smaller one. (c) When the depth of the larger meniscus reaches /g, the flux ’ * @ r e g '. .' ‘
oy o
L)

v
-

of liquid into the smaller pore falls below the evaporative flux, and the
smaller pore begins to drain. (d) In a material with a broad range of pore
sizes, as the drying front advances, there may be pockets of liquid that
become isolated because the pore entries on the perimeter of the region are
small. When the local RH becomes low enough for the menisci to pass
through those pore entries, the pocket will dry up. In this sketch, the black
dots represent the cross-section of the solid phase and the shaded region is
liquid; the arrows indicate two of the trapped pockets of liquid.
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If Jc is greater than the rate of evaporation, Jg, then, the
small pore will not drain, and the meniscus at its mouth
will acquire only enough curvature to draw a flux
matching, Jg. As & increases, the RH near the surface
of the meniscus in the large pore rises, so the rate of
evaporation from that meniscus will decrease, and most
of the drying will occur by evaporation from the smaller
meniscus remaining at the outer surface.

As the liquid recedes farther into the large pore, the
increase in % reduces the flux J-, so the radius of the
meniscus in the small pore must decrease. The maximum
pressure drop occurs when r,5=rg. The small pore will
finally drain when the meniscus in the large pore reaches
depth &g, where

2 0) ks (1 1
Jg = %OS()_S <_ _ _> (20)
S nm\rs 7L

Thus, hg represents the width of the drying front, which
is the distance between the zones that are fully saturated and
those that are fully drained [19,20]; the faster the rate of
evaporation, the narrower the drying front becomes. If the
difference in pore size is great (so that Ap is large) and the
small end of the pore size distribution is large (so that kg is
high), then vapor may percolate entirely through the body
while the liquid remains in the smaller pores near the drying
surface (that is, g is larger than the thickness of the body).
However, when kg is small, the front may be narrow even
when Jg is low.

In a body with a range of pore sizes, as the drying front
advances through the body, there may be pockets of liquid
that become isolated, as in Fig. 6c, because the pore
entries into those regions are small. Such regions will
eventually drain when the local RH is low enough for the
menisci to penetrate the pore entries. Crystallization in
such pockets is discussed in Section 6. Next, we consider
how the crystals will grow as a solution evaporates from
the pores.

5. Equilibrium distribution of crystals

When the pore liquid contains salt, the same process
of pore drainage will occur, with the result that the
concentration of the solution will tend to rise in the
smaller pores, from which the liquid is evaporating. Salt
is therefore more likely to precipitate in the smaller
pores. The homogeneous nucleation of salt requires a
high supersaturation; thus, heterogeneous nucleation is
much more likely, especially within a porous body whose
pore surfaces expose a variety of crystal phases. Suppose
that there is a grain with width w, on the surface of a
pore with radius 7, that permits the nucleation of salt, as
in Fig. 7. The radius of curvature of the nucleus, r,, is
determined by the contact angle, 0,, between the salt and

2r

d) % A

L A
- 3

o U

N i ]

Fig. 7. (a) A salt crystal with radius of curvature 7, forms on a nucleating
heterogeneity on the pore wall. (b) If the whole pore wall has a low contact
angle with the salt, then the crystal spreads along the wall. (c) Once it
touches the other side, a concave meniscus forms on the leading edge,
analogous to that of a liquid rising in a capillary. (d) If the wall adjacent to
the heterogeneity has a high contact angle with the salt, as is typically the
case, the supersaturation must increase to permit the curvature of the
crystal/liquid interface to increase. The radius of curvature decreases to w,/
2 as the crystal develops into a hemisphere on the nucleating heterogeneity;
growth may require a further decrease in radius if w,>2r,. (e) If the
supersaturation becomes high enough to permit such a crystal to form, it
will then grow unstably until its curvature becomes 2/(r;, — 6), as in Fig. 5a.

the nucleating heterogeneity. If the nucleus is a hemi-
spherical cap with curvature 2/r,, then it can form when
the supersaturation reaches ", which is found from

Eq. (7):

n
Ba Rl (& (21)
'n VC K
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The solubility, K, of the crystal is affected by the
capillary pressure, p., in the liquid [12,21]:

ORI (K(p)
re= e (o) 22)

where V¢ is the partial molar volume of the crystal in
solution. Thus, if V<V, so that the salt occupies less
volume in solution than in the crystal phase, then the capillary
suction (p.<0) reduces the solubility and conversely.

If the pore surface in Fig. 7a is uniform, offering the
same contact angle everywhere, then the crystal will grow
spontaneously because when its radius exceeds 7y, it finds
itself in a supersaturated solution. Once it touches the
opposite wall, as shown in Fig. 7b, it will adopt the same
contact angle on that side, so that a concave meniscus forms
on the leading edge of the crystal (analogous to that of a
liquid rising in a capillary). However, it is far more likely
that the crystal will not wet the wall; as mentioned previ-
ously, there will typically be a contact angle of 180°, so that
a film of liquid is retained between the wall and the crystal.
In that case, as the nucleus begins to grow, its radius of
curvature must decrease. It is clear from an inspection of
Fig. 7c that the radius of curvature decreases as the crystal
evolves into a hemisphere with diameter equal to the width
of the heterogeneity. It will be able to reach that size only if
the supersaturation rises enough to satisfy

o _ Rl (Q> (23)
Wh Vc K

If the pore diameter is smaller than w,,, then the radius of the
crystal must decrease until it reaches the pore radius;
therefore, the supersaturation must continuously increase.
However, if w,<<r,, the maximum curvature occurs when
the crystal radius equals w,/2; once it reaches that size, it
will grow unstably because a crystal with a larger radius is
in equilibrium with a supersaturation lower that what is
already present. In such a case, dendrites might form with
tip radii equal to w,. The crystal will evolve towards an
equilibrium shape, such as in Fig. 5, as the growth of the
crystal reduces the supersaturation.

Nucleating heterogeneities are equally likely to be pres-
ent in pores of all sizes, so the sequence of events in Fig. 7
could occur simultaneously in pores of different sizes.
However, as growth consumes the supersaturation, there is
a driving force for the smaller crystals to dissolve in favor of
larger ones because Eq. (7) indicates that smaller crystals are
more soluble. Suppose that crystals have nucleated in two
neighboring pores with different sizes and that growth has
consumed the supersaturation, to the point that each crystal
is in equilibrium with the adjacent solution, according to Eq.
(9). This means that the solute content in the smaller pore is
higher than that in the larger pore, so the solute will tend to
diffuse toward the larger pore. As it does so, the smaller
crystal will begin to dissolve, and the larger one will
grow as it consumes the ions diffusing to it. This process

will result eventually in the transfer of salt to the largest
accessible pore (that is, the largest pore that is part of the
liquid-filled network). Therefore, there could be a high
transient stress from the crystallization pressure while crys-
tals grow under a high supersaturation, then some relaxation
as the crystals relocate from the smaller to the larger pores.

In the situation described in Fig. 1, the approach to the
equilibrium distribution of salt is complicated by the fact
that the precipitation of salt alters the permeability of the
body and may entirely block pores near the surface of the
wall. Consequently, evaporation slows down, and the liquid
rises higher in the wall. Depending on the degree to which
the surface is sealed by salt, the solution might even rise to
heqm» given by Eq. (3), before a true steady state is reached
and equilibrium is established.

6. Nonequilibrium distribution of salt

Suppose that the solution is trapped in a region of the
porous network whose perimeter has small pore-entry radii,
as in Fig. 7c. Crystalline salt will gradually redistribute into
the larger pores within the saturated region. If the RH
drops enough that the menisci can pass through the pore
entries, then the liquid will continue to evaporate, and the
continuity of the liquid film could be lost, as in Fig. 8. The
liquid has evaporated to the extent that the solution only
remains between the crystal and the pore wall. As the
supersaturation increases further, it cannot be relieved by
growth of the free end of the crystal because there is no
liquid film that would allow ions to diffuse to the free
surface. Under equilibrium conditions, described by Eq.
(12), the crystallization pressure is limited by the size of
the pore. However, in the nonequilibrium situation shown
in Fig. 8, the pressure is limited only by the RH and the
disjoining pressure. If the humidity is low enough to permit
further evaporation, the crystal finds itself in contact with
an increasingly supersaturated solution, but it cannot grow
because it is confined by the pore wall; the pressure it

Curvature of
meniscus is
-2/6

No continuous
film to permit
equilibration

Fig. 8. Drying has proceeded to the point that the meniscus lies between the
crystal and the pore wall, so that ions cannot diffuse to the hemispherical
end of the crystal; consequently, the supersaturation in the liquid cannot be
relieved by further growth.
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exerts on the wall will rise until the wall breaks, the salt
crystal yields, or the pressure exceeds the disjoining
pressure and the crystal is forced into contact with the
wall. Yield stresses for salts are high (e.g., 200—350 MPa
for alkali halides [22]) compared with the tensile strength
of nonmetallic building materials, so damage to the pore
wall is the most likely result.

Nonequilibrium growth is not limited to the case of
pockets bypassed by the drying front, as in Fig. 8c. It could
happen anywhere along the boundary of the zone of sub-
florescence, shown in Fig. 1, if evaporation raises the
concentration of the solution faster than it is reduced by
the diffusion of the ions away from the meniscus. This is
very important, because it explains how crystallization
pressure can cause damage to materials with relatively large
pores, such as stone, where the pressures predicted by Eq.
(12) are small.

The existence of crystallization pressure in a nonequi-
librium system was demonstrated in an ingenious experi-
ment by Taber [16]. He passed cold water through the
jacket of a double-walled spherical vessel, and through the
inside of the sphere he flowed a solution that was saturated
at an elevated temperature. The solution became supersat-
urated in the cool sphere, so that salt precipitated and
gradually filled the sphere. In the zone between the crystal
and the glass wall of the sphere, the supersaturated solution
forced the crystal to exert pressure on the wall and
eventually, the apparatus shattered. In this experiment, the
diameter of the inlet tube was large, so that the crystal
would have consumed the supersaturation by growing out
into the inlet, rather than pressing against the wall, if the
temperature had been uniform. However, the inlet was
warm and therefore the solution was not supersaturated at
that point. The supersaturation was limited to the cold
region near the wall of the vessel, so this was a case of
nonequilibrium growth, which permitted high stress to be
generated by a large crystal.

7. Cyclic wetting and drying

When water is introduced into a porous body by rain or
sea spray, rather than capillary rise, the pattern of crystal-
lization is different. In such cases, the salt may be inherent
to the porous material (e.g., gypsum in Portland cement) or
result from the reaction with atmospheric pollutants such as
sulfates that react with limestone to form gypsum [1,23].
Each time a wave breaks on the sea, it throws up droplets of
water that may dry into fine grains of salt, which can be
transported kilometers inland by the wind and be deposited
on buildings [24]; rain dissolves the salt, which is then
absorbed into the wall by capillary suction. The subsequent
evaporation of water and the nucleation and growth of salt
follow the same principles described previously, but the
processes occur closer to the surface, and the formation of
isolated pockets of salt is more likely.

A case of particular interest is the damage done by
sodium sulfate, which is one of the most destructive salts
[24]. This salt exists as an anhydrate called thenardite,
Na,SOy4, or as a decahydrate called mirabilite, Na,SOy-
10H,O; at room temperature, mirabilite decomposes to
thenardite at RH <75% [25]. If a solution of this salt dries
at temperatures below 32 °C, mirabilite is expected to
precipitate, then transform to thenardite, if the RH is low
enough. A standard test for salt durability is to soak a piece
of stone is a solution of sodium sulfate, then dry it, and
repeat until damage is observed [26]. Surprisingly, the
damage is found to occur during the wetting cycle, rather
than drying. Many authors attribute the damage to hydration
pressure, which is the pressure that would be required to
prevent the 314% increase in molar volume as the anhydrate
transforms to the decahydrate. However, this is not a mean-
ingful idea because thenardite cannot absorb water contin-
uously as it hydrates and expands like a sponge; instead,
thenardite dissolves and reprecipitates as mirabilite [27].
Thus, the damage actually results from the crystallization
pressure exerted by mirabilite [28]. The mechanism is rather
subtle [29,30]: the invading water encounters thenardite and
dissolves the salt until the solution is saturated with respect
to that crystal, but at ambient conditions a solution that is
saturated with thenardite is highly supersaturated with
respect to mirabilite. This novel method for producing a
high supersaturation is what is responsible for the unusual
destructiveness of this salt. This mechanism is not acting in
the experiments shown in Figs. 3 and 4, where there is a
steady supply of solution. However, it does act whenever a
sodium-sulfate-containing body is subjected to cycles of
wetting and drying.

8. Growth of ettringite

Gypsum is added to Portland cement to encourage the
growth of the trisulfate mineral ettringite, Cas[Al(OH)s]»
(SO4)5-26H,0 [31], during the initial hydration reaction and
thereby prevent premature setting [32]. However, when
ettringite precipitates after the concrete has hardened (called
delayed ettringite formation or DEF), it is blamed for
causing damage [33]. There is some controversy as to
whether the expansion and cracking that accompany DEF
results from the acicular crystals that form around the
aggregates [34] or from the precipitation in the smaller
pores of the cement paste [35]. The preponderance of
evidence seems to support the idea that crystallization
pressure develops in the nanometric pores of the paste,
producing an expansion of the paste and opening gaps
around the aggregate, followed by the precipitation of
crystals in the gaps [36]. The supersaturation necessary to
produce the pressure results from heating to a temperature
high enough (approximately 70 °C) to destabilize ettringite
with respect to monosulfate phases, followed by cooling.
Upon cooling to 20 °C, the supersaturation is estimated to
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be O/K = 30 [37], which could produce a crystallization
pressure of about 6 MPa, well in excess of the tensile
strength of cement paste or concrete. Assuming a crystal/
liquid energy of about 0.1 J/m?, this supersaturation would
allow the crystals of ettringite to penetrate any pore with a
radius exceeding 15 nm; such crystals would be too small to
be detected by X-ray diffraction or scanning electron
microscopy.

A detailed discussion of the development of stress during
the precipitation of ettringite, presented in Ref. [38], leads to
the following conclusions. (a) High supersaturation results
upon cooling from above 70 °C to room temperature, so that
crystallization pressure can exceed the tensile strength. (b)
Crystals large enough to be observed by SEM are not
capable of generating significant stress, so the crystals
responsible for expansion and cracking are the ones that
cannot be seen. (Their presence can, however, be detected
by chemical analysis of the paste [36,39].) (c) There is a
competition between the growth of the stressed crystals in
mesopores and the unstressed crystals in macropores. The
crystallization pressure is expected to build as small crystals
grow under high supersaturation, then diminish as they
dissolve and transfer the solute to larger crystals. Damage
is expected only during the transient period of elevated
stress. (d) The duration of this transient may be short
compared with the period over which growth of ettringite
produces large strains. DEF is reported to produce strains on
the order of 1% over a period of months or years. However,
cement paste or concrete cannot sustain tensile strains even
as large as 0.1% without cracking; hence, most of the DEF
strain occurs affer the material is severely damaged, and the
subsequent expansion can therefore occur under small
applied stresses. In materials exhibiting expansion from
DEF, the period of high stress during which the initial
damage is done (i.e., while the strain rises toward approx-
imately 0.1%) is relatively short (typically a few weeks). We
do not yet have sufficient data to permit the accurate
modeling of the kinetics of desorption and diffusion of
solute leading to nucleation and growth of ettringite. How-
ever, if the diffusion of ions occurs within the inner product
of calcium-—silicate—hydrate (C—S—H), then the diffusion
coefficient would be on the order of D = 10 ~ '* m?%/s [40].
The distance, x, over which the composition can be homog-
enized by diffusion in time ¢, is = Dt, so we estimate that
x = 400 um in 20 days. Therefore, if the distance from the
mesopores containing crystals to the macroscopic sinks is a
few hundred microns, the transient stress can last a matter of
weeks.

9. Growth of C—S-H

In a recent review, Acker [41] summarizes the evidence
of several studies indicating that the hydration of cement
results in crystallization pressure. For example, Miyazawa
and Monteiro [42] prepared a set of samples with water/

cement ratio=0.3 that varied in thickness from 13 to 102
mm. As shown in Fig. 9, the thin samples expanded, while
the thicker ones initially contracted and later expanded.
Acker [41] argues that the expansion results from the
crystallization pressure generated during the hydration of
Portland cement, which is opposed by capillary pressure
created by the self-desiccation of the paste. In the thin
samples, water is able to enter from the environment to
prevent the development of significant capillary pressure, so
the crystallization pressure dominates, and the sample
expands. In thicker samples, the kinetics of penetration of
water are slow enough that the capillary pressure overcomes
the crystallization pressure, and the sample contracts; later
on, even the large samples expand as the rate of reaction
decreases and the water gradually penetrates the pores.
Experiments of this kind, if combined with measurements
of creep rate and degree of hydration, could be used to
quantify the pressure generated during hydration.

The origin of the crystallization pressure in this case is
not clear. There is a large increase in volume as a cement
particle transforms from a mixture of di- and tricalcium
silicate (among other phases) into C—S—H. However, given
that the C—S—H forms a binding phase, it is improbable that
there could be a significant disjoining force between surfa-
ces of C—S—H particles. Therefore, crystallization pressure
is not expected to arise from the mutual repulsion of
surfaces of the hydrates. However, if a single particle of
cement forms a coating of hydration products, how is the
expansion of the unhydrated core accommodated when it
finally reacts? The situation is analogous to a droplet of
water that forms a crust of ice on its surface: the freezing of
the liquid inside the crust involves a volumetric expansion,
so it cannot freeze unless the crust stretches or breaks. (This
is the phenomenon responsible for the bump on the top of an
ice cube.) Similarly, hydration of the interior of the cement
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Fig. 9. Strain measured during hydration of Type I Portland cement paste,
made with a water/cement ratio of 0.30, during storage in a fog room
(100% RH). Smaller samples expand, while thick samples initially contract.
From Ref. [42].
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particle requires that the existing coating split or stretch, or
that the ions diffuse from the cement particle to the exterior
and deposit there. Therefore, some of the observed expan-
sion might result from hydration, not because the particles
repel one another, but because the core of each particle is
expanding. There is also likely to be crystallization pressure
during hydration, owing to precipitation of substantial
quantities of ettringite and calcium hydroxide, and these
are likely to generate a significant disjoining pressure.

10. Conclusions

A necessary condition for the occurrence of crystalliza-
tion pressure is the presence of supersaturation (for precip-
itation) or undercooling (for freezing), but that is not
sufficient. There must also be a disjoining pressure between
the growing crystal and any confining surface; otherwise, the
crystal will come into direct contact with the obstacle and
stop growing. However, if there is a repulsive force between
the surfaces, then the crystal will retain a liquid film between
itself and the obstacle and try to push it away with a force
that depends on the driving force for growth. When the
solution surrounds the crystal, it will remain in mechanical
equilibrium, so the force exerted on the confining walls will
depend on the curvature of the crystal. In such cases, stresses
in the megapascal range are only expected in nanometric
pores. However, the liquid film may be disrupted during
drying that the solution is trapped between the surface of the
crystal and the pore wall; then, the supersaturation cannot be
relieved by growth and stress comparable with the disjoining
pressure can be exerted even in large pores.

Supersaturation of salts can result from capillary rise and
evaporation, or from cycles of wetting and drying. Sodium
sulfate generates very high supersaturation by a different
route: when the anhydrate dissolves under ambient condi-
tions, the resulting solution is highly supersaturated with
respect to the decahydrate phase. This phenomenon makes
sodium sulfate one of the most destructive salts in nature. In
the case of ettringite, treatment at elevated temperature
followed by cooling to room temperature generates super-
saturation sufficient to produce crystallization pressure well
in excess of the tensile strength of concrete.
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