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Abstract

Salt crystallization represents one of the major causes for the degradation of building and ornamental stone. As such, it has attracted the attention of
researchers, who over the years have progressively unraveled most mechanisms involved in salt damage. Despite this mechanistic understanding, many
questions subsist about how to quantitatively predict damage or its progression, and in particular how to relate performance on site to that in laboratory
tests.

In this context, a new RILEM TC 271-ASC has been started with the objective of defining laboratory tests that deliver more reliable predictions of field
behavior. One deliverable of this TC is to provide a theoretical insight into this question based on recent progress on the understanding of salt damage.
This paper presents a summary of this work, highlighting key aspects relating to crystallization pressure, chemo-mechanics and mass transport.
Implications are discussed in relation to the most used accelerated salt crystallization tests in an attempt to better define which field exposure conditions
that these tests best represent and may be used for, or define effective test procedures representing specific field conditions.

A simple conceptual model for the development of salt damage is introduced. During an initial “induction” phase, transport of ions and accumulation of
salt in the porous materials occurs without causing detectable damage until a critical point, termed “damage onset” is reached. Beyond this point, during
the “propagation phase”, the material degrades, typically losing strength and cohesiveness. The implications of these two phases are discussed in
relation to the selection of appropriate salt weathering tests and conservation interventions.

Keywords: Cultural heritage; Stone; Brick; Masonry; Salt Damage; Crystallization pressure; Salt testing; Sodium sulfate; Sodium chloride; Conservation

external sources or a combination of both. Internal sources
involve the dissolution or chemical transformation of the
material itself or the use of salt-rich materials (e.g. dolomitic
and cement-based mortars) [2]. External sources can be the
vicinity of the sea, animal excrements, agriculture, deicing
salts, microorganisms, conservation treatments (e.g. Na- and
K- silicates waterglass), or capillary rise of ground water [3].
Acid attack of limestone or lime-based mortars from
atmospheric pollution, in particular sulfur dioxide, leads to

1 Introduction

Stones and masonry materials exposed to the environment
are subject to physical, chemical and biological weathering
that can damage these materials over time. Different
deterioration patterns are known and, in the case of stone,
well described in the ICOMOS-ISCS glossary [1]. In many
situations, this degradation is due to the action of various
types of soluble salts entrapped in masonry from internal or
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the formation of gypsum and represents a typical case of a
combination of internal and external sources.

Prediction of salt damage is particularly challenging. The
most widely used standard test, EN 12370 [4], relies on
cycles of impregnation by full immersion of specimens in a
sodium sulfate solution, followed by drying at 105 °C. This
leads to damage during the re-wetting phase of a cycle and,
because of the contamination procedure and the extreme
salt load and drying temperature, is not expected to be
representative for most situations found in practice, as for
example capillary rise. Several attempts to mimic field
situations in laboratory salt weathering tests have been
performed [5-9]. However, their relevance is questionable
since their outcome depends on the test conditions, with for
example substantial changes in ranking of stone resistance
depending on whether the test involve complete or partial
immersion [10]. Therefore, the issue of knowing how to
obtain reliable results from accelerated testing remains
open. This paper represents an effort of members of RILEM
TC 271-ASC to compile theoretical insights regarding factors
that influence the resistance of masonry to salt damage in
relation to exposure conditions, and which should be
incorporated into standard tests.

The paper begins with an overview of crystallization
pressure, which is the mechanism through which damage
develops (section 2). A particularly important feature is
upscaling pressure from the pore scale to the material scale.
Poromechanics shows that macroscopic damage onset
depends on crystallization pressure, the amount of salt
accumulated and materials properties. Thus, the
accumulation rates and localization of supersaturation,
which depend on exposure conditions, play important roles
as drivers for crystallization pressure. An overview of these
factors is given in section 3, followed by a discussion of
factors that control rates of salt transport in porous
materials (section 4).

Analyzing salt damage thus involves transport kinetics,
environmental exposure, materials chemistry, and
poromechanics. In view of this complexity, numerical
modelling of these coupled processes is essential to quantify
“exposure conditions” and design relevant tests. To this end,
section 5, presents an overview of the state of the art of
numerical modelling for salt transport and associated
damage from crystallization pressure. Owing to space
restrictions, we do not cover the more recently discussed
topic of diffusiophoresis, whereby some salts establish a
concentration gradient capable to transport colloidal
particles towards tiny pores that are not accessible by flow
otherwise [11].

The paper concludes with a simple conceptual model for the
development of salt damage. During an initial “induction”
phase, transport of ions and accumulation of salt in the
porous materials occur without causing detectable damage
until a critical point, termed “damage onset” is reached.
Beyond this point, during the “propagation phase”, the
material degrades increasingly. The implications of these
two phases are discussed in relation to the selection of

appropriate salt weathering tests and conservation

interventions.

2 Chemo-mechanics of crystallization pressure

2.1 Concept of crystallization pressure and
supersaturation

The crystals in Fig. 1 are surrounded by a solution containing
the same ions that constitute the crystal. Each is separated
from the pore wall by a nanometric film (thickness ) owing
to a repulsive “disjoining” pressure, Py that exists because
the salt/mineral interface that would result from contact
with the wall has a higher energy than the sum of the
existing salt/solution and mineral/solution interfaces [12—
14]. If the solution is supersaturated, then the pressure, P,
required to suppress growth of the crystal is [13,15] (see
Supplementary Material):

o) =~in(2) o

where P, is the pressure on the liquid, R the gas constant, T
the absolute temperature, v, the molar volume of the
crystal, Q the ion activity product (see suppl. mat.), and K the
equilibrium activity product at P, (equal to Q at saturation).
The ratio Q/K is called “supersaturation” and is a measure of
the thermodynamic driving force for a chemical
transformation of which the energy may produce damaging
mechanical work.

a)i

d
A

b)

Figure 1. If the crystal grows in a cylindrical pore with radius 7, then
the end of the crystal is hemispherical and has curvature k&, =
2/(7’p - 6), whereas the cylindrical side has curvature k3, =
1/(rp - 6). Here, & is the thickness of the liquid film between the
crystal and the pore wall. (b) When a crystal grows in a large pore (r,
macroscopic) with small entries (radius 1z < 13,), the curvature of
the body of the crystal is k2, ~ 0, and the crystallization pressure is
determined by the curvature of the crystal in the pore entries, k£, =
2/(rg — 6). Reproduced with authorization from [13].
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The maximum crystallization pressure is bounded by the
disjoining pressure: if the supersaturation is so high that P, >
P,, then the crystal will touch the wall and growth will stop.
This implies that modifying interfacial energies in porous
materials may offer a means of mitigating salt damage [16].
Such issues are, however, not considered in this paper,
which uses Equation (1) as the basis for the discussion.

2.2 Measurement of crystallization pressure

Correns and Steinborn proposed the first equation for
crystallization pressure [17,18], but they erroneously
expressed supersaturation as a concentration ratio [19];
nevertheless, their experimental data matched very well
with their incorrect equation. This and experimental
shortcomings raised [19,20] — as well as the failure of other
researchers to directly measure crystallization pressure
[21,22] - led to questioning the concept altogether. More
recently, Desarnaud et al. [23] used a novel experimental
approach to directly quantify the crystallization pressure.
Other earlier experiments also contributed to establishing
the existence of crystallization pressure [24-26].

2.3 Conditions allowing crystallization pressure to
develop

2.3.1 Small pores

In small pores, crystals require a certain supersaturation to
subsist because of curvature effects [12,27] that increase K
for small crystals [28], so P¢ is smaller at a given Q. As an
example, in cylindrical pores, the crystallization pressure
may drop to as little as half of that defined in Eq. (1). This
situation is illustrated in Fig. 1a, which shows a crystal in
equilibrium in a cylindrical pore of radius r,. The crystal end
is hemispherical with a curvature kf, = 2/(r, — §), where
6 is the liquid film thickness. The curvature on the crystal
side is ki, = 1/(r, — &). This crystal can subsist if the
supersaturation allows for a curvature kZ,, in which case the
sides are supersaturated, trying to grow and pushing against
the wall with pressure y¢, /(1 — &) = P¢ /2. This equilibrium
situation can develop pressure without the pore having to be
filled and without having to introduce kinetic arguments.

2.3.2 Filled large pores

The pore size in natural stones, fired-clay bricks and lime-
based mortars is much larger than in concrete (tens of
microns instead of nanometers). This means that the
situation described above is rather unlikely to cause large
crystallization pressures in these materials. Another
possibility is described in Fig. 1b. It represents a large pore
filled with a crystal having over most of its surface a
curvature kg, = 2/(rp—6). This pore is connected to
smaller pores with an entry radius 1y < 7,. The maximum
supersaturation before the crystal propagates through those
pores is given by the curvature k%, = 2/(ry — §). Under
such conditions, the full pressure described in Eq. (1) is
applied to the walls of the large pore. However, this situation
is also expected to be rather rare in most natural stones
because large pores are not generally isolated by small
entries, as assumed in Fig.1b.

In natural environments, salts deposit rather slowly, so
stressed crystals dissolve and the ions diffuse to larger pores
(a process called Ostwald ripening), where crystals can grow
without restraint. Salt damage should therefore only begin
after salt loadings are high enough to fill a substantial
fraction of the pores. Crystallization pressure can result from
salt filling large pores if, as shown in Fig. 2, drying causes the
liquid film to retreat between the salt crystal and the pore
wall: the supersaturated film generates pressure limited only
by Pg. Salt-filled pores can also cause damaging pressure
during insolation, owing to thermal expansion mismatch
between salt and porous materials [16].

Clearly, salt loading and distribution are important factors
that should be mimicked by laboratory tests. However, any
attempt to reduce the exposure time while “loading” the
material with salt probably modifies their distribution in the
material (section 4).

Figure 2. Situation in which 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 (adapted from [13]).

2.3.3 Sustained high supersaturation

One mechanism producing a high supersaturation involves
the dissolution-mediated transformation from a highly
soluble phase to one of lower solubility [29]. Sodium sulfate,
which is one of the most damaging salts known, constitutes
a good example of this. Thenardite (sodium sulfate
anhydrous) precipitates during drying cycles and dissolves
during subsequent wetting. Below 32.4 °C, this produces a
solution supersaturated with respect to mirabilite (sodium
sulfate decahydrate) [30-32], the precipitation of which can
cause substantial damage. In concrete, delayed ettringite
formation also proceeds via a temperature-related phase
transformation [33,34]. A more complete treatment of
sodium sulfate phase transitions with corresponding
crystallization pressure calculations as a function of
temperature and of the anhydrous sodium sulfate phase (Il
or V) is given elsewhere [35]. Other hydrated salts, such as
magnesium sulfate, can behave analogously [36-41].

Phase transformations can produce high supersaturations
throughout large portions of porous materials and are,
therefore, very destructive. This explains the popular use of
sodium sulfate in accelerated salt tests involving cycles of
wetting and drying [4].



R. J. Flatt et al., RILEM Technical Letters (2017) 2: 108-118

111

2.4 Mechanics and micro-mechanics of salt

damage

Predicting damage from salt crystallization has haunted
researchers for decades. Thomson [42] explained that a
tensile stress is produced in the matrix of a porous material
when crystals grow in the pores. The tensile strength of the
material should therefore be considered and salts must
propagate through a large enough fraction of the porous
network to produce stress fields capable of propagating
strength-limiting flaws [12] (the largest defect in a material
that are known to control its tensile strength).

Coussy quantified the macroscopic tensile stress felt by the
material due to crystallization by coupling crystallization
pressure with poromechanics [43] for isothermal situations,
which greatly simplifies the analytical solution. This
macroscopic tensile stress is:

c"=0,bS, (2)

where o, is the radial compressive stress, i.e. the applied
crystallization pressure on the pore wall, and hence, it is
roughly given by (1) for filled pores, b is the Biot coefficient
(for limestones roughly equal to 1-exp(-6.4 ¢) where ¢ =
porosity [44]) and S¢ is the volume fraction of the porous
network filled with crystals. Using a strain energy failure
criterion, damage is expected to begin if a critical stress, o,
is reached [25]:

o; = or/y/3(1=2v) (3)

where g is the tensile strength of the material and v its
Poisson ratio (for stone, v typically ranges from 0.2 to 0.35).

The predictive power of this relation was demonstrated
using the sodium sulfate test at different temperatures [26].
The supersaturation and, therefore, g, were varied by
changing the wetting temperature because of the strong
temperature dependence of the solubility of mirabilite.
Experiments showed that lower temperatures required
fewer impregnation cycles for damage to occur, because the
crystallization pressures were higher. More importantly, the
number of cycles needed to cause damage can be
determined from Egs. (2) and (3) with g, given by Eq. (1)
[26].

Thus, if supersaturation and salt loading are known, then
damage onset just depends on knowing the tensile strength
and Poisson ratio. An example of such a situation is the cyclic
impregnation and drying with sodium sulfate solutions [26],
or the evaporative crystallization of sodium sulfate in a
porous material [29]. However, in most practical situations
the supersaturation is not known. Therefore, a major
challenge for testing materials for salt damage consists in
reproducing a combination of salt loading and
supersaturation representative of weathering events in situ.

3 Conditions of exposure

3.1 Capillary Rise

A common mechanism by which salts can be supplied to and
accumulated within a built structure is rising damp [2,5]
(Fig. 3a). Ground water is a diluted salt solution that can rise
up a wall by capillary forces (so-called "wick effect") [6].
Once the salt solution reaches the exposed surface of the
wall, it evaporates [45] and each salt starts to crystallize at a
certain height once a sufficient supersaturation is reached.
Less soluble salts crystallize at lower heights, while more
soluble salts crystallize higher up following a
"chromatographic" separation (fractionation) [2]. If
evaporation takes place at the wall surface, non-damaging
efflorescence forms (crystals forming on the surface of the
porous material and that can be considered as visual
damage) [46]. At a certain height, in contrast, the
evaporation front retreats into the pore network and
damaging subflorescence forms (crystals forming within the
porous material). The dynamic equilibrium between
evaporative flux (drying) and advective supply of solution to
the evaporation front dictates the transition height from
efflorescence to subflorescence (Fig. 3a and b) [7,13,45,47].

Existing standard tests or recommendations, for example
RILEM 25-PEM (1980) and EN12370 [4,48], do not directly
assess this transition. Test procedures involving partial
immersion can better reproduce it. A continous partial
immersion test was proposed by Rodriguez-Navarro and
Doehne [5,8]. Fig. 3b and 3c show results where a prism of
the stone is partially immersed in a saline solution covered
with paraffin (to avoid excessive evaporation and promote
capillary flow through the pore system of the sample).
Typically, efflorescence forms up to a certain height, above
which subflorescence causes damage in the form of cracks,
scaling and granular disintegration (Fig. 3d).

Once a sufficient amount of salt has accumulated within the
pores, high stresses and damage can arise [26]. The partial
immersion test shown in Fig. 3b has been used not only to
evaluate the susceptibility of different porous materials
against salt damage, or to rank the damage potential of
different salts [5,7,13,40,49], but also to evaluate the
efficacy of crystallization inhibitors-promoters to reduce salt
damage [50-55] and to favor desalination by fostering
efflorescence (Fig. 3e) [56,57]. A modification of this test was
proposed by Hamde et al., applying a continuous flow of
10% sodium chloride [58]. With this they could clearly
illustrate how increasing temperature to accelerate drying,
shifted crystallization from efflorescence without damage to
damaging subflorescence. One limitation of these partial
immersion tests, as well as of other procedures, is the
current lack of a specific normative that could enable direct
comparison of test results among different laboratories.
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Figure 3. Salt damage via capillary rise. a) Example of a porous calcarenite stone wall (Granada Cathedral, Spain) affected up to a certain height
(marking the maximum height of capillary rise) by salt damage; b) scheme showing the partial immersion test for salt damage via capillary rise,
representing: capillary rise, evaporation and zones of efflorescence and subflorescence (adapted from [13]); different sealants have been
proosed as paraffin wax [5] and flexible plastic films [13], the solution max be still and replenished [13] or in continuous flow [58], most
preferably such samples are placed in a chamber of which the environmental conditions are controlled [5,7], and the sample is placed on
supports so that the solution wets the bottom surface [7]; c) image of the partial immersion test set up for the case of a porous limestone
subjected to sodium chloride crystallization test; d) same as (c) after four weeks solution flow-through and evaporation. Efflorescence in the
lower part of the stone prism is observed, while subflorescence in the upper part leads to scaling and loss of material (arrows); and e) porous
limestone subjected to sodium chloride crystallization in the presence of 3 mmol/L sodium ferrocyanide. Just in two days, massive salt
extraction as efflorescence takes place in the presence of this crystallization inhibitor (image reproduced with permision from [51]).

3.2 Temperature, relative humidity and wetting
cycles

Another important mechanism by which weathering takes
place is dissolution-recrystallization cycles of salt crystals
entrapped in porous materials (see section 2.3.3). With
wetting, temperature and/or relative humidity (RH)
fluctuation, the salts can dissolve either in contact with liquid
water (dissolution) or with water vapor in the air
(deliquescence). The latter occurs when the RH of the air
exceeds the equilibrium RH of the saturated salt solution. In
porous materials, the resulting salt solution is subsequently

mobilized in the pore network and can re-crystallize in
another location when environmental conditions change.

Laboratory studies [25,31,37,59-63] have shown how the
kinetic pathway of recrystallization can influence the way
different salts cause damage depending on environmental
conditions. Serious damage, such as granular disintegration
(Fig. 4a) and substantial redistribution of salt (Fig. 4b and 4c)
can result from RH cycles alone. Wetting with liquid water
(e.g., rain or capillary rise/rising damp) may result in damage,
as shown in Fig. 3, or harmless efflorescence, as in Fig. 5.
Such results can be explained by models that take account of
the duration and rate of the wetting and drying cycles,
respectively, as explained in section 4.

Figure 4. lllustration of the formation of granular disintegration (a) from [59] and of the displacement of sodium chloride as a result of cycles of
humidifying at 92% RH and drying at 10% RH [62]. b) shows a micro CT image of a sample impregnated with a NaCl solution and dried once,
while c) shows the same sample after 3 cycles. The red color shows the NaCl and its displacement from outside the sample to its subsurface.
Reproduced with authorization from [59] and [62].
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Figure 5. Salts contaminated stones (top images) are saturated with water and dried again (bottom images). Recrystallization in this way tends
to extract the salt from the porous stone and favors more localised cauliflowers structures as efflorescence. X-ray p-CT analysis of NaCl at the
surface after dissolution recrystallization. The SEM images show the larger size of NaCl cauliflowers efflorescence after several cycles [94].
Reproduced with authorization from [94].

For salts that have both hydrated and anhydrous phases
with different temperature-dependent solubilities, the
crystallization dynamics can be more complex. As mentioned
in section 2.3.3, for most of these salts, such as magnesium
sulfate or sodium sulfate, it is rather the direct
dissolution/recrystallization cycles that induce significant
damage [25,30,31,37,60,63].

3.3 Salt mixtures

Though most laboratory experiments are carried out with
single salts, contamination of porous building materials with
only one salt is quite uncommon. Usually, complex mixtures
of salts are present. The crystallization of salt mixtures is
much more complex [64,65] and few studies with salt
mixtures exist (e.g. [66-70]). At a given temperature, the
behavior of a single salt is well described by its solubility and
deliquescence humidity (DRH). Above the DRH, the salt
remains dissolved, while below it the salt crystallizes out.
Therefore, experimental conditions in the above described
experiments are well defined for single salts.

In salt mixtures, the solubility of a salt is affected by the
other salts and strongly depends on the mixture
composition. In effect, crystallization properties of salt
mixtures are not characterized by a single DRH value but
rather a range. The more complex a mixture is, the broader
is the RH range across which solution and solid phases
coexist. This results in fractionation of salt mixtures during
transport due to selective precipitation as described in
section 3. The prediction of the crystallization behavior of
complex salt mixtures requires thermodynamic modeling
[65].

Another complicating factor arises from the fact that a large
number of double salts may form in mixed solutions [65]. A
congruently soluble double salt, e.g. KAI(SO,),-12H,0
(potassium alum), behaves like a single salt and may be

characterized by an unambiguous DRH and solubility.
However, most double salts found in building materials are
incongruently soluble [36,70,71]. Dissolution of such a
compound vyields a metastable solution that s
supersaturated with one of the two single salt constituents.
For example, dissolution of both darapskite, Na;NO;SO,4-H,0,
and bloedite, Na,Mg(SO,),4H,0, leads to a mixed solution
highly supersaturated with respect to mirabilite,
Na,S0,:10H,0. Thus, upon wetting, these double salts
behave similarly to pure sodium sulfate and were found to
be very damaging in wetting experiments at high pore filling
[36,71].

4  Transport mechanisms

Mass transport rates, which play a dominant role in the
induction period before salt damage, are analyzed in this
section, based largely on [72-75].

4.1 lon transport: advection and diffusion

As long as there is no moisture transport, ions only diffuse
within the liquid. In a porous material, their diffusion is
hindered by the tortuosity, T*, of the pore structure, which
increases the effective path length. Neglecting adsorption on
the pore wall, the diffusion in a porous body writes:

dc 0 (

_ dc
5t = 3P 3;)
where c is the ion concentration, D¢ the effective diffusivity
for a given material. For a porous material this writes
Derr = D/T", where D is the diffusion coefficient in water.
In general, for many porous materials T is in the order of 4-
10.

When there is also a moisture flow (or advection), which
represents most cases of practical interest, ions are

(4)
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transported along with the liquid. Simultaneously to this
advection, ions continue to move in response to the
concentration gradient, something that for a fully saturated
sample is described by an advection-diffusion equation:

dc 0 (D dc ) (5)
— = ——uc
at  ox\ T ox

where u [m/s] is the macroscopic velocity of the liquid in the
porous material (namely, the Darcy velocity).

Two extreme cases can be identified: absorption and drying.
In absorption (or water uptake), the liquid velocity is
dominated by capillary forces and therefore depends on
surface tension, contact angle and pore size. In drying, the
liquid velocity is dominated by the boundary condition, in
particular by the balance between evaporation and
advection rates.

4.2 Péclet number

Eqg. (5) indicates that advection can accumulate ions near the
drying surface, whereas diffusion tries to level off their
concentration throughout a system. On the right-hand side
of that equation, the first term describes the diffusive flux,
whereas the second term describes the advection of the ions
along with the liquid flow. The competition between the
transport mechanisms can be characterized on a
macroscopic level where the Darcy equation is valid with a
dimensionless parameter known as the Péclet number.
Based on Eq. (5), it can be defined as:

ulL
Pe = (6)
Degs

where L is a so-called characteristic length scale, which most
often can be chosen as the length of the sample. In the case
Pe >> 1, advection dominates and a concentration gradient is
established. An accumulation of ions at or close to the
surface gives rise to crystallization as soon as the saturation
concentration is reached (assuming nucleation is easy). In
contrast, if Pe << 1, diffusion is dominant and we expect a
homogenous distribution of salt. This means that salts can
be redistributed towards zones of lower concentration, so
that accumulation and high supersaturations are avoided, in
particular in the subsurface, meaning the damage from
crystallization pressure should be reduced.

A delicate part in determining Pe consists in obtaining
reliable values for the fluid velocity, u. In drying experiments
Pe numbers are found between 1 and 40. Measurements of
drying rates on site could be considered and portable
devices to access such properties are being developed [76].
With such data, Pe could be estimated, helping to select
laboratory conditions best representing field exposure.
Another complication in cases of salt accumulation is that
the blocking of pores modifies the fluid velocity. In principle,
this is something that a laboratory test should also be able to
capture [77]. One may, however, apply different conditions
during an accumulation phase, to prepare samples before
subjecting them to conditions more similar to field exposure
and the target Pe value.

4.3 Crystallization and growth kinetics

When supersaturation develops, a sink term needs to be
included in Eq. (6) describing the precipitation reaction,
typically represented by a kinetic law [78]. One assumption is
that the rate of formation is proportional to concentration in
excess of the saturation concentration c*:

%=:—x(Deffz—;—uc)—k(c—c*) (7)
were k is a crystallization kinetics parameter (growth rate
constant), in which the effects of nucleation, bulk crystal
growth, and pore structure (connectivity, pore size and
specific surface) are lumped together. From such an
equation and using an appropriate numerical approach, it is
possible to calculate the rate of salt accumulation, as well as
its distribution in a sample. The next section presents a
concise outline for this.

5 Numerical approaches

To capture the complex interactions between varying
environmental conditions and the processes inside the pore
space, including precipitation, pressure buildup, heat and
mass transfer, numerical tools have been developed to
simulate crystallization problems on multiple scales. This
calls for solving a coupled set of equations describing heat
and mass transport in the porous material, salt
crystallization, and the mechanical response to temperature,
moisture and salt content changes, as well as thermal, hygric
and crystallization-induced fracturing. The environmental
conditions define the boundary conditions. Given the
nonlinear nature of the equations and their coupling,
numerical approaches are needed. Typical ones used in the
literature are control volume, finite element, and finite
difference. Numerical codes were developed throughout the
years [79], initially focusing on the coupled transport-
crystallization equations [80—83] and subsequently on the
coupling with the mechanical response by introducing
poromechanics [43,84,85] and fracture mechanics [86].

The accuracy of these simulations strongly depends on the
input parameters, and therefore a good knowledge of the
material, fluid, and salt properties is crucial. Complete
characterization of a porous material should include
measurements of thermal capacity and conductivity,
moisture retention curve and permeability, and mechanical
properties, as thermal expansion coefficient, Young's
modulus, Poisson’s ratio, tensile strength, and Biot
coefficient. For unsaturated conditions, the moisture
retention curve is defined by the volume of pores that is
filled by moisture at a given capillary pressure. Similarly, the
liquid permeability varies as a function of capillary pressure,
and depends on the connectivity between liquid-filled pores
at a given capillary pressure. Often, the capillary absorption
coefficient is determined in the laboratory as a measure for
liquid permeability. However, this only reflects the
permeability at the capillary saturated state, whereas the
unsaturated permeability [87] is crucial for a correct
modelling of the moisture profiles during wetting or drying



R. J. Flatt et al., RILEM Technical Letters (2017) 2: 108-118

115

events. The evolution of moisture profiles then defines the
location of salt precipitation, inside the material or on its
surface, and for subflorescence, the size of the zone in which
salt crystals accumulate.

In addition to intrinsic material properties, fluid properties
need to be known, including fluid density, surface tension
and viscosity, as well as the influence of temperature and
salt concentration on these properties. Salt properties
comprise the latent heat of crystallization, the ion and water
activities [88], and crystallization kinetics.

Although a very rich dataset on material, fluid, and salt
properties can be collected, certain physical aspects remain
uncertain in the numerical models. Once crystals precipitate
as subflorescence, they influence the moisture retention
curve and permeability, as less pore space is available, and
pores can get clogged [89]. The changes in transport
properties depend on which fraction of the porosity gets
filled by crystals (pore sizes and volume fraction). In addition,
pore filling also influences the calculation of crystallization
pressure. Different filling paths can be assumed: from large
to small pores, from small to large, or a uniform distribution
of crystals over all pore sizes.

Numerical models at the pore scale were developed to
assess the influence of the filling path on crystallization-
induced stresses [90,91]. However, the pore filling itself
remains difficult to model, and depends on the pore
structure, as well as on the process triggering crystallization
(e.g. drying, cooling, or rewetting). Efflorescence influences
transport, as it forms a new porous layer on the existing
porous structure. In a macroscale numerical description,
efflorescence can be incorporated as a changing boundary
condition, but its definition remains tailored to the specific
type of efflorescence and no generally valid expression exists
[92].

Despite these uncertainties, it should be possible to make
satisfactory assumptions about material properties and

exposure conditions. A numerical model can be used to
assess how variation of these properties affects the overall
material behaviour. In this way, the sensitivity to each
property can be assessed, shedding light both on the
properties that matter most and on those for which only
limited accuracy is needed.

When thinking of a laboratory salt weathering test, we
typically think of a freestanding porous building material (or
combination of materials) that is subjected to temperature
and/or humidity cycles. Under these conditions, the effective
stress can be approximated by accounting only for the
crystallization-induced  stress  [25,26,83,84,90]. The
mathematical problem thus simplifies and can be decoupled;
that is, the stress can be calculated for each time step after
solving the coupled heat and mass transport problem. The
main asset of numerical simulations over analytical solutions
is that they can account for complex boundary conditions
(e.g. real climate data). Numerical simulations could
therefore be used to test whether a simplified climate
protocol for a laboratory test induces the same weathering
response as the field exposure considered.

6 Conclusions and outlook

The goal of this review is to contribute to better defining the
questions and identifying possible approaches to designing
the most meaningful possible tests for salt damage. For this,
we adapt one of the most quoted works on the durability of
reinforced concrete [93]. It introduces the notions of
“induction time” and “propagation phase”. For reinforced
concrete, referring respectively to the time before steel
rebars starts to corrode (involving transport of either
chlorides or carbon dioxide), and the period during which
corrosion develops after critical conditions are reached at
their surface (referred to as “damage onset” in Fig. 6).

Propagation stage

Degree of
damage 5 A )
Accumulation Stage
A
|-
Acceptable
Damage [° = == = e o s o o o [

* END Time
of Life
Damage
threshold Remaining Life

Figure 6. Schematic representation of durability of a stone subject to salt damage, adapted from the concept proposed by Tuutti to describe
the durability of reinforced concrete [93]. The graph shows a first “accumulation phase”, during which salts deposit in the porous material, but
are not yet present in large enough amounts to damage it. Damage starts to develop after the “damage onset” and progresses at the “damage
rate”. Stones may however remain in place until a level of “acceptable damage” is exceeded. If confronted in knowing how much more time a

degrading stone may be left in place beyond at certain time (marked by “*” in the graph), then the value of the “damage rate” is the most
important factor in determining the “remaining service life”. If the question concerns the selection of the most adequate replacement material,
then the “service life” will most probably be conditioned by the “accumulation stage” and laboratory testing should focus on this rather than on
damage propagation.
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This concept can be transferred to salt damage (Fig. 6).
Indeed, from the poromechanical treatment (section 2.4),
we underlined that the fraction of filled pores plays an
important role in the macroscopic stress. As crystallization
pressure cannot be arbitrarily high in field exposure, it is
necessary to accumulate a certain amount of salt before
damage initiates. Conditions and rates under which this
occurs could be estimated qualitatively from a Péclet
number (section 4.2) and semi-quantitatively from numerical
modelling (section 5). The duration of this “accumulation
phase” is probably the one of greatest concern when having
to select new or replacement materials. Hence, when facing
such questions, tests oriented at rates of salt accumulation
would be the most relevant ones. From a numerical point of
view, such situations are easier to model, implying that there
is a significant potential of using modeling to assess the
relevance (or not) of a given test for given exposure
conditions. Of course, this requires accurate data regarding
the environmental conditions on site over time (e.g. RH, T,
rainfall, ground saturation, and pollution levels).

The propagation phase is quite difficult to predict, because
the material becomes increasingly damaged and it is unclear
which mechanical properties to use and which failure
propagation criteria to use at what scale. Such situations
would have to be studied if the question posed is “how
much longer can a material undergoing degradation still be
left in place”. This introduces the notion of “acceptable
damage”, which depends on the situation considered, has a
subjective component, and is clearly different between a
stone serving a decorative or a structural function. When
faced with such questions it is conceivable that tests should
be designed in which a benign accumulation phase is first
used to accumulate the salts in a small and meaningful
volume of the specimen. This would be followed by another
test producing crystallization pressure, possibly in cycles, to
test the resistance of building materials in a way that will be
more representative of field exposure. It would provide the
damage rate in Fig. 6.

In summary, we suggest that the poromechanical insight
provides an important argumentation for separating salt
damage into two phases: induction and propagation. When
considering replacement stones, bricks or mortars, tests
should focus on the rate of salt accumulation. Modelling, as
well as estimates of Péclet numbers, can provide guidelines
to define exposure classes and corresponding relevant tests.
When dealing with the question of “remaining service life”,
tests could be separated in two phases. A first phase would
only serve to accumulate salts without inducing damage. A
second would serve to initiate and propagate damage to
determine a damage rate more representative of practice.
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