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c University of Antwerp, Antwerp Cultural Heritage Sciences, Faculty of Design Sciences, Mutsaardstraat 31, 2000 Antwerpen, Belgium 
d Ghent University, PProGRess-UGCT, Krijgslaan 281/S8, 9000 Ghent, Belgium 
e Universite de Pau et des Pays de l’Adour, E2S UPPA, CNRS, Total, LFCR UMR5150, Pau, France   

A R T I C L E  I N F O   

Keywords: 
Salt crystallisation 
Building stones 
Salt accumulation 
Multiphase modelling 
Finite element method 

A B S T R A C T   

The RILEM TC ASC-271 is designing a new procedure to assess the durability of porous building materials to salt 
crystallisation in the laboratory, consisting of a salt accumulation and a damage propagation phase. The salt 
accumulation consists of the capillary absorption of a salt solution followed by drying at low humidity to 
crystallize salts close to the evaporative surface without inducing damage. This was experimentally verified on 
Maastricht and Migné limestone but poses the question of whether the accumulation procedure can be extrap-
olated to other porous building materials and if the salt distribution is influenced by the salt concentration and 
drying conditions. Using a multiphase numerical model, sodium chloride accumulation can be accurately pre-
dicted for both stones. Furthermore, numerical simulations confirm that the protocol remains valid for other 
porous building materials and while moderately varying the concentration of the absorbed salt solution and the 
relative humidity while drying. Consequently, the protocol’s general applicability is confirmed, proving its 
suitability for developing a more effective salt crystallization test.   

1. Introduction 

Salt weathering is a major problem for the durability of porous 
building materials and plays a significant role in the conservation of 
historical monuments and our cultural heritage, as well as in the life 
span of construction materials (e.g. [1–3]). In order to assess the dura-
bility of building materials to salt weathering, accelerated laboratory 
tests are carried out. The RILEM Technical Committee (TC) ASC-271 
(“Accelerated laboratory test for the assessment of the durability of 
materials with respect to salt crystallization”), launched in 2016, pub-
lished two state of the art review articles on this subject. They focus on 
laboratory salt crystallization tests for porous building materials [4] and 
the associated theoretical principles [5], including salt transport 
mechanisms, the conditions of exposure, and the chemo-mechanics of 

crystallization pressure resulting in damage [6–9]. There are several 
standards and guidelines to test the durability of building materials to 
salt crystallization, although no common test protocol is well accepted 
to date by the scientific community. This makes practitioners and re-
searchers modify existing procedures, leading to incomparable results. 

The aim of the TC ASC-271 is to develop an accelerated salt weath-
ering test that represents deterioration mechanisms occurring onsite. 
Salt spray tests are generally well accepted and effective in reproducing 
onsite damage mechanisms [10,11], so they are not included in this 
study. The TC ASC-271 focuses on salt damage induced by salt transport 
towards the evaporative surface of a building material. A new test 
protocol is currently under development, consisting of two distinct 
phases [5]: (1) the accumulation phase, during which the pore space 
gets filled by salt crystals, without damaging the solid material, and 
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without or with limited formation of efflorescence, and (2) the propa-
gation phase, during which weathering cycles lead to damage initiation 
and propagation. During the accumulation phase, salt should precipitate 
in a thin layer close to the evaporative surface to create a localized 
accumulation zone, as this is the most common situation found onsite. 
Water transport properties, governed by the pore structure of the ma-
terial, and crystallization kinetics will control the salt distribution in the 
accumulation phase [12–15]. In the propagation phase, also the me-
chanical properties of the material and the environmental conditions 
will play an important role in the eventual damage mechanism 
[1,5,16,17]. By clearly separating between a salt accumulation and a 
damage propagation phase, the test procedure distinguishes itself from 
existing salt weathering tests. The main novelty is to be able to define the 
risk for salt damage due to dissolution-crystallization cycles, depending 
on the salt content and the corresponding degree of pore filling accu-
mulated in the first phase. This idea originates from the expression for 
the resulting macroscopic tensile stress σ* due to in-pore crystallization 
[5]: 

σ* = bScpc (1)  

where b is the Biot’s coefficient, i.e. a material property, Sc is the volume 
fraction of the porous network filled with crystals, and pc is the crys-
tallization pressure. When the macroscopic tensile stress exceeds a 
failure criterion, damage is initiated. The salt accumulation phase is 
reflected in the expression above by the term Sc, whereas the start of the 
propagation phase will be controlled by the crystallization pressure pc 
and the resulting tensile stress σ*. 

In the first step of the design of the new salt weathering test, the TC 
ASC-271 focuses on the salt accumulation phase. The experimental salt 
accumulation procedure is described by Nunes et al. [18] and is based on 
tests performed on two stones, Maastricht and Migné limestone, with 
single salt solutions of sodium chloride and sodium sulphate. Nunes 
et al. conclude that the best accumulation procedure consists of one 
wetting step with a salt solution of a predefined concentration, followed 
by one unidirectional drying step at a controlled constant relative hu-
midity and temperature. This conclusion is based on an extensive 
characterization of the salt distribution by comparing results obtained 
via several experimental techniques (ultrasonic pulse velocity, hygro-
scopic moisture content, ion chromatography, scanning electron mi-
croscopy, micro X-ray fluorescence mapping, drilling resistance method 
and scratch test) [18]. The question remains however if the procedure, 
tested on two stones, can be extrapolated to other porous building 
stones, and if the salt distribution is influenced by the choice of salt 
concentration and drying conditions. To answer this question, numerical 
modelling can complement experimental testing, by varying parameters 
and testing in silico the material response. 

To assist the TC ASC-271 in its decision process, a multiphase nu-
merical model is employed in the study at hand to solve the mass bal-
ance equations for the coupled multiphase problem of salt transport and 
crystallization (as also pursued by akin numerical models, see e.g. 
[19–21]). The particularity of this model, which follows the de-
velopments in [22,23], is the incorporation of a phenomenological 
description of salt efflorescence, where all efflorescence is lumped in the 
boundary element of the finite element mesh. Efflorescence is not 
modelled explicitly, as the salt cannot grow outside of the initial model 
domain. As such, no discrimination is made between pore filling on the 
border and efflorescence itself, but the phenomenological description 
allows correctly reproducing the drying kinetics when efflorescence 
affects the drying rate. The model has been experimentally validated for 
sodium chloride precipitation under isothermal conditions [23]. The 
numerical study will therefore focus on the salt accumulation procedure 
with sodium chloride. The numerical modelling of sodium sulphate 
accumulation, which requires to include and to validate the potential 
precipitation of the different crystal phases of sodium sulphate, is the 
subject of future work. 

The aim of the work presented in this paper is to determine (i) if the 
accumulation procedure, designed by the experimental testing on two 
limestones [18], is generally applicable, and (ii) how sensitive this 
procedure is to the salt solution concentration and the imposed drying 
conditions. Accordingly, a characterization of the physical, moisture 
transport and mechanical properties needed as input for numerical 
modelling is performed on Maastricht and Migné limestone. The nu-
merical model is validated against experimental results on the drying 
kinetics, presented in this paper, and on the salt distributions obtained 
by Nunes et al [18]. The model is then further exploited for other porous 
building materials, considering also variations of the salt concentration 
and of the relative humidity during drying. The damage propagation 
phase is not treated in the current study, but will be the subject of future 
publications by the RILEM TC ASC-271. 

2. Materials characterization and experimental results on 
sodium chloride salt accumulation 

2.1. Maastricht and Migné limestone 

Maastricht and Migné stone have been selected to develop the 
RILEM-TC ASC-271 test procedure. Both stones are sedimentary porous 
limestones. Maastricht stone is a yellowish limestone extracted in the 
Netherlands, and Migné stone is a white limestone extracted in France. 
Both stones are composed mainly of calcite, with a small amount of 
quartz in the case of Maastricht stone. These stones were selected 
because of their homogeneous structure with a unimodal pore size dis-
tribution. The major differences between them are the porosity and the 
size of the main pores. 

The key properties for this study were determined by laboratory 
testing of stone samples. The results for the physical, mechanical and 
water transport properties of the two selected stones are summarised in 
Table 1. The dry bulk density, specific gravity, total open porosity and 
mean pore size were measured on three samples of about 1 cm3 by 
mercury intrusion porosimetry (MIP) using an Autopore IV9520 
microporosimeter operated in the range of 2.76 kPa to 414 kPa. The 
capillary test was carried out according to the standard EN 1925 (1999) 
[24] on three drill cores of each stone type (diameter: 40 mm, height: 80 
mm). Mechanical measurements were performed on stones in their dry 
state, after drying in an oven at 70 ◦C until constant weight and cooling 
in a desiccator. The uniaxial compressive strength (UCS) was measured 
according to the standard P94-420 [25] on three specimens of each 
stone type (diameter: 40 mm, height: 80 mm). The tensile strength was 
measured according to the Brazilian test, also on three specimens of each 
stone type (diameter: 40 mm, height: 40 mm), by applying a compres-
sive load diametrically on the circular cross-section of the cylindrical 
specimen according to the standard P94-422 [26]. 

Fig. 1 presents the microstructure of both stones with images ob-
tained by Scanning Electron Microscopy (SEM) and their pore size dis-
tribution obtained by MIP. Fig. 2 presents their complete water retention 

Table 1 
Properties of the two selected stones.   

Maastricht 
stone 

Migné Stone 

Dry bulk density (g/cm3) 1.26 ± 0.01  1.81 ± 0.02 
Specific gravity (g/cm3) 2.69 ± 0.01 2.68 ± 0.02 
Total open porosity (%) 53.1 ± 0.4 32.4 ± 0.5 
Mean pore diameter (Hg volume) (µm) 30.4 ± 0.2 0.95 ± 0.05 
Water uptake capillary coefficient Acap (g/cm2/ 

min0.5) 
2.19 ± 0.16 0.23 ± 0.01 

Wetting front capillary coefficient (cm/min0.5) 4.92 ± 0.09 0.93 ± 0.02 
Degree of saturation by capillary absorption (%) 77.6 ± 0.5 83.0 ± 1.1 
Uniaxial compressive strength (MPa) 1.95 ± 0.14 12.26 ±

1.76 
Tensile strength – Brazilian test (MPa) 0.25 ± 0.01 1.11 ± 0.24  
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curve in the capillary saturation regime. In this test, three dry stone 
samples of about 3 cm3 were put in contact with systems imposing water 
suction (atmosphere with constant relative humidity for high suctions, 
PEG osmotic solution across a semi permeable membrane for interme-
diate suctions, tensiometric plates for low suctions) [27]. At equilib-
rium, i.e. when reaching a constant weight, the water content of the 
stone samples was measured, and the associated degree of saturation 
was calculated. 

Both Migné stone and Maastricht stone have a high porosity 

according to the classification developed by Von Moos and De Quervain 
with a significantly high amount of pore space [28]. The porosity of 
Migné stone is about 30%, and the porosity of Maastricht stone is more 
than 50%, which makes the latter a very light building stone with a dry 
bulk density close to 1.2 g/cm3. The specific gravities are close for the 
two stones, with a value of 2.69 g/cm3, and close to the value of the 
density of calcite (Table 1). The grain sizes are very homogeneous for 
both stones, but very different in order of magnitude. Indeed, the grain 
sizes are about 100–150 µm for Maastricht stone and about 1–5 µm for 

(a) Maastricht stone (b) Migné stone

Fig. 1. Microstructure by SEM images and pore size distribution by MIP for the two selected stones: (a) Maastricht stone, (b) Migné stone.  

(a) Maastricht stone (b) Migné stone

Fig. 2. Water retention curves for the two selected stones: (a) Maastricht stone, (b) Migné stone.  
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Migné stone, as estimated from the SEM images. That is why both 
limestones have a unimodal pore size distribution, with a mean pore 
diameter of around 30 µm for Maastricht stone, which has the coarsest 
grains, and a mean pore diameter of around 1 µm for Migné stone, which 
has the finest grains (Fig. 1). Even if Maastricht limestone has very 
coarse pores, all the pores are still in the range of capillary pores 
(<1mm) [28]. The difference in pore sizes causes a great difference in 
capillary water absorption. Indeed, the wetting front capillary coeffi-
cient is 5 times higher for Maastricht stone compared to Migné stone. 
Only 2 minutes are needed to wet by capillarity a height of 50 mm of 
Maastricht stone compared to 30 minutes for Migné stone. The water 
uptake capillary coefficient Acap is 10 times higher for Maastricht stone, 
as its porosity is about 2 times higher than the porosity of Migné stone. 
At the end of capillary imbibition, both stones are not fully saturated, as 
they only attain a degree of saturation of around 80%. For the water 
retention curve, the standard deviation of each measured point is very 
low because the two stones are very homogeneous. Both stones have no 
hygroscopic behaviour as the water retention curves (Fig. 2) show water 
contents lower than 1% for high values of suction (i.e. for relative hu-
midity values lower than 98%). Consequently, these stones are often 
nearly dry given the relative humidity values of the atmosphere in 
Europe. For lower suction, both stones present a water percolating 
behaviour with a high increase of water content for a given value of 
suction. This behaviour is directly linked to the unimodal pore size 
distribution of the two stones. Maastricht stone has coarser pores 
compared to Migné stone, and so, the increase of water content takes 
place at a lower suction value. Both stones are soft building stones. 
Values of uniaxial compressive strengths in their dry state are around 2 
MPa for Maastricht stone and 12 MPa for Migné stone, i.e. Maastricht 
stone is six times weaker than Migné stone. Indirect tensile strengths, 
measured by the Brazilian splitting test, represent around 10% of the 
compressive strength. 

To assess the diffusivity for water, Dw, of both stones, the method-
ology as described by Carmeliet et al. [29] and Roels et al. [30] was 
employed. To this extent, capillary water uptake was visualized by 
means of X-ray radiography in the HECTOR scanner [31] of the Ghent 
University Centre for X-ray Tomography on samples of 10 mm thickness, 
50 mm in width and 100 mm in height. For each stone, a dry sample was 
positioned in the X-ray scanner just above the water level of a water 
basin. Water was then remotely injected into the basin until a permanent 
contact with the bottom surface was established, while acquiring ra-
diographs continuously with an exposure time of 1 s at an energy of 160 
keV and a tube voltage of 10 W. A filter of 0.5 mm aluminium was placed 
in front of the source to filter the low energy photons out of the poly-
chromatic X-ray spectrum in order to avoid beam-hardening artefacts. 
By applying the Boltzmann transformation method, the water diffusivity 
was calculated from the moisture content profiles derived from the X-ray 
radiography series (Fig. 3). 

The logarithm of the water diffusivity is typically approximated by a 
linear function [29,32]. Here, we employ: 

logDw = log

(

F1

(
Acap

ϕ0ρl
w

)2
)

+F2
(
Sl

w − 1
)

(2)  

where F1

(
Acap

ϕ0ρl
w

)2 
is the water diffusivity when the sample is capillary 

saturated with water, i.e. when the capillary water saturation degree Sl
w 

equals 1. ρl
w is the liquid water density, and ϕ0 the capillary active 

porosity, i.e. the total open porosity multiplied with the degree of 
saturation by capillary absorption. Thus, Maastricht has a capillary 
active porosity of ± 42% and Migné of ± 27%. The parameter F1 equals 
0.28 for Maastricht and 0.6 for Migné, whereas the parameter F2 equals 
1.7 for both stones. 

2.2. Sodium chloride salt accumulation in Maastricht and Migné 
limestone 

The salt accumulation procedure considered in this paper is the 
procedure P1-1S retained by Nunes et al. [18]. This paper will further-
more focus on the accumulation of NaCl, the accumulation of Na2SO4, 
with its complexity of the formation of hydrated and anhydrous crystal 
phases, will be the subject of future numerical studies. Procedure P1-1S 
proved to be the fastest and most effective procedure for accumulating 
salt in a thin layer of material close to the evaporative surface, without 
resulting in too much efflorescence or damage. This procedure consists 
in capillary saturating a sample that has been sealed along its side sur-
face, by capillary absorption of a salt solution through its bottom sur-
face. This bottom surface is subsequently sealed, and the sample is put in 
a conditioned environment to dry via its top surface only. The procedure 
is limited to one wetting-by-absorption step and one drying step. 

The RILEM-TC ASC-271 applied this procedure on cylindrical sam-
ples of 5 cm in diameter and 5 cm in height of Maastricht and Migné 
limestone [18]. The samples were capillary saturated with a salt con-
centration corresponding to a salt amount of 1 wt% of the dry weight of 
the sample. This corresponds to a salt solution concentration of 6.7 wt% 
(mass of dissolved salt per unit mass of liquid solution) for Migné, and 
3.8 wt% for Maastricht limestone. The samples were then dried in a 
climatic chamber, aiming for constant drying conditions of 20◦C and 
10% RH, and minimizing the air flow around the samples. 

Samples were tested at two different laboratories, experimental se-
ries 1 at the Institute of Theoretical and Applied Mechanics of the Czech 
Academy of Sciences, and experimental series 2 at the Geosciences and 
Environment Cergy Laboratory. The weight loss during drying was 
monitored until at least 80% of the water content evaporated. Experi-
mental series 1 consists of drying curves with pure water and with salt 
solution, whereas experimental series 2 only includes drying curves with 
salt solution. The data points shown in Fig. 4 show the mean and stan-
dard deviation of a group of 3 samples for each test in experimental 
series 1 and a group of 12 samples for each test in experimental series 2. 

As expected, the drying rate of a sample saturated with pure water is 
faster than for a sample saturated with salt solution. For Migné stone, the 
drying curves with salt solution give similar results at both laboratories, 
whereas for Maastricht stone, there is a significant difference. The cli-
matic conditions reported at both laboratories were a temperature of 
20 ◦C and a relative humidity varying between 10 and 15%. 

The salt distribution assessments performed by Nunes et al. [18] 
revealed that most of the salt accumulates in the first few millimeters 
below the evaporative surface, and mostly in the first 1 to 2 mm. In 

Fig. 3. Water diffusivity Dwas a function of capillary water saturation degree 
for Maastricht and Migné limestone. 
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addition, salt efflorescence was described for the experimental series 1. 
For the Migné stone this efflorescence is limited and amounts to 5.9% of 
the total precipitated salt mass amount, consisting of a thin layer of 
powdery salt efflorescence. On the other hand, for Maastricht stone, the 
salt efflorescence accounts for more than 20% of the total salt mass and 
consists of well-adhered cauliflower-shaped efflorescence. As Maastricht 
stone has a much higher capillary absorption coefficient and water 
diffusivity than Migné limestone, more efflorescence is an expected 
outcome as transport to the evaporating surface is enhanced. 

Salt efflorescence impacts the drying behaviour, which might explain 
the larger discrepancy between the Maastricht datasets if variations in 
the resulting efflorescence occurred. The formation of patchy or crusty 
efflorescence depends on the characteristics of the porous medium, for 
example its pore size [33], and on the environmental conditions [34,35]. 
Patchy efflorescence leaves the pore space open, whereas crusty efflo-
rescence blocks the pores and slows down drying. When working at the 
same environmental conditions, a medium with large pores is more 
prone to develop patchy efflorescence, while a medium with smaller 
pores rather develops crusty efflorescence [33]. Additionally, slower 
drying was observed for the same porous medium when drying at lower 
relative humidity due to the formation of crusty efflorescence [34,35], 
while a more patchy efflorescence formed at higher relative humidity. 

As the amount of efflorescence for Migné is rather limited, we can 
assume that subflorescence and thus pore clogging will play a larger role 
in reducing the drying rate. For Maastricht, however, crusty efflores-
cence might develop while drying at the low relative humidity defined 
in the procedure, and small variations in the climatic conditions be-
tween experimental series 1 and 2 could explain the difference in the 
drying curves for Maastricht. 

3. Numerical modelling of salt accumulation 

In this section, the multiphase model based on the finite element 
method (FEM) used for salt crystallization simulations in porous media 
is described (Section 3.1) and validated (Section 3.2) against the 
experimental campaign summarized in Section 2.2. 

3.1. A multiphase FEM model for salt crystallization 

The multiphase FEM model adopted to reproduce salt accumulation 
in natural building stones is herein described. This model has been 
initially developed in [22] for masonry walls exposed to salt attack, and 
a brief recall of the model equations is given below. According to the 

model in [22], the porous material is treated as a multiphase continuous 
porous medium composed of the material matrix (solid phase), water 
(gaseous and/or liquid phase), and salt (liquid and/or solid phase). The 
concentration cπ

α (mass of the species α in phase π, mπ
α, per unit volume of 

the medium) and the saturation degree Sπ
α (pore volume filled by the 

species α in π-phase) describe the content of each component within the 
porous medium. Particularly, the pore volume filled by solid salt Ss

s 
corresponds to the pore filling with respect to the capillary porosity. 

The hypotheses of (i) isothermal conditions, (ii) presence of only one 
salt solid phase, and (iii) concentration of liquid water equal to the 
concentration of moisture are adopted to simulate the salt accumulation 
procedure described in the previous section. Accordingly, the multi-
phase model is described through two balance equations, i.e. the mois-
ture mass conservation equation (3) and the salt mass conservation 
equation (4), as well as an evolution equation (8) defining the kinetics of 
salt precipitation/dissolution. The model is formulated in terms of three 
independent variables, i.e. the pore relative humidity h (ratio between 
the actual vapor pressure and the vapor pressure at saturation), the mass 
fraction of the dissolved salt ω, and the concentration of crystallized salt 
cs

s. 
Firstly, imposing moisture mass conservation leads to: 

∂cw

∂t
+∇∙jw = 0 (3) 

being cw the concentration of moisture, jw the water flux (jw = jg
w +

jl
w, where jg

w is the water vapor flux and jl
w the water liquid flux), and ∂

∂t 
the time derivative. 

Secondly, imposing salt mass conservation leads to: 

∂cl
s

∂t
+∇∙jl

s +
∂cs

s

∂t
= 0 (4) 

being jl
s the flux of dissolved salt and cl

s the concentration of dissolved 
salt. The fluxes jl

w and jl
s can be expressed as follows: 

jl
w = (1 − ω)jl

ws − jl
s,diff (5)  

jl
s = ωjl

ws + jl
s,diff (6) 

being jl
ws the flux of the liquid phase and jl

s,diff the diffusive flux of the 
dissolved salt. 

Thirdly, the supersaturation ratio ω/ωsat (ωsat is the mass of dissolved 
salt per unit mass of liquid phase at saturation) is assumed to rule the 
evolution equation, i.e. crystallization occurs when ω/ωsat overtakes the 

(b) Migné stone(a) Maastricht stone

Fig. 4. Drying curves for Maastricht and Migné stone during the salt accumulation procedure.  
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threshold α0 and dissolution occurs when ω/ωsat is less than one: 
⎧
⎪⎪⎨

⎪⎪⎩

ω
ωsat

> α0⇒crystallization

ω
ωsat

< 1⇒dissolution
(7) 

Therefore, the evolution equation can be expressed as: 

∂cs
s

∂t
= πr2

pρs
s

n
Vtot

Kc

⃒
⃒
⃒
⃒

ω
ωsat

− 1
⃒
⃒
⃒
⃒

P

(8) 

hypothesizing an isotropic distribution of cylindrical pores, cylin-
drical nuclei of the same radius of the pores (rp), and a constant amount 
of salt nuclei n in the solution. In (8), ρs

s is the solid salt density, Kc is the 
growth rate coefficient, Vtot the pore volume, and P is the order of the 
crystallization process. 

The water vapor flux, the capillary liquid flux and the diffusive flux 
of dissolved salt are defined through the following constitutive re-
lationships: 

jg
w = − Kg∇pv (9)  

jl
ws = − Kl∇pc (10)  

jl
s,diff = − ρl

wsKs∇ω (11) 

being Kg the vapor permeability, Kl the liquid permeability of the salt 
solution, Ks the salt diffusion coefficient, pv the vapor pressure, pc the 
capillary pressure, and ρl

ws the mass density of the liquid phase. 
The vapor permeability Kg can be expressed as: 

Kg =
Dv

RvT
(12) 

being Dv the vapor diffusivity, Rv the gas constant of water vapor 
(0.4615 kJ/kg/K) and T the temperature. 

The liquid permeability of the salt solution Kl can be written as: 

Kl = gωKwfl(Sl
w) (13) 

being Kw the liquid permeability for pure water, fl(Sl
w) a correction 

function depending on the water saturation degree (here we take 
fl(Sl

w) = Sl
w), accounting for the fact that liquid flow is no longer possible 

at low values of the water saturation degree, and gω a correction function 
which accounts for the presence of salt in the solution. The term Kw is 
herein computed following the expression proposed in [32] and equa-
tion (2), i.e.: 

Kw = Dw
∂cw

∂pc
=

h
ρl

wRvT

[

F1

(
Acap

ϕ0ρl
w

)2

10F2(Sl
w − 1)

]
∂cw

∂h
(14) 

where Acap is the capillary absorption coefficient of the material, F1 

and F2 two coefficients experimentally calibrated, and ϕ0 is the capillary 
active porosity of the material (as determined in section 2.1). The 
correction function gω is adopted according to [32], i.e.: 

gω =
ρl

ws

ρl
w
(1 − 0.03m) (15) 

being m the molality of the solution. 
Salt precipitation has an impact on the gas and liquid permeability of 

the porous medium. This phenomenon is accounted for by updating Kg 

and Kl through correction functions (gg = gl = 1 − Ss
s, from [23]) based 

on the effective porosity ϕeff : 

Kg←gg
(
ϕeff
)
Kg, Kl←gl

(
ϕeff
)
Kl (16) 

where 

ϕeff = ϕ0
(
1 − Ss

s

)
(17) 

The salt diffusion coefficient Ks depends on the salt solution satura-
tion degree Sl

ws: 

Ks←Ks∙Sl
ws (18) 

In this multiphase model, the salt solution saturation degree Sl
ws is 

written as function of the relative humidity h through the sorption/ 
desorption curve Sl

ws(h). 
The multiphase model is finally set by the boundary conditions, 

which can have four forms: 

h = h (19)  

ω = ω (20)  

jw∙n = qw + γw(Awh − henv) (21)  

jl
s∙n = qω (22) 

where n is the outward unit normal to the boundary, h and ω the 
prescribed humidity and salt concentration, respectively, qw and qω,the 
prescribed normal fluxes of moisture and salt, respectively, henv the 
prescribed environmental humidity,Aw the water activity, and γw the 
convective humidity coefficient. 

A standard iterative strategy based on the Newton-Raphson method 
has been applied to solve the non-linear system of differential equations. 
The time discretization has been performed through the backward finite 
difference method. This model has been implemented in COMSOL 
Multiphysics [36] using hexahedral finite elements with quadratic shape 
functions. 

3.2. Model validation and comparison with experimental results 

The model validation is herein presented and discussed through the 
comparison with experimental results. Firstly, the numerical set-up is 
discussed together with the adopted boundary and initial conditions 
(Section 3.2.1). Then, a comprehensive comparison with experimental 
results is shown and discussed to validate the model (Section 3.2.2). 

3.2.1. Numerical set-up 
The drying phase, presented in Section 2.2, is simulated (Fig. 5) using 

as initial domain conditions the situation at the end of the wetting phase, 
i.e. fully saturated stone (h = 100%) with a varying dissolved salt 
content (ω = ω) depending on the stone properties. The value of ω is 
chosen to correspond to a salt content in the specimen of 1 wt% of its dry 
weight, as considered in the experimental campaign. Accordingly, the 
value ω = 6.7% is adopted for Migné (MI) while ω = 3.8% is assumed 

Fig. 5. Boundary and initial conditions, and zones definition.  
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for Maastricht (MA). 
Zero-flux boundary conditions (i.e. jw∙n = 0 and jl

s∙n = 0) are 
considered on the bottom and lateral sides, while on the top surface 
moisture flux is allowed jw∙n = γw(Awh − henv), henv being the prescribed 
environmental humidity, equal to 12% (the mean relative humidity 
measured in the climatic chambers described in section 2.2). For sodium 
chloride solutions, Aw is equal to 1 when ω = 0 and equal to 0.75 when 
ω = ωsat. The convective humidity coefficient γw can be considered 
constant and equal to γw = 0.21 kg/m2/s [23] when there is no forma-
tion of salt crusts on the evaporating surfaces. Conversely, this coeffi-
cient can decrease when the pore filling exceeds a certain threshold Ss

s, 
following the exponential phenomenological relationship proposed in 
[23]. This setting is marked in the following with subscript cr indicating 
the hypothesis of crust formation. 

Given the axial symmetry of the problem (see Fig. 5 and considering 
that the specimen is cylindrical) and considering that the whole drying 
phenomenon only develops along the vertical direction, a thin vertical 
strip of the domain is extracted and studied. A square cuboid domain of 
0.001 × 0.001 × 5mm3 composed of a single line of 200 hexahedral 
finite elements is considered, using a mesh bias to ensure refinement on 
the top of the domain. 

A summary of the model parameters for NaCl solutions is given in 
Table 2. The model parameters for the Maastricht and Migné stone are 
collected in Table 3. All these parameters have been determined within 
the experimental campaign discussed in Section 2, as well as the sorp-
tion/desorption curves Sl

ws(h). Only the vapor permeability Dv was not 
experimentally investigated. Parametric studies have been carried out 
varying this property within a realistic range to investigate its influence 
on the modelling results. The results were found not to be affected by 
variations in Dv and the realistic values given in Table 3 have been 
utilized. 

3.2.2. Numerical model validation 
The first type of results that have been compared are the drying 

curves. Numerical and experimental drying curves with pure water and 
with salt solutions are shown in Fig. 6 for Migné and Maastricht lime-
stone. The water content in the numerical simulations is computed 
through: 

Water content (wt.%) =

∫

V Sl
ws(h)ϕ0ρl

w∫

V ρm
(23) 

V being the volume of the integration, in this case equal to the whole 
specimen volume. As can be noted in Fig. 6, the numerical and experi-
mental drying curves with pure water are in good agreement for both 
stones. Indeed, numerical curves appear reasonably included within the 
standard deviation of the experimental curves. Additionally, the initial 
water content, i.e. the condition at the beginning of the drying phase, is 
effectively represented in the numerical simulations. 

A good agreement also arises from the Migné drying curves with salt 
solution (Fig. 6a), where the drying is evidently slower than the case 

with pure water. It should be pointed out that the influence of the hy-
pothesis of crust formation (num_NaCl_cr, Fig. 6a) in the numerical 
drying curves appears moderate (the drying is slightly slower than the 
case without crust formation hypothesis (num_NaCl, Fig. 6a)). Both nu-
merical curves appear included within the experimental range, with the 
experimental curves, obtained in different laboratories, being very 
similar. 

Conversely, the experimental curves obtained in the two different 
laboratories for drying with salt solution show significant differences for 
Maastricht (compare exp1_NaCl with exp2_NaCl, Fig. 6b). Here, the in-
fluence of the hypothesis of crust formation in the numerical drying 
curves is much more significant than for the Migné case. A good 
agreement can be noted between the numerical drying curve without 
crust formation num_NaCl and the exp1_NaCl curve. The numerical curve 
with crust formation num_NaCl_cr shows a good agreement with the 
exp2_NaCl curve, which has a significantly slower drying behavior. 

The second type of results that have been compared concerns the 
crystallized salt distribution within the stones. The numerical crystal-
lized salt cs

s and pore filling Ss
s profiles are given in Fig. 7. The salt 

accumulation up to 1 mm depth as experimentally observed [18] is 
numerically well-reproduced. 

This aspect is even more clear by inspecting Fig. 8, where the nu-
merical cs

s and pore filling profiles are shown for the first upper 5 mm. 
Indeed, the pore filling reaches significant values (more than 95% for 
Migné and more than 75% for Maastricht) in the very top part of the 
specimen, and it decreases sharply within 1–1.5 mm from the top up to 
negligible values. Fig. 8 shows that the influence of crust formation on 
the pore filling profile is moderate for both stones. Thus, the possibility 
of accumulating solid salt in a thin upper layer at the end of the 
contamination procedure does not appear particularly influenced by the 
potential salt crust formation on the top surface. 

For the sake of comparison, the relative adimensional drilling force 
profiles obtained through the drilling resistance method (DRMS) are also 
shown in Fig. 8. A post-processing of the DRMS results [18] has been 
carried out with the aim of further qualitatively comparing numerical 
and experimental data. Therefore, the drilling force profiles obtained on 
pure water-contaminated stones have been subtracted from the drilling 
force profiles obtained on salt-contaminated stones. The resulting pro-
files have then been normalized to the maximum force to obtain a 
qualitative profile indicating the presence of crystallized salt. A 
reasonably good agreement is again obtained by comparing these pro-
files with the numerical pore filling profiles. Indeed, they both show that 
the crystallized salt layer arises in the very upper part of the specimen. 

The third type of results that were compared concerns the salt con-
tent in the various zones of the specimen (see Fig. 5 for zones definition). 
The salt content in Migné and Maastricht specimens is shown in Fig. 9 
and Fig. 10, respectively. Both figures show the numerical crystallized/ 
dissolved/total salt content time-histories in each zone of the specimen. 
These quantities are computed as follows: 

Crystallized NaCl (wt.%) =

∫

V cs
s∫

V ρm
(24)  

Table 2 
Summary of the model parameters for NaCl solution.   

Quantity Value Source 

Kc  Growth rate coefficient 0.03 µm/s  Refs.  
[37,38] 

n  Nuclei in solution 4∙10− 6 (µm3)- 

1  
Ref. [39] 

P  Crystallization process order 1  Ref. [23,40] 
ωsat  Concentration of dissolved NaCl at 

saturation 
0.264 kg/kg  Literature 

α0  Crystallization threshold 1 Ref. [39] 
Ks  Salt diffusion coefficient 1.5∙10− 9 m2/s  Ref [41] 

ρs
s  Solid NaCl density 2160 kg/m3  Literature  

Table 3 
Model parameters for Maastricht and Migné limestone.   

Quantity Maastricht Migné 

ϕ0  Capillary active porosity 42.0%  27.3%  
ρm  Stone density 1270 kg/m3  1819 kg/m3  

Acap  Capillary absorption coeff. 22.21 kg/m2/min0.5  2.31 kg/m2/min0.5  

F1  Water diffusivity coeff. 0.28  0.60  
F2  Water diffusivity coeff. 1.69  1.68  
Dv  Vapor diffusivity 2.2∙10− 5 m2/s  2.6∙10− 7 m2/s  
rp  Mean pore radius 15 µm  0.47 µm   
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(b) Maastricht stone(a) Migné stone

Fig. 6. Drying curves for Maastricht and Migné stone obtained experimentally and predicted numerically.  

(b) Maastricht stone(a) Migné stone

Fig. 7. Crystallized salt distribution in (a) Maastricht and (b) Migné limestone, as predicted numerically after decreasing the water content by 85%.  

Fig. 8. Relative DRMS adimensional force versus numerical pore filling in the top 5 mm of the specimen (MI-Migné, MA-Maastricht).  
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Fig. 9. Salt content in the seven zones (see Fig. 5) of the Migné specimen: (a) numerical crystallized salt, (b) numerical dissolved salt, and (c) numerical total amount 
of salt compared with experimental data at the end of the weathering procedure. 
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Fig. 10. Salt content in the seven zones (see Fig. 5) of the Maastricht specimen: (a) numerical crystallized salt, (b) numerical dissolved salt, and (c) numerical total 
amount of salt compared with experimental data at the end of the weathering procedure. 
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Dissolved NaCl (wt.%) =

∫

V ω Sl
ws(h)ϕ0ρl

ws∫

V ρm
(25)   

Total NaCl (wt.%) = Crystallized NaCl (wt.%)+Dissolved NaCl (wt.%)

(26) 

Here, the volume of the integration V equals the volume of the zone 
analysed. 

As can be noted in Fig. 9a and Fig. 10a, significant salt crystallization 
only occurs in Zone 1 (i.e. the top zone, Fig. 5) for both stones. The 
evolution of crystallized NaCl is not significantly influenced by the 
formation of crust for Migné (Fig. 9a), whereas the accumulation of solid 
NaCl in Zone 1 is significantly delayed by the formation of crust for 
Maastricht (Fig. 10a). 

Concerning the dissolved NaCl content time-history in the stones 
(Fig. 9b and Fig. 10b), although all zones have initially the same content, 
dissolved salt increases in the first hours in Zone 1 while decreasing in all 
the other zones. This indicates that the dissolved salt transport moves 
towards the top surface, where evaporation is allowed. After a certain 
amount of time (within 20 h and 100 h), also the dissolved salt content 
in Zone 1 starts decreasing, suggesting that the salt is precipitating, 
crystallizing close to the top. 

In Fig. 9c and Fig. 10c, the numerical total amount of salt for both 
stones is compared with experimental data at the end of the weathering 
procedure using ion chromatography results [18]. Only the ion 
chromatography-measured salt content related to Zone 1 and Zone 2 are 
reported, as the salt content measured in the other zones appears very 
close to zero. The values reported are the mean value of three different 
measurements. 

Focusing the attention on Zone 1 (as in Zone 2 the salt content is 
already very low), a significant scattering of experimental results can be 
observed (this is the clearest for Migné where the measurement for exp1 
is about double of the measurement for exp2). For both stones, the nu-
merical total NaCl content at the end of the simulation is significantly 
greater than the experimental values, although they show the same 
order of magnitude. This outcome was somehow expected due to the 
following two reasons:  

1) The model supposes no flux of dissolved salt on the top surface 
(jl

s∙n = 0), i.e. salt mass does not change within the domain. 
Conversely, salt efflorescence was experimentally observed [18] and 
this phenomenon certainly can reduce the NaCl content in the top 
zone. So, an overestimation of the numerical NaCl contents with 
respect to the experimental values is expected in Zone 1.  

2) The crystallized salt cs
s is averaged on the whole volume of Zone 1, 

see (24). However, as can be noted in Fig. 7, the crystallized salt 
presents a huge gradient in the top part of Zone 1. Accordingly, a 
slight variation of the position of extraction of the fragment for ion 
chromatography (e.g. 1 mm) could potentially influence the exper-
imental measures significantly. 

4. Predicting salt accumulation in natural building stones for 
the RILEM ASC-271 accumulation procedure 

4.1. Numerical results for different stones 

In order to illustrate the general applicability of our numerical model 
and of the salt accumulation procedure, we apply it for assessing NaCl 
accumulation in two other types of stone, namely Tuffeau limestone 
(TU) and Prague sandstone (PR). Tuffeau limestone has pore diameters 
ranging from 10 nm up to 100 µm, whereas Prague sandstone has a 
unimodal pore size distribution. The stone properties have been re-
ported by Beck et al. [27] for Tuffeau limestone, and by Pavlik et al. [42] 
and Desarnaud et al. [34] for Prague sandstone (Msené sandstone). The 

physical and moisture properties as used in the simulations are sum-
marized in Table 4. Note that, with respect to Migné limestone, the 
capillary absorption coefficient, i.e. a measure for the stone perme-
ability, is twice as large for Tuffeau limestone, and four times as large for 
Prague sandstone. Maastricht limestone is a real limit case, with a very 
large absorption coefficient, ten times larger than the one of Migné. 
Following the same criterion used above, i.e. the stone is initially satu-
rated with a salt solution with concentration of 1 wt% of the stone’s dry 
weight, the value ω = 7.4% is adopted for Prague, while ω = 3.4% is 
assumed for Tuffeau. 

Results of the four stones in terms of drying curves, total salt content 
in Zone 1 and pore filling distribution are collected in Fig. 11 and 
Fig. 12. As can be noted, similar values of total salt content in Zone 1 as 
for Migné are observed for Prague and Tuffeau (Fig. 11b). Additionally, 
the possibility of accumulating solid salt in a thin layer (about 1 mm) in 
the top of the specimen appears verified in all stones (Fig. 12). This is a 
positive outcome for the general applicability of the accumulation 
procedure proposed by the RILEM TC ASC-271. 

4.2. Numerical results for different boundary and initial conditions 

Here, numerical results obtained by varying boundary and initial 
conditions on the Migné and Maastricht specimens are presented and 
discussed. Starting from the set-up described in Section 3 (drying at 12% 
RH and a salt concentration of ω = 6.7% for Migné and ω = 3.8% for 
Maastricht), one condition per simulated case is changed: (1) drying at 
50% RH, i.e. henv = 50% (indicated in the following with the subscript 
RH50), (2) drying at 30% RH, i.e. henv = 30% (indicated in the following 
with the subscript RH30), and (3) increasing the initial salt concentra-
tion to 10 wt%, i.e. ω = 10% (indicated in the following with the 
subscript omega10). 

Resulting parametric drying curves are collected in Fig. 13a and 
Fig. 13b for Migné and Maastricht, respectively. By increasing the 
environmental relative humidity and the initial salt content, the drying 
is slower, as expected. Especially when drying at 50% RH, the drying 
and accumulation significantly slow down, as it takes more than double 
the time to lose the same amount of water, or precipitate the same 
amount of salt, compared to drying at 12% RH. Results in terms of total 
salt content in Zone 1 are shown in Fig. 14a and Fig. 14b for Migné and 
Maastricht, respectively. The final NaCl content in the top part is not 
particularly affected by the relative humidity at which the sample is 
dried, whereas higher values of initial salt content produce higher values 
of NaCl content in the top part. Finally, the profiles of pore filling along 
the specimen height (top 5 mm) for Migné (Fig. 15a) and Maastricht 
(Fig. 15b) show that the accumulation of solid salt in a thin top layer 
does not significantly change by drying at a higher relative humidity, 
but it enlarges by increasing the salt concentration to 10 wt%, especially 
for Maastricht for which the concentration was increased with a factor 
2.6. 

5. Conclusions 

We have proven that the employed multiphase numerical model is 

Table 4 
Model parameters for Tuffeau limestone and Prague sandstone.   

Quantity Tuffeau Prague 

ϕ0  Capillary active porosity 36.5%  22.7%  
ρm  Stone density 1300 kg/m3  1890 kg/m3  

Acap  Capillary absorption coeff. 4.20 kg/m2/min0.5  9.88 kg/m2/min0.5  

F1  Water diffusivity coeff. 1.5  3.8  
F2  Water diffusivity coeff. 3.8  3  
Dv  Vapor diffusivity 1.5∙10− 9 m2/s  1.9∙10− 6 m2/s  
rp  Mean pore radius 5 µm  15 µm   
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Fig. 11. (a) Drying curves and (b) total salt content in Zone 1 for the four stones (MI-Migné, MA-Maastricht, PR-Prague, TU-Tuffeau).  

Fig. 12. Pore filling along the specimen height for the four stones: (a) full specimen height, and (b) top 5 mm after 400 h of drying (MI-Migné, MA-Maastricht, PR- 
Prague, TU-Tuffeau). 

(b) Maastricht stone(a) Migné stone

Fig. 13. Drying curves with different boundary and initial conditions for (a) Migné and (b) Maastricht limestone.  

A.M. D’Altri et al.                                                                                                                                                                                                                              



Construction and Building Materials 304 (2021) 124436

13

capable of reproducing the salt accumulation procedure proposed by the 
RILEM TC ASC-271. The model shows to be robust in reproducing the 
behaviour of the two porous building materials selected by the TC ASC- 
271 for the experimental development of the procedure, Maastricht and 
Migné limestone. This implies that it can be used for predicting the salt 
accumulation behaviour of porous building materials, when the material 
properties, as listed in Table 3, together with the sorption isotherm, are 
known. The model focuses on sodium chloride accumulation. The pre-
diction of sodium sulphate accumulation will be the subject of future 
work, as this requires the implementation and validation of the potential 
precipitation of the different crystal phases of sodium sulphate. 

By numerically reproducing the salt contamination procedure on two 
other porous stones, Tuffeau limestone and Prague sandstone, we 
demonstrate that the procedure should be suitable for a range of porous 
building materials. Both stones accumulate a significant amount of salt 
in a thin layer close to their top surface, complying with the criterion 
defined by the TC ASC-271 to create a local zone with a high potential of 
inducing salt damage once the propagation stage sets in. 

Furthermore, the numerical study shows that while the procedure 
experimentally tested by Nunes et al. [18] consisted in drying at 10% 
RH, drying up to 30% RH does not significantly impact the drying ki-
netics nor the salt distribution. Thus even if practitioners do not have 
access to a climatic chamber allowing for very low humidity, the pro-
cedure still holds. Drying at even higher RH will slow down the 

procedure, but the final salt distribution at the end of drying remains 
similar. With increasing salt concentration, the salt distributes over a 
larger thickness close to the top. Therefore, depending on the desired 
salt thickness prior to the propagation phase, a higher or lower salt 
concentration could be adopted. 

Overall, the numerical modelling predicts that the accumulation 
procedure is generally applicable. This will be confirmed experimentally 
by a round robin test. The test is currently ongoing and includes both the 
accumulation and propagation phase. Nine different porous building 
materials are tested at eleven different laboratories. The selected ma-
terials include Tuffeau limestone and Prague sandstone, along with 
other natural stones and brick. The TC ASC-271 plans to publish the new 
salt weathering procedure in 2022. Subsequently, recommendations to 
standards will be provided. 
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(b) Maastricht stone(a) Migné stone

Fig. 14. Total salt content in Zone 1 with different boundary and initial conditions for (a) Migné and (b) Maastricht limestone.  

(b) Maastricht stone(a) Migné stone

Fig. 15. Pore filling along the specimen height (top 5 mm) for (a) Migné (after 450 h of drying), and (b) Maastricht (after 600 h of drying).  
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