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The importance of capillary imbibition and evaporation processes in the alteration of building stones under the action of 
salt crystallization can be estimated by various experimental techniques. The aim of this study is to understand the direct 
relationships between salt weathering, petrophysical and structural properties. We chose to work on calcarenite stone which was 
commonly used as building material in historical monuments in Morocco. Laboratory wetting-drying cycles were tested on 
calcarenite specimens with sodium chloride solutions of different concentrations. Results show that the permeability and specific 
mass of precipitated salt depend on the material porosity and solution concentration. Moreover, variations of thermal conductivity 
and permeability during applied cycles are less important for samples taken parallel to the sediment bedding than for those taken 
perpendicularly. The material anisotropy will also be discussed. 
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1. Introduction 

Built heritage is the unique and irreplaceable 
architecture with historic background that merits 
preservation for future generations. We are 
interested in this paper on the calcarenite stone, a 
material largely used since antiquity by both Romans 
and Muslims as a building material of historical 
monuments in the coastal cities in Morocco (e.g. Fig. 
1) [1-3]. Given their location on the edge of ocean, 
these buildings are subjected to significant salt 
weathering problems [4]. Several studies [3, 5] were 
carried out on some sites in Rabat city: the citadel of 
Chellah, the ramparts and the old medina doors. 
These sites are made up of calcareous stones 
similar to those which are the subject of our study. 
The authors studied the surface deterioration of 
these monuments and showed that the sodium 
chloride formation (halite) constitutes the main factor 
of deterioration of these stones. 

The crystallization of soluble salts in porous 
construction materials has been recognized as one 
of the most important weathering process 
contributing to the decay of many cultural objects 
such as wall paintings, sculptures, historic  

 monuments, and other artworks (e.g. Fig. 2) [4, 6, 7]. 
These soluble salts penetrate in the porous network 
primarily by capillarity [8], and then crystallize during 
an evaporation process [9]. The principal factors 
influencing salt crystallisation damage in porous 
materials are related to the properties of rock 
(resistance to crystallisation pressure, mineralogy, 
texture and structure) of porous network (pore size 
distribution, average pore radius and porosity) of salt 
itself (salt concentration, location of crystallization, 
crystallization pressure, forms of the crystals) and of 
environmental conditions (temperature, relative 
humidity) [4, 10]. 

Salt crystallizes when the concentration in 
solution reaches saturation point. According to the 
conditions, the saturation state can be reached on 
the surface of porous medium, which give rise to the 
formation of efflorescence (e.g. NaCl: halite) or on 
the contrary within the porous medium, leading to 
the formation of subflorescence (e.g. Na2SO4: 
thenardite/mirabilite) [11]. Indeed, if the advective 
transport of ions towards surface induced by 
evaporation is sufficient to cause a peak of 
concentration at the surface, therefore salt 
efflorescence will take place. The subflorescence  
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Fig. 1 – Examples of calcarenite historic monuments built in the edge of Atlantic Ocean between Rabat and Kenitra. Left 

picture: Kasbah of the Udayas located at the mouth of the Bouregreg river in Rabat city. Right picture: Kasbah of 
Mehdia situated at the mouth of the Sebou river, about 8 km west of Kenitra city.  

 

   

Fig. 2 – Walls bases in calcarenite in the garden of Udayas already restored; soil water rises by capillary transfer in the base, contour 
scaling initiated on the part in contact with the ground in zone (a) where evaporation is faster than capillary rise, development of 
green algae (zone b) and lichen (zone c), white efflorescence of salts (zone d) where the water evaporates on the surface, (zone 
e) always wet.  

may occur at a later stage of drying if the solution is 
not hydraulically connected to the surface of the 
porous medium (phase of drying where the 
evaporation front is within the porous medium) [12]. 
Salt subflorescence produces considerably more 
decay in porous stone than salt efflorescence [11, 
13-15]. 

It is generally accepted that the damage of 
building stones arises from repeated cycles of 
crystallization-dissolution of soluble salts within the 
porous network, because of the impact of such 
cycles on the ion concentration (formation of 
supersaturated solutions) [16, 17] and on the 
structure of the precipitated salt [18]. Different 
theoretical explanations have been proposed. The 
most popular ones include the crystallization 
pressure against the pore walls, hydration pressure, 
thermal expansion, osmotic pressure, irreversible 
dilation, and chemical weathering [19-21]. 
Nevertheless, the mechanism of salt weathering by 
crystallization pressure appears to be the most 
relevant [17, 18, 22]. This mechanism was first 
advanced by Correns in 1949 [23]. In fact, in an 
under saturated conditions, the crystallization is 
impossible. The crystals growing into just 

 saturated conditions cannot exert any crystallization 
pressure. However, crystals growing into 
supersaturated conditions can exert a high 
pressure. If crystals growing into supersaturated 
conditions are confined in a pore space, it can 
create enough pressure susceptible to disrupt the 
porous matrix [21]. 

Considering the importance of salt 
weathering in building stones, not only from a 
geomorphologic point of view, but also from a 
cultural and economic standpoint [4], it is essential 
to know the mechanisms of damage and the 
parameters controlling the process of salt 
weathering as a first step to design methods to 
solve, or at least mitigate, this problem in the fields 
of civil engineering and cultural heritage 
conservation [4]. 

In this paper, we have been determined the 
influence of sediment bedding, porosity and 
solution concentration on salt precipitation as well 
as the evolution of permeability and thermal 
conductivity during wetting-drying cycles. For this 
purpose, five tests of accelerated aging by 
crystallization-dissolution cycles are carried out with 
sodium chloride solutions of different  
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Fig. 3 – (a) Calcarenite block used for coring eight identical cylindrical samples: (c) four cores taken parallely to the sediment bedding 
(series 1) and (d) four other perpendicularly to this one (series 2). (b) Four calcarenite cores between two standard samples 
positioned along the scanning direction on the platform of thermal conductivity scanner (TCS). The pictures (c) and (d) are 
taken after the first dissolution-crystallization cycle, and show the NaCl efflorescence formation. 

 

concentrations on calcarenite samples, taken 
parallely (series 1) and perpendicularly (series 2) to 
the sediment bedding. This procedure pretends to 
experimentally simulate natural alterations in-situ, 
particularly lower walls of building structures located 
within the zone of capillary rise of saline 
groundwater. 

2. Experimental 

2.1. Calcarenite stone characterization 

Calcarenite rock is a coarse bioclastic 
limestone [5, 24] which corresponds to the coastal 
Plio-Quaternary sandstone outcropping in a more or 
less continuous manner between Casablanca and 
Larache [1, 2, 5, 24]. The samples selected for this 
study are cored from a calcarenite block (Fig. 3a) of 12 
cm side which was extracted from the quarry in Rabat 
area. Eight identical cylindrical samples of 33 mm in 
length and 50 mm in diameter have been selected for 
this study. Four specimens were taken in parallel to the 
sediment bedding (series 1) (Fig. 3c) and four other 
perpendiculars with this one (series 2) (Fig. 3d). We 
chose to work on the same samples of which we 
already have been determined the petrophysical, 
structural and mineralogical properties in their original 
unaltered state [1]. This will help us to better 
understand the alteration mechanism of calcarenite 
stone by salt precipitation. 

  Results obtained in [1] showed that these 
samples are composed essentially of two major 
crystalline phases forming their structure: calcite 
(70.97%) and quartz (6%). They are characterized 
by a rather high total porosity (between 22.44 and 
29.61%), a low trapped porosity (between 2.14 and 
4.12%) and a high permeability. Other results (Tab. 
1) highlight an initial isotropy of this material 
according to the bedding orientation with respect to 
thermal conductivity and permeability. 

 
2.2. Salt crystallisation test 

The salt used for this study was sodium 
chloride (NaCl). This saline mineral is commonly 
found in building materials and other elements of 
our cultural heritage, and its main source is linked 
to sea spray [11]. NaCl is frequently used in salt 
crystallisation laboratory tests [11, 25]. Under room 
conditions, the sodium chloride-water system has 
one stable phase - halite (NaCl) [11]. 

Salt crystallisation test was performed using 
an experimental technique inspired from the 
protocol test No.II.6 of standard RILEM (1978). In 
order to avoid the evaporation process which may 
accompany those of capillarity, the samples were 
placed vertically on a rack, then in a tray closed 
hermetically by a sealing cover that maintains 
humidity close to saturation. The saline solution 
level of about 3 mm is kept constant at the bottom  
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Table 1  

Petrophysical properties of calcarenite cores in unaltered state (cycle n° 0) [1]. 

 Cores parallel to the sediment bedding 
(series 1) 

Cores perpendicular to the sediment bedding 
(series 2) 

EP1 EP2 EP3 EP4 EH1 EH2 EH3 EH4 

 Water porosity N24 (24 hours) 15.98 16.38 18.27 18.86 19.35 16.31 19.29 17.16 

 Permeability (Darcy) 2.027 2.291 5.014 7.470 5.785 5.341 6.731 4.201 

 Thermal conductivity W/(m.K) 1.194 1.150 1.165 1.166 1.188 1.179 1.150 1.151 
 

Table 2  

Concentration of sodium chloride solutions used for capillary rise technique. 

 Cores parallel to the sediment bedding (series 1) Cores perpendicular to the sediment bedding (series 2) 

EP1 EP2 EP3 EP4 EH1 EH2 EH3 EH4 

 [NaCl] (g/l) 45 15 45 15 45 15 15 45 

 
 

of the tray throughout all experiment duration 
performed in an air-conditioned room at 25°C. We 
considered two different concentrations of NaCl 
solution - 15 and 45g/l (Table 2). After contamination 
(saturation), the samples are oven-dried at 60°C for 
48 hours until constant dry weight. This procedure 
is repeated so as to perform five wetting-drying 
cycles. The permeability and thermal conductivity of 
each sample were measured after each cycle. 

2.3. Characterization techniques 

In this paper, we highlight the relationships 
between salt crystallization (specific mass of 
precipitated salt), transport properties (permeability, 
thermal conductivity), and pore structure (porosity, 
sediment bedding), which are particularly interesting 
parameters for interpreting salt weathering process. 
For that, we performed different measurements 
using different techniques, including thermal 
conductivity scanner and TinyPerm II portable air 
permeameter. 

Permeability measurements were carried out 
with the permeameter TinyPerm II, made by New 
England Research, Inc.. It is a unique hand-held 
device that can characterize the permeability of 
rocks and soils or the effective hydraulic aperture of 
fractures in situ on outcrops as well as on laboratory 
specimens [26]. The apparatus is capable of making 
permeability measurements ranging from 0.01 to 10 
Darcies for matrices and 10 μm to 2 mm fracture 
apertures [26]. Although the measurements could 
have been made in the field, all measurements 
reported here are made on the specimens in 
laboratory. 

Thermal conductivity analysis was performed 
using the optical scanning method, developed by 
Yuri Popov. The device used in this technic is called 
Thermal Conductivity Scanner (TCS) and 
comprises a mobile carriage, placed just below the 
platform on which are arranged the test samples 
(Fig. 3b). This block has a heat source, on both 
sides of which are incorporated two sensitive 
temperature sensors. The advantages of this 
technic include high speed of operation,  

 contactless mode of measurement, and the ability 
to measure directly on a core sample and to 
estimate the thermal anisotropy and inhomogeneity 
of rocks. It is an attractive alternative for non-
destructive measurements of thermal properties 
(thermal conductivity and thermal diffusivity) of 
large numbers of minerals, rocks and ore samples 
[27]. 

The theoretical model is based on scanning 
a sample surface with a focused, mobile and 
continuously operated heat source in combination 
with infrared temperature sensors [1, 27]. The heat 
source and sensors move with the same speed 
relative to the sample and at a constant distance to 
each other. The second temperature sensor 
displays the value of the maximum temperature rise 
along the heating line behind the source. The 

maximum temperature rise  is determined by the 
relationship: 

𝜃 =
𝑄

2. 𝑥. 
 

where Q is the source power and x is the distance 
between source and sensor. The analysed sample 
is positioned along the scanning direction on the 
device platform between two identical standard 
samples (Fig. 3b) with known thermal conductivity 

R. Thus, the thermal conductivity of the studied 

sample can be determined from R and the ratio of R 

to . This relation is expressed as: 

 = 𝑅. (
𝜃𝑅
𝜃
) 

3. Results and discussion 

We performed unidirectional wetting-drying 
cycles along the specimen generatrix. At the end of 
the drying step, we observed the formation of halite 
efflorescence on the stone surface, a small quantity 
of salt remains trapped in the pore space of the 
stone. The formed salt crust is thin and is not easily 
detached from the stone surface. These 
efflorescences accumulate from one cycle to 
another, especially in the lower part of the sample.  
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Table 3  

Slope values of permeability and specific mass of precipitated salt obtained during wetting-drying cycles (series 1 and 2). 

 Cores parallel to the sediment bedding 
(series 1) 

Cores perpendicular to the sediment 
bedding (series 2) 

EP1 EP2 EP3 EP4 EH1 EH2 EH3 EH4 

Specific mass slope of precipitated  salt (10-3 

g/g.cycle) 1.7 0.63 2 0.71 1.82 0.41 0.7 1.88 

Permeability slope (Darcy/cycle) 0.081 0.044 0.15 0.070 0.92 0.37 0.43 0.48 

 
 

Indeed, under the effect of gravity, the fluid 
transfer occurs from the top to the base of the 
specimen. The solute diffusion toward the surface is 
governed by Fick's law. When water saturating 
partially the stone pores network evaporates, the 
concentration of solution in pores increases. The 
salt concentration becomes important and reaches 
the critical saturation concentration at the specimen 
surface. So the salt crystallizes by efflorescences 
formation at the end of drying. 

3.1. Specific mass of precipitated salt 

The specific mass measurements of the 
precipitated halite were performed on the samples 
taken parallely (series 1) and perpendicularly 
(series 2) to the sediment bedding. The considered 
value for each sample is the precipitated salt mass 
on the sample mass. 

Figure 4 shows that the quantity of precipitated 
salt within the porous network depends closely on 
the solution concentration and material porosity 
N24. In fact, the imbibition-drying tests with the 
same sodium chloride concentration (45g/l) on 
cores of different porosities show that the specific 
mass slope of the precipitated salt is more important 
for higher porosity values (EP3 and EP1) (Tab. 3). 
Tests carried out on cores of the same porosity, 
show that the amount of precipitated salt increases 
with the sodium chloride concentration (EH3 and 
EH1) (Table 3). 

 

 3.2.  Permeability 

The permeability value is the average of the 
values obtained on each side of the core. In 
unaltered state, the permeability of different 
samples (series 1 and 2) is between 2.03 and 7.47 
Darcies and demonstrates the great ability of 
calcarenite stone for the fluids transport [1]. This 
can be explained by the absence of clay grains in 
the stone structure, by the important values of total 
porosity, macroporosity and threshold pore access 
diameter [1]. The dispersion of permeability values 
is mainly due to the rock heterogeneity [1]. After five 
tests of accelerated aging by crystallization-
dissolution cycles, the permeability has undergone 
a decrease and varies between 1.57 and 6.17 
Darcies (Fig. 5). This variation can be explained by 
the presence of salt in the porous system which 
decreases the porosity. Table 3 presents the slopes 
of permeability in absolute values according to the 
number of applied cycles. It shows that the 
permeability depends considerably on the solution 
concentration and porosity. Thus, measurements 
performed with the same NaCl concentration 
(45g/l), on cores of different porosities (EH1 - 
19.35% and EH4 - 17.16%), show that the slope is 
important for high porosity values. In addition, tests 
carried out on specimens of same porosity (EH1 - 
19.35% and EH3 - 19.29%), show that the 
permeability decreases considerably during the 
applied cycles when the solution concentration 
increases. 

 

 

 

Fig. 4 – Evolution of specific mass of precipitated halite during crystallization-dissolution cycles. 
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Fig. 5 - Evolution of permeability of calcarenite samples (series 1 and 2) during salt weathering cycles. 

Figure 5 also shows that the decrease in 
permeability during wetting-drying cycles is less 
important for cores taken parallely to the sediment 
bedding (Series 1) than for those taken 
perpendicularly (series 2). Slope values are indeed 
between 0.044 and 0.15 for series 1 and between 
0.37 and 0.92 for series 2 (Tab. 3). Consequently, 
the influence of salt weathering cycles on 
calcarenite stone is controlled by the fluid flow 
direction (parallel or perpendicular to the sediment 
bedding), the solution concentration and the 
porosity. 

3.3. Thermal conductivity 

Thermal conductivity of a building material 
(stone, rock, concrete) depends closely on its 
porosity and mineralogy; these two characteristic 
parameters of material evolve with its alteration [3]. 
The thermal conductivity measurement can thus be 
used to characterize the material alteration. Indeed, 
the daily and seasonal variations in ambient 
temperature create thermal cycles which can be at 
the origin of the stone alteration. If conductivity is 
low, the temperature of the surface of the stone 
increases more quickly with respect to its subjacent 
part, which generates considerable thermal 
gradients. On the other hand, a high conductivity 
promotes the absorption of solar irradiation and 
attenuates the temperature variations between the 
surface and the sub-surface of the stone [28]. 

TCS method allows to determine the thermal 
conductivity of the surface sample [27]. The 
samples are covered with black paint to avoid 
parasitic reflections due to the sample colour. 
Measurements are performed along a profile on the 
sample surface. We considered two profiles, the first 
according to the core generatrix, and two others 
according to base diameters. Thermal conductivity 
is then determined as an average value of local 
thermal   conductivities   measured   along   the  

 profile; the error is about 2% [27]. The main 
minerals constituting the calcarenite stone are the 
quartz and the calcite; the average thermal 
conductivities of these minerals found in literature 
are λquatrz= 7,69 W.m−1.K−1 [29] and λcalcite = 3,59 
W.m−1.K−1 [30] respectively. 

Figure 6 presents the average thermal 
conductivity profiles during the imbibition-drying 
cycles. On healthy cores, the values are between 
0.97 and 1.1 W.m−1.K−1 for the profiles performed 
along the generatrix, and between 1.25 and 1.36 
W.m−1.K−1 for profiles carried out according to the 
diameters. Notable variations of thermal 
conductivity observed in the set of the studied 
profiles, are significant of an initial heterogeneity of 
the material structure [1]. After five tests of 
accelerated aging by crystallization-dissolution 
cycles, the values are between 1.07 and 1.12 
W.m−1.K−1 for generatrix, and between 1.25 and 
1.40 W.m−1.K−1 for core diameters. This increase in 
thermal conductivity does not seem to evolve 
considerably with the precipitated salt quantity, but 
it indicates the presence of salt in porous network 
and thus a reduction in porosity.  In fact, the salt 
which fills the pores has a greater conductivity than 
that of air. 

Figure 6 also shows that the impact on 
thermal conductivity, by imbibition-drying cycles 
under salt crystallization action, is less important for 
cores taken parallely to the sediment bedding than 
for those taken perpendicularly. These results are 
consistent with those of permeability and show that 
the capillary rise direction controls the material 
damage.  

The results presented in Figure 7 indicates 
that the thermal conductivity decreases when the 
porosity increases; this result is in good agreement 
with that found by Y. El Rhaffari [2]. The high 
thermal conductivity values correspond to low 
porosity regions testifying to the existence of a 
calcite and quartz cementation and vice versa. 
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Fig. 6 - Evolution of average thermal conductivity for calcarenite samples (series 1 and 2) during salt weathering cycles by 
imbibition-drying. 

 

Fig. 7 - The thermal conductivity in function of porosity for four 
samples tested with sodium chloride solution of 15 
g/l and four others with 45g/l. 

Calcarenite stone in the unaltered state 
presents an initial isotropy according to the bedding 
orientation with respect to thermal conductivity and 
permeability [1] (Table 1). However, these 
properties evolve anisotropically during applied 
cycles. This can be attributed to differences in the 
orientations and structures of specific pore network 
at each sampling direction (parallel and 
perpendicular to the bedding). We can say that the 
anisotropy of the transfer properties in calcarenite 
rock (evaporation, thermal conductivity, 
permeability ...) is characteristic of the anisotropy of 
structure and pore network connectivity. 

4. Conclusions 

This paper presents the study at a macro 
scale of salt weathering in calcarenite stone using  

 different techniques, including thermal conductivity 
scanner and Tiny Perm II permeameter. Several 
imbibition-drying cycles are carried out in laboratory 
with sodium chloride solutions, on eight calcarenite 
samples taken parallel and perpendicular to the 
sediment bedding. Changes noticed for a few 
number of applied cycles are more important when 
a low NaCl concentration solution was used. We 
observed the formation of salt efflorescence on 
sample surface, the minor part of halite remaining 
trapped in stone porous network. These 
efflorescences have caused significant changes in 
the texture and structure of tested specimens, these 
results in the decrease of permeability with the 
applied cycles. 

Results show that the bedding orientation 
represents a primary factor in calcarenite stone 
decay under salt crystallization action. The 
evolution of permeability and of the specific mass of 
precipitated salt depend on salt solution 
concentration and of porosity. The variations of 
thermal conductivity and permeability during the 
imbibition-drying cycles are less important for 
samples taken parallel to the sediment bedding 
than for those taken perpendicularly. However, the 
limited number of applied cycles did not allow 
showing the effect of salt concentration difference 
on thermal conductivity. 

Results also showed that the thermal 
conductivity decreases when the porosity 
increases. In addition, calcarenite stone in the 
unaltered state presents an initial isotropy 
according to the bedding orientation with respect to 
thermal conductivity and permeability. However, 
these properties evolve anisotropically during 
applied cycles. 

We plan in perspective to study the 
petrophysical, petrographical, mineralogical and 
structural properties of altered calcarenite stone by  
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și a concentrației sărurilor asupra evoluției proprietăților petrofizice ale calcarenitelor în timpul ciclurilor de degradare  
sub acțiunea  clorurii de sodiu                                                   

salt crystallization. This study will relate to the same 
samples, of series 1 and 2, subjected to the salt 
weathering action during the five imbibition-drying 
cycles which we have performed. 
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