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A B S T R A C T

Understanding how microstructural characteristics influence water transport and durability in natural building 
stones is crucial for predicting their long-term performance and guiding conservation practices. This study in
vestigates the hygric behaviour of the Euville limestone, a building stone widely used in European architecture, 
through an integrated experimental approach which combines porosity, vapour diffusion, water absorption, and 
drying analyses. While prior studies have addressed the bulk properties of this stone, this work explicitly 
characterises the anisotropy of these properties due to sedimentary layers. The results show that Euville lime
stone has a high water absorption capacity (up to 6 wt%) and a considerable difference between total (14%) and 
open porosity (12%). Pronounced anisotropy in capillary absorption was observed, with higher uptake parallel to 
the bedding planes, while compressive strength remained nearly isotropic. The prolonged drying (14 days) 
highlights the tendency of the material to retain moisture.

1. Introduction

Sedimentary rocks, particularly limestones, have historically been 
popular construction materials that are incorporated in buildings as 
interior and exterior masonry or cladding, having either a decorative or 
structural use [1]. Euville limestone is a variety widely employed in 
France [2], Belgium [3], the Netherlands, and in Germany [4] for his
torical and contemporary architecture since the late 19th century. This 
limestone is made of crinoid fossils which are bonded together by a 
carbonate cement [5]. The stone has a homogeneous appearance, pre
senting a white-beige colour and a homogenous distribution of the 
grains. The sedimentary layering is not visible. The grain cohesion, 
providing the stone strength, is determined by the bonding between the 
grains and the cement. Due to its microstructure, this limestone is 
characterised by a high open porosity, which influences its interaction 
with moisture and durability [6].

The deterioration of limestones is intrinsically linked to the role of 
water as a transport and reaction medium [7,8]. Specifically for Euville, 
the weathering effect is represented macroscopically as either grain loss 
or a progressive internal weakening, where the stone appears intact due 
to a hardened external crust, but the interior has lost most of its strength. 
The severity of such deterioration is dictated by the petrographic char
acteristics of the stone. Properties such as the dimension and distribu
tion of the grains constituting the stone and their packing, which creates 
the pore network, regulate capillary suction, moisture retention time, 

and susceptibility to freeze-thaw cycles [9–12]. Further cracking and 
efflorescence formation are caused by the crystallisation of soluble salts, 
which is governed by the hygric behaviour [13]. Additionally, moisture 
retention promotes biological colonisation, which can affect the inter
action of the material surface with the environment and induce aesthetic 
changes [14]. Therefore, a thorough characterisation of the hygro
thermal behaviour is crucial for understanding the durability of Euville 
limestone.

Euville limestone has been the subject of several petrophysical 
studies. For instance, Bellanger et al. [10] examined the frost resistance 
of carbonate grainstones, including Euville, focusing on water storage 
and transport. In the context of Heritage Conservation, the stone's 
compatibility with repair mortars was evaluated by Lopez-Arce et al. [2], 
providing data on porosity, strength, and vapour permeability. Both 
studies report similar results for open porosity, but other results are not 
comparable because they have measured different quantities. However, 
neither studies include the potential influence of sedimentary layers, as 
information about the stones orientation after cutting is often not 
available and difficult to determine later on.

The water absorption of Euville has been evaluated in relation to 
bedding orientation by Pestre et al. [15] and resulted in a substantial 
difference. However, there is no comprehensive research that addresses 
the directional anisotropy in water transport for Euville limestone and a 
significant knowledge gap remains regarding the integrated moisture 
behaviour of the stone.
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This study addresses this gap by providing a comprehensive char
acterisation that correlates sedimentary layer orientation with me
chanical strength as well as water transport, offering new insights into 
how the microstructure and sedimentary layers influence its properties. 
Drying kinetics and water vapour permeability of the stone are assessed 
and related to its porosity to better characterise the moisture behaviour. 
Water adsorption rates are estimated using the Karsten tube, a standard 
tool used in conservation practice [16,17].

2. Materials and methods

2.1. Material

The samples investigated in this work have been collected from the 
construction company Vandekerckhove NV (Belgium). The sedimenta
tion layering orientation was marked on the stones when they were 
extracted from the quarry. The depositional layers are indicated on each 
block by two or three parallel lines drawn on the block itself. The intact 
blocks of approximately 20 × 30 x 15 cm3 have been cut into 
5 × 5 × 5 cm3 cubes for mechanical and hygric testing. A picture of the 
intact blocks used in this research is presented in Fig. 1.a.

Alongside the blocks picture, the optical microscope images (Fig. 1.b 
and Fig. 1.c) show the microstructure of the Euville limestone. This stone 
is classified as a Middle Oxfordian biosparite (grainstone) extracted from 
north-eastern France [18]. It is characterised by crinoid fossil fragments 
of calcite (CaCO3) with average dimensions of 2 mm [3] which are 
bonded by a syntaxial calcite cement [5]. The grain cohesion, providing 
the stone strength, is determined by the bonding between the grains and 
the cement. The internal architecture is articulated in sedimentary 
layers, which, resulting from its depositional history, create the micro
structural anisotropy that is the focus of the transport analyses presented 
in this study. An example of the packing between the grain and the 
cement is presented in Fig. 1.b and in Fig. 1.c. Those are microscope 
pictures of a thin section made from the intact blocks collected. The 
fossil grains are surrounded by the calcitic cement, which grows directly 
from the grain’s surface, creating both optical and structural continuity 
between the two phases. While macroscopically uniform, the calcitic 
cement is susceptible to dissolution and recrystallisation. This degrades 
the grain-cement interface, leading to granular disintegration and 
reduced structural integrity [9,19]. Such transformation determines 
grain detachment and, as a result, the macroscopic crumbling of the 
stone, which is the unique degradation pattern observed for this 
limestone.

2.2. Methodology

The total porosity was derived after the measurement of ρs (skeletal 
density) using a helium pycnometer (Micromeritics AccuPyc II 1340). 

For the skeletal density measurement, 8 intact Euville samples have 
been examined. They were dried and crushed in an agate mortar to 
approximately 5 g of powder and measured with the pycnometer.

The total porosity ptot has been determined following the equation: 

ptot = 1 −
ρb

ρs
(1) 

Where ρb is the bulk density, calculated as the ratio between mdry and V 
of the 12 cubic blocks examined in this study. To evaluate the hygric 
transport properties, it is necessary to distinguish between water- 
accessible porosity and total porosity. The latter refers to all voids in 
the solid matrix, including closed pores. The porosity accessible to 
water, or popen, corresponds to the percentage of material that can be 
occupied by water. It has been calculated on the 12 blocks of 
5 × 5 × 5 cm³ after the water absorption test, following the formula: 

popen =
(msat − mdry)

/
ϱw

V
(2) 

.
The open porosity was also assessed using Mercury Intrusion 

Porosimetry (MIP) on small samples measuring approximately 5 mm 
and weighing 2 g each. A representative sample was dried at 70◦C before 
performing the MIP measurement with an Autopore IV. The analysis was 
conducted using a pressure range from 0.0141 MPa to 206.81 MPa, 
allowing for the detection of pore throat diameters from approximately 
88.35 μm down to 0.0066 μm. The results obtained by MIP are compared 
with the open porosity value calculated using Eq. (2).

The masonry blocks of Fig. 1.a were cut into 5×5 x 5 cm³ cubes, 
using a water-cooled diamond saw, and distributed for the different 
experiments. Before testing, all of the prepared blocks were dried in an 
oven at 70◦C until mass consistency. After drying, the specimens were 
cooled to ambient temperature in a desiccator over silica gel to prevent 
moisture absorption.

A set of ten cubes was used to estimate the Uniaxial Compressive 
Strength (UCS) of the limestone. The measurement has been performed 
following the procedure of the standard EN 1926 [20] and performed 
with a 250 kN Tension-Compression machine Instron. The compressive 
strength has been considered as a characterisation test and to address 
the presence of anisotropy for this property.

The moisture transport has been studied by the water vapour diffu
sion resistance factor (μ, adimensional). This value is determined 
employing the cups method as defined in the standard ISO 12572 [21]. 
For this experiment, ten samples of Euville of 1 cm thickness and an area 
of 5×5 cm² have been cut with a water-cooled diamond saw. The testing 
cups contain either a desiccant (calcium chloride, dry cup) or water (wet 
cup). The assembly of samples, which is shown in Fig. 2, resulted in ten 
cups, five of which were for the dry and the others for the wet cup 

Fig. 1. (a) Blocks of intact Euville, used to prepare the sample cubic blocks; (b) and (c) optical microscope pictures of Euville limestone thin section.
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experiments. Fig. 2.a shows how the sample cups were constructed: the 
cups were filled with either calcium chloride or water up to a thickness 
of approximately 3 cm from the bottom of the cup. Then the stone 
sample is placed and covered with a lid-frame, which exposes an area of 
4 × 4 cm2 for vapour exchange between the material and the environ
ment. Such a prepared assembly was wrapped in one layer of aluminium 
foil (approximately 0.05 mm thickness), and lastly, a plastic foil wrap 
was created on top of the aluminium foil in order to seal the whole 
system. All prepared cups were placed in a climate chamber at 20 ± 1 ◦C 
and 60 ± 2% RH. The weights of the test assemblies are monitored every 
24 h until five successive calculations of the mass change are constant 
within ±5% of the mean value for the single specimen weight.

Anisotropy in the water transport has been investigated by per
forming water absorption tests on limestone cubes of 5 x 5×5 cm3. All 
the water absorption experiments were performed in a controlled lab
oratory environment at 20 ± 2◦C and 50 ± 5% relative humidity. The 
water absorption at atmospheric pressure and the water absorption by 
capillarity have been determined by observing the procedures described 
in the standards EN 13755 [22] and EN 1925 [23]. In the following 

sections, each block is indicated by a number and a letter, which indicate 
the orientation of the sediment layers, either vertical (“V”) or horizontal 
(“H”) and the sample number. The presented study aims to evaluate the 
eventual influence of the orientation of sedimentary layers on the water 
transport properties. Specifically, of 12 samples, 6 blocks have been 
positioned with sedimentary planes parallel to the water level (H), and 
the other 6, perpendicular to it (V). The same set has been kept for both 
total and capillary water absorption experiments. The diagram shown in 
Fig. 3 illustrates the positioning of the samples during the water ab
sorption experiments.

After performing the capillary absorption experiment, the water- 
saturated samples were wrapped in one layer of aluminium foil, leav
ing only one surface where evaporation was possible. Furthermore, the 
samples were wrapped again in plastic foil to ensure good adhesion of 
the aluminium to the stone. Such prepared samples were then placed in 
a climate-controlled chamber, which was kept at 20 ± 1 ◦C and 60 ± 2% 
RH. The specimens were placed at approximately 5 cm distance from 
each other to ensure uniform vapour diffusion, and their weight was 
monitored until the mass was stable (defined as a mass change of less 

Fig. 2. (a) Schematic diagram of the water vapour permeability experiment with the wet and dry cups method; (b) picture of the sample assembly.

Fig. 3. Schematic diagram of the water absorption experiment by capillary action. The stone block on the left has the stratification planes (indicated by three red 
lines) oriented perpendicular to the water absorption direction (H), while the block on the right has them oriented parallel (V).
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than 0.01% over a 24-hour interval). The drying properties of the ma
terial have been determined following the procedures in the standard EN 
16322 [24]. A representative diagram of the blocks prepared for the 
drying test is proposed in Fig. 4.a.

The Karsten tube water penetration test was performed to provide a 
comparison with the laboratory-standardised experiments for water 
absorption, as it is a common, non-destructive and portable technique. 
The instrument consists of a graduated tube welded to the lower end of a 
cylinder cell of 30 mm diameter that is sealed to the block surface with 
plasticine putty produced by Mohren. Each tube was filled with 4 mL of 
tap water, and the water level was monitored until complete absorption. 
This comparative approach allows for the validation of simplified on-site 
tools against laboratory data obtained with standardised experiments. A 
schematic diagram representing the two different conditions in which 
the experiment has been conducted is presented in Fig. 4.b and Fig. 4.c.

3. Results and discussion

3.1. Porosity and compressive strength

A summary of the calculated and measured densities together with 
the results of the porosity study is presented in Table 1.

The average total porosity ptot is 14.16 ± 0.68%, with 12.98% as 
minimum and 15.21% as maximum based on measuring 12 samples. The 
calculated coefficient of variation is 4% and together with a variance of 
0.47, it indicates low relative variability of the data.

The open porosity popen has been determined from the total water 
absorption test as explained in 2.2 and resulted in an average of 12.57 

± 0.55%, with 11.79% and 14.09% as minimum and maximum. For the 
sample set, the coefficient of variation is 4%, and the variance is 0.30, 
demonstrating the good consistency of the results. In the porosity study 
of Euville by Leger and Luquot [25], the difference between open and 
total porosity indicates the existence of closed pores. Unexpectedly, popen 
from MIP is only 7.14%, a difference with popen by water absorption 
indicates the presence of open voids or cracks that are outside the MIP 
measurement range (upper limit is 88.35 μm pores). Such porosity is 
visible in Fig. 2.b and can explain the difference. The "ink-bottle" effect 
could also contribute to the observed difference. While water is a wet
ting fluid that spontaneously penetrates the network via capillary ac
tion, mercury is non-wetting and requires high pressure to enter. Salvini 
et al. [26] reported that MIP may underestimate open porosity if the 
ratio between the pore dimension and the pore throat is high, as mercury 
might not be completely drained during depressurisation [27]. This 
leads to an underestimation of the open porosity. Furthermore, the cubes 
used for water absorption are more representative than the small sample 
required for MIP.

In the literature, the open porosity of Euville appears with a wide 
range of values, from 10% to 20% [3,10,28,29]. This variability is not 
surprising due to the heterogeneity of the stone, which is extracted from 
different sections of the quarry.

The pore size distribution resulting from MIP is presented in Fig. 5. 
The pore sizes show a bimodal distribution, with a maximum around 1 
μm and 40 μm. The distribution matches the results of Leger and Liquot 
[29] and Bellanger et al. [10], who classified the larger pores as resulting 
from intergranular porosity. The bimodal distribution, together with the 
high ratio between maximum and minimum radii, indicates the presence 
of a complex pore network. This configuration facilitates dual transport 
mechanisms: small pores control capillary rise and vapour sorption, 
whereas large pores enable faster liquid transport and storage capacity. 
The gap between open and total porosity values confirms the presence of 
closed or semi-closed pores, which may act as a water reservoir. During 
freeze–thaw cycles, these closed voids contribute to internal pressure 
build-up and microcracking, explaining why Euville might be subjected 
to frost damage comparable to that of more porous limestones reported 
in the literature [15,30].

When estimating the durability of a stone as construction material, 
both porosity and strength should be considered [6]. Limestones have 
compressive strength ranging from 6 to 130 MPa and porosity going 
from 0% to even 50% [15].

The compressive strength of Euville varies between 12.4 MPa and 
38.3 MPa [31], which is consistent with other UCS presented for bio
calcarenites [30]. Among the 10 tested samples, the average compres
sive strength is 27.53 ± 3.26 MPa. Samples having the sedimentary 
layers oriented parallel to the applied force direction (Fig. 6.a) have an 
average of 27.99 ± 3.03 MPa, while the perpendicular ones (Fig. 6.b) of 
27.07 ± 3.78 MPa. While a numerical increase is noted for the perpen
dicular orientation, the standard deviation overlaps, suggesting that the 
Euville limestone does not exhibit mechanical anisotropy. A two-sample 
t-test (α = 0.05) produced t = 0.48 and p = 0.65, showing that the dif
ference between the two orientations is not statistically significant and is 
likely related to natural variability rather than anisotropy. In addition, 
the pattern created by the cracks does not seem to recall the stratifica
tion planes disposition, but instead, the cracks created by the applied 

Fig. 4. (a) Picture of the samples assembly for the drying experiment. On the right, the Karsten tube experiment set-up: in (b), the water absorption direction is 
perpendicular to the stratification planes, which are indicated by three parallel lines. In (c), the water absorption plane is parallel to the stratification planes.

Table 1 
Density and porosity of Euville limestone. The MIP open porosity was calculated 
on a single representative sample, therefore, the standard deviation is not 
specified.

Skeletal density 
ρs 
(g/cm3)

Bulk density 
ρb 
(g/cm3)

Total porosity 
ptot 

(%)

popen 

(%) 
by water absorption

popen 

(%) 
by MIP

2.54 ± 0.04 2.17 ± 0.02 14.16 ± 0.68 12.57 ± 0.55 7.14
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pressure have the same orientation (Fig. 5). This behaviour indicates 
that the sedimentary layering does not function as a primary plane of 
mechanical weakness. But it can eventually be ascribed to the deterio
ration of the syntaxial calcite cement. The cement grows in structural 
continuity with the crinoid fragments, creating a robust, interlocking 
mineral matrix that effectively merges the depositional layers. Conse
quently, the stone maintains a high degree of structural homogeneity 
under compressive loading.

3.2. Vapour transport and drying properties

The water vapour permeability assessment with the dry and wet cup 
method allowed for the determination of the moisture flow rate in the 
samples, resulting in an average vapour diffusion resistance factor of μ 
wet = 21.58 ± 4.63 and μ dry = 35.78 ± 5.58 for the wet and the dry cup, 

respectively. For the wet cup experiment, the minimum calculated value 
is 13.77, while the maximum is 24.95, and the coefficient of variance for 
the five analysed cups is 21%. At the same time, the results obtained for 
the dry cup range from 30.06 to 42.20, and the coefficient of variance for 
the five calculated values is 16%. Such high values of variability might 
be attributed both to the natural origin of the material and the relatively 
small size of the sample, which can produce different results.

The calculated water vapour permeabilities are 5.46 × 10− 12 ±

5.74 × 10− 13 kg/m⋅s⋅Pa for the dry cup and 8.53 × 10− 12 ±

6.88 × 10− 13 kg/m⋅s⋅Pa for the wet cup experiment. The wet cup 
experiment coefficient of variation is very low with 6%, as the calculated 
values range from 8.01 × 10− 12 kg/m⋅s⋅Pa to 9.44 × 10− 12 kg/m⋅s⋅Pa. 
The dry cup experiment shows higher variation with a coefficient of 
variation of 13% and 4.74 × 10− 12 kg/m⋅s⋅Pa and 6.41 × 10− 12 kg/ 
m⋅s⋅Pa as the minimum and maximum calculated values, respectively. 

Fig. 5. MIP pore size distribution. In the graph are displayed both the cumulative and the incremental pore volume as a function of the pore diameter.

Fig. 6. UCS test pictures. In (a), the stratification planes are oriented parallel to the compressive force (V). In (b), the sedimentary planes are perpendicular to the 
direction of the compressive force (H).
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Even though the resulting values are different from the ones measured 
by Pestre et al. [15], presenting resistance factors of μ wet = 56 and μ dry 
= 149, the relation between the values remains the same, with the dry 
cup method resulting in higher values than the wet cup one. Specifically, 
the water vapour resistance factors are higher for the dry cup experi
ments and the water vapour permeability is higher for the wet cup ones. 
This effect might be due to the increased water content in the stone 
during the wet cup experiment. Notably, in the dry cup experiment, 
there is only vapour diffusion through the material, while for the wet 
cup experiment, the high moisture content in the cup might favour 
surface diffusion and capillary condensation, for which the transmission 
rate of water vapour is increased [32]. As a result, the resistance of the 
material towards water vapour transmission is lower for the wet cup 
experiment. On the contrary, for the same reasons, the water vapour 
permeability results in higher values for the wet cup. In this work, both 
experiments have been performed in order to get a comprehensive 
assessment of the water vapour transport behaviour in the Euville 
limestone. This is because, while with the dry cup the water vapour flow 
is calculated, with the wet cup, the susceptibility of the material towards 
moisture retention is assessed.

In addition, limestones similar to Euville (15–20% porosity) present 
vapour resistance values similar to the calculated ones, while more 
porous varieties present smaller values of water vapour resistance, but 
similar water vapour permeabilities [15], thus suggesting the impor
tance of the vapour diffusion resistance factor for building materials 
characterisation. The water vapour diffusion is an important property of 
a porous material since it influences its drying behaviour in the final 
steps of the process.

The drying behaviour of the Euville limestone is discussed here as the 
process is strongly influenced by the RH of the air. In particular, the 
removal of water from a wet material is governed by evaporation, which 
depends on the difference between the material's humidity and that of 
the environment.

The drying curve correlating the mass of water removed from the 
samples over time is shown in Fig. 7. The drying process stops when 
equilibrium between the material and the environment is reached. The 

experimental configuration guarantees water evaporating from a single 
surface. As a result, water rises under the influence of capillary action. 
The movement of liquid water to the sample surface, where it evapo
rates, typically governs the initial drying phase. In this phase, the drying 
rate is influenced by the properties of the liquid, as well as by the 
microstructure. The drying rate remains constant throughout the first 
phase, or linear drying period. When the evaporation rate slows down 
because of liquid water removal and the vapour diffusion process starts, 
the second drying phase begins. The drying process of the Euville took 
around 14 days. The mass stabilisation of the samples is represented in 
Fig. 7 by the convergence of the drying curves towards a horizontal 
asymptote. The endpoint of the experiment corresponds to the hygro
scopic equilibrium moisture content of the stone at the test environ
mental conditions (20 ± 1◦C, 60 ± 2% RH). Analysis of the oven-dry 
and drying experiment final stable mass across all 12 blocks yields a 
residual moisture content ranging from 0.84 to 1.32 wt%, with a mean 
of 0.96 ± 0.13 wt% at the end of the test. The apparent convergence 
toward zero in Fig. 7 is a visual artefact of the graph scale.

The first drying phase is defined by the detection of a linear decrease 
in water content that appears to end after 4 days. The drying rate for this 
phase was calculated using the first derivative of the water content with 
respect to time. The drying rate of the water vapour transmission phase 
(second stage of drying) is determined as the slope of the linear part of 
the curve displayed as a function of the square root of time. There is a 
water loss of - 0.17 ± 0.1 kg/m2⋅h during the first stage of drying, with a 
minimum value of 0.15 kg/m2⋅h, and 0.20 kg/m2⋅h as maximum. The 
drying rate of the second phase is - 0.23 ± 0.1 kg/m2⋅h1/2, with - 
0.22 kg/m2⋅h1/2 as the minimum value, and - 0.24 kg/m2⋅h1/2 as the 
maximum. The measured drying process duration is in line with previ
ous research [14,33]. According to the study of Karaca [34], who 
examined the water absorption and drying behaviour of several types of 
stones, the drying phase is always longer than the time required to 
obtain water saturation, except for the most porous variety of limestone 
considered. Actually, the pore network structure is a fundamental 
characteristic of the material which influences its drying behaviour 
[35].

Fig. 7. Drying curves of the Euville limestone are represented by the decrease in water content per unit of surface against time for each examined block. Each one is 
nominated with the letter “B” for block and a number.
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The drying and vapour diffusion experiments illustrate how the pore 
network influences the ability of the stone to release moisture after 
wetting. The long drying period of approximately 14 days indicates that 
Euville limestone retains moisture for extended durations in an envi
ronment of approximately 60% RH, which is common for the climate 
where Euville is used (in France, Belgium, and the Netherlands). This 
behaviour suggests the presence of narrow throats connecting larger 
pores, creating capillary condensation zones that delay evaporation. The 
observed drying behaviour is in line with the MIP results (Fig. 5). The 
bimodal distribution shows a significant volume of macropores (40 μm) 
and a secondary population of narrow throats (1 μm). During the first 
stage of drying, the larger pores at the surface empty rapidly. However, 
as the drying front recedes, the transport of liquid water to the evapo
ration surface is governed by the 1 μm throats. The high capillary suction 
associated with these smaller diameters, combined with the 'ink-bottle' 
effect where macropores are shielded by these narrow connections, 
creates a bottleneck that slows the drying rate. This microstructural 
restriction is the primary driver for the prolonged second drying stage, 
as the narrow throats facilitate local capillary condensation zones that 
delay the final stabilisation of the mass.

The slow drying observed in Euville limestone has significant im
plications for its durability as a building stone material. Within 
temperate or humid climates, moisture is the primary driver for several 
degradation mechanisms. Firstly, the retention of moisture within the 
pore network facilitates the dissolution of calcium carbonate, the 
migration of carbonate and soluble salt ions, and subsequent crystal
lisation in the outer part of the material [9,36,37]. If the stone remains 
wet for long periods, with evaporation occurring primarily at the sur
face, the newly formed crystals originate in that outer part, leading to 
the removal of calcite from the stone core. This influences the cohesion 
of the grains with the cement, possibly leading to the disintegration 
observed in the weathered Euville. Secondly, the high surface humidity 
maintained during the slow first stage of drying creates an ideal envi
ronment for the colonisation of micro-organisms, which can lead to 
undesired staining and biochemical alterations of the calcitic matrix 
[14].

3.3. Water transport anisotropy

The water sorption of porous material under natural conditions is 
caused by either capillary imbibition or sorption from total immersion. 
The water behaviour in a porous medium strongly depends upon the 
network geometry. The transport properties and storage capacities are 
linked to pore radii, connected pore networks, and their ability to trap 
air bubbles.

Whether from rain and water runoff or from capillary water rising, 
the measurement of water absorption from total immersion provides a 
good quantification of the highest degree of saturation reached under 
natural conditions [10].

In Fig. 8, the total water absorption is shown. Here, two different 
phases can be distinguished. The first is characterised by rapid water 
absorption, during which the stone absorbs most of the water. In the case 
of Euville, this period lasts about 72 h and results in 4.86 ± 0.22 wt% of 
absorbed water on average. The average total water absorption value for 
the 12 cubes examined at the end of the experiment (saturated samples) 
is 5.78 ± 0.24 wt% with 4% as coefficient of variation. This limestone 
can thus be regarded as a highly absorbing material because the results 
are greater than the literature values for construction limestones, which 
range from 0.1 wt% to 3.0 wt% [38]. Fig. 8 also shows that the differ
ence in water adsorption between specimens oriented parallel and 
perpendicular to the water level is small. Specifically, blocks from V7 to 
V12, which were oriented parallel to the water absorption direction, 
present an average value of 5.80 ± 0.31 wt% with 5% as coefficient of 
variation and the perpendicular set, from H1 to H6, of 5.74 ± 0.11 wt% 
with 2% as coefficient of variation. These values do not differ signifi
cantly from each other, thus suggesting the absence of structural 
anisotropy. A mathematical verification made through a two-sample 
t-test (α = 0.05) results in t = − 0.38 with p = 0.72, demonstrating the 
absence of a statistically significant difference between the two sample 
sets (horizontal and vertical orientations). The duration of the total 
water absorption at atmospheric pressure test, necessary to reach satu
ration, is 15 days. This period is considerably longer than the ones 
measured for other varieties of limestone, which, in general, correspond 

Fig. 8. Total water absorption at atmospheric pressure. Each curve represents the water absorption weight percentage against time for each block. The number 
indicates the single block, while the letters indicate the samples orientation: “V” is for vertical and “H” is for horizontal.
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to a duration of less than a week [34,35].
The same mechanisms of absorption in two stages is evident with the 

capillary absorption test. The plot in Fig. 9 presents the weight increase 
per unit of surface area over the square root of time. First, the material 
absorbs water quickly, resulting in a linear increase, which is also used 
to calculate the capillarity coefficient. The second phase is linked to 
reaching the saturation condition which is visually identified by a 
plateau. The capillary coefficient for the whole set of samples corre
sponds to 77.47 ± 9.19 g/m2s1/2. This value is in accordance with the 
range that has been presented by Benavente et al. [30] for eight varieties 
of calcarenites, similar types of limestone. At the same time, it differs 
from the results for the Euville that are present in the literature. The 
averaged capillary coefficient value calculated by Lopez-Arce et al. [2] is 
45.60 g/m2s1/2, Lubelli et al. [31] and Schröer et al. [14] report 
20.90 g/m2s1/2 and 60.56 g/m2s1/2, respectively. The same value, but 
calculated for the two sets of samples, is significantly different. The 
capillarity coefficient for the set oriented perpendicular to the water 
absorption direction (horizontal samples) is 71.72 ± 8.46 g/m2s1/2, 
while the parallel (vertical samples) resulted in 83.22 ± 5.90 g/m2s1/2. 
The two values differ by more than 10% from each other, thus indicating 
the existence of a difference in the water transport due to the sedi
mentary layers of the stone. Similar results are reported by Pestre et al., 
having 71 g/m2s1/2 for the parallel and 42 g/m2s1/2 for the perpendic
ular directions. A two-sample t-test (α = 0.05) was used to determine the 
statistical significance of capillary absorption anisotropy in specimens 
orientated parallel and perpendicular to the water absorption direction. 
The test resulted in t = − 4.61 with p = 0.0058, suggesting a significant 
difference between the two orientations. The results obtained support 
the possible existence of anisotropic capillary water transport in Euville 
limestone, with higher absorption rates found in samples orientated 
vertically (parallel) to the water absorption direction.

A redistribution of water inside the material is determined by a 
stationary condition, which occurs after the imbibition phase ends 
(plateau in the graph of Fig. 9). In this second phase, the liquid creates a 
continuous network in which air can still be trapped between 

macropores. The water flow in the stone is primarily controlled by 
capillary forces that take place in pores of 0.1 μm to 2500 μm [30]. The 
transition between the two phases is reflected by a slope shift in the 
capillary absorption curve. For this experiment, the slope change occurs 
around 60 h after the start of the test. It took around 8 days for the 
samples to reach the saturation condition. This is considerably faster 
than the time it took to reach the same condition during the total ab
sorption experiment. The difference suggests that capillary action is the 
most efficient mechanism of water transport. As a result, high capillary 
coefficient measurements may indicate a high absorption capacity and, 
consequently, indicate a possible vulnerability of the material to 
water-induced degradation. In this process, the orientation of the pore 
network, which is determined by the sedimentary layering, is 
fundamental.

The Karsten tube is a tool used for measuring the water absorption of 
construction materials outdoors. Besides in situ measurements, another 
advantage is the vertical tube, useful for measuring the water absorption 
of façades. In the presented experiment, the vertical Karsten tube has 
been used on a block of Euville of 23 × 22 x 10 cm3 (Fig. 4.b and Fig. 4. 
c). The aim is to test the efficiency of the instrument in measuring the 
water absorption per unit of surface of the stone and further evidence the 
presence of anisotropy in the water transport.

The graph presented in Fig. 10 shows water absorption curves per 
unit of surface area in relation to the square root of time, measured using 
the vertical Karsten tube. It is clear that when placed parallel to the 
sedimentary layers water absorption is much faster. The absorption of 
4 mL of water takes 6 min for the parallel direction and 14 min for the 
perpendicular direction.

The water absorption per unit of surface was calculated considering 
only the linear part of the graph, thus excluding readings during the first 
3 min of the experiment. The resulting values are significantly higher 
than those measured with the capillary absorption. Specifically, 
422.60 g/m2s1/2 and 563.05 g/m2s1/2, for the perpendicular and par
allel direction, respectively. These values are significantly higher than 
those from the standard capillary test, which are 71.72 g/m2s1/2 for the 

Fig. 9. Capillary water absorption curves. The amount of water absorbed per unit of surface is plotted as a function of time. The number indicates the single block, 
while the letters indicate the samples orientation: “V” is for vertical and “H” is for horizontal.
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perpendicular and 83.22 g/m2s1/2 for the parallel. The observed dif
ference might be since the Karsten tube measurement is based on a 
relatively small absorption area, 5.72 × 10− 5 m2, and the water ab
sorption speed can be accelerated by the presence of voids or cracks that 
are hidden under the surface [16]. Additionally, in the Karsten tube 
setup, water spreads laterally into the dry stone surrounding the tube, 
whereas the standard laboratory capillary absorption test is restricted to 
one-dimensional vertical transport. Consequently, the Karsten tube 
measures an absorption influenced by the three-dimensional connec
tivity of the pore network and local surface defects. Despite the differ
ence in the results, Karsten tube experiments can be useful to quickly 
estimate the influence of the stone anisotropy on hygric properties, for 
mapping surface heterogeneity and identifying cracks, or to evaluate the 
influence of treatments on water absorption, like water repellent ap
plications [17]. For example, the experiment can be effective in a survey 
of an extended area where the variability of the measurement can 
indicate the presence of cracks and voids.

4. Conclusions

This study provides a comprehensive assessment of the moisture 
transport behaviour of the Euville limestone, integrating microstruc
tural, hygric, and mechanical analysis, while also taking sedimentary 
layers into account. 

• Euville limestone displays a bimodal pore size distribution (maxima 
at 1 μm and 40 μm) and a significant difference between total 
(14.16%) and open (12.57%) porosity, revealing the presence of 
closed pores. This structure explains both rapid liquid ingress 
through interconnected macropores and slow moisture release 
through a microporous network.

• MIP underestimates open porosity compared to water absorption 
(7.14% by MIP and 12.57% by water absorption) due to the presence 
of large pores, which are above the detection limit of MIP and 
possibly to the ink-bottle effect. However, the technique still gives 
valuable insights into the size distribution of smaller pores.

• Compressive strength is 25.73 on average and shows no anisotropy.
• The overall drying duration of the Euville limestone was 14 days. 

During the first phase, the drying rate was - 0.17 kg/m2⋅h and - 
0.23 kg/m2⋅h1/2 during the second. This suggests the presence of 
narrow throats connecting larger pores, creating capillary conden
sation zones that delay evaporation. This is also consistent with MIP 
results.

• The vapour diffusion resistance factors are higher for the dry-cup 
(μ=35.78) than in the wet-cup (μ=21.58) condition, indicating 
increased permeability at higher relative humidity due to surface 
diffusion and capillary condensation.

• Capillary absorption and Karsten tube tests consistently demon
strated anisotropic water transport, with higher absorption rates 
observed when water flow was oriented parallel to the depositional 
layers. This anisotropy arises from grain packing along bedding 
planes. Even though the rates measured with the Karsten tube are 
higher, it still demonstrates the anisotropy in water absorption. 
Understanding the directional dependence of water uptake offers 
actionable knowledge for both construction and conservation prac
tice. Building blocks cut parallel to bedding may be more susceptible 
to degradation, given the higher water absorption capacity. There
fore, careful consideration of block orientation is fundamental. 
Moreover, the identification of prolonged moisture retention un
derscores the need for adequate drying periods and ventilation 
strategies.

The characterisation of moisture transport and microstructural 

Fig. 10. Water absorption with the vertical Karsten tube. (a) Amount of water absorbed per unit of surface by the Euville block. (b) Linear fit of water absorption 
perpendicular to the sedimentary layers. (c) Linear fit of water absorption parallel to the sedimentary layers. (c) Linear fit of water absorption parallel to the 
sedimentary layers.

B. Cerrai et al.                                                                                                                                                                                                                                   Construction and Building Materials 538 (2026) 147365 

9 



anisotropy in this study provides the necessary physical basis for 
assessing the stone's susceptibility to environmental stressors such as 
freeze-thaw cycles. While experimental freeze-thaw cycling was outside 
the scope of this initial characterisation, it represents the next critical 
step in broader research related to the Euville conservation research 
campaign.
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