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� Freeze-thaw weathering of Savonnières limestone was investigated.
� Macroscopic behaviour was characterized by strain and temperature measurements.
� Microscopic observations of crystal and water localities were done with mCT.
� The presence of oolithic ink-bottle pores decreases the frost susceptibility.
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Many natural building stones are altered when subjected to freeze-thaw (FT) cycles. On the one hand, the
sensitivity of a material to FT damage has been quantified in the past by the existence of a material-
specific critical water saturation. On the other hand, it was noticed that natural stones with a high volume
of ink-bottle pores, normally hold a relatively large FT resistance. The relationship between the pore
structure, the saturation and the FT resistance is however not well understood. In this paper, the influ-
ence of water content and the porosity on FT behaviour is investigated macroscopically with temperature
and strain measurements, established techniques in FT related research, and X-ray computed micro-
tomography (mCT). Strain measurements performed on Savonnières limestone samples clearly show an
increasing expansion with increasing water content, with the existence of a critical water saturation level
between 70 and 80%. Differential X-ray imaging on differently saturated limestone samples in an unfro-
zen and frozen state then aided in explaining the origin of this critical saturation degree. By draining
water from surrounding micro-pores through cryo-suction, ink-bottle ooid voids served as expansion
reservoirs. When the majority of the ooid voids is water saturated prior to freezing, these voids lose their
expansion reservoir ability and damaging pressures arise when water freezes inside undrained micro-
pores. These findings not only help to understand the FT resistance of this limestone, but also give insight
in the general FT behaviour of materials with bi- or multimodal pore-size distributions.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Freeze-thaw (FT) weathering is one of the main degradation
processes for porous building materials, such as natural stones
[1,2], cementitious materials [3] and bricks [4,5]. FT damage is
the result of internal pressures caused by ice crystallization in
the pores of the material, of which the magnitude depends on
the pore structure and moisture content [6], and environmental
drivers such as cooling rate, minimal temperature and time [7,8].
In the past, a material-specific critical water saturation degree
was noticed above which the porous medium immediately fails
upon freezing [9–12]. When a subject had a moisture content
below this threshold, weathering occurs over time in terms of fati-
gue failure [13].

To date, it is not fully understood how the water-ice phase tran-
sition generates damaging pressures. The founder of the critical
saturation concept [14], attributes the damaging stresses to the
9% volume expansion coinciding with the water-ice phase transi-
tion [15] and hydraulic pressures [16]. The latter pressures are sup-
posed to be generated by expulsion of water into small pores by
the 9% volumetric expansion. Contradicting observations [17,18]
however caused to doubt the hydraulic pressure theory and, nowa-
days, crystallization pressures [19–21] are mostly considered as
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the most damaging actors coinciding with crystallization in pores
[22]. The crystallization pressure is founded on the chemical
potential of water and ice [23]. As smaller crystals have a
decreased melting point, the pore size rp in which crystallization
can occur is linked to the temperature T following:
T � Tm ¼ 2ccl
ðrp � dÞDSfv ð1Þ

With Tm the melting temperature of large crystals (0 �C), ccl the
specific energy of the ice-water interface (0.04 J/m2) and DSfv the
entropy of fusion per unit volume (1.2 J/cm3.K) and d the thickness
of a water film between the crystal and the pore wall [20]. There-
fore, a negative temperature, or undercooling, is necessary to
enable ice to percolate in smaller pores. The presence of a 0.9 nm
thick water film between the ice crystal and pore wall [20] sustains
disjoining pressures between both solid phases. These pressures
are referred to as crystallization pressures. The pressure that is
exerted by an ice crystal in a cylindrical pore can then be estimated
by the capillary pressure of the crystal faces:
Pc ¼ ccl
rp � d

ð2Þ

Which indicates that the crystallization pressure Pc is higher in
smaller pores.

Many researchers have attempted to find correlations between
the pore characteristics, moisture content and the occurrence of FT
damage. A positive correlation was found between the critical sat-
uration level of natural stones and their ‘trapped’ porosity
[10,24,25]. These large micrometric to millimetric pores are sepa-
rated from the macro-connected pore network by very small nano-
metric ones. Therefore, the trapped porosity is often referred to as
‘ink-bottle’ pores [26–28]. This phenomenon causes the ink-bottle
pores to remain air-filled during imbibition. Ice nucleation within
these pores causes a chemical potential gradient and, as a conse-
quence, unfrozen water migrates towards the growing ice [23].
This water can crystallize then without confinement. Therefore,
empty ink-bottle pores are considered to act as an expansion reser-
voir upon freezing [29]. Also in engineered cementitious materials,
air voids are introduced into the matrix to increase the frost resis-
tance [30,31]. It was noticed that air voids might serve as cryo-
pumps and that high pressures arise when water freezes in capil-
lary pores that are not connected to an air void [16,32].

Most of the statements concerning the crystallization process
are however derived from indirect proxies, such as strain and tem-
perature measurements [7,10,29,33]. Moreover, a large fraction of
the previously mentioned researchers does not incorporate crystal-
lization pressures as one of the main damaging mechanisms, but
attribute the damage to hydraulic pressures. Therefore, direct
proof is needed to better understand the FT related processes on
the pore-scale. Only once the pore-scale processes are fully under-
stood, large-scale FT weathering phenomena can be explained.

To investigate the influence of ink-bottle porosity and water
saturation level on the micro- and macro-scale behaviour towards
a FT cycle, the French Savonnières limestone was selected and sev-
eral petrophysical parameters were characterised. This stone is
widely used as building and replacement stone [34] and, addition-
ally, it contains a vast amount of ink bottle porosity [35]. X-ray
computed micro-tomography or micro-CT (mCT [36]) data was
gathered from two stone samples subjected to FT cycles to map
the water redistribution and ice formation on the pore scale. This
non-destructive technique enables to image different stages in
the FT cycle consecutively on small samples [36]. Most impor-
tantly, the in situ observations were then linked to results of
macro-scale strain experiments. This unique combination of
micro- and macro-scale observations has the ability to unravel
the damaging mechanisms in porous limestone.
2. Materials

Savonnières limestone is a Jurassic (Tithonian) oolithic buff-
coloured grainstone [37] from east of the Paris basin (Barrois,
France) and is frequently used as building and replacement stone
mainly in Western Europe [34,37,38]. Savonnières has a cross-
bedded texture with encounters of bivalve-rich layers. The lime-
stone is partially cemented with isopachous sparite and has a high
secondary porosity [37] caused by partial or full dissolution of the
ooids’ core [39]. Both the partial cementation and the high amount
of secondary porosity are reflected in the total porosity, which lies
between 30 and 40 vol% [34,35,40]. The pores can be divided into
four categories based on their location and size [35] (Figs. 1 and 2).
In between the ooids, bounded by the sparite cement is the macro-
scopic inter-granular porosity (10–100 mm). The pores between
single sparite crystals are the microscopic inter-granular pores
(0.1–1 mm). Through secondary dissolution of the core of the ooids,
many of them are vacuolar, leading to a large macroscopic intra-
granular porosity (10 mm–1 mm) in this text referred to as ooid
voids. These macroscopic pores are connected to the inter-
granular pores through microscopic channels (microscopic intra-
granular pores; 1–100 nm). Altogether, this implies a multimodal
pore-size distribution. The large porosity and partial cementation
lead to relatively low strength properties. Derluyn (2012) [41]
measured many mechanical properties of the limestone with a
compressive and tensile strength of a wet sample perpendicular
to the bedding plane of respectively 18.8 MPa and 1.46 MPa.
Despite these relatively low strength values, the stone has a rela-
tively high FT resistance.
3. Methods

3.1. Sample preparation and stone characterization

A total of six cylindrical samples of 20 mm diameter and 38 mm
height were drilled for the strain and temperature measurements
(S1-S8). To obtain high resolutions with the mCT imaging tech-
nique, smaller cylindrical samples are necessary [36]. Therefore,
two other cylindrical cores (8 mm diameter, 25 mm height) were
prepared for mCT experiments (S1ct & S2ct). The total porosity p0

and bulk density qb of all samples were measured using standard-
ized hydrostatic weighing [42], for which the samples were satu-
rated with distilled water at a 99 KPa vacuum. Additionally,
three cylinders (S7, S8 and S1ct) were gradually immersed in dis-
tilled water for 48 h under atmospheric conditions. From this,
the water absorption under atmospheric conditions could be com-
pared to the absorption under vacuum. The same characterization
tests were performed on a large building block (SB1;
150 � 90 � 50 mm) to compare the values obtained for the rela-
tively small cylinders to overall values. On this block, several elas-
tic parameters were determined using ultrasonic pulse velocity
(Geotron Elektronic) and compared to parameters used by Derluyn
(2012). These elastic properties are important to calculate stresses
from the strain/temperature data.

3.2. Water saturation

The degree of water saturation (%) is defined as the fraction of
pore volume that is filled with water. Consequently, the total pore
volume, or effective porosity, of the sample needs to be known.
From this, it is calculated how much water a dry sample needs
to absorb or a wet sample needs to drain to obtain a certain



Fig. 1. A) microscopic image of a Savonnières limestone thin section with intra-granular macro-pores (1), inter-granular macro-pores (2), inter-granular micro-pores (3) and
intra-granular micro-pores (4). B) 3D volume rendering of mCT data of a Savonnières limestone with a voxel size of 1.3 mm. The complex pore network is visible with the
macroscopic intra-granular (1) and inter-granular pores (2). The micro-pores are not visible due to resolution restrictions.

Fig. 2. The pore-size distribution of Savonnières derived by Roels et al. (2001) with
the logarithm of the pore radius (log r) plotted against the partial volume
distribution (PVD) of the pores. The numbers in the graphs refer to the same
pore-categories as in Fig. 1. The vertical dashed line gives in indication of the pores
that are visible with the lab-based mCT technique. These have typically a pore radius
larger than 10 mm (adapted from [35]).
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saturation level, by measuring the respective weights. This amount
of water can be reached in two ways: by drying of a fully saturated
sample (saturation by drainage) or by imbibition of a dry sample
(saturation by wetting) until the appropriate weight is reached.
There is however often a hysteresis between the wetting and the
drainage curve over time, which is defined by the pore network.
Hence, different pores will be filled or drained depending on the
saturation method. An explanation for the drainage and imbibition
hysteresis of Savonnières limestone is given by Roels et al. (2001)
[35]. This hysteresis points out that ooid voids will be saturated
last by wetting and will also drain last during drying of the stone.
Locations of water prior to freezing are important to explain the
results of the experiments and, therefore, both saturation methods
will be used and compared in following experiments.

3.3. Temperature and strain measurements

In each of the eight cores (S1-S8), a hole of 1 mm diameter and
10 mm depth was drilled in the middle to insert a thermocouple
later. First, samples were brought to a fixed water saturation
degree by drying of the vacuum saturated samples until appropri-
ate weight was reached (dry sample + water content at different
degrees). To avoid evaporation or uptake of moisture during the
experiments, the saturated cores were sealed with aluminium foil
and wrapped in plastic tape. The aluminium foil serves to
distribute the temperature around the sample. The samples were
left at 4 �C for 24 h to homogenise and equilibrate the water distri-
bution within the pores. To prevent interference of extruding ice
during the strain measurements, the top and bottom of the sample
are stripped from their seal and dried partially. This was done by
placing both sides on a dry cloth for 5 min and by blowing air over
both surfaces for two minutes.

Subsequently, the samples were subjected to a FT cycle based
on the European standard for determination of FT resistance of nat-
ural building stones [43] in a climatic test chamber (Weiss WKL
34/70). Due to the smaller size of the samples, it was decided to
shorten the cycle from the standard 12 h to 6 h. Furthermore,
the maximum temperature was kept at 10 �C to prevent additional
moisture loss. The temperature was fixed at 10 �C for half an hour
before it was decreased to �15 �C gradually during the next 1.5 h.
Then the temperature remained fixed at �15 �C for another half an
hour before it had 1.5 h to ascend to 10 �C again. Afterwards the
temperature remained at 10 �C for another 2 h. A drawing of the
climatological program can be found in Fig. 3B.

During the FT cycle, both the temperature and the length of the
sample were monitored (Fig. 3A). For this purpose, two K-type
thermocouples (Pico Technology SE028 and TC-08 data logger)
were attached to each saturated core sample. The first thermocou-
ple was inserted into the drilled hole to measure the inner temper-
ature, while the second made contact with the upper flat surface of
the stone cylinder. The saturated cores where then put into a
custom-made invar holder on which LVDTs (Solartron Metrology
Orbit3) were mounted on the top of the sample.

To investigate the behaviour in capillary saturated conditions, a
first FT experiment was performed with samples S7 and S8 capil-
lary saturated by wetting for 48 h (48%). A second FT experiment
was conducted on samples S1 to S6, each having an increasing sat-
uration degree obtained by drainage: 50, 60, 70, 80, 90, 100 %
respectively.
3.4. mCT experiments

Sample S1ct was capillary saturated and the pores contained
61% of water after 24 h. Sample S2ct was fully saturated with dem-
ineralized water by imbibition under vacuum and dried until the
sample had 87% saturation. Both samples were wrapped in alu-
minium foil and plastic tape to prevent moisture loss, and acclima-
tised in the 18 �C scanner bunker for an hour. Both samples were
weighed both before and after the experiments to ensure a con-
stant moisture level.



Fig. 3. A) The setup with the enwrapped stone samples under linear variable differential transducers (LVDTs), attached to a custom-made invar holder. Two thermocouples
(white wires) were connected to each stone. B) A systematic drawing of the temperature program used for the experiments.
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X-ray computed micro-tomography (mCT) was performed at the
Ghent University Centre for Tomography (UGCT) with the HECTOR
setup (Fig. 4) [44,45]. HECTOR, short for High Energy CT Optimized
for Research, consists of an XWT 240-SE microfocus source from X-
RAY WorX, which can deliver a target power up to 280 W, and a
PelkinElmer 1620 CN3 DX flat panel detector and a rotational stage
capable of lifting objects up to 80 kg. For the experiments pre-
sented here, the tube was operated at a maximum high voltage
of 190 kV and a maximum power output of 10 W. An aluminium
slide of 0.5 mm thick was placed in front of the X-ray source to fil-
ter out the low-energy X-rays. Hence, beam hardening artefacts
were largely eliminated from the dataset. A total of 2600 projec-
tions were taken with an acquisition time of 1 s. The resulting
images had a reconstructed voxel size of 7 mm. A feature within
the mCT images has to consist of multiple voxels to be distinguish-
able. This is the spatial resolution of the data and, for this research,
it is set at three times the voxel size (21 mm).

mCT was performed before and after the samples were frozen.
The samples were conditioned in a custom-made freezing cell
[46], which was already deployed in similar experiments per-
formed by De Kock et al. (2015). This device can cool cylindrical
specimens with a maximal diameter of 1.4 cm and height of
3 cm down to �20 �C. The cooling device was controlled wirelessly
by a LabView interface. A first mCT scan was done when the
Fig. 4. The HECTOR setup with X-ray source on the left and flat panel detector o
temperature was fixed at 10 �C, followed by another scan half an
hour later when the sample was cooled and stable at �10 �C. After-
wards, the sample was heated to 10 �C and imaged again.

The raw mCT data were reconstructed using Octopus Recon-
struction [47] (Tescan XRE). Registration of the reconstructed
images, segmentation and analysis was done in Avizo (Thermo-
Fisher Scientific). The porosity of the sample was determined by
segmenting all the pores, both air and water filled, and deriving
the total 3D volume of those. Both water and ice were segmented
at the same grey values and quantified in the same manner.

To compare the mCT images before and after freezing, the differ-
ential imaging technique was used [48]. The unfrozen volume
served as a reference of which a target volume, which is the frozen
volume in this case, was subtracted. This way, the changes were
highlighted that occurred between both acquisition moments.
Areas where volume was added or removed compared to the refer-
ence then appeared white or black respectively. Areas wherein no
change between the target and the reference volumes occurred
remained grey. Both black and white areas were segmented from
the subtracted dataset. To correct for slight offsets created in the
image registration or slight movements of grains, a binary opera-
tion (opening) was performed on these segmented images. After-
wards, these images were analysed and visualised separately
with 3D visualization software VGStudio 3.0 (Volume Graphics).
n the right. The custom-made freezing stage is placed in front of the source.



Fig. 5. The temperature (T) and strain (e) evolution during a FT cycle of 48%
saturated sample S8. Different events in the temperature inside (dark grey) and at
the surface (light grey) and the strain (black line) facilitate the division of the T and
e evolution into five zones.
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4. Results & discussion

4.1. Material properties

The measured material properties are found in Table 1. The
water content by total immersion under atmospheric pressure
(SL atm) tends to vary between different samples. This is due to
the heterogeneity within the Savonnières limestone. Additionally,
the saturation levels (SL test) during the FT experiments are given
for every sample. Since the top and bottom surfaces of cylinders
S1-S8 are dried, maximally 3% of the water disappeared. Hence,
the saturations are never exactly a multiple of ten.

Several elastic parameters were determined from ultrasonic
sound velocity measurements on SB1. The bulk modulus of the
porous medium (Kp) is 10.8 GPa. The elastic modulus (E) is
17.47 GPa which falls in the range of 14.7–20.4 GPa determined
by [39,49]. Likewise, the Poisson’s coefficient (m) of 0.25 fits with
the observations of approximately 0.26 [49]. The bulk modulus of
the solid (Ks) is estimated at 63.25 GPa, a value that was taken from
measurements on a similar limestone [50]. A tensile strength value
for Savonnières limestone of 1.46 MPa was found by [41].

4.2. Temperature and strain during FT cycles

An FT cycle was performed in a climate test chamber in which
strain measurements were combined with temperature measure-
ments to characterize the macroscopic behaviour of differently sat-
urated Savonnières limestone samples (S1-S8). To be able to
comment on the graphs (Figs. 5 and 7) properly, they are divided
in zones along the time-axis, ranging from I to V.

4.2.1. Samples saturated by water immersion under atmospheric
pressure (48%)

Temperature and strain of the Satm samples (S7-S8) during a FT
cycle are visualized in Fig. 5. At positive temperatures, the strain is
proportional to the linear thermal expansion coefficient of the
unfrozen stone (au). The cooling of the samples is interrupted by
an exothermic peak after a period of undercooling (zone I). This
exotherm is a proxy for ice crystallization within the sample and
it coincides with a very small expansion, which is a thermal expan-
sion as reaction to the sudden temperature rise to 0 �C.

In zone II, the temperature of the sample remains at the equilib-
rium melting temperature, 0 �C in this case. This temperature is
defined by the pore size in which crystals are growing [19]. If crys-
tallization would occur in micro-pores, the equilibrium tempera-
ture would be negative. Therefore, at this point, crystal growth
continues in macroscopic pores and the temperature remains at
the equilibrium 0 �C as long as enough latent heat is produced
by the crystallization process. The period in which the temperature
Table 1
Material properties of the tested samples with md the dry mass, p0 and qb the porosity and
saturation degree by total immersion obtained after 48 h imbibition. SL test shows the satura
samples saturated by wetting.

Sample Shape md (g) p0 (%)

SB1 prism 1176.66 33.64
S1 cylinder 19.31 36.08
S2 cylinder 19.24 35.10
S3 cylinder 19.22 35.63
S4 cylinder 19.6 34.92
S5 cylinder 19.68 34.51
S6 cylinder 19.68 34.00
S7 cylinder 19.69 34.32
S8 cylinder 19.78 34.23
S1ct cylinder 4.28 30.04
S2ct cylinder 4.19 34.79
remains 0 �C is often referred to as the zero curtain [51–54]. Once
most of the water in the macroscopic pores has crystallized, the
produced latent heat cannot compensate the external cooling
and the temperature of the limestone will decrease.

In zone III (Fig. 5), the strain is proportional to the thermal
expansion coefficient of stone-ice composite (af ). The thermal
expansion coefficient of ice (50 � 10�6/K [55]) is much larger than
au (5.8 � 10�6/K). Consequently, af is higher than au. This is
noticed by the steeper slope in the T-e curve (Fig. 6). After thawing
of the ice in zone IV, the behaviour of the sample is once more reg-
ulated by au(zone V). No residual strain is noticed, which was
expected since the limestone is known to be FT resistant.

During the zero curtain in zone II (Fig. 5), the slope of the aver-
age T-e curve is steeper than the slopes proportional to au and af

(Fig. 6c). This contraction is most likely due to negative pressures
that are created in the unfrozen pore water by ice crystallization
[20].

The fact that the surface temperature and the inner tempera-
ture differ during crystallization and melting causes different T-e
curves, as displayed in Fig. 6. This raises the awareness of a tem-
perature gradient within these samples. The temperature at the
upper surface is more proportional to that of the climatic test
chamber, while the temperature inside the sample is mostly regu-
lated by the latent heat production. This should be taken into
account to analyze these data and, therefore, the average temper-
ature between the inner and surface temperature is also presented
in Fig. 6c. The average temperature (T)-strain (e) plot is more linear
than the inner T-e plot (Fig. 6a), while it takes into acount the
phase changes, which are barely visible in the surface T-e
plot (Fig. 6b). However, it should be remarked that since the
apparent density respectively determined by water absorption, SL atm represents the
tion degrees of the stones when subjected to the FT cycles. The * represents tests with

qb (kg/m3) SL atm (%) SL test (%)

1801 60 /
1751 / 48
1754 / 57
1743 / 67
1764 / 78
1778 / 88
1779 / 97
1769 48 48*
1777 48 48*
1892 61 61*
1765 65 87



Fig. 6. Each graph comprises a plot of the strain observed in sample S8 against a specific sample temperature. In (a) the temperature in the centre is plotted, while (b) and (c)
contain the surface temperature and the average between both temperatures respectively. The arrows indicate the time dimension as shown in Fig. 5.

Fig. 7. The evolution of the inner temperature (dark grey), surface temperature (light grey) and strain (black) of the 70% (A), 80% (B), 90% (C) and 100% (D) water saturation
during the first of three FT cycles. Different than in Fig. 4, an expansion that is increasing with degree of saturation is initiated near the end of zone II. This expansion continues
until the end of zone IIB.
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temperature is a moving front, an actual single sample tempera-
ture does not exist in this research and the average temperature
is merely an approximation.
4.2.2. High water saturation (50–100%)
A FT cycle was performed on samples (S1-S6) with saturation

levels starting from 50% while measuring temperature and strain
(Fig. 7). The 50 and 60% saturated samples exhibit the same
temperature-strain relation as the Satm samples described in the
previous section. This changes for saturations exceeding 70%, with
an expansion appearing at the end of the crystallization phase
(Fig. 7, zone IIb). The amplitude of this expansion phase becomes
progressively larger in the subsequent 80, 90 and 100% saturated
samples. A positive residual strain after thawing is observed for
these samples. These observations imply that the critical saturation
degree is between 70 and 80% water saturation. With increasing
water content, the residual strain increases exponentially.

After nucleation, a zero curtain is noticed, and ice therefore
crystallizes in the macro-pores (zone II). The beginning of zone
IIb is based on the temperature decrease in the centre of the sam-
ple, while its end is marked by the end of the expansion phase.
During the zero curtain in zone II, the water that resides in the
micropores remained in a liquid state. Now that the temperature
decreases in zone IIb, crystallization will initiate in the micropores.
These crystals will exert significant pressures on the pore walls and
this will translate into expansion of the sample. The crystallization
pressures are hence responsible for the strain in the samples.

The onset of expansion is however rooted in zone II (Fig. 7). This
indicates the importance of a moving cold front in the samples. As
the surface temperature is becoming progressively lower and the
latent heat production decreases, a cold front will move from the



M. Deprez et al. / Construction and Building Materials 246 (2020) 118515 7
outside inwards. The water remaining inside the micro-pores will
crystallize once this cold front passes its location. Hence, crystal-
lization pressures are generated along this front and the total pres-
sure budget will continue rising until it reaches the centre. This
also means that the temperature in the centre at the end of the
expansion, is the temperature related to the smallest pore radius
in which water is freezing (Eq. (1)). For all cycles in which zone
IIb is noticed, this temperature lies between �3.56 and �5.15 �C,
with an average of �4 �C. Using Eqs. (1) and (2), the corresponding
average pore radius is 17 nm and the crystallization pressure is
2.4 MPa. This calculated pore radius is slightly larger than the
smallest pores (1 nm) present in the stone [35]. However, since
the pore volume covered by pores smaller than 17 nm is less than
0.4% of the total pore volume and since no other expansive events
are noticed, it is stated that crystallization of all the water is com-
pleted at this point.

The behaviour of the sample in zone III is again regulated by af .
Near the end of zone III, however, the maximum strain is noticed in
Fig. 7. This means that thawing is already occurring in this zone,
before the temperature has reached 0 �C. Consequently, this is an
indication of melting of crystals that are present in the micropores.
Zone IV starts once the outer temperature has reached 0 �C and is
characterized by melting of ice in macro-pores and the strain
returns to either no strain, or to a residual strain.

From the T-e curves in Fig. 8, several remarks can be made. First,
the thermal expansion coefficients of the frozen samples (af ) can
be derived. The average au of all the samples was found at
5.8 � 10�6. The af rises with increasing saturation degree from
10 � 10�6 at 50% saturated to almost 20 � 10�6 for the 100% sat-
urated sample. Secondly, during the zero curtain, the average T-e
Fig. 8. Temperature-strain (T-e) curves of the differently saturated samples. Residual stra
of the curve do not coincide. The temperature is the average of the temperatures measu
direction of the curves.
curve again indicates a relatively high contraction of the sample,
while the average temperature does not decrease much. This is
usually attributed to negative pore pressures caused by the crystal-
lization process. However, the large difference between surface
and inner temperature and the presence of a progressing cold front
during the zero curtain complicates attributing the strain during
the zero curtain to a certain process. Third, when the temperature
is raised again, it is important that the T-e curves already decrease
relative to af before the average sample temperature reaches 0 �C.
This observation also indicates that thawing already occurs at tem-
peratures lower than the melting point for macroscopic ice, and
that ice has hence formed in the micro-pores during cooling.

4.3. mCT imaging during FT cyles

To understand and verify the macroscopical behaviour, a micro-
scopic study with mCT was conducted. Two differently saturated
drilled cores (Sct1 and Sct2) were subjected to three FT cycles
while images were acquired when the sample temperature was
stable at both 10 and �10 �C. These images were then used to cal-
culate the water or ice content and to highlight water movement
that occurred during the phase change. The porosity of the capil-
lary saturated limestone sample (S1ct) was determined by placing
the threshold for the pores at grey value 0 and 26,999 (16 bit), as
shown in Fig. 9, and came to a total of 16.8% pore volume (P0CT).
This is approximately 55% of the porosity determined by hydro-
static weighing and, since the resolution of the mCT images is
21 mm, that means that 45% of the porosity has a smaller pore size.
This observation fits with the model proposed by [35]. Moreover,
the water content (SLCT) was derived by segmenting grey values
in is occurring from the 80% saturated sample onwards as the start and end positions
red at the surface and the centre of the sample. The arrows indicate the evolution



Fig. 9. After reconstructing the raw mCT data of a cylindrical sample, a sequence of grey-value images as in A is created. Pores are almost black, while water or ice appears
slightly paler. The stone matrix has the lightest grey value. The porosity can be calculated by segmenting all voxels with dark grey values linked to pores and water/ice (B,
blue). In C, only the grey values of water/ice are segmented (in blue) and the water/ice content can subsequently be calculated. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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18,000 to 26,999 and is 33.2% of that pore volume. The same grey
values were segmented in the ice filled volume and the ice content
was found to be 37.1%. The volume ratio of visible ice:water in fro-
zen and unfrozen condition is 1.12. The volumetric expansion
accompanying the phase change is set at 1.09. This implies that
mCT-unresolved water contributed to growth of the resolved, larger
ice crystals. This water therefore originates from the smaller pores
of the system.

The porosity (P0CT) of the highly saturated sample (Sct2) was
19.9%, meaning that 57% of the porosity is visible with the obtained
resolution of 21 mm. This is in line with the previous sample and
the pore-size distribution [35]. 78% of the visible porosity was
filled with water prior to freezing and 86% with ice after freezing.
The volumetric increase was therefore 1.09 and is equal to the vol-
umetric expansion during the water-ice phase transition. Conse-
quently, no additional water from the unresolved pores is used
to build up the visible ice.

The porosity and water content values obtained by image anal-
ysis can be compared to the true values for these properties
obtained by weighing saturated samples. The parameters obtained
by both methods are listed in Table 2. By subtracting the porosity
obtained by mCT (P0CT) from the effective total porosity (P0), the
total pore volume of pores smaller than the 21 mm spatial resolu-
tion can be estimated (Pmicro).

Pmicro ¼ P0 � P0CT ð3Þ
Furthermore, it is possible to calculate the water content in the

mCT-unresolved small pores by calculating the total volumes of
water determined by both techniques, P0:SL and P0CT :SLCT , and sub-
tracting the latter from the first. If the small pores of the system are
completely filled with water, the following should be true.

ðP0:SLÞ � ðP0CT :SLCTÞ
Pmicro

� 1ðSLmicroÞ ð4Þ

This is the case for both of the sample as seen in Table 2. The
micro-pores are therefore filled in both samples prior to freezing.

To visualize spatial differences between water and ice during
unfrozen and frozen conditions, differential imaging [48] was
applied on the mCT datasets (Fig. 10). The differential images
clearly show white areas, where mass appeared, and black areas,
Table 2
Values for porosity and water content determined by both hydrostatic weighing and mCT.

Sample P0 (vol%) SL (vol%.P0) P0 CT (vol%

Sct1 30.0 61.4 16.8
Sct2 34.8 86.9 19.9
where mass disappeared, within the sample (Fig. 10C). These areas
can then be segmented and visualized separately (Fig. 10D). This
technique was applied to mCT data of the frozen and thawed sam-
ples. For visual purposes, the colours are changed in Fig. 11 from
white and black to green and red respectively. The 60% saturated
sample (Fig. 11A) is characterized by large red volumes in which
water has disappeared upon freezing and many small evenly dis-
tributed green ice volumes. After thawing, most of the air-filled
red volumes remain in place while green water volumes appear
both in areas where ice was located during freezing and in pores
that were air-filled both before and after cooling.

The 87% water-saturated sample Sct2 (Fig. 11B) displays the
appearance of large ice volumes in green, while almost no water
volume in red has disappeared after cooling to �10 �C. Moreover,
many ice volumes were visible at the edge of the sample due to
extrusion. These volumes are however not shown in Fig. 11B to
visualize the inner water-ice movements. After thawing, the large
ice volume has disappeared, however, many separate water vol-
umes, in green, remain located in the position acquired during
freezing. The pores that were drained upon freezing, remain air-
filled (red) after thawing. Water has therefore not returned to
those red pores.

The next step was to identify the specific pores that were pref-
erentially drained or filled with ice. For this, the green and red vol-
umes of Fig. 11 were compared to the pores in the original data. In
60% saturated Sct1, water was preferentially withdrawn from the
inter-granular macro-pores, while ice then accumulated mostly
in many small volumes at the inner rim of ooid voids (Fig. 12).
For the highly saturated sample (Sct2), the ooid voids were fully
water-filled prior to freezing, while a small part of the inter-
granular macro-pores was air-filled. At �10 �C, these previously
air-filled pores were filled with ice. Ice was hence extruded into
these macro-pores and that process is also occurring at the sample
surface. Hence, at high water saturations, ice will crystallize in the
available accommodation space through extrusion.

4.4. The role of ink-bottle pores during FT cycling

The role of the different pores during the crystallization process
can be derived by combining all the results gathered above.
) SL CT (vol%.P0) Pmicro (vol%) SL micro

33.2 13.2 0.97
78.0 14.9 0.99



Fig. 10. A) xy-slice through a mCT imaged limestone prior to freezing (10 �C). B) The identical xy-slice after freezing (�10 �C). C) Differential image as a result from subtracting
image A from image B. D) Volume obtained by segmenting the white and black areas from a differential image sequence, with black where mass has disappeared and white
where mass has appeared compared to the reference volume.

Fig. 11. 3D renderings of 60% (A) water-saturated sample in frozen (�10 �C) and thawed (10 �C) condition. The upper half of the sample is made invisible so that volumes of
disappeared (red) and appeared mass (green) are clear. The 87% water-saturated sample is displayed in B. For generation of the coloured volumes, every mCT scan was
compared to a reference mCT scan that was taken prior to freezing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Despite of the limited coverage of the pore-size distribution by the
mCT images (Fig. 2), the observations combined with knowledge of
total porosity confirm that most of the micro-pores are filled with
water prior to freezing. The macro-pore filling depends on the sat-
uration degree and method of saturation. If the stone was satu-
rated using vacuum and subsequent drying, the ink-bottle ooid
voids will be filled prior to freezing. When the stone was saturated
through wetting, the ooid voids will be empty.

Despite the micropores being filled with water at even low sat-
urations, no strain is noticed during FT cycles. This is where the
role of the ink-bottle ooid voids becomes clear. The mCT data has
shown that these voids become partially filled with ice around



Fig. 12. A zoom on mCT data of two selected ooid voids in the sample saturated by
wetting. In unfrozen conditions (A), solely air is visible in the voids, while in frozen
conditions (B), ice crystals have formed at the edge of the ooid void. This ice layer
has an intermediate grey value, while the stone is light grey and the empty pore
space is almost black.
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the edges upon freezing (Fig. 12). Also, the volume of segmented
ice is 12% more than the volume of segmented water in unfrozen
conditions. This is 3% more than expected from the volume
increase from the water-ice phase transition. This means that
water that was at first invisible for the mCT technique was used
to build up the ice in the macro-pores. Altogether, this leads to
the conclusion that the ooid voids are able to extract water from
their neighbouring (micro-)pores. This process can be referred to
as cryo-suction. Consequently, ice crystals can grow unconstrained
within these ooid voids. This mitigates the risk for crystallization
pressures in the micropores and subsequently the risk for damage.
This is analogue to the processes occurring in cementitious mate-
rials [56], where the presence of large air voids increases the FT
resistance. In cementitious materials, the nucleation occurs in the
micro or meso-pores of the system at a certain level of undercool-
ing [20,56]. This is supposed to cause hydraulic pressures in these
small pores that forces water into the large air voids, in which the
water crystallizes. These initial crystals in the air voids then pro-
vide the ability to drain the neighbouring micropores. Similarly,
nucleation is observed in this research at undercooling tempera-
tures ranging from �2 to �5 �C. This implies that nucleation most
likely occurs in the micropores of this porous system and that the
unfrozen pore water is hence forced into the ooid voids by hydrau-
lic pressures.

When freezing highly saturated limestones, in which the ink-
bottle ooid voids are mostly filled prior to freezing, the ooid voids
can no longer drain the surrounding micropores. Instead, ice finds
accommodation space by extruding into in intergranular macro-
pores. The volume of segmented ice from the mCT images is exactly
1.09 of the segmented water volume. Therefore, the mass of
macroscopically visible ice in frozen conditions equals the mass
of macroscopically visible water in unfrozen conditions. This
means that the mass of water/ice residing in the micro-pores
remains the same before and after freezing. Consequently, a part
of the water has to escape from the ooid voids to maintain the
ice volume in the macro-pores. That water has to pass through
connecting micro-pores to end up in the inter-granular
macro-pores where it eventually crystallizes. Since no positive
strains are seen during the beginning of zone II (Fig. 7), no signifi-
cant hydraulic pressures are generated through this process. This
could be due to the open pore system, with many large pores con-
necting to smaller ones. Moreover, no broken ooids were seen after
the three FT cycles, which also suggests merely limited stress
caused by this transport.

4.5. Ice crystallization and FT damage

Temperature and strain measurements illustrate that once most
of the water inside the macro-pores has crystallized, the tempera-
ture is able to decrease and water is able to freeze inside the micro-
pores. This process generates crystallization pressures able to
cause damage. With a higher saturation degree prior to freezing,
more accommodation space inside the ooids will already be occu-
pied. Hence, less water can be transported from the micro-pores
towards these expansion reservoirs. An increasing saturation
degree therefore causes more water to remain in the micro-pores
and hence, more pore walls are prone to crystallization pressures
when this water eventually crystallizes.

Under equilibrium conditions, crystallization pressures are
however always offset by the negative pressure in the pore liquid.
The latter can only be overcome by crystallization pressures during
thermodynamical disequilibria, which can be caused in two ways.
First, if the ice formation is very rapid, water is pushed towards the
liquid-vapour menisci and as these are flattened, the pore pressure
is no longer offsetting the crystallization pressure [20]. Conse-
quently, the stone will expand until equilibrium is found. Secondly,
once the temperature of the system starts to decrease, the large
crystals formed in the macro-pores can additionally bulge into
the micro-pores as the liquid-solid menisci start to decrease [19].
The interfacial energy however needs to be the same everywhere
in the crystal and therefore, the crystal starts to melt at some
points and water is transported by diffusion through the water film
surrounding the crystal towards the pore entries of the micro-
pores. This diffusion process is also very slow (10�12–10�13 m/s)
compared to the cooling rate and, therefore, for large crystals,
where the travel time is large, a disequilibrium is again maintained
and transient stress arises in the crystal, causing crystallization
pressures according to smallest crystal curvatures [57].

Earlier calculations have demonstrated that the crystallization
pressures in a single pore with a radius of 17 nm is 2.4 MPa (Eq.
(2)). This value already exceeds the tensile strength of the stone.
However, to actually generate damage, a volume large enough to
overcome the local tensile strength needs to be subjected to
crystallization pressures [19]. Poromechanical theories allow us
to calculate the total crystallization pressure over the entire
volume DPC [58]:

DPC ¼ 3Kef
bpSC

ð5Þ

with K the bulk modulus (10.8 GPa), bpthe Biot coefficient (0.83), ef
the linear strain and SC the fraction of pores filled with ice. For
fully frozen samples, it is assumed that for the maximal obtained
strain ef , SC is approximately 1.09 times the initial water saturation
(SL), to compensate for the 9% volume expansion. The total
stress r caused by crystallization pressures is then approximated
by [59]:

r � bpSCDPC ð6Þ
Poromechanics also allows calculation of the failure stress for

Savonnières [58,59]:

r >
rtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 1� 2vð Þp ð7Þ



Table 3
The crystallization pressure over the entire volume (DPC) is calculated by Eq. (5) for
which residual strain and crystal content (SC) is needed. The latter is 1.09 times the
initial liquid content (SL). The resulting stress (r) is then calculated by Eq. (6).

SL SC residual strain DPc (MPa) r (MPa)

0.78 0.85 3.96E�05 1.82 1.28
0.88 0.95 1.02E�04 4.19 3.32
0.97 1.06 6.20E�04 22.82 20.10
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With rt the tensile strength of the material (1.46 MPa [41]) and
v Poisson’s ratio (0.25). Hence if the stress by crystallization pres-
sure exceeds 1.19 MPa, theoretically, the stone will fail. DPC can be
estimated using the residual strain as ef in Eq. (5). The resulting
stress over the volume (r) can then be calculated by implementing
DPC in Eq. (6). For each sample that exhibited residual strain, the
result of these calculations is found in Table 3. These poromechan-
ical calculations show that the stress generated inside the 80% sat-
urated sample slightly exceeds the 1.19 MPa threshold. This is a
good match with the experimental temperature-strain data. Hence,
the crystallization pressures over the entire volume are responsible
for the observed residual strain.

When it comes to the critical saturation degree, it is clear the
ooid voids are crucial. As long as these pores can serve as an expan-
sion reservoir, immediate damage is not likely to occur. In capillary
imbibition, the pore system of Savonnières limestone contains
approximately 60% water without water-filled ooid voids. In this
study, this saturationwas never sufficient to cause (visible) damage.
This explains the relatively good frost resistance of the Savonnières
limestone, in spite of it being so porous. Under natural conditions, FT
damage to Savonnières limestone is more likely to occur because of
fatigue stresses, caused by repeated crystallization. Despite the
unsubstantial nature of these pressures compared to the theoretical
damage threshold, crystallization pressures can reach high values
very locally, where it can overcome local tensile strength values.
5. Conclusion

In this paper, a combination of strainmeasurement and mCT dur-
ing FT cycles was used to clarify themechanical reasons for the crit-
ical saturation degree of Savonnières limestone. While the mCT
technique proved its value in monitoring the (re-)distribution of
water and ice through limestone samples, the temperature and
strain monitoring gave insights in the pressure development upon
freezing. This novel approach is therefore very valuable to assess
the overall FT damage mechanisms of porous materials.

Ink-bottle pores, here in the form of ooid voids, are crucial for
the FT resistance of natural stones. When atmospherically satu-
rated, these pores remain dry prior to freezing. During crystalliza-
tion, crystals formed within these pores are able to drain
surrounding micro-pores. Therefore, the amount of water in the
micro-pores of the system is reduced and this has a mitigating
effect on the risk for elevated crystallization pressures within these
small pores. In highly saturated samples, the accommodation
space for ice inside the ooid voids is reduced. Therefore, these voids
lose their ability to serve as expansion reservoirs. Water remains in
the micro-pores where it can generate stresses able to overcome
the tensile strength of the stone.

Residual strain is purely attributed to crystallization pressures
generated in micropores. This is supported by thermodynamical
and poromechanical calculations of the crystallization pressures
within single pores and over the volume of entire samples. The
stress generated by crystallization pressures at 80% saturation
approximated the theoretical failure stress. Therefore, the critical
saturation degree of this stone is between 70 and 80% water satu-
ration. The limestone could only be atmospherically saturated up
to 60% of its pore volume, which clarifies the rather good frost
durability of the stone.
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