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A thorough knowledge of the variations of mechanical properties of rock materials with their water content is
essential for evaluating the structural behaviour and durability of stone constructions exposed to different moist
environments during their lifetime and for solving a broad range of rock mechanics issues. In this study, the effect
of degree of saturation (S;) and water distribution inside pore network on mechanical parameters such as Uni-
axial Compressive Strength, Young’s modulus, Brazilian Tensile Strength and Point Load Strength Index was
assessed for three varieties of a calcarenite. To this aim, the corresponding mechanical tests and Magnetic
Resonance Imaging technique were applied during different time intervals in specimens prepared with different
S, values through two different wetting procedures: (1) the oven drying of saturated samples and (2) the water
immersion of dry samples. In general terms, the results showed that for small S; values (<50%) the specimens
wetted using the drying process exhibit greater mechanical properties reductions than those moistened through
the immersion process while for higher S; values (>50%) the decreases are quite similar for both wetting pro-
cedures. As a consequence, different negative exponential functions can be used to describe the relationship
between water content and mechanical parameters of calcarenites depending on the wetting procedure used.
These results can be explained by the different water distributions inside the partial-saturated specimens and the
main involved water-weakening mechanisms. Additionally, slightly different correlation functions between the
mechanical parameters were established for specimens moistened using each of the wetting processes.

1. Introduction materials is also relevant for solving a wide range of issues related to

rock mechanics applications such as underground works (e.g., tunnel-

Sedimentary rocks are frequently used as natural building stones for
construction and restoration of open-air structural or ornamental com-
ponents such as masonry walls, bridge piers, singular or heritage
buildings, facades and decorative features. In these situations, rock
materials are commonly exposed to wet environments or even in direct
contact with water. Therefore, the knowledge of the variations of their
mechanical properties with their water content is crucial to assess the
safety and durability of these construction elements [1]. Moreover, the
effect of water-rock interactions on the mechanical behaviour of rock

ling, mining or drilling), groundwater withdrawal or sub-surface fluid
waste disposal [2,3].

Several studies have found significant reductions of the Uniaxial
Compressive Strength (UCS) and static Young’s modulus (Eg) due to
water saturation in sedimentary rocks, such as sandstones [4-12],
limestones, shales and mudstones [13-16], clay bearing rocks [17] or
gypsums [18,19]. These compressive strength reductions and deform-
ability increases varied from 8 to 93% depending on numerous petro-
logical and physical characteristics of rocks. By contrast, the impact of

List of abbreviations and symbols: pqry, Dry density; psa;, Saturated density; p;, Particle density; p,,, Water density; n, Water viscosity; y, Interfacial tension; 6, Contact
angle; BTS, Brazilian Tensile Strength; C, Water absorption coefficient by capillarity; D, Diameter of the specimen; E, Static Young’s modulus; Iyse), Point Load
Strength Index; k, Water permeability; L, Length or thickness of the specimen; MRI, Magnetic Resonance Imaging; msyac, Saturated mass of the specimen under
vacuum conditions; my, Dry mass of the specimen; m;, Mass of the specimen after immersion or drying during a time t; P, Failure load; PLT, Point Load test; p, Total
porosity; p,, Open porosity; R, Coefficient of correlation; R?, Coefficient of determination; r,,, Mean pore radius; S,, Degree of saturation; UCS, Uniaxial Compressive
Strength; vp, P-wave velocity; vs, S-wave velocity; W,, Water absorption; w, Water content.
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Table 1
Equations correlating mechanical properties (UCS, Eg, BTS and Iys0)) and water content (w) of rocks found in previous studies.
Author Correlation function R or R? Rock type
Correlation between UCS (MPa) and w (%)
Hawkins and McConnell [50] UCS = 39.03.¢719601w 1 184 23 R =0.93 Donegal Quartzite (sandstone)
UCS = 29.34.¢0764% 1 105.23 R=0.78 Brownstones (sandstone)
UCS = 12.30-e 00821v 1 96.27 R=0.71 Millstone Grit (sandstone)
UCS = 36.13.¢ 07794 | 48.65 R=10.88 Holcombe Brook Grit (sandstone)
UCS = 45.73.¢"15942% 4 40.29 R =0.97 Thornhill Rock (sandstone)
UCS = 84.01.e 64167 1 230.98 R =091 Crackington Formation (sandstone)
UCS = 47.12-e 15439 4 4765 R =0.95 Pennant C (sandstone)
UCS = 17.27.¢ 10675 4 67.75 R=10.85 Penrith C (sandstone)
UCS = 6.14.e 01104 4 9 97 R=0.93 Greensand (sandstone)
Ghafoori et al. [51] UCS = 60-¢70415% R =0.93 Ashfield shale
Lashkaripour and Ajalloeian [15] UCS = 88.087.¢ 0-5443w R?=0.9617 Mudshale
UCS = 88.781.¢ 0445% R? = 0.9892 Mudstone
UCS = 82.279.¢~04111w R? = 0.9748 Clayshale
UCS = 83.592.¢704433% R? = 0.9557 Mudrocks
Kleb and Vasarhelyi [43] UCS = 31.807-w 10051 R? = 0.661 Rhyolitic tuff
Romana and Vasérhelyi [52] UCS = 92.996.¢0-602w R? = 0.958 Linton Lane coal mine
UCS = 85.65-¢ 0358v R?=0.977 Rye Hill coal mine
Erguler and Ulusay [17] UCS = 31.6.¢7 0081w R =0.70 Clay-bearing rocks
Yilmaz [18] UCS = 14.68.¢708193w 4 94 R?=0.93 Gypsum
AlL-Bazali [53] UCS = 91.598-¢ 0443w R? = 0.994 Shale A
UCS = 86.2.¢70:4%6v R® = 0.972 Shale B
UCS = 86.895-¢ 0419% R? = 0.9762 Shale C
Yao et al. [46] UCS = 23.247 — 2.563-w R? = 0.9758 Xishahe coal mine
UCS =16.419 — 1.729-w R? = 0.9815 Huangbaici coal mine
Zhou et al. [49] UCS = 19.95-¢79659v 4 46.80 R? = 0.944 Fine-grained sandstone (saturation process)
UCS = 19.89-¢70583 1 46.21 R = 0.901 Fine-grained sandstone (drying process)
Cherblanc et al. [44] UCS = 4.5.¢ 1400w , 63 - Estaillades limestone
UCS = 21.1.e 473" 4 43.2 - Modern Barutel limestone
UCS = 14.6.¢ 52V 4 327 - Antique Barutel limestone
UCS =11.2.¢ 101 4 149 - Yellow Caromb limestone
UCS = 10.9-e"143% 4 7.25 - Grey Caromb limestone
Vergara and Triantafyllidis [47] UCS = 28.8 — 0.31-w2 - Argillaceous swelling rock
Masoumi et al. [45] UCS = 43.63.¢7020v R?=0.89 Gosford sandstone
Tang et al. [55] UCS = 80.604.¢709044v 1 4317 R? = 0.9752 Black sandstone
Tang et al. [56] UCS = 55.21.¢707502v 1 51 6 R% =0.9755 Red sandstone
Li et al. [33] UCS = 57.44.¢70383v 1 17.71 R® = 0.965 Siltstone
Rabat et al. [48] UCS = 9.763-¢ 347V 1 19.994 R* = 0.992 Calcarenite G-1
UCS = 12.830-¢70733% 1 11.385 R? = 0.994 Calcarenite G-2
UCS = 16.943.e 320" 1 33,294 R? = 0.939 Calcarenite G-3
Correlation between Eg (GPa) and w (%)
Erguler and Ulusay [17] Eq = 3.8.¢70-090w R=0.71 Clay-bearing rocks
Yilmaz [18] Eq = 13.23.¢704701v | 93 R%=0.92 Gypsum
Yao et al. [46] Eq = 1.766-¢ 0149w R? = 0.9862 Xishahe coal mine
Ey = 1.659.¢70-154% R? = 0.9426 Huangbaici coal mine
Zhou et al. [49] Eq = 1.768.¢7062v 1 625 R? = 0.882 Fine-grained sandstone (saturation process)
Eq = 1.719.¢ 0470% 4 6.20 R? = 0.957 Fine-grained sandstone (drying process)
Masoumi et al. [45] Eq = 6.69.¢ 013V R?>=0.86 Gosford sandstone
Wang et al. [54] Ey = 10.577-¢-004% R? = 0.9015 Sandstone
Tang et al. [55] Ey = 20.451 — 4.7481-w R? = 0.9953 Black sandstone
Tang et al. [56] Eq = 6.183.¢ 00847V | 10.62 R? = 0.9769 Red sandstone
Li et al. [33] Ey = 6.35.¢7079" 1 979 R?=0.936 Siltstone
Rabat et al. [48] Eq = 8.150-¢4688v | 14,543 R? = 0.988 Calcarenite G-1
Ey = 2.376-¢72118% | 8,417 R? = 0.999 Calcarenite G-2
Ey = 13.286-¢75732% 4 24,990 R? = 0.947 Calcarenite G-3
Correlation between BTS (MPa) and w (%)
Kleb and Vasarhelyi [43] BTS = 3.1152.w 10211 R? = 0.6635 Rhyolitic tuff
Erguler and Ulusay [17] BTS = 3.4.¢01014w R=0.73 Clay-bearing rocks

(continued on next page)
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Table 1 (continued)
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Author Correlation function R or R? Rock type
Cherblanc et al. [44] BTS = 0.85-¢11:90% 1 2 14 - Estaillades limestone
BTS = 4.69-¢71010v | .22 - Modern Barutel limestone
BTS = 3.47-¢ 3% 1 4,70 - Antique Barutel limestone
BTS = 2.06-¢ 24" 4 3.66 - Yellow Caromb limestone
BTS = 2.27-¢ 23" 1 1.31 - Grey Caromb limestone
Masoumi et al. [45] BTS = 4.12.¢ 015w R?>=0.80 Gosford sandstone
Rabat et al. [48] BTS = 1.139-¢ 7285V 4 3.327 R? = 0.895 Calcarenite G-1
BTS = 2.989-e 0735V 1 0.995 R? = 0.966 Calcarenite G-2
BTS = 3.174.¢ 1267 4 4102 R? = 0.997 Calcarenite G-3
Correlation between Igsg) (MPa) and w (%)
Masoumi et al. [45] Iss0) = 3.69-¢7017% R? = 0.99 Gosford sandstone
Rabat et al. [48] Iss0) = 0.988-e75534" 1 1.980 R? = 0.996 Calcarenite G-1
Iss0) = 0.908-e71:5%% + 1.111 R? =0.988 Calcarenite G-2
Iss0) = 10.640-¢ 15617 1 3,880 R? =0.893 Calcarenite G-3

water on tensile strength properties such as Brazilian Tensile Strength
(BTS) and Point Load Strength Index (Iss0)) or shear strength parameters
has been scarcely studied. Concerning BTS, Ojo and Brook [20] and
Karakul and Ulusay [21] reported reductions of 50 and 63% in British
and Turkish sandstones, respectively. Also Wong and Jong [22] ob-
tained decreases of 49-52% in gypsums, while Gholami and Rasouli
[23] found losses of 21% in an Iranian slate. With respect to I ), Broch
[24] obtained reductions of 15% in several sedimentary and meta-
morphic rocks, Kohno and Maeda [25] found decreases of 59% in vol-
caniclastic materials and Kahraman [26] reported losses of 35% in
pyroclastic rocks. Regarding shear strength parameters, Li et al. [27] and
Rabat et al. [28] obtained important cohesion reductions (of 9% in
sandstones and of 35-53% in limestones) and also significant friction
angles decreases (of 14% and of 5-22%, for sandstones and limestones,
respectively). All the above mentioned strength and stiffness drops
induced by water and the non-durable behaviour exhibited by some rock
types (mainly mudstones and shales), which disintegrate when sub-
jected to variations in moisture content, can trigger geotechnical issues
(such as slope or pillar instabilities, embankments failures, ground
subsidence or landslides) [29] or safety and deterioration problems in
stone buildings [30].

Numerous mechanisms have been suggested to explain the under-
lying causes of this water-weakening effect: a) chemical causes such as
the dissolution of calcite [31,32] and the swelling of clay minerals
[17,33]; b) the hydrolysis of strongly bonded and highly stressed Si-O-Si
groups in quartz, that reduces the stress threshold of crack growth at
crack tips due to the replacement of -Si-O- groups by weaker -Si-OH-
groups, which can accelerate the cracking velocity of microcracks (stress
corrosion) [34-36]; c) the reduction of surface energy of the grains due
to physical adsorption from the nearby water (Rehbinder effect) [37]; d)
the suction decrease caused by an increment of the degree of water
saturation, which weakens the capillary attraction or the bounding ef-
fect related with the existence of a meniscus in unsaturated circum-
stances [38,39]; e) others, such as pore pressure increase or coefficient
of friction reduction [40]. Furthermore, Baud et al. [41] used experi-
mental data and micromechanical models to satisfactorily explain that
the reduction of surface free energy and friction coefficient were the
main causes of water weakening effect in porous sandstones. In any case,
whatever the reasons of this water-weakening effect, the quantity of
water contained inside the rocks always plays an important role in the
decreases of its mechanical properties [42]. Therefore, it is practical to
obtain empirical relationships between the degree of saturation (or
moisture content) and the mechanical parameters of rocks.

The majority of the abovementioned studies have compared strength
and deformability properties of rocks in dry and fully saturated condi-
tions, ignoring the effect of partial water saturation on their mechanical
behaviour. Nevertheless, some authors have also proposed negative

exponential, power o linear functions to describe the relationship be-
tween water content (w) and UCS [15,17,18,33,43-55]. The variations
of E, BTS and I 50y with water content have been less studied, although
similar correlation function types have been found (Table 1).

Another aspect to note is that these researchers have frequently used
inconsistent laboratory techniques for obtaining fully, partially water
saturated or dry samples and for determining their water absorption or
degree of saturation (S;). As a consequence, the results presented in
previous studies are usually difficult to compare [57]. In this connection,
two procedures have been principally described in literature for the
partial water saturation of rock specimens: (1) the oven drying of
saturated samples or (2) the water immersion of dry samples, both
during different time intervals. Also, this variety of procedures used in
previous works to obtain partial water saturation specimens suggests
that the effect of water distribution inside rocks on their mechanical
behaviour have been neglected. As regard the latter, for two rock sam-
ples with the same moisture, one of them could have wet its outer zone
but dry its inner zone while, on the contrary, the other could have dry its
outer zone and wet its inner zone. This evidences that the procedure
used to obtain partial-saturated specimens could play a key role in the
relationship between water content and mechanical parameters. In this
sense, very few studies have been conducted on this topic. One of them
was performed by Zhou et al. [49], who used the Nuclear Magnetic
Resonance (NMR) technique to study the water distribution in a Chinese
fine-grained sandstone prepared with different water contents and its
impact on static and dynamic mechanical properties. They concluded
that water distribution inside this rock had a significant influence on
BTS and a less influence on UCS and Eg. A recent paper written by Fu
et al. [58] analysed the imbibition of capillary water into the sandstones
using NMR and numerical DEM modeling. Also, they performed UCS
tests on specimens that had been immersed in water during different
periods of time. Their findings displayed that, when the water is
confined to the outer edge of the specimen, it was still strong due to the
dry core of the sample. As water penetrated into the core of the spec-
imen, higher UCS reductions were observed. In addition, other recent
study was carried out by Liu et al. [59], who quantified the evolution of
water distribution inside a sandstone with soaking time using a red ink
dissolution and a high-resolution camera. They indicated that water
distribution significantly affects the UCS and E values and the failure
mode of sandstone specimens. These inconsistent findings suggest that
deeper and further research on this subject is needed, which has moti-
vated the present publication.

In this work, three varieties of a calcarenite stone widely present in
south-eastern part of Spain and that belong to a transgressive unit of
Middle-Late Miocene era were used. These rock materials are exten-
sively used in civil engineering projects and architectural constructions
which are usually exposed to moisture changes during their lifetime due
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to the water uptake by capillary uprise from the ground, rainfall, spout
water or wind-driven water [60]. Therefore, a comprehensive knowl-
edge of the variation of their mechanical parameters with their degree of
water saturation is an important pending issue to be explored. In this
sense, previous works performed on these rock materials have shown
that UCS and Eg values suffer important reductions when they became
fully saturated [11] or when they are exposed to high environmental
relative humidities [48]. However, the role of water distribution inside
their pore network on the water-weakening effect has not been studied
to date. The present paper tries to fill this gap.

Specifically, the main objectives of this study are: (1) to determine
the influence of water content (or degree of saturation) on the UCS, E,
BTS, I 50y and the failure mode of three varieties of a porous calcarenite
stone for different procedures of saturation of the samples (i.e., im-
mersion and drying processes); (2) to obtain and compare the water
distribution inside wet rock specimens prepared with the two different
water-saturation procedures by using the MRI technique; (3) to assess
the effect of the water distribution (or the partial water saturation
procedure used) on their mechanical parameters; (4) to establish cor-
relation functions between the abovementioned mechanical properties.

2. Materials and methods

2.1. Sample preparation and determination of physical and microscopic
properties

Three fine- and medium-grained calcarenite varieties (labelled as S-
1, S-2 and S-3) extracted from a quarry located in the municipality of
Elda (Alicante, SE Spain) were used in this study. To perform the
experimental research, cylindrical core samples of 28 and 52 mm in
diameter were drilled in the direction perpendicular to the sedimentary
bedding from intact and homogeneous rock blocks using a diamond drill
rig. Then, the samples were cut using an electrical saw in order to obtain
specimens with the required length to carry out the corresponding me-
chanical tests according to the ISRM Suggested Methods [61].

Petrological characterization of the three rock varieties was carried
out using petrographic and scanning electron microscopic (SEM) ex-
aminations as well as X-ray diffraction (XRD) and fluorescence (XRF)
techniques. Physical characterization was performed using conventional
procedures. In particular, dry (pqry) and saturated (psar) densities, open
(po) and total (p) porosities and water absorption (W,) were obtained
following the UNE-EN 1936 standard [62]. Particle density (py) was
determined through pycnometers method following the UNE 103-302-
94 standard [63]. Moreover, the pore throat size distribution of calcar-
enites were obtained through the Mercury Intrusion Porosimetry (MIP)
technique using a porosimeter equipped with two low- and two high-
pressure stations. Additionally, MIP tests allowed to obtain other prop-
erties of pore network such as tortuosity and intra- and inter-particle
porosities, which were calculated using PoroWin version 8.1 software
(PoreMaster, Quantachrome Instruments) [64]. Water absorption coef-
ficient by capillarity (C) was obtained in accordance with UNE-EN
1925:1999 standard by Bateig [65]. Then, permeability (k) was esti-
mated indirectly in tested rocks from their capillary imbibition and pore
structure using Eq. (1) proposed by Benavente et al. [66].

2 'Tm
K= g ot W

which considers the water absorption coefficient by capillarity (C),
water parameters (density, py, and viscosity, n), wetting (interfacial
tension, y, and contact angle, 6) and pore structure of rocks (mean pore
radius, ry,, and porosity, po).

P- and S-wave velocities (vp and vs, respectively) of dry specimens
were measured along the sample axis (i.e. perpendicular to bedding) and
were computed from the ratio of the sample length to the transit time of
the pulse by using a signal emitting-receiving device and following the
UNE-EN 14579 standard [67].
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2.2. Procedures for obtaining partially water saturated specimens

2.2.1. Procedure 1: Water saturation by immersion under atmospheric
pressure during different time intervals

Five cylindrical specimens of each calcarenite variety of 28 mm in
diameter and 70-75 mm in length were used to obtain the variation of
the S; with the time of water immersion under atmospheric pressure.
Specifically, the following process was performed. Firstly, the specimens
were dried at 70 °C inside a ventilated oven until a constant mass was
reached (the difference between two weighings carried out in a 24-hour
interval was not>0.1% of the mass of the sample). After that, the
specimens were kept in a desiccator until they reached the room tem-
perature (20 £ 5 °C) and later their dry mass (mg4) was measured with an
accuracy of 0.01 g. Subsequently, the dry samples were completely
submerged in a vessel with water at ambient laboratory temperature and
at atmospheric pressure and the timer was started. At certain time in-
tervals, initially very short and then longer, the specimens were
removed from the vessel, dried slightly with a damp cloth to remove the
water droplets of their surface, weighed immediately (m;) and then
reintroduced into the vessel with water. The time intervals between each
weighing were 1 min in the range from 0 to 15 min, 5 min in the range
from 15 to 60 min, 10 min in the range from 1 to 2 h, 20 min in the range
from 2 to 4 h, and 1 h from 4 h up to obtaining a constant mass of the
sample (i.e, the saturated mass at atmospheric pressure). Finally, the
specimens were forcibly-saturated by means of a vacuum chamber until
they reached a constant mass, obtaining the saturated mass under vac-
uum conditions (mgyac). The S; for each water-immersion time interval
was calculated using Eq. (2):

my — My

S, (%) = -100 @)

Mgyae — My

After defining the relationship between the immersion time and the
S; value achieved for each calcarenite variety, the time required to
obtain S; values of 25, 50 and 75% was calculated by interpolation.
Then, these estimations were utilized to prepare specimens with these
water contents in order to perform the mechanical tests.

2.2.2. Procedure 2: Oven drying of saturated samples during different time
intervals

The variation of the S; with the drying time was determined using
five cylindrical specimens of 28 mm in diameter and 70-75 mm in
length of each calcarenite variety. The following steps were taken:
Firstly, the samples were dried at 70 °C inside a ventilated oven until a
constant mass was reached. Afterwards, they were kept in a desiccator
until they achieved the room temperature and their dry mass (mg) was
obtained. Secondly, the specimens were forcibly-saturated under vac-
uum conditions until they reached a constant mass, obtaining the mgygc.
Subsequently, the saturated samples were put in a ventilated oven at
50 °C and the timer was started. At certain time intervals, initially short
and then longer, the specimens were removed from the oven, weighed
immediately (m) and then reintroduced into the oven. The time in-
tervals between each weighing were 5 min in the range from 0 to 10 min,
10 min in the range from 10 min to 3 h, 20 min in the range from 3 to 6 h,
and 0.5 h from 6 h to the obtainment of constant mass of the sample.
Lastly, the S; associated to each drying time was calculated through the
Eq. (2).

After defining the relationship between the drying time and the S;
value reached for each tested calcarenite, the time needed to obtain S,
values of 25, 50 and 75% was determined by interpolation. Later, these
estimations were used to prepare calcarenite specimens with these
moisture values with the aim to carry out the mechanical tests.

2.3. Determination of the water distribution inside rock materials using
MRI technique

The presence of water inside rock specimens and its distribution can
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Fig. 2. Dimensions of specimens before mechanical tests (a and b) and equipment used in the UCS, E (c), Issoy (d) and BTS (e) tests.

be obtained by using the Magnetic Resonance Imaging (MRI) technique.
Particularly, this technique allows the detection of the hydrogen nuclei
(protons, 'H) of water and their corresponding energy states. 'H pos-
sesses a property known as “spin”, which can be comprehended as the
nucleus spinning around its own axis. Due to its positive charge and spin
property, hydrogen nuclei behave as small magnetic dipoles that are
usually randomly oriented in all spatial directions but that can be
properly magnetically excited to achieve valuable information. The
implementation of the MRI technique to obtain the water distribution
inside rock samples includes several phases. Firstly, a strong external
magnetic field (B,) is applied to the wet specimen in order to align the
hydrogen nucleus in parallel with this external field. Then, a second
radiofrequency (RF) magnetic field (B;) is applied in short-duration
pulses (microseconds) and in perpendicular direction to B,. Thirdly,
the energy absorbed and emitted by protons due to the transition from
lesser to higher energy levels and vice-versa (on excitation and relaxa-
tion processes, respectively) induces a voltage that is detected by a coil

of wire, amplified and showed as the “free-induction decay” (FID). Later,
the FDIs obtained after applying several B; pulses are averaged to
improve the time-domain signal. Finally, the signal-averaged FID is
resolved using Fourier transformation process into and image, providing
indirectly the water molecules location [68].

MRI tests were performed at the Bioimaging Center of the Complu-
tense University of Madrid using a 1-Tesla benchtop MRI scanner [Icon
(1 T-MRI); Bruker BioSpin GmbH, Ettlingen, Germany]. MRI spec-
trometer consists of a 1 T permanent magnet (without extra cooling
required for the magnet) with a gradient coil that provides a gradient
strength of 450 mT/m. An oval-cylinder solenoid radiofrequency coil
(59 x 50 mm?) was used. Details of the MRI equipment used are shown
in Fig. 1. The main MRI experiment employed to monitor immersion and
drying processes consisted of three-dimensional spin echo T1-weighted
coronal images. The main selected parameters were: a repetition time of
500 ms, an echo time of 4.7 ms and a field of view of 40 x 94 x 40 mm?®.
The acquired matrix-size was 38 x 142 x 19 and the reconstructed
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Fig. 3. Chemical composition (% Oxides) of the tested rocks obtained by XRF technique.

matrix-size 50 x 188 x 25 (resolution 0.80 mm x 0.50 mm x 1.60 mm).
The total experiment acquisition time was approximately 6 min. All MRI
data were acquired and analyzed using the software ParaVision 6.0.1
(Bruker, Ettlingen, Germany).

2.4. Determination of mechanical properties

With the aim to perform the UCS and Eg tests, a total of 90 specimens
of 28 mm in diameter and 70-75 mm in length (30 units of each cal-
carenite variety) were prepared with different water contents. Specif-
ically, half of the specimens of each variety (15 units) were wetted using
the immersion procedure and the other half using the drying procedure.
That is, three specimens for each S; value (0, 25, 50, 75 and 100%) and
for each partial water saturation process were prepared. These me-
chanical tests were carried out using a servo-controlled testing machine
with a capacity of 200 kN and following the corresponding ISRM

' ’
.| BSE2 WD14.4mm 20.0kV x400 |

Suggested Methods [69]. In particular, sample strain was obtained using
an instrument formed by two linked metallic rings located in parallel
along the sample axis and two diametrically opposed Linear Variable
Differential Transformers (LVDTs) that register changes in the axial
relative distance between rings during unloading-reloading cycles
(Fig. 2¢). Axial strain was measured up to a maximum value equal to
40-50% of the ultimate load of samples to estimate the secant Eg.. Once
the E test was finished, the rings were removed from the specimen and
the loading tests were repeated until failure. The used loading rate was
40 N/s. This value was chosen to ensure that the failure of most of the
specimens occurred between 5 and 10 min after the start of the test
according to the ISRM protocol [69]. This information is relevant in this
research since the presence of water can rise the efficiency of time-
dependent deformation mechanisms (e.g., stress corrosion cracking) in
porous limestone [70,71].

For Point Load tests, 60 cylindrical specimens of 28 mm in diameter

CLASTS

Fossils (60%): foraminifera (Textularidae, Globorotalia,
Globigerinidae ~ and  Rotalidae), bryozoans and
echinoderms (0.1-0.4 mm).

Terrigenous (15%): Monocrystalline and polycrystalline
quartz, dolostone, potassium feldspar, muscovite,
tourmaline and rock fragments (0.1-0.3 mm).

Small quantity of phyllosilicates (glauconite, illite).
POROSITY TYPE

Medium intraparticle and scarce interparticle porosities.
CEMENT AND MATRIX TYPE

Micritic matrix (10%) and sparry (5%) and fibrous cement.

2 % 200

CLASTS

Fossils (50%): foraminifera (Globigerinidae, Rotalidae and
Textularidae), bryozoans and mollusc (0.1-0.6 mm).
Terrigenous (20%): microcrystalline quartz, dolomite and
small amounts of muscovite and feldspar (0.1-0.5 mm).
Small amount of phyllosilicates (chlorite, smectite and
palygorskite).

POROSITY TYPE

High intraparticle and medium interparticle porosities.
CEMENT AND MATRIX TYPE

Micritic matrix (15%) and sparitic cement (5%).

CLASTS

Fossils (65%): foraminifera (Heterostegina, Globigerinidae,
Turborotalia, Rotalidae), bryozoans and echinoderms
(0.3-0.6 mm).

Terrigenous (10%): monocrystalline quartz, schist,
dolomite and potassium feldspar (0.2-0.5 mm).

Small quantity of phyllosilicates (chlorite and illite).
POROSITY TYPE

Medium intraparticle and high interparticle porosities.
CEMENT AND MATRIX TYPE

Micritic matrix (15%) and sparitic cement (2%).

Fig. 4. Cylindrical specimens (a.1, b.1 and c.1), thin section microphotographs taken with parallel nicols (a.2, b.2 and c.2) and SEM images (a.3, b.3 and c.3) of the

tested rocks.
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of each calcarenite variety were used. Half of them were moistened with
S; values of 0, 25, 50, 75 and 100% through the water-immersion pro-
cedure and the other half were moistened with the same water content
through the drying procedure (i.e, six units for each water content and
each wetting process). The rock samples were diametrically loaded until
failure applying a concentrated load by means of two spherically-
truncated conical platens (Fig. 2d). As established in the correspond-
ing ISRM suggested method [72], the load was gradually increased in
order to ensure that the failure occurred between 10 and 60 s after the
start of the test. Iys0) (MPa) was obtained using the Eq. (3):

D\ p
Isis0) = FIs = (%> e 3)

Where F is the size correction factor, I is the uncorrected Point Load
Strength (MPa), P (N) is the ultimate load and D (mm) is the diameter of
rock sample.

In the same way as for the compressive tests, 30 circular disks of 52
mm in diameter and 26-28 mm in thickness of each stone variety were
made to perform BTS tests. Half of them were moistened with S, values
of 0, 25, 50, 75 and 100% through the water-immersion procedure while
the other half were moistened with the same water content through the
drying procedure (i.e., 3 units for each water content and each wetting
process were tested). Due to the geometric differences between these
samples and those used for the UCS and point-load experiments, the
immersion and drying times required to reach the target S; values in this
type of specimens were adequately re-estimated before preparing the
wet samples for the BTS tests. According to ASTM standard [73], the
specimens were positioned in direct contact with the machine bearing
plates during the tests and the load on the samples was continuously
exerted at a constant rate such that ultimate load in the weakest rock
materials occurs among 15 and 30 s after the start of the test (Fig. 2e).
BTS (MPa) was obtained using the equation Eq. (4).

2-P
z-D-L

BTS = 4
Where P is the maximum applied load indicated by the testing machine
(N), L is the thickness of sample (mm) and D is its diameter (mm).

All mechanical tests were performed almost immediately after pre-
paring the specimens with the corresponding water content. Specif-
ically, the time elapsed between the wetting of each specimen and the
start of the corresponding mechanical test varied between 5 and 10 min
in order to ensure that water content and pore water distribution did not
change significantly between both actions. Furthermore, in this short
period of time between the wetting process and mechanical testing,
samples were covered with a cling-film with the purpose of preserving
their moisture (Fig. 2a and b).

3. Results and analysis
3.1. Mineralogical, chemical and physical properties

XRD analyses indicated that the rock materials used in this study are
three limestone varieties mainly composed of calcite (70-80%), dolo-
mite (5-10%), quartz (5-15%) and smaller quantities of feldspar,
ankerite and phyllosilicates (5-10%). In line with this, XRF analyses
showed that the most abundant chemical compounds of these materials
(expressed as % oxides) are CaO (41.9-43.7%), SiO5 (13.8-14.3%), SO3
(1.4-6.9%), MgO (1.7-2.5%), Al,03 (1.1-1.8%), Fe303 (0.7-1.1%) and
K50 (0.5-0.6), apart from the loss on ignition (LOI). Chemical analysis of
each calcarenite variety is shown in Fig. 3.

According to Ordonez et al. [74], tested rocks are composed of pri-
mary sediments that belong to the continental shelf with discontinuous
deposition characterized by erosional unconformities and rough waters
in which the presence of planktonic, nektonic and benthic organisms is
common and causes reworking and movement of sediments. Therefore,
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Table 2
Physical properties of the tested rocks.
S-1 S-2 S-3
Dry density, pary (g/cm®) 2.30 + 2.17 + 211+
0.01 0.01 0.01
Saturated density, psa (g/cm3) 2.40 + 2.34 + 2.31 +
0.01 0.01 0.01
Particle density, p, (g/cm®) 2.68 + 271 + 2.70 +
0.01 0.01 0.01
Open porosity, po (%) 11.59 + 17.99 + 20.45 +
0.24 0.42 0.36
Total porosity, p (%) 15.00 + 20.05 + 21.94 +
0.25 0.41 0.44
Water absorption, W, (%) 5.05 + 8.27 + 9.65 +
0.11 0.22 0.22
P-wave velocity, v, (km/s) 4,55 + 3.39 + 4,16 +
0.08 0.10 0.04
S-wave velocity, vs (km/s) 2.63 + 2.06 + 242 +
0.07 0.06 0.07
Water absorption coefficient by 12.67 + 11.52 + 51.29 +
capillarity, C (g/m?s%%) 0.62 1.33 3.44
Water permeability, k (mD)
0=0° 4.76 - 8.87 - 6.63 -
107 107 1072
0 = 45° 6.73 " 1.25- 9.37 -
1074 103 102
0 = 80° 2.74 511" 0.382
1073 1073
Pore throat size distribution (%)
<0.01 ym 7.79 2.03 2.71
0.01-0.1 pm 25.28 10.98 7.92
0.1-1 pm 52.88 42.89 24.17
1-10 pm 5.86 35.16 50.35
10-100 pm 4.85 5.79 11.23
>100 um 3.34 3.15 3.61
Specific Surface Area (m?/g) 5.54 3.17 3.23
Total interparticle porosity (%) 1.46 2.79 8.30
Total intraparticle porosity (%) 11.86 15.90 12.18
Total porosity MIP (%) 13.32 18.69 20.48
Pore Tortuosity 2.09 2.03 2.01
Fractal Dimension
Intrusion 3.07 2.80 3.02
Extrusion 2.83 1.94 2.25

these sedimentary rocks frequently exhibit large quantities of organic
shells and bioturbation. From a petrological point of view, the three
studied stones are allochemical calcareous materials (fine- and medium-
grained biocalcarenites) principally constituted of fossils and different
amounts of fragmentary quartz [75]. Particularly, a mean grain size of
0.2 mm was observed in S-1, 0.3 mm in S-2 and 0.4 mm in S-3. Thin
section microphotographs, SEM images and petrographic descriptions of
each tested calcarenite can be seen in Fig. 4.

Concerning the physical properties of studied calcarenites, pary and
psat ranged from 2.11 to 2.30 g/cm3 and from 2.31 to 2.40 g/crn3,
respectively. Specifically, the highest values were obtained in S-1 while
the lowest values were found in the S-3. Accordingly, S-1 exhibited the
smallest values of p,, p and W, (11.59, 15.00 and 5.05% respectively)
while S-3 showed the greatest values (20.45, 21.94 and 9.65%, respec-
tively). Regarding vp and vs, the highest values were measured in S-1
(4.55 km/s and 2.63 km/s, respectively) and the lowest values were
found in S-2 (3.39 km/s and 2.06 km/s, respectively). With respect to
the porous structure, the lowest pore throat size and the highest specific
surface area and tortuosity values were found in S-1, while S-2 and S-3
exhibited similar values each other. Furthermore, the highest value of
interparticle porosity was found in S-3 while the greatest intraparticle
porosity was measured in S-2. The physical properties of the studied
rocks are summarized in Table 2 and a comparison of the pore throat size
distribution of each material obtained through the MIP technique is
shown in Fig. 5.
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Fig. 5. Comparison of the pore throat size distribution of the three rocks obtained by using MIP technique.
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Fig. 6. Variation of degree of saturation (S,) (a) and water content (w) (b, ¢ and d) with water-immersion time (t) for 28 mm-diameter samples of the three

tested rocks.

3.2. Variation of moisture content and water distribution with immersion
time

The partial saturation procedure consisting in submerging rock
specimens in water under atmospheric pressure during different time
intervals allows to easily obtain S, values ranging between 25 and
70-75% in the three calcarenite varieties. Specifically, the S, values
reached after one minute of water immersion were 19.5, 24.9, 24.1 for S-
1, S-2 and S-3, respectively. On the other hand, the maximum values of
S; obtained were 96.5, 83.2 and 70.5 for S-1, S-2 and S-3, respectively.
They were reached for immersion times equal to or less than eight hours.
This indicates that pores are not fully saturated at atmospheric pressure
regardless of the immersion time at which rock specimens are exposed
and that, therefore, the use of a vacuum pump is required to obtain fully
water saturation specimens (S; = 100%).

In this water saturation process of 28 mm-diameter samples, three
clearly differentiated stages can be distinguished (Fig. 6a): a first stage in
which the relationship between the immersion time and the S; reached is
quasi-linear; a second transition stage in which the saturation rate is
slowly decreasing and the data could be fitted to a convex curve; and a
third stage that can be represented with a horizontal line due to the S;
has reached its maximum value and remains constant regardless of the
immersion time. The relationship between the immersion time and the
water content absorbed by the rocks has been modelled by using
exponential fitting functions, which allows estimating the time required
to achieve a specific w or S; value for each calcarenite variety (Fig. 6b, 6¢
and 6d).

Cross and longitudinal section images obtained through MRI tech-
nique show the water distribution inside each calcarenite variety after
immersing them in water during different time intervals (Fig. 7). These
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t=25min t=10min t=25min t=50min t=120min t=270 min
a) w=129% w=244% w=343% w=4.08% w=478% w=5.00%
Sr=21.06% Sr=39.72% Sr=55.89% Sr=66.42% Sr=77.71% Sr=81.30%

\ )
\ ’
N

t=1min t=25min t=5min t=7.5min t=10min t =25 min
b) w=201% w=3.09% w=423% w=497% w=565% w=6.98%
Sr=2234% Sr=34.29% Sr=47.01% Sr=55.25% Sr=62.72% Sr=77.59 %

C) t=1min t=25min t=5min t=7.5min t=10min t=26 min
w=215% w=327% w=443% w=522% w=583% w=6.52%
Sr=22.61% Sr=3434% Sr=46.58% Sr=54.93% Sr=61.32% Sr=68.59%
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Fig. 7. Cross and longitudinal section images obtained through MRI technique that show the water distribution inside each calcarenite variety after immersing them
in water during different time intervals. Cross and longitudinal sections were taken at the mid-point of the length and the centre of the bases of specimens,
respectively.

images demonstrate that water distribution inside pore network of these the outer zone of the sample while the inner zone remains in dry state.
materials moistened using this wetting procedure is not uniform. That is, Then, when the immersion time increases, water penetrates continu-
initially, when the specimens start to soaked, water is only localised on ously into the pores and a wet ring with a thickness that grows
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Fig. 8. Variation of degree of saturation (S,) (a) and water content (w) (b, ¢ and d) with drying time (t) for 28 mm-diameter samples of the three tested rocks.

progressively is observed. Finally, water fills the entirely of the speci-
mens and they reach their maximum S; value at atmospheric pressure.
Although the form in which water is distributed inside the specimens
when time increases is quite similar for the three calcarenite varieties,
the accessing velocity of water is significantly dissimilar. In this sense,
the immersion time required for water to achieve the longitudinal axis of
specimens was considerably longer in S-1 (around 4.5 h) in comparison
with the time needed in the other varieties (around 25 min in S-2 and 15
min in S-3). This can be explained by the fact that S-1 presents pore
throat diameters substantially smaller than the other calcarenites and
also a greater tortuosity, which hampers water penetration.

3.3. Variation of moisture content and water distribution with drying time

The oven drying procedure of saturated samples at 50 °C during
different time intervals allows to obtain rock specimens with S; values
ranging between 10 and 100% for all the three studied calcarenites in
drying time<12 h. The porous structure of these rock material moder-
ately influences the drying process. In particular, S-1 needed drying
times higher than S-2 and S-3 to obtain small values of S; due to its lower
pore throat size and its greater tortuosity (Fig. 8a).

In this drying process of 28 mm-diameter samples, three stages can
be distinguished: a first stage in which the relationship between the
drying time and the obtained S; value is nearly linear; a second transi-
tion stage in which the drying rate decreases gradually and the data
takes the form of a concave curve; and a third stage in which the drying
speed is very small and the relationship between the S; and the drying
time becomes linear again. This process can be modelled through
decreasing exponential fitting functions that allows estimating the time
required to reach a specific w or S; value in each calcarenite variety

10

(Fig. 8b, 8c and 8d).

Cross and longitudinal section images obtained through MRI tech-
nique show the water distribution inside each calcarenite variety after
drying them in an oven at 50 °C during different periods of time (Fig. 9).
These images reveal that, at the beginning of the drying process, the
water localised on the outer zone of the samples is progressively evap-
orated while the inner zone remains in wet state. Then, when the drying
time increases, innermost water disappears gradually and, finally,
specimens are completely dry. In addition, water molecules of partial
saturated specimens prepared using this procedure are generally
distributed in a more homogeneous way and in a larger region of the
sample in comparison with the water molecules of the partial saturated
specimens prepared using the immersion process.

3.4. Relationships between water content and compressive properties
(UCS and Eg) of calcarenites

The values of the compressive parameters (UCS and Eg) for water
contents associated with S; values of 0, 25, 50, 75 and 100% and ob-
tained from both wetting procedures (immersion and drying processes)
in the three tested calcarenites are shown in Figs. 10 and 11. Generally,
UCS and Eg decreased when water content increased for both proced-
ures and all tested rocks. Specifically, when water content in S-1
increased from 0.0 to 5.0%, the UCS decreased from 40.1 to 18.7 MPa
and the Eg reduced from 25.6 to 11.8 GPa. In S-2, when water content
rose from 0.0 to 8.4%, UCS diminished from 22.6 to 8.2 MPa and Eg
reduced from 8.1 to 2.5 GPa. Similarly, in S-3, when water content
increased from 0.0 to 9.6%, UCS decreased from 27.2 to 18.9 MPa and
Eg; reduced from 20.5 to 15.4 GPa.

However, the evolution of UCS and Eg with S, was slightly different
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Fig. 9. Cross and longitudinal section images obtained through MRI technique that show the water distribution inside each calcarenite variety after drying them in
an oven at 50 °C during different time intervals. Cross and longitudinal sections were taken at the mid-point of the length and the centre of the bases of specimens,

respectively.
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Fig. 10. Effect of moisture content (w) on Uniaxial Compressive Strength (UCS) for the three tested rocks depending on the water saturation procedure used. Left:
Relationships between w and UCS (a.1, b.1 and c.1). Right: Losses of UCS for different S, values (a.2, b.2 and c.2).

depending on the partial saturation procedure used. In this line, for
small values of S; (25 and 50%), the specimens moistened by the oven
drying process frequently exhibited more marked decreases of these
properties than the specimens wetted by the immersion procedure,
while the value of these parameters were quite similar for higher values
of S; (>75%) for both wetting procedures. This effect was especially
marked in S-2, in which for S, = 25% the UCS loss was 40.9% in the
specimens moistened using the drying process while was 13.5% in the
specimens wetted using the immersion process. In the same way, in this
variety the Eg loss for S; = 25% was 44.9% in the specimens wetted
using the drying process while was 22.7% in the specimens wetted using
the immersion procedure. (Figs. 10 and 11).

The quantitative relationships between the compressive properties
(UCS and Egp) and the water content (w and S;) were obtained by fitting
each dataset (constituted by a calcarenite variety and a wetting
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procedure) to the following negative tri-parametric exponential
function:

y=ae™+c¢ 5)
where y(x) is the corresponding mechanical property, x is the water
content w (or the degree of saturation S;) and, a, b and ¢ are three
constants of the rock. This function type, which has been the most
frequently used curve to describe the variation of mechanical parame-
ters with moisture, allows to express the mechanical values at cero water
content as a + ¢, the mechanical values at high water content
(completely saturated condition) as ¢ and the rate of the mechanical
property reduction with increasing water content as b [50,55,76].
Generally, this function type fitted quite well to all datasets. Neverthe-
less, for S-1 and for the specimens of S-2 wetted using the immersion
process the parameter ¢ was set at zero and only the parameters a and b
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were calculated due to data representation indicated that the variations
of compressive parameters with water content were more gradual in
these cases (Table 3).

3.5. Relationships between water content and tensile properties (BTS and
Ii(50)) of calcarenites

The values of tensile properties (Isso) and BTS) for water contents
associated with S; values of 0, 25, 50, 75 and 100% and obtained from
both partial water saturation procedures in the tested stones are re-
flected in Figs. 12 and 13, respectively. Generally, these tensile prop-
erties decreased when the S; increased.

With regard to Iyso), it diminished from 3.9 to 1.9 MPa in S-1, from
1.8 to 0.8 MPa in S-2, and from 2.8 to 1.8 in S-3 when the S, was
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increased from 0 to 100%. However, it was found that the evolution of I
(50) with the water content was greatly influenced by the partial satu-
ration procedure used. In this connection, for the same value of S;, the
specimens wetted using the immersion procedure commonly exhibited
smaller decreases of Iys0) than the specimens moistened through the
oven drying process in all tested calcarenite varieties. Particularly, when
Sy = 25%, the value pairs of the reductions of Iysp) (immersion proc-
ess—drying process) were 9.9-41.7% in S-1, 22.8-45.7% in S-2, and
11.9-26.4% in S-3; when S, = 50%, the decreases of Iysp) were
23.2-53.5% in S-1, 42.7-55.8% in S-2, and 22.2-34.7% in S-3; and when
S, = 75%, the reductions of I50) were 38.7-53.9% in S-1, 51.5-58.8% in
S-2, and 26.5-35.3% in S-3 (Fig. 12). As a consequence, b-parameters of
the exponential fitting functions that correlate water content and Iysg)
were very different depending on the wetting process used for the three
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Table 3
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Equations correlating compressive properties (UCS and Eg) and water content (w and S,) in the tested rocks depending on the wetting procedure used.

Wetting procedure Rock material

S-1 S-2 S-3

Immersion process UCS = 46.40-¢ 70158 R2 —0.871 UCS = 20.03-e %12%% R? = (0.889 UCS =9.29.e70381% 1 18,69 R? = 0.993
Ey = 31.24.¢ 0166 R2 — 0.872 E, = 8.86.¢ %13V R2 — (0917 Ey = 6.40-e %113% 1 13.31 R? = 0.955
UCS = 46.36-¢700079%  R2 — (.874 UCS = 20.15.¢700109:  R2 — (.882 UCS = 9.31.¢709%74% 1 18,69 R? = 0.993
Eg = 31.19:¢70:00835:  R2 — 0.871 Ey = 8.87-.¢700114S  R2 — 0.896 Ey = 6.23.¢7001165 | 1349 R? =0.958

Oven drying process UCS = 43.19-e %187% R2? =0.957 UCS = 14.91.e°57% 1. 8.97 R? = 0.992 UCS =7.97.e7949 1+ 1896 R? = 0.955
Ey = 26.54-¢ 015" R2 —(.949 Ey = 4.95.¢ %% 1 278 R? =0.947 Ey = 6.35.¢042%% 1+ 1500 R? = 0.957
UCS = 43.14.¢700094  R2 — 0,952 UCS = 14.95.¢7004475% 1 892 R? =0.991 UCS = 7.97.¢ 004355 1897 R? =0.956
Eq = 26.55.¢7000795  R2 — (.949 Eq = 5.01.¢700339: 4 273 R2? =0.951 Eq = 6.35.¢7004225 1 1501 R? = 0.958

rocks (Table 4).

Concerning the BTS, it reduced from 6.6 to 3.4 MPa in S-1, from 4.2
to 1.8 MPa in S-2, and from 4.9 to 2.7 in S-3 when S; increased from 0 to
100%. Furthermore, slightly different behaviours regarding the varia-
tion of this property with water content were found depending on the
rock material and the wetting procedure used. In this sense, in S-1, for
small values of S, (25%), the specimens moistened using the oven drying
process exhibited higher decreases of BTS (a drop of 27.1%) than the
specimens wetting through the immersion procedure (a drop of 13.1%),
while for greater S, values the reductions of BTS were quite similar for
both processes (drops of 34.6-37.1% for S; = 50% and of 44.9-37.0% for
S; = 75%). In addition, in S-2 and S-3, the reductions of BTS were very
close for both partial saturation procedures and for all S, values
(Fig. 13). The tri-parametric negative exponential functions correlating
water content (w or S;) and BTS for each calcarenite variety and each
wetting procedure can be seen in Table 4.

3.6. Failure pattern of specimens

Failure modes of calcarenite specimens prepared with different
water contents (S, values of 0, 25, 50, 75 and 100%) under uniaxial
compression and moistened through immersion and drying processes
are shown in Fig. 14. Generally, dry specimens exhibited cracks both on
the surface and in the inner zones and the most common failure pattern
observed in them was axial splitting. Despite this, shear failure with
small zones of mixed tensile-shear cracks were also detected in some dry
samples (especially in S-2). On the contrary, fully saturated specimens
mainly exhibited shear-dominated failure, although small regions with
cracks associated to axial splitting were also observed in some samples
(especially in S-1).

Regarding partially water-saturated samples, slight differences were
detected depending on the wetting procedure used. On the one hand,
specimens wetted through the immersion process and with small S;
values (25 and 50%) principally showed splitting failure with tensile-
dominated cracks. Nevertheless, few specimens of S-1 and S-3 also dis-
played signs of both splitting and shear failure. Furthermore, cracks
were predominantly accumulated near the surface of samples where the
water was accumulated (important reduction of mechanical properties
occurs in this zone) while the inner zone of specimens remained intact
and in dry state). In this connection, as pointed out by Tang [55], the
axial splitting failure pattern observed in this case could be related to the
difference of lateral deformability among the wet and dry areas, which
may cause tensile stress at the interface between both regions. For
higher S; values (75%), S-2 frequently showed shear-dominate failure
while S-1 and S-3 exhibited commonly splitting or mixed tensile-shear
failure. On the other hand, specimens partially water-saturated
through the drying procedure mostly showed axial splitting failure in
the three calcarenites, although scarce specimens of S-2 exhibited shear-
dominate or mixed tensile-shear failure. The more consistent and ho-
mogeneous failure modes observed in this case might be due to the fact
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that the water inside the specimens was distributed in a wider region of
the cross section. In any case, the failure pattern of rocks under uniaxial
compression is a complex issue which depends on several aspects and,
therefore, further investigations on this topic will be required.

Typical failure modes obtained in the BTS tests for calcarenite
specimens prepared with different water contents (S; values of 0, 25, 50,
75 and 100%) by using both immersion and drying processes are shown
in Fig. 15. In the three varieties and for all water contents and both
wetting procedures the observed failure patterns were fractures practi-
cally parallel to the loading direction and situated in the central part (i.
e., located inside the region defined by 10% of the diameter of the
specimens on both sides of the imaginary line joining the contact areas
between the sample and the bearing plates). Additionally, during the
BTS tests, it was detected that as water content increased, the specimens
exhibited lower disintegration and their cracking sounds were less
intense. Also, for the same and small S; values (<50%), the specimens
moistened using the drying process displayed a softer and a more
gradual failure than those wetted using the immersion process.

Failure patterns of specimens obtained in diametral Point Load tests
for tested calcarenites prepared with different moisture contents (S,
values of 0, 25, 50, 75 and 100%) by using the immersion and drying
procedures are displayed in Fig. 16. The failure mode of the vast ma-
jority of specimens happened in a valid way according to ISRM Sug-
gested Method [72]. However, an invalid failure pattern (fracture
surface passed through only one point) was specifically obtained in some
specimens of S-1 wetted with a S, value of 25% by using the immersion
process. This finding can be attributed to the more heterogeneous water
distribution inside the specimens prepared using this procedure and the
lower permeability of S-1 compared to the other varieties (due to its
smaller porosity and pore throat size and its greater tortuosity). In other
words, for this small moisture content and wetting process, water was
especially concentrated in the outer zone in S-1 and, as a consequence,
the external surface of specimens became the weakest region, which
caused that cracks propagated toward this weak wet region rather than
the dry strong region at the core of the specimens. Furthermore, it was
observed that for the three calcarenite varieties and for S, values lower
than 50%, the specimens moistened using the drying process exhibited a
softer failure than those wetted using the immersion process. Also, as
pointed out for BTS test, the failure of specimens tested under diametral
PLT occurred in a less abrupt manner when water content increased.

3.7. Influence of wetting procedure on the relationships between
mechanical properties

Compressive properties such as UCS and Eg are the two most
important mechanical properties of rock materials due to their obtain-
ment is crucial for performing safety evaluations in several civil and
mining works. Nevertheless, standard test for assessing these parameters
are time-consuming, expensive and demand the use of heavy equipment
[19,77]. Furthermore, in some cases such as weathered or weak rock



A. Rabat et al.

a.1) 6.0
= IP: Ig(s0) = 4.133 - 70139 R2 = 0.987
§ 5.0 1|DP: Igsg) = 2.319 - e71257W 4 1,821 R? = 0.994
< .
Bg O W~
g€ [ o
- N S~
§S301 . ®__ -
T 0 S ==
T & - S ~a
—
£
L 1.0 4 | © Immersion process (IP)
@ Drying process (DP)
0.0 T T T T T
0 1 2 3 4 5
Water content w (%)
b.1) 25
= IP: Ig(s0) = 1.247 - e70240W 4 0,625 R?= 0.992
§ 2.0  |DP:lg(s0) = 1.0554 - e70726W 4 0,750 R?= 0.996
< \\ S~ @ Immersion process (IP)
28 15 - NS \L [ Drying process (DP)
gz Rl
v =z > ~ =~
‘5;3.1.0- ~ N NiE
- i S [ P )
=
‘3 0.5 4
a S-2
0.0 T T T T T T T T
0 1 2 3 4 5 6 7 8 9
Water content w (%)
cl) 35
x IP: Ig50) = 1.278 - e %137W + 1516 R? =0.998
) ~0.540-
T 30 {DP:lyso) = 1071 -e 00 11784 R2 = 0999
= -
W N
ca 254 v ~~ é
gs MRS
- S— ~ -~
w \i ~ - ‘%
% £ 201
e -l gy
€
E 1.5 1 [@Immersion process (IP)
@ Drying process (DP)
1.0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Water content w (%)

Construction and Building Materials 303 (2021) 124420

)

N
~
©o
o

B Immersion process (IP)
@ Drying process (DP)

S-1

Loss of Point Load Strength

Degree of saturation Sr (%)

o
N
~
o
o

Immersion process (IP)
K Drying process (DP)

Loss of Point Load Strength

=50 =75
Degree of saturation Sr (%)

o
N
=
©
o

@ Immersion process (IP)
B Drying process (DP)

S-3

Loss of Point Load Strength

7

G
A

N

]

7 7,
=50 =75
Degree of saturation Sr (%)

\
2\

=25 =100
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materials, the preparation of specimens with the shape and size required
by standards is tricky [78]. As a consequence, the indirect determination
of these properties using functions that correlate these parameters with
other faster and cheaper indexes such as Igs0) and BTS is very practical
[26].

Previous works have already provided useful correlation functions
between some of these mechanical properties and indexes for similar
calcarenites [11]. However, this study goes far beyond that and assesses
the effect of water distribution on these relationships by testing partially
saturated specimens wetted through both the immersion and drying
procedures and analyses them jointly and separately. The pair of me-
chanical values of each dataset and the obtained through-the-origin
linear correlation functions are depicted in Fig. 17.

Generally, the ratios between the mechanical parameters slightly
change depending on the used wetting procedure. In particular, the
values of the slopes of the different through-the-origin linear fitting
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functions obtained for immersion and drying processes were: 10.4-11.3
for UCS/I4s50), 6.4-6.0 for UCS/BTS, 7.0-7.4 for Es/Is50), 4.3-3.8 for
E/BTS, 0.7-0.6 for Es/UCS and 1.6-1.9 for BTS/Iy50). From an engi-
neering point of view, the choice of the correct value of the ratio to be
used by the end-user requires knowledge of whether the rock mass or the
building element made of stone is in the process of wetting or drying. To
this aim, advanced monitoring systems, which can continuously record
the temporal evolution of the water table of the rock mass or a contin-
uous data record of rainfall, humidity and temperature in the sur-
roundings of the stone construction element, are required. Therefore, in
the case of large architectural and civil engineering projects where this
information is available, an accurate indirect estimation of the strength
and deformability of the rock material can be done. By contrast, in the
case of modest works without this advanced monitoring, the corre-
sponding smallest ratio value should be adopted in order to be conser-
vative from a safety perspective.
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4. Discussion

In this work, the influence of moisture content and water distribution
on mechanical behaviour of three calcarenite varieties was studied. With
this purpose, rock specimens were moistened with different water con-
tents using two different wetting procedures (water immersion and oven
drying processes) and then, MRI technique and mechanical tests (UCS,
Egt, BTS and Igs0y) were performed.

It is widely known that a full water saturation of rocks causes re-
ductions in their strength and increases in their deformability. The value
of this water-weakening effect is highly dependent on the rock type,
reflecting the large variability in texture and lithology [79]. After a
thorough review of the published literature on this topic, Wong et al.
[57] concluded that sedimentary rocks experience higher reductions
than igneous and metamorphic rocks. Specifically, they obtained
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average UCS reductions of 20% in limestones and 40% in sandstones,
and Eg drops of<60% in limestones and 20% in sandstones. Argillaceous
sedimentary rocks (mudstones, marls, siltstones) typically experience
higher decreases in these mechanical parameters (40-90%) [17,57]. In
the case of the studied calcarenites, the range of average reductions of
UCS, Eg;, BTS and Igs) after their full water-saturation were 48-56% in
S-1, 54-71% in S-2 and 23-45% in S-3. These decreases of mechanical
properties are in line with those reported in limestones by several re-
searchers [80,81].

The different petrophysical properties of the three studied calcar-
enites can justify the moderate dissimilarities observed with regards to
the water-weakening effect [57]. The greater reductions in mechanical
properties exhibited by S-2 could be attributed to its high porosity [82],
the presence of abundant bioturbation [83] and the larger heterogeneity
of its micro-fabric and texture (e.g., an important variability of mineral
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Table 4

Equations correlating tensile properties (BTS and I o)) and water content (w

and S,) in the tested rocks depending on the wetting procedure used.

Wetting Rock material
procedure
S-1 S-2 S-3
Immersion Iss0) = 413 Iss0) = 1.25- Iss0) = 1.28-
process 0139w  R2 _ 987 e 0240w e 0137w
0.63 R?>=0.992 152 R? =0.998
BTS = 5.23.¢ 0224w 1. BTS = 2.28 BTS = 2.31-
1.63 R? =0.981 e 0468w 1 e 0043w 4
169 R?2 =0.996 272 R? =0.989
Iss0) = 4.13- Isso) = 1.26- Isso) = 1.24-
5—000695‘ RZ = 0.987 67001945‘ + 57001395‘ +
0.61 R?=0.993 155 R? =0.998
BTS = 5.22.¢7001165% BTS = 2.30- BTS = 2.30-
165 R2 =0.978 003778, 009728
167 R?2 =0.994 272 R? =0.990
Oven Iss0) = 2.32-¢71257v 4 Iss0) = 1.06- Iss0) = 1.07-
drying 1.82 R2 —0.994 0726w 0540w .
process 075 R?>=0.996 178 R> =0.999
BTS = 3.11.¢ 0572V 4 BTS = 2.66- BTS = 2.20-
3.48 Rz = 0.975 e—o431w+ 570.760w+
1.77 R? =0982 278 R? =0.995
Igs0) = 2.32:7006405 g5 = 1.06 Iss0) = 1.07-
1.82 R? =0.994 7006235 4 e 005128 4
0.75 R? =0.996 1.78 R? =0.999
BTS = 3.08.¢ 00304 BTS = 2.68 BTS = 2.19
351 R2 = 0.973 003208, e 007818

1.75 R? =0.979

2.78 R? =0.994

crystal sizes of the terrigenous constituents and a well-sorted carbonate
grains) [48,84], which is reflected in its low P- and S-wave velocities
[10]. In contrast, the smaller decrease in mechanical parameters showed
by S-3 may be principally attributed to the higher quality of its inter-
granular cementation and its larger pore throat size, as indicated by its
high elastic wave velocities. For its part, S-1 displayed intermediate
values of its mechanical properties losses, which can be attributed to a
complex combination of counteracting properties: on the one hand, its
small pore throat size and the presence of bioturbation and, on the other
hand, its low porosity.

Both partial saturation procedures are easy to implement in labora-
tory and allow to prepare calcarenite samples with intermediate S;
values (25-75%) with an adequate precision and in reasonable periods
of time. However, MRI technique corroborates that, as pointed out by
Zhou et al. [49], the water distribution inside porous network of these
rock materials is completely different depending on the wetting pro-
cedure used. On the one hand, partial saturated specimens wetted
through the immersion process at atmospheric pressure store water
molecules in a localised ring-shaped region close to the rock surface that
grows with immersion time, as described by Fu et al. [58]. On the other
hand, partial saturated specimens moistened through the oven-drying
process at 50 °C storage water molecules in a wider volume of its pore
network, even for small water contents. This suggests that future testing
standards and procedures developed to assess the influence of moisture
on rock properties (such as conductivity, diffusivity, mechanical pa-
rameters, etc.) should explicitly indicate which wetting process should
be used. This would avoid the potential disruptive effect of water dis-
tribution on the measurement of these properties and would ensure the
repeatability and comparison of results obtained by different re-
searchers. Furthermore, in the oven-dried rock specimens, the evapo-
ration rate imposed by the used drying temperature could be an
additional factor that could affect the water distribution inside their
pore network. Thus, future research could focus on assessing this matter.

Concerning the effect of moisture on mechanical behaviour of cal-
carenites, in general terms, the results showed that severe reductions of
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UCS, Eq, Iss0) and BTS happened when S; values varied from 0 to 50%
and then, these mechanical parameters remained practically constant
for greater S; values (>75%). Specifically, increments in water content
as little as 1.5-2.5% in S-1 and as 2-4% in S-2 and S-3 from the dry
condition can cause drops higher than 50% of some of their mechanical
parameters, which represents a marked water sensitivity. These findings
are in accordance with the results obtained in other types of rocks. For
example, in sandstones, Hawkins and McConnell [50] reported that
80-90% of the UCS and Eg; losses happened for S; values of 13-53% (w
< 1%) and Demarco et al. [1] informed that UCS reductions greater 50%
occurred when the S; value was lower than 30%; Erguler and Ulusay
[17] observed that drops of UCS, Eg and BTS ranging from 90 to 93%
occurred for w < 2% in clay-bearing rocks; Cherblanc et al. [44] found
that 90% of UCS and BTS reductions were exhibited by limestones when
they are equilibrated with a 97% relative humidity atmosphere (w =
0.2-2.5%). The pronounced decrease of mechanical properties found in
the tested calcarenites after moisten them with small water contents
follows a negative tri-parametric exponential function correlating S; (or
w) and mechanical parameters. Notwithstanding the foregoing, in S-1
and in the specimens of S-2 wetted through the immersion process, a
best fit was obtained using a simplified model. In particular, a negative
bi-parametric exponential function obtained by fixing zero value for the
parameter c. This model has also been frequently used by some authors
for evaluating the relationship between water content and mechanical
properties in shales, clayshales, mudshales and mudstones [15,53], coal
[46] or sandstones [45].

Another important outcome derived from this work was that speci-
mens of a given calcarenite with identical water contents but moistened
using different saturation processes exhibited dissimilar mechanical
properties. Accordingly, the values of the constants of the fitting func-
tions (a, b and c) were also different for each wetting procedure. In
particular, for small water contents (S; = 25 or 50%), the reductions of
compressive properties (UCS and Eg) were commonly more pronounced
in the specimens moistened using the oven-drying process than in those
prepared through the immersion process. This could be justified by the
fact that water molecules of the specimens prepared through the drying
process are mainly concentrated in the central region of the specimens.
In contrast, a scarce quantity of water is located in the central zone of the
specimens wetted through the immersion process. In this connection,
previous testing and numerical simulations of rock materials under
uniaxial compression performed using the Finite Element Method (FEM)
and the Smooth Particles Hydrodynamics (SPH) technique have sug-
gested that this central zone would be where samples exhibit the most
severe damage and deformation [85]. In addition, strength, fracture
initiation and propagation and elastic behaviour of rocks are generally
governed by pre-existing flaws such as microcracks, voids, pores or grain
boundaries [86-88] that could be located randomly inside the speci-
mens. In this sense, due to water is distributed in a greater volume of the
pore network in the specimens prepared using the drying process, it is
statistically more likely that water molecules are closer to these critical
flaws that control the failure, which could also explain the greatest
water-weakening effect observed in this case. By contrast, for greater
water contents (S; > 50%), the decreases of these properties were quite
similar for both wetting processes, which could be attributed to the fact
that water occupies a wider and more alike volume inside the samples.

The influence of the wetting procedure on the two tensile strength
parameters (Igs0) and BTS) is considerably different in each of them. On
the one hand, partial-saturated samples of the three calcarenite varieties
prepared with similar water contents through the drying process
exhibited much less Is0) values than those moistened using the im-
mersion process. This result might be attributed to the abovementioned
reason for compressive properties, that is, the greater presence of water
molecules in the inner zone of the specimens prepared using the drying
process in comparison with those wetted using the immersion process. In
this regard, analytical solutions and FEM studies on the stress distribu-
tion within a solid circular cylinder subjected to diametral point loads
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Fig. 14. Failure patterns obtained in uniaxial compression tests for specimens prepared with different degrees of saturation (S,) by using the immersion (IP) and
drying (DP) procedures. AS: Axial splitting; SF: Shear-dominated failure; CF: Combined failure.

have indicated that the tensile stress at the central part of the specimens
determines the fracture load [89-92]. On the other hand, very similar
BTS values were found for specimens prepared with the same moisture
content despite using different wetting processes. At first sight, this
finding may seem a bit striking due to the similarities between Brazilian
and diametral Point Load tests with regard to the way in which the load
is applied. In this sense, analytical, numerical and experimental previous
works have demonstrated that during BTS test the tensile stress is
maximum at the centre of the specimen and that crack initiation occurs
in the middle of the disc and then propagates to its top and bottom
surfaces for the used loading configuration (flat loading platens) [93-
96]. However, this result may be related to the higher diameter and the
smaller thickness-diameter ratio of the specimens used in the Brazilian
test (L/D=20.5) compared to those used in the diametral Point Load Test
(L/D > 1). This different shape of the samples results in a different water
distribution even though they were prepared with an identical proced-
ure. In other words, water molecules occupy the central region of the
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specimens during BTS test for both wetting process and for all tested
water contents but this does not happen in the PLT specimens. All these
observations highlight the key role played by water distribution on the
mechanical behaviour of tested calcarenites.

Petrological and physical characteristics of calcarenites and the joint
analysis of the effect of water distribution and moisture content on their
mechanical behaviour would help to elucidate the main water-
weakening mechanisms that affect these rock materials.

The sharp decrease of mechanical properties obtained in the studied
calcarenites for low water contents (S, < 50%) suggests that capillary
suction decrease is probably the main mechanism that control the
weakening in these materials. Capillarity develops at the interface
among materials due to surface tension. More specifically, at small S;
values, water is bounded in the spaces between the grains and pores
creating capillary menisci [97]. Surface tension at the border among
water and air in contiguous void causes a compressive contact pressure
that induces an extra friction resistance [98]. This supplementary
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resistance has the same effect as if the grains were held together with a
cohesive strength component [99]. At higher S, values, the voids among
grains are filled by water, the surface tension intensely diminishes and
the corresponding contact pressure disappears [98]. In addition, the
different correlations between water content and mechanical parame-
ters obtained by using each wetting procedure reinforces that idea, since
capillary action is dissimilar for capillary spaces during immersion and
drying processes [49]. Conversely, the fact that important reductions of
mechanical parameters occur at water content values associated to small
degrees of saturation indicates that pore pressure increase during
loading is not a significant cause of the observed weakening. In other
words, pore pressure impact would be only relevant when pore network
is fully or nearly fully saturated but not when these calcarenites present
a scarce water content [50]. In addition, since these calcarenites exhibit
high open porosity and permeability, the dissipation of pore pressure
must be almost instantaneous and a decrease of the effective stress
during load application could hardly have happened [47].
Physicochemical effects such as the dissolution of minerals could
probably justify a portion of the observed mechanical weakening. In
particular, tested calcarenites exhibit important quantities of calcite
grains whose size could be reduced by dissolution [32]. Also, they
present small amounts of chlorite and sparite calcite cement that could
also be dissolved, leading an increment of rock porosity that could
induce their deterioration [79,100]. Nevertheless, the contribution of
this phenomenon to the observed debilitation may have been only
moderate due to the solubility of calcite in water is a low process
(although it could enhance under stresses) [101]. In this connection, it is
important to note that these rock materials were exposed to water very
short periods of time and the colour of water in the vessel was not
substantially altered. Additionally, the swelling of clay minerals (such as
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illite or smectite) could be responsible of one part of the observed
softening. These minerals can induce the breakage of cementation and
the formation of microcracks [33,102]. However, this phenomenon
would also be of little significance, since the content of these clay
minerals is scarce in the three tested calcarenites.

Fracture energy decrease with increasing water content (Rehbinder
effect) could be another mechanism that could partially explain the
strength reduction found in the studied calcarenites. This theory, that is
based on Griffith’s fracture criterion, holds that moisture reduces the
energy required per unit for the advance of the crack and, therefore, the
tensile stress to cause crack growth [37,40]. Also, the considerable
presence of quartz in tested calcarenites could play a key role in the
detected mechanical weakening. That is, the stresses silicon-oxygen
bonds at crack tip may be hydrolysed and debilitated, allowing the
cracks to propagate more quickly (stress corrosion) [8,35,36,103,104].

The significant water-weakening effect observed in these calcar-
enites recalls the need to adequately select the moisture content to use in
laboratory to characterise this type of materials, which traditionally
have been tested in dry state or with uncontrolled water contents. In this
line, some material testing standards [105] and the ISRM Suggested
Methods [61] have already drawn attention to this fact and recom-
mended that specimens should be tested with their natural water con-
tent. However, this study goes a step further and suggests that, for major
engineering projects in which the evaluation of moisture sensitivity is
required, the wetting procedure used should be selected carefully, since
water distribution plays an important role on mechanical behaviour of
rocks. In this connection, since different empirical relationships have
been established to estimate the mechanical properties of calcarenites
depending on whether are in the process of wetting or drying, the choice
of the appropriate equation requires prior clarification of this issue on
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site. In a partially-saturated wall within a building, this matter can be
mainly inferred from a carefully analysis of pluviometric, humidity and
temperature real-time data in the building environment. Similarly, in a
partially-saturated rock mass, continuous information about piezo-
metric level is needed for this purpose. Additionally, for rock masses
containing fractures and discontinuities, the presented equations would
require upscaling to be relevant since they only provide the matrix
strength and do not take meso- or macro-scale fractures into account.
With respect to unmonitored and small construction works in which this
data is not available, it would be advisable to use directly the equations
derived from the drying process with the aim to be on the safety side.

5. Conclusions

Based on the experimental work and the analyses performed in the
present paper, the following conclusions can be derived:

(1) MRI technique revealed that during the immersion process water
gradually enters from the surface to the core of specimens. By contrast,
during the oven-drying process water is progressively removed from the
surface to the core. As a consequence, for two samples with the same S;
value, the water distribution inside pore network of partially saturated
calcarenites is significantly different in each case. Specifically, speci-
mens wetted through the immersion procedure exhibit a more non-
homogeneous water distribution because water molecules are concen-
trated in a ring-shaped region close to the external surface of the rock.
On the contrary, in specimens prepared using the drying procedure,
water is distributed more homogenously and occupies a wider volume of
sample.
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(2) Significant reductions of compression properties (UCS and Eg)
were obtained when moisture increased in the three calcarenite vari-
eties. Specifically, different negative exponential functions can be used
to describe the relationships between these mechanical parameters and
water content depending on the lithotype and the wetting procedure
used. In this sense, for low water contents (S; < 50%), the decreases of
UCS and Eg obtained in specimens prepared through the drying process
were frequently greater than those observed in specimens wetted
through the immersion process. However, for high water contents (S, >
50%), the reductions were quite similar for both wetting procedures.

(3) Substantial drops of tensile properties (BTS and Iss0)) were found
when moisture rose in the tested calcarenites. In particular, different
negative exponential models were proposed to represent the variation of
these properties with water content depending on the rock variety and
the wetting procedure used. In this connection, for all partial water
saturation conditions (S; values of 25, 50 and 75%), the reductions of I
0y found in specimens wetted through the drying process were
considerably higher than those obtained in specimens moistened using
the immersion process. In the case of BTS, the reductions were very
similar for both wetting procedures.

(4) The abovementioned different values of the mechanical proper-
ties for the same degrees of saturation obtained in tested calcarenites can
be attributed to the conjunction of two factors: (1) the dissimilar water
distribution inside the pore network for each wetting procedure and (2)
the main water-weakening mechanisms that affects to these rock types
(capillary suction decreases and physicochemical effects). In addition,
the relationships between all the mechanical properties change slightly
depending on the wetting procedure. Therefore, for civil engineering
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Fig. 17. Correlation functions between the mechanical properties (UCS, Eg, BTS and Iys0)) for the tested rocks depending on the procedure used to obtain specimens
with different water contents.

and architectural works in which the assessment of water sensitivity of
mechanical properties of calcarenites is required, the saturation pro-

cedure used in laboratory should be cautiously chosen.
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