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Understanding the uniaxial tensile behaviour of rocks and its water-induced variation are key issues for designing
effective mining and civil engineering structures and for assessing numerous geotechnical hazards. However,
these aspects remain poorly analysed because conducting uniaxial direct pull tests is a difficult and time-
consuming laboratory task that requires the use of sophisticated equipment and complex rock sample prepara-
tion and processing. This work attempts to expand knowledge by determining several tensile properties of three
porous limestone lithotypes under dry and water-saturated conditions through two different approaches: by
conducting direct tensile tests and by means of indirect methods (i.e. Brazilian and point load tests). The results
revealed that water saturation generated important reductions in their uniaxial tensile strength (UTS), tensile
elastic modulus (Ey), Brazilian tensile strength (BTS) and point load strength index (Iss0)). In addition, their
petrological characteristics and mineralogical composition are used to discuss the main causes of the observed
tensile softening. Furthermore, highly accurate correlation functions were established between the direct tensile
strength parameters (UTS and E;) and the indirect ones (BTS and I5s0)) for the whole set of tested rocks. The
proposed relationships are a novel and useful contribution to geomechanics because they enable the estimation
of pure tensile parameters using alternative, cheap, rapid and versatile tests.

1. Introduction

Numerous researchers have investigated the compressive behaviour
of rocks under different moisture conditions. They have demonstrated
that uniaxial compressive strength (UCS), compressive Young’s modulus
(Ec) and shear strength parameters of sedimentary rocks can be signif-
icantly reduced after their full and partial water saturation (e.g. Haw-
kins and McConnell, 1992; Vasarhelyi, 2005; Erguler and Ulusay, 2009;
Shakoor and Barefield, 2009; Kim and Changani, 2016; Rabat et al.,
2020a, 2020b, 2020c, 2021). However, the mechanical response of
these geomaterials under tensile stress and its water-induced variation
have been poorly analysed due to the difficulties in tensile testing
(Brisevac et al., 2015; Hashiba and Fukui, 2015; Okubo and Fukui,
1996). This is a relevant research topic because the tensile failure of rock
masses is the main failure mode in engineering practice (Huang et al.,
2021; Liao et al., 1997; Zhang et al., 2018). In particular, an under-
standing of the rock behaviour under tension is of paramount impor-
tance in the design, execution and stability analysis of underground
structures such as galleries, mining roofs, storage caverns, tunnel boring,
drilling or blasting (Coviello et al., 2005).

* Corresponding author.
E-mail address: alvaro.rabat@ua.es (A. Rabat).

https://doi.org/10.1016/j.enggeo0.2022.106962

By definition, tensile strength is the failure stress of a rock sample in
pure uniaxial tensile loading (Tufekci et al., 2016). Hence, the direct pull
test, in which a cylindrical rock specimen is loaded to failure by a tensile
axial force, is the ideal method for its measurement (Dai et al., 2010)
(Fig. 1a). However, in laboratory practice, determining the UTS in a
correct and accurate way is challenging due to several drawbacks. For
example, bending effects caused by instrumental misalignments are
difficult to avoid (Dai et al., 2010). Also, stress concentration around the
grips can produce an early and undesirable failure around the end of the
specimens. Furthermore, even when the failure happens in the central
zone of the sample, the stress state might be non-uniform throughout the
cross section (Coviello et al., 2005). To overcome the above-mentioned
difficulties, researchers could follow different strategies to obtain the
tensile strength of rocks, for example to implement technical improve-
ments in the execution of direct tensile tests or to use indirect methods.

Various technological innovations have been devised to reduce the
problems related to the practical implementation of direct tensile
strength tests. Fairhurst (1961) recommended testing cylindrical speci-
mens glued directly to end caps of the same diameter by means of epoxy
cements in order to decrease the stress concentrations at the ends of the
sample. With the same purpose, Brace (1964) and Hoek (1964) proposed
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List of symbols

BT Brazilian test

BTS Brazilian tensile strength

CN Crossed nicols

Cp Peak cohesion

dm Mean pore diameter

E. Compressive Young’s modulus

E; Tensile elastic modulus

Iss0 Point load strength index

KgpTs Ratio between the BTS values obtained under water-
saturated and dry conditions

Kge Ratio between the E; values obtained under water-

saturated and dry conditions

Ratio between the I 50y values obtained under water-

saturated and dry conditions

Kuyrs Ratio between the UTS values obtained under water-
saturated and dry conditions

LVDT Linear variable differential transducer

m; Hoek-Brown constant

Kises0

MAE Mean absolute error

MAPE  Mean absolute percentage error
MSE Mean square error

M, Mean grain size

p Total porosity

Po Open porosity

PLT Point load test

PN Parallel nicols

UcCs Uniaxial compressive strength
UTS Uniaxial tensile strength

R? Coefficient of determination
Rpr Ratio between BTS and I s,
Rep Ratio between E; and BTS

Rry Ratio between E; and UTS

Rup Ratio between UTS and BTS
Rur Ratio between UTS and Iys0)

Pb Bulk density

Cei Hoek-Brown strength parameter
Pp Internal friction angle

the use of curved dog-bone shaped specimens and split grips. Also,
machining a notch on the rock surface has been another technique used
for forcing the fracture in the central zone of the sample (Coviello et al.,
2005). The utilisation of universal or ball joints to allow the sample to
centre itself during loading as well as performing biaxial extension tests
are solutions to avoid that the sample can fail in torsion and that the load
transfer instrument twists during loading (Perras and Diederichs, 2014).
Furthermore, with the aim of using conventional load frames, Gorski
(1993) and Klanphumeesri (2010) designed compression load con-
verters, which are devices capable of transforming the downward
compressive load into an upward tension pull on dog-bone specimens.
However, these developments make direct tensile testing expensive and
time-consuming (Efe et al., 2021).

Alternatively, many indirect methods have been proposed for
obtaining the tensile strength of rocks, such as the ring test (Hobbs,
1965), the three- and four-points beam bending tests (ASTM, 2018a,
2018b), the sleeve-fracturing test (Brenne et al., 2013), the modified
tension test (Franklin and Dusseault, 1989), the Luong test (Luong,
1990), the wedge splitting test (Garcia-Fernandez et al., 2016; Guan
et al., 2018), the Brazilian test (BT) (ASTM, 2008) or the point load test
(PLT) (Franklin, 1985). Among them, the last two mentioned methods
are the most widely used due to the ease of specimen preparation,
simplicity and low cost (Rabat et al., 2020; Unlu and Yilmaz, 2014)
(Fig. 1b and c). However, the tensile strength values obtained using BT

and PLT techniques are not strictly comparable with those provided by
the direct tensile test, due to the tensile stress normal to the breakage
plane is accompanied by a compressive component in the loading di-
rection (Broch and Franklin, 1972). Furthermore, numerical and
experimental research has indicated that the crack initiation point may
be located away from the centre of the test sample (Al-Derbi and De
Freitas, 1999; Li and Wong, 2013).

A compilation of the values of the ratio between UTS and BTS (Ryg)
obtained in previous studies for different geomaterials can be seen in
Table 1. Its examination shows that BTS test commonly overestimates
the true tensile strength of intact rocks, although the opposite has also
been reported in a limited number of cases. Furthermore, the Ryp varies
largely depending on lithology. In this line, for practical applications,
Perras and Diederichs (2014) proposed to adopt Ryp values of 0.7 for
sedimentary, 0.8 for igneous and 0.9 for metamorphic rocks.

The value of the ratio between UTS and Is50) (Ryp) has been scarcely
inspected. Particularly, Zhang (2017) suggested that a general value of
Ry equal to 1.5 could be used for preliminary works. In the same vein,
the deficit of experimental data on rock deformability under tensile
stresses (Hashiba and Fukui, 2015; Okubo and Fukui, 1996) has pre-
vented that preceding works analysed the values of the ratio between E¢
and other tensile strength parameters, such as UTS (Rgy), BTS (Rgp) or I
s0) (Rep). By contrast, more abundant research has been conducted to
determine the values of the ratio between BTS and Igs0) (Rpp), using
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Fig. 1. Determining the direct and indirect tensile strength parameters: (a) uniaxial tensile strength (UTS), (b) Brazilian tensile strength (BTS) and (c) diametral point
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Table 1

Compilation of the values of the uniaxial tensile strength (UTS), Brazilian tensile
strength (BTS) and the ratio between both properties (Ryp) obtained in different

rock types by previous studies.

Authors Rock type UTS BTS Rus
(MPa) (MPa) (UTS/
BTS)
Berenbaum and Brodie Paris Plaster 3.79 3.03 1.25
(1959)
Jaeger (1967) Bowral Trachyte 13.72 12.00 1.14
Gosford Sandstone 3.59 3.72 0.97
Carrara Marble 6.89 8.72 0.79
Mellor and Hawkes Indiana Limestone 5.86 6.21 0.94
(1971) Barre Granite 13.45 14.34 0.94
Ramana and Sarma Kolar Schist 14.29 13.87 1.03
(1987) Dolomite 6.93 8.49 0.82
Vein Quartz 13.88 16.28 0.85
Jawaar Schist 10.93 10.33 1.06
Dolomite (layered 4.51 6.18 0.73
texture)
Hyderabad Granite  7.63 7.26 1.05
Andreev (1991) White Gypsum 1.42 1.29 1.10
Grey Gypsum 1.75 1.99 0.88
Vitosha Syenite 20.5 21.05 0.97
Martin (1993) Lac du Bonnet 6.90 8.80 0.78
Granite
Okubo and Fukui (1996) Sanjome Andesite 6.20 6.30 0.98
Tage Tuff 9.60 11.00 0.87
Alehossein and Boland Granite 11.11 13.46 0.83
(2004)
Coviello et al. (2005) Gravina 0.69 0.64 1.08
Calcarenite
Gorski et al. (2007) Medium-grained 11.06 18.96 0.58
Granodiorite
Efimov (2009) Ufalei Marble 5.90 6.90 0.86
Fuenkajorn and Phu Phan 6.49 10.68 0.61
Klanphumeesri Sandstone
(2010) Saraburi Marble 6.33 8.02 0.79
Saraburi Limestone ~ 9.31 10.90 0.85
Fahimifar and Isotropic 3.20 4.41 0.73
Malekpour (2012) Limestone
Unlu and Yilmaz (2014) Andesite 3.90 7.10 0.55
Sandstone 6.80 8.90 0.76
Limestone 11.90 11.80 1.01
Basalt 10.00 13.00 0.77
Tufekci et al. (2016) Denizli Travertine 3.02 3.64 0.83
Zhang et al. (2018) Mengdigou Ganite 5.68 8.01 0.71
Xiluodu Basalt 7.34 11.16 0.66
Xiluodu Breccia 5.81 9.62 0.60
Lava
Dagangshan 5.04 7.64 0.66
Granite
Dagangshan 7.39 11.58 0.64
Diabase
Jinping-1 Marble 2.77 4.15 0.67
Cacciari and Futai Marble 1.70 2.70 0.63
(2018) White Granite 4.92 6.51 0.76
Red Granite 6.66 7.76 0.86
Andesite 13.91 16.77 0.83
Demirdag et al. (2019) Granite 5.27 9.54 0.55
Gong et al. (2019) Red Sandstone 4.19 6.67 0.63
Huang et al. (2021) Granite 7.70 8.74 0.88
Marble 5.84 6.84 0.85
Diabase 5.67 6.61 0.86
Rao et al. (2021) Fine-grain Red 2.43 4.85 0.50
Sandstone
Efe et al. (2021) Lymra Limestone 3.45 5.34 0.65
Fine Crystalline 3.19 7.69 0.41
Marble
Coarse Crystalline 2.85 5.24 0.54
Marble
Tuff 1.36 2.05 0.66
Andesite 4.88 9.41 0.52
Granite 5.27 9.54 0.55
Diabase 8.87 15.87 0.56
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linear, exponential and power functions to correlate both indirect tensile
indexes for different rock types, as reflected in Table 2.

The study of the water-induced variations in tensile properties of
rocks has been addressed by relatively few investigations. They have
revealed that rocks (especially the sedimentary types) can undergo
important reductions of UTS, tensile elastic modulus (E), BTS and Iso)
due to water saturation (Broch, 1983; Dube and Singh, 1972; Erguler
and Ulusay, 2009; Gholami and Rasouli, 2014; Hashiba and Fukui,
2015; Hawkes et al., 1973; Kahraman, 2014; Karakul and Ulusay, 2013;
Kohno and Maeda, 2012; Ojo and Brook, 1990; Parate, 1973; Sade-
ghiamirshahidi and Vitton, 2019). A summary of the softening co-
efficients (K), that represent the ratios between the values of each tensile
property in water-saturated and dry conditions obtained in different
geomaterials by earlier academics, are shown in Table 3.

In this research, the tensile behaviour of porous calcareous rocks is
obtained by performing direct and indirect tests. In particular, proper-
ties such as UTS, Ey, BTS and Iy(s50) are determined in dry and fully water-
saturated samples of three limestone lithotypes. Furthermore, relation-
ships between the above-mentioned parameters are established to find
out the suitability of the BT and diametral PLT methods for indirectly
determining the true tensile strength and stiffness values of these rocks.
In addition, the different tensile softening coefficients of these geo-
materials are presented and the possible mechanisms controlling the
water-induced weakening are discussed based on their physical prop-
erties and microstructure.

2. Materials and testing program
2.1. Used rocks and specimen preparation

Tested rocks are three lithotypes of a porous sandy limestone of the
Middle-Upper Miocene from south-eastern Spain (Alicante). They were
collected from a working quarry placed around the village of Elda and
owned by a local company that marketed them as building materials
under the name of Blue (L-1), Beige (L-2) and Diamond (L-3) Bateig stones.

From a petrological point of view, they are calcarenites mostly
constituted of fossils (55-60%), such as foraminifera, molluscs, bryo-
zoans and echinoderms. Their main terrigenous components (10-20%)
are monocrystalline and polycrystalline quartz, dolomite, potassium
feldspar and phyllosilicates. Their principal ortochemical constituents
(15-20%) are a micritic matrix and sparitic cement (Fig. 2) (Fort et al.,
2010; Ordonez et al., 1994; Ordonez et al., 1997).

The petrological characteristics and physico-mecanical properties of
these geomaterials under compressive conditions have been extensively
analysed by Rabat et al. (2020c) (Fig. 2). In broad outline, these rocks
exhibit a mean pore diameter of 0.2-3.0 ym, and a mean grain size of

Table 2
Relationships between Brazilian tensile strength (BTS) and point load strength
index (Iss0)) found in different rock types by preceding researchers.

Authors Rock type Correlation R?
function
Grasso et al. (1992) Calcareous BTS =1.01 e 0.93
mudstone e0-47¢keo
Sulukcu and Ulusay (2001) Different Turkish BTS = 2.30 o I s0) 0.64
rocks
Heidari et al. (2012) Dry gypsiferous BTS = 1.77 e Iys0) 0.87
rock + 2.57
Saturated BTS = 2.90 o I 50 0.77
gypsiferous rock +1.10
Raj and Pedram (2015) Basalt and rhyolite BTS =11 e Iys50) 0.81
Fereidooni (2016) Hornfels BTS = 2.28 o I (50 0.95
— 4.66
Minaeian and Ahangari Weak conglomerate BTS = 13838 0.78
(2017)
Sari (2018) Different lithologies ~ BTS = 2.04 ¢ 13837  0.85
Sadeghiamirshahidi and Dry gypsum BTS = 2.92 e Iy50) 0.35
Vitton (2019) Saturated gypsum BTS = 2.39 e I50) 0.93
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Table 3
Summary of the softening coefficients of tensile properties (Kyrs, Kgt, Kprs and
Kiss0)) obtained in different rock types by earlier academics.

Authors Rock type Softening coefficients (K)

Berea Sandstone Kyrs = 0.76-0.84
Hawkes et al. (1973) Indiana Limestone UTSa 0.71
Barre Granite UTSary 0.80
Parate (1973) Fine-grained 0.40
Limestone
Ojo and Brook (1990) Woodkirk 0.49
Sandstone
Hashiba and Fukui (2015) Sanjome Andesite 0.42
Inada Granite 0.92
Kawazu Tuff 0.47
Komatsu Andesite 0.66
i Berea Sandstone Etgar 0.85
Hawkes et al. (1973) Indiana Limestone Kg = % 0.51
Barre Granite 0.73
Hashiba and Fukui (2015) Sanjome Andesite 0.54
Dube and Singh (1972) Sandstone ];ri;;; 0.51-0.82
Erguler and Ulusay (2009) ii::lmne BTSary gig
Mudstone 0.34
Tuff 0.06
Karakul and Ulusay (2013) Marl 0.34
Sandstone 0.43
Andesite 0.53
Limestone 0.48
Ignimbrite 0.23
Gholami and Rasouli (2014) Iranian slate 0.79
Sadeghiamirshahidi and Vitton Gypsum 0.65
(2019)
Broch (1983) S.:;mdstone K = 0.82-0.92
Limestone Ls0),,, 0.93
Siltstone 13(50)“,) 0.88
Granite 0.78-0.85
Gneiss 0.53-0.82
Gabbro 0.62-0.84
Quartz-Diorite 0.78-0.94
Schist 0.77
Diorite 0.70
Kohno and Maeda (2012) Dacite 0.73-0.85
Fine Tuff 0.04-0.61
Welded Tuff 0.34-0.46
Pumice Tuff 0.18-0.57
Lapilli Tuff 0.27-0.61
Kahraman (2014) Pyroclastic rocks 0.65
Sadeghiamirshahidi and Vitton Gypsum 0.46

(2019)

0.2-0.4 mm, a bulk density of 2.1-2.4 g/cm®, an open porosity of
10.7-17.9%, and a total porosity of 14.9-23.8%. Furthermore, they
display a wide range of values of their compressive mechanical pa-
rameters depending on their water content: an UCS of 14.7-83.0 MPa,
an E. of 6.4-12.7 GPa, a peak cohesion (c;,) of 5.9-21.6 MPa, an internal
friction angle (¢,) of 21.4-37.4°, a Hoek-Brown strength parameter (c;)
of 14.8-85.8 MPa and a Hoek-Brown constant (m;) of 3.5-10.4. How-
ever, to date, there is a lack of scientific studies investigating their me-
chanical behaviour under direct tensile conditions and its relationships
with indirect tensile strength parameters, which has motivated the
present research.

With the aim of obtaining samples for the direct and indirect tensile
strength tests, cylindrical cores were bored perpendicularly to the
sedimentary bedding from unweathered and homogeneous rock blocks
by using a drill rig. Then, the rock cores were cut by means of a circular
saw to get specimens with the length specified in the ISRM Suggested
Methods (ISRM, 2007) (Fig. 3a). For UTS tests, 12 specimens of 54 mm
in diameter and 110 mm in length (4 units of each limestone lithotype)
were used. The cross-section of these specimens was reduced in the
middle of their length by making a circumferential notch of 4 mm in
width and 12 mm in depth (Fig. 3b). This type of notch does not
significantly modify the values of the tensile strength and has the
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advantage of ensuring the consistency in the failure pattern of the
specimens, in contrast to the tests carried out with unnotched specimens
(Li et al., 2017; Wang et al., 2019; Zhu et al., 2022). In addition, the
bases of the specimens were surface treated to improve their adhesion
with the epoxy cement that joins them to the end caps of the testing
machine. For diametral PLT, 30 specimens of 28 mm in diameter and 75
mm in length (10 units of each limestone lithotype) were utilised
(Fig. 3d). For BT, 36 disks of 54 mm in diameter and 27 mm in length
(12 units of each limestone lithotype) were used (Fig. 3c).

Once the rock samples were prepared, they were divided into two
groups. The first group was dried in an oven at 105 °C until the speci-
mens reached a constant mass (dry samples). The second group was
soaked in distilled water under vacuum conditions until the specimens
reached constant water contents (4.71 + 0.12% in L-1, 6.68 + 0.36% in
L-2 and 8.62 + 0.40% in L-3) (fully water-saturated samples). The
constant mass of the specimens was achieved in both groups after drying
or soaking them during time periods <48 h. After that, the corre-
sponding tensile strength tests were performed.

2.2. Direct tensile strength test

Testing procedures used to determine the uniaxial tensile strength
parameters (UTS and E) of rocks can be summarised as follows (Fig. 4a):
(1) Cylindrical metal caps with a thickness >15 mm were cemented to
the surface treated specimen ends using a fast curing, steel-filled epoxy
cement (DEVCON SF-5 M). (2) After the epoxy cement hardened sulffi-
ciently to exceed the tensile strength of the rock (time period of less than
one hour), the sample was placed in a servo-controlled testing machine
equipped with an axial load transducer with a capacity of 200 kN. In
order to transmit a purely direct tensile stress to the specimens (absence
of bending or torsional stresses), the metal caps were connected to the
loading device by means of an appropriate linkage system (universal
joints). (3) A tensile load on the specimen was applied continuously at a
constant strain rate of 2-107® s7! so that the failure occurred within 5
min of loading, as required by the ISRM Suggested Method (ISRM,
1978). During the entire course of the loading process, linear variable
differential transducers (LVDT) with a range of +2.0 mm were used to
measure the axial displacements both locally (in the notch zone) and
globally (in the total length of the specimen). (4) The UTS was calculated
as the ratio between the failure axial force and the failure cross-sectional
area of the specimen. The secant E; was obtained as the ratio between
the axial tensile stress and the axial strain values at a stress level equal to
50% of the UTS.

2.3. Indirect tensile strength tests: Brazilian and point load methods

BTS tests were performed in accordance with ASTM standard (ASTM,
2008). Firstly, the rock disks were placed in direct contact with the
machine bearing plates. Later, a continuously increasing compressive
linear force was applied at a constant loading rate of 50 N/s such that the
failure occurred within 1 to 5 min of loading. Finally, it was checked that
the typical failure pattern consisting in a crack running nearly parallel to
the loading direction and passing approximately through the centre of
the disks was developed in all specimens (Fig. 4b).

Point load tests were carried out following the ISRM Suggested
Method (Franklin, 1985). In particular, diametral tests were conducted
on core specimens by gradually increasing the punctual load in such a
way that failure happened within 10 to 60 s of loading. It was verified
that valid failure modes happened in all samples (Fig. 4c).

3. Results and analysis
3.1. Uniaxial tensile strength (UTS) and tensile elastic modulus (Ep)

Representative examples of the stress-strain curves obtained in the
three limestone lithotypes under uniaxial tensile stress are shown in
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L-1

Thin-section microphotographs
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Physical and compressive mechanical

L-2|  Thin-section microphotographs

0.6 mm

Physical and compressive mechanical

0.6 mm oN

Physical and compressive mechanical

properties properties properties

Dry Saturated Dry Saturated . Dry Saturated
pp (g/cm®)  2.29 2.40 pp (g/cm®)  2.23 2.37 pp (g/cm®)  2.07 2.24
UCs (MPa) | 83.0 32.7 ucs (MPa) | 42.7 14.7 UCs (MPa) 52.4 27.4
E. (GPa) 12.7 8.3 E. (GPa) 8.7 6.4 E. (GPa) 10.2 8.1
Cp (MPa) 21.6 10.1 Cp (MPa) 125 5.9 Cp (MPa) 16.9 10.9
INQ) 37.4 35.7 dp(® 35.3 29.6 INQ) 27.3 214
o (MPa) 8538 34.5 o (MPa) = 45.4 14.8 o (MPa)  55.0 29.6
m; 7.9 10.4 m; 8.4 9.8 m; 41 3.5
Po (%) 107 | dy (pm) 0.2 | Po (%) 148 dy (pm) 07 | Po (%)  17.9 | dy (um) 3.0
p (%) 14.9 M, (mm) 0.2 | p (%) 18.1 | M, (mm) 0.3 p (%) 23.8 M, (mm) 04

Fig. 2. Petrological characteristics and physico-mechanical properties under compressive conditions of the three limestone lithotypes (Rabat et al., 2020c). PN:

Parallel nicols. CN: Crossed nicols.

o UTS specimen BTS specimen

imen

Fig. 3. Overview of some of the limestone specimens (a). Close view and dimensions of the specimens utilised for obtaining UTS, E; (b), BTS (c) and Isg) (d).

Fig. 5. The result for limestone L-1 tested in dry condition shows a linear
stress-strain curve from the beginning of loading that almost remains
constant until the peak stress is reached. However, in the samples tested
under saturated condition, the curve of lithotype L-1 exhibits an initially
linear region, which progressively decreases its slope and becomes
concave downward. Lithotypes L-2 and L-3 present stress-strain curves
with a quite similar shape. In dry conditions, they show a first linear
region and a second concave downward part in which the slope grad-
ually decreases until failure occurs. In saturated conditions, both rocks
display a curve with a first small linear region that quickly transforms

into a concave downward line with a decreasing slope and a marked
non-linearity in the pre-peak region. The critical strain values (strains
associated with peak stresses) range from 4.5 - 107% to 6.0 - 1074,
showing a decrease with water saturation in limestones L-1 and L-3 and
an increase in limestone L-2. In addition, in the three limestone lith-
otypes, the slope of the linear region of the stress-strain curves displays a
significant reduction with water saturation.

The mean UTS values obtained in the three limestone lithotypes can
be seen in Fig. 6a. Lithotype L-1 exhibited the highest UTS values in both
dry and water-saturated conditions (5.64 and 3.27 MPa, respectively).
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Fig. 4. Test machines, loading setups and typical failure patterns of specimens: (a) uniaxial direct pull test, (b) Brazilian method and (c) point load test.
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On the contrary, lithotype L-2 showed the lowest UTS values (2.87 and
1.30 MPa, respectively). Lithotype L-3 showed intermediate UTS values,
specifically 3.31 MPa in dry state and 2.32 MPa in water-saturated state.

A similar hierarchical order was found in Ey, as can be seen in Fig. 6b.
That is, L-1 displayed the largest mean E; values in both dry and water-
saturated conditions (12.58 and 7.61 GPa, respectively) while L-2 pre-
sented the smallest mean E; values (8.26 and 4.23 GPa, respectively). L-3
exhibited intermediate E; numbers that were close to those found in L-1.
In particular, mean E; values of 11.13 GPa for the dry specimens and
6.92 GPa for the water-saturated ones.

3.2. Brazilian tensile strength (BTS) and point load strength index (Is(s0))

Typical examples of the load-displacement curves obtained in Bra-
zilian tests for dry and water-saturated specimens of the three limestone
lithotypes are shown in Fig. 7. Three stages can be distinguished in these
curves: a) Firstly, a small non-linear stage which corresponds to the
closure of microcracks (compaction phase); b) Secondly, a long linear
elastic stage in which the bearing load of rock disks increases progres-
sively without apparent signs of instability before they achieve the peak
load values; c) Finally, a failure stage in which the rock disks lose their
bearing capacity and break abruptly. Furthermore, the displacement
corresponding to peak load shows a significant reduction with water
saturation in the three lithotypes, which indicates that the presence of
water causes a decrease of the deformation ability of these limestones
under diametral compressive forces. Also, the slopes of the curves ob-
tained in water-saturated specimens are slightly lower than those found
in dry specimens.

The mean BTS values obtained in the three limestone lithotypes are
depicted in Fig. 8a. Lithotype L-1 displayed the greatest BTS values in
both dry and water-saturated states (6.51 and 3.40 MPa, respectively).
By contrast, lithotype L-2 exhibited the smallest BTS values (3.70 and
1.76 MPa, respectively). Lithotype L-3 showed medium BTS values,
more precisely 4.89 MPa in dry condition and 2.71 MPa in water-
saturated condition.

The mean Igsgy values found in the three limestone lithotypes are
represented in Fig. 8b. On the one hand, L-1 showed the highest mean Ig
(50) values in both dry and water-saturated conditions (3.74 and 2.26
MPa, respectively). On the other hand, L-2 presented the lowest mean I
(50) values (2.04 and 0.90 MPa, respectively). L-3 exhibited intermediate

Engineering Geology 313 (2023) 106962
3.3. Water-induced changes in tensile parameters

Water saturation led to substantial reductions in tensile properties in
the three limestone lithotypes. Particularly, limestone L-2 was the most
vulnerable to water, exhibiting decreases of 55% in UTS, 49% in E, 52%
in BTS and 56% in Iss0). By contrast, limestone L-3 was the least sen-
sitive to water, showing decreases of 30% in UTS, 38% in E, 45% in BTS
and 32% in Igs0). Limestone L-1 exhibited an intermediate water-
induced mechanical weakening, displaying drops of 42% in UTS, 40%
in E;, 48% in BTS and 40% in Is0). A comparison of the softening co-
efficients (Kyrs, Kgt, Kprs and Kig(so)) found in the three limestone lith-
otypes can be seen in Fig. 9.

3.4. Relationships correlating UTS with BTS and with Iy50)

Significantly different Ryp values (UTS/BTS) were obtained for each
limestone and each moisture condition. L-1 exhibited higher Ryp values
than the other two lithotypes in both dry and saturated states (0.87 and
0.96, respectively). In addition, L-3 displayed very dissimilar Ryp values
between dry and water-saturated specimens (0.68 and 0.85, respec-
tively) while L-2 limestone presented close values for both moisture
conditions (0.78 and 0.74, respectively). Furthermore, the regression
analysis shown in Fig. 10a allowed to establish the following through-
the-origin linear correlation function between both tensile properties
for the three lithotypes as a whole:

UTS = 0.8155-BTS (€D)]

where UTS and BTS are both expressed in the same units. The statistical
metrics of this linear model were: a mean absolute percentage error
(MAPE) of 10.23%, a mean absolute error (MAE) of 0.31, a mean square
error (MSE) of 0.14 and a coefficient of determination (RZ) of 0.9875.

Concerning Ry (UTS/Igs0)), limestone L-3 presented the smallest
values in dry and saturated conditions (1.22 and 1.25, respectively). On
the contrary, limestone L-1 displayed the greatest Ryj values in both
moisture states (1.51 and 1.45, respectively). Limestone L-2 exhibited
intermediate Ry numbers, specifically values of 1.40 for the dry samples
and 1.45 for the water-saturated ones. Also, the subsequent through-the-
origin linear function correlating UTS and I550) with a MAPE of 6.91%, a
MAE of 0.22, a MSE of 0.08 and a R? of 0.9927 was established
(Fig. 10b):

values, particularly, mean Iysoy values of 2.72 MPa for the dry samples UTS = 1.3975-Iys0) (2)
and 1.86 MPa for the water-saturated ones.
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Fig. 7. Representative examples of load-displacement curves obtained in Brazilian tests for dry and water-saturated specimens of the three limestone lithotypes.
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where UTS and Is0) are both expressed in the same units.

3.5. Relationships correlating E; with BTS and with Iysg)

The values of the ratio between E; and BTS (Rgp) varied considerably
depending on limestone lithotype and moisture condition. On the one
hand, limestone L-1 showed the lowest Rgp values in both dry and water-
saturated states (1.93 and 2.24, respectively). On the other hand,
limestone L-3 displayed the highest Rgp values in both moisture condi-
tions (2.27 and 2.55, respectively). Limestone L-2 exhibited intermedi-
ate values, precisely values of 2.23 for the dry specimens and 2.40 for
the water-saturated ones. In addition, the regression analysis repre-
sented in Fig. 11a provided a general through-the-origin linear rela-
tionship between E; and BTS applicable to the three limestone
lithotypes:

E, =2.1464-BTS 3
where E; and BTS are expressed in GPa and MPa, respectively. The

statistical metrics of this model were a MAPE of 8.53%, a MAE of 0.70, a
MSE of 0.66 and a R? of 0.9917.

Regarding the ratio between E; and Is50y (Rgr), limestone L-1 showed
the lowest values, which were almost identical for both dry and water-
saturated specimens (3.36 and 3.37, respectively). By contrast, lime-
stone L-2 exhibited significantly different Rg; numbers for each moisture
condition (4.04 and 4.70, respectively). For its part, L-3 displayed Rg;
values of 4.09 and 3.72 for the dry and water-saturated samples,
respectively. Also, the following through-the-origin linear function with
a MAPE of 10.19%, a MAE of 0.80, a MSE of 0.76 and a R? of 0.9904
(Fig. 11b) was derived in order to correlate both parameters for the
whole set of limestones:

E. = 3.66621.(50) )

where E; and Iy s0) are expressed in GPa and MPa, respectively.

3.6. Relationship correlating E, with UTS

The ratio between the two parameters derived from the uniaxial
direct pull tests, Rgy (E/UTS) was calculated for each limestone lith-
otype and moisture condition. In dry state, the obtained Rgy values were
2.23in L-1, 2.88 in L-2 and 3.36 in L-3. Under a water-saturated state,
the measured Rgy values were 2.33 in L-1, 3.25 in L-2 and 2.99 in L-3. In
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Fig. 10. Relationships correlating uniaxial tensile strength (UTS) with Brazilian tensile strength (BTS) (a.1) and with point load strength index (Isso)) (b.1) found in
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Fig. 11. Relationships correlating tensile elastic modulus (E;) with Brazilian tensile strength (BTS) (a.1) and with point load strength index (Isse)) (b.1) found in
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addition, a through-the-origin linear function with a MAPE of 15.64%, a
MAE of 1.34, a MSE of 2.26 and a R? of 0.9713 was proposed to correlate
both properties for the entire set of tested limestones (Fig. 12a):

E, = 2.5886-UTS

()

where E; and UTS are expressed in GPa and MPa, respectively.
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3.7. Relationship correlating BTS with I; (s0)

Although BTS and Iy are indexes mainly used to indirectly esti-
mate the tensile and compressive strength properties of rocks, exam-
ining the value of the ratio between both parameters (Rgy) could also be
of interest. In this connection, limestone L-2 displayed the highest Ry
values for both dry and water-saturated conditions (1.81 and 1.96,
respectively) while the other two lithotypes exhibited quite close Rpy
numbers to each other. In particular, in dry conditions, L-1 and L-3
showed Rp; values of 1.74 and 1.80, respectively. In water-saturated
conditions, they presented Rg; numbers of 1.51 and 1.46, respectively.
Furthermore, the regression analysis depicted in Fig. 12b allowed to
obtain the following through-the-origin linear relationship between
both parameters that can be globally applied for the three lithotypes:

BTS = 1.7043-Iy5) 6

where BTS and I 50 are both expressed in the same units. The values of
the statistical metrics of this model were: a MAPE of 9.36%, a MAE of
0.29, a MSE of 0.10 and a R? of 0.9942.

4. Discussion

In this research, the tensile behaviour of three porous limestones in
dry and water-saturated states has been studied using two different
approaches: by conducting direct tensile tests and by means of indirect
methods (i.e. Brazilian and point load tests). This has enabled us to
assess the water-induced variations in different tensile parameters as
well as to establish significant relationships between the main tensile
properties (UTS and E,) and the indirect indexes (BTS and Iss0)). In this
section, the obtained results are compared with those reported in pre-
vious works. Also, the findings are discussed by linking the tensile pa-
rameters and their water-induced weakening with physical and
microstructural properties of tested rocks.
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Mechanical characterization revealed that tested limestones are
weak rocks that display significant differences in their tensile behaviour.
In particular, L-1 exhibits considerably higher values of all measured
tensile parameters (UTS, E, BTS and I s0)) than the other two lithotypes
under both dry and saturated conditions. This result can be attributed to
the fact that lithotypes L-2 and L-3 have lower density and larger
porosity than lithotype L-1 (La Russa et al., 2015). This finding is also in
agreement with preceding studies carried out on these rock types by
Rabat et al. (2020c), in which the authors observed that lithotype L-1
displayed greater values of uniaxial and triaxial compressive strength,
cohesion and internal friction angle than the others.

Furthermore, a dissimilar water-induced weakening in the measured
tensile parameters has been found in each lithotype, which could be
related to their different petrological properties. Specifically, the fact
that lithotype L-2 presented the greatest reductions in UTS, E;, BTS and Ig
50y could be attributed to its larger microfabric and texture variability
(wide range of size of its mineral grains) (Papay and Torok, 2018), its
high porosity and its low strength and stiffness (Bell, 1978; Romana and
Vasarhelyi, 2007). On the contrary, the smallest reductions in the tensile
properties obtained in lithotype L-3 could be associated with the pres-
ence of a strong cementation between its mineral grains (Anania et al.,
2012). Also, the effect of water on the peak deformation (or displace-
ment) was different in direct and indirect tests. In the uniaxial direct pull
test, the deformation ability seems to be water-altered in a minor way
and without a clear pattern. This result is in accordance with preceding
research, in which both increases and decreases of the peak deformation
have been reported (Hashiba and Fukui, 2015; Zhu et al., 2022). In
Brazilian tests, water caused a sharp reduction in the peak displacements
of all tested limestone lithotypes, which is in line with the findings
observed in fine-grained sandstones by Zhou et al. (2016).

Fig. 13 shows the relationships between the water-saturated and dry
values of each measured tensile property for the entire set of tested
limestones in order to derive their corresponding global softening co-
efficients (Kycs, Kgt, Kprs and Kig(s0)), as well as to compare them with
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those found by previous researchers. Regarding these relationships, it
should be noted that global softening coefficients (K) values close to 1
indicate no changes induced by saturation (i.e. the rock is not sensitive
to water content changes). In contrast, low values of K indicate a
reduction of the considered properties due to the saturation of the rock.
Finally, global softening coefficients higher than 1 (i.e. those indicating
an increase on mechanical properties caused by the saturation of the
rock) have not been reported in the scientific literature.

The through-the-origin linear fit performed for the dry and water-
saturated UTS values (Fig. 13a) provides a Kyrs number (slope of the
line) equal to 0.58, which is lower than the values reported in Inada
granite (i.e. Kyrs 0.92) (Hashiba and Fukui, 2015) and Indiana
limestone (i.e. Kyrs = 0.71) (Hawkes et al., 1973), higher than the
numbers obtained in Woodkirk sandstone (i.e. Kyrs = 0.49) (Ojo and
Brook, 1990) and fine-grained limestone (i.e. Kyrs = 0.40) (Parate,
1973), and that falls within the range of values found in andesites (i.e.
Kyrs = 0.42-0.66) (Hashiba and Fukui, 2015).

Similarly, the line of fit that correlates the water-saturated and dry E;
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values (Fig. 13b) returns a global Kg number equal to 0.59, which is
smaller than the values measured in Berea sandstone (i.e. Kg; = 0.85)
and Barre granite (i.e. Kg; = 0.73), greater than the number measured in
Indiana limestone (i.e. Kgz = 0.51) (Hawkes et al., 1973) and quite
similar to the value found in Sanjome andesite (i.e. Kg: = 0.54) (Hashiba
and Fukui, 2015).

Concerning the ratio between water-saturated and dry BTS values,
the through-the-origin linear fit (Fig. 13c) gives a global Kgrs number
equal to 0.52, which is higher than the values reported in Turkish silt-
stone (i.e. Kgrs = 0.28), mudstone (i.e. Kgys = 0.34) (Erguler and Ulusay,
2009), sandstone (i.e. Kgrs = 0.43) and limestone (i.e. Kgrs = 0.48)
(Karakul and Ulusay, 2013), lesser than the numbers obtained in slate (i.
e. Kgrs = 0.79) (Gholami and Rasouli, 2014) and gypsums (i.e. Kgrs =
0.65) (Sadeghiamirshahidi and Vitton, 2019), and that is within the
range of values found in sandstone (i.e. Kgrs = 0.51-0.82) by Dube and
Singh (1972).

With regard to the relationship between water-saturated and dry Ig
s0) values, the through-the-origin linear fit (Fig. 13d) provides an
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overall Kig50) number equal to 0.60, which is relatively close to the value
obtained in pyroclastic rocks (i.e. Kiss0y = 0.65) (Kahraman, 2014) and
some lapilli tuffs (i.e. Kiss0) = 0.27-0.61) (Kohno and Maeda, 2012) and
lower than the numbers found in limestone (i.e. Kigs0y = 0.93), siltstone
(i.e. Kiss0) = 0.88) and schist (i.e. Kigs0) = 0.77) from Norway (Broch,
1983).

Several mechanisms have been proposed in scientific literature to
justify the water-induced weakening of rocks, such as physicochemical
changes, pore pressure increase, capillary tension reduction, fracture
energy decrease or frictional reduction (Van Eeckhout, 1976). These
mechanisms could act in a coupled manner, so establishing a general
explanation for the tensile softening observed in tested limestones is
challenging. Nevertheless, their mineralogical composition, their
petrological characteristics as well as the loading conditions can help to
discern which ones are the most relevant. In this sense, failure of a rock
specimen under pure tensile stress is principally the consequence of
overcoming the cohesion between the mineral grains on potential failure
surface and friction produced (Zhu et al., 2022).

Tested rocks are mainly made up of calcite grains and sparitic
cement, so their partial dissolution might generate both an increase in
porosity and intergranular decohesion and, consequently, their debili-
tation (Ciantia et al., 2015). Nevertheless, due to the samples were
exposed to water during a short time period and calcite dissolution is a
very slow process (Risnes et al., 2005; Zhu et al., 2022), these phe-
nomena cannot be the responsible for such a marked tensile softening. In
the same vein, the three limestone lithotypes are constituted by modest
quantities of quartz and a scarce portion of phyllosilicates (clay min-
erals), so the stress corrosion phenomenon typically reported in silica-
rich rocks (Atkinson and Meredith, 1981; Cai et al., 2019; Michalske
and Freiman, 1982) as well as the microstructural damage associated to
the swelling of clay minerals (Jiang et al., 2014) might have played only
a small role in the obtained mechanical deterioration. Also, it seems
clear that the measured UTS and E; reductions cannot be attributed to an
increase in pore pressure because, under uniaxial tensile regime, the
pore water can easily migrate towards the newly formed microcracks
and the extended pore space generated during loading (Zhu et al., 2022).
In fact, this weakening mechanism, which is associated to the incom-
pressibility of the pore water, would be restricted to occur in saturated
rocks subjected to confined compressive regimes (Wasantha and Ran-
jith, 2014).

Hence, the water-induced tensile mechanical weakening observed in
tested limestones would be mainly caused by fracture energy decrease,
frictional reduction and capillary tension reduction. Fracture energy
decrease explanation is founded on Griffith’s fracture criterion. This
theory argues that when water molecules get in contact with rock sur-
faces, the specific surface energy diminishes and, as a result, the tensile
stress required to generate the crack growth drop (Rehbinder and
Shchukin, 1972). Frictional reduction is related to the development of
lubricating water films between mineral grains located in primary flaws
and pores, which promotes the occurrence of crystal particle slips in
direction parallel to the loading direction through potential failure
surfaces (Sakuma, 2013; Zhu et al., 2022). Capillary tension reduction
has been a widely used hypothesis to explain the water-induced me-
chanical deterioration found in porous rocks (Taibi et al., 2009). Ac-
cording to this view, when pores are filled by water, the surface tension
strongly decreases, which means that the additional friction resistance
provided by the contact pressure between grains vanishes (Papamichos
et al., 1997).

The values of the ratios between the different tensile mechanical
parameters were obtained for the whole set of tested porous limestones
by calculating the slopes of the corresponding through-the-origin linear
correlation functions. On the one hand, the derived Ryg and Rgg values
can be useful to estimate their pure tensile parameters (UTS and E;) by
using the Brazilian test, which is an easy and quick laboratory method
that does not require the use of sophisticated equipment (Efe et al.,
2021). Furthermore, according to Lewis (2012), the forecast
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performances of the proposed fitting models are “highly accurate”, since
they achieved values of MAPE lower than 11% and of R? higher than
0.98.

Complementary regression analyses were carried out by examining
the literature information compiled in Table 1 and own data, finding
global Ryp values of 0.79 for all natural rocks and of 0.81 for the sedi-
mentary ones. The forecast performances of these fitting models are
“good” (Lewis, 2012), since they reached MAPE lower than 20% and R?
higher than 0.95 (Fig. 14).

On the other hand, the derived Ry and Rg; values enable to assess
indirectly and with “high accuracy” (MAPE lower than 11% and R? on
the order of 0.99) their pure tensile properties by means of PLT, which is
a cheap and rapid test that can be carried out both in the field and in the
laboratory and that does not require the use of specimens with strict
dimensions and shapes (Kohno and Maeda, 2012). This result comprises
a novel contribution to the rock mechanics area, since relationships
between these parameters have not been proposed until now.

Additionally, an excellent correlation was found between both in-
direct tensile indexes (BTS and I s0)) (MAPE lower than 10% and R?on
the order of 0.99). Specifically, the derived Rg; value (1.70) was close to
those found in saturated gypsums (2.39) (Sadeghiamirshahidi and Vit-
ton, 2019) as well as in a large variety of Turkish rocks (2.30) (Sulukcu
and Ulusay, 2001).

5. Conclusions

Based on the laboratory data and its subsequent analysis, the
following conclusions can be derived from this research:

(1) Water saturation caused very significant reductions in direct and
indirect tensile strength parameters of porous limestones
(30-56%). This water-induced tensile weakening was dissimilar
in each lithotype due to their different petrological and physical
properties. In addition, loading regime, microstructure and
mineralogical composition suggested that this effect can be
mainly attributed to the joint action of three mechanisms: frac-
ture energy decrease, frictional reduction and capillary tension
decrease.

(2) The regression analyses performed have provided highly accurate
through-the-origin relationships between direct tensile strength
parameters (UTS and E;) and the indirect ones (BTS and I(sp)) for
the whole set of tested rocks. Therefore, cheap, rapid and versa-
tile methods such as Brazilian and point load tests can be used to
indirectly determine the pure tensile behaviour of these lime-
stones. This result is of paramount importance due to the great
difficulties to conduct direct pull tests in rocks.

New general through-the-origin relationships between direct

tensile strength parameters (UTS) and the indirect Brazilian

tensile strength (BTS) of all type of rocks and sedimentary rocks,
based on the joint analysis of available literature data, have been
proposed.

3

In summary, this research broadens knowledge on the direct tensile
behaviour of porous limestones and its water-induced variations. In
addition, the proposed correlations enable the assessment of these
important geomechanical parameters by means of versatile and well-
known indirect tests. Future studies could aim at extending the anal-
ysis to partially water-saturated samples and other lithologies.
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