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Abstract

An accurate evaluation of the shear strength of discontinuities is frequently a key aspect for determining the safety of min-
ing and civil engineering works and for solving instability issues at rock mass scale. This is usually done by using empirical
shear strength criteria in which the basic friction angle (¢,) is a relevant input parameter. Tilt testing is probably the most
widespread method to obtain the ¢, due to its simplicity and low cost, but previous research has demonstrated that the results
are strongly affected by several factors (e.g. surface finishing, cutting speed, specimen geometry, wear, time and rock type).
In this connection, despite it is well known that water significantly reduces the mechanical properties of sedimentary rocks,
very scarce research has focused on assessing the impact of the variations in water content on tilt test results. With the aim
to fill this gap, saw-cut slabs of three limestone lithotypes were tilt tested in dry state, wet condition (fully water saturated,
non-submerged samples) and under exposure to an environmental relative humidity (RH) of 90%. The results revealed that
full water saturation caused moderate ¢, reductions in two lithotypes and a ¢y, increase in one lithotype. This can be explained
by their different microstructure and mineralogy, which makes that lubrication effect prevails over suction effect or vice
versa. However, the exposure to a high RH environment did not cause significant ¢, variations. In addition, some important
considerations related to tilt testing are provided and discussed, such as the intrinsic variability of the sliding angle (§) and
the impact of multiple sliding on the same rock surfaces on p.
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Symbols and abbreviations @ Internal friction angle
p Sliding angle Py Basic friction angle
E Mean of the sliding angle values oy Mean of the basic friction angle values
p Coefficient of friction Poary Mean of the basic friction angle values of dry
Pp Bulk density specimens
T Peak shear strength of the discontinuity Ppsat Mean of the basic friction angle values of
o, Normal stress to which discontinuity is fully water-saturated specimens
subjected Poru—o0z  Mean of the basic friction angle values of
O Standard deviation of the sliding angle values specimens exposed to a RH=90%
g, Standard deviation of the basic friction angle P, Residual friction angle
values Cp Peak cohesion
C, Apparent cohesion of the Patton’s criterion
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Kig Ratio between tan (@prp_ggy,) and tan (@p,,)

Ky Ratio between tan (@, ) and tan (%)

1 Length of the rectangular rock slab

MIP Mercury intrusion porosimetry

M, Mean grain size

PLM Polarised light microscopy

p Total porosity

Po Open porosity

R Schmidt hammer rebound number for dry
non-weathered saw-cut rock surfaces

r Schmidt hammer rebound number for weath-
ered and wet discontinuity rock surfaces

RH Relative humidity

SEM Scanning electron microscopy

T Temperature

UCS Uniaxial compressive strength

Vp P-wave velocity

Vg S-wave velocity

w Width of the rectangular rock slab

W, Water content

W, Equilibrium water content associated with a
RH=90%

XRD X-ray diffraction

Introduction

Rock masses typically consist of a rock matrix intersected
by discontinuities such as shear zones, faults, joints, schis-
tosity, bedding planes or flaws. This discontinuous nature
of rock masses implies that their mechanical behaviour can
sometimes be controlled by the presence and characteristics
of discontinuities rather than by the intact rock (Ghazvinian
et al. 2012). Considering this fact is especially relevant from
a safety perspective in the execution and the design of civil
engineering works and mining activities performed on shal-
low rock masses subjected to low confining pressures where
instability phenomena are usually related to sliding or sepa-
ration occurrences of rock blocks (e.g. rocky slopes, tun-
nels, open-pits, near-surface and underground excavations
or rock-socketed piles) (Wines and Lilly 2003; Alejano et al.
2008, 2010, 2011, 2012b). Therefore, an accurate determina-
tion of the shear strength of discontinuities is of paramount
importance for assessing and solving structurally controlled
stability issues at rock mass scale (Kveldsvik et al. 2008;
Ulusay and Karakul 2016; Pérez-Rey et al. 2019b).

Shear strength of discontinuities can be determined
through in situ and laboratory investigation by carrying out
direct shear tests or can be empirically estimated by using
existing shear strength criteria (Hencher and Richards
2015). Because direct shear tests require an expensive shear
test apparatus and involve difficult and time-consuming
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procedure of specimen preparation and data processing,
many empirical shear strength criteria have been developed
so far and their use have been widely expanded among rock
engineering practitioners (Singh and Basu 2018).

The vast majority of these criteria are based on Cou-
lomb’s linear formulation (1766); i.e. they relate the shear
strength component, through normal stress, with different
mechanical and surface-topography parameters of the joints.
In particular, Patton’s bilinear model (1966), given by Eqs.
(1) and (2), can be considered as the first attempt to describe
the peak shear strength of discontinuities with asperities
(saw-tooth shape joints). Originally, Patton proposed to con-
sider first order asperities to evaluate shear strength (Wyllie
and Mah 2004).

However, later, Barton (1973) stated that for low normal
stress (6,,), the second order roughness come into play:

T=0," tan[(pb + i] €))]

In contrast, for high ¢, values, the asperities are sheared
off with the displacement:

T=c¢,+0, tan [(pr] 2)

where 7 is the peak shear strength of the discontinuity, 6,
is the normal stress at which the discontinuity is subjected,
@y, is the basic friction angle, i is the angle of the saw-tooth
face, c, is the apparent cohesion and ¢, is the residual fric-
tion angle.

Subsequently, Barton and Choubey (1977) proposed an
enhanced model applicable to rock joints with irregular sur-
faces (3), which has become one of the most widespread
shear strength criteria, probably because of its simplicity,
reliability on obtaining the input parameters and certain con-
servativeness (Pérez-Rey 2019).

17=cn+tan[(pr+JRC-log,O<JCS>] ?3)

Oy

where JRC is the joint roughness coefficient, JCS is the
joint-wall compressive strength and ¢, is the residual fric-
tion angle given by Eq. 4.

9 = (,-20)+20- (&) @

where r and R are the Schmidt hammer rebound number for
weathered and wet discontinuity surfaces and for dry non-
weathered saw-cut surfaces of the same rock, respectively.
As is clear from Eqgs. 1, 3 and 4, ¢, is a crucial input
parameter for the determination of the shear strength of
discontinuities. It symbolises the shear strength between
two planar (non-dilating), unfilled, non-weathered and non-
polished rock surfaces (Pérez-Rey 2019). This property can
be obtained by means of different laboratory tests such as
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direct shear, push/pull and tilt tests. Nevertheless, among
them, tilt test has been possibly the most widely used in rock
engineering projects due to its greater simplicity, speed and
low cost (Zhang et al. 2018).

Tilt test consists of placing rock specimens one on top
to another in such a way that the surface of the plane of
contact, which is initially horizontal, is progressively tilted
until the upper specimen slides along the joint. The tilting
angle with respect to the horizontal just at the instant when
displacement begin is the ¢,. Different procedures have
been historically used with regard the type of contact pro-
vided by the geometry of the samples: on the one hand, the
three-core method (Stimpson 1981; Li et al. 2019), and the
two-core method (Barton 2011; Ruiz and Li 2014) in which
the contacts are linear; and on the other hand, the one-core
method (Barton 1973; Zhang et al. 2018) and the block-
based method (Alejano et al. 2012a; Ulusay and Karakul
2016) in which the contacts are planar surfaces. However,
among them, the block-based method has proved to be the
most suitable (specially, when slab-like specimens are used)
because of core-based methods overestimate or do not pro-
vide reliable @, values (Alejano et al. 2012a; Gonzélez et al.
2014). Furthermore, a great experimental effort has been
done in previous works to detect other factors that influence
tilt test results, such as the saw blades and cutting velocities
(Alejano et al. 2017), the specimen size and shape (Hencher
1977; Alejano et al. 2012a; Kim et al. 2016; Jang et al.
2018), the test platform tilting rate and vibrations (Hencher
1977; Pérez-Rey et al. 2016, 2019a; Jang et al. 2018), the
wear of rock surfaces due to multiple sliding on the same
contact (Pérez-Rey et al. 2015, 2016, 2019a) or the time
elapsing between cutting and testing (Pérez-Rey et al. 2015);
as well as to evaluate the repeatability of tests carried out
in different laboratories (Alejano et al. 2017). As a result of
the conclusions derived from the abovementioned studies,
an ISRM Suggested Method for determining the ¢, of pla-
nar rock surfaces using tilt tests has been recently published
(Alejano et al. 2018). This document briefly points out that,
although it is not fully recognised, other additional aspects
such as environmental relative humidity (RH) or water con-
tent (w,) of specimens may affect the results of tilt tests in
some friable rocks due to water and could activate adhesion
between slickensided rock surfaces (Mehrishal et al. 2016).

Contact mechanic approaches have also been widely
applied for studying rock interfaces. Misra and Marangos
(2011) used a micromechanical model that explicitly con-
siders asperity interactions on joint surfaces to examine the
rock-joint closure and wave propagation behaviour. They
concluded that rock joints with the same roughness can dis-
play a variety of closure behaviours depending on initial
overlap of the joints and rock intrinsic friction. Recently,
Kasyap and Senetakis (2021) utilised micromechanical-
based experiments to analyse the effect of shearing rate on

the tangential contact behaviour of smooth flat quartz sur-
faces in the presence of plastic and non-plastic gouges. Their
results indicated that important variations in the stick—slip
instability (increase in force-drop, recurrence interval and
slip velocity) occurred when the shearing rate was reduced
by one order of magnitude. They also reported that the ini-
tial tangential stiffness raised when the shearing rate was
diminished.

Conventional direct shear tests have frequently shown
that moisture caused important reductions of the peak shear
strength and friction angle (¢) of unfilled discontinuities of
sedimentary weak rocks, such as marls (Pellet et al. 2013) or
claystones (Zandarin et al. 2013). In this line, micromechani-
cal experiments performed to understand the tribological
behaviour of analog mudrock interfaces have also indicated
that the presence of water at the interfaces of these materials
resulted in a continuous decrease of the friction compared
to the dry state due to a predominant effect of abrasion (Ren
et al. 2022). Also, substantial water-induced decreases of
the frictional strength have been found in unfilled joints of
other rock types, such as granitic gneiss (Jaeger 1959), tra-
chyte (Hoskins et al. 1968), chalks (Gutierrez et al. 2000)
or coal measure rocks (Li et al. 2005). In the case of filled
joints, there might be development of suction which may
provide additional contributing mechanics of friction. In this
connection, Kasyap and Senetakis (2020) conducted micro-
mechanical shearing tests which demonstrated that the pres-
ence of gouge materials between nominally flat quartz grains
resulted in a reduction of frictional strength in comparison
with pure quartz surfaces. Furthermore, they observed that
plastic gouge materials (montmorillonite) exhibited a sig-
nificant reduction in friction coefficient (p) due to water
submersion at any state of the shearing while non-plastic
gouge materials (silt) showed only a slight decrease in the .

Regarding the variations of the ¢, with moisture for
saw-cut rock surfaces, inconsistent findings (reductions
and increases) have been informed in literature. On the one
hand, Barton (1973, 1977) collected the ¢, values of dif-
ferent rock types from earlier researchers (Patton (1966),
Coulson (1972) and Richards (1975)) and concluded that dry
specimens generally exhibited higher ¢, values than the wet
ones. Subsequently, similar findings were also obtained by
Aydan (1995), who attributed the results to the uncertainty
of the effective normal stress over the shearing section. On
the other hand, Ulusay and Karakul (2016) determined the
@, values of 22 rock types from Turkey under dry, wet and
submerged conditions using rectangular-based slabs. They
found that in 13 rock types, wet ¢, was lower than dry ¢,
(decreases between 1.4 and 10.6°) due to the predominance
of the lubrication effect, while in the other 9 rock types, the
wet @, was greater than the dry ¢, (increases between 0.2
and 6.5°) due to prevalence of the capillary action (suction).
Furthermore, they reported that all dry samples displayed
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higher ¢, values than submerged ones and that the reduc-
tions of ¢, widely varied between 0.2 and 15.2° because the
lubrication effect happened with different intensity accord-
ing to the mineral composition of each rock type. In the
same vein, Zhang et al. (2018) obtained the ¢,, values of 46
rock types from Norway in dry and wet states using cylin-
drical specimens (three-core method). They reported that
21 rock types exhibited wet ¢, values smaller than the dry
ones (with drops between 0.7 and 5.3°) while the remaining
25 rock types showed the opposite behaviour (with incre-
ments between 0.7 and 5.0°). These authors postulated that
the impact of humidity on ¢, was not linked to lithology but
rather to mineralogy. Later, Kim and Jeon (2019) evaluated

the water-induced changes in ¢, on granite, diorite, sand-
stone and cement mortar and found increases ranging from
1 to 3°. Recently, Beyhan and Ozdemir (2021) measured the
¢y, of travertine’s samples under dry and different soaked
conditions (i.e. water solutions with a pH of 2, 7 and 12)
and observed that those conditioned at pH of 2 displayed
the lowest values while those conditioned under the rest of
conditions exhibited quite similar values between them. A
summary of the ¢, values in dry and wet conditions found in
preceding works for different rock types is given in Table 1.

Petrological characteristics and microstructure of geo-
materials are also additional factors that affect frictional
properties of rock surfaces and their water-induced changes.

Table 1 Basic friction angle

; Authors Basic friction angle @, (°) Rock type
(¢y,) values in dry and wet
conditions found in literature for Dry Wet
different rock types
Patton (1966) 26-35 25-33 Sandstone
Barton (1971) 31 31 Porphyry
Coulson (1972) 31-37 27-35 Dolomite
3740 35-38 Limestone
31-33 27-31 Siltstone
32-34 31-34 Sandstone
35-38 31-36 Basalt
31-35 29-31 Fine—grained granite
31-35 31-33 Coarse-grained granite
26-29 23-26 Gneiss
Richards (1975) 36 32 Dolerite
30 21 Slate
Ulusay and Karakul (2016) 27.9-32.0 28.3-30.4 Andesites
28.2-38.3 29.7-36.6 Travertines
30.8-36.7 26.1-35.3 Ignimbrites
30.9 31.1 Basalt
22.5 29.0 Granite
323 30.3 Carbonated serpentinite
25.9-37.6 26.7-34.8 Limestones
36.7 32.6 Marble
Zhang et al. (2018) 30.2 31.7 Sandstone
30.1 29.4 Quartz sandstone
28.0-36.1 31.6-33.1 Granites
28.8 31.1 Gabbro
25.1-28.7 28.9-29.8 Monzonites
332 30.8 Pegmatite
32.1 30.0 Migmatite
32.0-34.5 30.7-33.4 Amphibolite
Kim and Jeon (2019) 30 31 Granite
29 32 Diorite
28 31 Sandstone
34 36 Cement mortar
Beyhan and Ozdemir (2021) 31.6 25.6 (pH of 2) Travertines
32.1 (pHof 7)
30.4 (pH of 12)
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Cruden and Hu (1988) found that the ¢, of carbonate rocks
depends on grain size and mineralogy. In particular, they
obtained that for pure carbonate rocks, the @, reduces with
increasing dolomite content and decreasing grain size.
Ramana and Gogte (1989) reported that rocks rich in felsic
minerals, quartz and calcite exhibit higher p values than
rocks with significant hydroxyl bearing minerals. Horn
and Deere (1962) indicated that as surface moisture rises,
the p of massive-structured minerals (e.g. quartz, feldspar
and calcite) increases. In contrast, they observed that the
p reduces when surface moisture increases for layer lat-
tice minerals (e.g. muscovite, phlogopite, biotite, chlorite,
serpentine, steatite and talc). Also, Morrow et al. (2000)
reported that moisture caused no substantial or slight p
modifications for calcite, quartz, albite and zeolites (i.e.
laumontite and clinoptilolite), dramatic drops for serpent-
inites (i.e. antigorite, lizardite and chrysotile) and moder-
ate decreases for sheet-structures minerals (i.e. kaolinite,
muscovite, chlorite, brucite and talc). Tembe et al. (2010)
observed that the p of saturated binary and ternary mixtures
made up of quartz, montmorillonite and illite decreased
with increasing clay content. Furthermore, Westbrook et al.
(1968) and MacMillan et al. (1974) have demonstrated that
the adsorption of fluids in mineral surfaces could cause sig-
nificant variations in their surface microhardness.

The abovementioned background has shown that (1) there
is a lack of studies regarding the effect of the environmental
relative humidity and moisture content of samples on tilt test
results; (2) inconsistent findings have been obtained con-
cerning the water-induced changes in the ¢, of rocks; and (3)
the underlying causes of this behaviour are unclear and may
be related to petrophysical properties of rocks. This research
addresses and tries to elucidate these points for carbonate
rocks. To this aim, a tilt testing campaign was carried out in
three limestone lithotypes (calcarenites). In particular, ¢y
values were measured in saw-cut rock-like slab specimens
tested under three different conditions: (1) oven-dry state, (2)
non-submerged but fully water-saturated state achieved by
using vacuum and (3) partially water-saturated state reached
by equilibrating the rock samples with an environment of
high relative humidity (90%). Complementarily, mineralogy
and microstructural characteristics (grain and pore sizes) of
these rocks are analysed with the aim of linking the ¢, val-
ues and their water-induced variations with them.

Materials and methods
Tested rocks and specimen preparation
Tested carbonate rocks are three porous limestone lithotypes

(calcarenites) commercially known as Blue, Beige and Dia-
mond Bateig stones (hereinafter labelled as S-1, S-2 and S-3,

respectively) that were extracted from an active quarry located
in the municipality of Elda (Alicante, south-eastern Spain).
They belong to a Tertiary transgressive unit (Middle-Upper
Miocene) (Ordofiez et al. 1994). These rocks are composed
of primary sediments corresponding to the continental shelf
and a discontinuous deposition characterised by an abundant
presence of planktonic, nektonic and benthic organisms.
Specifically, detrital and diagenetic silicates and organic
fossils (principally foraminifera) are their main constituents
(Ordoiiez et al. 1997; Fort et al. 2010).

Recent research has shown that the rock matrix of these
limestone varieties exhibits important physico-mechanical
changes when they become completely water-saturated
(Rabat et al. 2020a, c) or when they are subjected to high
environmental relative humidities (Rabat et al. 2020b), as
well as that pore water distribution plays a key role in this
water-induced mechanical weakening (Rabat et al. 2021).
However, to date, there are no scientific works examining the
water-induced variations in ¢, of saw-cut surfaces of these
rocks, which has motivated the present article. The results
of a general physico-mechanical characterisation of the rock
matrix of these calcarenites are shown in Table 2.

Rock specimens of each calcarenite variety intended for
tilt testing were obtained from a 60X 20 x 7.5 cm? prismatic
unweathered rock block that was cautiously selected to guar-
antee its homogeneity and the absence of visible fractures.
All rock blocks were cut into slabs using the same circular
saw-blade (600 mm in diameter and 3.5 mm in thickness)
and cutting velocity regardless of their subsequent water
treatment. In addition, special care was taken to avoid unde-
sirable contacts between the pristine slab surfaces and other
objects that could damage the specimens.

In particular, a total of 36 rectangular-based specimens
(12 units of each lithotype) with dimensions of about
10.0x7.5%x 1.5 cm? (length, I x width, w X height, &) were
prepared in order to fulfil the geometrical recommendations

Table 2 Physical and mechanical properties of the rock matrix of the
tested calcarenites in dry condition (Rabat et al. 2020a, c, 2021)

Limestone lithotypes

Physical or mechanical property S-1 S-2 S-3

Open porosity, p, (%) 11.7 181 203
Total porosity, p (%) 149 203 21.7
Bulk density, p,, (kg/m®) 2292 2165 2122
P-wave velocity, vp (m/s) 4613 3318 4174
S-wave velocity, vg (m/s) 2656 2030 2408

Uniaxial compressive strength, UCS (MPa) 36.6 21.5 269

Static Young’s modulus, Ey (GPa) 25.0 7.7 199
Point load strength Index, 5o, (MPa) 39 1.8 2.8
Peak cohesion, [ (MPa) 21.6 12.5 16.9
Internal friction angle, ¢ (°) 374 353 273
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specified in the ISRM Suggested Method (Alejano et al.
2018), that are, I/h > 6 (in our case, it was 6.67), w/h>4 (in
our case, it was 5.00) and /X w > 50 cm? (in our case, it was
75.00 cm?) (Fig. 1). Once the rock slabs were cut, they were
washed with distilled water to remove excess dust particles
from the contact surfaces. Afterwards, they were dried in
an oven at a temperature (T) of 70 °C during 48 h. Finally,
they were preserved in laboratory conditions (T =20 °C and
RH=50%) until they were subjected to the corresponding
treatment prior to tilt testing.

Given that 12 rectangular-based specimens (labelled from
1 to 12) were obtained for each calcarenite variety and that
each specimen had two surfaces (labelled as a and b), 12
contacts of each lithotype were available for tilt testing (i.e.
1b—2a, 1a-2b, 3b—4a, 3a—4b, Sb—6a, Sa—6b, 7b—8a, 7a—8b,

9b-10a, 9a—10b, 11b—12a and 11a—12b). Specimens (or con-
tacts) of each calcarenite were divided into three groups (4
units or contacts per group) that were subjected to different
treatments (Fig. 1).

The first group (i.e. 1b—2a, 1a-2b, 3b—4a and 3a—4b) was
dried in a ventilated oven at 105° C until a constant mass of
specimens was obtained. Then, they were kept in a desic-
cator until they reached the ambient temperature. Finally,
tilt tests were carried out using these dry specimens under
laboratory conditions (T =20 °C and RH=50%).

The second group (5b—6a, 5a—6b, 7b—8a and 7a—8b) was
soaked in distilled water inside a vacuum chamber during
48 h, which is a period of time longer than what is required
to fully water-saturate these rock materials. The water
contents (w,) associated with this testing condition were

//
////
//
1 \
el ; S
300
111 o
el | YL
il el i )
15
Q
QI‘ ‘ | ‘ ‘ %
I 15
GROUP 3 GROUP 2
/ \‘QQ
| el |
2 b
15

GROUP 1

Dimensions in mm

Fig. 1 (a) Scheme of the cutting process to obtain the calcarenite slabs used in tilt tests. (b) Original rock block (60%x20x7.5 cm?). (¢) Cutting
machine and detail of the saw blade disc. (d) Overview of rock samples. (e) Detail of a calcarenite slab specimen (10.0x7.5%x 1.5 cm’)
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4.93+0.42% in calcarenite S-1, 8.67 +0.51% in calcarenite
S-2 and 9.23 +2.10% in calcarenite S-3. Finally, tilt tests
were performed on these water-saturated specimens at labo-
ratory conditions (T=20 °C and RH=50%).

The third group (9b—10a, 9a—10b, 11b—12a and 11a—-12b)
was placed inside a controlled humidity chamber at con-
stantly fixed conditions (T =20 °C and RH=90%) during
10 days in order to reach the corresponding equilibrium
water content (w,) inside pore network of these rocks. This
high RH number was chosen because it could often cor-
respond to the maximum RH value recorded in real envi-
ronmental conditions. The average w, values reached by
the three lithotypes after the environmental relative humid-
ity equilibrium were 0.94+0.01% in S-1, 1.08 +£0.02% in
S-2 and 0.62+0.01% in S-3. Finally, tilt tests were carried
out on these partially water-saturated specimens under the
aforementioned environmental conditions (T =20 °C and
RH=90%).

Mineralogical and microstructural characterisation

Mineralogical composition and microstructural properties
of rocks were determined using X-ray diffraction (XRD)
technique, polarised light microscopy (PLM), scanning elec-
tron microscopy (SEM) and mercury intrusion porosimetry
(MIP). XRD analysis was carried out on rock powder using
a Bruker D8-Advance XR diffractometer with a generator of

XR Kristalloflex K 760—80 F and a XR tube with a copper
anode. PLM examination was conducted on thin-sections
obtained in perpendicular direction of sedimentary bedding
planes using an Optika B600POL petrographic microscope
equipped with the X 4 objective lens. SEM analysis was per-
formed on rock fragments of approximately 1 cm? using a
Bruker Merlin VP compact apparatus with an accelerating
voltage of 20 kV. In addition, energy dispersive X-ray spec-
troscopy (EDX) analysis was carried out using a Quantax
400 tool. MIP was conducted on rock fragments whose larg-
est dimension was less than 9 mm using a Poremaster-60GT
device equipped with two low and two high pressure stations
up to 40,000 psi.

Automated tilting table

Tilting table used in this research is a device designed by some
of the co-authors of this article and protected through a utility
model certificate (Tomaés et al. 2021). Its main components are
as follows: (a) a steel reinforced structure and a tilting platform
that allow testing standardised rock specimens as well as large
and heavy rock blocks and other geomaterials; (b) a power
regulator that controls the speed of the lifting system accu-
rately and that reduces unwanted vibrations and accelerations
during the test; (c) a system fully adaptable to the test geom-
etry and equipped with a photoelectric cell for the detection
of movement and automatic stop when the specimens start to

@ o
[00]

@ Steel reinforced structure
@ Lifting system
@ Tilting platform

@ Sliding specimen retaining element

@ Element for holding photoelectric cell

Digital spirit level

@ Safety limit switches

@ Lower specimen clamping stopper Electrical panel with a power regulator

@ Photoelectric cell for detection of movement

Fig.2 a Sketch of the automated tilting table showing its main components. b Tilt apparatus overview. ¢ Detail of the photoelectric cell used for
the automatic detection of the upper specimen movement. d Digital spirit level used to measure the sliding angle value
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move; (d) a lower specimen clamping stopper that can be slid
along the table to adjust it to the test requirements; (e) a digital
spirit level that can measure the tilting angle with an accuracy
of +0.01° (Fig. 2).

Procedure for determining the basic friction angle

The procedure described below was used for determining @y:

ey

@

Fig.3 Setups used for determin-
ing the basic friction angle (¢,)
in dry and fully water-saturated
specimens (a) as well as in the
specimens exposed to a con-

The lower rectangular slab for tests performed under
dry and fully water-saturated conditions was fixed to the
plane-tilting platform using a specimen holder and the
upper slab was put on top of it. They were positioned
in such a way that the sliding direction matched with
the maximum dimension of the specimens (Fig. 3a).
In the case of the tests carried out under a controlled
RH of 90%, the specimens were tested inside a sealed
container with this environmental RH (Fig. 3b).

The table was gradually tilted at a constant rotational-
velocity of 10°/min until the initiation of sliding, which
was defined as the instant at which the upper rock slab
began to slide over the lower one. In the case of the
tests performed on dry and fully water-saturated speci-
mens, the beginning of the movement was automati-

3

“

cally detected by the photoelectric cell coupled to the
tilting table. By contrast, in the case of the tests carried
out under a controlled RH of 90%, the initiation of slid-
ing was detected visually given that the specimens were
tested inside a transparent sealed container and the pho-
toelectric cell was not able to detect the movement.
Then, the quasi-static sliding angle value (p) displayed
by the digital spirit level was recorded.

The test was repeated five times on the same contact
surfaces. After each repetition, the tested rock surfaces
were cleaned using a soft paint-brush to remove pow-
der. In the case of fully water-saturated samples, before
each test repetition, they were dipped in distilled water
and then excess water was removed from the contact
surfaces by using a damp cloth. In the case of the speci-
mens tested under a controlled RH of 90%, their clean-
ing and introduction inside the sealed container were
performed within the humidity chamber to preserve
this environmental condition during each test repeti-
tion.

The @, of each pair of contact surfaces was calculated
as the median value of the five repetitions performed.

¢, = median ﬂj= 1,....5 (5)

trolled RH of 90% (b)
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Results and analysis
Mineralogy and microscopic properties

S-1 is a sandy fossiliferous limestone (biocalcarenite) with
a mean grain size of 0.2 mm. PLM and SEM techniques
revealed that this lithotype is mainly constituted of fossils
(60%) with a size varying from 0.1 to 0.4 mm, such as
foraminifera (e.g. Rotalidae, Globigerinidae, Textularidae
and Globorotalia), echinoderms and bryozoans. Terrige-
nous components account for 15% and exhibit a crystal
size fluctuating among 0.1 and 0.3 mm. They consist pre-
dominantly of monocrystalline and polycrystalline quartz,
dolomite, phyllosilicates, potassium feldspar, tourmaline
and muscovite. Its ortochemical components represent

15% and are micritic matrix (10%), sparry cement (5%)
and a small fraction of siliceous fibrous cement (Fig. 4a.2,
a.3, a.4). Accordingly, the semiquantitative mineralogical
analysis determined by XRD technique showed that this
rock variety is composed of calcite (86%), quartz (8%),
dolomite (2%), phyllosilicates (2%) and other minor-
ity minerals (2%). MIP technique demonstrated that this
lithotype mainly presents pores with diameters ranging
from 0.1 to 1 pm (53%) and from 0.01 to 0.1 pm (25%),
an interparticle porosity of 1%, an intraparticle porosity
of 12% and a specific surface area of 5.5 m*/g (Fig. 5a, d).

S-2 is a sandy fossiliferous limestone (biocalcarenite)
with a mean grain size of 0.3 mm. PLM and SEM tech-
niques showed that this variety is principally composed of
fossils (55%) with a size ranging from 0.1 to 0.6 mm, such as

! ‘»’v
WL T
NTRLLN 8

[

N

Fig.4 Surfaces of slab specimens before tilt testing (a.1, b.1 and c.1), thin-section microphotographs taken with parallel light (a.2, b.2 and c¢.2)
and crossed nicols (a.3, b.3 and c.3) and SEM images (a.4, b.4 and c.4) of the tested rocks
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Fig.5 Cumulative mercury intrusion and pore-size distribution curves of S-1 (a), S-2 (b) and S-3 (c¢) and comparative analysis between calcar-

enites (d)

foraminifera (e.g. Globigerinidae, Textularidae and Rotali-
dae), molluscs and bryozoans. Terrigenous components
represent 15% and show a crystal size varying between 0.1
and 0.3 mm. They are made up of monocrystalline quartz,
dolomite, phyllosilicates, potassium feldspar and musco-
vite. Its ortochemical fraction (18%) corresponds to mic-
ritic matrix (14%) and sparitic cement (4%) showing equic-
rystalline mosaics of calcite spar (Fig. 4b.2, b.3, b.4). In
line with this, the semiquantitative mineralogical analysis
obtained using XRD technique displayed that this lithotype
is formed by calcite (85%), quartz (7%), phyllosilicates (5%),
dolomite (2%) and other marginal minerals (1%). MIP tech-
nique revealed that this variety mostly exhibits pores with
diameters fluctuating from 0.1 to 1 pm (43%) and from 1 to
10 pm (35%), an interparticle porosity of 3%, an intraparti-
cle porosity of 16% and a specific surface area of 3.2 m%/g
(Fig. 5b, d).

S-3 is a sandy fossiliferous limestone (biocalcarenite)
with a mean grain size of 0.4 mm. PLM and SEM exami-
nations indicated that this variety is mostly composed of
fossils (60%) with a size varying from 0.3 to 0.6 mm, such
as different foraminifera (e.g. Rotalidae, Heterostegina,
Turborotalia and Globigerinidae). Terrigenous components
account for 10% and present a crystal size ranging from
0.2 to 0.5 mm. They consist principally of monocrystalline
quartz, dolomite, phyllosilicates, schist, potassium feldspar

@ Springer

and clay galls. Its ortochemical constituents represent 15%
and consist mainly of micrite (Fig. 4c.2, c.3, c.4). In this
connection, the semiquantitative mineralogical analysis per-
formed through XRD technique revealed that this rock type
is composed of calcite (87%), quartz (5%), phyllosilicates
(5%), dolomite (2%) and other minority minerals (1%). MIP
results displayed that this variety essentially has pores with
diameters ranging from 1 to 10 pm (50%) and from 0.1 to
1 pm (24%), an interparticle porosity of 8%, an intraparti-
cle porosity of 12% and a specific surface area of 3.2 m%g
(Fig. 5c¢, d).

Sliding angle values and its variability
with repetition and water content

The five sliding angle values (f3) obtained in each of the four
tested contacts for each rock type and water content, as well
as their associated mean values () and standard deviations
(0p), can be seen in Table 3.

In dry state (RH=50% and T =20 °C), calcarenite
S-1 exhibited the smallest f values, with numbers vary-
ing between 26.7 and 37.8°, an average value of 31.8°, a
median of 31.8° and a standard deviation of 2.5°. On the
contrary, calcarenite S-2 showed the highest p values, with
figures fluctuating between 31.3 and 41.7°, an average
value of 37.4°, a median of 37.3° and a standard deviation
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Table 3 Sliding angle values

(B) measured in ea.ch teste d 222;1?;5:1) ﬁg.ﬂal Serial code (dataset) B, (%) B, (°) B3 (0) By (®) Bs () BC°) oy(°)
contact (k) and their associated

mean values (B) and standard S-1 1 S-1.D.1b-2a 33.1 333 315 294 319 318 14

deviations (op) (dry) 2 S-1.D.1a-2b 342 283 343 378 346 338 3.

3 S-1.D.3b-4a 207 267 288 315 297 293 16

4 S-1.D.3a-4b 339 313 312 320 327 322 10

S-2 1 S-2.D.1b-2a 343 417 378 367 368 375 24

(dry) 2 S-2.D.1a-2b 349 352 392 313 338 349 26

3 S-2.D.3b-4a 39.0 413 398 408 415 405 09

4 S-2.D.3a-4b 385 369 358 337 392 368 2.0

S-3 1 S-3.D.1b-2a 31.7 322 383 366 350 348 25

(dry) 2 S-3.D.1a-2b 39.1 350 348 377 376 368 17

3 S-3.D.3b-4a 37.6 387 374 390 374 380 07

4 S-3.D.3a-4b 386 387 372 384 350 376 14

S-1 1 S-1.8.5b-6a 370 467 348 338 37.1 379 46

(fully water-saturated) > S-1.8.5a-6b 30.8 314 346 300 291 312 19

3 S-1.8.7b-8a 367 389 402 358 361 375 17

4 S-1.8.7a-8b 331 317 393 28.6 294 324 38

S-2 1 S-2.8.5b-6a 329 338 31.8 313 328 325 09

(fully water-saturated) o S-2.8.5a-6b 306 272 250 324 261 283 28

3 S-2.8.7b-8a 30.1 37.6 307 365 298 329 34

4 S-2.8.7a-8b 314 298 287 328 317 309 15

S-3 1 S-3.8.5b-6a 328 351 297 322 297 319 20

(fully water-saturated) S-3.5.5a-6b 383 29.1 387 347 279 337 45

3 S$-3.5.7b-8a 367 215 302 338 332 311 52

4 S-3.8.7a-8b 330 258 287 365 319 312 3.7

S-1 1 S-1.H.9b-10a 315 331 309 347 323 325 13

(RH=90%) 2 S-1.H.9a-10b 339 383 355 331 389 359 23

3 S-1.H.11b-12a 201 321 323 315 333 317 14

4 S-1.H.11a-12b 316 312 299 298 338 313 15

S-2 1 S-2.H.9b-10a 372 403 400 332 364 374 2.6

(RH=90%) 2 S-2.H.9a-10b 39.9 39.6 360 372 449 395 3.1

3 S-2.H.11b-12a 375 356 363 371 399 373 15

4 S-2.H.11a-12b 380 377 421 346 329 371 32

S-3 1 S-3.H.9b-10a 36.6 346 334 341 359 349 12

(RH=90%) 2 S-3.H.9a-10b 375 351 368 386 362 368 1.2

3 S-3.H.11b-12a 378 308 345 392 418 368 3.8

4 S-3.H.11a-12b 344 323 358 363 306 339 2.1

of 2.9°. Calcarenite S-3 showed P values quite similar to
those displayed by S-2, with numbers varying between 31.7
and 39.1°, an average value of 36.8°, a median of 37.5° and
a standard deviation of 2.1°. Histograms, potential normal
distributions associated with these mean values and standard
deviations as well as the corresponding boxplots obtained
from the twenty f determinations conducted on each rock
type under dry condition can be seen in Fig. 6. Its analysis
shows that data obtained in S-1 and S-2 fit reasonably well
to a normal distribution (Fig. 6a, b), which is corroborated
by a considerable symmetry of the boxplots in terms of ends
and whiskers (Fig. 6d). However, the values measured in

calcarenite S-3 fit worse to a normal distribution (Fig. 6¢)
and the ends and whiskers of the boxplots are far from sym-
metrical. Furthermore, no outliers (values outside the whisk-
ers) were obtained in any of the dry tested rocks.

In fully water-saturated state (RH=50% and T =20 °C),
calcarenite S-1 displayed the greatest  values, with figures
ranging from 28.6 to 46.7°, an average value of 34.8°, a
median of 34.7° and a standard deviation of 4.4°. Calcaren-
ites S-2 and S-3 exhibited close f values to each other. Spe-
cifically, p values were in the range of 25.0-37.6° in S-2 and
of 21.5-38.7 in S-3, the average values were 31.2° in S-2 and
32.0°in S-3, the medians were 31.4° in S-2 and 32.5° in S-3
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Fig.6 Histograms showing sliding angle values for five repetition of
tilt tests conducted on four contact surfaces of S-1 (a), S-2 (b) and
S-3 (¢) under dry conditions and the corresponding box and whisker

and the standard deviations were 3.0° in S-2 and 4.2° in S-3.
In this case, histograms show that the [ values obtained in
the calcarenite S-1 fit worse to a normal distribution than the
f values measured in the calcarenites S-2 and S-3 (Fig. 7a, b,
¢). Furthermore, the boxplots show the existence of outliers
in the three fully water-saturated rocks (Fig. 7d) and a larger
B variability compared to dry specimens.

Concerning the partially water-saturated samples by
exposure to a high relative humidity environment (RH=90%
and T =20 °C), calcarenite S-1 showed the lowest § values,
with figures ranging from 29.1 to 38.9°, an average value of
32.8°, a median of 32.3° and a standard deviation of 2.5°. In
contrast, calcarenite S-2 exhibited the highest {3 values, with
numbers varying between 32.9 and 44.9°, an average value
of 37.8°, a median of 37.4° and a standard deviation of 2.8°.
In calcarenite S-3 the § values fluctuated among 30.6 and
41.8, the average value was 35.6°, the median was 35.9° and
the standard deviation was 2.7°. Histograms indicate that the
f values obtained in the three rocks fit quite well to a normal
distribution (Fig. 8a, b, ¢) while the boxplots reveal that
outliers were obtained in calcarenites S-1 and S-3 (Fig. 8d).

Since each pair of slabs provides four surfaces for testing
(therefore, two contacts), it is possible to study the differ-
ences between the § values obtained in the two available
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plots comparing the results obtained in the three tested limestones.
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contacts of the same pair of slabs under a specific mois-
ture condition. This analysis, which is shown in Table 4,
indicates that these differences in f§ values are frequently
smaller than the maximum standard deviation of f obtained
in a unique contact and lesser than 4° (or 11% of the mean
value), except for some pair of slabs of S-1 and S-2 tested
in fully water-saturated state. As a consequence, it confirms
that tilt tests may be performed using the two surfaces pro-
vided by each slab with the aim to increase the number of
B values available. Nevertheless, having a uniform surface
finish of the specimens is essential when proceeding in this
way since the aforementioned exception found in some pairs
of slabs could be attributed to the existence of undesirable
surface irregularities generated during saw cutting of the
specimens.

The impact of wear on the sliding angle is another inter-
esting aspect to be analysed. For this purpose, the varia-
tions of p values of tested limestones with the number of
tilt test repetitions in dry condition, fully water-saturated
state and under exposure to an environmental RH equal
to 90% have been depicted using boxplots in Fig. 9a, b
and c, respectively. These graphs show that the differences
between the § values measured in each repetition are trivial
and data do not follow any clear tendency. In other words,
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Fig.7 Histograms showing sliding angle values for five repetition of
tilt tests conducted on four contact surfaces of S-1 (a), S-2 (b) and
S-3 (c) under fully water-saturated conditions and the correspond-

the hypothetical lines of fit between f and the numbers of
repetitions are practically horizontal, which suggests that
there is no relationship of dependence between the two
variables for the studied rocks and five test repetitions.
Therefore, this finding indicates that, if only five repeti-
tions of the tilt test are performed on the same pair of rock
surfaces and the debris generated by friction is removed
between each repetition, the § value of tested limestones
is not significantly affected by wear.

A comparison of the f§ values measured in tested rocks
in dry, fully water-saturated conditions and under exposure
to an environmental RH equal to 90% using boxplots is
shown in Fig. 9d. Full water saturation resulted in an aver-
age P increase of 9% in the calcarenite S-1 compared to the
dry state. However, the opposite effect was observed for
the other two varieties. In particular, p reductions of 17%
were obtained for calcarenite S-2 and of 13% for calcaren-
ite S-3. Exposure to an environmental RH of 90% caused
small p variations in the three lithotypes. Specifically, an
average P increase of 3% was obtained in calcarenite S-1,
almost negligible change was observed in calcarenite S-2
(an increase of 1%) and a decrease of 3% was found in
calcarenite S-3.

Os-1 O0s-2 O0S-3

ing box and whisker plots comparing the results obtained in the three
tested limestones. Dashed lines represent the fitted normal distribu-
tion

Basic friction angle under different testing
conditions

Basic friction angle (¢y,) values of each pair of tested contact
surfaces calculated using the Eq. (5) as well as the corre-
sponding mean values (¢,) and standard deviations (G(pb)
are listed in Table 5.

In dry conditions, calcarenite S-1 displayed the lowest @,
values, with numbers varying between 29.7 and 34.3°, a mean
value of 32.0° and a standard deviation of 1.6°. The other calcar-
enites (S-2 and S-3) showed close values to each other although
a larger variability was obtained in S-2. In particular, ¢, values
were in the range of 34.9—40.8° in S-2 and of 35.0-38.4 in S-3,
the mean values were 37.4° in S-2 and 37.2° in S-3 and the
standard deviations were 2.1° in S-2 and 1.3° in S-3.

In fully water-saturated conditions, calcarenite S-1 exhib-
ited the highest ¢, values, with figures ranging between 30.8
and 37.0°, a mean value of 34.1° and a standard deviation
of 2.8°. On the contrary, calcarenite S-2 showed the small-
est ¢, values, with figures fluctuating between 27.2 and
32.8°, a mean value of 30.5° and a standard deviation of
2.1°. With respect to calcarenite S-3, it displayed ¢y, values
varying between 31.9 and 34.7°, a mean value of 33.0° and
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Sliding angle B (°)

a standard deviation of 1.1°. At this point, it should be high-
lighted that S-1 presented a much more marked dispersion
under this testing condition than the other lithotypes, and
especially greater than S-3.

Regarding the specimens subjected to an environmental
RH of 90%, calcarenite S-2 showed the biggest @, values,
with numbers varying from 37.1 to 39.6°, a mean value of
37.9° and a standard deviation of 1.0°. In contrast, calcar-
enite S-1 presented the lowest ¢, values, with figures rang-
ing between 31.2 and 35.5°, a mean value of 32.8° and a
standard deviation of 1.6°. In calcarenite S-3, the ¢, values
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corresponding box and whisker plots comparing the results obtained
in the three tested limestones. Dashed lines represent the fitted nor-
mal distribution

fluctuated among 34.4 and 37.8, the mean value was 35.9°
and the standard deviation was 1.4°.

In Fig. 10 can be seen the box and whiskers plots com-
paring the ¢, values obtained in the three limestone vari-
eties under the three different moisture conditions. This
graph reveals that fully water-saturated samples generally
exhibit greater variability of ¢, than dry specimens and
those subjected to an environmental RH=90%. Calcaren-
ite S-1 experienced a moderate @y, increase (6%) while S-2
and S-3 suffered substantial ¢, reductions (18 and 11%,
respectively) due to water saturation. Particularly, the ratio

Table 4 Differences in the

. . Dry condition
sliding angle () values obtained

Saturated condition Exposure to RH=90%

in the two available contacts of Rock type  Pairofslab  Difference Pair of slab  Difference Pair of slab  Difference
the same pair of slabs in dry, in B inf in B
fully water condition and under —_—— —_—
exposure to a RH equal to 90% ) (%) ©) (%) ) (%)
S-1 1-2 20 6.1 5-6 6.7 19.4 9-10 34 10.1
34 29 96 7-8 5.1 14.6 11-12 0.4 1.3
S-2 1-2 26 7.1 5-6 43 14.0 9-10 2.1 5.5
34 37 95 7-8 2.1 6.5 11-12 0.2 0.6
S-3 1-2 2.1 5.8 5-6 1.8 5.6 9-10 1.9 54
34 04 1.2 7-8 0.1 0.3 11-12 29 8.3
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Fig.9 Variations of sliding angle () values of tested limestones with
the number of tilt test repetitions in dry condition (a), fully water-sat-
urated state (b) and under exposure to an environmental RH=90% (c)

between the p (tan ¢,) values measured in fully water-
saturated and dry states (Kyy = tan(@pg,)/tan(@pg,, ) was
1.08 in S-1, 0.77 in S-2 and 0.86 in S-3. Calcarenites S-1
and S-2 underwent small @, increases (3 and 1%, respec-
tively) whereas S-3 suffered a slight ¢, decrease (3%)
when exposed to high RH. Concretely, the ratio between
the p values obtained under an environmental RH equal
t0 90% and dry condition (K4 = tan(@prp=g%)/tan(@pg))
was 1.03 in S-1, 1.02 in S-2 and 0.96 in S-3.

and comparison of B values measured in tested rocks under different
moisture conditions (d)

Relationships between petrological characteristics
and microstructure of tested calcarenites, basic
friction angle and water-induced changes

The ¢y, values of the tested rocks and their water-induced
changes are related to their petrological characteristics and
microstructure. In dry state, calcarenite S-1, which presents
the smallest mean grain size (M,), exhibited a consider-
ably lower ¢, value than calcarenites S-2 and S-3, which

Table 5 Basic friction angles

(@) obtained in every tested Z(())anditt};gi) @01 () @52 () ®r3 () @p4 () @ (") Sgp (°)

contact (k) of the three rocks

under the three different S-1 (Dry) 31.9 343 29.7 32.0 32.0 1.6

Z,?iitfﬁﬁniﬁii‘l‘lﬁaiﬁﬁzse @ S20m 36.8 34.9 40.8 36.9 37.4 2.1

and standard deviations (c,,) S-3 (Dry) 35.0 37.6 37.6 38.4 372 13
S-1 (fully water-saturated) 37.0 30.8 36.7 31.7 34.1 2.8
S-2 (fully water-saturated) 328 272 30.7 314 30.5 2.1
S-3 (fully water-saturated) 322 347 332 319 33.0 1.1
S-1 (RH=90%) 323 355 32.1 312 32.8 1.6
S-2 (RH=90%) 372 39.6 37.1 377 379 1.0
S-3 (RH=90%) 34.6 36.8 37.8 34.4 359 1.4
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have larger M, (Fig. 11a). Furthermore, it was found that
calcarenites S-2 and S-3, which present a higher content
of clay minerals (i.e. phyllosilicates) as well as a signifi-
cantly greater total porosity (p) and pore diameter (dy;),
displayed ¢, reductions due to water saturation (Fig. 11b, c,
d). In contrast, calcarenite S-1, which has a scarce content
of clay minerals, and smaller p and d,; values exhibited a
¢, increase when saturated (Fig. 11b, c, d).

Discussion

In this work, the petrological and microstructural char-
acteristics as well as the sliding angle (p) values of three
lithotypes of porous limestones under dry and saturated
conditions, as well as after an exposition to an environ-
ment of high relative humidity (RH), have been deter-
mined by performing a large number of tilt tests. The
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Fig. 11 (a)Relationships between the basic friction angle (¢,) of tested limestones and the mean grain size (M,); relationship among the ratios
K4 and K4 and (b) their mineralogical composition; (c) their total porosity (p); and (d) their mean pore diameter (dy;).
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results obtained have allowed to (1) evaluate the possible
impact of the repetition of tilt test conducted on the same
rock contact (a pair of rock surfaces) on B; (2) quantify
the effect of water saturation and environmental RH on
the basic friction angle (¢,) value of these rocks; and (3)
establish connections between properties such as grain
size, mineralogical composition, porosity or pore size and
@y, or its moisture-induced variations. The obtained results
are compared with those reported in previous investiga-
tions and their implications and limitations are discussed
below.

A first finding of this work is that the § values obtained
under dry conditions exhibited moderate standard deviations
(always less than 3°) while the  values measured under
fully water-saturated conditions displayed considerably
higher standard deviations (between 3 and 4.2°). This result
is in line with those obtained by Ulusay and Karakul (2016)
in Turkish rocks and by Zhang et al. (2018) in Norwegian
rocks, who reported that standard deviations were often
greater in saturated specimens than in dry ones. This may
be explained because water distribution on saturated slab
surfaces is unavoidably slightly different for each test repeti-
tion and powder generated during sliding is more difficult
to remove completely in this case. In addition, the standard
deviations obtained in both conditions are generally higher
than those informed in the previously cited studies, which
may be attributed to the fact that they refined the raw data by
discarding the maximum and minimum f values before their
calculation. The standard deviations of  found in the sets
of samples exposed to an RH equal to 90% were moderate
(less than 3°) and quite similar to those obtained under dry
conditions. This occurred despite the fact that the special
test setup used on these specimens required to stop the tilting
table in a manual way when sliding started (i.e. not automati-
cally as in the dry and fully water-saturated specimens). This
fact can be explained by the fast and efficient work of the
laboratory operators in detecting the onset of sliding and
stopping the tilting table, as well as by the low tilting veloc-
ity used during the tests (10°/min). In this sense, it is worth
mentioning that a one-second variation in the reaction time
of the operators to stop the tilting table would result in a
variation of the measured P of less than 0.2°.

A second outcome of this study is the existence of sev-
eral outliers in the B values obtained in the three lime-
stones tested under different moisture conditions, as
revealed by the box-and-whisker plots. This fact shows
the recommendation proposed by Alejano et al. (2012a)
to use the median of p values instead of the mean to deter-
mine a representative ¢, value, which has been included in
the recently published ISRM Suggested Method (Alejano
et al. 2018). Nevertheless, according to Gonzalez et al.
(2014), the mean f value of the five first tests conducted
on freshly saw-cut samples could also be used as the input

¢, parameter in the Barton’s model to realistically estimate
the shear strength of unfilled discontinuities. In addition,
the present investigation corroborates that tilt tests could
be carried out using the two surfaces of each rock slab in
order to have a larger number of p values from which to
derive a representative ¢y, given that both rock surfaces
are homogeneous and free of irregularities. The latter is
not always easy to achieve in soft rocks such as tested
limestones, despite the availability of modern cutting tools
and skilled operators.

Furthermore, our tilt test results indicate that 3 values of
calcarenites are not significantly affected by wear when only
five test repetitions are conducted on the same rock contact
and the debris generated by friction is removed between each
repetition, which is consistent with the findings reported by
Ulusay and Erguler (2016). Notwithstanding the foregoing,
previous works have demonstrated that repeated tilt test-
ing of saw-cut specimens could cause a § reduction when
the rock debris is removed after every test repetition and a
B increase when the rock debris is not removed (Hencher
1976, 2012; Gonzalez et al. 2014; Pérez-Rey et al. 2015,
2016; Alejano et al. 2017). In this connection, Kasyap and
Senetakis (2018) found that the debris scraped during micro-
mechanical shearing tests could contribute to the increase
of friction of kaolinite-coated sand grains. Also, Ren et al.
(2022) suggested that the variations of the interface fric-
tion of miniature kaolinite specimens are strongly related
with abrasion and the presence of water. In particular, they
observed that the increase of shearing cycles leads to a slight
increase of the interface friction in dry condition and, on the
contrary, an important reduction of the interface friction in
wet state. Therefore, although the level of normal stresses
in tilt tests is very small, the choice of an appropriate num-
ber of test repetitions performed on the same rock contact
could be an important matter to consider when conducting
tilt tests, especially on weak rocks.

A third result of this research is that the ¢, values of
tested calcarenites are in a range of 31.2-37.8, which are
comparable to those obtained by other researchers in simi-
lar sedimentary rocks, such as dolomite (27-37°), lime-
stone (35-40°) (Coulson 1972) or travertines (28.2—-38.3°)
(Ulusay and Karakul 2016). Furthermore, in the dry state,
the ¢, value found in calcarenite S-1 (31.8°) was lower than
those measured in calcarenites S-2 and S-3 (37.4 and 36.8°,
respectively), which can be explained by its smaller grain
size. This fact has also been noted by Cruden and Hu (1988),
who reported that large grain sizes increase ¢, in Canadian
pure carbonate rocks.

A fourth finding of this work is that moisture can cause
both positive and negative ¢, increments in calcarenites.
The ¢, increase of 6% obtained in calcarenite S-1 after its
fully water-saturation could be attributed to the fact that
in this variety, the capillary (suction) effect prevails over
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the lubrication effect (Ulusay and Karakul 2016). Previous
research has found analogous ¢, increases in some sedi-
mentary (i.e. sandstone, limestone and travertine) and vol-
canic (andesite granite, diorite and gabbro) rocks (Ulusay
and Karakul 2016; Zhang et al. 2018; Kim and Jeon 2019).
In contrast, the ¢, reductions of 18 and 11% obtained in the
calcarenites S-2 and S-3 could be attributed to the occur-
rence of the opposite phenomenon, that is the dominance of
the lubrication over the capillary effect (Ulusay and Karakul
2016). Similar ¢, decreases have been found by other aca-
demics in several types of sedimentary (sandstone, dolo-
mite and limestone), metamorphic (slate and marble) and
volcanic (basalt, granite, dolerite, pegmatite and migmatite)
rocks (Coulson 1972; Richards 1975; Ulusay and Karakul
2016; Zhang et al. 2018).

In this connection, the different impact of water satura-
tion on ¢, obtained in tested limestones may be related to
the differences in their microstructure and mineralogical
composition. On the one hand, the smaller pore and grain
size of the calcarenite S-1 would promote the accumulation
of water molecules on the voids of rock surface and their
permanence despite its drying with a cloth just before con-
ducting tilt tests. However, the larger grain and pore sizes
of calcarenites S-2 and S-3 would cause a more effective
removal of the water molecules lodged in the voids of the
rock surface when wiping it with the cloth. Consequently,
the effect of surface tension would be considerably more
substantial in calcarenite S-1 than in the others. On the other
hand, the higher content of clay minerals (phyllosilicates)
and the lower quartz content of the calcarenites S-2 and S-3
compared to the calcarenite S-1 might be other reason to
explain the dissimilar water-induced changes of ¢, found in
each lithotype. In this line, former basic research has dem-
onstrated that moisture caused important drops of the i in
clayey and sheet-structure minerals (e.g. chlorite, lizardite,
kaolinite, talc and biotite) and slight increase or no change
in minerals with a massive structure (e.g. calcite, quartz and
feldspar) (Horn and Deere 1962; Morrow et al. 2000; Moore
and Lockner 2004). In addition, the higher water-induced
variations in ¢y, exhibited by calcarenites S-2 and S-3 com-
pared to S-1 may be related to their larger water absorption
capacity, as well as to the fact that S-1 had greater mechani-
cal properties and displayed a sparry and siliceous fibrous
cement that makes its grains better cemented.

The variations of ¢, with environmental RH were slight
in the three tested limestones. In particular, when the RH
varied from 50 to 90%, the ¢, increased by 3% in calcaren-
ite S-1 and by 1% in calcarenite S-2, while ¢, decreased by
3% in calcarenite S-3. These minor changes can be attrib-
uted to the small amount of water adsorbed by these rocks
(0.64-1.08%) and its homogeneous distribution within the
pores when subjected to the humidity chamber atmosphere.
Therefore, to know the @y, values of this rock types under RH

@ Springer

conditions to which rock masses are commonly exposed, it
is not necessary to conduct the test in a precise (and more
complex) way, since the differences with the dry ¢, values
are very small. Nevertheless, its generalisation for all rock
types requires further research. In this sense, Westbrook and
Jorgensen (1968) found that crystal planes of some synthetic
minerals (i.e. bromellite, periclase, corundum, rutile and sili-
con carbide) and natural minerals (quartz, kyanite, topaz,
tourmaline, fluorite, sphalerite, galena and calcite) exhib-
ited substantial drops (up to 32%) in their relative values of
the indention microhardness due to water adsorption from
ambient air. Also, Macmillan et al. (1974) postulated that
the increment in the p of glass in wet environments could
be attributed to chemically induced variations in surface
microhardness.

Conclusions

Based on the experimental work and the analyses carried
out in the present article, the following conclusions can be
derived:

(1) The standard deviations of  values found in calcar-
enites tested in fully water-saturated state were sub-
stantially greater than those measured in dry condition
or under exposure to an environmental RH of 90%.
This finding could be attributed to the fact that water
distribution on saturated rock surfaces was inevitably
slightly dissimilar for each test repetition. Furthermore,
due to the greater difficulty in achieving an effective
debris removal from rock surfaces in water-saturated
specimens, undesired dust generated during sliding
may remain adhered to their rock surface in some
tests, which could also justify the higher § variability
observed in them.

(2) The P values of calcarenites were not importantly
affected by wear when only five test repetitions were
conducted on the same rock contact and the powder
generated during sliding was removed between repeti-
tions. Furthermore, the differences between the mean
B values obtained in each contact of the same pair of
slabs were not significant, so tilt tests might be per-
formed using the two surfaces provided by each slab
with the aim to increase the number of available data.
However, some 3 datasets have outliers and did not fit
well to a normal distribution, so using the median of 3
values instead of the mean would be recommended to
obtain a characteristic ¢y, value.

(3) Full water saturation caused both positive and nega-
tive ¢, increments in calcarenites. In particular, a ¢,
increase of 6% was obtained in calcarenite S-1 while
@y, reductions of 18% and 11% were found in calcar-
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enites S-2 and S-3, respectively. This finding could
be attributed to the prevalence of capillary effect over
lubrication effect in S-1 whereas just the contrary hap-
pened in S-2 and S-3, which can be explained by their
differences in microstructure and mineralogy. Exposure
to a high environmental RH of 90% caused minor ¢,
changes in the three limestone lithotypes (of around
3%), which could be justified by the small amount
of water adsorbed on rock surfaces (less than 1.1%)
that homogeneously distributes within the pore walls.
Therefore, the development of the tilt test under differ-
ent RH conditions does not appear to be strictly neces-
sary for the studied calcareous rocks due to the small
effect on friction angles caused by the low changes in
moisture content achieved by the vapour equilibrium
technique.

This study offers an in-depth understanding of the influ-
ence of water saturation and environmental RH on the ¢,
of porous limestones that may be of interest for the design
and execution of infrastructures (e.g. dams, ports, tun-
nels, mines and nuclear waste repositories) built in or on
rock masses in which water or RH can play an important
role in their stability. Furthermore, the findings related to
the effect of wear and moisture on p values as well as its
variability provide valuable knowledge that can serve as
reference on how to perform tilt tests on porous calcare-
ous rocks.
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