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Abstract

Understanding size effects is important to rigorously analyse the behaviour of rocks and rock masses at different scales and
for different applications. A number of empirical and numerical studies have included size effects on the uniaxial compres-
sive strength of different rocks, but only few have focussed on the triaxial compressive strength. In this study, several triaxial
tests were conducted on granite samples at different confinements (from 0.2 to 15 MPa) and sizes (from 30 to 84 mm in
diameter). The most relevant strength parameters were recovered including peak and residual strengths, orientation and
frictional response of shear bands. Size effects were observed to be less dominant at high confining pressures for both peak
and residual strengths. The resulting data were analysed in the context of size-dependent rock strength theories. For peak
strength analyses, the unified size effect law (USEL) and the improved unified size law (IUSEL) were used, in which the
double trends, ascending descending behaviours were observed. Size-dependent Hoek—Brown modified failure criteria based
on USEL and IUSEL were fit to peak strengths exhibiting a good agreement between the models and the laboratory data.
The brittle-ductile transition and the frictional behaviour of shear band under triaxial loading were also analysed. A clear
brittle behaviour was particularly observed in samples with large-diameters tested at low confinements. Finally, in regards
to frictional behaviour, the shear band angle found to be affected by both confinement and sample size.

Highlights

e Triaxial tests were conducted on granite samples at different confinements (0.2 to 15 MPa) and sizes (30 to 84 mm in
diameter).

e Size-effect (ascending-descending double trend) was observed on peak strength results.

e USEL-IUSEL size-effect laws and Hoek-Brown modified failure criterion were used to model the strength behaviour.

e Brittle-ductile transition and frictional behaviour related to size-effect were analysed.

Keywords Size effect - Triaxial strength - Granite - Frictional behaviour
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MFSL Multifractal scaling law

MMFSL Modified multifractal scaling law

S Characteristic strength for the descending part
of IUSEL

d Sample size in [USEL

l Material constant with unit of length in IUSEL

A Strength of a sample with an infinite size in
IUSEL

dy Fractal dimension in IUSEL

m Hoek—Brown constant

i Uniaxial compressive strength of the intact

rock

TI Transition index from brittle to ductile

p Shear band angle

FC Friction coefficient

T Shear stress acting on the shear plane

o, Normal stress acting on the shear plane

A Slope of the normal and shear stresses linear

law during the failure
B Constant of the normal and shear stresses linear
law during the failure

1 Introduction

Study of size effect is important in rock engineering par-
ticularly for intact rocks where the laboratory data should
be extrapolated to the field settings. Size effect has been
proven to be an important factor that can influence the
mechanical properties of intact rocks. Several studies have
included size effect behaviour of intact rocks under various
stress conditions. Majority of these have been performed
under uniaxial compression (Mogi 1962; Dhir and Sangha
1973; Baecher and Einstein 1981; Hawkins 1998; Thuro
et al. 2001a; Yoshinaka et al. 2008; Darlington et al. 2011;
Masoumi et al. 2012, 2014, 2016; Masoumi 2013; Roshan
et al. 2017; Quifiones et al. 2017), some under point loading
(Broch and Franklin 1972; Bieniawski 1975; Brook 1977,
1980, 1985; Wijk 1980; Greminger 1982; Hawkins 1998;
Thuro et al. 2001b; Masoumi et al. 2012, 2018; Forbes et al.
2015) and few under tensile testing (Wijk 1980; Andreev
1991a,b; Butenuth 1997; Thuro et al. 2001b; Canakcia and
Pala 2007; Masoumi et al. 2018). Despite extensive stud-
ies in this area, few works included the size effect under
triaxial condition, focussing mainly on sedimentary rocks
(Singh and Huck 1972; Hunt 1973; Medhurst and Brown
1998; Aubertin et al. 2000; Roshan et al. 2017; Masoumi
et al. 2017a) and only one study under limited testing condi-
tions was conducted on hard rock by Walton (2018). This
could be due to the complexity associated with the triaxial
testing on intact brittle (or quasi-brittle) materials. Such a
testing is important as most of the design analyses on rock
and rock-like materials are performed based on well-known
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Mohr-Coulomb (Mohr 1900) or Hoek and Brown (H-B)
(1997) criteria where the estimation of cohesion (C) and
friction angle (¢) as well as H-B parameters are essential. It
is noteworthy that the brittleness in materials such as rock is
relative to the stiffness of them versus stiffness of the load-
ing frame. Therefore, in this study the referral to “brittle”
or “ductile” behaviour is indeed associated with the type
of loading frame used in the testing program. Our loading
frame can be considered as the type with highest stiffness
that are commercially available in the market.

The need to extrapolate the results obtained from the lab-
oratory to a larger size has led to the development of three
main size effect theories for intact rocks. The first is based
on the statistical distribution of micro-cracks within an intact
rock following Weibull (1939) statistical function. The sec-
ond theory was proposed by Bazant (1984) which relies on
the fracture energy concept. The third one was suggested by
Carpinteri et al. (1995) based on multifractal scaling con-
cept. It is noteworthy that a number of empirical size effect
models have been developed implicitly based on Weibull
(1939) statistical theory (e.g. Hoek and Brown 1980; Brook
1980, 1985 and Darlington et al. 2011). From these size
effect models, different size-dependent failure criteria have
been proposed such as the one by Hoek and Brown (1997)
through including an empirical size effect function into their
well-known failure criterion. Later, Medhurst and Brown
(1998) assessed the predictability of Hoek and Brown size-
dependent failure criterion on a number of coal samples
with different sizes and at various confining pressures. A
comprehensive triaxial size effect criterion was proposed
by Aubertin et al. (2000) in which the size effect parameter
was included into MSDP (Multiaxial Misses-Schleiner and
Drucker-Prager criterion). Masoumi et al. (2017a) suggested
a methodology to include the unified size effect law (USEL)
(Masoumi et al. 2016) into Hoek and Brown failure crite-
rion and assessed its performance based on the triaxial data
obtained from Gosford sandstone.

The genesis of USEL originated from Hawkins (1998)
study who conducted an extensive set of laboratory tests on
different sedimentary rocks and demonstrated that the uni-
axial compressive strengths (UCS) of these rocks at differ-
ent sizes follow an ascending and then descending trend. At
about the same time, Bazant (1997) developed a fractal frac-
ture size effect model to capture such an ascending and then
descending behaviour. Masoumi (2013) and Masoumi et al.
(2016) extensively investigated such a phenomenon for a
particular sandstone, as well as those investigated by Hawk-
ins (1998) and explained that such a strength ascending and
then descending behaviour can be associated with the effect
of end surface flaws, which are dominant in the samples
with small diameters and also the fractal characteristics of
rocks. These two physical theories were then supplemented
by USEL proposed by Masoumi et al. (2016). Later, such a
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phenomenon was endorsed by Quifiones et al. (2017) who
also reported such a strength ascending and then descend-
ing trend on Blanco Mera granite under uniaxial compres-
sion as a first study on hard rock samples. In another study,
Masoumi et al. (2017a) demonstrated the applicability of
strength ascending and then descending trend to Gosford
sandstone under triaxial condition, which all were explained
based on the two physical theories highlighted earlier includ-
ing end surface flaws effect and fractality. Zhai et al. (2020)
also demonstrated that the strength ascending and descend-
ing behaviour is applicable to weak rocks, including Gam-
bier limestone and a synthetic gypsum material with UCS
of less than 10 MPa.

The sample size not only affect the elastic and strength
properties of an intact rock, it can also impact the overall
mechanical behaviour of rock under loading such as transi-
tion from brittle to ductile behaviour and formation of shear
band particularly under triaxial condition (Roshan et al.
2017). Therefore, it is relevant to advance towards exten-
sive assessment of size effect models for different rocks, in
particular those which have been limitedly examined such
as hard rocks. To contribute to this endeavour, a dedicated
laboratory program was developed to extend the current
knowledge gap on size effect behaviour of hard rock under
triaxial condition (Arzia and Alejano 2013; Quifiones et al.
2017; Alejano et al. 2021). As a result, about 100 triaxial
compressive tests were performed on Blanco Mera granite
at four different diameters including 30, 38, 54 and 84 mm
using a set of specially tailored Hoek cells. The triaxial
tests were conducted between 0.2 and 15 MPa confining
pressures. The resulting shear band orientations at different
sizes and confinements were measured and compared along
with the transition from brittle to ductile behaviour due to
change in size and confining pressure. The strength ascend-
ing and then descending trends of granite samples were
examined based on USEL and its improved version (IUSEL)
and then, their fitability to Hoek and Brown criterion were
assessed. Finally, it was concluded that the size-dependent
Hoek-Brown failure criterion can accurately capture the
strength behaviours of Blanco Mera granite.

2 Experimental Work
2.1 Rock Sample Selection and Preparation

The Blanco Mera granite used in this study was supplied
from the province of Lugo in Spain. Arztia and Alejano
(2013), Arzta et al. (2014) and Alejano et al. (2017) per-
formed different mechanical studies on Blanco Mera gran-
ite which is a bright white-coloured granite that consists of
35% plagioclase feldspar, 27% alkali feldspar, 20% quartz,
7% muscovite, 5% biotite and other minerals at below 5%

including chlorite and sericite. The grain distribution in
this granite, to some extent is scattered as shown in Fig. la
where the size of quartz crystals ranges from 1 to 6 mm and
feldspar crystals from 1 to 3 mm along with various mica
minerals.

About 100 core samples were prepared at diameters of
30, 38, 54 (NX) and 84 mm (see Fig. 1b and c). The length
to diameter ratio of the samples was about 2 complying
with ASTM (2014) and ISRM (2007) recommendations
which was also suitable to be used in Hoek cell. A number
of Hoek cells at different sizes (see Fig. 1d) were designed

54 mm 38 mm

30 mm

84 mm 54 mm 38 mm

Fig.1 a 15x15 cm? digital photo of the surface of Blanco Mera
granite at the centre along with digital photos with 3 Xzoom from
different areas to highlight its heterogeneity. Samples with different
diameters showing b side and ¢ top views as well as d the designed
and fabricated Hoek cells along with their sleeves for various sizes
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Table 1 The number Qf triaxial Confining Diameter (mm)

te.sts conducted at various pressure -

diameters and confining (MPa) 30 38 54 84

pressures
0.2 4 4 4 4
2.5 2 3 3 3
5.0 4 4 4 4
7.5 3 3 3 3
10.0 4 4 4 4
12.5 2 3 2 3
15.0 4 4 4 4

and fabricated to perform a suite of triaxial experiments on
granite samples with various sizes and confinements (e.g.
0.2,2.5,5,7.5,10, 12.5 and 15 MPa). To account for vari-
ability in data, a number of repetitions was performed at dif-
ferent diameters and confining pressures as listed in Table 1.

2.2 Testing Procedure

To perform the triaxial tests, a 200 tonne servo-controlled
loading frame was used as shown in Fig. 2a. The testing
system consisted of a load frame where the Hoek cell was
fitted into its central part, the extensometers which were
mounted to the Hoek cells, the hydraulic pumps to control
the confining pressure, test controller and a computer for
data acquisition. Strain gauges were used inside the Hoek
cell which were attached to the samples for axial and radial
strains measurement as demonstrated in Fig. 2b. The frame
movement was also measured axially using Linear Variable
Differential Transducer (LVDT). Water was used as a fluid
to supply confining pressure and its volumetric changes were
measured to report sample volumetric strain which is useful
to study the post-failure response.

2.3 Test Results

Extensive laboratory data were extracted from the triaxial
experiments including peak and residual strengths, elastic
limit (derived from gauge measurements) and shear band
angles. A typical representation of the data obtained from
the tests is shown in Fig. 3. This figure demonstrates the
stress—strain curves obtained from the axial and radial strain
gauges, the axial strain recorded by LVDTs and the volu-
metric strain. The peak strength was the maximum stress
recorded during the test and the residual strength was calcu-
lated as the value of stress towards the end of the experiment
where an increase in the strain does not cause any significant
(e.g. less than 1 MPa) change in the stress. The elastic limit
was calculated from the linear section of the stress—strain
curve, using the data collected by the strain gauges where
the linear part lies at about 50% peak strength. The average
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. LVDT holder
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Hose for confinning

Sample
pressure control

Hoek Cell
Gauge Measurements

Lower Steel base

Lower platen

Fig.2 a General view of the testing system used for the triaxial
experiments. b Schematic representation of the interior of a Hoek cell

of the resulting peak and residual strengths, elastic limits and
shear band angles at different confinements and diameters
are presented in Table 2. The resulting stress—strain curves
obtained from the sample with 38 mm diameter at various
confinements along with the triaxial tests under 0.2 MPa
confining pressures on samples with 30, 38, 54 and 84 mm
diameters are presented in Fig. 4.

The shear band angle  was defined as the angle between
the shear band and the horizontal line as shown in Fig. 5.
It is worth remarking the impossibility of measurement of
such an angle for almost all samples tested under 0.2 MPa
confining pressure due to complex failure patterns which
tend to include a number of tensile cracks with no or little
shearing as depicted in Fig. 5. Also, all failed samples with
30 mm diameter are shown in Fig. 6. The resulting failure
patterns under low confining pressures are mainly axial split-
ting with a transition to shear band failure mechanism at
high confinements.

The peak strengths obtained from various diameters and
confining pressures were plotted and compared in Fig. 7a.
It is clear that an increase in the confining pressure led to
a rise in the peak strengths, where an ascending and then
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Fig. 3 Example of stress—strain o, [MPa]
curves obtained from the 356
triaxial test on a sample with
(0 MP
the diameter of 38 mm tested at 300 1 peak [MPa]
12.5 MPa confinement
0 4
200\
150 |+
Oresidual [MPa]
100
50 / /

12 10 -8 -6 -4 -2 0
£5[0.1%]

—Axial strain Gauge [mstr.]

——Axial strain LVDT [mstr.]

descending trend is observable at almost all confining pres-
sures due to change in sample diameter which can be asso-
ciated with end surface flaws effect as well as fractal char-
acteristics of Blanco Mera granite according to Masoumi
et al. (2016).

It is believed that at 5 MPa confinement, rock heteroge-
neity was the main factor that such a trend was not clearly
visible compared to other confining pressures. From these
data, two trends can be deduced. At low confining pressures
(less than 5 MPa), there is a clear size effect behaviour as
that reported by Masoumi (2013) and Quifiones et al. (2017)
where the strength increases from small sizes up to 54 mm
diameter and then decreases at larger diameters. At higher
confinements (between 5 and 10 MPa), such an ascending
and then descending trend is not as clear as those observed
at low confinements highlighting Aubertin et al. (2000) argu-
ment where an increase in confining pressure can lead to
less size effect in rock materials. Such an argument is even
more recognisable for samples tested at 12.5 and 15 MPa
confining pressures. This behaviour was also reported by
Gerogiannopoulos and Brown (1978) as well as Michelis
(1987) who tested marble. The role of pre-existing micro-
cracks in tested granite can be considered as the major factor
for controlling the size effect at different confining pressures.
It is believed that at low confining pressures the pre-existing
micro-cracks control the size effect based on any defined
theories such as weakest link by Weibull (1939), fracture
energy by Bazant (1984) or multifractality by Carpinteri
et al. (1995). However, with an increase in confining pres-
sure, these cracks close and thus less size effect behaviour
is expected. Such a finding is quite important from practical
viewpoint where the data from the laboratory environment is

10 12 14 16 18 20 22 24 26 28 30

£,[0.1%]

——Radial strain Gauge [mstr.]

——Volumetric strain [mstr.]

extrapolated to the field setting such as a deep underground
rock engineering project.

A size effect analysis was also conducted on the residual
strengths obtained from various confinements and diameters.
Figure 7b illustrates the size effect behaviour of the resulting
residual strengths where only at low confinements (less than
5 MPa), the ascending and then descending trends similar to
that observed for the peak strengths are recognisable. The
lack of significant size effect at the residual strengths was
also reported by Archambault et al. (1993), Roshan et al.
(2017), Walton (2018) and Alejano et al. (2021) who argued
that due to disintegration of rock samples after failure, the
defined size effect theories cannot be applicable to residual
state.

3 Analytical Study

In this section, various aspects of results relevant to size
effects on intact rock are analysed. First the peak strengths at
different confinements are analysed in the context of differ-
ent size effect laws to assess their size dependency in regards
to confinement effect. Then, a couple of size-dependent
Hoek—Brown failure criteria inspired by the work conducted
by Masoumi et al. (2017a) are proposed to examine the reli-
ability of such criteria for Blanco Mera granite.

3.1 Size Effects Laws and Their Fitability
Unified size effect law (USEL) (Masoumi et al. 2016) and

its improved version (IUSEL) (Masoumi et al. 2017b) were
used to perform size-dependent analysis on peak strength

@ Springer
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Fig.4 Stress—strain curves (recorded from LVDT measurements)
obtained from samples with 38 mm diameter at various confinements
(top) and the triaxial tests at 0.2 MPa confining pressures on samples
with 30, 38, 54 and 84 mm diameters (bottom)

IBM 84 1 o,

data. The resulting trends were also compared so that the
predictability of each model can be assessed.

3.1.1 Unified Size Effect Law

Masoumi et al. (2016) proposed the unified size effect law
(USEL) to predict the strength ascending and then descend-
ing behaviour of intact rocks, particularly sedimentary rocks.
USEL consists of two parts including the strength descend-
ing behaviour which was explained based on the fracture
energy theory according to Bazant (1984) who proposed
size effect law (SEL) and the strength ascending behaviour
based on fractal fracture size effect law (FFSEL) introduced
by Bazant (1997). A combination of SEL and FFSEL was
defined as USEL so that the strength at each size is estimated
as the minimum value obtained from SEL and FFSEL as
follows:

O_Od(Df—l)/Z Bf,
\/1+d/ idy) \/1+(d/ Ady)
M

where, o, is the intrinsic or characteristic strength associ-
ated with the ascending part, d is the sample size, 1 is a
dimensional parameter, d,, is the maximum sample size that
can be referred to as a characteristic size and D; is the fractal
dimension related to the fracture surface. It is noteworthy
that D;=1 for non-fractal surfaces and Dy#1 for fractal sur-
faces. In SEL, B is the dimensional parameter and f; is the
intrinsic or characteristic strength.

To calibrate the USEL parameters, first the SEL param-
eters including Bf, and Ad,, are estimated through the curve
fitting process. Hence, a similar approach is followed to

Strength = min (FFSEL), (SEL)

IBM 84

Fig.5 a Example of an 84 mm diameter sample tested at 12.5 MPa confinement with a clear shear band angle and b samples of all sizes tested at
0.2 MPa confining pressure exhibiting axial splitting failure patterns highlighted in white
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30 mm o3 5 MPa

30 mm o3 12.5 MPa

30 mm o3 15 MPa

Fig. 6 Failure patterns of samples with 30 mm diameter tested at dif-
ferent confining pressures

obtain the FFSEL parameters being o, and D;. It should be
noted that for those sizes in which Df= 1, Bf, is equal to o,
meaning that the corresponding data will not show fractal
characteristics and thus, the FFSEL becomes the same as
SEL. The intersection diameter of SEL and FFSEL (D,) hap-
pens according to:

2/ (D;-1)
D, = <@> ' @

0

and its corresponding strength can be estimated using the
following equation:
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Fig. 7 a Size effect behaviour of peak strengths obtained from Blanco
Mera granite at various confining pressures. b Size effect behaviour
of residual strengths obtained from Blanco Mera granite at various
confining pressures

Bf,
\/1 + ((Bft/ao)z/ (Df‘l)/zdo) )

Strength =

3.1.2 Improved Unified Size Effect Law

Masoumi et al. (2017b) proposed an improved version of
USEL (IUSEL) based on fractality concept. The main advan-
tage of IUSEL versus USEL is its ability to predict a realistic
strength for a sample with an infinite size. Such an improve-
ment was developed based on two fractal models in the same
vein as that for USEL including ascending and descending
parts. The descending part was developed by Carpinteri et al.
(1999) known as “multifractal scaling law” or MFSL. The
ascending part was developed by Masoumi et al. (2017b) fol-
lowing the same approach as that implemented by Bazant
(1997) for FFSEL leading to “modified multifractal scaling
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law” or MMEFSL. As a result, the combination of MFSL and
MMESL were introduced as IUSEL according to:

Strength = min <fmd(df—1)/ 21+ L—li(MMFSL), fa/l+ é(MFSL))

“
where, f,, is a characteristic strength of the ascending zone, d
is the sample size, dfis the fractal dimension, / is a material
constant with length unit and f, is a characteristic strength
associated with the descending zone. The calibration pro-
cess for IUSEL is consistent with that for USEL where the
parameters of descending part are estimated first, followed
by the ascending part. The diameter at the intersection of
MEFSL and MMFSL can be estimated using below equation:

f. 2/ (d-1)
d=(%2
- (7)

and the strength at the intersection diameter or the maximum
strength of Eq. (4) is estimated as follows:

&)

_
Bl
I

Strength =f, |1+

(6)

3.1.3 Predictability Assessment of USEL and IUSEL
on the Triaxial Data with Negligible Confinement

According to Masoumi et al. (2016) and Zhai et al. (2020)
three scenarios can be considered for calibration of USEL
and TUSEL to the uniaxial compressive strength data or
the triaxial data with negligible confinement such as here
(0.2 MPa). First, the characteristic diameter with maxi-
mum strength is only included in the ascending part, sec-
ond, it is only included in the descending part and lastly
it is included in both ascending and descending parts. All
these three scenarios were modelled for both USEL and
IUSEL and the resulting parameters are listed in Tables 3
and 4, respectively. Only the ones with the best fit (maxi-
mum R?) which are underlined in Tables 3 and 4 are visu-
alised in Fig. 8. It should be noted that for both USEL and
IUSEL, the best fits happened when the maximum strength
was included in both ascending and descending parts.
From Fig. 8, it is clear that predictions by both USEL
and TUSEL match well with the experimental data. The
major improvement in IUSEL is the realistic prediction of
the strength of a sample with an infinite size which is high-
lighted in Fig. 9 where the strength prediction of a gran-
ite with very large size at 0.2 MPa confining pressure by
TUSEL tends to a constant value while USEL tends to zero.

Iab'e 3 Predicted P‘Lram?‘er,sl Confininig  Diameter with maxi- Bf, (MPa) idy(mm) o,(MPa) d,  Diameterat R
or USEL based on the triaxia pressure mum o; value (mm) intersection
data with 0.2 MPa confinement (MPa) (mm)
obtained from Blanco Mera
granite Maximum strength included in SEL
0.2 54 7143 0.02 35.93 3.80 43.65 0.57
Maximum strength included in FFSEL
0.2 54 85.31 8.53E+09 19.34 1.97 21.26 0.08
Maximum strength included in both SEL and FFSEL
0.2 54 7145 0.01575 1542 297 49.12 0.60
Underlined values refer to those calculated with the best fit
Table 4 Predicted p arame.ters Confining Diameter with maxi- f, (MPa) [ (mm) fin (MPa) df Diameter at R?
for IUS,EL based on the triaxial Pressure mum o; value (mm) intersection
data with 0.2 MPa confinement (MPa) (mm)
obtained from Blanco Mera
granite Maximum strength included in MFSL
0.2 54 1.591 317,500 0.008 3.80 43.60 0.57
Maximum strength included in MMFSL
0.2 54 612.1 8.36E+01 - - - -
Maximum strength included in both MFSL and MMFSL

Underlined values refer to those calculated with the best fit
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Fig.8 Strengths prediction by 160 63=0.2 MPa
USEL and IUSEL for Blanco
Mera granite tested under negli- 140
gible confinement
120
100
©
[-%
S 80
4
o
60 |
40
2 L m Data Test 0.2 MPa = USEL 0.2 MPa ----1USEL 0.2 MPa ® Average values
0 . . ) . : A . : .
0 10 20 30 40 50 60 70 80 90 100
Diameter (mm)
140
120 |
100 |
— 80
(©
-9
=
= ——USEL0.2 MPa
Seo f IUSEL 0.2 MPa
40
20
0 N A 2 ) ) 2 : : :
(] 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Diameter (mm)

Fig.9 Prediction assessment by USEL (specifically SEL) and IUSEL (specifically MFSL) for large sizes of granite at negligible confinement

3.2 Size-Dependent Hoek-Brown Failure Criterion

Hoek and Brown failure criterion. In the modified criterion,

the uniaxial compressive strength (o) was replaced by

Masoumi et al. (2017a) modified the original and widely USEL resulting in:
used Hoek and Brown (1997) failure criterion for intact rocks

by incorporating USEL into it leading to the size-dependent
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where, o, is the axial stress, o3 is the confining pressure and
m is the Hoek and Brown constant that controls the curva-
ture of the criterion. The rest of the parameters were defined
earlier when USEL was presented. The improved version of
USEL was proposed by Masoumi et al. (2017b) and here the
IUSEL is incorporated into Hoek and Brown failure crite-
rion in the same vein as that considered by Masoumi et al.
(2017a) leading to:

0 = 03 + min <fmd(d’_])/2 VR édﬂ-\/ 1+ d£>

03
X|m +1

min <fmd("f“)/2 L+ /14 g)
(®)

where, all the parameters were already defined. For mod-
els calibration, a wide range of data sets at different con-
finements and diameters are required so that the USEL
and IUSEL parameters can be calibrated based on the data
obtained under uniaxial compression (or in our case under
triaxial condition with negligible confining pressure). Hence,
m is calibrated for each sample size tested at various confin-
ing pressures and then the average of m values obtained from

0.5

Table5 The resulting Hoek—Brown parameters for size-dependent
failure criteria based on USEL and IUSEL

Diameter (mm) Parameter H-B based on H-B based
USEL on IUSEL
30 m 35.50 35.58
o,; (MPa) 100.70 100.58
R? 0.89 0.89
38 m 37.13 37.13
o,; (MPa) 112.94 112.80
R? 0.93 0.93
54 m 29.55 29.65
o,; (MPa) 122.10 121.91
R? 0.80 0.80
84 m 35.91 35.97
o,; (MPa) 97.83 97.75
R? 0.90 0.90

different diameters is used to visualise the three-dimensional
graph of axial stress-confining pressure-sample size.

As a result, the USEL and IUSEL parameters (see
Tables 3 and 4) that were calibrated earlier for the samples
with different diameters tested under 0.2 MPa confinement
were used to estimate the remaining parameters of size-
dependent Hoek and Brown models as listed in Table 5. It
is noteworthy that o,; in Table 5 for USEL and IUSEL is the
strength prediction for each diameter based on USEL and
IUSEL and the resulting m; for each diameter obtained from
the curve fitting.

The size-dependent Hoek—Brown failure criteria based
on USEL and IUSEL are presented in Fig. 10.

The resulting values for the parameters of size-dependent
Hoek—Brown failure criteria based on USEL and ISUEL
found to be very close and thus, the deriving fits from these
parameters depicted on Fig. 10 are overlapped. It is notewor-
thy that the predictions by both models match well with the
experimental data. It is also worth mentioning that based on
the modelling analysis, it was concluded that m parameter
to high extent seem to be size independent as the resulting m
values from different diameters are close to each other. Such
a size independent characteristic can be further explored for
different rocks based on more laboratory triaxial experi-
ments on rocks with various sizes.

4 Brittle-Ductile Transition and Frictional
Behaviours

In this section, the potential size dependency of the brittle-
ductile transition and the frictional behaviour of Blanco
Mera granite due to increase in confining pressure are
investigated.

4.1 Size Effects on Brittle-Ductile Transition

It has been proven that rocks show a transition from brittle to
ductile behaviour due to an increase in the confining stress
(Mogi 1966; Brady and Brown 2006). Some studies have
linked this behaviour to the closure of non-critical micro-
fractures as the confining pressure is increased (Wawersik
and Fairhurst 1970; Elliot and Brown 1985). Others have
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Fig. 10 Size-dependent Hoek—Brown predictions for Blanco Mera granite samples based on USEL and IUSEL for different sample sizes

identified the type of micro-failure mechanism at stake being
responsible for such a transition (Griffith 1921; Martin and
Chandler 1994; Diederichs 2007) where tensile failure asso-
ciated with micro-cracks propagation and coalescence tends
to produce a more brittle response while the shear failure
at typically large sizes and high confinements induce more
ductile behaviour. Certainly, both reasons can contribute to
the transition from brittle to ductile behaviour.

While the effects of confining pressure on brittle to duc-
tile transition have been widely studied for different rock
types (Edmond and Paterson 1972; Barton 1976; Shah 1997;
Walton et al. 2017; Bruning et al. 2019), very limited studies
(e.g. Roshan et al. 2017) have analysed the size dependency
of such a transition. According to Roshan et al. (2017), the
transition from brittle to ductile behaviour can be defined as
a non-dimensional transition index (TI) which is the differ-
ence between the mean peak and residual strengths at dif-
ferent confining pressures and is normalized with the mean
peak strength as follows:
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T < Mean peak strength — Mean residual strength

Mean peak strength ©)

TI can vary from one to zero where for the rocks with
high brittleness it tends to one and for those with high
ductile behaviour, it tends to zero or negative values. To
calculate the TIs for each size and confining pressure, data
presented in Table 2 were used. Figure 11 illustrates the TI
indices estimated for each sample size and confining pres-
sure confirming that Blanco Mera granite is a very brittle
rock. TI reached to one at low confining pressures while it
exhibited tendency towards more ductile behaviour as the
confining pressure increases.

The size dependency of such a transition is to some
extent inconclusive particularly at high confining pressures
where the resulting trends mostly overlapped. This can
be potentially explained through size independency of the
residual strength, which was introduced earlier, and will be
discussed in its appropriate context further below.

~ ~
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Fig. 12 a Variation of the shear band angle with confining pressure
for each sample size; b and variation of the shear band angle with
sample size for each confining pressure

4.2 Size Effects on Shear Band Angle

Byerlee (1967) suggested that natural faults formed under
progressive initial shear failure as many found in nature,
showing a behaviour similar to that observed under triaxial
experiment of intact rocks. Faults and shear bands typically
initiate before reaching the peak strength (Ord et al. 2007),
particularly the coalescence process, then they tend to grow
to form the macro shear plane during the stress softening
part of the stress—strain curve. During the stress softening,
rock disintegrates until reaching the full shear failure at the
residual state or so-called residual strength (Roshan et al.
2017) following a large shear displacement along the formed
shear band.

Figure 12a shows the mean shear band angles versus
confining pressure at different sizes of Blanco Mera gran-
ite extracted from Table 2. As previously noticed, it was
not possible to measure the resulting shear bands angle at
0.2 MPa due to axial splitting nature of the failure mode at
no or very small confinements. At larger confinements, it is
evident that an increase in the confining pressure can lead to
decrease in the shear band angle for all sample sizes. Mau-
rer (1965) suggested that this reduction in the shear band
angle is mainly associated with the increase in the ductil-
ity which was earlier investigated for Blanco Mera granite
through TI. Also, Fig. 12b illustrates the variation of shear
band angle versus sample sizes at different confining pres-
sures highlighting the size dependency of shear band for
Blanco Mera granite. At the 84 mm diameter, the highest
values of shear band angles at various confining pressures
are observable followed by 54 mm diameter samples and
then 38 and 30 mm diameters. The resulting trends of shear
band align with those reported by Zhang and Li (2019) for
a Norwegian granite and Alejano et al. (2010) for slightly
weathered Spanish granites.

4.3 Size Effect on Friction Coefficient

The friction coefficient (FC) is defined as the relationship
between the shear (z) and normal (o,) stresses acting on
the shear plane. The friction coefficient can be therefore
expressed as:

FC = L (10)

On

At high pressures, it is found that the shear and normal
stresses during the failure could be approximated by a linear
law according to:

T =Ac,+B (11)

where A and B are constants and thus, FC could be defined
as the slope of linear law presented in Eq. 11 or A.
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Fig. 13 a Fitting of shear stress—normal stress Mohr—Coulomb lines
for peak strengths to estimate the peak friction coefficients of every
sample size group. b Fits of shear stress—normal stress Mohr—Cou-
lomb lines for residual strengths to estimate the residual friction coef-
ficients of every sample size group

Size effects on friction coefficient have been studied by
several researchers including Bandis (1980), Bandis et al.
(1981), Schellart (2000), Carpinteri and Paggi (2005), Car-
penter et al. (2011, 2015) and Roshan et al. (2017). These
works focussed on assessing the size-dependent behaviour
of fractures formation and evolution mainly in structural
geology. On the other hand, experimental studies have sug-
gested that the behaviour of natural fractures to some extent
is different to that of an intact rock where a fracture starts
to occur, i.e. the formation of a shear band (Byerlee 1967).
Therefore, the early stages of fault formation tend to be bet-
ter represented by the formation of shear band in intact rock
under triaxial loading where the normal (c,) and shear (7)
stresses on the shear plane can be expressed as a function
of principal stresses (o, 63) and the shear band orientation
() according to:

o - (0'1+0'3)_ (o) —03)
"2 2

cos(2) (12)

e =979 o

5 13)

Estimation of normal and shear stresses for peak and
residual strengths are important due to the shear band for-
mation that is initiated before reaching the peak strength and
then grows beyond the peak stress all the way to the resid-
ual strength (Besuelle et al. 2000). As a result, the friction
coefficients (FC) can be estimated at both peak and residual
strengths which are shown in Fig. 13a and b. It is noteworthy
that the average calculated shear and normal stresses for all
mean peak and residual strengths were used to develop the
trends of FCs at different sizes and confinements.

Figure 14 demonstrates the values of the friction coef-
ficient for peak and residual strengths in relation to sample
size and based on the line slopes obtained from Fig. 13a and
b. It is clear that the peak and residual friction coefficients
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tend to follow the similar trends as those observed for
strengths with an ascending and then descending zones.
They are therefore similar to those previously referred to
by USEL and IUSEL trends, meaning the value of the peak
and residual friction coefficients increase for small diameters
until reaching a maximum value at around 40-50 mm and
then decrease at larger diameters.

5 Conclusions

Extensive triaxial tests were conducted on Blanco Mera
granite with samples ranging between 30 and 84 mm and
the confinements changing from 0.2 to 15 MPa. The tri-
axial results at negligible confining pressure (0.2 MPa) were
analysed based on unified size effect law (USEL) and its
improved version (IUSEL). Also, the size-dependent Hoek
and Brown failure criteria based on USEL and IUSEL were
used to analyse the triaxial data at different sizes. Lastly,
the size dependency of the brittle-ductile transition and
the frictional behaviour of shear bands were investigated
extensively.

The analysis of peak strengths at different confining pres-
sures revealed ascending and then descending size effect
behaviour. Such a behaviour is found to be more pronounced
at low confining pressures compared to high confinements.
It is believed that the closure of micro-cracks at high con-
fining pressures is responsible for less size effect as argued
by Aubertin et al. (2000). Similar trends were observed for
residual strengths whereby an increase in confining pres-
sure less size effect was recognisable. The USEL and IUSEL
models were calibrated to predict the peak strengths result-
ing in a good agreement between the models and the experi-
mental data. The major advantage of [USEL over USEL is a
realist strength prediction for a sample with an infinite size
which was demonstrated for Blanco Mera granite. The size-
dependent Hoek and Brown failure criteria were calibrated
and their suitable fitability to the triaxial experimental data
was highlighted. Also, based on the modelling analysis, it
was suggested m in Hoek and Brown failure criterion is size
independent, however, additional laboratory experiments
particularly on other rock types are recommended to further
endorse this suggestion.

The size dependency of brittle-ductile transition in
Blanco Mera granite was investigated through a transition
index (TI). Such a dimensionless index can quantify the brit-
tle-ductile transition based on peak and residual strengths
values. The tested granite, as expected, showed a remarkable
brittle behaviour at low confinements and more importantly
at large samples. Also, the size dependency of the shear
band angle was examined and the resulting trends followed
similar size effect trends as those observed for peak strengths

at different confining pressures. Finally, the friction coef-
ficients of the resulting shear bands were quantified leading
to substantial size-dependent behaviour.
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