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ABSTRACT

Mode I fracture toughness (Kjc) is an intrinsic material property that quantifies its resistance to tensile fracture propagation. The International Society for Rock
Mechanics has endorsed four methods to determine the Kj¢ of rock, namely, the short rod, chevron bend, cracked chevron notched Brazilian disc, and semi-circular
bend (SCB) methods. In this study, we compare the results of the SCB technique with those of the recently proposed pseudo-compact tension (pCT) test, which has
proven to be convenient for the assessment of Kj¢ in both fragile and ductile rocks. We select the SCB as a benchmark method due to its popularity, simplicity, and
straightforward testing configuration. We discuss the results of 146 tests performed with different lithologies (Arcera, Pinacas and Corvio sandstones, and Blanco
Mera granite), different sample sizes (100, 50 and 38 mm diameter), and a range of notch lengths. We also assess test repeatability and intercomparability of the
results obtained using the two techniques. Compared with the SCB test, the pCT test allows for improved control of the specimen behaviour after the peak load, which
provides a greater wealth of fracture mechanics information. pCT specimens yield results with higher repeatability than SCB samples. Although we observe that K¢
tends to decrease with an increase in the notch length ratio, this effect appears to be non-significant based on statistical assessments. Accordingly, the corresponding
mean Kjc values are comparable for medium- and large specimens. The influence of specimen size is more pronounced in the SCB tests, while the pCT tests show less
dependence for harder lithologies. Therefore, to set up minimum specimen requirements for fracture toughness testing, in addition to geometrical constraints, some
key lithology-dependent properties (strength, mineralogy, grain size, etc.) should also be considered. Further methodological considerations related to test execution

are also discussed.

1. Introduction

Fracture toughness (K¢) represents the ability of a material to resist
crack initiation and propagation. Although fracture toughness is a
strength-related property, the fundamental approaches of fracture me-
chanics testing require specially conditioned samples in which cracks
are geometrically constrained to develop in a prescribed direction (i.e.,
with a starter notch).' Several testing methods with well-defined sample
geometries are currently used in rock mechanics to determine mode I
fracture toughness (Kj¢c). The International Society for Rock Mechanics
(ISRM) endorses four testing methods: the short rod (SR), chevron bend
(CB), cracked chevron notched Brazilian disc (CCNBD) and semi-circular
bend (SCB) methods. * Due to the simple sample preparation and
straightforward methodology, SCB is perhaps the most popular testing
method in rock fracture mechanics. However, recently, Munoz-Ibanez
et al.” introduced the pseudo-compact tension (pCT) test as a potential
alternative to overcome some of the drawbacks (e.g., large sample size
and cumbersome preparation) associated with some of the
above-mentioned suggested methods. In their work, the authors indicate
some advantages of the pCT method, including a) a reduced rock
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requirement (B = 0.5D, where B = specimen thickness and D = specimen
diameter), in comparison with the CB (L = 4D; L = specimen length) and
SR (L = 1.45D) tests. Although the sample volume needed for the pCT
test would be similar to that for the CCNBD test (B = 0.4D), the volume
would be double if we compare it with the SCB (semicircular with B >
0.4D) specimen. Other advantages are the b) simpler sample preparation
(straight groove and thin starter notch), in comparison with that of the
CB, SR, and CCNBD tests (chevron notch); ¢) enhanced control of crack
propagation, in comparison with CCNBD and SCB tests, in which the
post-peak behaviour cannot be recorded; and d) application of pure
tensile loading, in comparison with the loadings of the CB (three-point
bending), CCNBD (compressive loading) and SCB (three-point bending)
tests. In addition, the increased ligament area is also advantageous in the
case of coarse-grained rocks and small specimens.

Based on fracture mechanics theory, fracture toughness is an
intrinsic material property. Accordingly, its experimental determination
should render consistent results irrespective of the geometry of the
specimen and the configuration of loading. However, when applied to
rocks, the experimentally determined Kj¢ values reported by many au-
thors contradict such generally assumed behaviour. Indeed, significant
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Fig. 1. White light images of the texture and fabric of the four rocks types used in this study: A) Corvio sandstone; B) Arcera sandstone; C) Pinacas sandstone; and D)

Blanco Mera granite.

discrepancies in the Kj¢ values can be identified from publications using
the same rock type but different testing methods.® ! Acknowledging
that further experimental efforts are still needed to fill some critical gaps
to better understand the variability in the results of fracture toughness
testing methods with rocks, in this work, we present the results of 146
K¢ determinations performed with four different rock types and the pCT
and SCB testing approaches. The objective of this study is to determine
the consistency of the Kjc values obtained using these two methods
while taking into account several relevant properties (sample diameter,
notch length, and lithology). For each test, we use the corresponding
load-displacement curves to characterize the energy content of the
fracturing process. In selected tests, we also monitor the acoustic
emission (AE) activity. Based on the experimental results, we explore the
relationship between the energy release associated with the fracture
process and that captured by AE. Finally, we also present some meth-
odological observations related to the SCB testing method.

2. Materials and methods
2.1. Materials

To provide a common ground for the comparison of Kjc values
derived from the SCB and pCT testing methods, we employed four
different rock types (Fig. 1): the Corvio (C), Arcera (AR), and Pinacas
(PN) sandstones, and Blanco Mera granite (GR) (Sst = sandstone; Grt =
granite).

The Corvio sandstone is a coarse-grained quartzarenite from the top
section of the Frontada Formation within the stratigraphic Campoo
Group (Upper Berriasian, Lower Cretaceous).'? The Arcera sandstone is
a medium-to coarse-grained material included within the Cabuérniga
Group (Berriasian-Valanginian, Lower Cretaceous).'® These two rock
types developed within the Basque-Cantabrian Basin in northern Spain,
and in both cases, the mineralogy is dominated by quartz (~92%) with
less kaolinite (~5%). The grains of these sandstones are cemented by
microcrystalline silica and subordinated carbonates.'*'®

The Pinacas sandstone (also known as Quintanar sandstone) is also a
medium-to coarse-grained rock belonging to the stratigraphic Urbion
Group (Thitonian-Berriasian, Lower Cretaceous) of the Cameros Basin
(Iberian Range, northern Spain). Its mineralogy is dominated by quartz
(85-94%) and subordinate amounts of lithic metamorphic fragments
(1-3%) and K-feldspar (1-2%).° 1t also incorporates a variable amount
(5-8%) of illite.

Corvio, Arcera and Pinacas sandstones are very similar in age (Lower
Cretaceous), mineralogy (quartzarenite), texture (well-sorted, ~1 mm
diameter subangular to subrounded grains, grain-supported) and pale-
oenvironment (fluviodetrital), and in fact, they belong to the same
sedimentary sequence spread over an area of several hundred kilo-
metres. However, the Pinacas sandstone includes more metamorphic
lithic fragments and has been affected by low-grade metamorphism
(maximum pressure of ~100 MPa; maximum temperature of ~325 °C),
which has led to the conversion of kaolinite into authigenic illite and a
more conspicuous presence of silica cement.'”

The Blanco Mera granite is a 298 + 5 Ma leucogranodiorite'®
outcropping in the Hombreiro-Santa Eulalia Massif (West Asturian
Leonese Zone of the Iberian Massif, NW Spain).'® Its modal mineralogy
is dominated by sericitic plagioclase, K-feldspar and quartz (~35, 27 and
20%, respectively), with significant contents of muscovite (~7%) and
biotite (~5%), the last commonly chloritized (~4%). The Blanco Mera
granite mineral grain size and shape vary: 1-6 mm allotriomorphic
quartz; <6 and up to ~30 mm subidiomorphic plagioclase and K-feld-
spar; and 1.5 to 2.5 idiomorphic biotite and muscovite.

All the tested rocks are macroscopically homogeneous, but they
differ in strength and mechanical performance. Corvio and Arcera
sandstones have a relatively low strength, low grain size (~1 mm), high
porosity and low elastic moduli. However, the Pinacas sandstone, while
having a similar grain size, is significantly tougher and has a lower
porosity and higher elastic modulus. In contrast, the Blanco Mera granite
is coarser-grained and has a lower porosity. Its strength is moderate
compared with other igneous rocks reported in the literature. The
properties of these rocks (mineralogy, porosity, uniaxial compressive
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Table 1

Selected properties of the rocks used in the study. 6. = Compressive strength; o,
= Tensile strength; E = Young’s modulus; v = Poisson’s ratio; n, = Effective
porosity. Data for the Corvio Sst (C) is reported in Falcon-Suarez et al. (2017),
while data for Arcera Sst (AR), Pinacas Sst (PN), and Blanco Mera Grt (GR) can
be found in Mufioz-Ibafiez et al.”

Rock o. (MPa) o (MPa) E (GPa) v n, (%)

C 35.4-44.4 1.9-3.1 9.7-19.7 0.3-0.4 18.4-23.5
AR 40.2 4.1-4.9 12.2 0.4 17.3-18.2
PN 129.5 11.2-11.9 35.0 0.2 5.5-6.5
GR 60.4-83.5 9.6-9.7 33.0 0.3 1.2-1.3

strength, indirect tensile strength, ultrasonic velocities, etc.) have been
reported in previous studies,”*'>'° and only a short summary is given
in Table 1.

2.2. Sample preparation

Fig. 2 shows a schematic diagram of the specimens employed in the
SCB and pCT tests as well as some relevant reference properties. While
the geometry of the SCB specimen is that of a short semicylinder with a
single thin notch located at the middle of its flat face, the pCT sample is a
short full cylinder with a U-shaped groove and a thin notch along its
generatrix. The tested samples of the studied rocks were cored from
macroscopically homogeneous rock blocks using diamond drill bits to
produce plugs 38, 50, and 100 mm in diameter. The plugs were then
sliced into discs with a diameter-to-thickness (D/B) ratio of 2. For the
SCB specimens, the discs were diametrically halved using a modified tile
saw. In this operation, it is essential to guarantee that the cutting plane
does not depart by more than 0.2 mm from a diametric plane and re-
mains perpendicular (within less than 0.5°) to the lateral surface of the
disc. The last recommendation is key to ensure that the sample can be
correctly aligned in the loading fixture afterwards and that the experi-
ments are performed under true mode I conditions. This aspect will be
further discussed below. The thin straight notch in the centre of the flat
face was cut with a 1 mm-thick diamond disc whose vertical position
(which determines the depth of the notch) can be set with the aid of a
vertical spindle. Again, it is crucial to ensure the perpendicularity of the
notch with respect to the flat surfaces of the specimen to avoid de-
viations that could degenerate into a mixed tensile/shear fracturing
mode. Good alignment of the sample with respect to the saw is ensured
with the aid of reference marks (laser level, set square) and the use of a
vice fixed to a horizontal movable stand connected to a horizontal
spindle.

To systematize the fabrication process, we used 3D-printed fixtures
(Fig. 3). In the case of the pCT specimens, we used the same notching
approach, but we carved the U-shaped groove using a thicker diamond
disc (2 mm) and made several parallel saw passes while horizontally
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moving the sample after each pass (Fig. 3). Then, we cut the thin notch
using the same 1 mm-thick disc described for the SCB specimens. The
groove and the notch can be made sequentially without removing the
sample from the vice. This minimizes eventual deviations and ensures
that there is no vertical deviation between them. The samples fabricated
according to the previous description were oven-dried at 60 °C for a
minimum of 24 h. The reference dimensions of the SCB and pCT speci-
mens are reported in Table 2.

To assess the crack mouth opening displacement (CMOD), we used
different displacement sensors (Fig. 4). For the SCB tests, a pair of
horizontally-laid linear variable differential transducers (LVDTs) and for
the pCT tests, a crack opening displacement (COD) gauge clipped to a
pair of glued steel knife-edge plates. In the case of the SCB test, LVDTs
were selected to circumvent the problems inherent to the use of clip-on
gauges with small sample sizes. We installed the LVDTs coplanar to the
flat face of the sample. However, due to the curved nature of the top
surface and the magnification of contact errors associated with the
rotation of this surface as the test progresses, we glued 3D printed T-
plates to the corresponding edges. Additionally, 6 mm-diameter, 3 mm-
thick magnets were glued on the surface of the specimens to hold
acoustic emission (AE) sensors.

Although the suggestions of the ISRM consider the use of a minimum
sample diameter of 76 mm for SCB testing,” to assess the effect of size on
Kic, in this study, we also consider larger (100 mm) and smaller sizes (50
and 38 mm). The same scheme was adopted in the pCT testing. In
addition, we analysed the effect of notch length by testing specimens
with a/R (where a = notch length and R = radius of the specimen) and
a/b (b = distance from the base of the groove to the bottom of the
specimen) ratios of 0.4-0.6 and 0.1-0.4 for the SCB and pCT specimens,
respectively. However, following different lines of evidence reported by
several authors,’’ > we have not taken into account the effect of vari-
able specimen thickness over Kjc, and we have prescribed a constant D/B
ratio of 2 for all the experiments.

2.3. Experimental setup

The SCB test was selected due to its simplicity in terms of specimen
geometry, sample preparation, loading configuration, and testing pro-
cedure.”® We tested these specimens under three-point bending on a stiff
servo-electric frame equipped with a 4,5 kN load cell (Fig. 4A, C). In this
configuration, we use an upper steel roller to transfer a linear load to the
top of the sample, while two additional lower rollers, separated by a
fixed distance (s), support the sample. When testing weak materials,
Kuruppu et al.” suggest a value for the span-to-diameter ratio (s/D) close
to 0.5, while this value increases to 0.8 for stronger materials. Taking
into account the varied nature of the tested rocks, we selected a value of
s/D of ~0.55 when testing the weaker Arcera and Corvio sandstones,
and ~0.65 for the stronger Pinacas sandstone and Blanco Mera granite.

Fig. 2. Schematic illustration of specimen geometries and loading configurations for the SCB (1) and pCT (2) specimens. P = applied load; D = diameter; B =
thickness; a = notch length; s = span length; G4 = groove depth; G,, = groove width; b = distance from the base of the groove to bottom of the specimen.
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Fig. 3. Preparation of samples for SCB and pCT testing. A) Plug slicing; B) U-shaped groove carving; C and D) Halving SCB specimens; E) Laser alignment for straight

thin-notch cutting; F) SCB sample finished after a single pass of the diamond saw.

Table 2

Geometrical dimensions of the SCB and pCT specimens. D = Diameter; B = Thickness; s/D = span length ratio; a/R = notch length ratio; G4 = U-shaped groove depth;

G,, = U-shaped groove width; a/b = notch length ratio.

SBC specimens

PpCT specimens

D (mm) B (mm) s/D a/R

100 50 0.55-0.65 0.4-0.6
50 25 0.55-0.65 0.4-0.6
38 19 0.55-0.65 0.4-0.6

Gy (mm) G, (mm) a/b

10 10 0.1-0.4
5 10 0.1-0.4
5 10 0.1-0.4

In the SCB tests, the load point displacement (LPD) corresponds to
the vertical displacement of the loading roller, and we assess CMOD
using the two LVDTs placed perpendicular to the notch plane and facing
each other along the diametric plane of the specimen. The 3D-printed T-
plates glued to both sides of the specimen provide flat contact surfaces,
and taking into account the magnitude of LPD, it is possible to correct
the horizontal displacement for the effect of rotation of the T-plates and
obtain an accurate estimate of CMOD. For this testing method, we record
the load-CMOD (P-CMOD) and load-displacement (P-LPD) curves for all
the specimens.

pCT specimens are loaded in pure tension using the specially
designed testing device described in detail by Mufioz-Ibafiez et al.,”
which is equipped with a 50 kN load cell. The specimen is placed on a
platform and attached to two steel jaws that penetrate into the U-shaped
groove cut in the top of the sample (Fig. 4B, D). With this setup, while
one of the jaws remains static, the other jaw is pulled away at a constant
displacement rate. Two LVDTs placed symmetrically on both sides of the
specimen record the LPD, that is, the displacement of the mobile steel

jaw. Furthermore, the CMOD can be determined with the aid of a clip-on
gauge mounted on the knife-edge plates glued to the specimen. Because
both determinations represent displacements along the same direction,
they should render similar results. To check this, a subset of thirteen pCT
samples included both measurement devices. For both pCT and SCB, the
experiments were conducted at room temperature and with displace-
ment control at a rate of 0.1 mm/min.

The data reported in the present study have been determined ac-
cording to Level I testing described in the ISRM suggested methods,’ that
is, including only the value of peak load (Ppax) in the computations.
Kuruppu and Chong?* consider that this is acceptable in many situa-
tions. However, due to the inherent complexity of certain materials such
as rocks and other brittle engineering materials (e.g., concrete), we
believe that it is advisable to take into consideration the properties
considered in Level II testing, especially when more sophisticated
non-linear fracture mechanics models are to be applied. Accordingly, we
tried to obtain data concerning the post-peak behaviour of the studied
rocks by continuing the experiments beyond Ppgx.
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Fig. 4. SCB (left) and pCT (right) loading fixtures. The pictures illustrate two samples of 50 mm-diameter corresponding to the Arcera sandstone before (A, B) and
after (C, D) the corresponding tests. The SCB samples (A, C) show the disposition of two horizontal displacement transducers (LVDT-type) and the pCT (B, D) a crack
opening displacement (COD) gauge. The SCB and pCT samples illustrated are also equipped with six and four acoustic emission sensors, respectively.

Acoustic emission (AE) is a non-destructive testing technique that
can provide interesting insights into the processes of crack initiation,
propagation and coalescence. In this respect, we emplaced up to eight
miniature Vallen VS700-D AE sensors (6.3 mm-diameter; 10 mm-length)
in selected specimens at different distances from the starter notch. Data
acquisition was performed with a multichannel AMSY-6 AE system
(Vallen Systeme GmbH) equipped with 8 ASIP-2 boards (2 channels per
board) with the capability of managing up to sixteen independent sig-
nals. We recorded continuous waveforms at a sampling rate of 10 MHz
and, to eliminate unwanted frequency components related to environ-
mental or system noise, used a band-pass filter (95-850 kHz) and a
signal threshold level of 40 dB. We attached the AE sensors to the
samples via 6 mm-diameter, 3 mm-thick magnets that were glued with a
thin layer of cyanoacrylate glue (Fig. 4). A thin layer of multi-silicone
grease (1110, OKS) was used as the coupling agent at the magnet-
sensor interface, providing good acoustic transmission between sur-
faces.”> The number of AE sensors employed was four for the pCT
samples (two on each side of the specimen) and six or eight in the case of
the 50- and 100-mm diameter SCB samples. Since it was expected that
the cracks would propagate from the notch tip, some of the AE sensors
were placed close to the ligament plane.

The raw AE signals were enhanced with Vallen AEP5 preamplifiers
with a 34 dB gain. With this AE setup, we recorded a wide number of AE
parameters (e.g., counts, amplitude, duration, energy, and frequencies)
in real time. However, in this study, we focused on the assessment of AE
energy, which is defined as the integral of the squared voltage signal
divided by the 10 kQ reference resistance over the duration of the AE
waveform. We recorded the mechanical and AE data separately, so it
was necessary to synchronize the records from the two computers
involved in data acquisition using a common time stamp.

2.4. Calculations

According to Kuruppu et al.,* the computation of mode I fracture

Table 3
Specimen size-dependent coefficients (C;) for the computation of the dimen-
sionless stress intensity factor expression corresponding to the pCT specimen
(Y’pen.

D (mm) Co G C, Cs Cs
38 10.278 —24.069 82.329 ~136.67 127.89
50 12.651 —47.054 158.72 —247.17 185.22
100 15.341 —74.551 260.03 —404.52 273.19

toughness (Kjc) with the SCB test can be performed based on the
following equation:

; Phax\/7a

KISCCBZYSCB 2RB 1)
where P,y is the peak load (in N), a is the notch length (in m), and R and
B are the specimen radius and thickness (in mm), respectively. Y’scp is
the non-dimensional stress intensity factor associated with the SCB
method, which is given by

’

Yien= —1:297+9.516(3 ) — [0.47+ 16457 (37 ) |
+ [1.071 434401 (i)] P o

in which s is the span length (in mm), and $ = a/R is the notch length
ratio.

In the case of the pCT method, and following Mufioz-Ibéfiez et al.,”
K¢ is derived as follows:

Ki&" =Y, cr Onaxv/7a ®

where oy is the applied stress at the critical load (6max = Pmax/bB; in
Pa). For the computation of the non-dimensional stress intensity factor
Y’pcr, these authors provide the following equation, whose coefficients
C; (i =0 to 4) are given in Table 3.
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The total energy (E) was computed by taking the integral over the
complete load-displacement (P-LPD) curve as follows:

(€3]

E= / P d(LPD) 5)
0

To obtain deeper insight into the fracturing process, E,; was split into
two contributions: Epr and Epost (Exot = Epre + Epost)- Epre Tepresents the
pre-peak energy and corresponds to the work done on the specimen to
induce the initiation of the crack. Ey is calculated from the integral over
the P-LPD curve up to the turning point (Pmax-dpeak, Where dpeqx =
displacement at the peak load). Ep,, corresponds to the post-peak energy
and represents the work done on the specimen to propagate the crack up

to the minimum load threshold value associated with the tail of the P-
LPD curve.

3. Results

In the present study, we report the results of 65 and 81 SCB and pCT
tests, respectively. Fig. 4 shows representative SCB and pCT specimens
before and after the corresponding testing. We observe that the propa-
gation of the fracture generally occurs along the ligament plane,
although sometimes it deviates. Following the criterion presented in
Kuruppu et al.,* some SCB experiments were given a lower confidence
when the fracture deviation from the ligament plane exceeded a
threshold value of >0.05D (~9.5°-14.0°). In this line, Munoz-Ibanez
et al.” used a threshold deviation angle of 10° for the pCT tests. The
results show that crack deviations larger than this threshold affect
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Fig. 6. Load (P) versus load point displacement (LPD) and crack mouth opening displacement (CMOD) curves obtained from 50 mm-diameter samples of different
rock types tested according with the SCB (A, B, C, D) and pCT (E, F, G, H) methods. The noth length ratio for all the illustrated experiments is ~0.3-0.4.

~14% of the SCB experiments, and a similar percentage occurs in the
PCT case. Although the applicability of this criterion to Level I testing
(the peak load is the only experimental property considered) is arguable,
it provides a basic screening tool to check the acceptability of tests. In
fact, as discussed below, the K¢ values considered invalid for deviation
of the crack plane in pCT tests even fall in the 95% confidence intervals
computed. In the case of the pCT method, an additional ~10% of tests
were discarded because of local failures decoupled from the starter
notch.

Fig. 5 illustrates some examples of the P-LPD curves for 50 mm-
diameter SCB (A to D) and pCT (E to H) specimens as a function of notch

length ratio (a/R and a/b, respectively) and rock type. In all the SCB tests
performed, the loading curves show a nearly linear increase until the
specimen abruptly fails at the peak load (Ppax). In the SCB tests per-
formed with the sandstones, some of the curves exhibit small loading
plateaus that are compatible with local failures that likely occurred at
the contact points of the steel rods. With the exception of some speci-
mens of the weak Corvio Sst, it is apparent that the SCB test does not
allow good control beyond Pp,x, and the fracture, once initiated, prop-
agates unstably up to the boundaries of the specimen. This behaviour is
different with what happens with the pCT specimens, where the P-LPD
curves show evidence of good test control in a scenario of slow fracture
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Fig. 7. Box&whisker plots with the aggregated results of the mode I fracture toughness (Kj¢) tests of rock specimens of different diameter performed with the SCB
and pCT methods. The number accompanying each group represents the number of samples and single dots correspond to outliers.

propagation after Ppax.” Furthermore, regarding the evolution of Py
for different conditions of notch length, there is a systematic trend in the
PCT results (i.e., Ppax decreases when the notch becomes longer), but
this is not clearly observed in the SCB tests.

Fig. 6 compares some of the P-LPD and P-CMOD curves obtained for
the 50 mm-diameter specimens using the two testing methods. It is
worth noting that the magnitude of CMOD in the SCB tests cannot be
compared with that of the LPD because these displacements occur in
perpendicular directions. However, the measurement of CMOD, as
performed in this work, revealed the sliding of the sample along its
contact points with the rollers when loaded. In fact, the geometric
configuration of the test requires a perfect vertical alignment between
the edge of the notch and the loading line. Therefore, unless the load is
applied along the vertical radii of the specimen, lateral displacement
(and concomitant horizontal sliding) will occur due to the circular na-
ture of the sample. This aspect entails two significant outcomes. First, an
inadequate sample preparation (coring, cutting, and notching) and/or
careless alignment in the testing jig may induce a mixed mode I/II
(tensile/shear) fracture behaviour instead of the expected mode I (ten-
sile) behaviour. Second, in any case, sample misalignment problems
may enhance the scattering of results. In this regard, Nsengiyumva and
Kim”® have also reported the great influence that the loading fixtures
used to test SCB specimens may have on the energy or peak load results.

Fig. 7 shows a series of box and whisker plots with the aggregated
results of Kjc obtained for the four reference rock types from the 38-, 50-
and 100-mm diameter samples tested with the SCB and pCT methods.
Overall, the results in both cases are broadly consistent for each tested
rock type. However, the 38 mm-diameter samples have lower Kj¢ values,
especially in the case of SCB testing (see also Table 4). Apparently, this
size effect affects the pCT results less than the SCB results and is likely

Table 4
Mode I fracture toughness (Kjc) results obtained for the SCB and pCT tests
performed. Valid tests (see text) are reported for each group of samples within
brackets.

Method Rock Kic (MPa m*/?)
D =38 mm D =50 mm D =100 mm
SCB C 0.07-0.12 (8) 0.12-0.18 (6) -
AR 0.26 (1) 0.28-0.35 (7) 0.32-0.46 (3)
PN 0.69-1.08 (9) 1.12-1.64 (7) 1.11-1.29 (3)
GR 0.72-0.90 (3) 1.01-1.51 (7) 1.17-1.27 (3)
pCT C 0.06-0.08 (5) 0.07-0.12 (8) -
AR 0.24-0.28 (3) 0.28-0.40 (8 0.26-0.60 (9)
PN 1.05-1.43 (4) 1.13-1.46 (9) 1.21-1.36 (4
GR 1.05-1.09 (2) 1.06-1.34 (6) 1.19-1.42 (3)

related to the presence of heterogeneities in the tested rocks. For spec-
imens of equal diameter, the smaller ligament area of the samples used
in the SCB method makes them more sensitive to this effect.

The data in Fig. 7 have been disaggregated in Fig. 8 and are pre-
sented as a function of the corresponding notch length ratios (a/R and a/
b). In the case of the SCB, it seems that Kjc depends on the notch length
in hard rocks (Pinacas sandstone and Blanco Mera granite), while this
dependence becomes nearly negligible for softer rocks (Arcera and
Corvio sandstones). However, it appears that the pCT method provides
more consistent and sensitive information with respect to this depen-
dence than the SCB. Regarding specimen size, Kj¢ values tend to increase
with specimen diameter, although the results are more scattered for
smaller samples (D = 38 mm).

The values of E computed from the complete P-LPD curves are
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represented in Fig. 9 as a function of the notch length ratios and diam-
eter of the SCB and pCT specimens. In both cases, Ey; is greater when the
diameter increases. However, this is more pronounced in the pCT tests
than in SCB tests, especially for the 100 mm-diameter samples. E,; is
also greater for shorter notch lengths, but this effect is more prominent
in harder rock types (i.e., PN and GR).

Good control during the execution of the pCT tests allows the total
energy to be split into two portions: That associated with the P-LPD
curve up to Pray (Epre) and that from P,y and beyond (Ep,s). These two
portions separate the energy needed to initiate the crack and that
required for its unstable propagation. Fig. 10A shows the cross-
correlation between pre-peak and post-peak energies for the pCT tests

of this study. Disregarding the effects of lithology or sample size, Ejqs: is
~20% greater than Epr.. Due to the configuration of the pCT test (LPD
and CMOD are measured in the same direction), in this case, it is also
possible to compare E, with the energy computed from the P-CMOD
curves (Etor, cmop; Fig. 10B). Although Etor, cmop is ~17% lower than Ey,,
the high correlation coefficient (R> = 0.99) obtained for a through-
origin linear fit suggests that for the pCT configuration, it would not
be necessary to use special transducers to assess the CMOD, as discussed
below. It should be noted that this analysis cannot be performed for the
SCB configuration for the following reasons: i) the lack of control of
crack propagation prevents the estimation of Ej,; and ii) in the SCB
tests, as mentioned before, CMOD is perpendicular to the load direction,
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50 Ejor and Eyy, cmop might not be comparable.
4. Discussion
4.1. Variability in the results associated with the method of testing

The mode I fracture toughness derived from the pCT testing of Corvio
(~0.06-0.12 MPa m'/?) and Arcera sandstones (~0.24-0.60 MPa m'/%)
are low, which is consistent with their condition of weak rocks. How-
ever, the corresponding Kj; values of Pinacas sandstone and Blanco
Mera granite (~1.05-1.4 MPa m'/2) are appreciably higher. For the
same rocks, the SCB testing method results in values slightly larger for
Corvio Sst (~0.07-0.18 MPa m'/ 2), but lower for Arcera Sst
(~0.26-0.46 MPa m'/?). In the case of the Pinacas Sst and the Blanco
Mera Grt, the K¢ results are also more scattered than those derived from
the pCT testing (~0.69-1.64 and ~0.72-1.51 MPa m'/2, respectively).
The K¢ values obtained from the SCB testing for the Arcera sandstone
are of the same magnitude as those of similar rocks tested with the same
method.”’ Likewise, the magnitude of the SCB results for the Blanco
Mera granite compares well with data reported for igneous rocks in the
literature.”’+*%

In a first-order approach, a graphical assessment (e.g., Figs. 7 and 8)
is useful for a preliminary inspection of the average similarity or dif-
ference of the Kj¢ values obtained with the two testing methods. How-
ever, a statistical approach provides sounder quantitative information
when considering test repeatability and reproducibility with respect to
sample size and testing method. Therefore, we assessed the experimental
data with the aid of the free software Past 3.0.%° First, we split the K¢
values into 22 separate groups based on the testing method, rock type,
and specimen diameter. Then, we performed two subsequent statistical
checks: i) a within-group analysis of repeatability (focused on the
assessment of normality through a non-parametric Shapiro-Wilk test and
the derivation of the corresponding statistical descriptors) and ii) a
between-group analysis aimed at the comparison of means (size and
testing method effects) based on a one-way analysis of variance
(ANOVA) and the non-parametric Mann-Whitney pairwise test. We
choose a significance level of 95% (a = 0.05) so that the rejection of the
null hypothesis (Hp) can be verified if the probability is below this
threshold value. For those groups in which we concluded that the means
were comparable, representative values of Kj¢ are given (Table 5), as
described below.
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Table 5

Representative K¢ (range in the case of Corvio Sst; mean + standard error of the
mean for the remaining) derived from the statistical analysis for each rock type
and testing method. Notes: a) specimens of 38 and 50 mm-diameter; b) speci-
mens of 100 mm-diameter; c) specimens of 50 and 100 mm-diameter; d) spec-
imens of 38, 50, and 100 mm-diameter.

Rock Kic (MPa m1/2)

t

ype SCB pCT All

c 0.07-0.18 (n =14  0.06-0.12(n =13  0.06-0.18 (n = 27)
AR 0.39+0.04(m=3" 0.33+001(m=17° 0.36%0.02(n=20)
PN 1.27 £ 0.05 (n = 10)¢ 1.33+0.03 (n= 17)d 1.31 £0.03 (n = 27)
GR 1254004 (=10 1.21+0.03(=11) 1.2340.03(m=21)

Only three out of the twenty-two groups of data do not conform to a
normal distribution (SCB: 50 mm specimens of Arcera Sst; pCT: 38 mm
specimens of Corvio Sst and 100 mm or Arcera Sst), which is in line with
the evidence documented by different authors suggesting that distri-
bution functions of rock mechanics properties are generally normal
distributions.*’ Consequently, these groups were not considered in the
subsequent stage of mean value comparison.

For the SCB method, the size-dependent reproducibility assessment
reveals that the mean values of all the rocks tested cannot be compared
for the smaller samples (38 and 50 mm), while it is possible to compare
them with the larger samples (50 and 100 mm). Although a similar
observation is obtained for the pCT method for the weak Corvio and
Arcera sandstones, the corresponding means are comparable irre-
spective of sample size for the strong Pinacas sandstone and Blanco Mera
granite. This suggests that no scale effects are apparent in the Kj¢ for
these lithologies and sizes.

For each rock type, the testing method reproducibility was deter-
mined by combining the groups of specimens whose mean values were
proven to be comparable in two datasets (one for SCB and the other for
PCT). The results show that the average values of the fracture toughness
derived from the two methods are consistent as long as the smaller
specimens of Arcera Sst for both testing methods and those corre-
sponding to Pinacas Sst and Blanco Mera Grt for the SCB testing are
excluded. In the case of Corvio Sst, due to the absence of large speci-
mens, we could not determine the minimum specimen diameter neces-
sary to obtain consistent Kjc values between both testing methods.
Although mean values are broadly comparable for both testing methods,
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we also observe that Kj¢ has lower variability in the case of the pCT than
in the SCB test, even considering small samples. The previous observa-
tions are broadly in agreement with what we can perceive from the
graphical analysis.

Different authors have already reported the variability effect induced
by employing different testing methods for Kjc. For instance, Chang
et al.”” assessed the fracture toughness of Keochang granite and Yeosan
marble using four different specimen geometries for the uncracked
Brazilian disc test (BDT), CCNBD test, SCB test, and cracked
chevron-notched semicircular bend (CCNSCB) test. The Kjc values ob-
tained via SCB tests were more scattered and lower than those obtained
via the CCNBD, CCNSCB, and BDT configurations, especially for the
granite. These findings were further confirmed by the observations of
Wei et al.”* and Xu et al.>' with Dazhou sandstone specimens using the
SCB and CCNBD methods, respectively. Interestingly, in their work, Wei
et al.”® observed consistent K¢ results for the SCB and CCNSCB methods
(Dazhou sandstone: ~2% difference; Quingdao granite: ~6% differ-
ence). Among the reasons that could have favoured such consistency,
the authors mention the relative homogeneity of the samples (fine-grain
sized), the lack of anisotropy, and the similarities between the testing
methods (that reduce the size or boundary effects).

Aliha et al.” conducted SCB and centre-cracked Brazilian disc (BD)
experiments using Guiting limestone. They report higher Kjc values
when testing with the SCB method than with the BD method, and they
argue that this difference may be related to the contribution of the
high-order, non-linear stress terms into the stress field at the crack tip. In
a more recent contribution, Aliha et al."! investigated the Kj¢ of Harsin
marble using the four suggested ISRM methods (CB, SR, CCNBD, and
SCB). Their results show a clear sensitivity of the K¢ value obtained to
the testing method, with SR and CCNBD resulting in the highest and
lowest values, respectively. The authors attributed the variability to
effects associated with a non-singular T-stress, which is a property that
depends on the geometry and loading configuration of the specimen.
Conversely, Igbal and Mohanty'” reported a negligible discrepancy be-
tween Kj¢ values obtained with the CB and CCNBD tests as long as the
effects of specimen size and anisotropy are minimized. Tutluoglu and
Keles®? obtained significantly lower Kjc values for SCB testing compared
to CCNBD when testing the Ankara andesite (~35%) and the Afyon
marble (~47%). These authors attribute the difference to the size of the
fracture process zone (FPZ) around the crack tip. They conjecture that a
larger FPZ compared with sample size (as in the case of the geometry of
the SCB specimen) has a greater impact on Kjc. Funatsu et al.>® also
reported lower Kj¢ results for SCB specimens when compared to the
results of CB and CCNBD specimens of the same rock types. In that case,
the authors attributed the variability in the results to differences in the
characteristics of the notch type (i.e., chevron or straight-type) and the
influence of the FPZ.

To satisfy the conditions for the application of the relationships of
linear elastic fracture mechanics (LEFM) and to guarantee a linear
elastic behaviour of the material, the size of the FPZ ahead of the crack
tip should be small enough compared with the dimensions of the sample.
According to Schmidt,> the radius of the FPZ (rgpz) can be assessed as
follows:

1 (Kie :
I rpz = 7 <?)
where o; is the tensile strength of the rock. Due to the large number of
samples tested in the present study, rather than single-value properties
(namely, Kjc and o), we considered ranges of values. Accordingly, we
computed theoretical minimum () and maximum (rax) radii for the
FPZ for each specimen size, lithology and testing method. While we
computed ryj, using the minimum Kj¢ and the maximum value of o;, we
assessed rmax based on the maximum Kjc and minimum o;. This maxi-
mizes the corresponding FPZ lengths. The values resulting from the
computations are reported in Table 6. We found that, in general, the size
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Table 6
Estimated size of the FPZ expressed as minimum (rp;,) and maximum radii
("max), in mm, computed for SCB and pCT specimens of different diameter (D).

Method Rock D =38 mm D =50 mm D =100 mm
T'min T'max Tmin T'max Tmin T'max
(mm) (mm) (mm) (mm) (mm) (mm)
SCB C 0.09 0.66 0.22 1.35 - -
AR 0.44 0.64 0.53 1.17 0.68 1.96
PN 0.53 1.47 1.40 3.41 1.39 2.10
GR 0.88 1.40 1.72 3.92 2.32 2.79
pCT C 0.05 0.30 0.08 0.71 - -
AR 0.37 0.75 0.51 1.52 0.46 3.43
PN 1.23 2.59 1.44 2.70 1.65 2.36
GR 1.85 2.20 1.90 3.10 2.40 3.50

of the FPZ increases with the size of the specimen. This also has been
reported by Tarokh et al.>> With the exception of the Arcera sandstone,
for the 50-mm diameter samples, the FPZ is larger in SCB specimens than
in pCT specimens. For smaller (38 mm) and larger (100 mm) specimen
diameters, the trends are opposite. The larger theoretical FPZ associated
with the pCT specimens should lead to a greater scatter in the Kj¢ results.
However, we observed the opposite trend, which suggests that the FPZ
would not play a significant role in the pCT testing mode. We conjec-
tured that this is associated with the stabilizing role of the larger liga-
ment area of pCT specimens compared with the SCB specimens (~3
times). In the case of the SCB results, the greater experimental scattering
may be due to the fact that the 38- and 50-mm diameter specimens fall
below the minimum size suggested by Kuruppu et al.” to satisfy the re-
quirements of LEFM. However, Chang et al.’ also found a significant
dispersion in the experimental results of the SCB method in larger
samples (D = 75 and 100 mm), which was interpreted as the result of the
absence of a starter crack (i.e., pre-cracking) ahead the notch cut in the
sample. Since our pCT specimens were not pre-cracked (in the previous
sense) and still yielded consistent results for the three sample sizes
considered, we believe that this is not a critical issue to justify the
variability in the data.

4.2. Specimen size and notch length effects

Generally, within the bounds of a representative elementary volume,
the mechanical properties of rocks derived from experiments should be
independent of the specimen size. However, different authors have re-
ported a decrease in certain properties (e.g., unconfined compressive
and tensile strengths) when the size of the specimen increases.®>®
However, fracture toughness has been described to increase with
increasing specimen size for quasi-brittle materials, such as rock or
concrete,' %31

Our experimental database allows us to make some observations on
the size effects on K¢ derived from SCB and pCT testing methods. This is
illustrated in Fig. 7, where a preliminary inspection reveals a greater size
effect associated with the SCB method than with the pCT method. As we
pointed out earlier, Kjc generally increases when the size of the spec-
imen increases. Although the pCT results are consistent when consid-
ering the range of variability of each size, the largest Kjc values
correspond to the largest samples (100 mm). This trend also is observed
for the SCB specimens of the weak Arcera and Corvio sandstones.
However, for the stronger Pinacas sandstone and Blanco Mera granite,
the Kjc maxima correspond to the intermediate sample size (50 mm)
while the minima correspond to the smaller sample size (38 mm). To
minimize size effects, the ISRM suggests the use of samples with a
minimum diameter greater than 50 mm in CB and SR tests,’ and that
minimum diameter increases to 76 mm in the case of SCB.* However,
Kataoka and Obara*’ reported that a minimum diameter of 140 mm
would be needed to obtain consistent Kjc values when using the SCB
method. Our findings are in line with the previous contributions,
cautioning against the use of small specimens with the SCB test method.
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Fig. 11. Identification of the different stages of the failure process in pCT (left) and SCB (right) tests for Arcera Sst (top) and Blanco Mera Grt (bottom) specimens.
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Ueno et al.> observed an increase in K¢ with increasing SCB specimen
diameter (50-100 mm) for Kimachi and Isahaya sandstones. These au-
thors also reported that the FPZ had a greater impact when the specimen
was smaller, as seen from the increase in the non-linearity of the P-LPD
curves close to Ppa. In our case, the experimental results suggest that
the evolution of the slope of the P-LPD curves would depend more on the
rock type than the size of the specimen. Thus, the weaker materials
(Corvio and Arcera Sst) show a greater degree of non-linearity for the
three specimen sizes considered in this study. In fact, the statistical
analysis has shown a greater dependency of Kj¢ on specimen size for the
studied rocks, with populations sometimes not conforming to normal
distributions. Lithology seems to change the influence of specimen size
on Kjc. In our opinion, in addition to geometric constraints, the char-
acteristics of the rock tested must be taken into account to set minimum
requirements for specimen size in fracture toughness testing.

The influence of notch length on mode I fracture toughness has been
assessed in different studies. Although some authors point out a negli-
gible impact (e.g., Lim et al.*> and Funatsu et al.>®), others suggest that
Kjc tends to decrease as the notch length increases.***> A graphical
analysis of our data (see Fig. 8) also supports this conclusion for the pCT
method and even for the SCB method, despite having used the range of
a/R ratios (0.4 < a/R < 0.6) recommended by the ISRM.* In addition,
the effect seems to be more pronounced for stronger rocks (higher
relative Kj¢ values) and almost imperceptible for weaker rocks (lower
relative Kj¢ values). To check this conjecture, we performed a second
statistical analysis of the data by grouping the Kj¢ values depending on
their corresponding notch length. Once more, we considered the sig-
nificance level of 95% in the within-group analysis and the
between-group analysis. In this case, all the groups conformed to normal
distributions, and the Mann-Whitney pairwise tests were always suc-
cessful, suggesting that the dependency of K¢ on notch length might not
be as determinant as suggested by the plots.

4.3. Stress-strain evolution

The shape of the loading curves incorporates relevant information
about the different stages of the fracturing process. Martin and
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Chandler® proposed a model for describing the progressive failure of
brittle rocks in compressive tests, which was later adapted to tensile
testing.”’ In this study, we follow a similar approach to illustrate the
progressive damage process occurring during the SCB and pCT tests.

Based on the pCT test results (for which we obtain complete loading
curves), it is possible to divide the P-LPD curves into five (I to V) stages,
which are illustrated in Fig. 11 and described as follows: (I) system
adjustment and closure of pre-existing cracks, which is characterised by
an initial non-linear response; (II) linear elastic deformation; (III) crack
initiation and subcritical (stable) crack growth, which would occur
when the curve loses linearity, close to Pp,y; (IV) unstable crack growth,
as the material progressively losses strength after Py, but still preserves
some cohesion; and (V) macrocrack coalescence. During stage (III),
cracks propagate stably, mainly because of their isolation. However, as
mesocracks (which may extend beyond grain boundaries) start to
interact, the damage process is accelerated, and macrocracks form. In
Fig. 11, the transition between stages (I) and (II) occurs at lower LPD
values for the granite than for the sandstone. This could be related to a
lower density of pre-existing cracks or different geometrical features."®
Similarly, shorter stages of stable and unstable crack growth correspond
to the granite, which may indicate that the development of microcracks
has a deeper impact in decreasing the overall resistance for this rock
material.

Regarding the evolution of the CMOD, we observe that, for the same
test, Ppax occurs at CMOD levels lower than the LPD. This discrepancy
could be related to geometrical factors: while LPD is measured along the
loading line, CMOD is measured close to the original notch tip. However,
it seems that lithology may play an additional role, since the difference is
more pronounced for harder rock types. In fact, the P-LPD and P-CMOD
curves for the Pinacas Sst and Blanco Mera Grt show larger discrepancies
than those for softer rocks (Fig. 6). For the Arcera Sst, the slope of the P-
CMOD curve is nearly constant from the beginning of the elastic stage,
with small variations mainly coinciding with the transitions between
stages (as seen from the change in the slope of the CMOD-LPD curve). In
fact, the correlation between CMOD and LPD is ~1 R? = 0.99), which
suggests that it would not be necessary to use clip gauges or other
transducers to measure the CMOD. In contrast, the differences are larger
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Table 7
Coefficients representing the partial contribution of the pre-peak (a) and post-
peak (b) energies to the total energy (E;o = a*Eyre + b*Epog) for pCT tests.

Rock D = 38 mm D =50 mm D =100 mm

a b a b a b
C 0.34 0.66 0.34 0.66 - -
AR 0.31 0.69 0.29 0.71 0.45 0.55
PN 0.49 0.51 0.51 0.49 0.56 0.44
GR 0.33 0.67 0.37 0.63 0.42 0.48

for the specimens of Blanco Mera Grt. For this harder rock type, the rate
of change in CMOD is lower during the linear elastic stage and increases
close to the peak load. In this case, the slope of the CMOD-LPD curve
varies between ~0.01-0.15 (R? = 0.7-0.8) in the pre-peak region and
then increases up to ~1.2 (R? = 0.99). This means that CMOD could also
be computed from LPD using a correction factor that would depend on
the stage of testing.

Although we have also identified stages (I) to (III) during the SCB
tests, the lack of control in the post-peak region (crack growth velocity
controls the propagation process at Ppax, and failure occurs immediately
thereafter) prevents accurate identification of the boundary between
stages (IV) and (V). As mentioned above, the LPD and CMOD cannot be
compared for this testing method because these displacements are not
measured in the same direction.

4.4. Energy assessment

In fracture mechanics, a crack grows when the stress intensity factor
(Kp reaches a critical value, which is referred to as the fracture tough-
ness (Kj¢) of the corresponding material.*® From the point of view of
energy balances, a crack will propagate when the energy available for
crack growth exceeds the resistance of the material.”’ Accordingly,
fracture toughness can also be regarded as the energy release rate
needed to create new crack surfaces, that is, two surfaces per crack tip.'
This energy can be accounted for by computing the surface under the
experimental P-LPD curves that formally corresponds to the Eg,
described with Equation (5). From the beginning of a test up to the point
of failure (where the crack starts to propagate), the energy delivered by
the testing device mainly goes to subcritical crack growth®' while
approaching Kjc. Depending on the methodology, a fraction of this en-
ergy can be elastically stored in the sample, and under ideal testing
conditions, elastic storage will occur in a small volume of the sample
around the starter notch. Once Kj¢ is reached, the energy delivered is
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then consumed to stably propagate the crack. In a test with satisfactory
control, it is possible to obtain a continuous P-LPD curve, allowing us to
split the total energy (E,) into the two above-mentioned stages, which
we refer to as Epr and Ej,,s. However, the geometry of the tested spec-
imen and the way in which the load is applied determine the success in
obtaining a complete curve. In this respect, it is apparent that the pCT
method provides good control of the process, while the SCB does not. It
can be argued that improving control electronics and system stiffness (to
avoid elastic energy storage in the testing device) may improve the
quality of SCB results.

However, in our opinion, the key point determining the poorer
performance of SCB tests in the post-peak region is that the energy
storage in the sample takes place in a volume significantly larger than
the near-tip region of the crack (e.g., at the contact point of the rollers
and along the ligament up to the starter notch). When the load reaches
Phax, all this energy stored in the sample is released suddenly, and the
crack propagates unstably. However, in the case of the pCT test, the load
is transferred to the sample along the contact lines of the pulling jaws’
and then directly to the starter notch.

Although the relationship between Ep and Ejos: from the pCT test
results (Fig. 10A) suggests that the specific energy required to initiate
the fracture is ~20% lower than that needed to propagate it, further
insights can be gained by considering factors such as lithology and
sample size. Considering the relationship of Ej; = a*Epre + b*Epogt, the
coefficients a and b would represent the partial contribution of each
portion to the total energy. We computed a and b for each pCT test
performed in this study. The average values of both coefficients are
compiled for each rock type and specimen diameter in Table 7. The
results suggest that for small and intermediate-sized specimens, the
specific energy needed to propagate the fracture is double than that
required to initiate it. For larger samples, the energy balance is more
equilibrated, and Ep is almost equal to Ep. Curiously, this is the
behaviour observed for all the specimens of Pinacas sandstone, irre-
spective of the specimen size. We conjecture that this effect could be
related to the size of the FPZ with respect to the ligament length or to the
degree of cementation of the rock. However, the reason for this finding
remains unknown, and more work is needed before any conclusions can
be drawn.

Zhang et a performed SCB tests to characterize the fracture
properties of some stabilized soils. They found that ligament
area-normalized fracture energy (Ew /[(R —a)-B]) tends to decrease as
the notch length increases, and a similar tendency has been reported by
Rivera-Perez’® when computing E;, based on the Illinois flexibility
index test (I-FIT), which is an adaptation of the SCB test for asphalt
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Fig. 13. Total energy (E,) versus acoustic emission energy (E4r) associated with tests performed with the SCB (A) and pCT (B) testing methods in which AE activity

was monitored (9 and 28 tests, respectively).

materials. Our results, illustrated in Fig. 9, are consistent with the ob-
servations made by the mentioned authors: less clearly in the SCB tests
and more in the pCT tests. Rivera-Perez*” attributed this effect to the
reduction in the ligament area available for fracture propagation. Thus,
for a constant notch length, the change in the size of the specimen should
result in a quadratic distribution of E;,. We validate this assumption by
plotting E;; vs. D in Fig. 12 for notch ratios (a/b) between 0.2 and 0.35:
the best fit that can be obtained is quadratic, which implies a
non-constant rate of change. Notably, this relationship appears to be a
function of lithology, which is also observed from the slopes of E vs.
a/b in Fig. 9.

4.5. Acoustic emission energy

According to Landis and Baillon,”” a certain fraction of the energy
evolved during crack generation and propagation can be monitored by
taking advantage of AE techniques. Although the energy magnitudes
associated with fracturing and local AE are broadly different (AE can be
unevenly scattered and/or attenuated in the sample and interfaces), it
may be possible to identify a formal relationship between these prop-
erties so that AE energy can be regarded as a proxy for the energy
dissipated during the fracture process. In fact, considering that the AE
activity is proportional to the number and magnitude of growing cracks,
it is reasonable to assume that there might be a relation between AE
energy (Eag) and fracture energy. Published results are, however, con-
tradictory. For instance, Landis and Baillon®” reported a good correla-
tion between E4p and fracture energy for mortar specimens, although
they could not provide a functional relationship. In contrast, their results
show no clear correlation in the case of concrete specimens. On the other
hand, Han et al.>® observed a linear correlation between both parame-
ters in three-point bending tests performed on samples of crumb rubber
concrete.

The values of the total emitted E4r obtained at the end of the SCB and
pCT tests where such measurements are available (9 and 28 tests,
respectively), are plotted as a function of E;, in Fig. 13. For this purpose,
Epp is taken as the average value from all the AE transducers installed in
the sample after summing the AE energy released for each AE event. No
clear relationship arises from the plots in either the SCB or the pCT tests.
In addition, it is worth noting that there is no direct correlation between
E,g and the specimen size. However, we believe that more work needs to
be done in this line and we cannot discard non-apparent correlations
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that are not manifested from the available database.
5. Conclusions

We experimentally investigated the mode I fracture toughness (Kjc)
of three sedimentary rocks (Arcera, Pinacas and Corvio sandstones) and
one igneous rock (Blanco Mera granite) by means of two different testing
methods: the ISRM-suggested SCB method and the pCT technique. From
this study, the following conclusions were drawn:

- The pCT method provides good test control, even in the post-peak
region, making access to level II testing feasible. With this method,
the fracture propagation is slow, providing a greater wealth of
fracture mechanics information, such as the crack evolution (stable/
unstable growth and macrocrack coalescence).
The SCB configuration is prone to significant elastic energy storage
and sudden release at the critical stress, leading to fast and dynamic
fracture propagation at failure.
PCT specimens yield more consistent (lower variability) fracture
toughness values than the SCB specimens do. The mean Kj¢ values
obtained with the SCB and pCT configurations are comparable for
medium (50 mm) and large (100 mm) samples.
The influence of specimen size on Kj¢ is more pronounced in the SCB
tests than in the pCT tests, although the effect is influenced by the
rock type. In the pCT test, even small (38 mm) samples provide
consistent Kjc values for the harder lithologies, suggesting higher
non-dependency on the specimen size.
The Kj¢ results can be considered consistent for the notch length
ratios considered in this study. In fact, in the case of SCB testing, the
variability induced by changing the notch length ratio (a/R) is of less
importance than the effect of sample size.
In pCT tests, the good correlation found between LPD and CMOD
makes possible the assessment of CMOD without employing direct-
contact transducers (clip gauges or similar), which is advantageous
for investigating small samples.
The analysis of the fracture energy reveals that the energy needed to
initiate the fracture in pCT tests is lower than that required to
propagate it along the ligament plane. However, the values are more
equilibrated for larger samples.
- The energy balances obtained support the supposition of a size-
dependent fracture energy given a constant notch length. However,
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our results indicate more complex dependencies, with lithology
playing a significant role.

- No relationship between AE energy (Eag) and fracture energy could

be established in the present survey, and a more comprehensive AE
database is needed.

From a methodological point of view, good sample alignment is

essential in the SCB method to avoid mixed modes (I/II) in fracture
toughness determinations. Furthermore, we also caution about the
propensity of this configuration to lateral sliding when applying a lin-
early distributed force due to the circular nature of the loading surface.
Neither of these problems is significant when utilising the pCT
technique.
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