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ABSTRACT: Mode I fracture toughness (KIC) is one of the most important parameters in the fracture
mechanics of brittle material. Several laboratory methods have been suggested to determine the mode
I fracture toughness. However, many of these methods deal with the lengthy sample preparation
procedure, premature failure of samples, and difficulties in obtaining the precise value of the fracture
toughness property. In this paper, a recently proposed pseudo-compact tension method is used to evaluate
mode I fracture toughness of a middle-grain granite benefiting the advantages of this method including;
simplicity of the test, high level of test control, and high accuracy of the KIC value. For this purpose,
granite samples in four different diameters and with six test repeats per diameter have been prepared and
tested using the pseudo-compact tension method. For each sample, in addition to recording the load and
displacement data, the acoustic events during the loading process were also recorded simultaneously by
an acoustic emission equipment. First, the resulting fracture toughness value for each sample has been
determined, then the size effect has been evaluated and analyzed. Finally, the results of the acoustic
emission method, as the monitoring tool in the fracturing process of tested samples, have been analyzed.
The qualitative evolution of acoustic emission parameters well illustrates the mechanical process
occurring in the tested samples with well-matched coinciding with the mechanical transitions observed
in samples during the loading process. Experimental results show that mode I fracture toughness is
positively related to the specimen size and there is a noticeable size effect in KIC value up to a certain
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1- Introduction

Fracture toughness has paramount importance in
engineering projects involving rock materials, in which
cracks are omnipresent [1, 2]. Since the tensile strength of
rock material is comparatively lower than its compressive
and shearing stresses, the mode [ fracture toughness
(K,.) arises as the most relevant and studied parameter in
rock fracture mechanics. To measure the mode I fracture
toughness of rock material, the International Society for
Rock Mechanics (ISRM) endorses four suggested methods,
namely the short rod (SR), chevron bend (CB), cracked
chevron notched Brazilian disc (CCNBD), and semi-circular
bend (SCB) methods [3-5]. Some of these methods may be
difficult to apply on a routine basis due to a number of issues,
such as: a) the small failure initiation and propagation loads
require excellent test control; b) a relatively large sample
volume is needed (CB); ¢) cumbersome or difficult sample
preparation (SR, CB, and CCNBD); d) imprecisions in the
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computation of the stress intensity factor (CCNBD); e) the
indirect generation of tensile loads via sample compression
(especially in SCB and CCNBD). To overcome some of these
limitations, in this contribution we present an alternate simple
approach, referred to as pseudo-compact tension (pCT), to
measure K . in rocks using cylindrical single-edge-notched
specimens loaded in pure tension.

2- Methodology

Granite specimens originating from Spain were used
to assess the specimen size effect on the corresponding K.
obtained by the recently developed pseudo-compact tension
(pCT) approach. The pseudo-compact tension test [6] cell is
based on a modification of the compact tension (CT) specimen
described in ASTM standard methods [7] for testing metallic
materials. The specimen geometry of the test is outlined in
Figure 1.

This study investigates the effect of specimen size
(diameter) on the corresponding K. of a crystalline rock.
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Fig. 1. Identification of the main geometric dimensions

of the pCT specimen (modified after [6]), D: diameter;

B: thickness; a: notch length; Gd: depth of U shaped

groove; Gw: width of the U-shaped groove; b: distance

from the base of the groove to the bottom of the speci-

men. The values of a/b, G, and G are fixed in this study
and equal to 0.25, 5, and 10 mm, respectively.

For this purpose, four different diameter sizes were chosen
including specimens of 30 mm, 37 mm, 40 mm, and 54 mm
diameter. For each one of the diameter sizes, 6 replicate tests
were considered and a total of 24 tests were performed. The
test specimens were equipped with two wide-band acoustic
emission (AE) sensors (Vallen VS700-D; frequency range:
150-800 kHz; peak frequency: 600-800 kHz) attached
on both lateral sides of the specimen. The pCT specimens
were loaded under pure tensile conditions using a specially
designed testing device equipped with a 50 kN load cell [6].

Mode I fracture toughness for pCT specimens (K ) is
computed using equation (1):

4 O-max
K =Y o1 bB v7a (1)

where, P__is the peak load (N); b is the distance from the
base of the groove to the bottom of the specimen (m); B is the
specimen thickness (m); a is the length of the straight notch
(m); and Y’pCT is the dimensionless intensity factor.

3- Results and Discussion

Fracture toughness test results were considered valid in
specimens in which the crack propagates vertically from the
edge of the notch to the lower edge of the specimen. In the
valid tests, the K. value was measured using equation (1).
Figure 2 shows the obtained values of K. using the pCT
method, in which the K . increases as the specimen size
increases. In fact, there is a clear size effect which is likely
related to the presence of heterogeneities in the tested rock.

In terms of fracture behavior, the pCT method provides
good control of the specimen during the experiments

1276

1.3
1.1
E
-
g 09}
g
=
~ 0.7 F
@ 30 mm ® 37 mm ® 40 mm
® 54 mm H mean value
0.5 1 1 1 1

20 30 40 50 60 70

Diameter (mm)

Fig. 2. Mode (I) fracture toughness variations as a func-
tion of specimen diameter.

even beyond maximum load. This is proved by the load-
displacement curves obtained during the tests, which can be
found in the full manuscript of this study.

In this study, an assessment of the cracking process is
carried on for each specimen according to the general model
of Martin and Chandler (1994), about the progressive failure
of brittle rocks, and with respect to the changes of acoustic
emission activity distinguished by AE counts and energy
characteristics. Accordingly, the failure process of each
specimen is divided into five stages (shown in varying shades
of green in Fig. 3).

Stage I: Closure of pre-existing flaws and microcracks;
Stage II: Development of the material’s elastic component,
marked by a linear stress-strain relationship; Stage III:
Microcracks evolve into mesocracks, leading to accelerated
damage and the formation of macrocracks once the load
reaches the critical K. value; Stage IV: Initiated at peak
load, the material retains some cohesion but gradually loses
strength; Stage V: Advanced interactions between cracks
cause the specimen to split.

This five-stage model aligns with AE data. Initially, E,  is
minimal, rising slowly during the linear phase as microcracks
form. It accelerates significantly during stable crack growth
and peaking at the maximum load.

4- Conclusions

In this study, the effect of the specimen size on the fracture
toughness of Mode I in a crystalline rock was investigated
using the pCT method and the AE technique. The results
obtained from the fracture toughness test using the pCT
method indicate that the fracture toughness is a function of
specimen size (up to a specific diameter) and increases with
an increase in specimen size. The mechanical behavior of
during the tests show that the pCT method provides a good
control of the specimen during the experiments even beyond
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Fig. 3. Load-time and cumulative AE energy-time curves obtained from AE monitoring of pCT method for
specimens of 30 mm (up-left), 37 mm (up-right), 40 mm (down-left), and 54 mm (down-right) diameter;
(Background colors indicate each stage of failure).

the maximum load and proves the suitability of the pCT
method for evaluating the Mode I fracture toughness of brittle
materials. Additionally, this method allows for a complete
characterization of fracture behavior, enabling the study of
rock behavior at various stages of rock failure using real-time
AE monitoring tools during the fracture process.
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Fig. 1. Schematic illustration of the geometry and loading configuration of the pseudo-compact tension (pCT)

specimen: D and B are the diameter and the thickness of the specimen, respectively; a is the notch length; G,

and G are the depth and width of the U-shaped groove, respectively; b is the distance from the base of the
groove to the bottom of the specimen.
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Fig. 2. Testing equipment designed and built to perform pCT tests.
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Fig. 3. Prepared pCT specimen equipped with acoustic emission sensors.
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Fig. 4. Load- displacement curves obtained from pCT method for specimens of 30 mm (up- left), 37 mm (up-
right), 40 mm (down- left) and 54 mm (down- right); (Background colors indicate each stages of failure).
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Table 3. Mode I fracture toughness (K ) results as a function of pCT specimen diameter (D)

D (mm) Kic (MPa.\m) n (MPa.m) 6 (MPa.Vm) cv (%)
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Fig. 5. Mode (I) fracture toughness variations as a function of specimen diameter (right), Statistical parameters
variation (standard deviation and coefficient of variation) of Mode (I) fracture toughness of specimens with
different diameters.

S35l Olie & FS )5 Saigel 145 5,5 a s &5l (i 1) wiged
Sl a8y 5l adgl ks jleas Ll Sy DS Gly g
Jsb (sl )l Jsbo (39 <ol (2,8 L) 5Sass jlad b sladiges 5
5P Ol e 4 )3 g 0392 eligS (V USs )5 D-b-G L i) LIS
O Jgb L (sladiges | 568 igad > CunSld [5yiS (sl pY
Caol 35555

s 6 T plite cunss SlSe Jguol 1 okl b g 1503 o155 )
axo Jhd il LK L IR e mls )y oad saalie Wy,
(oplie Canss Sllo adyl Jgol Lol p 45 iy ol 4 cudliS
S slobl o 4 ul 5 maw (Sss S ymS Gl
¥ VA 25 3)lg degeme 4 B (g5l G L plojen g oy S
5] & ity (6335 (555 5 oleie 5 Jiauo LI Sholin] 15 s
(Pou) olsee Gl bl 55550 dised a0 cul iy el Wigod
Al Gl 58 Cansld (S jiz jlis)ge

295 g0 018lie Ky (L1318 5 50 (6yeis o (I pgd 4tz
S Ky gaal31 25 31 ptacshs 01 51 5V el 2 o8 i ool &
sanlie pl 29 on Ko 25 Loy Jlae & o a0

L Mlg .\3]93@ W 01! );I & Mla E9S 4 J5] Al 9ed

Sy g 0920 g 4l (ulide )3 (Kol & lasye (g5 o0 1) gl ]
b Ll L D S b illas ppiomed adlsy i il 5 3430
porte 4 (pl ol odd awls colb Jhad > s SuSTy | cges
ojlil alidl b cids ) cwl K4y baiye (515 cuslad pas ialS
ol 4Bl alS )05 4 iyl Lab L5e e 5 ediged
Noges IS L9y 2980 odnlie O S5 Jlages )3 &5 yobilen
sdaline pl ol diged Jlab I3l b cunslls  Sojyi> yiol38l & yguns
Uinlejl sla sy 5l odlatul b ons plol lalllas I (oolaws b skl 5
ain 93 510 S Hoges [YO-YY ] Cunlds Koy yund calises
by ot Gale o6 a2 53l & 4ab) 55 sl Lo 5 gy r L5
CanSd (o yin 50 (]38l Loy 2959 Jgl di .Cawl oiids aidly y A
2lie ol Sed o ais g 9 pb Nojlul $ a8 ol JaB iliel L
@l gl 4> ) cul pasuie ()b 4 gy b CanSid (S
b 45 el [V5] CKaodS 05035 G5y alllas ) 55 005 onlito
S 55, dblo dgg Jloun! iulisl cla diges o5l ialél b ¢l
P &S Cwl Jb o cpl il e SialS Cwglie sl o slajye 4
o) @l b alis Sluelis [YA LYY YE ) 5 0] aes 5 Sl

shd I8l b cass  Koyis  dolidl Koy sl sad 555 adllas

2 Finite Fracture Mechanics (FFM)

VYAo

1 Size effect



WA B AYVD dxbo NF-Y JL.: N O)LM HF 0y9d ;)....s)fol ul)a..c L;.u,\...@(c :b).u.u

400 9000
30 mm _
4 7500 3
300 =
1 6000 2’
_ g
Z 200 4 4500 =
= <
< ]
S 1 3000 =
<
100 | =
1 1500 £
O
0 . : : 0
0 50 100 150 200
Time (s)
800 24000
40 mm
s
=2
600 | 18000 3
oo
- b
z S
T 400 12000 2
=] o
S 2
k|
200 | {1 6000 2
=
@]
0 . : : 0
0 100 200 300
Time (s)
V 4.19’0 H IV 4.’9}» H III 4.1’,0 H

750 20000
(37 mm|
s
600 F g
{ 15000 =
g
450 F g
z - =
g 10000 =2
g 300 F 2
A -
{ s000 =
150 | g
=
Q
0 : : 0
0 100 200 300
Time (s)
1000 24000
e
800 ¢ 18000
20
D
Z 600 g
=1 12000 2
<
S 400 | E
k|
{ 6000 =
200 £
=
Q
0 : : : 0
0 100 200 300
Time (s)
Hd.l’)a: 14.19)0

(el =YL) TV ca-YU) Yo 5had b sbaiges 102 pPCT (99,53 AE (il 5l Jols loj - (reas (55,51 5 gloj - )b yl3ge3 .5 S
(ol 8 o (gl (S JUSmw (glals o Oyt Sy dino sy GLS)) £ o oo (ol = ml) BF 5 (ca-omly) Fe

Fig. 6. Load- time and cumulative energy- time curves obtained from AE monitoring of pCT method for speci-
mens of 30 mm (up- left), 37 mm (up- right), 40 mm (down- left) and 54 mm (down- right); (Background colors
indicate each stages of failure).
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Fig. 7. Load- time and cumulative count- time curves obtained from AE monitoring of pCT method for specimens of
30 mm (up- left), 37 mm (up- right), 40 mm (down- left) and 54 mm (down- right); (Background colors indicate each
stages of failure).
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