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An Experimental Study on Mode II Fracture Toughness Determination of Rock

Jeoungseok Yoon and Seokwon Jeon

Abstract. This study presents a newly suggested test method of Mode 11 fracture toughness measurement called
“Punch Through Shear Test” which was originally proposed by Backers and Stephansson in 2001. The purpose
of this study is to check the validity of the suggested testing method by performing Mode 11 fracture toughness
tests for Dagjeon Granite. In addition, the optimal specimen geometry for the testing and the relation between Mode
11 fracture toughness and confining pressure were also investigated. Fractured surface was observed to be very smooth
with lots of rock debris which came off fracture surface which obviously implies that the surface was sheared
off. This confirms that Mode II fracturing actually occurred. In addition, numerical analyses including continuum
analysis, particle flow code analysis and crack propagation simulations were performed. Results of these numerical
analyses indicated that the cracks occurred in the specimen were predominantly in Mode II and these cracks led
to failure of the test specimen. From this investigation, it can be concluded that the newly suggested “Punch Through
Shear Test” method provides a reliable means of determining the Mode II fracture toughness.
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of the rock structures. This is why the concept of

LM 2

rock fracture mechanics has been accepted by many

In modelling of rock structure, we view the rock mass
as consisting of rock material itself and the fractures.
Fracture acts as a weakening factor when we evaluate the
strength of rock structure. So we should carefully take
fractures into consideration when we calculate the strength
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fields of rock engineering.

The stress intensity factor K, which is dependent
on the geometry of a cracked structure, represents
the strength of stress intensity of a crack tip and has
dimension of stress times lengthl/z. For a given
cracked body with known loading configuration and
magnitude, K and corresponding stresses and
displacements can be determined. This implies that
there exists a critical value of K, named fracture

toughness, which expresses resistance to crack pro
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pagation. Crack initiation will take place when the K
exceeds its critical value, Kc. In fracture mechanics,
fracture toughness is the most important parameter.

Based on the loading type that a material is subjected
to, as it can be seen in figure 1, there are three basic crack
propagation modes in a fracture process; Mode 1
(extension, opening), Mode 11 (shearing, sliding) and Mode
HI (shearing, tearing). Among the three cases of fracturing,
Mode I is the most important and common. As a
consequence, most works on fracture mechanics have
been focused on the Mode I loading type. In real world,
however, especially in fracture problems involving rock
structures, Mode 11 and Mixed mode T & II are quite
common.

However, very little experimental and theoretical work
has been done on this mode of failure. In this study, pure
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Figure 2. Mode II fracture toughness testing methods.
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Figure 1. Mode [, II and IIl fracturing patterns.

Mode II fracture toughness test presented by Stephansson
is re-examined and how the toughness varies with confining
pressure are given. In addition, the testing method is
verified by numerical analyses to see if Mode II fracturing
predominantly takes place in this given testing geometry.
The objective of this paper on hand is to check the
validity of this newly suggested testing method.
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2. Overview of Mode II Fracture Toughness
Testing Methods

Antisymmetric four point bending test was designed by
Ingraffea [1] and Kim [2] to measure a Mixed Mode I
& II fracture toughness (Figure 2-a). It is possible to
measure pure Mode II fracture toughness under specific
geometries conditions by this testing method. Punch
through shear test was proposed by Wakins [3] to
measure pure Mode II fracture toughness of soil-cement
(Figure 2-b). Numerical (FEM) validation was done by
Davies et al. [4] and it showed that failure takes place
almost in Mode [I. Compact double shear test specimen
(Figure 2-c) was designed by Jones and Chisholm [5] to
experimentally evaluate Mode 1I fracture toughness of
aluminium. Later, it was applied to determine the Mode
Il fracture toughness for a variety of rocks by Laqueche
et al. [6]. Short beam compression test was designed by
Wakins and Liu [7] and Liu et al. {8] to determine Mode
11 fracture toughness of a reinforced concrete (Figure 2-d).

3. Laboratory Testing for Kyuc

A specimen is loaded by a Hoek cell with a confining
pressure and an axial force is applied on the inner part
of the sample. This leads to concentration of maximum
shear stress at the upper and lower notch tip. And a zone
of high shear stress is formed between the two notches
from which Mode II failure is to be generated.

3.1 Testing material and sample preparation

The mechanical properties of the rock specimen used in
this study are shown in Table 1. They were obtained from
a series of laboratory tests on Daejeon Granite. A rock
core of 52 mm in diameter is cut into pieces with length
equal to the diameter. End surfaces were polished
perpendicular to the lateral surface. The upper and lower

Table 1. Mechanical properties of Daejeon Granite.

Value
150420 (MPa)
58.5+7.2 (GPa)
0.28+0.03
1.18+0.12 (MPa - m'?)

Mechanicai properties

Uniaxial compressive strength

Young’s modulus

Poisson’s ratio
KIC (BDT-test)
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Abbre. Description Value (mm)
H Sample height 52
D Sample diameter 52
a Upper notch depth 5

b Lower notch depth 7, 17, 27
t Notch width 3
ID Inner diameter 26

1P Intact rock portion 20, 30, 40

Figure 3. Geometry of the test specimen and its dimensions.

notches were drilled into the two end surfaces. The 5 mm
deep upper notch was drilled first and then the lower
notch with depth of 7, 17, 27 mm was drilled. Typical
specimen geometry for the test and its dimensions are
shown in figure 3.

3.2 Experimental setup
Special devices for applying axial load were manu-
factured for this study. A stiff servo-controlled loading

Hoek cell Chamber

INTERLAKEN system

Figure 4. Schematic diagram of test apparatus.
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machine was used. The confining pressure was applied by
SBEL Model AP-1000 pump. Compressed air was used
as a power source for the pump. The output pressure
regulator was attached so that the pressure inside Hoek
chamber was maintained at a fixed level when the axial
load was applied. The schematic diagram of the test
apparatus is shown in figure 4.

3.3 Testing conditions

Table 2 shows all the testing parameters considered in
this study. In this experiments, the controllable parameters
were the intact portion, IP, and the confining pressure, P.
Three different magnitudes P were applied in each test
specimen having three different lengths of intact portion.
And to eliminate typical errors caused by rock variability
and preparation, three replicas were made for each test.
In total twenty-seven tests were carried out.

3.4 Kuc determination

In our test, displacement approach proposed by Backers

Table 2. Test control parameters.

Control parameter Fixed Variable
Outer diameter, D 52 mm -
Inner diameter, ID 26 mm -
Notch width, t 3 mm -
Upper notch depth, a 5 mm -
Intact portion, IP - 20, 30, 40 mm
Sample height, H 52 mm -
Confining pressure, P - 0, 5, 10 MPa
Loading rate J 0.2 mm/min -
Central axis Axial
T . Foree 3
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Figure 5. Geometry and nomenclatures around the upper notch tip.

Confining pressure

and Stephansson [9] was used since only the axial
deformation of the specimen was monitored during the
tests. Figure 5 shows the specimen geometry near the
upper notch tip. Crack tip displacement components # in
the x-direction and v in the y-direction for Mode II are
expressed in equations (1) and (2).

u="r, \/;[(2k+3)sm +cos*32*] (1)
v= i{:\/ o [ (2k— 3)cos—~cos 32'9] 2

where, £ is 3—4v and (3—41)/(1+ ) for plane
strain and plane stress, respectively and g is shear
modulus expressed as = E/2(1+ v).

In the direction of shear, where §=0, displacement

u is zero, Rearranging equation (2) gives:

_ oz E
Kiy= f[ 1A+ 0)(0-2v) ®

Axial force, F, causes total displacement A8, which
is measured by LVDT and has to be subtracted by the
elastic deformation As occurred in the upper inner part

component,

of the specimen. The procedure mentioned above is
expressed by the following equation, which leads to the
actual displacement of the notch tip.

v=A6— As= 45— L—“] 4)

al* E

Plotting equation (3) with respect to the distance from
the notch tip, 7, gives an infinite value at the notch tip,
which is practically invalid. To overcome this singularity
problem, a method proposed by Chan et al. [10] was used,

x1050ress Intensity Factor along the Intact Portion
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Figure 6. Procedure of tangent extrapolation method.
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which is to draw a tangential extrapolated line on the
linear part of the curve. The point where the tangentially
extrapolated line meets Ky axis is Kyc. Figure 6 shows
the above procedure.

3.5 Test results

This section presents three main categories of test
results: 1) Effect of intact portion length, 2) Effect of
confining pressure, and 3) Fracture patterns in the rock
specimen. Table 3 shows the summarized test results. Kyc
was calculated with varying intact portion length from 20
to 40 mm. Values of Kyc show slight fluctuation as
shown in figure 7, however, they are less scattered in the
range of 15~30 mm. This coincides with the results of
Backers and Stephansson’s [9] showing that values of
Kuc remain consistent when determined in the ratio of
IP/W from 02 to 0.5. The dependency of Kyc on
confining pressure was examined by linear regression
analysis. Figure 8 shows that Kyc increases with the
increase of confining pressure and they show quite linear
relations between them.

Fracture patterns were observed after the tests. Similar
pattern was observed through out the tests showing that
fracture surface was formed between the upper inner
notch tip and the lower outer notch tip. And the fracture
surface is shown to be very smooth, additionally powder
and dust were observed on the fracture face indicating
that the surface is sheared off. Figure 9 show the fracture
patterns of Dagjeon Ganite specimen for 20, 30, 40 mm
intact portion length. As can be seen in the figures,

Table 3. Summarized test results.

fractures that connect the upper inner notch and the lower
outer notch were observed in all three cases. The line of
fracture surface, however, was quite straight for short
intact portion length but became curved as the intact
portion increased from 20 to 40 mm. The marks drawn
on the figures indicate where the maximum shear stress
was relatively high compared to other regions of the
specimen. Therefore, cracks formed in this region can be
inferred to be Mode II type cracks.

The underlined values in Table 3 are relatively high
comparing with the data in literature. According to
Ingraffea [1], Kuc of Westerly Granite was reported to be
within the range of 2.25 and 20.6. Large difference in the
Kic obtained in this test and data in literature can be
inferred from the notch width. Unlike in other fracture
toughness test, the notch width t that was used in this test
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Figure 7. Relation between Kyc and the length of intact
portion.

P (mm) Actual IP Mode 1I fracture toughness (MPa - m"?)
Mean/S.D. (mm) 0. = 0 MPa 0. = 5 MPa 0. = 10 MPa
27.93 119.22 153.64
20 20.79/2.29 31.39 88.25 145.76
33.90 94.27 83.09
26.20 82.83 149.64
30 29.26/1.80 37.33 88.95 158.67
30.20 77.80 195.63
31.48 32.01 90.72
40 38.46/1.99 2749 5171 127.07
23.11 73.77 100.61

0." = confining pressure
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Figure 9. Fracture patterns of Daejeon Granite by Punch through shear test.

method was relatively large which is possibly caused by
the drill bit tip thickness.!) Blunt notch leads to less notch
effect (stress concentration) and produces non-planar
fracture surface and finally results in high value of K.
The obtained Kyc shows scattering and the reason for this
scattering can be explained as follows: 1) The tested rock
material was somewhat heterogeneous, which means that
rock cores were drilled from different boreholes, 2)
Perfect configuration of sample geometry could not be
achieved due to errors during the sample preparation.

4. Numerical Analysis

4.1 Continuum analysis

Axis symmetric two-dimensional finite element analysis
was carried out by FRANC2D code to investigate the
stress distribution in the specimen. Figure 10 presents the
geometry, loading and boundary conditions for FEM
analysis. Parameters were identical with those values
shown in figure 3. Figure 10-a, b and ¢ present contour

1) ISRM suggested test method: notch width < the greatest
of 0.03D and 1 mm, where D is specimen diameter.

plots of maximum principal stress, 01, minimum principal
stress, 0 and maximum shear stress, Tmax, When the
specimen is under 100 MPa of axial load with the
confinement of 5 MPa, which is the typical loading
configuration in this test. As shown in the figure, Tmax
was concentrated at the upper inner and lower outer notch
tip and from the stress contour it can be seen that the
maximum shear stress is more or less parallel to the plane
between the notches. The maximum shear stress Tmax,
generates initiation of shear crack and leads to shear
failure of the plane between the upper and lower notch
which is the desired failure mode. On the opposite side
of the notch tips where Tmax is highest, concentration of
tensile stress is generated. Figure 11-d, e show the tensile
and compressive stress flow in the specimen by
displaying vectors of principal stresses at each gauss
point. As the figures indicate, concentration of tensile
stress is generated at the upper outer and lower inner
notch and these tensile stresses caused a Mode I crack
initiation.
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Figure 10. Geometry, loading and boundary conditions for
finite element analysis.

42 Particle flow analysis by PFC™

Particle flow model simulations were performed. In this
model, the continuum behavior was approximated by
treating the solid as a compacted assembly of many small

SPHo] gk Hjely 2ol BH NEH AT

particles. For the simulation of the real triaxial PTS test,
throughout the loading process, the confining pressure
was kept constant by adjusting the lateral-wall velocities
using a numerical servo-mechanism. The sample was
loaded in a strain-controlled condition by specifying the
velocities of the top and bottom walls. Table 4 presents
the inputs that control the specimen-genesis procedure and
that define the PFC™® material. The material strengths are
picked from a Gaussian (normal) distribution and are
specified in terms of a mean and a standard deviation.
The formations of damage in the specimen is shown in
figure 12. The result of the numerical analysis was
satisfactory when compared with the laboratory test
results. Cracks formed in the elliptical region marked on
the figure are shear type, where as wing shaped crack
patterns are mainly composed of normal breakages of
bond between particles. As seen in the figure, large

@

(e)

Figure 11. Contour plots of 01, 03, Tmax, tensile and compressive stress flow in the specimen.
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Table 4. Inputs to the PFC™” analysis.

Parameter] Description l Value
Parameters that control the specimen-genesis procedure
h sample height [m] 0.052
w sample width [m] 0.052
Rounin minimum ball radius [m] 0.0002
Rmax / Rmin]  ball size ratio, uniform distribution 1.66
Microparameters that define a contact-bonded material

p ball density [kg/m’] 3170

E. ball to ball contact modulus [GPa) 103

ko / ks ball stiffness ratio 34
I ball friction coefficient 0.25

Oc contact-bond normal strength, mean [MPa]| 110

Oc contact-bond normal strength, std. dev. [MPa}| 0

Tc contact-bond shear strength, mean [MPa]| 220

Te contact-bond shear strength, std. dev. [MPa]| ©

number of shear cracks are generated in the specimens of
20 mm intact portion compared to the specimen of 30 and
40 mm intact portion. Figure 13 presents a stress-strain
curve of PFC™ simulation for the PTS test when the
intact portion and confining pressure are 20 mm and 0.1
MPa, respectively. Figure 13 shows step-by-step damage
formations in the specimen during the entire loading
process. Figure 14 shows dissipated energy in the
specimen which is due to frictional slip (shearing of
particles) and kinetic energy release resulting from the
bond breakages (shear cracks). From figure 14, one can
notice that the frictional energy rapidly increases at the
inflection point. This is where the specimen is subjected
to peak stress (strain of 0.004). This means that from the
stage 4, large amount of energy is dissipated and released

P Confinement [MPa]
5.0

20

30

40

Figure 12. Damage formations in the specimens.
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Figure 13. Curve of deviatoric stress versus axial strain.
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Figure 14, Microcracks in the specimens.

by shearing of particles and by shear-type bond breakages.
Damage formations at stage 4, 5, 6, 7 in figure 13 well
demonstrate above statement and lead to conclusion that
shear-type cracks generated from stage 4 finally leads to
the shear failure of the specimen.

Stage 7, failure

4.3 Crack propagation simulation

Crack propagation simulation was carried out on the
test specimen. The main purpose if this simulation was to
examine whether cracks initiated between the upper inner
notch and the lower outer notch were truly shear type.
The specimen having 20 mm of intact portion was
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Figure 15. Dissipated energy by frictional slip and bond
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Figure 16. Crack initiation at the upper notch.
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Figure 17. Deformed shape of the specimen and the distribution of the maximum shear stress.
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Figure 18. History plot of Mode I and Il stress intensity factors with respect to crack length.

investigated since the fracture pattern was quite obvious
and similar as can be seen in figure 8 and 11. Crack was
initially put in the specimen, as shown in figure 15, where

the concentration of the maximum shear stress appeared.

Figure 16 shows the finally deformed shape and stress
distribution of the specimen. Stress intensity factors were
calculated along the crack tip as it propagated and they
are shown in figure 17. Negatives values of K, and Kj
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at the crack tip physically imply that the crack tip and
plane are subjected to shearing under compression. These
phenomena were observed in the tested specimens. The
fractured surface was shown to be smooth and rock
powder and dust were observed which obviously infers
that the surface was sheared off.

5.

1.

Conclusions

From this study, following conclusions can be drawn.

The validity of the newly suggested Kyc test method
was proved.

. Proper geometry of the test specimen was determined:

52 mm, Height = 52 mm, upper inner
notch depth = 5 mm, lower notch depth = 17~32 mm
and inner cylinder diameter = 26 mm.

Diameter =

. Relation between Kjc and confining pressure was

investigated by linear regression analyses and it was
found that the K¢ increases with increasing confining
pressure.

. The failure of the specimen was mostly due to the

shear mode fracturing, partly accompanied by tensile
mode.

. Fractured surface occurred connecting the upper inner

notch tip and the lower outer notch tip.

. Sheared surface was formed between two notches and

it can be inferred that Mode II cracks occurred along
the fracture surface.

. Fractured surface shows a very smooth surface which

obviously implies that surface is sheared off.

. Numerical continuum analyses reveal that maximum

shear stress is concentrated at the upper inner notch tip
and lower outer notch tip. Cracks occurred in this
region of high shear stress are predominantly in Mode
IL. This result was verified by particle flow model and
crack propagation simulation.

. From the above results, we can conclude that Mode 11

failure predominantly occurred in the test specimen and
this suggested method provides a reliable means of
determining Mode II fracture toughness.
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