N

N

A new methodology inspired from the Theory of Critical
Distances for determination of inherent tensile strength
and fracture toughness of rock materials
S. Aligholi, Laurent Ponson, Q.B. Zhang, A.R. Torabi

» To cite this version:

S. Aligholi, Laurent Ponson, Q.B. Zhang, A.R. Torabi. A new methodology inspired from the The-
ory of Critical Distances for determination of inherent tensile strength and fracture toughness of
rock materials. International Journal of Rock Mechanics and Mining Sciences, 2022, 152, pp.105073.
10.1016/j.ijrmms.2022.105073 . hal-03974124

HAL Id: hal-03974124
https://hal.sorbonne-universite.fr /hal-03974124
Submitted on 5 Feb 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.sorbonne-universite.fr/hal-03974124
https://hal.archives-ouvertes.fr

Manuscript File Click here to view linked References %

2 A new methodology inspired from the theory of critical distances for determination

3 of inherent tensile strength and fracture toughness of rock materials
4

5 S. Aligholi @, L. Ponson , A.R. Torabi ¢, Q.B. Zhang ?

6 @ Department of Civil Engineering, Monash University, VIC 3800, Australia

7 ® Fracture Lab, Institut Jean le Rond d’Alembert, CNRS — Sorbonne Université, Paris, France

8 ¢Fracture Research Laboratory, Faculty of New Science and Technologies, University of Tehran, Tehran, Iran
9

10 Abstract

11 Measuring the intrinsic fracture properties of quasi-brittle materials like rocks is of great importance and
12 at the same time a major issue for engineers. In this study, we explore the ability of the Theory of Critical
13 Distances (TCD) to determine accurately both the tensile strength and the fracture toughness. To this end, we
14  conduct ring tests and semi-circular bend tests on four rock types including a red sandstone, a white coarse-
15  grained marble, a fine-grained granite and a coarse-grained granite. This selection covers sedimentary,
16  metamorphic and igneous rock types with different grain sizes. The experimental data are analysed using a new
17  methodology developed from the so-called Point Method (PM), a particular form of the TCD, from which we
18 infer the intrinsic tensile strength and the fracture toughness of the studied rock materials. Our results are
19  compared with those obtained from the methodology recommended by ISRM that is modified to take into
20  account the finite notch root radius used in our experiments. The comparison is successful, supporting that the
21 newly developed methodology is suitable to determine the intrinsic tensile strength and the fracture toughness

22  of rock materials.
23
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1. Introduction

Rocks are archetypes of quasi-brittle materials. Under compression, they generally show a rather extended
non-linear regime owing to the spreading of micro-fractures before final failure takes place. Under traction, they
fail through the propagation of a crack that grows through the coalescence of micro-cracks localized at the crack
tip vicinity in the so-called process zone. If the spatial extent of the process zone is small with respect to the
specimen size, this phenomenon is then appropriately described by the theory of Linear Elastic Fracture
Mechanics (LEFM).* Within the LEFM framework, we introduce the fracture toughness K. that quantifies the
ability of the material to resist to crack growth. Alternatively, one can seek to determine the stress level at which
the material fails in traction, thus defining the material tensile strength. This is of particular relevance in absence
of an initial crack in the structure.?® However, defining an intrinsic (specimen independent) tensile strength for
quasi-brittle solids is a rather difficult challenge, as the load-bearing capacity of quasi-brittle specimens is
known to strongly depend on its size,** and often overlooked in engineering practice.

Owing to their quasi-brittle nature, rock made structures can give rise to catastrophic failures. Therefore,
the accurate determination of their failure properties is key to assess the structural resistance of rock masses, an
important issue in many rock engineering practices such as tunnelling, rock cutting processes, hydraulic
fracturing and rock slope stability.” In the following, the term structural properties is used when the geometrical
features of the specimens or bodies do play a significant role on top of the intrinsic properties that depend only

on the microstructural features of the rock materials as well as the surrounding environment.®

A suitable solution for defining the tensile strength of rocks consists in considering the characteristic stress
level at which the material fails within the process zone of a stress concentrator or a running crack. According
to the Cohesive Zone Model (CZM) for brittle cracks,®*° the so-called cohesive strength o, of the material is

then related to the material fracture toughness via the cohesive length £ (or process zone size along the crack

propagation direction) through the relation Kj. « UC\/Z . Although appealing, this definition raises serious
experimental issues: how to determine the stress level at the tip of stress concentrators, as the process zone is

hardly larger than 1 mm in most quasi-brittle specimens.

Theoretically speaking, specimens without stress concentrator could be tested under direct tension to
determine the material tensile strength while specimens with sharp cracks can be used to measure the material
fracture toughness. However, in practice, such a procedure is neither reliably achievable nor practical. On the
one hand, it turns out that specimens without stress concentrators cannot be used to determine the tensile strength
of rock materials. The reasons behind this observation have been largely discussed by researchers &9 * 1 and
relates to the stochastic (defect driven) nature of tensile failure. On the other hand, preparing sharp cracks in

rock specimens is a challenging task.
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Considering these issues, new methodologies based on different concepts have been proposed to reliably
determine the tensile strength and fracture toughness of different materials including rocks. One of them is the
so-called Theory of Critical Distances (TCD) based on notch mechanics. It aims at providing simple and
practical tools to engineers including rock engineers. TCD includes a group of theories used for predicting the
effects of stress concentrators on material behaviour under mechanical loads.*? The TCD can take different
forms and has been used with success in a wide range of engineering problems to determine or predict properties
of different materials including composites,** metals,'>*" polymers,’®1® and rocks.?*?* The TCD can
circumvent the experimental difficulties encountered when it comes to determining the intrinsic tensile strength
and fracture toughness of quasi-brittle materials. With such an approach, specimens without stress concentrators
or perfectly sharp cracks are not required to determine these properties, as we will show in the following.
Furthermore, notch mechanics can be applied to modify the effect of a round-tip notch on apparent fracture
toughness of materials and provide engineers with accurate values of fracture toughness,?*%’ as also detailed
later.

This paper is organized as follows. First, we present the studied rock materials as well as the experimental
and analytical methods adopted for this study. A brief theoretical background on the methodology employed to
analyse the ring tests and bending tests carried in this study is provided in Section 2. Section 3 presents our main

results including a discussion. Finally, the conclusions of our study are drawn in Section 4.

2. Materials and Methods

Four different rock types including a red sandstone, a white coarse-grained marble, a fine-grained granite
and a coarse-grained granite are selected for this study. This selection covers sedimentary, metamorphic and
igneous rock types with different grain sizes. The PM form of the TCD is applied to measure accurately the
failure properties of these rock materials including tensile strength and fracture toughness. To check the validity
of the proposed PM, the fracture toughness of the tested rocks is also measured according to the ISRM Suggested

Method % modified to take into account the finite radius of the notch used in our experiments.

2.1. A modified version of the PM based on CZM

The PM is the simplest form of the TCD.?° Its failure criterion has been defined by Taylor * as follows:

‘Failure will occur when the stress at a distance L/2 from the notch root is equal to g,’. This translates as:

o(L/2) = o, 1)
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where L is a characteristic distance, and g, is the inherenttensile strength of the material. If the stress distribution
ahead of a stress concentrator and the characteristic distance are known, then the inherent tensile strength can

be determined. As justified in Appendix A, the material fracture toughness Kj. can finally be estimated from

the relation:
L=t (&)2 @
T 0'0

Although the PM has been successfully applied to a large range of fracture problems, it remains a
phenomenological method.® Interestingly, it is intimately connected to the CZM of failure, which rigorously
extends LEFM to elasto-damageable solids. In its simplest version, CZM introduces a cohesive stress a,, below
which the material behaves elastically and beyond which it does not sustain any mechanical load. This approach
predicts the spatial extent of the fracture process zone, also called the cohesive zone, through the Dugdale—
Barenblatt (D—B) formula (see Appendix A):%3!

p Zz(&)z ®)
¢ 8\o,

This formula is almost identical to Eq. (2) up to a constant 72/8 ~1.23. On top of it, considering the tensile
stress distribution o(r) = K;/v/2mr ahead of a running crack as predicted by LEFM, one infers the relation
o(4f./m?) = o. that is similar to Eq. (1). In the following, we use Eq. (3) instead of Eq. (2), as it derives from
a well-identified assumption, namely the existence of a unique stress level that provides both the elastic limit
and the failure threshold of the material, but we use the following PM based methodology to determine both o,
and 4.

Specimens with different notch geometries are loaded up to failure. Following Eq. (1), the point of
intersection of the stress distribution ahead of the stress concentrators at the onset of failure is expected to
provide the material tensile strength. Following the previous interpretation of the PM based on CZM, two
extreme stress concentrators, i.e. a sharp notch (very high-stress concentration) and a flat free surface (no stress
concentration), are best suited. However, in practice, machining very sharp notches and initiating a crack from

a flat free surface are quite difficult to achieve in rock materials.

To circumvent these difficulties, Semi-Circular Bend (SCB) specimens with a notch root radius of about
350um and ring specimens with an inner radius of around 14mm are used to produce the highest and lowest

possible stress concentrations, respectively. Despite the discrepancy between these specimens and the perfect
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concentrators expected theoretically, our method provides accurate values of tensile strength, as we will show

in Section 3.

2.2. Ring test

Rock rings are used in the following as the low-stress concentrator specimens. This test geometry has been
used in the past to measure the apparent tensile strength of rocks and other brittle materials.23® Note however
the apparent tensile strength is a structure-dependent property rather than an inherent material property.'*-3* The
difference between the value of the apparent tensile strength and o, results from the combination of three
factors: (1) the probabilistic nature of the resistance of materials to tensile loading; (2) the complexity of the
failure process involving the initiation of a crack by damage accumulation before it can propagate; and (3) the

calculated stress following a linear elastic assumption may not be the 'real’ stress experienced by the material 1!

The minimum diameter of the internal hole that could be drilled into the sandstone and the marble is about
3mm, while it is about 6mm for granites (Fig. 1-c). Rings with four different inner diameters are prepared for
the sandstone and the marble, whereas three different ring specimens are prepared for granites. Moreover,
normal disk specimens with no hole are also prepared and tested for all rock types. At least three different
specimens for any geometry are tested and the average of calculated tensile strengths for each rock
type/geometry is used for further analyses. The outer diameter and thickness of the rings/disks are around 75
and 30 mm, respectively. Note that, following the analysis of Fillon,*® the ratio of the inner to the outer diameter
of our ring specimens is less than or equal to 0.4 so that the tensile mode of failure dominates over the

compressive one.*? The driving rate of the cross-head for all our tests is set to 0.05 mm/min.

The apparent tensile strength o, is defined as the maximum stress level applied locally to the material at

the onset of failure, assuming that it behaves elastically everywhere. It then follows:

15 4
Ormas = g6+ 38(R/Ro)’] “

that provides the tensile stress applied to the inner surface of the specimen at the applied failure load P,,,x. FOr
disk specimens for which R = 0, the maximum applied stress is located at the center of the specimen and

follows:

_ Pmax (5)
Gmax - T[BRO
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Here, B is the ring thickness while R and R, are the inner and outer radii of the ring, respectively.

Following Torabi et al.,* Kirsch’s solution together with Hobbs’ correction * are used to determine the
tensile stress distribution o, (y) along the loading axis y (see the schematic of the ring specimen shown in Fig.

1-a for the definition of the axes x and y):

o, R? R* (6)
0 (y) = == (2 —2p+12 F) Feorr

Here, F.,.. is a correction factor that should be taken into account for sufficiently large R/R, ratios, which

follows:

Forr=1+—
corr 3

19<R)2 (7
Ry -

In the course of the ring experiments, we observe an interesting phenomenon that we would like to discuss.
As shown in Figs. 2-b and 2-d, the mechanical response of the ring specimen with the largest inner radius shows
two peaks, the first one being larger than the second one. It turns out that full failure of the ring specimen took
place in two steps. First, as the load is increased, the tensile strength of the material is reached and failure takes
place at point A (see Fig. 2-c). After stress drop, the sample is still able to sustain load. As a result, the applied
load increases again, starting from a lower level until it reaches a second time the tensile strength of the material
at point C (see Fig. 2-c). It is interesting to notice that each half of the sample can still bear some compressive
load until the tensile strength of the material is reached a second time at point C, and providing a good evidence
that the sample has been split under pure tension at point A.

The first and second peaks in Fig. 2-d corresponds to the fractures labelled in Fig. 2-c and located at points
A and C, respectively. From this observation, it can be concluded that ring test is suitable to measure the tensile
strength. From recorded videos by high-speed cameras, we do observe that rings with smaller internal holes are
always separating from point A in a tensile mode as well (Fig. 3), as expected from direct numerical simulations

of failure in such specimens.®

2.3. Semi-circular bending test

The notched semi-circular geometry is used for preparing rock specimens with high-stress concentrators.

Various methods have been used to determine the fracture toughness of rock materials.®% 2237-3 The method
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suggested by ISRM 2 relies on SCB specimens that is rather simple to machine and provides good

repeatability.9 40-43

Herein, SCB specimens are prepared and tested according to ISRM. Multiple SCB specimens for each rock

type are tested and the average generalized (or apparent) fracture toughness K is calculated as follows:

KllcJ =Y’ “ DB

PraxVma (8)

B
Here a, B, D, and P,,,x are the notch length, the specimen thickness, the diameter of the SCB specimen and the
maximum applied load, respectively (see Fig. 4). The notch length of the tested SCB specimens is comprised
between 14 to 16 mm while the notch tip radius is 350 microns. The diameter and the thickness of the SCB
specimens range from 74 to 76 mm and 29 to 31 mm, respectively. Finally, Y’ gives the non-dimensional stress
intensity factor derived using the finite element method while assuming plane-strain conditions.? Its expression

follows:
Y' = —1.297 + 9.516(s/D) — (0.47 + 16.457(s/D))B + (1.071 + 34.401(s/D))B? 9)

where s is the span length which is between 37 to 38 mm for all our tests while £ is equal to 2a/D.

Failure of SCB specimens is recorded by means of a high-speed camera (Fig 5-a). It can be clearly seen
that the fracture initiates from the notch tip and propagates parallel to the axis of application of the forces, as
expected. Typical load-extension curves obtained for different rock types are shown in Fig 5-b.

Creager—Paris solution * provides the stress distribution in SCB specimens with a blunted notch of radius

2KV x+p (10)

70 = Gt 7

using the coordinate system depicted in Fig. 4-b. KV, the apparent stress intensity factor, is provided by Eq. (8)

after replacing the failure load P, by the current applied load P.

2.4. Direct fracture toughness measurement using SCB tests
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To test the ability of the proposed methodology to accurately measure the fracture toughness of rock
materials, we proceed to an independent measurement of K. using the failure load of the semi-circular bending
tests. The basic idea is to consider that at the onset of failure, the imposed stress intensity factor (determined
from Egs. (8) and (9) at the tip of the notch) reaches the fracture toughness value Kj.. However, in our
experiments, the notch tip radius is too large to be neglected. Compiling a large set of experimental data, Gomez
et al.?® determined the ratio of the apparent fracture toughness (resulting from the finite notch root radius) over
the actual material fracture toughness:

Ki¢ -1 +7T P (11)
Kic 4 (KIC/UC)Z

Here, the intrinsic tensile strength o, is determined using the PM based methodology while p measured
from 2D slices of SCB specimens scanned by means of X-ray tomography, is found to be close to 350 microns
(Fig. 4-d). K2 corresponds to the apparent fracture toughness measured experimentally. As the material fracture
toughness Kj. appears on both sides of this equation, Eq. (11) must be solved iteratively following the procedure
described in Appendix B and illustrated in Figs. 6-a and 6-b. It turns out that the ratio K;./K> is close to 0.95

for the four materials investigated.

Beyond the particular cases of the fracture tests carried in this study, Figs. 6-c and 6-d depicts the effect of
the cohesive length in comparison to the notch root radius on the ratio K;. /K. In particular, it can be seen that

small notch radii compared to cohesive length give rise to K;. ~ K.

3. Results and discussion
3.1. Size effect on tensile strength measurements using ring specimens

A natural first step in assessing the structure-independent tensile strength of the rock materials investigated
is to determine the apparent (structure dependent) tensile strength o,,,,, as a function of the ring geometry. Ring
specimens with various inner radii as well as disk specimens from different rock types are tested for such a
purpose. Fig. 7-a shows the value of a,,4, as a function of the inner hole radius as obtained after averaging over
different samples. It appears that the apparent tensile strength strongly depends on the hole radius (Fig. 7-b).

This calls for a more advanced method of analysis to determine the inherent tensile strength.

3.2. Intrinsic tensile strength and material fracture toughness

8
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The methodology described in Section 2.1 based on the SCB specimens with a notch root radius of 350
microns (high concentrator) and the ring specimens with inner radii of 13-15mm (low concentrator) is applied
in Fig. 8 for the four rocks investigated. According to Eq. (1), the intersection point of the tensile stress
distributions at the onset of failure for both ring and SCB specimens provides both the inherent tensile strength
and the cohesive zone length. The fracture toughness value is then obtained from Eq. (3) using the D-B

relationship. The results obtained for the four rocks investigated are summarized in Table 1.

The validity of the proposed methodology is now tested. First, we compare the fracture toughness value
predicted by Eqg. (3) with the fracture toughness value measured directly from the notched SCB specimen, after
taking into account the effect of its finite notch root radius. For this purpose, the value of o, determined
previously is used in Eq. (11), providing the ratio K;./K{ between the inherent fracture toughness and the
apparent one, as explained in Sec. 2.4. The comparison shown in Table 2 is excellent. We then compare in Table
3 the cohesive zone length as measured from our method using the intersection point between both stress
distributions at the onset of failure (see Fig. 8) with the one predicted from D—B Formula using the fracture
toughness determined directly from the notched SCB tests and modified for the rounded notch tip effect. Here
also, the agreement is very good. Last but not least, we did proceed to an independent measurement of the
process zone length from statistical fractography, a technique that consists in analysing the statistics of fracture
surface roughness to extract the characteristic size of the damage processes taking place at the crack tip vicinity
during propagation, and found values comparable to the one determined in this study, i.e. in the range 0.7 — 1

mm.

These results call for a few comments. First, the intrinsic tensile strength varies in the range 8 — 25 MPa
for the different rock materials investigated. This is somehow larger, however comparable to the values reported
in the literature for such materials.® ** Note that using smaller hole radius for the low stress concentrator gives
larger values of o, as inferred from Fig. 9 where the tensile stress distribution at the onset of failure is
represented for the different specimen geometries. First, considering stronger stress concentrator is not
compatible with the justification of Eq. (1) that requires the combination of a high and a low stress concentrator
(see Section 2.1). Second, it leads to smaller values of cohesive length, of the order of a few hundred of microns,

that do not match with the results inferred from the statistical analysis of the fracture surfaces.

We then would like to discuss the fracture toughness values measured for the four rocks investigated. Our
methodology provides accurate fracture toughness values, in agreement with values of K. determined directly
from the notched SCB specimens using the ISRM suggested method. Afterwards, it turns out that the value of
the apparent fracture toughness obtained with a notch root radius less than 500 microns as suggested by ISRM
already provides a rather good estimate of Kj. for the rocks investigated. Overall, precision achieved by both

methods is remarkable.
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3.3. Discussion

So far, the results are interpreted and it is concluded that PM is successful in order to measuring intrinsic
tensile strength and material fracture toughness, especially when the D—B formula is being used to determine
the material fracture toughness. This conclusion can open new doors for future researches and needs further
enlightening. The main questions should be answered concerning these results are: 1) Why PM is successful?

2) Why D-B formula is giving better results?

To answer these fundamental questions, first, we need to give a brief background of PM, and both original
and developed methods used to calculate the characteristic length L. As discussed in section 2, Eq. (1) introduced
by Peterson *° is the main failure criterion of PM. This formula is considering a material dependent characteristic
length inferring the estimated stress for a particular geometry at a distance L/2 from its concentrator is equal to
inherent tensile strength of the material. In this argument, L is a constant characteristic length depends on
intrinsic properties of a material, and is independent from geometry of specimen. Therefore, for homogeneous
materials, stress distribution, as a function of distance from concentrator, of any two different geometries would
intersect at a point showing material properties. The abscissa of this point is half of the material characteristic

length and its ordinate is intrinsic tensile strength.

Although PM is successful in practice, from above presentation, there are two major facts lacking
applicability and supportive theoretical arguments. First, materials are not homogeneous and there should be
always some rooms for experimental calibrations, even though one uses the highest and lowest possible stress
concentrators for determining the intersection point as it is done in this study. Second, how the L should be
determined to further estimate material fracture toughness and why L/2 is corresponding to material tensile
strength. The first issue concerning applicability of this model is out of scope of this study and will be addressed
in a future work. From the results of this study, the second issue turns out to be very important and can increase
the accuracy of PM with some modifications. Not solid, but it is reasonable to consider the stress at half of the
characteristic length L would be equal to intrinsic tensile strength. It is somehow representing the average stress
over L that lead to failure of material. It is notable that this argument is close to CZM assumptions for derivation
of Eq. 3 (refer to Appendix A).

Barenblatt ° and Dugdale 3 separately and at the same time have developed basis for the CZM. Their
models have different theoretical arguments and physics but treat the problem with similar procedures.
Barenblatt model is looking at the problem at microscopic scale and considers inter-molecular cohesive stresses
at a large enough area for applying continuum fracture mechanics, and is suitable for brittle materials. Dugdale
model is a macroscopic model and considers perfectly plastic material behaviour inside the process zone ahead
of crack tip. In these models, the process zone (the cohesive zone in Barenblatt model or the plastic zone in
Dugdale model) in direction of applied load (y) is small compared to its length in crack propagation direction

(x). Moreover, in Barenblat model the length of cohesive zone is small in comparison to crack length . < a,

10
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and the distribution of cohesive stress o, in the cohesive zone for a given material is always the same and
independent of the external load.*® These two models in the most simplified scenario (strip or line model) will
be end up with the same closed form solution, and this is why Eq. (3) referred to as D—B formula (refer to
Appendix A).

Overall, considering CZM and PM descriptions it makes sense to employ D-B formula instead of Eqg. (2)
for calculating the characteristic length. On the one hand, PM asserts L is material dependent and can be
determined by testing specimens from same material but different geometries. On the other hand, Barenblatt
model argues distribution of o, in the cohesive zone for a given material is always the same and depends on
material properties. Finally, although these formulas considering different stress distributions over L or £, both
Eg. (1) and Eqg. (3) are considering average stress at L/2 at the moment of failure, and it seems D—B model

assumptions are closer to reality.

4 Conclusions

In this study, a TCD based methodology is examined to determine two key mechanical properties of rock
materials namely intrinsic tensile strength and material fracture toughness. The first and foremost conclusion is
that PM form of TCD is a suitable means to reliably determine intrinsic tensile strength and material fracture
toughness of different rock types. According to our results, PM is very reliable if the cohesive length £, is
considered as the characteristic length L in this method.

Following the results of this study, it turns out that plane disk specimens without stress concentrators cannot
be used to measure tensile strength of rock materials, and tensile strength is underestimated if plane specimens
are used. However, it could provide engineers with a safe and conservative estimation despite the fact that it
would often increase the costs of a project. From the observations in the course of ring experiments, it can be
concluded that ring test is a suitable means to measure apparent tensile strength of rock materials. Tensile
strength of rocks revealed to depend on their structural properties due to the facts discussed by Hudson.!!
However, if a specific value should be reported for a particular rock type and is needed by analytical or
numerical solutions, then intrinsic tensile strength of the rock can be determined following the procedure in this

study with the aid of newly developed PM.

Brittle nature of rock materials is a major issue for fabricating sharp notch in SCB specimens to successfully
determine material fracture toughness. In this study, notch mechanics and practical developments in similar
materials were introduced to circumvent this difficulty. From the experimental observations and comparison
with different methods, it is being suggested that Gomez et al.?® formula can be used to successfully rectify the
notch root radius effect on determining fracture toughness of rock materials. However, if the notch root radius

is smaller than the cohesive length, the ISRM suggested method 2 is a reliable method for determining fracture

11
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toughness of rock materials. Based on the results of this study, the cohesive length is around 1mm for rock
materials. Therefore, if the notch width is less than 1mm or notch root radius is less than 500 microns, as
specified in the ISRM suggested method,?® then the material fracture toughness measured by this method is

reasonably close to the real value.

Although, the results are satisfying, there is a mismatch between the actual location and the considered
intersection point for estimating the intrinsic tensile strength because of material heterogeneities and theoretical
assumptions. This is why fracture toughness values estimated from SCB tests modified for notch root effect and
developed PM are a bit different. The question remains open in this study is that how this issue can be rectified
and if there is any way to measure L or £ for different materials to get the best possible results. In other words,
the length of the fracture process zone in the direction of crack propagation or the cohesive length £ should be
guantified to determine the actual stress at the tip of cohesive zone right before failure of a material in order to
precisely measure the material fracture toughness. Further investigations and future researches are required to

exactly quantify the length of fracture process zone and answer this question.
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Appendix A

Following Taylor,* derivation of Eq. (2) starts by Westergaard’s equation *’ that provides estimation of
tensile stress a(r) in the direction of crack propagation as a function of distance r from the crack tip, for a

through-thickness crack of a half-length a in an infinite body. The equation can be read as:
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338
339
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341

342
343
344
345

346
347
348

Al
a(r)=a\/% (AL)

if r «< a i.e. for the comparatively close points to the crack tip for an applied tensile stress o.

According to LEFM for the same conditions mode 1 stress intensity factor K can be calculated:
K, = ovma (A2)

At the moment of failure K; and o can be replaced by critical mode one stress intensity factor or fracture

toughness K and tensile failure stress oy, respectively:
1c = opVma (A3)
Finally, combining the PM criterion Eqg. (1) with Egs. (Al and A3), afz is equal to both side of the Eq. (A4):

Log® K’ (A4)
a - mwa

which is another form of the Eq. (2).

Derivation of Eq. (3) can be summarized as follows. If a crack or notch with length a as shown in Fig. Al
is considered, then distribution of a.(x, 0) along £ ranged from the physical crack tip or notch tip to fictitious
crack tip would be non-linear. The general formula for calculating mode | stress-intensity factor associated with

such cohesive stresses K[ for a straight crack in an infinite body can be formulated as follows:*

Kf = -2,/(c/m) j \7% (AS5)

where ¢ = a + £, and Vc¢? — x? is Green’s function. There is no close form solution for this equation since the
distribution of o, over £, is unknown. The D—B formula is derived by simplifying this condition. If we consider

o over £ has a constant value (strip model), then Eq. (A5) will transform to:

13



Kf =—/@2/m) f C—UCE;;'O) dx (A6)

349  Fig. A2 shows this simplified situation for a crack of length 2(a + #.) = 2¢ in an infinite body under uniaxial
350 tensile stress . Then, using superposition of the problem, and right before crack propagation, the following

351  equilibrium could be reached:
K; = —Kf (A7)

352 where Kj is given in Eq. (A2) and K[ can be solved using Eq. A6. Now, the equilibrium can be rewritten as
353  follows:

\/E _,a (A8)
oVrc = 20, |—cos” " —;
I c

20, a
—/mc (a — " Ccos7? —) =0;
s c

a (na)
= cos|=—
a+f. 20,

354  Finally, by two reasonable assumptions including ¢. < a and ¢ « a, this equilibrium can be solved for ¢.:

? e A9
1-=<=1- > (A9)
a 80¢
no’na
- =
¢ 8a2

355 that is another form of Eq. (3).
356

357 Appendix B

358 The iterative method for estimating material fracture toughness K;. from Gomez et al.% practical formula

359  (Eg. 11) can be presented as follows. First of all, Eq. 11 can be divided in the two following formulas:

14



K} - |1+ np (BL)
ch 4 lch

360  where I, is a characteristic length given in Eq. B2:

len = (Kic/06)? (B2)
361 Then, an iterative process for estimating Kj. can be presented in four steps as follows:
362 a) estimating the [, using Eg. (B2) by assuming K;. is equal to the measured generalized fracture
363 toughness from experiment;
364 b) estimating the material fracture toughness by replacing the measured generalized fracture
365 toughness from experiment, notch tip radius p, and the calculated [, from the first step into Eq.
366 (B1);
367 c) updating the I, by replacing the estimated material fracture toughness from the second step into
368 Eg. (B2); and
369 d) repeating this loop several times until old and new [, values and accordingly material fracture
370 toughness values converge.

371  The larger the p or the smaller the [, the greater the number of required iterations for convergence (see Fig.
372 4-a).

373 This method has a limitation that is connected to the ratio of p/l,. Based on some numerical examples, it
374  turns out that this iterative process works well if p is smaller or slightly larger than I . It is notable that if p =

375 g, then Ki./KY ~ 0.5 (after convergence).

376
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514  Fig. 2. a) Sandstone ring specimen under compression; b) Mechanical response of the sandstone ring specimens
515  with different inner radii; ¢) Schematic illustration of the two steps failure behaviour of ring specimens; and d)

516  Mechanical response of the ring specimens made of different rocks for the largest inner radii (13-15mm).
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Fig. 3. Sequence of high-speed images taken from a sandstone ring with an inner radius of 3 mm showing

symmetric fracture propagation from point A, as depicted in Fig. 2-c.
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Fig. 4. SCB fracture tests: (a) Schematic of SCB specimen under three point bending; (b) Schematic of the stress
distribution on the bisector line of a blunted notch under opening mode loading conditions; (¢c) SCB specimens
before testing; and (d) 2D image slice of a sandstone SCB specimen scanned by means of X-ray tomography

after failure. Note the radius p ~ 350um of the initial notch.

25



528
529
530

0 us 200 ps

400 ps 600 ps
(@)
——Sandstone ——Marble
——Fine-grained granite = —— Coarse-grained granite|
4
— 3T
=2
=
- 27
3
= 1 F /
o 1 N 1 1

0 0.1 0.2 0.3 0.4
Extension [mm]

(b)

Fig. 5. (a) Sequence of high-speed images taken from a fine-grained granite SCB specimen showing crack
initiation and growth from the initial notch tip; (b) Mechanical response of the notched SCB specimens for the

four rocks investigated.
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Fig. 6. Graphical guides for modifying the notch root radius effect on material fracture toughness: a) A 3D guide

showing the iterative process; and b) A guide for estimating Kj. as a function of notch tip radius, intrinsic tensile

strength and generalized fracture toughness. ¢) Kj. as a function of notch tip radius, the cohesive length and

generalized fracture toughness; and d) A single master curve for evaluating K. as a function of £./p ratio and

generalized fracture toughness.
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537  Fig. 7. Failure load P, (a) and apparent tensile strength a,,,« (b) of the different rocks investigated as obtained
538  from the different fracture tests.
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540  Fig. 8. Application of the PM for the determination of the tensile strength: Stress distribution against distance
541  for the two geometries displaying the highest and the lowest stress concentrations for (a) sandstone, (b) marble,
542  (c) fine-grained granite and (d) coarse-grained granite. The point of intersection of both curves provide the
543 intrinsic tensile strength as well as the cohesive length, as illustrated for marble in the panel (b).
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Fig. 9. Tensile Stress distribution against distance at the onset of failure for different fracture test geometries
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and different materials: a) sandstone; b) marble; c¢) fine-grained granite; and d) coarse-grained granite.
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Fig. Al. Schematic of Barenblat cohesive zone model.
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552  Fig. A2. Equilibrium for derivation of D—B formula as superposition of applied tensile and cohesive stresses.
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554  Table 1. The intrinsic tensile strength, the cohesive half-length and the material fracture toughness, determined
555 by the developed PM.

Rock type o. [MPq] £./2 [mm] Ki. [MPa.m%9]
Sandstone 8.4 0.53 0.44
Marble 154 0.51 0.78
Fine grained granite 24.0 0.39 1.07
Coarse grained granite  19.8 0.48 0.98
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558  Table 2. Comparison of measured generalized fracture toughness K2 [MPa.m®5] and modified fracture

559  toughness K;. [MPa.m%%] values with those obtained using the common and developed PMs.

Rock type KY (ISRM %) K. (Gomez etal.”®)  Kj. (common PM)  Kj. (developed PM)
Sandstone 0.45 0.43 0.49 0.44
Marble 0.80 0.76 0.86 0.78
Fine grained granite 1.08 1.00 1.19 1.07
Coarse grained granite  1.02 0.97 111 0.98

560
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561  Table 3. The cohesive length £, [mm] as per D—B formula determined both from SCB tests modified for the
562  rounded notch tip effect and the developed PM.

Rock type Experimental Developed PM
Sandstone 1.03 1.07
Marble 0.96 1.01
Fine grained granite 0.68 0.78
Coarse grained granite  0.94 0.96
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