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Abstract

This paper reports the results of scratch tests on three rocks (Bonne Terre Dolomite,
Alabama Marble and Dunnville Sandstone) conducted at depths of cut ranging from
0.2 mm to 2.6 mm. The experiments were performed on slabs of thickness slightly
smaller than the cutter width, with a camera recording the entire cutting process.
The test results reveal the existence of three cutting regimes: ductile, fragmentation,
and brittle with increasing depth of cut. The regimes differ by the failure mode, the
dependence of the specific energy ε on the depth of cut d, and the fragment shapes.
In the ductile regime, ε ∼ d0 and the fragments are constitutive grains of the rock or
powder as a result of intense shearing. In the fragmentation regime, ε ∼ d−1/2 and
the fragments is a mix of ductile-type particles and flake-like chips also the product of
shear failure. Finally, the brittle regime is characterized by ε ∼ d−1 and is essentially
associated with chip-like fragments that come in two varieties depending on whether
they are created by shear or by tension. The d−1-dependence of the specific energy
can only be observed if the rock is sufficiently homogeneous at the scale of the
experiment. The distinction between different modes of failure is based on evidence
from video recording and fractography with a Scanning Electron Microscope. It is
shown that the dominance of tensile over shear fracture is intimately related to the
existence of a crushed zone, which acts as a wedge to initiate a tensile macrocrack in
a compressive stress field. Finally, an analysis of the energy partitioning in the brittle
regime indicates that the energy dissipated in creating new surfaces with a tensile
crack is actually negligible compared to the energy expended in the formation of the
wedge. This result indicates that the mode I toughness cannot be determined from
the specific energy in the brittle regime, on the basis of a model of a crack parallel

∗Corresponding author
Email address: detou001@umn.edu (Emmanuel Detournay)

Preprint submitted to Engineering Fracture Mechanics September 26, 2022



d

wF
Fn

Fs
✓

Figure 1: Sketch of the cutter-rock interaction.

to the free surface, in contradiction with published claims to that effect. Finally,
this experimental investigation clarifies some confusion in the literature, rooted on
assuming the existence of only two modes of failure, ductile and brittle.

Keywords: Scratch test, Rock cutting process, Failure mode, Fracture toughness,
Specific energy, Fragmentation

1. Introduction

The scratch test involves shaving rock from the surface of a sample by moving
a cutter in a direction parallel to the free surface. The test is conducted under
kinematic control, with the depth of cut d and the cutter velocity V imposed and
maintained constant along the entire cut. The tangential (or cutting) force Fs and
normal force Fn acting on the moving cutter are continuously measured during the
test (see Fig. 1). Typically, the depth of cut imposed in scratch testing varies between
about 0.1 mm to a few mm. As an experimental technique, the scratch test has been
widely used to study the rock cutting process, primarily to gain insights into the
rock breaking mechanisms with the goal of improving the efficiency of mechanical
excavation by optimizing the cutting tools and the operational parameters [1–5].

The geometry of the rectangular cutters commonly used in a scratch test is sim-
ply described by width w and back-rake angle θ > 0, with the cutter inclined forward
with respect to the direction of motion as illustrated in Fig. 1. Scratch tests can be
divided into two types, depending on whether the cutter width is larger or smaller
than the thickness of the rock specimen. For the first type, slabs of thickness slightly
smaller than w are used for the experiments so that there is no sidewall effects.
Hence the cutting force are expected to be proportional to w in view of the apparent
two-dimensional nature of the process. For the second type, the cutter is tracing a
groove at the surface of the rock specimen; the presence of sidewalls then introduce
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a dependence of the cutting force on the ratio d/w, presumably caused by the addi-
tional frictional resistance due to the transverse normal stress generated by bulking
of the fragmented rock [6].

An important indicator of rock cuttability is the specific energy ε, defined as the
energy required to cut a unit volume of rock. Previous investigations have shown
that the scaling of the specific energy with respect to the depth of cut is closely
related to the failure modes [7, 8]. At shallow depth of cut (typically larger than
the rock grain size and less than 1 mm for a medium strength rock), the rock is
intensively sheared ahead of the cutter in a continuous manner so that no particular
events can be isolated while cutting. This cutting mode, defined as ductile, is charac-
terized by continuous de-cohesion of the constitutive matrix and grains, with grains
and powders accumulating progressively in front of the cutter. Consensus on the
independence of specific energy ε upon the depth of cut d in the ductile regime has
been reached on the basis of an extensive laboratory experimental program involving
the testing of several hundred rocks [9]. The constant specific energy ε in the ductile
regime is found to be well correlated with the rock uniaxial compressive strength
(UCS).

As the depth of cut d increases beyond a critical depth of cut d∗, the failure
process is associated with the continuous formation of thin flake-like fragments [8, 10]
together with debris similar to those generated in the ductile regime. The particle size
distribution follows a power law over a significant range of sizes [11]. The increasing
size of the largest fragments with d leads to a decrease of the specific energy with
respect to the depth of cut. Interestingly, laboratory scratch tests on several types
of rock have provided substantial evidence that the scaling of the specific energy ε
with respect to depth of cut d follows ε ∼ d−1/2 in this regime, as shown in Fig. 2 in
magenta color. Scratch tests on several types of rock reveal a consistent rock failure
pattern in the fragmentation regime, i.e., the formation of thin flake-like fragments,
a consequence of the branching, interaction and propagation of a system of micro-
cracks caused by the compression imparted by the cutter motion.

As the depth of cut increases above a second critical depth of cut d∗∗, the frag-
mentation regime eventually disappears and is replaced by the brittle regime. This
regime is characterized by the discontinuous formation of large rock chips with the
simultaneous presence of small fragments and debris and by a steeper decrease of
the specific energy with the depth of cut compared to the fragmentation regime. As
shown in Fig. 2, the scaling law for the specific energy follows ε ∼ d−1 in the brittle
regime for scratch tests on homogeneous rocks. Unlike the scaling law of the specific
energy in the fragmentation regime, which generally follows ε ∼ d−1/2 for several dif-
ferent types of rock, the ε ∼ d−1 relationship may not hold for heterogeneous rocks in
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Figure 2: Scaling law of specific energy ε with respect to depth of cut d in three failure regimes.
The specific energy ε is constant in the ductile regime, and follows ε ∼ d−1/2 and ε ∼ d−1 in the
fragmentation and brittle regimes, respectively.

the brittle failure regime due to the co-existence of different failure patterns, leading
to a random and inconsistent rock cutting process over the rock sample lengths used
in small scale tests.

Previous studies have considered only two distinct modes of failure, ductile and
brittle [7, 8, 12–17]. However, different interpretations of the brittle regime have
led to some confusion. The distinction between a ductile regime characterized by a
specific energy independent of the depth of cut and a brittle regime (now referred to
as the fragmentation regime) for which the specific energy decreases as the inverse
of square root of depth of cut was originally proposed by Detournay and co-workers
based on laboratory experiments with rectangular cutters [7, 8, 11, 12, 14]. They
noted consistency between experimental evidence and arguments invoking scaling
and minimum energy principle. Indeed a linear dependence of the cutting force on
d for a cutter of width w implies that the prefactor to the group dw has dimension
FL−2 like the compressive strength q, while a linear dependence of Fs on

√
d implies

that the prefactor of the group d1/2w has dimension FL−3/2 like the toughness Kc.
Finally, they noted that the transition depth of cut d∗ between these two force models
naturally scales by K2

c /q, with the cutting force corresponding to ductile failure being
smaller than the cutting force for the brittle failure if d is less than d∗, and vice versa
if d is larger than d∗.

Confusion about the brittle regime was set off by incorrectly attributing to the
ε ∼ d−1/2 regime the formation of tensile cracks sub-parallel to the free surface
that were observed in cutting experiments [8, 11, 13, 18, 19]. This confusion fueled
claims that toughness could be determined from the cutting force measured in scratch
experiments in the ε ∼ d−1/2 regime, based on a mathematical model constructed
on the premise that the cutting energy is entirely dissipated in the propagation of
subhorizontal tensile macrocracks [13, 20, 21]. These claims have generated robust
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debates and discussions in the literature [22–28]. In fact, as indicated above and
demonstrated experimentally in this paper, the propagation of a macro-tensile crack
sub-parallel to the free-surface is observed in the ε ∼ d−1 regime (provided that
the rock is homogeneous at the scale of the experiments) and not in the ε ∼ d−1/2

fragmentation regime.
A critical aspect of rock cutting in the brittle regime, which is not addressed

in the above references, is the mechanism of initiation of a sub-horizontal tensile
crack in a compressive stress field. According to several studies [10, 14, 29–31], the
initiation of a tensile crack is actually closely related to the formation of a crushed
zone ahead of the cutting tool. This zone acts as a wedge to induce a tensile crack.
It is observed that the rock in the crushed zone is pulverized into fine powders due
to the compressive stress concentration so that intensive energy is dissipated in the
formation of the crushed zone [29, 32–34]. Visual evidence of the formation of the
crushed zone obtained with high-speed camera [35, 36] or a workshop microscope
[29] have been reported. Moreover, according to [35, 37], the size of the crushed
zone determines whether tensile fracture or shear/compression failure dominates the
mechanism of rock failure in the brittle regime. Factors that affect the size of the
crushed zone include the pressure at the cutter/rock contact surface, the relationship
between the depth of cut and the cutter width, the cutter geometry, the friction
between the crushed rock and the cutter face, and the rock properties [29, 33].

In summary, interpretation of the scratch test suffers from ambiguity in the clas-
sification of rock failure modes and a lack of consensus about the underlying rock
failure mechanisms in the fragmentation and brittle modes. This state of affair has
led to a misinterpretation of the scratch tests results and misleading conclusions
regarding which rock mechanical properties can be assessed from these tests. To ad-
dress these issues, a comprehensive campaign of scratch tests was carried out on slabs
of different rock types to explore the transition between different rock failure modes
with an emphasis on the fragmentation and brittle regimes. A camera was used to
record the entire cutting process in order to visualize the failure macro-mechanisms.
Rock cuttings from the fragmentation and brittle regimes were collected and fracture
surfaces of two distinct chip morphologies were examined with a Scanning Electron
Microscope (SEM). In addition, the measured cutting force signals were synchronized
with the recorded videos so as to provide detailed information regarding the force
response in relation to rock chipping and thus useful insights into the brittle failure
of rocks in the cutting process. The partition of cutting energy in scratch tests con-
ducted in the brittle regime was assessed to examine the validity of the assumption
that the cutting energy is mostly dissipated in creating new crack surfaces as the
tensile crack propagates.
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The paper is organized as follows. Section 2 introduces the experimental appara-
tus, preparation of the slab rock samples, and the test procedure. The classification
of three different rock failure regimes are described in Section 3 according to the
observation from the recorded video and the scaling law of specific energy versus
depth of cut. The assesment of rock heterogeneity is discussed in Section 4 by low-
pass filtering of the force signals obtained in the ductile regime. Section 5 presents
results of scratch tests in the fragmentation regime with a discussion on the force
signals and rock failure mechanism. The brittle failure mode is elaborated in detail
in Section 6 with focus on different rock chipping patterns controlled by different
failure mechanisms. Section 7 outlines an analysis for the cutting energy partition.
Finally, conclusions are drawn in Section 8.

2. Rock Cutting Tests

2.1. Experimental Apparatus
The tests were conducted with the Wombat, a rock scratcher manufactured by

EpsLog, see Fig. 3a. The main components of the scratcher are [9]: a test bed
used to secure a slab holder, a moving cart supporting a load cell, a cutter, and
a vertical positioning system. The horizontal movement of the cart is set at an
imposed constant speed by means of a computer controlled stepper motor driving a
ball screw via a gearbox. The depth of cut is adjusted manually by means of a crank
mechanism fixed to an Archimedes screw, and a micrometer displays the value of
depth of cut. A locking system is utilized to prevent the cutter vertical movement
in order to maintain a constant depth of cut while cutting.

A custom-designed metal holder was manufactured to firmly secure the rock slab
using several one-sided socket bolts (see Fig. 3b). The motion and rotation of
rock slab are thus prevented during testing. To avoid potential damage of the rock
samples, two metal shims were used in between the rock slab and the holder such
that the concentrated bolt forces applied by a torque wrench were converted into a
more uniform pressure. The shim thickness was selected to ensure that the cutter
width covers the entire thickness of the slab to avoid any sidewall effects. The metal
holder was then firmly attached to the test bed of the Wombat with several socket
bolts.

Scratch tests were carried out using a sharp rectangular cutter with a width of
10 mm and a rake angle of 15◦(see Fig. 1). As the cutter advances along the rock
surface, the tangential and normal components of the force acting on the cutter are
measured by a load sensor and a data acquisition system controlled by LabVIEW at
a raw sampling frequency f = 600 Hz. With this system, forces are mesured with a
precision of about 1 N over the entire range up to 4000 N.
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(a) (b)

Figure 3: (a)Wombat and (b) Metal holder.

The measurement spatial resolution

λ =
2V

f
, (1)

where V is the cutter velocity and f/2 is the Nyquist frequency, represents the
minimum distance over which the force variation can be accurately measured. With
the cutter velocity ranging between 5 mm/s and 30 mm/s and the sampling frequency
set at f = 600 Hz, the spatial resolution λ varies between 0.017 mm to 0.1 mm. As
we ignore here stochastic events that occur at a length scale smaller than the grain
size, the force signal is re-sampled with a spatial resolution of 0.1 mm, independent
of the cutter velocity.

In order to capture the rock failure phenomenon, the entire cutting process was
recorded with a camera (iPhone 11) attached to the vertical frame of the moving
cart, see Fig. 3a. The camera is thus stationary relative to the cutter and has an ac-
quisition rate of 60 and 240 frames per second (FPS) for the normal and slow-motion
recording modes, respectively. Since previous studies have shown that the cutter ve-
locity has negligible effects on the force response and on the rock chipping process
[5, 31, 38], the cutter velocity is set to be 12 mm/s to facilitate the synchronization
between the force signals (re-sampled at a resolution of 0.1 mm) and the recorded
videos. The cutter traveling distance between two adjacent images is thus 0.2 mm
for the normal videos, and is 0.05 mm for the slow-motion videos.

2.2. Rock Sample Preparation

The scratch tests were conducted on three rocks: Bonne Terre Dolomite (BTD),
Alabama Marble (AM), and Dunnville Sandstone (DS). Samples without apparent
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Rock Type
Density
(g/cm3)

UCS
(MPa)

Tensile Strength
(MPa)

Young’s Modulus
(GPa)

Toughness
(MPa

√
m)

Bonne Terre Dolomite 2.5 172 8.5 24.3 1.6
Alabama Marble 2.73 123 5.1 24.8 1.13

Dunnville Sandstone 1.85 43 2.0 7.9 0.18

Table 1: Rock properties.

cracks or other damage were chosen for the experiments. The rock properties are
listed in Table 1. The rock slab specimens were prepared as follows. First, a cubic
rock block with a side length of 300 mm was sawn into several small cuboids with a
squared cross section of 300 mm × 300 mm and a height of 45 mm. Then the small
cuboids were sawn into rock slabs with a length of 300 mm, a width of 9.5 mm and
a height of 45 mm. Small deviations in slab width and height were unavoidable due
to weak vibrations of the saw. The rock slabs were then gradually ground to a final
thickness of 9.0 mm within ±0.1 mm along both the length and the height of the
slab. Since water was used when sawing and grinding the rock, the samples were
placed in a dryer at 150 ◦C for 24 hours and then kept in air for at least 24 hours
before being used for the scratch tests.

2.3. Test Procedure

The depth of cut varied between 0.1 and 2.6 mm with increments of 0.05 mm
from 0.1 to 0.5 mm, of 0.1 mm from 0.5 to 1.0 mm, and of 0.2 mm between 1.0
and 2.6 mm. This range of depth of cut covers the three regimes of failure: ductile,
fragmentation, and brittle with increasing d. Tests at each depth of cut were repeated
at least 3 times to minimize the influence of rock heterogeneity and to accumulate
enough macro-cracking events. Since the focus of this research is the study of the
brittle failure mechanisms, emphasis is thus placed on conducting the experiments
in the fragmentation and the brittle regimes.

When a new slab was fixed in the holder, several preliminary leveling cuts at
shallow depth of cut were done prior to testing in order to ensure a flat horizontal
plane throughout the entire slab length. Additional leveling cuts are also needed
after a testing cut conducted in the fragmentation or the brittle regime, to prepare
the slab for the next test by removing the damaged rock below the surface. In the
fragmentation regime, several leveling cuts are carried out with the total leveling
depth of cut not smaller than the testing depth of cut, while in the brittle regime,
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leveling cuts are required after each cut to smoothen the surface punctuated by small
craters and irregular remnants caused by chipping. For each test, the tangential and
normal force components were acquired by the force measuring system, while the
cutting process was recorded by a camera for the entire duration of the test.

3. Classification of the Cutting Regimes

The rock failure regimes observed in the slab scratch tests depend on the depth
of cut. As indicated earlier, there are three distinct regimes: ductile (d0 ≤ d ≤ d∗),
fragmentation (d∗ ≤ d ≤ d∗∗), and brittle (d∗∗ ≤ d). While the lower limit in the
ductile limit d0 = 0.1 mm is set by technological constraints of the scratcher (in
particular the radius of curvature of the cutting edge on the PDC, which is about
30 µm), the depths of cut d∗ at the ductile/fragmentation transition and d∗∗ at
the fragmentation/brittle transition depend on the rock mechanical properties. In
grained rocks, the physical lower limit of the depth of cut for the ductile regime, dd,
is likely to correspond to the mean grain size. Thus dd = O(0.1) mm for medium
grained sandstone, but dd = O(0.001) mm for a shale

Observations of the rock failure in each regime can be summarized as follows.

• In the ductile regime, rock failure is associated with a continuous plastic flow
of pulverized rock accumulated ahead of the cutter face. The rock failure
process is mainly characterized by grinding or continuous de-cohesion of the
constitutive matrix and grains.

• The fragmentation regime is characterized mainly by the appearance of small
thin flake-like chips. Powder-like debris are produced along with the formation
of flake-like chips and also by cutter grinding after the flake-like chips is sep-
arated from the intact rock. The size and total volume of the flake-like chips
gradually dominate as the depth of cut increases in the fragmentation regime.
Previous experiments [11] have shown that the particle size distribution follows
a power law over a significant range of sizes. Analysis of scratch data [11] and
numerical simulations [14] suggest that d∗ v (KIc/q)2, where KIc is the mode I
toughness and q is the UCS. As will be discussed in Section 5, shear fractures
actually dominate the rock failure process in the fragmentation regime, imply-
ing that mode II toughness KIIc could be a more relevant parameter, but also
recognizing that the ratio KIIc/KIc is commonly considered to be constant for
rocks.
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Ductile regime Fragmentation regime Brittle regime

AM 0.1 v 0.5 mm 0.5 v 2.0 mm 2.0 v 3.0 mm
BTD 0.1 v 0.3 mm 0.3 v 1.4 mm 1.4 v 3.0 mm
DS 0.1 v 0.5 mm 0.5 v 2.6 mm 2.6 v 3.6 mm

Table 2: Ranges of depth of cut for different cutting regimes for three types of rock.

• In the brittle regime, failure is associated with crack propagation. The cracks
that have initiated around the cutter tip could either directly propagate up-
wards to the free surface, resulting in the formation of large flake-like chips and
hence a slant surface, or first propagate sub-horizontally in an opening mode
and then curve upward to the free surface, leading to chunk-like chips and a
relatively flat surface. At times, the sub-horizontal crack just stops to propa-
gate and the rock beam formed between the sub-horizontal crack and the free
surface is crushed by the cutter as it advances. In rare circumstances, the crack
propagates downwards and causes a complete splitting of the slab specimen.
After a large piece of rock chip is removed, the depth of cut is effectively zero
or close to zero and progressively increases until a new chip is formed, during
which a small amount of powder-like cuttings is created.

The three cutting regimes can be classified not only according to the observed
rock failure characteristics during cutting, but also to the scaling of the specific
energy with the depth of cut. Figure 4 presents the log-log plots of the variation of
the specific energy versus the depth of cut for tests on the three rocks (BTD, AM
and DS). Indeed, these results show that the specific energy ε is independent of the
depth of cut d in the ductile mode and follows a power law with an exponent of
−1/2 in the fragmentation regime. Note that the transition from the ductile mode
to the fragmentation mode is sharp for the DS and the BTD, but is gradual for the
AM. In the brittle regime, the specific energy is inversely proportional to the depth
of cut for the AM and the DS, noting that a consistent rock chipping pattern can be
observed in these tests. In contrast, as will be discussed below, the chipping pattern
is inconsistent when cutting the BTD, presumably due to its strong heterogeneity.
This results in an apparent random variation of the specific energy with the depth of
cut, which is exacerbated by the limited number of chipping events due to the short
scratch length of order O(10) cm. The ranges of depth of cut for different cutting
regimes for the three rocks are listed in Table 2.
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Figure 4: Scaling law of the specific energy versus the depth of cut for three cutting regimes: (a)
Alabama Marble, (b) Bonne Terre Dolomite and (c) Dunnville Sandstone.
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Figure 5: Variation of the tangential force signals for: (a) Alabama Marble, (b) Bonne Terre
Dolomite, and (c) Dunnville Sandstone at a depth of cut of 0.2 mm with a spatial resolution of 0.1
mm.

4. Assessment of the Rock Heterogeneity

Extensive laboratory testing has led to the conclusion that the specific energy ε in
the ductile regime does not depend on the depth of cut and that ε is well correlated
with the rock UCS [9, 38, 39]. Furthermore, one of the benefits offered by the scratch
test is that the cutting force signal bears information on the spatial variation of rock
strength [9]. Figure 5 shows the cutting force signals at a depth of cut of 0.2 mm
for the three tested rocks. This depth of cut ensures that cutting takes place in the
ductile regime for each rock, see Table 2. The consistent trend of the cutting force
variation among three tests reveals reproducible signal patterns, implying that the
local rock strength determines the amplitude of the force signal for the three rocks.

The spatial variation of the cutting force signal in the ductile regime suggests
that rock heterogeneity can be assessed at a resolution of about one centimeter.
This can be done by applying a low-pass filter with a cutoff frequency on the original
signals. The filtering operations are carried out by using the technique of maximum
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Figure 6: Successive filtering applied to the cutting force signals for: (a) Alabama Marble, (b)
Bonne Terre Dolomite, and (c) Dunnville Sandstone with a reducing cutoff frequencies. The cutoff
frequencies from the top plot to the bottom plot are 3.75 Hz, 1.88 Hz, 0.94 Hz and 0.47 Hz, which
correspond to a length scale larger than 3.2mm, 6.38 mm, 12.76 mm, and 25.52 mm, respectively.

overlap discrete wavelet transform (MODWT) to decompose the initial signal into
different frequency levels [40]. Increasing the level of decomposition thus corresponds
to reducing the cutoff frequency, which is equivalent to increasing the measurement
length scale at which the signal is observed.

Figure 6 shows the results of successive filtering operations with decreasing cutoff
frequencies on the initial force signals in Fig. 5 for the three tests. The decomposition
level used in MODWT is 4, 5, 6 and 7 from the top row of plot to the bottom row
of plot in Fig. 6. Since the re-sampling frequency for the initial signal is 120 Hz,
the corresponding cutoff frequencies are 3.75 Hz, 1.88 Hz, 0.94 Hz, and 0.47 Hz,
indicating that the length scale over which the signals are observed are larger than
3.2 mm, 6.38 mm, 12.76 mm, and 25.52 mm, respectively. As shown in Fig. 6,
decreasing the cutoff frequency wipes out the high-frequency details and leads to a
good repeatability for the signals obtained at the same depth of cut.

Rock heterogeneity is inferred from the variation of rock strength along the cut.
Since the filtered signal with a cutoff frequency of 0.94 Hz produces a good repeata-
bility, it will be used to assess the level of rock heterogeneity. The coefficient of
variation, i.e., the ratio of the standard deviation of the filtered signal to its mean, is
used to characterize the level of rock heterogeneity at the scale of the samples used
for the scratch tests. The averaged values of the coefficient of variation for the three
tests on the BTD, the AM, and the DS are 0.169, 0.126, and 0.089, respectively.
This suggests that the DS has the lowest level of heterogeneity while the BTD has
the highest level of heterogeneity.
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(a) (b) (c)

Figure 7: Characteristics of rock failure in the fragmentation regime for: (a) Alabama Marble at
a depth of cut 0.8 mm, (b) Bonne Terre Dolomite at a depth of cut of 0.6 mm and (c) Dunnville
Sandstone at a depth of cut of 1.2 mm.

5. Fragmentation Regime

The fragmentation regime has not received enough attention in previous rock
cutting studies, even though both Richard [8] and Chaput [10] reported the exis-
tence of a transition regime characterized by the formation of smaller secondary rock
chippings. A review of the recorded videos taken during scratch tests on the BTD,
AM and DS reveals that both powder-like debris and thin flake-like fragments are
formed when the depth of cut is in the fragmentation regime, see Fig. 7. The size
and the volumetric proportion of the thin-flake fragments increases with the depth
of cut, as shown in Fig. 8, where the cuttings from tests on the three rocks in the
fragmentation regime are compared at three depths of cut.

The consistent thin flake-like morphology of the fragments created in the transi-
tion regime indicates that the same failure mechanism dominates the fragmentation
regime. This is confirmed by an examination of the fracture surface of the thin flake-
like fragments using a Scanning Electron Microscope (SEM), see the photographs
in Fig. 9 for the BTD and the AM. These images show similar characteristics, i.e.,
the fracture surface has a rough appearance resulting from grain breakage along the
crystalline boundary or within a grain. Since the cutter used in the scratch test has
a positive rake angle, the rock is subject to a compressive stress field, which causes
the interaction and propagation of a system of micro-cracks and the formation of
thin flake-like fragments. Moreover, it is commonly observed that a slant surface
was created after the fragments were expelled ahead of the cutter, as shown in Fig.
10. This suggests that the formation of the thin flake-like fragments is caused by
shear fractures.

Figure 11 illustrates the tangential force signals corresponding to the cutting
process shown in Fig. 7. The force signals are characterized by a saw-tooth pattern
with a small spread between peaks, reflecting the observed repetitive fragmentation
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(a)

(b)

(c)

Figure 8: Collection of the rock cuttings for: (a) Alabama Marble, (b) Bonne Terre Dolomite and
(c) Dunnville Sandstone, each at three different depths of cut.
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(a)

(b)

Figure 9: Images of the fracture surface of flake-like fragments obtained with a Scanning Electron
Microscope for cutting tests conducted on (a) Bonne Terre Dolomite at a depth of cut of 1.0 mm
and (b) Alabama Marble at a depth of cut of 2.0 mm.
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(a)

(b)

(c)

Figure 10: A series of snap shots showing the formation of a slant surface after the fragments were
ejected ahead of the cutter for cutting on (a) Bonne Terre Dolomite at a depth of cut of 1.0 mm,
(b) Alabama Marble at a depth of cut of 1.6 mm, and (c) Dunnville Sandstone at a depth of cut of
1.8mm.
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Figure 11: Typical tangential force signals for: (a) Alabama Marble at a depth of cut 0.8 mm, (b)
Bonne Terre Dolomite at a depth of cut of 0.6 mm and (c) Dunnville Sandstone at a depth of cut
of 1.2 mm with a resolution of 0.1 mm.

process. The force ascent stage is related to loading the rock by the cutter whereas
the force descent stage is associated with rock breakage. The cutting force value
seldom reaches zero, implying that the cutter is in contact with the rock over the
entire cutting process. It is also observed that the cutting force fluctuations as well
as the spread between peaks increase with the depth of cut, a consequence of larger
fragments being created at larger depth of cut.

6. Brittle Regime

6.1. Characteristics of the Brittle Failure

Difference in the failure mode between the BTD, AM and DS appears when
cutting takes place in the brittle regime. A review of the videos recorded when
testing the three rocks indicates three types of chipping patterns:

• Shear-induced chipping. Flake-like chips still dominate the rock cuttings in the
brittle regime for the AM and the DS. Similar to the fragmentation regime, rock
failure is characterized by the rapid formation of large chips and the subsequent
ejection of the chips ahead of the cutter at high speed. An emission of sudden
sound accompanies the chipping process. A slant free surface is created after
the large rock chip breaks off from the virgin rock (see Fig. 12a).

• Tensile fracture chipping. The initiation and propagation of tensile macroc-
racks were commonly observed when cutting the BTD (see Fig. 12b), but is
rarely observed when cutting the AM or the DS. The tensile crack first remains
sub-parallel to the free surface and then propagates upward, leading to the for-
mation of chunk-like chips. The averaged crack length increases with the depth
of cut.
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• Surface instability. The chipping pattern results from the propagation of
surface-parallel cracks close to the free surface. The rock between the surface-
parallel crack and the free surface can be treated as a beam under compressive
loads exerted by the cutter. As the critical compressive stress is reached, loss
of stability due to buckling of the surface leads to the crack propagation and
eventually to rock breakage in the middle of the rock beam (see Fig. 12c).

Typical cutting force signals for the BTD, the AM and the DS in the brittle
regime are illustrated in Fig. 13. The sections marked by the dotted red line in Fig.
13a indicate regions where the forces are close to zero, a result of chipping caused
by the propagation of tensile cracks when cutting the BTD. The force signals for the
AM and the DS follow a saw-tooth pattern but with a large variation of the force
magnitude caused by the propagation of a system of microcracks, as shown in Figs.
13b and 13c, respectively.

6.2. Fracture Mechanisms

Despite a significant amount of work done over the past a few years, the nature of
the fracture mechanisms involved in the scratch tests remains somewhat elusive. Ob-
servations from recorded videos together with evidence of two different types of chip
morphology suggest that there exists different fracture mechanisms responsible for
the chipping process. It is hypothesized that the flake-like chips result from the shear
fractures induced by the compressive load imposed by the cutter motion. In contrast,
the formation of chunk-like chips is apparently associated with the propagation of a
tensile crack as shown in Fig. 12b.

Figure 14 shows the SEM images of the fracture surface for both flake-like and
chunk-like chips obtained at the same depth of cut of 2.0 mm when cutting on the
BTD. These chips were collected carefully. We first recorded the cutting process and
left the cuttings untouched after the test, and then reviewed the recorded videos to
track the trajectory of one flying chip so as to identify its origin and failure pattern.
It is thus confirmed that the flake-like and chunk-like chips are, respectively, created
by the propagation of shear and sub-horizontal tensile cracks, see Figs. 15 and 12b
corresponding to the formation of flake-like and chunk-like chips, respectively.

It can be seen from Fig. 14 that the fracture surface of the flake-like chip has
a rough appearance that is similar to the one shown in Fig. 9, suggesting that the
formation of flake-like chips in both the fragmentation and the brittle regimes is
caused by the same failure mechanism. On the other hand, the fracture surface of
the chunk-like chips has a smoother appearance in comparison with the flake-like
chips. This drastic difference is consistent for all the specimens observed with the
SEM; that is, the chunk-like chips have smooth fracture surface whereas the flake-like
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(a)

(b)

(c)

Figure 12: Characteristics of chipping patterns in the brittle regime for: (a) shear-induced chipping
on Alabama Marble at a 2.6 mm depth of cut, (b) tensile fracture chipping on Bonne Terre Dolomite
at a 2.0 mm depth of cut, and (c) surface instability on Dunnville Sandstone at a 2.6 mm depth of
cut.
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Figure 13: Examples of the tangential force signals for: (a) Bonne Terre Dolomite at a 2.3 mm
depth of cut, (b) Alabama Marble at a 2.6 mm depth of cut, and (c) Dunnville Sandstone at a 2.6
mm depth of cut with a spatial resolution of 0.1 mm.

(a)

(b)

Figure 14: SEM images of the fracture surfaces of (a) a flake-like and (b) a chunk-like chip obtained
from cutting the BTD at a 2.0 mm depth of cut. The scales used for the left and right pictures are
100 µm and 10 µm, respectively.
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Figure 15: Identification of the formation for flake-like fragments at a depth of cut 1.0 mm via
reviewing the recorded videos. The flake-like chip is marked by the red circle.

chips have rough fracture surface, independent of the rock material and the depth of
cut. It is thus reasonable to hypothesize that two different failure mechanisms exists
in the rock chipping process. Since the formation of a chunk-like chip is closely
related to the propagation of a tensile macrocrack (see Fig. 12b), the formation of
flake-like chips is postulated to be caused by shear fractures. The growth of these
fractures occur too rapidly to be observed at the maximum 240 FPS used in the
recorded videos.

In contrast, the stable propagation of a tensile crack can readily be captured in
the recorded videos. As an example, the propagation of the tensile crack shown in
Fig. 12b is captured via a series of snap shots presented in Fig. 16. By noting that
the depth of cut is 2.0 mm, the final crack length can be estimated to be about 8.0
mm. Since the time interval between two adjacent frames for a slow-motion video
is 0.0042 s, the averaged propagation velocity of this sub-horizontal crack is thus
about 0.48 m/s. On the other hand, the shear-induced crack always occurs within
one frame such that its propagation is hardly observed. For the flake-like fragments
shown in Fig. 15, its length can be estimated to be 4.8 mm based a depth of cut of
1.0 mm. The averaged shear-induced crack propagation speed should thus be larger
than about 1.2 m/s. The different fracture surface appearances between the chunk-
like and the flake-like chips could possibly be explained by the different propagation
speeds between the shear and the tensile cracks.

Based on the above analysis, the main rock failure mechanism in the fragmen-
tation regime is the shear fracture since flake-like chips dominate in this regime for
each rock. The failure mechanism remains shear-induced fracture for the AM and
the DS in the brittle regime, but is a combination of shear and tensile crack for the
BTD in the brittle regime.

6.3. The Crushed Zone

It has been proposed that the presence of a crushed zone ahead of the cutter with
a positive rake angle provides a mechanism by which tensile cracks are initiated in
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Figure 16: Illustration of the propagation of a sub-horizontal crack when cutting on the Bonne
Terre Dolomite at a 2.0 mm depth of cut.

the rock under a compressive stress field [8, 17, 29, 36]. Moreover, the dominance of
tensile or shear fracture is closely related to the geometrical shape of the crushed zone
surrounding the tool tip, which acts as a wedge to initiate a tensile crack [35, 37].
The formation of a crushed zone as a precursor to the initiation of a tensile crack has
been confirmed by several experimental studies using imaging methods [29, 35, 36].

The rock in the crushed zone is pulverized into powders due to the high stress
concentration at the cutter tip. The rock powder is re-compacted by the cutter
and then adheres to the trailing edge of the rock chips, as they break off from
the virgin rock when the crack propagates to the free surface [32]. Therefore, the
powdery appearance at the trailing edge of a chunk–like chip serves as evidence for
the formation of a crushed zone. Such evidence was commonly observed in the BTD
rock chips resulting from tensile crack propagation, as shown in Fig. 17. It is clearly
seen from the left picture in Fig. 17 that there is a powdery appearance at the trailing
edge of a rock chip, which was then put back in place in the right picture of Fig. 17,
suggesting that the powdery region is just at the cutter tip. This further indicates
that the crushed zone is formed near the cutter tip due to the compressive stress
concentration. Powdery appearance was also observed in other chunk-like chips at
their trailing edge.

On the other hand, compression of the rock in the crushed zone causes the break-
ing of small fragments on the sides of the slab near the cutter tip. This also provides
evidence for the formation of a crushed zone [36]. Figure 18 presents a series of snap
shots, which clearly show the expulsion of a small fragment ahead of the cutter tip
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Figure 17: Powdery appearance at the trailing edge of a rock chip as evidence for the formation of
the crushed zone at the cutter tip.

(see the first three consecutive images in Fig. 18) and the subsequent tensile crack
caused by the wedging action (see the fourth image in Fig. 18).

A careful review of the recorded videos and inspection of the flake-like chips
without powdery appearance at the chip trailing edge indicate that the crushed zone
is not formed in the creation of flake-like chips. It is thus reasonable to conclude
that the initiation of the tensile crack follows the formation of the crushed zone
whereas the shear fracture occurs in the absence of the crushed zone, which agrees
with previous observations [35].

For the BTD, the formation of the crushed zone in the brittle regime is more
commonly observed than in the fragmentation regime, implying that the depth of
cut affects the formation of the crushed zone. The contact condition between the
cutter and the rock also have an influence on the formation of the crushed zone since
the tensile cracks are more likely to appear when the cutter and the rock are in
partial contact, which amplifies the stress concentration at the cutter tip and thus
facilitates the formation of the crushed zone. The fact that the crushed zone is absent
when cutting the AM and the DS but present when cutting the BTD indicates that
the rock properties, such as porosity, mineral composition and grain size, also have
effects on the size of the crushed zone.

When cutting the BTD in the brittle regime, it is observed through a review
of the recorded videos that the length of the sub-horizontal cracks increases with
the depth of cut while the number of the tensile fracture events remains almost
constant. The number and length of the sub-horizontal crack were measured for the
tests at the same depth of cut. Figure 19 shows that the averaged crack length has a
linear relationship with the depth of cut, with the error bar indicating the standard
deviation.
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Figure 18: Illustration of the expulsion of small fragments as evidence for the formation of the
crushed zone.
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Figure 19: Average crack length versus the depth of cut for cutting tests on the Bonne Terre
Dolomite. The error bar corresponds to the standard deviation.
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6.4. Analysis of Different Chipping Patterns via Synchronization

Analysis of the cutter-rock interaction is usually based on an examination of the
cutting force. In previous research, only average values or average peak values of the
cutting force were assessed to study the effects of various factors, such as depth of
cut, rake angle, cutter speed, etc., on the cutting response. Investigation on the rock
failure process by analyzing the fluctuations of the cutting force has been recently
reported in [41, 42]. It has been shown that the fluctuations have a close relationship
with the rock failure mode and can be used to quantitatively describe rock failure.

As a complementary approach to gain a better understanding of the cutting pro-
cess, high-speed filming has been employed to capture the rock chipping phenomena
in previous studies [26, 31, 35, 43]. However, to our best knowledge, the recorded
videos have not been synchronized with the force signals. As shown below, such
a synchronization provides valuable information regarding the relationship between
the cutting force and the rock failure process.

As mentioned in Subsection 2.1, the sampling interval of the force signals is 0.1
mm and the cutter traveling distance between two adjacent photographs is 0.05
mm for a slow-motion recording mode. This relationship makes the synchronization
between the force signals and the recorded videos readily to be carried out in this
study. Therefore, the chipping patterns caused by tensile crack propagation, shear
fracture and surface instability were analyzed by synchronizing the force signal and
recorded videos.

The most obvious chipping pattern in the brittle regime results from the initiation
and propagation of a tensile macrocrack. Figure 20a shows a typical cutting force
variation corresponding to the propagation of a tensile macrocrack. This event is
divided into 6 stages as marked in Fig. 20a. Through the synchronization, six snap
shots corresponding to the six stages of force variation are presented in Fig. 20b. A
slant free surface resulting from previous chipping action can be seen in the first image
such that the force amplitude increases in the first stage due to the gradual increase
of the actual depth of cut as the cutter moves along this slant surface. The force
drop in the second stage corresponds to the formation of a small amount of fragments
as shown in the second image. This is caused by the interaction and coalescence of
microcracks under the action of compressive loads exerted by the cutter. After the
ejection of the fragments ahead of the cutter, the third image shows that the cutter
is in full contact with the rock and starts to compress the rock as the cutter travels
in the third stage. The force drop in the fourth stage corresponds to the propagation
of a tensile crack, as shown in the fourth image. Accompanying the appearance of
the tensile crack is the formation of small fragments, which come from two sources.
First of all, propagation of a tensile crack reduces the loading capacity of the rock
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Figure 20: Illustration of the tensile fracture failure: (a) the force variation and (b) snap shots that
corresponds to the evolution of a tensile macrocrack. Test performed on the Bonne Terre Dolomite
at a depth of cut of 2.0 mm.

beam such that a small amount of the rock ahead of the cutter is fragmented by
the compressive load. Other fragments are expelled on both sides of the rock slab
ahead of the cutter tip, a consequence of the formation of the crushed zone. The fifth
image suggests that the slight increase of the force in the fifth stage is associated
with a sub-horizontal tensile crack propagating upward to the free surface, possibly
implying the transition from a tensile to a shear crack. The force drop in the final
stage is because of the breaking off of the rock chip, as illustrated in the sixth image.

Even though tensile macrocracks can be visualized by naked eyes, the most com-
mon chipping pattern from the review of the recorded videos is actually the shear
fracture, leading to the formation of flake-like chips. Figure 21a shows the force vari-
ation for two cases of shear-induced fracture with the corresponding snapshots shown
in Fig. 21b for case 1 and in Fig. 21c for case 2. As can be seen from Fig. 21a, both
cases consist of a force ascending stage and a force dropping stage with a steep slope.
The first images in both Figs. 21b and 21c correspond to the peak values for both
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Figure 21: Illustration of two cases of shear-induced failure: (a) the force variation and (b) snap
shots for the first case , and (c) snap shots for the second case. Test performed on the Bonne Terre
Dolomite at a depth of cut of 2.0 mm.

cases and the second ones are the adjacent subsequent frames. The time interval of
0.0042 s between two adjacent frames reveals the shear-induced failure occurs quite
rapidly. The third images in Figs. 21b and 21c show the formation and ejection of
flake-like chips just ahead of the cutter face, resulting in a slant free surface.

Figure 22a presents the force variation of two cases of surface instability-related
chipping. Three consecutive snap shots that correspond to cases 1 and 2 are shown
in Figs. 22b and 22c, respectively. The first images in Figs. 22b and 22c correspond
to the peak force values for case 1 and case 2, respectively. The peak force values
are believed to be determined by the vertical distance between the surface-parallel
crack and the free surface. The vertical distance for case 1 is larger than that for
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Figure 22: Illustration of two cases of surface-instability-related failure: (a) the force variation, (b)
snap shot for the first case, and (c) snap shots for the second case. Test is performed on the Bonne
Terre Dolomite at a depth of cut of 2.0 mm.

case 2 as can be seen from the comparison between the third image in Fig. 22b and
the second image in Fig. 22c. The propagation of the surface-parallel crack was
captured in the second image in Fig. 22b, which led to the rock chipping illustrated
in the third image in Fig. 22b. The characteristic of the surface instability-induced
chipping is that the rock beam breaks off into two chunk-like chips in the middle
because of buckling, as shown in the second and third images in Fig. 22b. The
consecutive images in Figs. 22b and 22c imply that the surface instability-related
chipping occurs rapidly with a sharp force drop as shown in Fig. 22a.
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7. Cutting Energy Partition

It has been assumed by several authors that energy in the brittle regime is es-
sentialy dissipated in the creation of new surfaces associated with the propagation
of a tensile macrocrack. Mathematical models based on this assumption have been
proposed to study the transition depth of cut and to assess the rock fracture tough-
ness [13, 17, 38, 44]. However, experimental observations from rock cutting tests
suggest that the energy dissipated in the propagation of tensile crack is negligible
when compared to other energy-consumption sources, such as the formation of the
crushed zone and the heat energy due to friction [5, 33, 45, 46].

In the following, we analyze the energy partitioning in the rock cutting process
in order to assess the validity of the above theoretical assumption. For this purpose,
it is sufficient to consider one chipping event associated with propagation of a tensile
crack, as shown in Fig. 20. Since the cutter moves horizontally parallel to the rock
surface, the work expended in cutting the rock over the chipping event, W , can be
estimated from the tangential force signal shown in Fig. 20 according to

W =

∫ x0+δ

x0

Fsdx (2)

where Fs is the tangential force, x0 is the initial position of the cutter, and δ is the
distance traveled by the cutter over the entire chipping period. The energy Js used
for creating the tensile crack surfaces shown in Fig. 20b can be calculated as

Js = 2γwL (3)

where γ = K2
IC/E is the surface energy for a plane stress problem with E denoting

the Young’s modulus, w is the slab width, and L is the crack length that can be
estimated from the recorded video.

According to the force signal in Fig. 20 and Eq. (2), the external work W
in the third stage (x0 = 106.6 mm and δ = 0.5 mm), prior to the appearance of
the tensile crack, is estimated to be 0.72 J. In contrast, the energy Js dissipated
in creating the tensile crack surfaces is estimated to be be about 10−3 J, according
to the mechanical properties of the BTD in Table 1 and by noting the estimated
crack length L = 5.1 mm (see the fifth image in Fig. 20b) and the slab thickness
w = 9 mm. The energy dissipated in creating new tensile crack surface is thus two
orders of magnitude smaller than the measured external work provided during the
whole chipping event. The formation of powder-like and small flake-like fragments
which accompany the propagation of a tensile crack, as seen from Fig. 20b, is thus
expected to be the main contributor to the energy dissipation. This is consistent
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with experimental evidence that the energy required to break intact rock into small
fragments increases as the size of the fragments decreases [47, 48].

Other detectable energy-consumption sources in the rock cutting process include
mechanical energy due to cutter vibration resulting from the force unloading, kinetic
energy of the flying fragments, sound emission energy, heat energy due to friction
among rock cuttings and between the rock and the cutter, etc.. The mechanical en-
ergy and kinetic energy of the flying fragments is estimated to be negligible, whereas
the sound emission energy and heat energy cannot be estimated in our experiments.
It is claimed by Linquist [45] that heat ultimately represents a major part of the
total energy dissipated whereas the surface energy takes only 2% − 3% of the total
energy in cutting hard rocks.

In summary, it appears that energy expended in creating the new surfaces associ-
ated with the formation of a chunk-like chip when cutting rock in the brittle regime
is only a small fraction of the total external work, which is mainly consumed in the
production of powder-like and flake-like fragments. Therefore, models on the based
on assuming that the cutting energy is essentially dissipated in propagating a tensile
macrocrack result in misleading conclusions.

8. Conclusions

Based on the slab scratch tests on three types of rock, this paper first classifies
the rock failure modes into ductile, fragmentation and brittle modes according to
the scaling law of the specific energy with respect to the depth of cut. Moreover,
each mode is associated with different shapes of rock debris/fragments and different
characteristics of the force signals, which are described as follows.

• Ductile regime. The dominant fragment shapes in the ductile regime is powder-
like since the depth of cut is of the same order of the magnitude as the grain size.
For homogeneous rocks, the cutting force signal resembles a white noise whereas
the variation of the cutting force signal for heterogeneous rock is determined
by the local rock strength. Application of a low-pass filter on the cutting
force signals in the ductile regime is useful for the assessment of the rock
heterogeneity.

• Fragmentation regime. Both powder-like and small thin flake-like fragments
are created in the fragmentation regime. The size of the flake-like fragments
increases with the depth of cut. The force signal presents a marked saw-tooth
pattern with the spread between peaks increasing with the depth of cut, a
consequence of the formation of larger fragments as the depth of cut increases.

30



• Brittle regime. Both flake-like and chunk-like chips were observed in the brittle
regime. The formation of the chunk-like chips results from the propagation of
tensile cracks. The force signal still presents a saw-tooth pattern but with
intervals of force close to zero caused by the removal of rock ahead of the
cutter due to the propagation of a tensile crack.

The fracture surfaces of the chunk-like and flake-like chips obtained with a Scan-
ning Electron Microscope show appreciably different fractography, suggesting that
two different fracture mechanisms exist in the rock cutting process. The chunk-like
chips result from the tensile crack propagation whereas the flake-like chips are caused
by shear fractures. The fragmentation regime is thus dominated by the shear-induced
fracture for all three types of rock. However, for the brittle regime, the dominant
failure mechanism remains shear-induced for the AM and DS, but is a combination
of shear-induced fracture and tensile fracture for the BTD. Experimental observa-
tions show that the initiation of a tensile crack follows the formation of a crushed
zone at the cutter tips, while the shear-induced fracture takes place in the absence
of the crushed zone. Factors that affect the formation of the crushed zone include
the depth of cut, contact condition between the cutter and the rock properties, such
as the porosity, hardness and grain size, etc.

Synchronization between the force signals and the recorded videos provided de-
tailed information regarding the force responses to the rock chipping process resulting
from tensile crack propagation, shear-induced fracture and surface instability, respec-
tively. With the help of the synchronization, the external work provided for a typical
chipping event associated with the propagation of a tensile crack was calculated to be
about two orders of magnitude larger than the energy used for creating new tensile
crack surfaces. This invalidates the published models based on the assumption that
most of the cutting energy is dissipated in creating new tensile crack surfaces in the
brittle regime.

Data availability

Datasets containing cutting force signals, videos of rock cutting processes, parti-
cle size distribution from sieving analysis obtained from scratch tests conducted on
different rocks are available for download from the Digital Conservancy site of the
University of Minnesota: Alabama marble (https://hdl.handle.net/11299/228461),
Dunnville sandstone (https://hdl.handle.net/11299/228463), Bonne Terre dolomite
(https://hdl.handle.net/11299/228462), Burlington limestone (https://hdl.handle.net/11299/228464).
Furthermore, datasets pertaining to UCS tests and indirect tensile tests for Alabama
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Marble, Bonne Terre Dolomite, Burlington Limestone, and Dunnville Sandstone are
also available for download (https://hdl.handle.net/11299/228460).
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