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Modeling drill bit wear mechanisms during rock drilling
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Abstract
Drilling is a major component of mining operations and must be efficient in order to achieve an economic produc-
tion cycle. The main objective of this research is to utilize numerical approaches in the prediction of bit wear rather
than laborious, time-consuming, and expensive lab tests. This research used three-dimensional continuum modeling
to study the effect of rock and drill bit material, drill speed, and feed rate on the interaction of rock and bit material.
In addition, three-dimensional discontinuum modeling was used to validate the previous modeling and to investigate
workpiece fragmentation. The rock types evaluated were quartz, limestone, and copper, and the bit materials tested
were 76-mm tungsten-carbide (T-C) and polycrystalline diamond compact (PDC). The maximum bit wear depth was
64 mm which occurred with T-C bit and quartz as the workpiece. Tool wear depth was five times higher for copper
(0.001 mm) than limestone for a given drilling time. In the discontinuum model, the effect of rotational speed and
feed rate on rock fragmentation were simulated. The approach can be used for different purposes by varying the
defined parameters in this paper.
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Introduction

Drilling in rock formations using either mechanical ex-
cavation or drill and blast methods requires the use of a
drill bit. Bit wear has a critical impact on machining
economics: prevention of bit wear and replacement of
worn bits comprise approximately 18–24% of machining
costs (Klocke and Eisenblätter 1997; Ramírez et al.
2017; Sreejith and Ngoi 2000). The control of bit wear
and its impact on the integrity of the machined surface is
a major technical challenge (Kishawy et al. 2011).
Cutting performance is significantly affected by the

abrasive properties of the rock. Quartz is the most abra-
sive rock type; thus, quartz grain size and content, bit
materials and shape, operational variables, and rock
strength are the most important characteristics affecting
the life of cutting tools (Bilgin et al. 2013). Laboratory
bit wear tests on rocks of differing strength and quartz
content showed that the wear rate is a function of quartz
grain size and content in the rock and specific energy is
dramatically affected by wear flat (Figure 1). Bit material
characteristics that limit abrasive wear are toughness (to
prevent failure), the ability to maintain high-temperature
hardness, and wear resistance. Methods for measuring
rock abrasiveness include the following: the Schimazek
Abrasivity Index, based on the percentage of quartz in
the rock (Schimazek and Knatz 1970); the Cerchar
Abrasivity Index, based on scratch formation by a steel
pin with a cone-shaped tip under a static load of 7 kg
over the rock surface for a length of 10 mm (Nizamoglu
1978); and the Norwegian University of Science and
Technology (NTNU) Abrasivity Index for predicting
hard rock tunnel boring machine performance (Bruland
et al. 1995; Bruland 2000).
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Several published analytical or empirical equations relate
tool wear with cutting conditions (e.g., Attanasio et al. 2017;
Takeyama andMurata 1963; Usui et al. 1978), but developing
these often requires time-consuming and expensive experi-
mental wear tests (Poutord et al. 2013). Several authors have
successfully applied three-dimensional (3D) finite element
methods (FEMs) to drilling and machining operation simula-
tions. Figure 2 is one of many examples of accurate FEM
software simulations of tool wear.

The main objective of this investigation is to develop a new
approach to predict bit wear during drilling. The continuum
modeling approach was used to simulate drill bit–workpiece
interactions and wear mechanisms and evaluate the effects of
key operating parameters. Discontinuum modeling was used
to investigate workpiece fragmentation, which cannot be an-
alyzed by continuum methods. The effects of bit and work-

piece material and operational parameters were simulated in
three dimensions.

Continuum simulation

Continuum mechanics deals with solving different me-
chanical interactions by considering materials as a con-
tinuous mass instead of discrete elements. Continuum
mechanics can be applied in many examples including
metals and rocks (Sharma et al. 2021; Wood et al.
2018; Le et al. 2017; Luan and Robbins 2005;
Williams 1999). Equivalent continuum simulation in
drilling is carried out by simulating similar material
properties in all directions. The advantage of continuum
mechanics in drilling is that continuous stress/strain dis-
tribution of material is achievable. This can lead to pre-
cise information about stress concentration and material
failure points. Since the goal of this section is to inves-
tigate the wear behavior of the drill bit, continuum me-
chanics was used to simulating the drill bit. However,
discontinuum mechanics is usually preferred in rock
simulation regarding the discontinuous nature of rocks.
Discontinuum analysis of rock while drilling is also
provided in the next section. The advanced 3D FEM
software DEFORM developed by Scientific Forming
Technologies Corporation (1994) was used to numeri-
cally simulate interactions between a drill bit and rock
(workpiece) for different rock types, feed rates, and bit
rotational speeds. Combined with axial and shear forces
and whether or not drilling fluid is used, these are the
key parameters affecting bit wear (Köhler et al. 2011;
Rostami et al. 2012; Thuro and Käsling 2009). The

Fig. 1 a Cutter wear rate versus
quartz content and quartz grain
size, and b specific energy versus
wear flat (Bilgin 1977, 1982)

Fig. 2 Finite element method simulation (left) and measured (right) flank
wear (Lotfi et al. 2016)
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wear model (Eq. 1) for tungsten-carbide (T-C) proposed
by Usui et al. (1984) and based on Taylor’s and
Archard’s equations has high accuracy with few con-
stants (Usui et al. 1984; DEFORM-3D 2014):

w ¼ ∫apVe−b=Tdt ð1Þ
where w is the wear depth, p is the interface pressure, V
is the sliding velocity, T is the interface temperature, dt
is the time component, and a and b are constants. Due
to the lack of an appropriate model for diamond wear
model and simplicity, the T-C wear model was used for
the diamond wear model regarding its properties.

Effect of bit and rock material on wear depth

The design of tricone drill bit was hard to simulate due to the
software limitations. Therefore, the modeled drill bit in this
study is similar to the concave DTH drill bit. The shape and
the number of buttons affect the bit performance and change
the concentration of the stress. Four simulations were carried
out (Table 1). In simulations 1–3, a 76-mm T-C bit and cylin-
drical limestone, copper, and quartz workpieces were used. In
the fourth simulation, a 76-mm PDC bit and cylindrical quartz
workpiece with a slightly larger diameter than the tool was
used (Figure 3). It is not possible to simulate rock containing
more than one mineral within the finite element domain. As a
boundary condition, a rotational speed of 0 was considered. A
rotational speed of 140 rpm and a feed rate of 3 m/h, which is
common for this drill bit, were used for all analyses (Hbaieb
et al. 2013; Chen et al. 2020).

After 2.25 s from the start of the process (“step 2250”), the
wear depth on the T-C bit with limestone was 0.0002 mm
(Figure 4a), compared to 0.001 mm for copper (Figure 4b).
The wear depth on T-C bit with quartz workpiece was 64 mm
(Figure 4c) and for the PDC bit with quartz was 45 mm
(Figure 4d). As noted above, pure quartz was modeled, which

significantly increases the wear depth. In practice, if the rock
contains even a small amount of quartz, wear depth notably
increases.

The loads for the T-C bit drilling into limestone and copper
were much lower, 50 and 90 kN, respectively (Figure 5a, b).
For quartz, the highest load along the axis of the bit was
approximately 3000 kN for the T-C bit (Figure 5c) compared
to 2500 kN for the PDC bit (Figure 5d), a 17% reduction. This
analysis shows that the drill bit load depends more on the
workpiece than the bit material. Quartz increases the axial load
on the drill bit dramatically and the load continues to increase
beyond 2 s. Meanwhile, the load on the bit reaches a balanced
value after 1 s for limestone and copper.

To assess wear depth as well as bit and workpiece temper-
ature, linear relationships as a function of time were developed

Table 1 Material parameters used
in the numerical analysis Property Workpiece Bit*

Limestone Quartz Copper T-C PDC

Young’s modulus (MPa) 20×103 80×103 117×103 650×103 900×103

Thermal expansion (10−6/°C) 8 14 16.7 5 1.18

Thermal conductivity (W/m·k) 2.37 5 401 59 2000

Heat capacity (J/mol·K) 60 43 24.47 15 1.654

Density (g/cm3) 2.7 2.81 8.94 15.6 3.25

Poisson’s ratio 0.2 0.23 0.36 0.25 0.2

*T-C tungsten-carbide, PDC polycrystalline diamond compact

Fig. 3 a Discretized view of the bit geometry and b bit and workpiece
stand position
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(Figure 6 and Table 2). Using a PDC bit instead of a T-C bit
leads to a reduction in bit temperature by 66%. Bit tempera-
ture increase includes more parts of the bit when the work-
piece is quartz rather than limestone and copper. The temper-
ature of the quartz workpiece with T-C bit is significantly
higher and is three times that in the quartz workpiece with
PDC bit. Comparing limestone and copper, the temperature
of the copper workpiece is five times that in the limestone
workpiece (Table 2). The presented equations can be used as
an aid to predict wear depth in varying situations and avoid
expensive laboratory tests.

Effect of rotational speed on wear depth

Rotational speeds of 140 and 160 and 180 rpm were evaluated
for a 3-m/h feed rate and a T-C bit drilling into limestone. The
lowest wear depth occurred at a rotational speed of 140 rpm
(Figure 7). At 180 rpm, a wear depth of approximately
0.0005 mm was modeled at 2 s, but the continuum model
cannot process the high speed and large drilled workpiece,
so the solution was stopped after this time. Drill bit wear
began to appear nearly 2.2 s from the start of the simulations
for speeds of 140 (wear depth of 0.0002 mm) and 160 rpm

Fig. 4 Wear depth of drill bits with a rotational speed of 140 rpm and a feed rate of 3 m/h for a tungsten-carbide bit and limestone, b tungsten-carbide bit
and copper, c tungsten-carbide bit and quartz, and d polycrystalline diamond compact bit and quartz
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(wear depth = 0.0007 mm). The ultimate wear depth was
0.0006 mm (2.289 s) and 0.0037 mm (2.388 s) for the 140-
and 160-rpm rotational speeds.

The axial load on the T-C bit at 160 rpm (90 kN) was
approximately twice the load at rotational speeds of 140 and
180 rpm (50 kN) (Figure 8). However, the minimum wear
depth of the drill bit was observed at a speed of 140 rpm
(Figure 7). Close examination of the variation in bit wear
suggests that higher rotational speed causes deeper wear due
to more interaction between the bit and workpiece in less time.
Thus, the interaction time for the 180-rpm rotational speed is
too short to compare with the slower rotational speeds.

Given that increasing the rotational speed results in higher
wear depth, when the drill bit rotates six times on the rock (in a
different time period for different speeds), the drill speed of
180 rpm caused approximately 0.0005 mm of wear, whereas a
160-rpm drill bit caused nearly 0.0009 mm of wear. On the
one hand, in terms of the number of bit rotation on the work-
piece, the drill speed of 160 rpm causes greater wear depth; on
the other, considering time as a criterion, wear depth of the
drill bit at 180 rpm starts sooner and is higher.

Based on this approach, in hard rock with a high abrasive
index, a lower rotational speed and a higher applied load or
feed rate is recommended. For rocks with a low abrasive in-
dex, the rotational speed can be increased. Thewear rate is less
sensitive to changes in the rotational speed than to changes in
rock type or bit material. Figure 9 presents wear depth as a
function of time for varying drilling speeds. Additionally, lin-
ear relationships between bit and workpiece temperature as a
function of time are presented (Table 3). The temperatures of
both the bit and workpiece for the bit with the rotational speed
of 180 rpm start sooner and are presumably higher.

Effect of feed rate on wear depth

The feed rate is positively correlated with the load applied on
the bit. Based on data from drilling operations, the feed rate
range of PDC drill bits is approximately 3–10 m/h. Thus, feed
rates of 3, 7, and 10 m/h were simulated and a constant rota-
tional speed of 140 rpm was used in all models. T-C bit ma-
terial and limestone were simulated. Boundary conditions are
the same as in previous simulations. As illustrated in

Fig. 5 Modeled axial load on drill
bits with a rotational speed of
140 rpm and a feed rate of 3 m/h
for a tungsten-carbide bit and
limestone, b tungsten-carbide bit
and copper, c tungsten-carbide bit
and quartz, and d polycrystalline
diamond compact bit and quartz

Table 2 Linear relationships obtained numerically between wear depth and temperature as a function of time in terms of rotational speed variation

Condition: 140 rpm,
3 m/h

Limestone
(T-C bit)

Copper
(T-C bit)

Quartz
(T-C bit)

Quartz
(PDC bit)

Wear depth (mm) w=0.0068t−0.015 w=0.0161t−0.0352 w=77.283t−110.7 w=71.571t−118.32
Bit temperature (°C) Tb=4942.6t−11011 Tb=540.68t−1160.3 Tb=46851t−50764 Tb=9525.2t−9921.4
Workpiece temperature (°C) Tw=856.1t−1889.6 Tw=2018.9t−4381.5 Tw=2910.3t−4178 Tw=621.71t−908.96
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Figure 10, the wear depth of the drill was 0.0006 mm after
0.5 s at a 10 m/h feed rate and after 2.3 s at a 3 m/h feed rate.
The intermediate feed rate of 7 m/h showed a wear depth of
0.0001 mm in 0.7 s.

Figure 11 shows the applied axial load on the drill bit for
different feed rates. The load on the bit at 10 m/h a feed rate
increased in a short time and reached a high value of 52 kN in
0.5 s.

Generally, with increasing feed rate, the drill bit wear be-
gan sooner and was higher. The applied load confirms this
idea since the load on the bit with the feed rate of 10 m/h
was the highest (Figure 11). Figure 12 shows the wear depth
over time at the three feed rates. The temperature of the bit at
the feed rate of 10 m/h significantly increased in a short time
and the temperature of the limestone at this feed rate rose
dramatically in 0.5 s. The limestone at 3 m/h feed rate did
not reach this value in 2 s. To illustrate relationships between

bit and workpiece temperature as a function of time, Table 4 is
presented. The temperature of both the bit and workpiece
starts sooner for the bit with the feed rate of 10 m/h and is
probably higher.

Discontinuum simulation

Rock is naturally composed of discrete elements connected on
different surfaces (Barla et al. 2001). Since rock fragmentation
plays a crucial role in rock drilling, discontinuummechanics is
considered to simulate rock fragmentation in this section.
Discontinuum analysis was firstly used by Stagg and
Zienkiewiz (1968) considering rigid blocks connected to each
at block interfaces. In the discrete element method (DEM), the
rock mass is divided into series of block with interaction in
between contact planes. DEM has been widely used to solve

Fig 6 Relationship between wear
depth and drilling time at a
rotational speed of 140 rpm and
feed rate of 3 m/h for a T-C bits
drilling into limestone and cop-
per, and b tungsten-carbide (T-C)
and polycrystalline diamond
compact (PDC) bits drilling into
quartz
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the discontinuum problems associated with rock fragmenta-
tion (Lin et al. 2021; Zhao and Liu 2020; Zhao et al. 2017).

DEM was used to simulate the effects of feed rate and bit
rotational speed on rock breakage and fragmentation during
drilling due to shortcomings of the FEM approach in simulat-
ing rock fragmentation. To simplify the DEMmodel, a simple
drill bit was simulated having a diameter of 76 mm, which is
typically used in blasting operations (Figure 13).

The simulated workpiece was a limestone cylinder, as in
the FEMmodel (Figure 14a). The rockmaterial was simulated
by an assembly of small discrete elements, glued together
such that the final workpiece had strength properties of intact

rock (Figure 14b). The Mohr-Coulomb criterion was used for
block interactions at interfaces. The workpiece block was lo-
cated on a base block, which was fixed as the model boundary
condition (Figure 14b). A rotational speed was applied to a
T-C bit and its interaction with the rock was simulated.

Effect of rotational speed on rock fragmentation

This simulation was performed at a constant feed rate of 3 m/h
and rotational speeds of 140, 160, and 180 rpm. As expected,
rock fragmentation depended on rotational speed: the maxi-
mum fragmentation was achieved at 180 rpm (Figure 15). The

Fig. 7 Wear depth of a tungsten-carbide drill bit drilling into limestone with a feed rate of 3 m/h and a rotational speed of a 140 rpm, b 160 rpm, and c
180 rpm
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Fig. 8 Modeled axial load on
tungsten-carbide bits drilling in
limestone with a feed rate of 3 m/
h at rotational speeds of a 140
rpm, b 160 rpm, and c 180 rpm

Table 3 Linear relationships
obtained numerically between
wear depth and temperature as a
function of time in terms of
rotational speed variation

Condition: 3 m/h, tungsten-carbide
bit and limestone workpiece

140 RPM 160 RPM 180 RPM

Wear depth (mm) w=0.0068t−0.015 w=0.0156t−0.0341 w=0.0086t−0.0166
Bit temperature (°C) Tb=4942.6t−11011 Tb=1963.4t−4221.7 Tb=6024.8t−11655
Workpiece temperature (°C) Tw=865.46t−1910.5 Tw=267.46t−548.25 Tw=848.95t−1618.8

Fig. 9 Relationship between wear
depth and drilling time of
tungsten-carbide bit with the
workpiece of limestone at a feed
rate of 3 m/h
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unbalanced force in the bit at 160 rpm speed was the highest,
which indicates good fragmentation, but also a higher possi-
bility of bit breakage. The axial force was the highest (40 kN)
for a rotational speed of 160 rpm (Figure 16). The axial force
at rotational speeds of 140 and 180 rpm were both approxi-
mately 32 kN.

Effect of feed rate on rock fragmentation

A constant rotational speed of 140 rpm was considered and
feed rates of 3, 7, and 10 m/h were simulated. Rock fragmen-
tation was directly related to feed rate: the maximum fragmen-
tation of the rock was observed at a 10 m/h feed rate
(Figure 17). The axial force in the Y direction for a feed rate
of 7 m/h reached its highest value (50 kN) in 1.5 s and then fell
to an average of 10 kN (Fig 18b). By comparison, at a feed

rate of 10 m/h, the axial force reached 35 kN in a short time
and then varied within this range (Figure 18c). Thus, the axial
force was higher for a feed rate of 10 m/h, although the bit
with a feed rate of 7 m/h bore much more force in a short
period of time.

Conclusions

Drill bit-rock interactions are complex, involving mechanisms
that are difficult to quantify andmodify experimentally. In this
study, complexities associated with rock characteristics, the
dynamic nature of the problem, and bit–workpiece contact
mechanics were managed using advanced 3D continuum
and discontinuum modeling methods.

Fig. 10 Wear depth of tungsten-carbide bit with limestone workpiece at a rotational speed of 140 rpm for feed rates of a 3 m/h, b 7 m/h, and c 10 m/h
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Table 4 Linear relationships
between wear depth, bit
temperature, and workpiece
temperature as a function of time
at three feed rates for a tungsten-
carbide bit rotating at 140 rpm
into a limestone workpiece

Condition: 140 RPM,
tungsten-carbide
bit, and limestone workpiece

3 m/h 7 m/h 10 m/h

Wear depth (mm) w=0.0068t−0.015 w=0.0009t−0.0005 w=0.0053t−0.0024
Bit temperature (°C) Tb=4942.6t−11011 Tb=118.56t−56.64 Tb=1261.7t−554.99
Workpiece temperature (°C) Tw=865.46t−1910.5 Tw=66.602t−21.837 Tw=747.4t−324.5

Fig. 11 Variations of predicted
load on a tungsten-carbide bit
with the limestone workpiece at a
rotational speed of 140 rpm for
feed rates of a 3 m/h, b 7 m/h, and
c 10 m/h

Fig. 12 Relationship between
wear depth and drilling time of
tungsten-carbide bit with the
limestone workpiece at a rota-
tional speed of 140 rpm
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Fig. 13 a, b Drill bit geometry
and c simplified drill bit geometry
used in DEM modeling

Bit

Discrete blocks to enable

the simulation of breakage

Rotating bit

Fixed base

Bit

Discrete blocks to enable

the simulation of breakage

Rotating bit

Fixed base

(a) (b)

Fig. 14 a Discrete element
workpiece geometry and b
boundary condition of the
workpiece

(a) (c) (b) 

Fig. 15 Limestone fragmentation with tungsten-carbide bit at a feed rate of 3 m/h and the rotational speed of a 140 rpm, b 160 rpm, and c 180 rpm
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For the continuum approach, effects of rock and bit type,
rotational speed, and feed rate on wear depth were evaluated.
The rock and tool type were the most crucial elements in
determining tool wear. We recommend changing the drilling
path to avoid rocks containing quartz. If this is not possible,
tool wear can be controlled by modifying parameters such as
rotational speed and feed rate. For quartz-containing rocks, a
PDC drill bit is recommended; it reduced the wear depth and
drill bit temperature by 33 and 66%, respectively, over the
same period of time. Compared to quartz, limestone and cop-
per are not as abrasive. The wear depth of a T-C bit was
approximately 5 times more drilling in copper than limestone.
The applied load on T-C tool (30 kN) was 60 times higher
drilling in quartz than limestone. This load was 16% lower
with the PDC bit.

Both continuum and discontinuum analyses showed the
axial load on the bit was highest for a rotational speed of
160 rpm. The wear depth was also higher for a rotational
speed of 160 rpm than 180 rpm. The limestone temperature
is considerably higher at a speed of 180 rpm. By increasing the
feed rate, tool wear commenced sooner and appeared higher.
The applied load on the bit showed that the bit having a feed
rate of 10 m/h experienced the maximum wear depth. The bit
temperature with a feed rate of 10m/h rises significantly short-
ly and the limestone temperature increased greatly in 0.5 s.
The limestone at feed rates of 3 m/h did not approach this
value in 2 s. The discontinuum approach was used to model
the effects of rotational speed and feed rate on rock fragmen-
tation. Fragmentation was positively related to rotational
speed and feed rate.

Fig. 16 Axial force (acting in the
Y direction) applied to a tungsten-
carbide bit rotating on a limestone
workpiece at a feed rate of 3 m/h
and rotational speeds of a 140
rpm, b 160 rpm, and c 180 rpm

(a) (c) (b) 

Fig. 17 Limestone fragmentation with tungsten-carbide bit at rotational speed of 140 rpm and feed rates of a 3m/h, b 7 m/h, and c 10 m/h
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In practical drilling applications within the mining and civil
industries, the project costs are strongly affected by tool wear,
since the correct estimation of wear and timely replacement of
the tool can significantly influence operational efficiency. The
interaction of drill bit-rock in situ is a highly complicated
process and relatively unknown. It is very difficult to charac-
terize the rock mass in situ and there are limited filed data
available on the effect of rock mass properties on drill effi-
ciency. The predictive approach shown in this work can be
used as an aid in selecting the appropriate bit for varying rock
types. Predictive design charts were presented that can be used
as an aid in bit selection but require site-specific calibrations.
The authors believe that a significant amount of work at the
laboratory and field scales are required to characterize the drill
bit wear mechanisms in actual field operations. This is a work
in progress and will be the subject of future publications.
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