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CHANGES IN CUTTER PERFORMANCE WITH TOOL WEAR 

Esmat Sarwary and Paul Hagan1 

ABSTRACT: Mechanical excavators such as shearers, road-headers, and continuous miners that utilise 
conical picks are increasingly being used in civil construction and mining. Their application has 
broadened to include stronger and more abrasive rock types that result in higher wear rates and 
considerably shorter life span. This results in a bottleneck resulting in lower utilization and lower 
productivity. An understanding of the factors that cause high wear rates is crucial in the selection and 
design of an excavator, selection of cutter tools, and definition of optimum cutting geometry. All these 
parameters can contribute to major cost savings for companies using mechanical excavators. This paper 
explores how tool wear affects the cutting performance of a point attack pick with changes in the depth of 
cut. Linear rock cutting tests were performed using samples of Gosford Sandstone and Gambier 
Limestone at a constant speed of 0.06 m/s and pick attack angle of 55°. The rock samples were cut at 
depths ranging between 5 mm and 20 mm using a standard conical pick having tip angles of 70°, 90° 
100° and 110°. The cutting forces and normal forces, specific energy, and yield were correlated against 
depth of cut. The results reveal that for each rock type, the specific energy increases at a decreasing rate 
with pick wear, confirming cutting efficiency decreases with increasing pick wear whereby a slight 
increase in pick wear resulted in a significant reduction in cutting efficiency. There was a near two to 
threefold decrease in efficiency between a sharp pick and worn out pick. The cutting and normal forces 
were also found to increase at a decreasing rate with pick wear.  
 

INTRODUCTION 

Most mechanical rock cutting machines in coal mining use tungsten-carbide conical picks, mounted on a 
cutting head to fracture the rock in situ prior to its removal and further processing (Lloyd, 1985). As theory 
relating to the mechanical excavation of rock has emerged and evolved over time, so too has the 
utilisation of these machines, often replacing traditional drill and blast methods, resulting in an increase in 
safety performance and a reduction in operating cost. As a consequence, laboratory-scale rock cutting 
facilities such as the Portable Linear Rock Cutting Machine (PLCM) in the Machine Cuttability Research 
(MCR) facility within the School of Mining Engineering at UNSW Australia are able to provide data for 
machine selection, design, and performance prediction for a given rock formation (Balci and Bilgin, 2006; 
Jacobs and Hagan, 2007; Langham-Williams and Hagan, 2014). 
 
Normal force measured by the PLCM can be used to estimate the effective mass and thrust required of 
an excavator. This is a crucial parameter as it provides an insight into the range of necessary forces 
provided by the excavator in order for the cutter to effectively penetrate the rock and maintain the cutting 
depth. Furthermore, the cutting force measured by the PLCM is crucial to evaluating the energy 
requirements for excavating the rock. Cutting force is used to calculate the specific energy requirements, 
defined as the amount of energy required in excavating a unit volume of rock. Specific energy is a direct 
measure of cutting efficiency. Lower specific energy correlates to more material being produced by a 
given machine; therefore, lower specific energy indicates an increase in cutting efficiency (Roxborough, 
2009). 
 
Despite picks being typically constructed from tungsten carbide due to its hardness, thermal resistance, 
high compressive strength and high impact resistance; they are still susceptible to wear (Hudson et al., 
1993). There are several mechanics of wear, such as frictional wear, abrasive wear, microfracturing, 
thermal fatigue, impact damage, and chemical erosion, all of which contribute to tool wear. The 
consequence of wear on the cutting is familiar in the mining and tunnelling industry, since the 
performance of the machine deteriorates significantly as the tools become blunt. The mining output will 
fall, repairable dust production will rise, and the risk of incendive sparking increases (Roxborough, 2009).  

PROJECT OBJECTIVES 

The objective of this project was to determine how tool wear of a point attack pick impacts on cutting 
performance in two different rock types. Cutting tests were undertaken in a combination of a pick of 
differing tool angles and at differing depths of cut. Changes in cutting performance were assessed in 

                                            
1 School of Mining Engineering, UNSW Australia, Sydney, NSW 2052, Australia, E-mail:p.hagan@unsw.edu.au 
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terms of changes in: 
 Cutting force, FC  
 Normal force, FN 
 Specific Energy, SE, and 
 Yield, Q 

METHODOLOGY 

The research involved tests conducted using the newly installed the newly commissioned PLCM as 
shown in Figure 1. The linear rock cutting tests were performed using blocks of Gosford Sandstone and 
Gambier Limestone at a constant cutting speed of 0.06 m/s and attack angle of 55°. Tests were 
undertaken at depths ranging from 5 mm to 20 mm with conical picks at four different pick angles. A data 
acquisition system was used to record the cutter forces measured by a triaxial dynamometer during linear 
rock cutting tests. 

 
 

 
 

Figure 1: Portable Rock Cutting Machine in the Machine Cuttability Research facility at UNSW 

Sample preparation 

Blocks of test samples having dimensions of 260 × 180 × 100 mm were set in plaster within a small steel 
box frame to provide the necessary confinement during testing, as depicted in Figure 2. The preparation 
of the plaster involved mixing with water at a ratio of 5:3.25 (that is 5 kg of powder to 3.25 kg of water). 
 
The samples were cured for at least 24 hrs prior to any testing to ensure the plaster had hardened 
sufficiently. 
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Data analysis 

The cutting (FC) and normal (FN), forces were measured using the integrated triaxial dynamometer.  
The length of the cut was measured using a Linear Variable Displacement Transducer (LVDT). The 
LabView software package was used for real time monitoring and recording of the forces and 
displacement. 
 
The force values in conjunction with mass of collected debris were used to calculate the specific energy 
and yield based on the following formulas: 
 
Q = (m / ρ) / l                                                  (1) 

 
where: 
Q: yield (m3/km) 
ρ: density of the rock (kg/m3) 
m: weight of the debris collected (kg) 
l: length of cut (km) 

 
 

SE = Fc / Q                                                                   (2) 
 
where: 
SE: Specific energy (MJ/m3), 
Fc = cutting force (kN) 

Strength and density of test samples 

Compressive strength tests were conducted on specimens of Gambier Limestone, in accordance with the 
ISRM suggested method for uniaxial compressive strength determination (Brown, 1981). 
 
The testing procedure involved six limestone rock specimens with a diameter and length of 52 mm and 
104 mm respectively using an MTS universal test machine. The tests were conducted at a constant 
displacement rate of 0.003 mm/sec. The strength of the Gosford Sandstone was earlier determined by 
Masoumi (2013).  
 
Nine core samples were weighed and the diameter and length of each sample recorded. Sufian and 
Russell (cited in Masoumi, 2013) conducted an X-ray CT scan on Gosford Sandstone. By using a 
resolution of 5 μm they calculated the porosity to be approximately 18.5% with density of 2.5 × 
103 kg/m3. Table 2 summaries the strength and density of the two of rock types. As shown in Table 2, 
there is over a ten-fold difference in strength and near doubling in rock density between the sandstone 
and limestone samples. 
 

Table 2: Strength and density of Gosford Sandstone and Gambier Limestone samples 

 

Rock type UCS (MPa) Density (t/m3) 

Gosford Sandstone 52.3 2.5 
Gambier 

Limestone 
5.0 1.4 

RESULTS 

A series of cutting tests were conducted in the sandstone and limestone with typical results as shown in 
Figure 5.  
 
The results of the cutting and normal forces, specific energy, and yield were correlated against picks at 
different tool angles representing various states of wear. Figures 6 and 7 show the effects of pick wear on 
cutting and normal force for the two rock types. The trends in each of the graphs indicate cutting and 
normal force increase with pick wear. The magnitude of forces is much greater for Gosford Sandstone 
compared to Gambier Limestone, nearly three times greater for cutting force and six times greater for 
normal force. This is in line with the sandstone’s much greater strength and density. It is also evident that 



2015 C
 

 

 
11 –13

the ma
force i
for lim

 

Figure

 
 

Figure

 

Figure

 
Table 
the tw
impact

Coal Operato

3 February 20

agnitude of c
s also appro
estone.  

e 5: Cutting 

e 6: Effect o

e 7: Effect o

3 shows the 
wo rock samp

t of wear inc

ors’ Conferen

015 

utting force f
oximately 1.6

with a pick 

of wear on cu

of wear on no

variation in c
ples. In the c
reases with 

nce 

for both types
6 times great

tip angle of 
Gam

utting force 
Gam

ormal force 
Gam

cutting force 
case of sands
depth of cut.

s of rock is gr
ter than the n

f 70˚ at 15mm
mbier Limest

 
at varying d

mbier Limest

  

at varying d
mbier Limest

and normal 
stone, the gr
. The gradien

reater than th
normal force

m depth of c
tone (right)

depths of cu
tone (right)

depths of cu
tone (right)

force with to
radient incre
nts are of sim

The U

he magnitude
for sandston

cut in Gosfo

ut for Gosfo

ut for Gosfo

ol angle at in
eases with de
milar magnitu

University of W

e of normal fo
ne and 2.8 t

ord Sandston

ord Sandston

ord Sandston

ncreasing de
epth of cut in
ude level for 

Wollongong

287 

orce. Cutting
imes greater

 

ne (left) and

 

ne (left) and

 

ne (left) and

pths of cut in
ndicating the
cutting force

g 
r 

d 

d 

d 

n 
e 
e 



2015 Coal O
 

 

 
288 

and normal 
 
The situatio
gradient wit
found that i
force (Roxb
and road-he

 

 

 
Figure 8 sh
expected c
increasing d
 

Figure 8: E

 
The increas
becoming th
 
Although th
some outlie
at 20 mm de
90° and 100
groove cut w
as a sharp 
which cons
differences 
samples, su
observed w
110° at 5 m
 
From Figure

Operators’ Co

force.  

on is not as 
th depth and
ncreasing w

borough, 200
eaders, beco

Tab

Rock type 

Sandstone 
 
 

 

Limestone 
 
 
 

hows specific
cutting efficie
depth of cut a

Effect of wea

se in normal 
hrust limited,

he general tr
r results. Clo
epth of cut re
0° which rep
with a 110° p
pick under t

sequently wo
in microfrac

uggesting tha
when cutting s

m depth of c

e 8, it is evid

onference 

consistent fo
 the values f
ear usually h

09). The cons
ome thrust lim

ble 3: Variati

Depth of cu
(mm) 

5 
10 
15 
20 

5 
10 
15 
20 

c energy inc
ency decrea
and hence c

ar on specif

force require
, consequent

rend indicate
oser analysis
esults in a sli
present a slig
pick tip angle
the same co
ould have y
tures, grain 
at the rocks t
sandstone w
cut which sug

dent that the 

or the softer
for cutting an
has a much 
sequence of 
mited rather t

ion in forces

t 
Cutting 

gradie
(kN/de

0.30
0.69
0.92
1.18

0.07
0.19
0.05
0.08

crease with 
ases with in
utting efficien

fic energy fo

ed to succes
tly leading to

es that wear 
s of the result
ghtly lower s
ghtly less wo
e is wider but
nstant thrust

yielded a low
size distribut
tested are no

with a pick tip 
ggests that it

trend indicat

r limestone w
nd normal fo
more delete
this effect is

than torque l

s with tool a

force 
ent 
eg) 

N

0 
9 
2 
8 

7 
9 
5 
8 

pick tip ang
ncreasing we
ncy increase

  

or Gosford S
(right) 

sfully achiev
o eventual sta

has a nega
t reveal that c
specific energ
orn out pick. 
t it has been 
t force provid
wer efficienc
tion, and var
ot perfectly h
 angle of 90°
t is more effic

tes that it is 

whereby the
rce are agai
rious effect o
s that machin
limited with i

angle and de

Normal force 
gradient 
(kN/deg) 

0.37 
0.67 
0.95 
1.34 

0.05 
0.10 
0.09 
0.08 

gle and hen
ear. Also sp
es with increa

Sandstone (

ve pick penet
alling. 

ative impact 
cutting sands
gy compared
A possible 
able to achie
ded by the P
cy. These v
rying joint st
homogenous
° and cutting
cient to cut w

more cost ef

The Univers

11 –

re is little sig
n comparabl
on normal fo
nes, such as
ncreasing we

epth of cut 

Ratio 

1.5
1.6
1.6
1.7

2.7
2.3
2.9
3.2

nce wear. H
pecific energ
asing depth o

(left) and Ga

tration will re

on cutting e
stone with pi
d to cutting w
explanation 
eve the same
PLCM, result
ariations ma
ructure withi

s. There are a
 limestone a

with a more w

ffective beca

rsity of Wollon

– 13 February

gnificant cha
le. Earlier wo

orce than on 
s continuous 
ear. 

C:N 

5 
6 
6 
7 

7 
3 
9 
2 

ence as wo
gy decrease
of cut 

 

ambier Lime

esult in the m

efficiency, the
ick tip angle 

with pick tip a
is that not o
e penetration
ting in greate
ay also be 
n the differe
also similar o

at a pick tip a
worn out pick

ause it requir

ngong 

y 2015 

ange in 
ork has 
cutting 
miners 

ould be 
es with 

estone 

machine 

ere are 
of 110° 

angle of 
only the 
n depth 
er yield 
due to 

ent rock 
outliers 

angle of 
k.  

es less 



2015 Coal Operators’ Conference The University of Wollongong 
 

 

 
11 –13 February 2015 289 

energy to excavate Gambier Limestone than Gosford Sandstone. However, whether it is more efficient to 
mine the two different types of rock would require further exploration. It is further observed that wear has 
a dramatic effect on cutting efficiency at shallow depths of cut and higher specific energy, but at the 
deeper depths of cut, such as 15 mm and 20 mm, a more worn out pick (φ = 110°) has little effect on 
cutting efficiency. This indicates that a slightly more worn pick will perform just as well at a higher depth of 
cut. 
 
Table 4 shows the percentage decrease in specific energy from 5 mm to 10 mm depth of cut for both 
limestone and sandstone. The data outlined in the table shows that a specific mechanical excavator 
capable of mining both limestone (soft rock) and sandstone (hard rock) will have a higher efficiency 
when mining sandstone compared to limestone as depth of cut increases, given that all other conditions 
are constant. This is due to the percentage drop in specific energy when transitioning from a 5 mm depth 
of cut to 10 mm being significantly higher in sandstone regardless of pick’s state of wear. This trend 
concerns the brittleness of the rock, which is a function of compressive and tensile strength of the rock 
(Goktan and Yilmaz, 2005). Generally, if the tensile strength of the rock is similar, a higher compressive 
strength value means that the rock would be more brittle (Goktan and Yilmaz, 2005). Since the strength 
of Gosford Sandstone is 50.3 MPa, it is more brittle compared to the Gambier limestone of 5.0 MPa. In 
this case, when a pick penetrates the rock at the same depth of cut, the ease with which fractures 
propagate with sandstone is higher compared to limestone, thus resulting in more rock fragments. This 
is consistent with experimental results for this research project. More fragments indicate a higher yield, 
given that other parameters are constant, which leads to a lower specific energy. 
 

Table 5: Variation in specific energy with tool angle 

 

Rock type 
Tip angle
(degrees) 

Reduction 
in specific energy (%) 

Limestone 70 9 
 90 33 
 100 49 
 110 32 

Sandstone 70 58 
 90 23 
 100 61 
 110 58 

 
CONCLUSIONS 

A series of rock cutting tests was conducted with two rock types of different strengths and picks with four 
levels of pick tip angle to simulate wear of the pick cutting tool. It was found that cutting and normal force 
increased with pick tip angle and hence with pick wear but the rates of increase varied between the two 
rocks types. As the depth of cut increased there was a rise in the forces. In the weaker Gambier 
Limestone, there was little change in the effect of wear on the rate of increase in forces with depth of cut. 
Whereas for the stronger Gosford Sandstone, the effect of wear on forces was more enhanced and this 
was compounded at larger depth of cut. Mirroring the difference in compressive strength between the two 
rock types, there was a near three-fold difference in cutting forces and six-fold difference in normal 
between the two rock types.  
 
Specific energy also increased with wear, indicating that cutting efficiency decreased with pick wear. A 
two to threefold increase in specific energy was observed between a sharp pick (70°) and a mostly worn 
pick (110°). The percentage drop in specific energy transitioning from a 5 mm to 10 mm depth of cut in 
sandstone is always higher, regardless of the pick’s state of wear. This suggests that mechanical 
excavators capable of mining both limestone (weak rock) and sandstone (strong rock) will have a higher 
efficiency when mining sandstone compared to limestone, given all other conditions held constant 
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