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NTBM  Number of disc cutters
PLI  Point Load Index (MPa)
Q  Rock mass quality (Barton et al. 1974)
q  Quartz content (%)
RMR  Rock Mass Rating (Bieniawski 1989)
RQD  Rock Quality Designation (%) (Deere 1964)
rri  Relative cutter position
UCS  Uniaxial Compressive Strength (MPa)
VHNR  Vickers Hardness Number
Wm  Cutter wear (cutter/m)

Introduction

The considerable progress of science and technology in var-
ious fields has led to the mechanization of many measures, 
including tunneling. In this regard, various types of tunnel 
boring machines (TBM) have been designed and built for 
tunneling in hard rocks and soft grounds. However, from 
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Hm  Cutter life (m/cutter)
Hni  Number of replaced cutters in ith position
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Abstract
The complex interaction between the cutters and rocks in the tunnel face makes it difficult to predict the cutter wear, 
exactly. Therefore, many researchers have tried to study this process and introduce different ways to predict the wear 
extent of cutters and the number of cutters required to complete a mechanized tunneling project. In this study, in addi-
tion to investigating the effect of geological parameters on cutters wear/life, new empirical equations were proposed for 
predicting cutter wear/life, based on data collected from a long tunnel constructed in central parts of Iran, namely Kerman 
Water Conveyance Tunnel (KrWCT). The data collected from this project, including information related to cutter change 
stations, variations of geological parameters along the bored section of the tunnel, and actual machine’s operational and 
performance parameters, were compiled in a database and analyzed statistically. The results of statistical analyses revealed 
a significant relationship between the cutter wear/life and intact rock properties. Consequently, the proposed empirical 
prediction equations just employ two important intact rock properties, including rock strength (UCS) and Cerchar abra-
sivity index (CAI), as inputs. The results showed that the presence of discontinuities with moderate-wide spacing has a 
negligible effect on cutter consumption. These results also proved that models focusing only on rock abrasivity without 
considering the rock strength as an input will not provide an accurate assessment of the cutting tool wear. The new models 
are based on information from a wide range of igneous, pyroclastic, and sedimentary rocks with the UCS and CAI ranges 
of 50–250 MPa and 0.5-5.0, respectively.
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the beginning, excavation with TBM had several limitations 
in the terms of machine capability and the possibility of 
using it in adverse geological conditions (Hassanpour et al. 
2021, 2023; Goodarzi et al. 2021; Pourhashemi et al. 2021; 
Morsali et al. 2017). One of the most important challenges 
of tunneling with hard rock TBMs is the high and unpre-
dicted wear of disc cutters, especially in hard and abrasive 
formations.

Normal wear of disc cutters is the result of friction and 
dynamic contact between the cutter ring and the tunnel face. 
This mechanism is a complex process influenced by a wide 
range of factors including two main groups. The first group 
includes geological and engineering geological properties 
of rock masses (characteristics of intact rock and disconti-
nuities). The second group consists of machine character-
istics (design, operating, and performance parameters of 
the machine) (Frenzel et al. 2008). Extensive studies on the 
parameters affecting disc cutter wear have been conducted 
by various researchers worldwide. For instance, Ewendt 
(1992) reported that the disc cutter wear extent is a func-
tion of rock strength, quartz content, and grain size. Geh-
ring (1995) concluded that the wear of the disc cutter ring 
increases with the change of rock material and the increase 
of abrasive minerals in the rock. Bruland (1998), after 
reviewing data collected from several mechanized tunnel-
ing projects in hard rock, concluded that the disc cutter life 
decreases with increasing the Vickers hardness. Frenzel et 
al. (2008) stated that by increasing the penetration rate and 
decreasing the rotational speed of the cutterhead, the num-
ber of disc cutter changes decreases at the same advance 
rate. Zhang et al. (2017) studied the wear behavior of disc 
cutter rings under three conditions of dry rock mass, and 
rock masses below the groundwater, and seawater. They 
concluded that the highest wear of disc cutters occurs under 
conditions that rock masses are dry, and below the seawater, 
and groundwater, respectively. Hassanpour (2018) stated 
that the rock mass characteristics (e.g., Jv and basic RMR) 
do not show any strong correlation with the disc cutter life, 
in contrast to the characteristic of intact rock. Rauch et al. 
(2018) stated that in situ stresses are significantly associ-
ated with disc cutter wear, and also high temperatures in 
the disc cutter ring increase their wear. Sun et al. (2019), 
while introducing the composite wear test device, reported 
a quantitative relationship between the wear rate of disc cut-
ter with Cerchar abrasivity index (CAI) and rock abrasivity 
index (RAI).

Replacing worn cutters is always a costly process. When 
disc cutters are replaced during tunnel construction, in addi-
tion to the cost of replaced cutters and man-hours spent 
by skilled workers, the cost of delays related to the cut-
ter change operations must be accepted by the contractors 
(Roby et al. 2008). Therefore, the cost of worn disc cutters 

accounts for a large portion of the total construction costs 
in a tunneling project with TBM, especially in long tunnels 
in highly abrasive formations (Ren et al. 2018). Disc cutter 
manufacturers use several methods to improve the disc cut-
ter life and thus reduce the costs associated with worn disc 
cutters in tunneling projects with TBM. One of the most 
cost-effective methods is to employ larger diameter disc 
cutters. Large diameter cutters, in addition to greater load 
capacity, have more materials in their cutter rings which 
increases their wear capacity. Liu et al. (2017) showed that 
the available wear volume of 19- and 20-inch disc cutters 
compared to 17-inch disc cutters increased by 38% and 
218%, respectively, leading to less replacement of 19-inch 
and 20-inch disc cutters than 17-inch disc cutters.

The problem of high disc cutter wear, in addition to 
increasing the cost of the project, is a time-consuming activ-
ity that has a major impact on the predicted advance rate 
and utilization factor of employed machine. Accordingly, 
accurate and reliable prediction of the advance rate of TBM 
needs to estimate the consumption and life of disc cutters in 
an appropriate way. Current disc cutter wear prediction mod-
els, based on the type of data sources used, can be divided 
into two main groups of analytical models and empirical 
models. Analytical models have been developed using theo-
retical assumptions such as theories about stress distribu-
tions on rock-cutter contact areas and tribological rules. 
Empirical models are based on databases from mechanized 
tunneling projects and are constantly being developed using 
data from the projects with different geological conditions. 
In these models, the correlations between the actual disc 
cutter life/wear and the geological conditions of the projects 
are analyzed using various statistical methods (Brino et al. 
2015). In the following, the disc cutter wear prediction mod-
els introduced in the literature are briefly described. Wijk 
(1992) developed an analytical model for predicting disc 
cutter wear using UCS, CAI, disc cutter geometry, and cutter 
force. Nelson et al. (1994) established an empirical method 
for predicting the disc cutter life based on actual data from 
several projects in USA and around the world entered in a 
comprehensive database. In this method, a project similar to 
the present project in terms of rock type, frequency of joints, 
machine type, etc. is selected from database and compared 
with the new project to estimate the disc cutter life. Gehring 
(1995) presented relationships between CAI and the weight 
reduction of the disc cutter ring based on the data collected 
from various projects to predict the life of 17-inch disc cut-
ters. Rostami (1997) proposed the CSM model (Colorado 
School of Mines). In his model, the CAI is used as the input 
parameter for estimating cutter life. Bruland (1998) updated 
the NTNU model (Norwegian University of Science and 
Technology) based on data collected from several tunneling 
projects in Norway. In this model, the main geological input 
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parameter is Cutter Life Index (CLI) that is obtained using a 
series of special laboratory tests. Maidl et al. (2008) devel-
oped an empirical disc cutter life prediction model using 
UCS and CAI for 17-inch disc cutters. Wang et al. (2012, 
2015) proposed an analytical model for predicting the disc 
cutter life based on the specific energy rule (SE) and the 
wear mechanism. Liu et al. (2017) examined the wear rule 
and presented a disc cutter prediction empirical model for 
machines equipped with 20-inch cutters, based on the data 
collected from a water conveyance tunnel project in China. 
Hassanpour et al. (2014, 2015) and Hassanpour (2018) 
investigated the relationships between disc cutter life and 
engineering geological characteristics through statistical 
analyses of data collected from tunneling projects in Iran, 
and provided empirical equations and graphs for predicting 
the disc cutter life. Sun et al. (2019) estimated the disc cutter 
life with two methods, using laboratory wear tests by a spe-
cial experimental disc cutter and statistical analysis of data 
collected from the Yin Han Ji Wei project. Su et al. (2020) 
analyzed the wear mechanisms and extents of 19-inch cut-
ters, based on data collected from Shenzhen metro tunnel 
project in China. Karami et al. (2021a) proposed a predic-
tion empirical model using CAI as a rock material parameter 
and RQD as a rock mass parameter to estimate the cumula-
tive volumetric mass loss of disc cutters based on data col-
lected from Kerman water conveyance tunnel. In a recent 
research work, Kumar Agrawal et al. (2022) investigated 
the relationships between different geological and machine 
parameters to develop a model for prediction of cutter wear 
and rate of penetration. They used a multilayer shallow neu-
ral network (MSNN) for identifying the key parameters and 
their influence on the output parameters. They employed 
five parameters including thrust and torque of machine, 
radial position of cutter and two rock parameters namely 
uniaxial compressive strength (UCS) and Cerchar abrasiv-
ity index (CAI). In a series of simulations, Kumar Agrawal 
et al. (2021) also showed that tip angle of cutter and depth 
of penetration changes wear rate of cutter. According to this 

study, a tip angle of 100 with 7.3 mm tip width and 6 mm 
depth of penetration in the rock is the best configuration for 
obtaining the minimum wear of the cutter.

Although different models have been developed to pre-
dict the disc cutter life, most of them do not return very 
accurate results in different geological conditions and disc 
cutter designs (Macias et al. 2015; Schneider et al. 2012; 
Karami et al. 2021b). In particular, the empirical models are 
usually site-specific and can not be employed in a project 
with different geology and machine type. Furthermore, most 
of the current models are developed for 17-inch disc cutters, 
while the use of large diameter cutters (19 and 20 inches) 
in hard rock TBMs for tunneling in very hard and abra-
sive formations is increasing. Accordingly, in this study, an 
attempt was made to offer an empirical cutter life prediction 
model for 19-inches cutters and compare life of 19-inches 
(483 mm) and 17-inches (432 mm) disc cutters. To achieve 
this goal, in the first step, using data collected from two lots 
of the Kerman Water Conveyance Tunnel (KrWCT) project 
in Iran, the effect of geological and engineering geologi-
cal parameters on the life of disc cutters was statistically 
analyzed. Then, most effective parameters were selected for 
developing new empirical models. The new developed mod-
els were compared to the previous similar models devel-
oped by Hassanpour et al. (2014) and Hassanpour (2018) to 
investigate the effect of geology on cutter life/wear.

Project description

KrWCT project is the main component of a huge water 
transfer system, located in Kerman province, in the center 
of Iran. This tunnel with an approximate length of 38 km, 
has been designed to transfer 23 m3/s water from Safa River 
Dam to Kerman city (Fig. 1) to supply drinking water. The 
tunnel has an approximate north-south trend and a maxi-
mum overburden of about 940 m in central parts. The tun-
nel has been divided into two lots by an access tunnel in 

Fig. 1 Geographical location of 
Kerman water conveyance tunnel 
(KrWCT) project
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Geological settings

KrWCT project site is located in the Sahand-Bazman mag-
matic belt, also known as the Urumieh-Dokhtar zone (UDZ), 
which is a zone of Tertiary volcanic rocks, with the length of 
~ 2000 km and width of 50–200 km and extends from NW 
to SE of Iran. In this zone, magmatic events started in the 
Late Paleocene and peaked during Late Eocene. This zone 
is lithologically composed of different volcanic, pyroclastic, 
and plutonic rocks along with sedimentary rocks. So, the 
completed sections of the tunnel, as shown in the geological 
cross-sections presented in Fig. 2, have passed through dif-
ferent types of rocks. Flysch-type sediments are sediments 
consisting of thin alternations of competent and incompe-
tent rocks such as sandstone and siltstone or limestone and 
limy marlstone that are observed in some parts of the region. 

the middle part, near Shirinak village: Northern lot (with a 
positive slope of 0.11%) and Southern lot (with a positive 
slope of 0.01%), each with a length of about 19 km. These 
two lots are under construction using two refurbished TBMs 
with diameters of 4.625 m and 5.275 m, respectively. Con-
struction work started in late 2015 and at the end of 2017, 
about10 km of the northern lot, and 5.2 km of the south-
ern lot, had been completed. The tunnel construction was 
stopped for a while, during 2018–2020, due to economic 
and social conflicts.

It is worth noting that only the data about the first 8.5 km 
of the northern lot and the first 4.5 km of the southern lot 
that were available in early 2021, have been used in this 
study.

Fig. 2 (a) Simplified geological cross-section along the two lots of the tunnel (Pourhashemi et al. 2022); (b) Detailed geological cross-section 
along the Northern and Southern lots (SOI 2016)

 

1 3

  405  Page 4 of 17



Bulletin of Engineering Geology and the Environment          (2024) 83:405 

The pictures presented in Fig. 3(a-f) show different rock 
types that outcropped in the study area. According to field 
studies, sedimentary rocks in the area that are Cretaceous 
in age include sandstone, shale, mudstone, and limestone 
or light greenish-brown marly limestone with interbeds of 
siltstone (Fig. 3a, d). The volcanic rocks of the study area 
(Hezar and Razak volcanic complexes) mainly consist of 

In some parts of the tunnel route, such thin-bedded rocks are 
observed among the other sedimentary rocks. In the chain-
age 31 to 33 km of the tunnel, because these types of rocks 
are frequent, a large complex of them is named “flysch-type 
sediments” and shown as a separate geologic unit in the 
large-scale map (Fig. 2b; Table 1, N-U4 an N-U5).

Table 1 Range of engineering geological properties of the identified units along the two northern and southern lots of KrWCT project (SOI 2016)
Tunnel Litho. 

type
Lithology Main minerals Altera-

tion (%)
Quartz 
content 
(%)

UCS 
(MPa)

CAI RQD 
(%)

North-
ern lot

N-U1 Lithic tuff Rock fragments, Feldspar, Quartz 20–50 10–40 100–150 1.0-2.5 75–90
N-U2 Andesite-Basalt, Andesite Feldspar, Pyroxene, Olivine 0–60 < 5 100–250 1.0–4.0 75–100
 N-U3 Tuff, Ignimbrite Feldspar, Quartz, Rock fragments 0–40 20–40 50–100 0.5-1.0 75–90
N-U4 Limestone, Silty limestone Calcite, Clay minerals, Quartz 0–5 < 5 50–150 0.5-1.0 50–75
 N-U5 Sandstone, Siltstone Quartz, Feldspar, clay minerals 0–10 20–60 80–150 1.0-3.5 50–75

South-
ern lot

S-U1 Limestone, Marly limestone Calcite Clay minerals, Quartz 0–5 < 5 80–150 0.5–1.5 50–75
 S-U2 Crystal tuff, Sandy lithic tuff Quartz, feldspar, Calcite 0–20 < 10 50–100 0.5-3.0 75–90
 S-U3 Lithic tuff Rock fragments, Feldspar, Calcite 20–60 < 10 100–150 1.0–2.0 50–75
 S-U4 Agglomerate, lithic tuff Rock fragments, Feldspar, Quartz 10–30 10–30 120–200 1.5–2.5 75–90
S-U5 Andesite, Andesite-Basalt Feldspar, Pyroxene, Amphibole 10–50 < 10 140–200 2.0–3.0 90–100
 S-U6 Diorite, Granodiorite Feldspar, Amphibole, Quartz 0–50 < 20 160–300 2.5-5.0 90–100

Fig. 3 Outcrops of: a) Limestone and marly limestone (S-U1); b) Mal-
achite veins along the fractures in an andesitic dyke (N-U2); c) Andes-
ite-basalt dykes intruded in silty limestone (N-U4) along faults with 

E-W strike; d) Thin-bedded sandstones/siltstones (N-U5); e) Sequence 
of pyroclastic rocks (N-U1); f) Porphyritic andesite with phenocrysts 
of plagioclase (S-U5)
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usually not be attributed to the whole unit as the average of 
physical and mechanical properties, and only a general pic-
ture of the general properties can be provided by the range 
of variations of the values. The main characteristics of the 
identified lithological types along the two lots of tunnel are 
listed in Table 1. The variation ranges of parameters pre-
sented in Table 1 have been estimated based on extracted 
data from engineering geological reports prepared during 
the pre-construction and construction phases of the project.

In this study, a series of new samples were taken from 
known outcrops and identified engineering geological units 
to perform additional laboratory tests. In the laboratory, 
some required tests such as point load index (PLI), uniaxial 
compressive strength (UCS), and Cerchar abrasivity tests 
were performed on the collected samples (Fig. 4). Besides, 
more than 100 thin sections were prepared from the col-
lected samples and muck materials and studied under the 
microscope (Fig. 5) to determine the exact petrographic 
characteristics, such as the percentage of minerals in the 
rocks belonging to the lithological types identified along the 
tunnel.

Specifications of the employed machines

Two second-hand double-shield TBMs (manufactured 
by Herrenknecht, Germany), with specifications listed in 

lavas and pyroclastics with a wide combination from basalt 
to rhyolite. Andesitic, dioritic, and basaltic rocks are the 
most abundant types of lavas in the area (Fig. 3f). In the 
case of pyroclastics, lithic tuff, Ignimbrite, agglomerate, and 
green tuff are widespread (Fig. 3e). In addition, the study 
area consists of some massive intrusions, and frequent 
dykes with diverse lithologies from granodiorite to dacite-
andesite, which mostly intruded along the faults with E-W 
strike (Fig. 3c). In general, the frequency of dykes in the 
northern lot is more than in the southern lot.

The presence of closely spaced fractures and numerous 
dykes in the study area has led to the alteration of the rock 
masses in many places. Also, epithermal activities have 
caused the formation of many secondary minerals, includ-
ing malachite, calcite, siliceous, and zeolite veins along the 
fractures (Fig. 3b).

Engineering geological properties of rock masses

Engineering geologically, each of the studied tunnel sections 
in the northern and southern lots can be divided into five and 
six lithological types (LT), respectively. According to IAEG 
(1976), in the LTs, lithological characteristics and physical 
and mechanical properties are not completely uniform and 
a variation range of lithological and engineering properties 
of the rocks can be observed in the unit. Reliable values can 

Fig. 4 (a) The Cerchar abrasivity 
test equipment; (b) The samples 
after testing; (c) Measured wear 
in the pin after testing
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chipping or mushrooming) have been used in a long length 
of the tunnel before replacing them with new cutters. In this 
study, to calculate the actual disc cutter life along two lots 
of the KrWCT project, the information of disc cutters with 
normal wear were used. In addition, data of abnormal wear, 
when replaced disc cutters had a life near average cutter life 
at that tunnel section, were also used in the analyses.

As shown in Fig. 7, with some exceptions, the number 
of replaced disc cutters increases from the center to the 
outer edge of the cutterhead. In the Northern lot, disc cut-
ters no. 25, 26, and 27 in the gage area have had the maxi-
mum number of cutter changes with 9–11 cutter changes in 
the total bored section of the tunnel. Cutter consumption in 
some positions like 9 and 23 are exceptions. It seems that in 
these positions a less contact of cutters with tunnel face has 
occurred or neighbor disc cutters have been changed more 
frequently due to abnormal wear (e.g., chipping) or dam-
age in other parts of the disc cutter (e.g., oil leakage). This 
trend can also be observed in the southern section. In this 
section of the tunnel, disc cutters No. 29 and 31 have been 
replaced more than the adjacent cutters. In addition, as seen 
in Fig. 7b, these two disc-cutters also show more abnormal 
wear.

Figure 9 shows the expected relationship between disc 
cutters’ life and their positions in cutterhead as proposed by 
Bruland (1998). Relative cutter life (Hri) and relative cutter 
position (rri) in Fig. 9 are defined as Eqs. 1 and 2:

rri =
Ni

N TBM
 (1)

Hri =

∑
Hni

NTBM.Hni
 (2)

Where rri is the relative position of disc cutter in ith position, 
Ni is the cutter position number, NTBM is the number of disc 
cutters, Hri is the relative cutter life in ith position and Hni is 
the number of replaced disc cutters in ith position.

This relationship was compared with KrWCT project data 
(see Fig. 9). Although both graphs (Eqs. 4 and 5), especially 

Table 2, were used to excavate two lots of the tunnel. Fig-
ure 6 shows the layouts of cutterheads of two machines. As 
shown in Fig. 6, the flat cutterheads of northern and southern 
machines, equipped with 27 disc cutters (each 19 inches in 
diameter) and 37 disc cutters (each 17 inches in diameter), 
respectively. It should be noted that the original cutterhead 
of the northern machine (which included 31 disc cutters 
each 17 inches in diameter), due to insufficient load capacity 
and improper arrangement of disc cutters on the cutterhead 
and excessive wear of the disc cutters was replaced with the 
current cutterhead on February 24 of 2016, through a verti-
cal shaft constructed at the chainage of 610 m (Hassanpour 
et al. 2019).

Actual disc cutter consumption along two 
lots of the tunnel

According to data collected from site reports, a total of 136 
and 195 disc cutters have been consumed for completing 
the bored section of Northern and Southern Lots of KrWCT 
project, respectively (SOI 2015–2019). Figure 7 shows 
graphs of the total number of disc cutter changes for each 
cutter position on the cutterhead. The main reason for disc 
cutter changes in the KrWCT project was normal wear 
(Fig. 8). The abnormal wear was mainly due to adverse geo-
logical conditions and technical problems of disc cutters. It 
is also reported that most of the damaged disc cutters (by 

Table 2 Main technical specifications of TBMs used for excavation of 
two lots of the KrWCT project
Parameter Northern lot Southern lot
TBM type Double shield Double shield
TBM model S323 S357
TBM diameter 4.66 m 5.27 m
Disc cutter diameter 483 mm 432 mm
Number of disc cutter 27 37
Average spacing of cutters 85.7 mm 72 mm
Cutterhead speed 0–11 rpm 0-10.9 rpm
Cutterhead power 1235 kW 1750 Kw
Max. operating cutterhead thrust 16,913 kN 20,000 kN
Max. cutterhead torque 2068 kNm 2472 kNm

Fig. 5 Microscopic view of different collected samples; (a) Lithic tuff; (b) Diabase with calcite vein; (c) Andesite-basalt; (d) Sandstone
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Fig. 7 Frequency histogram of disc cutter changes in: (a) Northern lot; (b) Southern lot

 

Fig. 6 Views of disc cutter 
arrangement on the TBM cut-
terheads: (a and c) Northern lot; 
(b and d) Southern lot
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the graph obtained for the southern lot, show the expected 
general trend, due to a few exceptions in the number of 
replaced disc cutters in some positions, the relationships 
obtained do not have a high coefficient of determination.

The cutter life is estimated using various parameters 
introduced by different researchers. In this study, the follow-
ing cutter life/wear indices (Eqs. 3–5) presented by Bruland 
(1998) were selected as appropriate parameters to evaluate 
cutter consumption variations along the tunnel:

Hm (m/cutter) =
L (m)

N TBM
 (3)

Hf(m3/cutter) =
Hm . π . d2

TBM

4
 (4)

Wm(cutter/m) =
NTBM

L (m)
 (5)

Where NTBM, dTBM, and L are the total number of disc cut-
ters, TBM diameter, and the excavated length, respectively. 
The two parameters of Hm and Hf are indices of cutter life 
and Wm can be used to define cutter wear.

Since the influence of tunnel diameter on disc cutter 
life has been eliminated from Hf, it can be used as a useful 
parameter for comparing cutter life in different projects.

The average total life and wear of disc cutters in the bored 
sections of the KrWCT project (Northern and Southern lots) 
are summarized in Table 3. In addition, the distribution of 
actual cutter life (Hf) along the two lots of the tunnel is cal-
culated and presented in Fig. 10 (Dashed lines in graphs a 
and b). The obtained graphs are very useful to categorize the 
tunnel length into uniform zones, based on variations of the 
cutter life (continuous red lines).

As shown in Fig. 10 (and Table 3), there is a significant 
difference between the two tunnel sections in terms of the 
average disc cutters’ life. So that the life of the cutters along 
the entire length of the southern lot is less than the northern 
lot, and varies between 380 and 1300 and 220 to 1065 m3/
cutter for the southern and northern lots, respectively.

The main source of this difference can be attributed to 
the smaller diameter of the disc cutters in the southern part 
of the tunnel. As shown in Table 2, the applied discs in the 
northern and southern lots are 19 and 17 inches, respec-
tively. Hence, owing to the lower wear capacity of 17-inch 
disc cutters (lower cutter ring height), more cutters will be 
required to excavate the same length of tunnel.

Table 3 Summary results of calculated average cutter life and cutter wear in two lots of KrWCT project
Tunnel section Total No. of replaced disc cutters Cutter diameter (mm) Bored length (m) Average disc cutter life and wear parameters

Hm (m/cutter) Hf (m3/cutter) Wm (cutter/m)
Northern lot 136 486 8500 58.64 1005.8 0.016
Southern lot 195 432 4350 26.91 494.8 0.034

Fig. 9 Relationship between relative cutter life (Hri) and relative cutter 
position (rri) in KrWCT project and its comparison with the relation-
ship proposed by Bruland (1998)

 

Fig. 8 Example of normal wear of a disc cutter in KrWCT project (As 
can be seen in the picture, there is no sign of chipping, mushrooming 
or irregular wear on the cutter ring, and the entire cutter ring is worn 
uniformly)
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Developing a database

The most important step in this research was the develop-
ment of a database and recording the collected data in a suit-
able format to perform the desired statistical analyses. The 
required data were obtained from the following sources:

1) Pre-construction phase studies: the results of studies 
conducted during the pre-construction phase, in the 
form of geological, engineering geological, and geo-
technical maps and reports, as well as borehole logs and 
reports (SOI 2014, 2016), were used to extract a part of 
required data.

2) Construction phase studies: Data related to machine 
performance and operating parameters (i.e., boring 
time, penetration rate, and cutterhead revolution speed, 
thrust, and torque) and replaced disc cutters (i.e., the 
disc cutter number, replacement chainage, and type of 
disc cutter wear) were obtained from the PLC (pro-
grammable logic controller) hardware installed in the 
machine and site reports prepared in the construction 
phase. Site reports also included the results of tunnel 
face observations and measurements and laboratory 
tests on excavated rock materials.

On the other hand, different geological conditions of the 
southern lot of the KrWCT project have caused a reduc-
tion in disc cutters’ life. In this lot of the tunnel, strong to 
very strong igneous and pyroclastic rock masses have sur-
rounded almost the entire length of the tunnel (Pourhashemi 
et al. 2022). The typical uniaxial compressive strength of 
these rocks varies between 120 and 300 MPa (see Table 1). 
During the excavation of such very strong rocks by disc cut-
ter, grinding is the predominant phenomenon and the chip-
ping process is incomplete.

Gehring (2009) showed that the correlation between 
cutter load and penetration is approximately linear in dif-
ferent rock conditions. He stated that this linearity is not 
observed below a critical penetration. Accordingly, Ville-
neuve et al. (2012) showed that in strong and very strong 
rocks, the applied thrust (cutter load) can be less than the 
value required for initial penetration and consequently, for 
radial crack propagation, and effective chipping (Fig. 11). 
This phenomenon not only results in a low penetration rate 
and high energy consumption of the machine but also leads 
to a considerable increase in cutter wear.

Fig. 10 Variations of the actual 
disc cutter life (Hf) along the 
tunnel in: (a) Northern lot and (b) 
Southern lot
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in-situ and laboratory tests were higher than in other zones. 
So, it was expected that the cutter life would be lower.

Analysis of collected data

As the first step of statistical analyses on data compiled 
in the database, the simple bivariate regression technique 
was employed to identify the most effective parameters on 
disc cutter life. The results of simple bivariate regressions 
between disc cutter life (Hf) as the dependent variable, and 
intact rock (UCS, CAI, VHNR, and ABI), and rock mass 
parameters (RQD, RMR, GSI, Q), as the independent vari-
ables, have been presented in Table 5; Fig. 12 (graphs a to 
h), separately.

As shown in Table 5; Fig. 12, good relationships 
(R2 = 0.39–0.69) between the cutter life (Hf) and intact 
rock properties have been obtained in these analyses. As 
can be seen in Fig. 12 (a, b), the disc cutter life decreases 
with increasing the rock strength. As the inter-granular bond 
strength of rock increases, the wear increases due to the 
increased interaction between the disc cutters and the rock. 
Therefore, the lowest amount of Hf was related to the rocks 
with UCS > 100 MPa. According to Fig. 12 (c-f), there is 
also an inverse relationship between the cutter life and rock 
abrasion indices (such as CAI and VHNR). However, the 
Cerchar abrasivity index has higher correlation coefficients 
than the Vickers hardness number of the rock. The VHNR 
expresses rock abrasion based on the weighted average of 
Vicker’s hardness of minerals in the rock. Since the occur-
rence of alteration in rocks is a common phenomenon in 
some parts of the KrWCT project (Saberinasr et al. 2019), 
the VHNR can not be considered as a good criterion for 
expressing the abrasion status of the rocks in this project.

3) New field and laboratory studies: During the site visits, 
the geological and geotechnical properties of the rock 
formations outcropped along the tunnel were studied 
through field methods. The required data were com-
pleted by performing new sampling and laboratory tests 
on the samples (see Figs. 3, 4 and 5).

All above mentioned collected data were evaluated, 
screened, and compiled in a database. To develop a suit-
able database for the next analyses, the tunnel length in both 
Northern and Southern lots was divided into sections with 
the same cutter life properties. To do these subdivisions, 
geological characteristics and instantaneous cutter life/wear 
variations along the tunnel (Fig. 10), were considered. As 
shown in Fig. 10, a total of 20 and 13 different zones with 
almost uniform geology and cutter life/wear characteristics 
were identified along Northern and Southern lots of the tun-
nel, respectively. For each identified zone, average values 
of geological and engineering geological parameters such 
as intact rock properties (Lithology, mineral content, UCS, 
CAI, VHNR and ABI) and rock mass parameters (RQD, 
RMR, GSI, and Q) were estimated and recorded in the data-
base (Table 4). In addition, variation ranges of actual operat-
ing and performance parameters of the employed machines 
were obtained and recorded in the database.

The lithological type N-U2 consists of andesite-basalt 
rocks with different strengths. The strength of these rocks 
depends on factors such as the presence of water and the 
alteration degree of rock, which are not identical in different 
parts of the tunnel. The fracturing degree of rock mass is 
also a variable property in different parts. These variations 
in the rock characteristics cause the cutter life to be different 
in various parts of this lithological type. In the zones 14 and 
20, the average values of the rock strength obtained from 

Fig. 11 Regions of chipping 
performance and occurrence of 
grinding phenomenon during 
cutting process by disc cutters in 
rocks with different strength (Vil-
leneuve et al. 2012)
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of the face and the impacts of the rock block to the disc cut-
ters, the abnormal wear of the disc cutters increases. Hence, 
the data related to these types of grounds were removed 
from the database and calculation of Hf. The effect of oper-
ating parameters on cutter life and wear extent was also 
investigated. The results showed that there is no significant 
relationship between these two sets of parameters.

In addition to simple regression analyses, comprehen-
sive empirical equations for cutter life prediction were 
developed using the multivariate regression technique. 
These analyses were done using parameters that in sim-
ple bivariate regression analyses showed adequate cor-
relations with cutter life. After extensive analyses and 
checking various models, the best correlation with 95% 
confidence level was established between Hf as the depen-
dent variable and UCS and CAI as the independent vari-
ables for both northern and southern lots of the KrWCT 

As expected, the two parameters of rock strength and 
abrasivity, strongly affect the disc cutter life/wear extent 
(Hassanpour 2018). On the other hand, since ABI (proposed 
by Hassanpour et al. 2014) considers the effect of these two 
parameters simultaneously, it was expected that this com-
bined parameter would show a better correlation with Hf 
compared to the two parameters of UCS and VHNR.

Besides, the results indicate that none of the rock mass 
parameters has a significant relationship with the disc cutter 
life (see Table 5). The main reason is the average spacing 
of the disc cutters mounted on two cutterheads of employed 
machines (85.7 mm in Northern lot and 72 mm in Southern 
lot), which are very less than the spacing of the joints, except 
in fractured zones. So, joints and other discontinuities don’t 
play a significant role in the chipping or cutting process and 
consequently in cutter wear. In addition, usually in highly 
fractured and faulted rock masses, due to the irregular shape 

Table 4 Engineering geological properties and measured cutter life parameters (average values) in different zones along two lots of KrWCT project
Tunnel Zone Lith. Type UCS

(MPa)
CAI VHNR ABI

(= UCS×VHNR/100)
RQD(%) RMR Q GSI Hf (m3/c)

Northern lot 1 N-U3 70 0.8 550 385 80 52 3.5 62 1260
2 N-U2 110 2.0 620 620 90 55 3.8 60 1090
3 N-U3 70 0.7 450 315 80 54 3.7 65 1220
4 N-U1, N-U2 120 1.3 620 744 80 60 4.3 67 1060
5 N-U3 90 0.7 500 450 80 53 3.3 61 1260
6 N-U4, N-U2 120 1.2 400 480 70 55 3.0 65 1030
7 N-U2, N-U3 90 1.0 490 441 80 55 3.8 64 1150
8 N-U4 110 0.5 300 330 60 54 2.7 59 1190
9 N-U4, N-U2 150 2.7 620 930 60 57 3.2 62 890
10 N-U4 110 0.5 300 330 60 54 2.7 59 1200
11 N-U4, N-U2 150 2.7 630 945 60 57 3.2 62 820
12 N-U1 85 3.0 530 450 80 59 4.7 64 920
13 N-U2 100 1.3 450 450 80 61 5.1 66 1160
14 N-U2 210 3.5 730 1533 90 63 5.6 69 420
15 N-U2, N-U1 180 1.7 640 1152 90 63 5.6 69 760
16 N-U1 140 1.3 510 714 85 59 4.7 64 970
17 N-U2 160 2.6 490 784 60 54 1.1 54 640
18 N-U1 110 3.2 630 693 70 56 3.8 58 890
19 N-U4 80 3.2 670 536 70 56 3.8 58 680
20 N-U4, N-U2 160 2.6 600 960 60 54 1.1 54 440

Southern lot 1 S-U1 120 1.0 350 420 60 56 5.4 53 650
2 S-U2 70 2.2 700 490 80 58 5.0 60 830
3 S-U3 90 0.6 400 360 60 59 7.5 60 1060
4 S-U3, S-U5 100 1.5 550 550 60 59 7.7 67 960
5 S-U4 140 1.2 520 728 75 59 7.5 55 830
6 S-U4, S-U5 170 1.5 550 935 80 63 7.7 65 690
7 S-U5 150 2.0 600 900 60 56 3.8 58 460
8 S-U5, S-U6 230 2.6 730 1679 60 64 8.3 65 380
9 S-U5 150 2.0 650 975 60 56 3.8 58 470
10 S-U4, S-U5 180 1.8 570 1026 70 60 4.5 60 550
11 S-U4, S-U6 180 2.2 570 1026 70 60 4.5 60 400
12 S-U6 200 3.4 700 1400 80 65 8.5 65 280
13 S-U6 160 4.5 850 1360 80 65 8.5 65 190
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cutters, respectively. In the calculations, it is assumed that 
the machines have worked in rocks with constant strength 
and variable CAI. As can be seen, the life of 19-inch disc 
cutters is almost 20 to 50% longer than that of 17-inch disc 
cutters in similar conditions.

Comparison of the new models with the 
previous models

In the previous researches done by Hassanpour et al. (2014) 
and Hassanpour (2018), a series of similar equations were 
developed to predict cutter life for 17-inch disc cutters 
(Table 7) based on UCS and VHNR. Comparison of the new 
models and previous ones is very useful to emphasize the 
application ranges of these site-specific empirical models. 
As shown in Fig. 14, Eq. 23 (proposed for the 17-inch disc 
cutters based on data from the southern lot) is compared with 
the previous equations (Eqs. 24, 25, Table 7). Obviously, 
comparing the developed model for the northern lot (which 
is being excavated using a machine equipped with19-inch 
disc cutters) with previous models, doesn’t make sense. 
Furthermore, it should be noted that previously developed 
models are limited to rocks with UCS < 150 MPa. There-
fore, the comparisons have been made with considering this 
limitation.

As can be seen in Fig. 14, the results are very different in 
three models. It means that these models are very dependent 
on geology and cutterhead characteristics as well as TBM 
operational situations. Therefore, developing a general 

project, separately (Table 6). The coefficients of determi-
nation of the two models for northern and southern lots are 
equal to 0.843 and 0.870, respectively (Table 6), which 
show a good correlation between these parameters. Equa-
tions (22) and (23) are the empirical models proposed in 
this research for the prediction of cutter life in similar 
geological conditions and machine characteristics to the 
northern and southern lots, respectively:

Hf (m3/c) = −155.767CAI − 3.156UCS + 1617.895 (22)

Hf (m3/c) = −151.012CAI − 2.890UCS + 1334.061 (23)

The Hf expresses the cutter life independent of the diameter 
of the cutterhead and the number of disc cutters installed 
on the cutter head, while the values of this parameter are 
affected by the diameter of the employed disc cutters. By 
increasing the cutters’ diameter, the ring dimensions and its 
wear capacity increase, and consequently the need for disc 
cutter change during tunnel excavation reduces. So, the pro-
posed models must be used only for similar cutter diameters 
used in two lots.

It should also be noted that by knowing the diameter of 
the tunnel/machine and using Eqs. 3–5, Eqs. 22 and 23 can 
be presented according to the cutter wear (Wm).

The presented graphs in Fig. 13 could be used to show the 
effect of the cutters’ diameter on the cutter life (Hf). In these 
graphs, the cutter life values (Hf) are calculated, using two 
relationships developed for the northern and southern lots, 
which are being constructed using 19-inch and 17-inch disc 

Table 5 Results of simple bivariate regressions with the correlation regression coefficients
Parameters Coefficient of determination. (R2) Regression type Relationship Eq. No.
Intact Rock N. lot UCS (MPa) 0.55 Linear Hf = -5.1UCS + 1565.1 6

CAI 0.65 Linear Hf = -209.5CAI + 1373.6 7
VHNR 0.39 Linear Hf = -1.3 VHNR + 1700.7 8
ABI 0.65 Linear Hf = -0.6 ABI + 1389.9 9

S. lot UCS (MPa) 0.58 Linear Hf = -4.5UCS + 1268.2 10
CAI 0.64 Linear Hf = -209.7CAI + 1020.8 11
VHNR 0.42 Linear Hf = -1.3VHNR + 1403.4 12
ABI 0.69 Linear Hf = -0.5ABI + 1105.3 13

Rock mass N. lot RQD 0.01 Linear Hf = 2.5RQD + 765.5 14
RMR 0.15 Linear Hf = -31.1RMR + 2716.3 15
Q 0.006 Linear Hf = 17.2Q + 889.6 16
GSI 0.02 Linear Hf = 10.2GSI + 317.9 17

S. lot RQD 0.05 Linear Hf = -6.5RQD + 1046.3 18
RMR 0.17 Linear Hf = -37.6RMR + 2848.2 19
Q 0.001 Linear Hf = 4.4Q + 566.8 20
GSI 0.03 Linear Hf = -12.01GSI + 1326.1 21
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Fig. 12 Relationships between 
Hf and UCS (a, b), CAI (c, d), 
VHNR (e, f) and ABI (g, h) for 
the two Northern (left graphs) 
and Southern (right graphs) lots
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analyses) has been used to equalize the input parameters of 
the new and previous models.

V HNR = 95.5CAI + 365.1 (R2 = 0.61) (26)

model with a wide geological application range needs a 
lot of data from projects constructed in different geological 
conditions.

It is worth mentioning that the Eq. 26 (which is obtained 
based on 20 sets of Cerchar abrasivity tests and petrographic 

Table 6 (a) variables and summary of the final model for forward stepwise regression analysis; (b) significance of R-value and coefficients for 
generated model; (c) analysis of variance for the significance of regression for generated model
a) Models summary

R R2 Adjusted R2 Std. error of the estimate
Northern lot 0.922 0.849 0.831 106.499
Southern lot 0.919 0.844 0.813 115.907
b) Coefficients

Unstandardized coefficients standardized coefficients t Sig.
B Std. error Beta

Northern lot (constant) 1617.895 81.617 19.823 0.000
UCS -3.156 0.723 -0.463 -4.366 0.000
CAI -155.767 26.990 -0.612 -5.771 0.000

Southern lot (constant) 1334.061 115.812 11.519 0.000
UCS -2.890 0.836 -0.489 -3.457 0.006
CAI -151.012 36.764 -0.581 -4.108 0.002

c) Anova
Sum of squares Df Mean squares f Sig.

Northern lot Regression 1085958.777 2 542979.389 47.873 0.000
Residual 192816.223 17 11342.131
Total 1278775.000 19

Southern lot Regression 728275.898 2 364137.949 27.105 0.000
Residual 134345.025 10 13434.503
Total 862620.923 12

Table 7 Equations developed by one of the co-authors and his colleagues for cutter life estimation of Ghomrood and Karaj tunnel projects
No Equation Eq. No. R2 Project Application range Reference
1 Hf = -2.013VHNR-8.074UCS + 2859.350 (24) 0.785 Ghomrood Low – medium grade 

metamorphic rocks
Hassanpour 
(2018)

2 Hf = -2.669VHNR-7.891UCS + 3430.955 (25) 0.693 Karaj Pyroclastic rocks Hassanpour 
et al. (2014)

Fig. 13 Comparison of the 
models obtained from two lots of 
tunnel with different disc cutter 
diameters; (a) UCS = 100 MPa 
and (b) UCS = 150 MPa
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It was also found in this study that the presence of dis-
continuities with medium to wide spacing in rock masses 
has a minimal impact on cutter consumption.

Two separate equations were formulated to predict 
cutter life based on UCS and CAI. The proposed models 
are specifically suitable for massive to blocky rocks with 
UCS = 50–250 MPa and CAI = 0.5-5.0, as indicated by the 
parameters ranges in the database. These models are not 
suitable for soft rocks or heavily jointed and crushed rock 
masses where chipping is not the predominant. Further-
more, the appropriate model should be opted according to 
the disc cutter diameter.
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