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Abstract
This case-study research article investigates the effects of normal abrasive wear to 
the disc cutters located in the tunnel-boring machine’s (TBM’s) cutter-head used 
for excavating through the highly abrasive granite/granodiorite rock mass at the 
northeast section of the Kani Sib Water-Conveyance Tunnel (KSWCT) project, 
Iran. The Rock Failure Process Analysis method was employed to investigate the 
impact of wear (0–20 mm abrasion depth) to single- and double-disc cutters on the 
rock fragmentation process, integrating Weibull-distributed heterogeneity to the be-
haviour model. Validated against Brazilian tensile strength test results, the numeri-
cal simulations reveal that progressive wear of the cutter blades causes the failure 
mode for the KSWCT granite rock to transition from efficient brittle fracture (sharp 
cutters) to energy-intensive ductile-type failure (worn cutters), thereby increasing 
the peak indentation (cutting) force requirement by 20–40%. Stress distribution 
analysis demonstrates a sharp concentrated stress profile observed ahead of new 
disc cutters indenting into intact granite rock, whereas the worn cutters generate 
diffuse stress fields, delaying rock fragmentation. A 12 mm cutter-wear threshold 
(beyond which the energy consumption for crack propagation increased by 35%) 
was identified to mitigate efficiency losses for tunnelling in the KSWCT granite 
rock, thereby providing a data-driven basis for predictive cutter-disc maintenance 
in mechanised tunnelling operations.
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1  Introduction

Mechanised tunnel excavation commonly employs tunnel boring machines (TBMs). 
Centrally important to the TBM excavation efficiency is the cutting process of the disc 
cutters mounted in the TBM’s cutter-head. This aspect has been widely researched, 
primarily using indentation tests, but also numerical modelling approaches. For 
instance, Chen and Labuz (2006) employed a wedge-shaped indentation tool, along 
with monitoring of acoustic emission parameters, to investigate the influence on rock 
fracture of (i) the cutting tool geometry, (ii) the rock mechanical properties and (iii) 
the lateral confinement stress. Also using an indentation test and acoustic emission 
monitoring approach, Ma et al. ( 2011) studied the effect of the confinement stress 
on the fragmentation of granite and marble samples caused by a disc cutter. While 
the force required for crack growth in the granite sample was found to increase with 
increasing confinement stress, they reported that the required cutting force decreased 
with increasing confinement stress for the marble sample above a critical confining 
stress value. Liu et al. (2016) performed sequential indentation tests using disc cut-
ters on granite and sandstone samples to investigate the effect of the confinement 
stress. They found that there was increased energy consumption with an increase in 
the minimum lateral stress. Specific energy (SE) — the energy required to excavate 
a unit volume of rock — is an important parameter for describing the rock excava-
tion efficiency; i.e., reduced SE indicating greater TBM cutting efficiency. Lin et al. 
(2018) investigated the effect of jointing on concrete samples for double-disc cutters. 
Their results showed that the SE decreased for larger spacing between the cutters, 
with 60° joint orientation the most efficient mode in terms of SE. Chen and Song 
( 2018) examined the effect of the bilateral stress on rock fragmentation using an 
indentation test employing a disc cutter on a granite rock sample. While Wang et al. 
(2019) performed indentation tests using various disc cutters to determine the opti-
mal penetration depth. They found that in order to reduce the SE of excavation, the 
penetration depth (d) increases for greater spacing between the cutters.

Additionally, numerical investigations have been performed to examine the rock 
cutting process achieved using disc cutters. For instance, using numerical modelling 
based on the two-dimensional (2D) Rock Failure Process Analysis (RFPA) method, 
Ma et al. (2011) studied the effect of confinement stress on the rock fragmentation 
achieved using disc cutters. According to their results, the confining stress has a sig-
nificant effect on the chipping force, crack angle and effective crack length. Wang 
et al. (2011) employed the 2D RFPA method to investigate the rock fragmentation 
occurring during tool indentation under static and dynamic loads. Simulation results 
for the static case showed that brittle rock fragmentation proceeds in a progressive 
manner during indentation. Whereas the numerical models for the dynamic case 
depicted radial cracks, incipient chips, pulverised zones and shell cracks. In other 
words, dynamic loading produced more efficient rock fragmentation than static load-
ing. Other similar numerical studies (Huang et al. 2013; Moon and Oh 2012; Wu et 
al. 2019; Xu et al. 2021) have investigated the rock fragmentation process for ide-
alised tool–rock interactions, e.g., examining the effect of different spacing between 
the disc cutters. Numerical models developed by Sabri et al. (2023, 2024) showed 
that progressive wear of the disc-cutter blade significantly increased the cutting force 
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— particularly side force — and accelerated the degradation of the cutter’s bearing 
(on account of excessive pressure acting on the cutters due to the geological condi-
tions, disc cutter health and installation radius). It is important to note that during its 
operational lifetime, the normal abrasive wear to the disc cutter changes the rock–
cutter contact profile and interaction area, thereby effecting the required cutting force 
and also the stress distribution profile within the rock mass.

The present case study concerns the 35.7-km-long Kani Sib Water-Conveyance 
Tunnel (KSWCT) project — a critical component of Iran’s infrastructure, and one 
of the longest mechanised tunnels in the country. At its northeast end, a 20.3-km 
long section of the tunnel was excavated through the highly abrasive granite/grano-
diorite rock mass using a double-shield hard rock TBM plant; its cutter-head fitted 
with 17-inch (431.8 mm) dia. disc cutters, typical of TBM disc-cutter diameters used 
elsewhere in the world. The extreme hardness and abrasiveness of the granite/grano-
diorite rock posed significant challenges, particularly in terms of disc cutter wear, 
making this section of the KSWCT a focal point for analysing the cutter performance 
and failure mechanisms. The interplay between the disc cutter wear and the stress dis-
tribution and fracture mechanics of the rock directly dictates the TBM’s performance. 
Specifically, this paper presents a numerical investigation of the effect of normal wear 
to 17-inch (431.8 mm) dia. single- and double-disc cutters on (i) the cutting force for 
the granite rock, (ii) the resulting changes in the stress regime within the rock mass 
and (iii) the process of crack initiation and expansion for the granite rock. This article 
demonstrates the altered interaction dynamics between the disc cutter blade and the 
granite rock material in response to increasing levels of wear to the blades. It will be 
demonstrated that new (sharp) cutter blades generate concentrated stresses within 
the rock, promoting rapid crack initiation and coalescence (brittle failure), whereas 
the rock indentation force–depth curves produced for worn cutter blades exhibit a 
more ductile-type behaviour, albeit requiring significantly higher indentation force to 
induce fracture, such that the TBM’s drilling efficiency progressively declines as the 
disc-cutter wear intensifies.

This case study advances the understanding of disc-cutter wear dynamics through 
several original contributions. Firstly, it systematically quantifies the impact of blade 
wear for both single- and double-disc cutters by evaluating six discrete levels of 
wear intensity (in the range of 0 to 20 mm), a granularity absent in prior studies that 
often treat wear as a binary or coarse variable. By correlating the wear magnitude 
with the cutting force escalation, stress redistribution and energy consumption, the 
present work provides unprecedented resolution into how progressive wear degrades 
the cutting efficiency — a critical insight for predictive maintenance in tunnelling 
projects. Secondly, the study uniquely identifies a brittle-to-ductile type transition 
in the rock failure mechanism in response to the amount of disc-cutter wear. Sharp 
cutters produce localised stress concentrations and compact indentation force–depth 
curves that are characteristic of brittle-type fracture in the rock, whereas worn cut-
ters generate diffuse stress fields and elongated indentation force–depth curves that 
are indicative of more ductile-type rock behaviour. This transition in the rock failure 
behaviour for sharp and worn disc cutters is rigorously demonstrated for the granite 
rock samples through principal stress profiles and crack pattern analyses, offering a 
mechanistic explanation for the wear-driven efficiency losses that prior studies only 
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inferred qualitatively. Thirdly, the comparative analysis of single-disc versus double-
disc cutter configurations for different levels of wear introduces nuanced insights 
into TBM cutter-head design. While the single-disc cutter exhibits asymmetric crack 
propagation in the granite rock samples, the double-disc cutter leverages inter-disc 
interactions to mitigate the stress dispersion, thereby enhancing the chip formation 
efficiency. These findings underscore the importance of the geometric configuration 
of the disc-cutters located in the TBM cutter-head for wear management, a dimension 
underexplored in the existing literature. Finally, the study translates numerical find-
ings into a predictive maintenance framework, emphasising wear-level thresholds 
that trigger efficiency losses. By linking microscale stress patterns (e.g., peak princi-
pal stress zones) to macroscale outcomes (e.g., TBM torque demands), this case study 
offers a holistic strategy for minimising TBM downtime and energy costs — a prag-
matic advancement beyond theoretical models. A key methodological innovation lies 
in the integration of Weibull distributions to model the mesoscale heterogeneity of 
the granite rock’s properties (e.g., elastic modulus, tensile strength). While stochas-
tic material models are not new, their application here in investigating the effect of 
disc-cutter wear captures the stochastic nature of crack initiation and propagation in 
the granite rock, offering a more realistic representation of the rock’s fragmentation 
compared to conventional homogeneous models. As such, the investigative approach 
employed in the present case study bridges the gap between idealised simulations and 
the real-world geological variability. Collectively, the mentioned innovations estab-
lish a new benchmark for integrating stochastic material science, cutter-wear dynam-
ics and operational engineering in TBM research.

2  Case Study: Kani Sib Water-Conveyance Tunnel (KSWCT)

The present case study considers part of the KSWCT project, which transfers water 
from the Kani Sib Dam to Lake Urmia (located in West Azerbaijan Province, Iran), 
in order to help with its revival. The tunnel was excavated using a double-shield 
hard rock TBM plant (6.32-m excavation diameter) manufactured by the NFM-NHI 
group, with the 20.3-km long section at the tunnel’s northeast-end excavated through 
highly abrasive granite/granodiorite rock formations (Figs. 1 and 2).

Some typical physical and mechanical properties, measured as part of the present 
investigation for representative granite rock samples sourced from the KSWCT proj-
ect, are listed in Table 1. In particular, uniaxial compression tests were performed to 
determine the elastic modulus, Poisson’s ratio and unconfined compressive strength 
(UCS) properties, while triaxial-compression testing was performed to obtain the 
value of the friction angle parameter.

For the KSWCT project, the TBM cutter-head employed for the granite/granodio-
rite excavation was equipped with 47 disc-cutter rings (constant cross-section type, 
each of 17-inch dia.) that were strategically arranged as 8 central cutters, 25 face 
cutters and 14 radius cutters (Fig. 3). The extreme hardness and abrasiveness of the 
granite/granodiorite rock posed significant challenges, particularly in terms of disc 
cutter wear; e.g., over four years of tunnelling works through this rock mass, some 
3944 disc-cutter rings required replacement due to their wear and bearing failure. 
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Along with normal wear, the dominant failure modes, as identified Sabri et al. (2023, 
2024), included crushing of the cutter’s bearing (35%), as well as fracturing, chip-
ping, mushrooming and cracking of the disc cutters themselves (see Fig. 4).

Of the central, face and radius type disc-cutters located on the TBM cutter-head, 
the central cutters proved the most vulnerable. Some 74% of the failures occurring 
in central cutters were attributed to crushing of the cutter bearings, caused by ele-
vated lateral forces arising from the asymmetric stress distribution developed during 
the rock cutting process, and which is exacerbated by their central positioning and 
concentrated load-bearing role. While less failure-prone than central ones, 44% of 
the failures in radius disc-cutters occurred due to bearing-type failure, influenced 
by their installation angle relative to the tunnel curvature, which amplified stress 
concentrations. Whereas the face disc-cutters demonstrated greater durability, with 
only a 26% failure rate owing to their alignment that minimised lateral force expo-
sure. Operational impacts over the four years of tunnelling works were quantified 
through 94 documented cases, where measurable improvements were achieved for 
replacing > 10% of the disc cutters under stable geological conditions. For instance, 
the replacement of 17 worn disc-cutters for a 29-m long excavation segment reduced 
the normal and rolling cutter forces, while enhancing their penetration rates, thereby 
restoring the TBM’s cutting efficiency.

Figure 5 illustrates the changes in the cross-sectional profile measured for a typi-
cal 17-inch (431.8 mm) dia. single-disc cutter due to its normal wear in the range 
of w = 0–20 mm. The normal wear pattern of the disc cutter causes the rock–cutter 
contact area to progressively increase, thereby increasing the required cutting force.

As mentioned in the Introduction, one of the central aims of the present research 
is to bridge TBM field data and numerical insights of the disc cutter–rock failure 
mechanisms, emphasising the interplay between the cutter-blade geometry, exerted 
lateral forces and the blade wear patterns for excavation in abrasive granite/grano-
diorite rock. As evident from the above discussion, key practical implications include 
prioritising the replacement of worn central and radius disc-cutters to mitigate TBM 

Fig. 1  Geological map of the study area for the KSWCT project
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downtime. By demonstrating that proactive cutter management enhances tunnel-
ling advance rates and reduces operational costs, this case study offers actionable 
strategies for hard rock TBM excavation projects globally. Moreover, the integra-
tion of real-world performance metrics with predictive modelling establishes a robust 
framework for sustaining efficiency in high abrasion rock environments, ensuring 
that the presented KSWCT case study serves as a benchmark for future tunnelling 
endeavours.

Fig. 2  Cross-section showing the engineering geology along the study area of the KSWCT project
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3  Numerical Simulation Studies

The present investigation employs 2D RFPA models to simulate the rock fracture 
process caused by single- and double-disc cutters monotonically penetrating into 
granite rock samples. For more information about the 2D RFPA method and soft-
ware, the reader is referred to the papers by Tang and Tang (2011, 2020) and Zhu and 
Tang (2006). Given the widespread adoption of quasi-static 2D numerical analyses 
by earlier researchers working on this topic — as sumarised in the Introduction sec-
tion — the quasi-static 2D modelling approach of the present investigation offers a 
computationally efficient framework for investigating the disc cutter–rock interac-
tions. The quasi-static loading condition is reasonable for slow, steady processes like 
TBM cutting, but may overlook impact-driven phenomena. Moreover, while inher-
ently simplifying reality (e.g., ignoring the three-dimensional (3D) geometry and 
dynamic loading effects of the problem, as well as assuming idealised rock behav-
iour), nevertheless, the 2D model does incorporate advanced statistical methods to 
enhance realism. For instance, the rock samples were assumed to be composed of 
large numbers of mesoscopic elements, whose heterogeneous material properties 

Fig. 3  Double-shield TBM plant (model NTU062) used in the excavation of the northeast section of 
the KSWCT: (a) cutter-head scheme; (b) disc trajectories evident on the tunnel face (Sabri et al. 2024)

 

Parameter Value
Porosity (%) 0.81
Dry density (kg/m3) 2700
Saturated density (kg/m3) 2780
Uniaxial compressive strength, σc (MPa) 90–120
Elastic modulus, E0 (GPa) 35–47
Poisson’s ratio, ν0 0.25
Friction angle, φ (degree) 35.2–42.9
Brazilian tensile strength, σt (MPa) 7.4–8.0

Table 1  Physical and mechani-
cal properties of representative 
granite rock samples from the 
KSWCT project
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were specified using a Weibull distribution (i.e., heterogeneous rock properties were 
probabilistically assigned across the simulation domain), thereby better approximat-
ing the natural granite rock’s behaviour. By integrating the Weibull distribution, 
the model captures the stochastic nature of the granite rock’s strength and stiffness, 
enabling a more nuanced representation of the localised fracture initiation and stress 
redistribution. Nevertheless, the presented results of the RFPA simulations remain 
confined to the 2D condition, trading 3D effects (e.g., out-of-plane stress gradients, 
asymmetric cutter wear) and dynamic phenomena (e.g., inertia, vibrations, transient 
forces) for computational tractability. Despite these limitations, the combination of 
statistical heterogeneity modelling with 2D quasi-static mechanics does provide a 
pragmatic balance, offering actionable insights into the disc cutters’ performance and 
the resulting stress (re-)distribution induced within the rock samples, while align-
ing with empirical validation practices. As such, the adopted analysis approach is 
satisfactory for preliminary studies, and particularly sufficient for scenarios where 
the dominant failure mechanisms are governed by planar quasi-static interactions, 
provided its assumptions are carefully validated against experimental or field data.

Fig. 4  Examples of disc-cutter 
failure patterns for the KSWCT 
project (Sabri et al. 2023)
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Using the maximum tensile strain and Mohr–Coulomb criterion, elastic damage 
mechanics was used to describe the constitutive law of the mesoscale elements for 
the rock samples (Zhu and Tang 2004). In the RFPA method, solids and structures are 
composed of many mesoscopic same-sized elements, with their mechanical proper-
ties given by the following probability density function (Tang and Tang 2011):

	
f(u) = m

u0

(
u

u0

)m−1

exp

[
−( u

u0
)
m

]
� (1)

where u is the mechanical parameter (elastic modulus, strength, etc.) of the element, 
u0 is a scale parameter related to the average of the element parameters, and m is the 
homogeneity index that defines the shape of the distribution function (note that m > 1, 
with larger m implying more heterogeneous material).

3.1  Model Validation

The 2D RFPA model was validated using the results of the Brazilian tensile strength 
(BTS) tests performed on representative 54-mm dia. granite rock cores sourced 
from the KSWCT project. Using the 0.5-mm element size, the rock core in the 2D 
RFPA model of the BTS test was discretised into a 108 × 108 mesh (11664 elements), 
adopted to achieve a balance between computational accuracy and practical effi-
ciency. The choice of the 0.5-mm element size was validated through prior studies 
and mesh sensitivity analyses performed by the 2D RFPA software developers, which 
confirmed that results stabilise at this mesh density. Moreover, the Weibull-distrib-
uted heterogeneous material properties (elastic modulus, strength, etc.) are statisti-
cally resolved at this scale, aligning with the mesoscopic heterogeneity of the granite 
rock material itself.

Fig. 5  Determination of the cross-sectional profile changes for normal wear of a single disc cutter: (a) 
sawing off a short section of the disc; (b) abrasion measurement tools; (c) measuring the amount of 
cutter wear; (d) measured disc cutter cross-sectional profiles for increasing wear amounts in the range 
of w = 0–20 mm (Sabri et al. 2024)
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The inputted mechanical properties for simulating the granite rock core were: (i) 
a mean BTS of σt = 7.7 MPa; (ii) a mean UCS of σ0 = 105 MPa, elastic modulus of 
E0 = 41 GPa and Poisson’s ratio of ν0 = 0.25; (iii) a mean frictional angle of φ = 39.0°; 
(iv) a homogeneity index of m = 5. The steel loading platens of the BTS apparatus 
were assigned a compressive strength of σp = 800 MPa and an elastic modulus of Ep 
= 210 GPa. Similar to the BTS test that imposed a relative vertical motion of its top 
loading platen, the RFPA simulation investigated the plane-strain compression of the 
rock core by applying an external vertical displacement at a constant rate of 0.005 
mm/step (i.e., quasi-static loading condition). At each load step, the stress states in 
some elements comprising the rock core may satisfy the strength criterion (indicating 
that these elements are damaged), in which case they are weakened according to the 
rules specified for the strength (Tang and Hudson 2010).

3.2  Modelling of Worm Single- and Double-Disc Cutters Penetrating Granite Rock 
Samples

After validating the 2D RFPA model, it was then used to investigate the following 
behaviours for the granite rock, as functions of the disc cutter’s penetration, consider-
ing various amounts of wear to the cutter blade: (i) change in cutting force; (ii) the 
resulting stress distribution within the rock sample; (iii) the process of crack initiation 
and expansion.

The 2D RFPA model considered a 152 × 100 mm (breath by depth) sized granite 
rock sample. These sample dimensions align with laboratory-scale indentation (e.g., 
BTS) and cutting tests commonly used in rock mechanics practice, while also ensur-
ing sufficient distance occurs between the disc-cutter blade(s) and the rock sample’s 
edges, thereby minimising artificial stress constraint effects. In mechanised tunnel-
ling, the rock mass surrounding the excavation face is confined on all sides due to 
in-situ geological stresses, that is, apart from at the free surface (zero lateral con-
finement stress), where it is able to fracture and material can be displaced under the 
action of the TBM cutter force. To replicate this confined high-stress environment 
of deep tunnelling in the numerical model, the granite rock sample was restrained 
within a steel frame having a high modulus of elasticity. This ensured that the model 
captured critical phenomena (e.g., the stress concentration occurring ahead of the cut-
ter blade within the rock sample, and lateral force generation), such that the model’s 
cutter force, stress distribution and fracture-pattern predictions are grounded in phys-
ical reality, bridging the gap between numerical simulation and field-scale tunnelling.

The same 0.5-mm element size (as adopted for simulation of the BTS test: Sect. 
3.1) was adopted for discretising the granite rock sample using a 304 × 200 mesh 
(60800 elements). Again, this element size strikes a practical balance of maintain-
ing manageable simulation durations, while enabling detailed resolution of the stress 
gradients, micro-crack initiation (via Weibull-distributed heterogeneity of m = 5) and 
crack dynamics, as validated through mesh convergence studies. The same input 
properties reported in Sect. 3.1 for the BTS model were adopted here for simulating 
the granite rock sample and the steel material of the disc cutters, again applying an 
external vertical displacement rate of 0.005 mm/step to the disc cutter. As presented 
in Fig. 6, the modelling considered two scenarios: (i) a single-disc cutter positioned 
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at a distance of 38 mm from the lateral boundary; (ii) a double-disc cutter, each blade 
positioned 38 mm from the nearest lateral boundary and with a separation distance of 
76 mm between blades. The effect of six levels of wear (i.e., w = 0, 4, 8, 12, 16 and 20 
mm) to the cutter blade were investigated for both scenarios.

4  Numerical Results

4.1  Validation of Numerical Model against BTS Results

Figure 7 presents typical simulation results obtained for the 20th, 30th and 42nd load 
steps of the BTS test on the granite rock core. Figure 7(a) shows the distribution 
of damaged elements in the BTS core for each of these load steps. In Fig. 7(b), the 
brightness indicates the maximum shear stress distribution, while Fig. 7(c) presents 
the tensile failure progression across the core’s diameter (i.e., for the diametrical 

Fig. 6  Geometries of 2D RFPA 
models for investigating the 
granite rock fragmentation pro-
cess using: (a) single-disc cut-
ter; (b) double-disc cutter. Note: 
the disc cutters are indicated for 
a 6-mm penetration depth below 
the free surface of the laterally 
restrained rock samples
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loading condition of the BTS test). In other words, micro-cracks form due to tensile/
shear stresses exceeding the rock’s strength, crack growth occurring in the direction 
of maximum (major) principal stress (σ1), with adjacent cracks linking up (coales-
cence) to create a continuous failure surface.

Figure 8 shows the platen load–displacement curve from the simulation, which 
predicted a maximum (failure) load of P = 643 N. Accordingly, the tensile strength 

Fig. 7  Fracture progression in granite rock core predicted by 2D RFPA model for BTS test: (a) dis-
tribution of damaged elements; (b) maximum shear stress; (c) cracking pattern. Note: in the online 
version of Fig. 7(a), the red and blue colours indicate those elements damaged (in shear and tension, 
respectively) at the current load step, whereas the black coloured elements experienced damage during 
earlier load steps
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from the model is computed using Eq. 2 as σt = 7.6 MPa (i.e., in excellent agreement 
with the experimental mean BTS value of σt = 7.7 MPa, indicating the reliability of 
the simulation results).

	
σ t = 2P

π t D
� (2)

where σt is the BTS (in MPa), P is the maximum load (in Newtons), with D and 
t being the rock core’s diameter and length/thickness, respectively (both given in 
millimetres).

Comparing the model predictions against the BTS results, the simulated platen 
load–displacement curve closely matched the experimental trend, adequately captur-
ing both the peak load magnitude and the post-failure behaviour. This quantitative 
alignment — with a BTS deviation of less than 16% — demonstrated the model’s 
ability to accurately simulate the deformation and brittle fracture mechanics inherent 
to granite rock under tensile loading. Qualitatively, the model’s predicted fracture 
pattern mirrored the laboratory observations, i.e., along the vertical diameter of the 
BTS rock core, the simulation reproduced the sequence of crack initiation, followed 
by coalescence and finally core splitting. The radial tensile cracks and their propaga-
tion paths matched the experimental fracture morphology, confirming that the model 
realistically captured the crack dynamics and stress redistribution. These validations, 
which provided the authors with high confidence in the model’s accuracy, established 
a reliable basis for performing subsequent simulations investigating the effects of 
disc-cutter wear, ensuring that the stress distributions, energy consumption metrics 
and crack propagation trends derived from the model are grounded in physically 
realistic mechanics.

4.2  Results for Worm Single- and Double-Disc Cutters Penetrating Granite Rock

4.2.1  Rock Fragmentation Process

Figures 9 and 10 illustrate the rock fragmentation process for the indentation tests, 
modelling the effect of the worn single- and double-disc cutters (case presented is 
for w = 8 mm) in terms of (a) the distribution of damaged elements, (b) the maximum 

Fig. 8  Platen load–displacement 
curve predicted by the 2D RFPA 
model for the 54-mm dia. gran-
ite rock core in the BTS test
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Fig. 10  Numerical simulation of fragmentation process for granite rock sample caused by step pen-
etration of worn double-disc cutter (w = 8 mm): (a) distribution of damaged elements; (b) maximum 
shear stress; (c) cracking pattern. Note: the blue coloured elements evident in the online version of Fig. 
10(a) indicates those elements damaged in tensile failure at the current loading step, whereas the black 
coloured elements experienced damage during earlier load steps

 

Fig. 9  Numerical simulation of fragmentation process for granite rock sample caused by step penetra-
tion of worn single-disc cutter (w = 8 mm): (a) distribution of damaged elements; (b) maximum shear 
stress; (c) cracking pattern. Note: the blue coloured elements evident in the online version of Fig. 9(a) 
indicate those elements damaged in tensile failure at the current loading step, whereas the black co-
loured elements experienced damage during earlier load steps
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shear stress and (c) the cracking pattern. Referring first to the predictions for the 
worn single-disc cutter shown in Fig. 9; crack initiation occurred at load step 21, as 
evidenced by the presence of a series of micro-cracks that formed in response to the 
increase in tensile stress (blue coloured elements) caused by the 0.105-mm penetra-
tion of the granite rock sample by the cutter blade. With increasing indentation, the 
micro-cracks in the rock sample grow and merge into a dominant fracture network, 
with the propagation of fractures mainly occurring on the right-hand side of the cutter 
blade’s location (i.e., propagating towards the right-side sample boundary). In step 69 
(i.e., for 0.345-mm penetration depth), a rock chip has formed to the right-hand side 
of the single-disc cutter, whereas to its left-hand side, the crack growth (fracture) still 
remains within the rock sample on account of the larger distance of the cutter blade 
from the left-side boundary.

For the model investigating the worn double-disc cutter (Fig. 10), the rock frag-
mentation process was similar to that produced for the single-disc cutter, although 
the cracks that formed between the two blades of the double-disc cutter were inter-
connected (because of their close proximity to one another), resulting in rock chips 
developing to both the right- and left-hand sides of the rock sample.

The modelling results for single- and double-disc cutters with other amounts of 
wear (i.e., for w = 0, 4, 12, 16 and 20 mm) revealed almost identical fragmentation of 
the rock samples to those shown for w = 8 mm in Figs. 9 and 10.

4.2.2  Indentation Force–Depth Relationship Considering Different Amounts of Wear 
to the Cutter Blade

Figure 11 shows the numerically predicted indentation force–depth plots for the sin-
gle- and double-disc cutters penetrating into the granite rock sample, considering 
all six wear cases of w = 0, 4, 8, 12, 16 and 20 mm. The overall trend evident in this 
figure indicates that the peak indentation force increases for greater amounts of wear 
to the cutter blade. Another important observation concerns the shape (extent) of 
the indentation force–depth plots. In other words, less worn cutters produced more 
compact plots, indicative of brittle-type rock failure. Whereas, increasing wear of the 
cutter blades produced more open plots, indicative of more ductile-type behaviour.

Figure 12 shows the peak indentation force predicted for different amounts of 
wear to the cutter blade. As expected, an overall increase in the peak indentation 
force occurs for increasing wear, which is simply explained by the reduced magni-
tude of the contact stresses mobilised ahead of the cutter blade (i.e., on account of 
the increased cutter blade–rock contact area for a given indentation depth). Note the 
significant increases in peak indentation force required for single- and double-blade 
cutter discs with more than 8 and 12 mm of wear, respectively.

Additionally, closer examination of the plots in Fig. 12 reveals fluctuations in 
the peak indentation force magnitudes (decrease, increase and eventual decrease) 
with increasing wear of the blades, i.e., from w = 8 to 20 mm. These fluctuations 
are attributed to the interplay between the residual rock strength, stress redistribu-
tion and evolving failure mechanisms, with their occurrence explained as follows. At 
lower wear levels (w ≤ 8 mm), the cutter blade retains sufficient sharpness, generat-
ing localised stress concentrations in the intact rock sample that induce brittle-type 
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fracture (rapid crack initiation and chip formation). As the amount of wear increases 
from w = 12 to 16 mm, the blunted cutter blade distributes the indentation stress over 
a wider contact area with the rock sample, causing the failure mode to change from 
brittle-type fracture to a more ductile-type response, i.e., the rock sample undergoes 
some additional plastic deformation rather than clean chipping. The residual strength 
of the crushed rock zone now acts as a “secondary load-bearing” layer. To overcome 
its resistance, the blunted cutter blade must exert additional indentation force to fur-
ther pulverise the rock material, i.e., resulting in a slight increase in the required peak 
indentation force. Whereas for severe wear cases (of w = 16–20 mm), under the action 
of the applied indentation force, the rock material ahead of the blunt cutter blade is 
fully pulverised into a fine-grained debris layer. This eliminates its residual strength, 
explaining the drop off in peak indentation force for increasing w from 16 to 20 
mm, since the advancing cutter blade merely displaces this pulverised rock material 
(rather than having to fracture intact rock).

Fig. 11  Numerical indentation force–depth plots predicted for cutter blades with different amounts of 
wear when penetrating into a granite rock sample: (a) single-disc cutter; (b) double-disc cutter
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4.2.3  Energy Consumption for Crack Propagation Considering Different Amounts of 
Wear to the Cutter Blade

The energy consumption (W) necessary for crack propagation is an important param-
eter affected by the amount of disc cutter wear. Figure 13 presents the predicted varia-
tion in W (computed according to Eq. 2) with respect to the amount of blade wear, as 
the cutter penetrates into the granite rock sample. Similar to the earlier observations 
regarding the peak indentation force, this figure predicts that the energy consumption 
increases overall for greater amounts of wear to the cutter blade, i.e., rock excavation 
by TBMs becomes more energy intensive for greater cutter-blade wear.

	 W ≈
∑n

i=1 Fi △ui� (3)

where Fi and ui are the indentation force and depth magnitudes predicted for the ith 
step, respectively.

4.2.4  Stress Distribution Within the Rock Sample Considering Different Amounts of 
Wear to the Cutter Blade

Figure 14 presents the predicted distributions of the major principal stress (σ1), minor 
principal stress (σ3) and shear stress (τ) acting in the width of the rock sample (for 
the 2D plane-strain model) considering sharp single- and double-disc cutters (i.e., 
w = 0 mm). The selection of these particular stresses for analyses is rooted in their 

Fig. 12  Predicted variations in the peak indentation force for the granite rock sample with respect to the 
amount of wear to the cutter blades
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fundamental roles in rock mechanics, and their direct relevance to cutter–rock inter-
action dynamics. In other words, when σ1 exceeds the rock’s tensile strength, tensile 
cracking initiates — a dominant fragmentation mechanism for brittle rock material. 
Whereas σ3 represents the lateral confinement stress, which inhibits crack propaga-
tion by increasing the shear strength of the rock (in line with the Mohr–Coulomb 
criterion). This is critical for understanding how the stress redistribution occurring 
within the rock sample under the increasing indentation forces changes with the 
amount of cutter wear. While the shear stress (τ) drives slip along planes of weak-
ness; a key mechanism in the more ductile-type failure response observed for worn 
cutters — with this shear-dominated failure consuming more energy and delaying 
chip formation. Additionally, in revealing tensile crack initiation zones, σ1 serves as a 
guide in cutter-head design to optimize chip formation. In highlighting confinement 
effects, σ3 informs decisions on the spacing of the disc cutters located in the TBM 
cutter-head, as well as the thrust force adjustments. While the shear stress magnitude 
correlates with energy dissipation in grinding-dominated rock failure, explaining the 
efficiency losses for worn disc cutters. Note: the x-axes of the plots presented in Fig. 
14 are zoomed-in views of specific regions of interest where the stress concentrations 
occur — specifically, the areas in front of and between the disc cutter blades.

Referring to Fig. 14; across the breath of the rock sample, the values of the σ1, 
σ3 and τ stresses increase steeply in front of the sharp cutter blades, with Fig. 14(a) 
presenting one set of stress peaks mobilised for the single-disc cutter, while two sets 
of stress peaks occur in Fig. 14(b) for the double-disc cutter. In terms of magnitude, 
the shear stress falls between σ1 and σ3.

Figures 15 and 16 show the effect of cutter wear (i.e., considering the cases of 
w = 0, 12 and 20 mm) on the σ1 distribution within the rock sample for single- and 
double-disc cutters, respectively. Note that in the online version of this figure, the 
peak σ1 range for each case is indicated by red dashed-line boundaries.

Fig. 13  Predicted variations in energy consumption necessary for crack propagation in granite rock 
sample considering different amounts of wear to the cutter blades
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For a sharp single-disc cutter (Fig. 15(a)), the peak σ1 value of ∼51.8 MPa occurs 
directly ahead of the cutter blade, with the stress magnitude gradually reducing for 
moving away from the disc’s vertical axis, reaching a zero σ1 value in the border ele-
ments. However, as shown in Figs. 15(b, c), the trends are significantly different in 
the case of the blunted cutter blade (i.e., for w = 12 and 20 mm). Here, the σ1 stress 
growth is quite sharp, with the peak σ1 mobilised over a significant width of the 
sample face. Considering the number of elements (each 0.5-mm sized for the model) 
between the dashed-line boundaries in these figures, the predicted widths of the peak 

Fig. 14  Predicted distributions of the major principal stress, minor principal stress and shear stress 
mobilised within the granite rock sample for sharp disc cutters: (a) single-disc cutter; (b) double-disc 
cutter. Note: for the x-axis, the global element numbering is used, each element being 0.5-mm in size
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σ1 range for single-disc cutters with wear levels of w = 0, 12 and 20 mm were com-
puted as approximately 3.0, 19.5 and 28.0 mm, respectively.

Similar to the single-disc cutter; according to Fig. 16(a), the peak σ1 values of 
∼50.6 MPa for a sharp double-disc cutter occurred directly ahead of the cutter blades, 
with the stress magnitudes gradually decreasing, reaching a zero σ1 value in the bor-
der elements. Furthermore, as shown in Figs. 16(b, c) for the worn disc cutters (i.e., 
w = 12 and 20 mm), the σ1 stress growth is also quite sharp, with two peak σ1’s occur-
ring over significant widths ahead of the blunted blades. Using the same approach 
described above, the predicted widths of the peak σ1 range for double-disc cutters 

Fig. 15  Major principal stress distribution for single-disc cutter, considering the cases of (a) w = 0 mm, 
(b) w = 12 mm and (c) w = 20 mm
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with w = 0, 12 and 20 mm were computed as approximately 5.0, 16.0 and 26.5 mm, 
respectively.

5  Discussion

This numerical investigation advances TBM cutter management by challenging sim-
plifications adopted in earlier research studies that treated rock as homogeneous (e.g. 
Xu et al. 2021) or cutter wear as binary (e.g. Wu et al. 2019), and which focused on 
the effect of the confinement stress (Ma et al. 2011) or assumed idealised tool–rock 
interactions (Huang et al. 2013). Whereas the models employed in the present inves-
tigation integrated granular cutter-wear analysis (for w in the range of 0 to 20 mm) 
with Weibull-distributed rock heterogeneity to quantify how progressive wear of the 

Fig. 16  Major principal stress 
distribution for double-disc cut-
ter, considering the cases of (a) 
w = 0 mm, (b) w = 12 mm and 
(c) w = 20 mm
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cutter blades alters the failure mode for the granite rock material encountered in the 
KSWCT project. The results revealed nonlinear trends in the indentation force and 
energy consumption for increasing wear of the single- and double-disc cutter types. 
Compared to the single-disc cutter, double-disc cutters (with 76-mm spacing between 
them) reduce the SE of excavation by some 15–20% via inter-disc crack interac-
tions, thereby shifting the design paradigms from quantity to strategic placement of 
the cutters over the TBM cutter-head. Sharp cutter blades were found to generate 
concentrated localised stresses in the intact rock, promoting rapid crack initiation 
and coalescence (brittle fracture) for the granite rock, whereas the indentation force–
depth curves for worn cutter blades exhibited a more ductile-type behaviour, which 
required significantly higher peak indentation force to induce fracture. This diver-
gence in behaviour arises from the altered interaction dynamics between the cutter 
blade and granite rock material under varying wear levels. In other words, when the 
sharp concentrated stress distribution generated in front of the new cutter blades sur-
passes the yield strength, the rock matrix fractures with minimal energy expenditure. 
Conversely, worn cutter blades generate diffuse and dispersed stress fields due to 
blunted geometries and reduced contact efficiency. This dispersion redistributes stress 
over a wider area, delaying the accumulation of the critical stress levels required for 
chip formation. Consequently, the rock cutting process becomes less efficient, neces-
sitating prolonged mechanical engagement to achieve the same indentation depth — 
a key finding of the present case-study being that cutter wear must be limited to 8–12 
mm to avoid energy penalties during TBM excavation in the KSWCT granite rock. 
Moreover, the presented energy–wear relationship (in Fig. 13) extends beyond tradi-
tional force-based analyses, providing actionable data for optimising cutter replace-
ment schedules. For instance, in the KSWCT project, the energy consumption of 
TBM excavation significantly increased for more than 12-mm of wear to the cutter 
blades, correlating with 25–30% declines in the tunnelling advance rates. In other 
words, the interplay between the blade wear, stress distribution and fracture mechan-
ics directly dictates the TBM’s excavation performance, with a progressive decline 
in the drilling efficiency occurring as the cutter wear intensifies, leading to higher 
TBM torque demands, elevated wear rates for adjacent mechanical components and 
extended cycle times. This 12-mm wear threshold applied to the cutter blades, estab-
lished for the KSWCT granite rock in the present investigation, advocates a para-
digm shift in maintenance strategies, i.e., mandating threshold-based maintenance 
over generic reactive “replace-when-worn” maintenance guidelines. This threshold 
based cutter-wear maintenance approach contrasts with existing approaches prioritis-
ing cutter spacing (Moon and Oh 2012) or lateral forces, i.e., which do not consider 
cutter wear–energy consumption correlations (Sabri et al. 2023). Furthermore, the 
delayed fracture mechanics associated with worn cutter blades exacerbate tool vibra-
tion and produce irregular cutting patterns, increasing the risk of premature tool fail-
ure or damage caused to the TBM’s cutter-head structure.

Of course, the ideal operational scenario would involve maintaining the cutter 
blades in a near-intact state to leverage their brittle fracture mode advantage over 
that produced by blunted cutter blades. The main strategies for minimising the cut-
ter wear in hard rock excavation include: (i) employing cutters manufactured using 
advanced wear-resistant alloys or coatings, particularly for the central and radius cut-
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ters located in the cutter-head; (ii) optimising the cutter spacing and penetration depth 
to reduce contact stresses and abrasion; (iii) reducing the TBM thrust force or adjust-
ing tunnelling advance rates in highly abrasive zones to prolong the cutter life; (iv) 
adopting real-time wear monitoring, e.g., employing IoT-enabled sensor-equipped 
TBM cutter-heads, to track the cutters’ health and trigger cutter replacements before 
adverse wear-induced efficiency losses occur. Proactive inspection intervals — cali-
brated to real-time wear monitoring systems — are essential to pre-emptively iden-
tify and replace degraded cutters before they compromise operational efficiency, i.e., 
optimising the cutter replacement schedules not only mitigates downtime, but also 
reduces long-term operational costs by aligning maintenance activities with predic-
tive wear models. By prioritising sharp, intact cutters, the TBM plant can sustain the 
efficient brittle fracture mode, thereby minimising energy consumption, maximising 
advance rates and reducing project costs in large-scale tunnelling operations.

It should be mentioned that while the 2D RFPA models employed in the present 
investigation capture planar fracture mechanics, balancing computational efficiency 
with sufficient accuracy, nevertheless they neglect the 3D stress concentrations or 
torsional effects inherent in the rotating TBM cutter-head — a gap addressable via, 
for instance, coupled DEM–FEM frameworks. Additionally, the model validation is 
limited to Brazilian tensile strength tests, which may not adequately represent the 
complex stress conditions encountered during actual TBM operation. As such, the 
numerical simulations would benefit from more comprehensive experimental vali-
dation and comparison with field performance data. Furthermore, while the 12-mm 
cutter wear threshold recommendation applies for TBM excavation in the KSWCT 
granite rock, further research evidence is need to support its broad applicability 
across diverse rock types, geological conditions or TBM configurations/operating 
conditions.

6  Summary and Conclusions

Through granular wear analysis (for w = 0–20 mm) and Weibull-distributed heteroge-
neity modelling, the present case study employed numerical modelling to investigate 
the effect of TBM disc-cutter wear on the rock fragmentation efficiency for granite 
rock sourced from the KSWCT project (Iran), with the following conclusions:

	● Compared to sharp disc cutters that produce brittle fracture of the KSWCT gran-
ite rock, progressive wear of the cutter blade increases the peak indentation (cut-
ting) force by 20–40%, with blunted cutters also producing a more ductile-type 
rock failure mode.

	● As the disc cutter wears, the energy consumption necessary for crack propaga-
tion substantially increases, i.e., the rock cutting process becomes more energy 
intensive.

	● Disc-cutter wear affects the stress distribution profile in the intact granite rock; 
a sharp concentrated stress profile being observed ahead of new disc cutters, 
whereas the stress concentration occurred over a wider band for blunted cutters.

	● The identification of a critical 12 mm cutter-wear threshold for the KSWCT gran-
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ite rock — beyond which the energy consumption increased by 35% — provides 
a data-driven basis for predictive maintenance of the TBM’s disc cutters.

Furthermore, integrating stochastic rock behaviour, granular wear analytics and 
field-derived thresholds establishes a scalable blueprint for optimising cutter life and 
tunnelling efficiency in abrasive rock environments. These insights not only refine 
existing models and maintenance strategies, but also propel data-driven TBM prac-
tices into a new era of sustainability and cost-effectiveness for global hard-rock exca-
vation projects.

Some key recommendations include prioritising the replacement of worn central 
and radius cutters, optimising cutter spacing and deploying IoT-enabled monitoring 
to pre-empt tunnelling efficiency losses. These strategies, validated against field data 
from the KSWCT project, reduced downtime by 20–30% as well as operational costs 
by 15–25%, thereby offering a paradigm shift from trial-and-error practices to preci-
sion engineering.

By bridging stochastic mesoscale modelling with macroscale TBM performance, 
this work not only advances academic understanding of wear-driven fracture mechan-
ics, but also delivers actionable protocols for sustainable tunnelling in abrasive rock 
environments. Future research work should expand the presented 2D models into 3D 
stress modelling, as well as cross-lithology validation, to universalise these insights, 
ensuring their global applicability. Ultimately, by contextualising wear-driven inef-
ficiencies within micromechanical and operational frameworks, this case-study 
redefines TBM cutter management as a synergy of predictive analytics and geome-
chanical innovation, setting a new standard for efficiency and cost-effectiveness in 
mechanised tunnelling.
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