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Abstract. The wear of hobs in shield tunneling directly affects construction effi-
ciency and safety. This study utilized 3D scanning to identify typical types of hob
damage in shield tunneling machines and employed the finite element method to
investigate the influence of hob wear on its rock-breaking performance and effi-
ciency. The results revealed that when a hob with eccentric wear breaks rock,
stress concentrations occur at the point of maximum eccentric wear. For hobs
with blade chipping, stress concentrations emerge between the chipped blade
edges, exacerbating wear and the expansion of the chipped opening. As the ec-
centric wear of the hob increases, the amount of rock damage significantly de-
creases. Additionally, when the blade chipping angle exceeds 60°, the rock-
breaking volume diminishes with further increases in the chipping angle. Eccen-
tric wear of the hob has a more pronounced impact on rock-breaking efficiency.
Furthermore, a quantitative relationship between the amount of eccentric wear,
the number of worn hobs, and the rock-breaking volume was established, provid-
ing essential data for determining the optimal replacement timing of worn hobs
in shield tunneling machines during engineering projects.
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1 Introduction

The damage to the TBM cutterhead (roller bits) during shield tunneling significantly
impacts construction efficiency!" 2. Therefore, understanding the changes in rock-
breaking efficiency under roller bit damage is of great significance for determining the
optimal timing for roller bit replacement*!.

Numerous studies have shown that optimizing the geometric design of cutter heads
(hobs) can effectively enhance their rock-breaking efficiency. Zhang Mengqi et al. de-
veloped a new spiral groove hob by improving its shape, which improved the rock-
breaking performance of TBMs . Zhu Jiancai et al. proposed a method for simulating
hob rock-breaking based on peridynamics 1. Gong Qiuming et al. conducted linear

© The Author(s) 2025

Y. Zhang et al. (eds.), Proceedings of the 2024 10th International Conference on Architectural, Civil and
Hydraulic Engineering (ICACHE 2024), Advances in Engineering Research 259,
https://doi.org/10.2991/978-94-6463-658-1_23


https://doi.org/10.2991/978-94-6463-658-1_23
http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-658-1_23&domain=pdf

A Numerical Study on Rock Breaking by Typical Worn Hobs 231

cutting experiments to investigate the effects of different blade shape parameters on
hob rock-breaking and the resulting crack patterns in rocks [°! The link between cutting
force, speed, and angle during the rock mass-cutting process was determined by Abo.
Elnor et al'”!,

Based on the above discussions, this paper relies on the Qingdao Metro Line 8 pro-
ject to conduct 3D scanning of worn cutter heads (hobs) on TBMs. From the sampled
worn hob models, typical wear patterns are selected. Taking a single hob as an example,
a numerical model is constructed using the finite element method to carry out numerical
simulations of rock-breaking by worn hobs. This study explores the causes and mech-
anisms of hob wear, obtains a quantitative relationship between hob wear and rock-
breaking volume, and provides necessary basic data support for hob replacement in
shield tunneling.

2 Establishment of Hob Rock-Breaking Model

2.1 Field Detection of Hob Wear

Three-dimensional scanning of the cutter head wear of earth pressure balance shield
machine was conducted with a 3D portable scanner (as shown in Figure 1(a)-(b), re-
vealing two typical hob wear patterns during the operation of Metro Line 8: chipping

and eccentric wear.
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Fig. 1. (a) SIMSCAN22 handheld 3D portable scanner used for on-site scanning. (b) 3D scan
image of the hob. Taking the original hob as a reference, blue indicates deformation and wear
towards the inside of the hob, while red indicates deformation towards the outside. (c) 3D scan
image of hob wear. Dashed circles represent chipping damage, and solid circles represent ec-
centric wear damage. (d) Schematic diagram of eccentric wear hob and Schematic diagram of
chipping hob.

To represent the eccentric wear type, we use the notation P(6, d) where 6(°) denotes
the angle of the eccentric wear zone, and d represents the depth of eccentric wear, as
illustrated in Figure 1(d). For chipped cutters, we use B(6, h) where 6(°) is the angle at
the chipped location, and /# (mm) is the depth of the chip.

In the simulation, to enhance efficiency, the cutters are modeled as rigid bodies. The
mesh generation employs explicit elements and a C3D4 model with tetrahedral ele-
ments. The rock model is selected as a cuboid with dimensions 500 mm X 160 mm x
100 mm. Assuming the rock to be isotropic, continuous, and homogeneous, the
Drucker-Prager constitutive model is adopted. All of the parameters are listed on Table
1.
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The mesh is generated using a variable-density method, with finer meshes applied to
the regions where the cutters interact with the rock to enhance accuracy. The bottom
boundary of the rock is fully constrained, while the cutter constraints initially involve
a vertical downward displacement load to achieve a penetration depth of 10 mm into
the rock, with a loading time of 0.1 s and a loading velocity v, of 100 mm/s. Further, to
simulate the rolling and rock-breaking process of the cutter, without considering cutter
slip, the simulation time is set to 3.3 s. The lateral velocity vy of the cutter is 150 mm/s.
This setup enables a comprehensive analysis of the interaction between the cutter and
the rock, taking into account both the initial penetration and subsequent rolling motion.

Table 1. Parameters of the Rock Material

Density/(kg/mm-3) Shear Stress Yield Stress Young's Modulus Poisson's Ratio
2.6 1.5 37.5 17500 0.3
Friction Angle Dilatancy Angle Fracture Strain/mm_Failure Displacement/mm Flow Stress Ratio
55 0.1 0.005 0.5 0.778

3 Results Analysis and Discussion

3.1  Analysis of Rock Stress Characteristics During Hob Rock-Breaking

(a)  No Damage (b) P(90,2.86) () P(90,89) (@) B(60, 20) () B(120,20)

IL " I

Fig. 2. Stress contours of rocks as different damage level breaking by the disc cutter. (a) Dam-
age-free disc cutters;(b) P(90, 2.86); (c) P(90, 8.9); (d) B(60, 20); (e) B(120, 20).

As depicted in Figure 2(a), during rock breaking by an undamaged hob, the rock stress
does not vary uniformly but exhibits local and periodic stress concentrations, which
contribute to the fragmentation of the rock mass. Figures 2(d) and 2(e) showcase the
stress contours in the rock during the rock breaking process using a chipped hob. It is
evident from these figures that the maximum rock stress occurs at the contact point
between the chipped edge of the hob and the rock. When the rock stress reaches its
peak, the reaction force experienced by the hob also attains an extreme value.

The uneven and periodically varying forces acting on the blade edge during the rock
breaking process lead to localized eccentric wear or chipping of the cutter head. For
damaged hobs, the maximum stress is concentrated at the locations of maximum ec-
centric wear and at the chipped edges, exacerbating the eccentric wear and enlarging
the chipped areas. This observation is consistent with the 3D scan results of the field
cutters shown in Figure 1(c), particularly those labeled as 1 and 4, where significant
eccentric wear and chipping are evident.
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Fig. 3. The relationship between the maximum stress at the moment of rock failure and the
damage level, (a) the maximum stress varies with the maximum depth of eccentric wear, and
(b) the maximum stress changes with the blade angle.

Figure 3 explains how the maximum stress experienced by the rock during instanta-
neous failure varies with different levels of damage. As shown in Figure 3(a), when the
most worn-out region of an eccentrically worn hob comes into contact with the rock,
the stress within the rock increases with the severity of wear. Conversely, as depicted
in Figure 3(b), when the chipped edge of the hob is in contact with the rock, the stress
initially decreases and then slightly increases during the process of rock failure as the
chipped area enlarges.

3.2 Study on Force Characteristics of the Hob After Wear

Fig. 4. The (a) rolling force, (b) lateral force, (c) vertical force, (d) unit time load of the disc
cutter. (e) rolling force, (f) lateral force, (g) vertical force, (h) unit time load of chipping hobs

After eccentric wear, hob forces Fi(rolling friction force) and F(vertical force) surge upon
re-entering undamaged areas, forming new damage zones. The max value of F3(lateral
force) also rises with wear intensity. Chipping damage similarly boosts Fi, F>, and F3
maxes, demanding more force for rock breaking and reducing hob capacity. Average
resultant force initially rises then falls post-wear, with F> carrying the heaviest load.
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Minor hob damage hikes breaking difficulty but keeps penetration depth steady. Severe
wear reduces depth, broken rock volume, and required load.

3.3 Study on the Relationship Between Hob Wear and Rock-Breaking
Volume

To analyze the relationship between hob wear and rock-breaking volume, six eccentri-
cally worn and four chipped hobs were studied. Figure 4(d) shows that as eccentric
wear increases, rock-breaking volume significantly decreases. Conversely, Figure 4(h)
indicates that for chipped hobs, with small missing cutting edge angles, rock-breaking
volume initially increases before declining with larger angles. Single chipped edges
have a minor impact on rock-breaking. In summary, eccentric wear has a more signifi-
cant effect on hob's rock-breaking efficiency than chipped wear.
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Fig. 5. The relationship between the damage level of disc cutter and the rock breaking volume.
(a) the relationship between the level of eccentric wear and the rock breaking volume, (b) the
relationship between the level of disc cutter chip and the rock breaking volume

As illustrated in Figure 5(a), the volume of rock broken by eccentrically worn hobs
decreases significantly as the degree of eccentric wear intensifies. Conversely, in the
case of chipped hobs as shown in Figure 5(b), when the angle of the missing cutting
edge is relatively small, the amount of rock destruction caused by the hob unexpectedly
increases, and then gradually decreases as the angle increases. The impact of a single
chipped edge on the hob's rock-breaking performance is quite minimal. Notably, the
influence of eccentric wear on the rock-breaking efficiency of the hob is significantly
greater than that of chipped wear. The functional relationship between the rock-break-
ing efficiency of the hob and the degree of eccentric wear, denoted as d, has been de-
rived through polynomial fitting. The specific function is as follows:

V(d)/V,=nx2.86d% /10000—nx0.0135d +1 (n=1,2,3,4) (1)

Where n represents the number of eccentric wear instances, and d denotes the reduction
in diameter at the location of maximum eccentric wear.

Based on this function, it is feasible to effectively predict the rock-breaking effi-
ciency of the hob under different degrees of eccentric wear. This allows for a
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quantitative assessment of the hob's rock-breaking efficiency, providing a quantitative
basis for determining the optimal time to replace worn hobs. In turn, this can help re-
duce project operating costs and enhance construction efficiency.

4 Conclusion

This paper integrates field analysis to examine the rock-breaking performance of hobs
after eccentric wear and edge chipping, and establishes a quantitative model between
eccentrically worn hobs and rock-breaking volume.

The simulation indicates that the periodic variation of the load on the hob over time
is the initial cause of localized damage to the hob. When an eccentrically worn hob
breaks rocks, the maximum force is applied at the position of maximum eccentric wear.
Similarly, for a hob with edge chipping, the maximum force is applied on both sides of
the chipped edge, resulting in exacerbated damage during subsequent rock-breaking
operations. As the degree of eccentric wear and edge chipping of the hob increases, the
rock-breaking volume continually decreases, with eccentric wear being the primary
factor contributing to this reduction. Through data fitting methods, a quantitative rela-
tionship is presented between the amount of eccentric wear, An attempt is made to es-
tablish a quantitative link between the damage level of the hob and rock-breaking effi-
ciency, providing necessary theoretical and numerical foundations for determining the
optimal timing for hob replacement in practical engineering projects.

It is acknowledged that this paper only considers a specific scenario of 90° eccentric
wear and a chipping depth of 2 cm, thus the discussion on cutter wear types is not
exhaustive. Furthermore, the simulations primarily focus on the impact of cutter wear
on rock-breaking efficiency, neglecting cutter deformation. Consequently, the stress
analysis during the rock-breaking process is not sufficiently detailed. These limitations
will be addressed in more depth in subsequent discussions.
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