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ABSTRACT 
 

     Predicting the life of tunnel boring machine (TBM) cutting tools is a significant 
issue for designing the optimized TBM operation, because it can help to counteract 
unexpected cutter head interventions during TBM tunnelling. In spite of numerous 
preceding studies on cutting tool wearing for rock tunnelling, the assessment of the 
cutting tool life relevant to soil excavation has received less attention. This study 
numerically investigated forces exerted on TBM cutting tools during soil excavation by 
coupling the discrete element method (DEM) and finite difference method (FDM). A 
spoke-type earth pressure balance (EPB) shield TBM was scaled-down to adopt the 
novel numerical analysis. To save computation time, only the excavation domain was 
model by DEM ball elements, and the other domains were modeled as FDM solid 
elements. Contact parameters for the ball elements were calibrated by the DEM-
simulated triaxial test and vane shear test to reproduce the behavior of unconditioned 
and foam-conditioned soil. Then, the TBM tunnelling was simulated by the coupled 
numerical model to compare the normal forces on the 91 cutting tools of the cutter head. 
 
1. INTRODUCTION 
 
     Tunnelling with an earth pressure balance (EPB) shield tunnelling boring machine 
(TBM) is now reliably established as a standard mechanized tunnelling method. The 
efficiency and stability of EPB shield tunnelling are highly dependent on the 
specifications of the machine and geological conditions of the tunnelling site. It 
indicates that if the interaction between the machine and soil is properly managed, the 
performance of EPB shield TBMs could be significantly enhanced. In this respect, to 
improve properties of soil to be excavated by TBMs, additives such as foam and 
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polymer are injected into soil paste. This improvement process is called soil 
conditioning. With adequate soil conditioning techniques, a reduction in machine 
abrasion, an increase in the life of cutting tools, and a reduction in accidental 
cutterhead interventions can be expected. 

Meanwhile, the interaction between TBM and soil can be indirectly evaluated by 
employing numerical analyses using discrete element methods (DEMs) and finite 
difference methods (FDMs). Because numerical simulations are cost- and time-
effective compared to the experimental studies, many numerical approaches have been 
proposed to simulate TBM tunnelling, especially to estimate the life of TBM cutting tools. 
Recently, the DEM has been widely adopted along with the rapid advances in computer 
performance (Zhang et al., 2011, 2019; Zhu et al., 2020). The DEM allows a realistic 
approach to modeling ground behavior, and therefore it could be applied to simulating 
real-time TBM data such as the exerted forces on TBM cutting tools during shield 
tunnelling (Maynar and Rodríguez, 2005; Wang et al., 2019). Also, since DE models 
are easy to specify the behavior of interparticle contacts, the application of soil 
conditioning during shield tunnelling could be reproduced. However, up to date, 
numerical analyses for simulating soil excavation by EPB shields with consideration of 
soil conditioning have not much been conducted. 

In such a background, to evaluate the effect of foam conditioning on EPB shield 
tunnelling via numerical analyses, this study developed a three-dimensional coupled 
DEM‒FDM model that simulates EPB shield tunnelling in consideration of foam 
conditioning. A scaled-down spoke-type EPB shield model was proposed by assuming 
that the TBM is tunnelling through sandy ground with fines. Along with the established 
numerical model, a series of EPB shield simulations was conducted under the constant 
TBM operation and different foam injection conditions. Especially, by comparing normal 
forces on cutting tools at different amounts of soil conditioning, the effect of foam 
conditioning was quantitively discussed. 
 
2. NUMERICAL MODEL FOR EPB SHIELD TUNNELLING 
 
     In the numerical analyses, the popular numerical software packages: Particle 
Flow Code in three dimensions (PFC3D, Itasca Consulting Group, Inc., 2020a) and 
Fast Lagrangian Analysis of Continua in three dimensions (FLAC3D, Itasca Consulting 
Group, Inc., 2020b) were used to employ the DEM and FDM, respectively. The 
established three-dimensional numerical model for the simulation of EPB shield 
tunnelling considering foam conditioning mainly consists of an EPB shield model and a 
ground formation. The EPB shield model constitutes wall elements of PFC3D. The 
ground formation is formulated using the coupled DEM–FDM scheme. The DEM–FDM 
coupled ground formation is mainly composed of two domains: the DEM and FDM 
domains. The DEM domain is modeled with the ball and wall elements of PFC3D, 
where direct excavation takes place with the advance of the EPB shield model. The 
rest area of the ground formation (the FDM domain) consists of zone elements (grids) 
of FLAC3D, and it surrounds the DEM domain. By replacing the part where excavation 
is not directly performed with FDM grids instead of a full DEM model, it is possible to 
reduce the overall computation loads of the tunnelling model. Moreover, the in-situ 
horizontal stress can be easily applied via the wall–zone coupling. 
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2.1 Calibration of Contact Parameters 
When modeling with DEMs, the microscopic parameters (i.e., contact parameters) 

must be calibrated to apply macroscopic parameters such as Druker‒Prager and 
Mohr–Coulomb parameters. Therefore, a series of calibration model tests: triaxial and 
pressurized vane test, were conducted before generating the ground formation. This 
study adopted the adhesive rolling resistance linear contact model as a contact model 
to reproduce sandy soil with weak cohesion because the ground for EPB tunnelling was 
assumed as artificial sandy ground with fines. The detail of the adopted contact model 
is demonstrated in the preceding study of Lee et al. (2021). Accordingly, the following 
contact parameters: normal stiffness (𝑘𝑛), shear stiffness (𝑘𝑠), friction coefficient (𝜇), 
reference gap (𝑔𝑟), effective modulus (𝐸∗), rolling friction coefficient (𝜇𝑟), normal critical 
damping ratio (𝛽𝑛), shear critical damping ratio (𝛽𝑠), maximum attraction force (𝐹0), and 

attraction range (𝐷0) were calibrated to represent the behavior of unconditioned and 
foam-conditioned soil. 

The target soil for DEM calibration was an artificial sandy soil with 1.8 t/m3 of dry 
unit weight and 10% of water content. The particle size distribution of the adopted 
artificially formulated sandy soil is shown in Fig. 1. The soil is composed of 85% of 
artificially graded silica sand and 15% of illite fines. As illustrated in Fig. 1, for the DEM 
analysis, the same volumetric proportions of ball elements with diameters of 3, 4, and 5 
mm correspond to coarse grains (silica sand) of the testing soil. At the same time, the 
adhesion caused by fines is represented by varying attractive forces (𝐹0 and 𝐷0). 

 

 

Fig. 1 Particle size distribution of artificial sandy soil and its application method or DEM 
numerical analysis 

 
The triaxial test was modeled with ball elements of PFC3D to reproduce soil 

particles and with shell elements of FLAC3D to represent membrane that transmits 
confining pressure to the soil, respectively. In order to compare the analysis results with 
the experimental results, the analysis conditions were reproduced with the experimental 
conditions such as specimen size (diameter, 5 cm; height, 10 cm), rubber membrane 
properties (thickness, density, and elastic modulus), strain rate (1%/min), and confining 
pressures (100, 200, 300, and 400 kPa). The details of the triaxial test in the DE model 
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are referred to Lee (2021). The analyses were conducted by trial and error with varying 
contact parameters until the numerical analysis results became similar to the 
experimental results. 

Similar to the triaxial test calibrations, the experimental results of the pressurized 
vane shear test were compared with the testing DE model to define the contact 
parameters of foam-conditioned soil with ball elements. However, unlike the calibration 
of unconditioned soil, this calibration varies the foam injection ratio (𝐹𝐼𝑅) to specify the 
amount of foam conditioning. 

Generally, the 𝐹𝐼𝑅 is regarded as the most influential factor in controlling the 

quantity of foam conditioning during EPB shield tunnelling. The 𝐹𝐼𝑅 is the volume of 
injected foam compared to the volume of soil (%), and it can be expressed as Eq. (1). 
 

𝐹𝐼𝑅 =
𝑉𝑓

𝑉𝑠
× 100 =

𝑉𝑠𝑜𝑙 + 𝑉𝑎
𝑉𝑠

× 100 (1) 

 
where 𝑉𝑓 is the volume of foam (m3), 𝑉𝑠 is the volume of soil (m3), 𝑉𝑠𝑜𝑙 is the volume 

of foaming agent solution diluted by water (m3), and 𝑉𝑎 is the volume of air (m3). 
To numerically simulate the actual pressurized vane shear test, a DE model was 

set up by adopting PFC3D. The details of the DE model for the pressurized vane shear 
test are demonstrated in Lee (2021). The analyses were performed under the 
operational conditions identical to the experiment, such as the apparatus dimensions 
(chamber and vane), 200 kPa of confining pressure, and the rotational speed of vane.  

The determined contact parameters from the numerical simulations of the triaxial 
tests and pressurized vane shear test are summarized in Table 1. By applying the 
calibrated contact parameters, the behavior of unconditioned soil (𝐹𝐼𝑅 = 0%) and 
foam-conditioned soil (𝐹𝐼𝑅s = 30, 40, and 50%) under the in-situ stress of 200 kPa can 
be reproduced for EPB shield tunnelling simulations. 
 

Table 1 Calibrated contact parameters after triaxial and pressurized vane shear tests 

Calibrated contact parameters of adhesive rolling resistance linear model 

Parameter 

Value 

Foam injection ration, 𝑭𝑰𝑹 [%] 

0 30 40 50 

Normal stiffness, 𝑘𝑛 [MN/m] 1.5 0.6 0.1 0.03 

Shear stiffness, 𝑘𝑠 [MN/m] 1 0.4 0.05 0.01 

Friction coefficient, 𝜇 [-] 0.35 0.25 0.1 0 

Reference gap, 𝑔𝑟 [mm] 0 0 0 0 

Effective modulus, 𝐸∗ [MN/m2] 1 0.5 0.5 0.5 

Rolling friction coefficient, 𝜇𝑟 [-] 0.05 0.02 0.01 0 

Normal critical damping ratio, 𝛽𝑛 [-] 0.05 0.05 0.05 0.05 

Shear critical damping ratio, 𝛽𝑠 [-] 0.05 0.05 0.05 0.05 

Maximum attractive force, 𝐹0 [N] 0.1 0.1 0.06 0.03 
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Attraction range, 𝐷0 [mm] 1 0.05 0.03 0.01 

     2.2 EPB Shield Tunnelling Model 
The present numerical study adopts an EPB shield TBM comprising a spoke-type 

cutter head with cutting tools, a working chamber with a bulkhead wall, a screw 
conveyor, and a shield to simulate continuous EPB shield tunnelling. The EPB shield 
model was created by a three-dimensional computer-aided design (CAD) model and 
exported as Standard Triangle Language (STL) file format. Then, it is imported as facet 
components of PFC3D. Subsequently, the EPB shield model in PFC3D for the 
tunnelling is composed of rigid wall components (consisting of facets), and the 
transitional and rotational velocity of each wall component can be manually assigned. 
In this study, the constant penetration rate, and rotational speed of the cutter head and 
screw conveyor were input to reproduce EPB shield operation by specifying the velocity 
attributes on each wall group. 

As previously mentioned, to apply the contact parameters of excavation ground 
and soil paste (both unconditioned and foam-conditioned soil) of the ground formation, 
the dimension of the TBM model was scaled-down to 1/30. That is, a diameter of 6.14 
m TBM cutter head was reduced to 20 cm and as well as other TBM components. The 
front, side, and sectional views of the scaled-down EPB shield model are illustrated 
with its dimensions in Figs. 2a and 2b. Especially, the numbers from 1 to 91 are 
allocated to the 91 cutting tools on the cutter head to examine the exerted normal 
forces on each cutting tool during the tunnelling simulation. The assigned numbers on 
the 60 tooth bits, 24 precut bits, six shell bits, and one fishtail bit are specifically 
presented in Fig. 2c. Also, to investigate the effect of positions of cutting tools on their 
exerted forces, the cutting tools are classified by their positions and the classification is 
indicated with the shaded area. 

For the ground formation, the coupling between DEM and FDM is conducted by 
following two steps: wall compaction and wall–zone compaction. Firstly, in the wall 
compaction stage, the generated balls in the DEM domain are compacted by six walls 
(12 facets) to satisfy the designated in-situ stress. Then, in the wall–zone compaction 
stage, zone elements are generated to enclose the wall-compacted DEM domain. 
Through body forces of created zone elements, the ball elements constituting the DEM 
domain are compacted until achieving the target in-situ stress condition (i.e., the 
vertical and lateral earth pressure corresponding to the lateral earth pressure coefficient, 
𝐾0 = 0.5). These procedures mainly adopt the wall–zone coupling method, enabling the 
transmission of displacement and stress between the DEM and the FDM domains 
using the generated wall elements along the FDM zone faces. Details of the 
compaction process are documented in Lee et al. (2021). In contrast to this preceding 
study, in this ground modeling, 30 times of gravity (30 g) was applied to reproduce an 
actual tunnelling environment since the overall dimensions of the model are scaled-
down by 1/30. 

The numerical model for simulating EPB shield tunnelling was prepared to 
analyze after importing the EPB shield model to the DEM–FDM coupled ground 
formation. With the detailed model dimensions, the schematic view of the constructed 
model after combining the EPB shield model and the ground formation is presented in 
Fig. 3. The tunnelling analysis can be conducted through the established model with 
the specified TBM operational conditions such as the TBM penetration rate, and the 
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rotational speed of the cutter head and the screw conveyor. During the tunnelling 
analysis, forces on cutting tools can be simulated and examined. In this numerical 
study, the operation conditions of the EPB shield were maintained to exclude TBM 
operational factors. That is, the penetration rate (𝑃𝑅) of 0.03 mm/sec, the rotational 
speed of the cutter head (𝜔𝑐𝑢𝑡𝑡𝑒𝑟) of 1 rpm, and the rotational speed of the screw 

conveyor (𝜔𝑠𝑐𝑟𝑒𝑤) of 8 rpm were considered for all analyses. 
Under the constant TBM operational conditions, the numerical study aimed to 

assess the influence of foam conditioning on TBM cutting tools. Subsequently, except 
for the unconditioned soil, the foam conditioning was applied by changing the contact 
parameters in the DEM domain (refer to Table 1). Namely, the foam conditioning during 
EPB shield tunnelling was simulated by changing contact parameters of the balls inside 
the chamber and in front of the cutter head. The change of parameters was made up to 
2.5 cm ahead of the EPB shield because it was assumed that the foam penetrates into 
the ground with the depth of as much as 1/8 of the tunnel diameter (𝐷) in front of the 
tunnel (i.e., the penetration depth of foam = 𝐷/8). 
 

 

Fig. 2 Scaled-down size of spoke-type EPB shield model with wall elements for 
numerical simulation (modified from Lee et al., 2021): (a) Front view; (b) side and 
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sectional views; (c) configuration and classification of cutting tools according to 
positions 

 

 

Fig. 3 Scaled-down EPB shield tunnelling model with coupled DEM–FDM: (a) front 
view; (b) sectional view 

 
Table 1 Summary of input parameters for EPB shield tunnelling model 

DEM domain 

Property Value 

Diameters of ball element [mm] 3, 4, 5 

Number of ball element 93542 

Density of ball element [kg/m3] 2420 

Contact model of ball element Adhesive rolling resistance linear 

Contact parameters Refer to Table 6.4 

FDM domain 

Property Value 

Size of zone element, 𝑊 ×𝐻 [m] 1 × 1 

Number of zone element 203140 

Density of zone element [kg/m3] 1800 

Constitutive model of zone element Mohr‒Coulomb failure criterion 

Elastic modulus, 𝐸 [MPa] 66.68 

Poisson’s ratio, 𝑣 [-] 0.3 

Internal friction angle, 𝜑 [°] 28.71 

Cohesion, c [kPa] 20.21 
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Lateral earth pressure coefficient at rest, 𝐾0 [-] 0.5 
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3. ANALYSIS RESULTS 
 
     As aforementioned, the proposed numerical model was established to investigate 
the effect of foam conditioning on the TBM cutting tools. The variation of 𝐹𝐼𝑅s was 
reflected via changing the contact parameters documented in Table 1. This analysis 
considered EPB shield tunnelling through the ground without conditioning (𝐹𝐼𝑅 = 0%) 

and with foam conditioning (𝐹𝐼𝑅s = 30, 40, and 50%). This section discusses the 
normal forces on the cutting tools numerically simulated corresponding to their installed 
positions and types. Cutting tool forces are directly related to the abrasion of tools. 
Thereby, it determines the total periods of TBM downtime for cutting tool intervention 
and construction cost. That is, if the cutting tool’s life is properly predicted, it could 
reduce the frequency and possibility of TBM downtime by optimizing the cutter head 
intervention. 

The collected normal force data on the cutting tools corresponding to their 
positions (inner, middle, and outer cutting tools: refer to Fig. 2c) are illustrated in Fig. 4. 
The normal forces indicated by the dotted lines (without conditioning) show higher 
forces than the normal forces indicated by the solid lines (with 40% 𝐹𝐼𝑅 of foam-
conditioning). To compare the normal forces according to the positions, the forces on 
outer and middle cutting tools are more severe than those of inner cutting tools. 
Therefore, considering the travel length, the outer cutting tools should be carefully 
monitored during the TBM operation. The decrease of cutting tool forces with an 
increase of 𝐹𝐼𝑅 can be found in Fig. 5, which presents the effect of foam injection. 
 

 

Fig. 4 Comparison of measured normal force on different positions of cutting tools with 
different 𝐹𝐼𝑅s 
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Fig. 5 Comparison of average normal force on different positions of cutting tools with 
different 𝐹𝐼𝑅s 

 
Figs. 6 and 7 compare the normal forces on the cutting tools with focus on their 

type (tooth bits, precut bits, outer cutting tools: refer to Figs. 2a and 2b). Similar to the 
above results, the normal forces decrease with the foam conditioning. Furthermore, it is 
found that the normal forces are more highly applied in the order of tooth bits, precut 
bits, shell bits, and fishtail bits. Therefore, the wearing of cutting tools is managed 
considering this order and their travel length during tunnelling. Consequently, these 
numerical results emphasize that when the excavated soil is appropriately conditioned 
by foam injections, less cutting tool abrasion can be expected. 
 

 

Fig. 6 Comparison of average normal force on different types of cutting tools with 
different 𝐹𝐼𝑅s 
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Fig. 7 Comparison of average normal force on different types of cutting tools with 
different 𝐹𝐼𝑅s 

 
4. CONCLUSIONS 

In this study, a scaled-down coupled DEM–FDM numerical model to simulate 
EPB shield tunnelling with foam conditioning was developed. The model consists of a 
spoke-type EPB shield and a ground formation. The contact parameters of particles for 
unconditioned and foam-conditioned soil in the DEM domain were calibrated by 
simulating the triaxial tests and the pressurized vane shear test. The ground formation 
was modeled with two-step compaction with DEM–FDM coupling. With the proposed 
model, several simulations of EPB shield tunnelling were conducted with varying 
contact parameters to reproduce foam conditioning with different 𝐹𝐼𝑅s. Especially, the 
normal forces on the cutting tools were observed, and the effect of foam conditioning 
was discussed. The conclusions of this numerical study are summarized as follows: 

 
1) The foam conditioning during EPB shield tunnelling was reasonably 

simulated through the variation of contact parameters of particles in the 
DEM domain. Consequently, the numerical model can simulate the normal 
forces on the cutting tools considering the different amounts of foam 
injection. 

2) The normal forces can indirectly signify the life of cutting tools. The 
numerical results indicated that the importance of foam conditioning to 
reduce the exerted forces on the cutting tools and tools wearing. Especially, 
the outer peripheral cutting tools and tooth bits should be carefully managed 
to address excessive wearing. 

3) The suggested EPB shield tunnelling model could be a practical numerical 
tool to evaluate the effect of foam conditioning on the EPB shield 
performance. 
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