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Abstract.

To properly simulate the excavation process and evaluate the structural stability of the tunnel, rigorous large

deformation analysis method is necessary. This study applies two most widely used numerical approaches capable of modelling
and considering the large deformations behavior during excavation process to analyze and evaluate the structural stability of
circular tunnel based on tunnel boring machine (TBM) excavation. By comparing and combining the results from two numerical
approaches, the deformation of the excavated ground will be analyzed. The stability of the circular tunnel from TBM tunneling
was assessed based on the maximum deformation occurred during the excavation process. From the numerical computation it
was concluded that although the range of the damage on the ground done during excavation was found to be larger under hard
rock condition, maximum deformation within the circular tunnel structure was larger under weak ground conditions and deeper

tunnel depths.
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1. Introduction

As the wurbanization accelerates, the needs for
underground space development rose in various field of
society — transportation, commercial and various lifelines
(water, electric, gas, etc.). However, the application of
conventional tunneling method in concentrated urban areas
is not a viable option due to the noise and vibration during
excavation. The noise can cause numerous legal issues
towards the construction project, as well as extend the
construction period of the project. Moreover, numerous
observations on the negative effects on the surrounding
structures and resident quality were reported through
research projects and literatures. This is a major concern
since in modern urban areas a minor negative incident can
lead to massive financial loss as well as human lives.

Substitution of the conventional tunneling method, like
drill-and-blast method, to mechanized tunnel boring
machine (TBM) tunneling method is one of the movements
to deal with the limitations mentioned in the previous
paragraph. However, compared to the studies conducted on
the structural stability of tunnels excavated under
conventional tunneling method, studies on the structural
stability or behavior of tunnels excavated based on
mechanized tunneling method has not been carried out on
an adequate number of cases.

Numerous institutes, such as Underground Research
Laboratory (URL) (Canada), Swedish Nuclear Fuel and
Waste Management Corporation (SKB) (Sweden) and
Korean Atomic Energy Research Institute (KAERI)
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(Korea), studied and investigated excavation damage zone
(EDZ) around the excavation surface, and on the changes in
physical and material properties (Bauer et al. 1996, Emsley
et al. 1997, Martin et al. 1997, Read et al. 1998, Kwon et
al. 2009) through theoretical and experimental approaches.

The formation of the EDZ is found to be critical to the
tunnel’s structural stability during excavation and in-service
period due to the changes in physical and mechanical
property compared to the original rock mass (Stepansson et
al. 2008, Arson and Gatmiri 2012, Siren 2015). Moreover,
the behavioral characteristics of the EDZ around the
excavation surface were found to be closely associated with
the tunnel geometry, as well as the dynamic response of the
surrounding ground. The blast vibration caused during the
conventional drill and blast method, as well as the vibration
due to the advancement of the TBM are found to cause
severe damage to the ground which will reduce the strength
and stability of the ground and the tunnel (Siren 2015).

Although numerous studies were carried out on the EDZ
around the tunnel excavation surface, most of the studies
and field measurements were focusing on conventional drill
and blast method. On the contrast, very few studies were on
mechanized tunnels, and attempts to predict the distribution
and the range of the EDZ based on numerical analysis were
not actively carried out (Read et al. 1998, Carbonell et al.
2010, Xu and Arson 2014, Lee et al. 2016, Chen et al. 2023,
Lee et al. 2023).

In analyzing the behavior of TBM tunnels during
excavation, the latest studies mainly consider the behavior
of rock mass during excavation and interaction of the rock
mass with the TBM and tunnel lining (Zhao et al. 2012).
However, the numerical analysis conducted up to date were
based on static, discrete sequential analysis, which lacks the
capacity in simulating and analyzing the actual dynamic and
continuous behavior of the TBM excavation process.
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Conventional  numerical analysis method (small
deformation analysis) has limited capacity in solving the
contact surface problems and the excessive deformation of
the mesh as the tunnel excavates. To overcome these
limitations, and accurately analyze the dynamic behavior of
the ground-structure interaction under continuous
excavation process, the use of large deformation analysis is
necessary (Kim 2021, Kim et al. 2023). This will lead to
rigorous analysis on the structural stability of tunnels based
on mechanized method.

In this study, the structural stability of circular TBM
tunnels will be investigated and quantified associated with
excavation damage zone (EDZ) in the surrounding ground.
The stability of the circular tunnel will be numerically
analyzed by using two most widely applied large
deformation analysis method — coupled Eulerian-
Lagrangian (CEL) and auto-remeshing method. After
numerically simulating the TBM excavation process the
damage on the surrounding ground will be computed along
with the maximum deformation in tunnel’s excavation
surface under the condition without the tunnel lining, which
will be the indicator on the structural stability of the tunnel.
This will be investigated for various ground conditions
(RMR rating) and tunnel depths.

2. Excavation damage zone

Redistribution of initial stress around the tunnel occurs
and fractures and cracks form in the rock mass during the
excavation process. The definition associated with damaged
zones caused by excavation are summarized as shown in
Fig. 1 (Perras and Diederichs 2016). Harrison and Hudson
(2000) use the terminology of construction damage zone
(CDZ), where an inevitable excavation consequences and
additional effects occur due to excavation. However, the
CDZ can be neglected in most mechanized tunnelling
process, due to its insignificant range. Zone where it
undergoes inevitable damages caused by the result of
geometry, structure, and/or induced stress changes (i.e.,
independent of excavation method) can be defined as the
highly damaged zone (HDZ). The HDZ can be typically
observed as a zone including interconnection of micro-
fractures. Outside the HDZ is normally called the
excavation damaged zone (EDZ). The definition of EDZ
usually refers to as an area or zone around the excavation
surface, where the changes in stress due to excavation
exceeds the elastic limit and newly formed fractures or
cracks occur. EDZ appears as the tunnel excavates by
cracking the rock mass, and this causes reduction of
strength and stability of surrounding grounds (Martino et al.
2007, Sun et al. 2023). Siren et al. (2015) introduced a
concept of excavation influence zone (EIZ), or excavation
disturbed zone (EdZ), where it only involves elastic
changes degree of stress redistribution.

Hoek and Bieniawski (1965) presented the results of the
laboratory test on the initiation of a fracture of brittle
materials, such as rocks. For materials under uniaxial
compression loading condition, the initiation of fracture
occurred at about 800% of maximum tensile strength of the
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Fig. 1 Various excavation damage zones

material. Additional tests were conducted on various rock
types, and the results show that the initiation of fracture
occurred at 1500 - 2000% of maximum tensile strength.
Martin (1993) and Martin et al. (2001) defined the stages in
the progressive failure of rock and suggested an equation
which designates the EDZ around the tunnel based on the
field stress ratio. Diederichs et al. (2004) reported an
experiment-based field stress ratio (FSR), to determine the
crack initiation stress for various rock types. Saiang (2004)
suggested a model to estimate the EDZ based on field
measurements and conducted a series of study on the main
influence factors on EDZ. Swedish nuclear fuel and waste
management conducted a project ZEDEX - Zone of
Excavation Disturbance EXperiments — to specify the
characteristics of EDZ and their behavior and effect on rock
conditions due to mechanized excavation as well as
conventional tunnelling. Siren (2015) compared the
difference in the distribution shape and magnitude of EDZ
between NATM and TBM tunnels, along with the changes
in mechanical properties through field measurements. Some
studies attempted to simulate the formation of the EDZ
around the mechanized tunnel surface using particle finite
element method (PFEM) (Carbonell et al. 2010).
Nevertheless, it can be pointed out that most studies have
focused on experiments and field measurements after the
excavation of the tunnel in defining the EDZ. By contrast,
the estimation and prediction of the EDZ using dynamic
three-dimensional finite element (FE) method and
discussing the relationship between the formation of the
EDZ and the stability of the tunnel through numerical
evaluation have not been thoroughly presented.

The development of the EDZ around the tunnel
excavation surface is critical to the stability during tunnel
construction process and the tunnel structure after the
completion. Diederichs et al. (2004) conducted experiments
to define the crack initiation of various rock types, Martin et
al. (1993, 2001) suggested a simple equation (Eq. (1)) that
under axial loading condition the crack initiation stress is
approximately 30 - 40% of the rocks’ uniaxial compression
strength based on the field stress ratio results (Fig. 2).
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Fig. 2 Formation of the EDZ during tunnel excavation

where, o.; is the crack initiation stress. Based on the Eq. (1),
this study has defined the EDZ as an area where the
deviatoric stress (;'— o3”) caused by the excavation and the
dynamic load due to vibration exceeds 30% of the ground’s
uniaxial compressive strength. This is the lower boundary
of the definition of the crack initiation stress based on the
field stress ratio, and yield larger EDZ around the
excavation surface, thus allowing a safer tunnel design and
maintenance. As the tunnel excavation is in progress, the
initial stress (o; or o3) around the excavation surface
changes (o; +40). As the excavation continues, the
deviatoric stress (4o) increases. In this study the same
assumption is made that, when the deviatoric stress exceeds
30% of the original rocks’ uniaxial compression strength,
new cracks are formed, thus EDZ appears around the tunnel
excavation surface. By using large deformation analysis, the
range and the distribution shape of the EDZ under various
conditions are investigated along with the stability
assessment based on the maximum deformation within the
excavation surface.

3. Numerical modeling and analysis
3.1 Mesh and boundary conditions

In finite element analysis, the plasticity of soil is
considered through constitutive model, and the most
common constitutive model for rock is Mohr-Coulomb
model and the Hoek-Brown model. In this study, the Mohr-
Coulomb model was used to analyze the behavior of rocks
for both analytical approaches. The element type for the
CEL mesh is set to Eulerian element (EC3D8R).

The interface between the Eulerian and Lagrangian
elements for CEL analysis are commonly modelled as a
general contact. In this study, the interface between the
elements (cutterhead or lining with the rock mass) are
modelled as a general contact for CEL as well as the auto
RITSS method. The friction coefficient between the
elements are set to 0.7, based on previous studies (Gehring
1996, Zhao et al. 2012, Ramoni and Anagnostou 2011).

The size of the mesh boundary was modeled to prevent
the boundary disturbance effect. The length along the x- and
y- direction was 14 m (5D) and 14 m (5D) respectively,
where D is the diameter of the tunnel, 3.5 m. The size of the
mesh in z-direction differs by the tunnel depth, while
maintaining at least 5D space above and below the
excavation surface.

The size of the single mesh affects the accuracy and the
computation time of the analysis. Using smaller mesh size
may increase the accuracy of the analysis. However, it also
significantly increases the computation time. Convergence
study in order to select the ideal mesh size was carried out
prior to the actual analysis. According to the convergence
study results, mesh size of 10 cm was found to provide
consistent results under reasonable compute time. Dense
mesh was distributed in the 1D range around the excavation
surface, and the mesh size gradually increased as the
distance from the excavation surface increases, to secure the
accuracy of the results while maintaining reasonable
compute time.
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Fig. 3 Schematic of the modeling of TBM cutterhead and lining

Table 1 Material property of ground (rock) based on RMR ratings (Jeong et al. 2014)

Grade RMR (II\J/I%E) (MEPa) v (qu/{m3) @) (kPa)
15 grade 80~100 75 20,000 0.2 27 45 4,000
2nd grade 61~80 50 10,000 0.22 26 40 2,000
31 grade 41~60 30 6,000 0.24 25 35 1,000
4t grade 21~40 10 2,000 0.26 23 32 400
5t grade <20 4 800 0.28 22 30 100
Weathered rock - 2 200 0.30 21 32 50
Table 2 Material property of cuterhead and lining (Kim 2021)
Model E % o c
(Element) (MPa) v (kN/m3) ©) (kPa)
Lining Linear elastic 23,000 0.15 24.0 - -
Cutterhead (C3D8R) 200,000 0.30 82.5 - -

The material properties of the rock based on RMR
ratings are summarized in Table 1 (Jeong ef al. 2014).

3.2 TBM and lining modeling

Model The modeling of the tunnel boring machine
(TBM), which consists of the cutterhead and the lining, is
based on a Lagrangian framework for both CEL and auto
RITSS analysis. The properties of the TBM are stated in
Table 2 (Kim, 2021). The TBM elements are modeled as an
8-node Lagragian brick element (C3D8R) linear elastic
material — assumed as a rigid element. This will eliminate
the effect of additional deformation or stress issues, and
solely focus on the effect of ground excavation. The initial
tunnel length is set to 5m, and the initial geostatic
conditions are set accordingly. Fig. 3 shows the TBM
cutterhead and lining modeled based on Lagrangian
element.

3.3 TBM excavation

The main purpose of using the CEL in TBM
advancement and excavation is to simulate the TBM

movement closest to the actual TBM in practice. Using the
coupled Lagrangian (TBM elements) and Eulerian (ground
element) elements, the simulation of the TBM advancement
can be achieved by actually ‘cutting’ and ‘excavating’ the
ground, as the excavated particles (debris) are flown beyond
the cutterhead.

The net velocity of the TBM advancement in the field is
approximately 5x10*m/s (ITA 2000). Adapting the quasi-
static condition and through series of case studies, higher
TBM advance velocity could be used in the analysis, and
thus significantly reduce the computation time while not
affecting the outcome of the results. Based on case studies,
increasing the TBM advance velocity up to 1x107m/s did
not affect the outcome compared to the actual advance
velocity of 5x10*m/s, while the computation time reduces
dramatically. For this reason, the TBM velocity in this study
was modelled to 10>m/s to estimate the EDZ around the
excavation surface. In addition, the rotation rate of the
cutterhead is set to 6rad/s (IRPM) based on field practice
recommendations and previous studies (Lee et al. 2016;
Kim and Jeong 2021, Kim 2021)..

Moreover, the effect of the TBM cutterhead excavating
the ground was simulated based on the interface strength
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reduction factor (Rin)). Conventional value of the Rint when
modelling a soil-structure interface is set between the values
of 0.3 — 0.7 (0 is frictionless, and 1.0 a rigid contact).
However, to simulate the high friction and the excavation
process between the cutterhead — ground interface, the Riy
value was set higher than an usual interface, to 0.9.

Auto-remeshing numerical approach can avoid severe
mesh distortion and calculation failure under large
deformation analysis by updating the finite element mesh
and the stress state before the unwanted mesh distortion.
Although the auto-remeshing approach is not capable of
simulating the actual TBM advance and excavation in real-
time as CEL method, it has been proved by numerous
studies and research that it is capable of simulating and
predicting the ground response during drilling and
excavation (Hu and Randolph 1998, Tian ef al. 2014, Wang
et al. 2015).

The auto-remeshing method is applied by updating the
mesh and the stress / state variables every 1 second, which
complies with the TBM advance velocity selected by the
case studies conducted prior to the actual analysis. The
automated remeshing process is independently implemented
using a set of object-oriented language, PYTHON script
that can be used in ABAQUS scripting interface. The
proposed procedure implemented in the scripts contain
specification of multiple variables to a specific geometry,
elements, boundary conditions, target displacement per
single advance process (1x107 m). The initial processes,
which is model development and initial analysis, are done
manually, using the CAE option. After the initial analysis
(first 103 m excavation), the rest of the process is automated
using the developed scripts. When the main script is called
and applied for the first time, it checks whether the targeted

(¢) 0.30 m excavation (300 steps)

Fig. 5 Flowing of the Eulerian elements in CEL method

excavation length has been reached or not. If it is reached, a
set of other scripts are applied to automatically iterate
through all outputs of the previous step, considering the
deformations and stresses occurred during the process. If
the targeted excavation length is not reached, then a new
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step and mesh is created by invoking the following
ABAQUS scripting interface command:
Mdb.Model(name=newmodel,objectToCopy=mdb.models[o
ldmodel])

where, oldmodel is the variable containing the name of the
previous model, and newmodel is the variable containing
the new model name in which the step number is
incrementally updated (i + 1) each step (Kim 2021). This
process is continued till the targeted excavation length of
0.3 m, equivalent to 300" step, is reached (Fig. 4). It was
shown in the results that after the 300" step the stress
redistribution was stable and has converge to a certain
degree.
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The verification of the numerical model and the large
deformation method applied in this study was carried out in
the following chapter.

Fig. 6 displays the result comparison between the
laboratory test and the computed results (Read, 2004). The
pattern of the EDZ around the model-scale mechanized
tunnel and the computed EDZ shape based on CEL
simulation shows overall similarities — in both size and the
distribution shape. It is clear that due to TBM excavation,
the changes in stress is higher near the edge of the TBM
cutterhead, forming a doughnut-like shape. The maximum
range of the EDZ from the numerical calculation was in the
range of 10% to 50% of the tunnel diameter (0.1D — 0.5D).
These results were in good agreement with the previous
studies and test results reported in literature (Martin 1989,
Cundall et al. 1996, Martin et al. 1997, Diederichs et al.
2004, Martino and Chandler 2004).

Based on the verification process based on laboratory
test results and previous studies, the numerical model
applied in this study is capable of simulating the TBM
excavation process and calculating the ground’s response
due to TBM excavation — the distribution shape and size of
the EDZ around the excavation surface.

Additional indirect verification of the auto-remeshing
method on the capacity of estimating the range of EDZ
around the excavation surface.

Figs. 7-9 shows the results in estimating the EDZ
around the excavation surface under various ground
condition and tunnel depth. The results are categorized for
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vertical and horizontal direction. Based on the results, the
maximum size of EDZ for vertical and horizontal direction
show overall similar tendencies during TBM excavation.
The difference in the earlier stages of estimation can be
explained as a excessive formation of the damage zone due
to actually tearing through the FEM mesh based on the CEL
method. Whereas, in the auto-remeshing calculation, the
formation of the EDZ is relatively gentle. However, the
converging size of the maximum range of the EDZ around
the TBM excavation surface is well observed.

For this reason, it can be concluded that the results
based on the two large deformation analysis method used in
this study reflects the damage and the reaction of the
surrounding ground during TBM excavation.

4. Stability of TBM tunnels based on maximum
deformation

Stability of the circular tunnel based on mechanized
tunneling was evaluated and investigated, which may be
critical and practical in actual tunnel engineering practice.

Based on observations and measurements by Sakurai
(1983) and Chern et al. (1998), tunnels with strain level
over 1% may be structurally instable associated with
difficulties in providing adequate degree of support. Even
though some tunnels which suffered strains exceeding 5%
did not show stability problems, it was clear that
construction problems increased significantly with
increasing strain level over 1%. For this reason, the 1%
limit in indicating the instability of tunnel was applied in
the analyses due to excavation and stress redistribution (Fig.
10).

Table 3 shows the results of the maximum deformation
of the tunnel through large deformation analysis. It was
evidently shown that, even though larger size of the EDZ
was estimated to form around the tunnel for harder rock
conditions (Kim, 2021), the stability of the tunnel was not
compromised for RMR 1% rocks, where maximum
deformation occurred during the excavation process was
below 1%. In case of RMR 2™ grade condition rocks, the
maximum deformation along the tunnel excavation surface
exceeded 1% only for tunnel with higher depth (20D). For
RMR 3" grade condition, maximum deformation exceeding
1% only appeared all through the analysis cases. Based on
these results, rocks of RMR 1% through 3 grade was found
to be overall stable, despite the wide range formation of the
EDZ.

As for the rocks below the 4™ grade to weathered rock,
maximum deformation caused by the TBM excavation was
all over the 1% limit. Especially, in case of TBM excavation
under weathered rock conditions, it showed to be extremely
unstable, where the maximum deformation within some
point among tunnel sectional area exceeded 20% during
TBM excavation. In addition, the strain of the tunnel was
found to be higher as the tunnel depth increases. This may
be caused by the high in-situ earth pressure acting on the
tunnel, where it is critical to install thorough linings and
reinforcements (rock bolts, shotcrete, etc.) for deep tunnel
excavation on relatively weaker ground condition.
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Table 3 Material property of ground (rock) based on RMR ratings (Jeong et al. 2014)

Depth
Grade 5D 10D 20D
(Max. deformation) (Max. deformation) (Max. deformation)

1% grade Negligible (< 1%) Negligible (< 1%) Negligible (< 1%)

2 grade Negligible (< 1%) Negligible (< 1%) 1.6%/1.6%/14%

3" grade <1%/11%/1.1 1.0%/13%/13 2.0%/22%/22%

4 grade 3.6%/3.6%/35% 43%/44%/49% 50%/50%/52%

5t grade 5.2%/55%/6.0% 5.0%/6.0% /6.7% 83%/9.1%/9.0%

Weathered rock 11.8% /12.6% / 12.7% 14.9%/153%/155% 22.9% /235% /23.7%
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Fig. 10 Tunnel stability based on strain (Chern et al. 1998)

5. Conclusions

In this study, the structural stability of circular
mechanized tunnels was investigated by using three-
dimensional large deformation analysis method. The
evaluation of the tunnel stability was conducted based on
the maximum deformation among any location (point)
within the tunnel excavation surface. By analyzing the
strain level during TBM excavation, it was concluded that
the formation of the EDZ does not always pose a threat to
the tunnel’s structural stability. Even though the size of the
EDZ was shown to form largest in harder rock masses
(RMR 1% — 3 grade rocks) due to stress redistribution or
faster and longer propagation of the TBM excavation
vibration, the deformation occurred during the excavation
was limited to 1%. As for the weaker rock masses, the EDZ
was shown in smaller sizes, but there were certain points
among the excavation surface where the maximum
deformation exceeded the 1% limit — in weathered rock, up
to 23% — which can be a clear indicator of decrease in
structural stability.

Although the formation for the EDZ due to TBM
excavation may be kept in limited sizes compared to the
conventional drill-and-blast method, it can still cause
significant degree of the EDZ around the excavation
surface, as well as decrease in tunnel stability. For this
reason, special attention and reinforcement during TBM
operation is necessary, especially for TBM tunnels within
deep depth below the surface on weak rock masses (i.e.,
below RMR 4™ grade, including weathered rock).
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