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A simple algorithm for predicting the maximum surface settlement
considering support mechanisms of shield tunneling
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Abstract. Accurate prediction of ground surface settlement is essential in urban shield tunneling projects to prevent damage to
nearby structures. While empirical and data-driven models have been widely used, they often neglect support mechanisms such
as grouting and slurry injection, or require extensive datasets that are not always available to obtain promptly. This study
proposes a simple and practical algorithm for predicting the maximum surface settlement induced by shield tunneling. The
algorithm was developed using the parametric results from three-dimensional numerical modeling of the excavation and support
process of shield Tunnel Boring Machines (TBMs). The results indicated that the stiffness of the weaker support material plays a
dominant role in controlling settlement, particularly when the face pressure is maintained above the active earth pressure. For the
purpose of incorporating the effects of support mechanisms, three gap parameters were defined at the tunnel face, shield annular
gap, and tail void, and were modified based on stress states and support stiffness. Correction coefficients were introduced to
quantify the contribution of each support phase at specific ground type. The proposed algorithm requires only a limited number
of input variables, such as ground properties and face pressure, making it suitable for field application. The model was validated
against field measurements with prediction errors within 2 mm. This study provides a physically grounded and computationally
efficient framework that improves predictive accuracy while addressing limitations of traditional methods in shield tunneling
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settlement analysis.
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1. Introduction

Excavation of tunnels in urban areas often involves their
proximity to existing structures and the impact on the
surrounding ground. As an efficient tunneling method with
minimal disturbance, the Tunnel Boring Machine (TBM),
especially Shield TBM, has been widely adopted for urban
underground works. Nevertheless, the tunneling process
inevitably disturbs the initial stress state of the ground,
potentially causing surface settlements that pose significant
risks to the safety of adjacent surface structures. Therefore,
it is essential to accurately predict the tunneling-induced
surface settlements and implement effective mitigation
strategies to protect nearby infrastructures in a timely
manner.

The tunneling-induced surface settlement has been
studied extensively through various approaches, including
observational data analysis (Peck 1969, Standing and
Selemetas 2013, Wan et al. 2017), theoretical analysis
(Dalong et al. 2020, Loganathan and Poulos 1998, Verruijt
and Booker 1996), and physical model testing (Chapman et
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al. 2007, Nomoto et al. 1999, Xiang et al. 2018). However,
these conventional approaches are typically designed for
specific tunneling conditions, limiting their ability to
capture the complex interactions between shield tunneling
and the surrounding ground and thus restricting their
general applicability in settlement predictions. In efforts to
understand the intricate surface settlement mechanisms
related to shield tunneling operations, numerical studies
have been widely conducted (Kasper and Meschke 2004,
Kasper and Meschke 2006a, Kasper and Meschke 2006b,
Lambrughi et al. 2012, Mroueh and Shahrour 2008,
Ochmanski et al. 2018). Numerical methods offer distinct
advantages, enabling comprehensive simulations and
detailed visualizations that account for tunnel face behavior,
longitudinal settlement troughs, 3D arching effects, and
temporary heave near the excavation front. However, for
practical applications, these physics-based models are
considered inefficient in predicting settlement due to their
high computational costs and the requirement for explicit
parameter calibration (Zhang et al. 2020). Recently, with
advances in computer science and artificial intelligence,
several data-driven models have been developed to replace
conventional physics-based methods (Goh et al. 2018,
Zhang et al. 2021a). Starting from the conventional
artificial neural network (ANN) (Kim et al. 2001, Santos Jr
and Celestino 2008, Suwansawat and Einstein 2006),
various machine learning algorithm are adopted for
settlement prediction (Chen et al. 2019, Freitag et al. 2018,
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Kim et al. 2022, Zhang et al. 2021b, Zhou et al. 2023).
However, the application of machine learning to predict
shield tunneling-induced settlement still faces significant
challenges, such as limited training data, reduced reliability,
and  limited  generalizability, = making  practical
implementation difficult (Karniadakis et a/. 2021, Phoon
and Zhang 2023, Reichstein et al. 2019). Thus, overcoming
the limitations of existing settlement analysis and prediction
methods  requires  developing models that are
computationally efficient, incorporate both environmental
and mechanical variables relevant to shield tunneling, and
are broadly applicable and reliable across diverse tunneling
sites. To address these issues, the semi-empirical prediction
model can provide an effective approach (Loganathan
2011). These models, structured using experimental and
numerical analysis results that reflect underlying physical
mechanisms, are suitable for practical on-site
implementation of settlement prediction systems.

In this study, a practical algorithm for predicting
maximum surface settlement is proposed using numerical
simulation results. The algorithm incorporates gap
parameters representing the face stability and deformation
of physical gap to integrate the support mechanisms in
shield tunneling. To ensure generality and usability, the
algorithm is formulated under undrained ground conditions,
because the groundwater inflow during the shield tunneling
is governed by geological or structural factors than
operational support mechanisms. Each gap parameters are
modified by integrating stress states and the support
stiffness concept from the convergence-confinement
method.  Additionally, coefficients reflecting the
contributions of each support phase to surface settlement
are introduced, allowing for a quantitative assessment of
settlement mechanisms encountered in actual tunneling.
Each coefficient is determined through a simple numerical
parametric analysis based on the face pressure, grout and
slurry injection pressure, and geotechnical properties, which
affect surface settlement depending on the support phase.
The proposed prediction algorithm, which requires only
basic geotechnical parameters, effectively and accurately
estimates maximum surface settlement for shield tunneling
in undrained conditions.

2. Development of settlement predictive algorithm

A practical prediction algorithm should be simple
enough to be embedded into the excavation management
system in the field. In this study, the algorithm is designed
to reflect the settlement mechanisms under the operation of
shield tunneling in undrained conditions.

The surface settlement induced by the excavation of
circular tunnel has been found to vary with factors such as
the vertical distance between the tunnel and the depth of
interest (Mair et al. 1993, Marshall et al. 2012, O'Reilly and
New 1982), excavated diameter (Attewell and Farmer 1974,
Loganathan and Poulos 1998), cover-to-diameter ratio
(Sugiyama et al. 1999), ground type (Mair and Taylor 1999,
Selby 1988), and the magnitude of ground loss (Jacobsz
2002). Settlements caused by tunneling are often quantified
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Fig. 1 Schematic of pressurized shield tunneling

using the term ‘volume loss’. It is defined as the transverse
settlement trough area, denoted by Vs. The transverse
settlement trough is known to match the Gaussian
distribution curve (Peck 1969), which can be expressed as

—x2
S = Spax " €Xp (F) (1)

where Syqc 1S the maximum surface settlement, i is the
horizontal distance from the tunnel centerline to the point of
inflection on the settlement trough, and x is the horizontal
distance from the tunnel centerline. The area of settlement
through Vs, can be evaluated by integrating Eq. (1) to give

Eq. (2).
Vs = V2 i * Spax (2)

Also the volume loss is usually expressed as the
percentage fraction denoted by Vi, of the tunnel excavation
area.

Shield TBM excavates the circular tunnel resulting in a
physical gap. Shield machines typically have a tapered
geometry with a larger diameter cutterhead, creating a
shield annular gap (overcut). The thickness of the overcut,
known to vary depending on the TBM type and ground
properties, was controlled within the range of 0.02 to 0.15
m (Comodromos et al. 2014, Hasanpour 2014, Lambrughi
et al. 2012, Ramoni and Anagnostou 2010, Repetto and
Fidelibus 2017, Zhao et al. 2012). The segment lining
inside the shield has a smaller diameter than the excavated
periphery, creating a gap called the tail void. The volume
loss during shield tunneling is quantitatively estimated
using a gap parameter (Lee et al. 1992, Rowe and Lee
1992). The gap parameter was assumed to be a semi-
analytically estimated volume loss considering the
tunneling sequence. In large-diameter shield machines, the
shield annular gap is typically filled with bentonite slurry,
while the tail void is filled with mortar grout. The radial
deformation of the support materials providing passive
support is empirically incorporated into the gap parameter
as modified by Loganathan (2011). Although the injection
pressures of the slurry and grout along the excavated
periphery can reduce the ground deformation (Mooney et
al. 2016, Suwansawat and Einstein 2007), these active
supports were not considered when using the gap parameter.
Fig. 1 illustrates the schematics of annular gaps and support
pressures during pressurized shield tunneling.
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Fig. 2 Schematic of the face support for shield tunneling

This study modifies the gap parameter to reflect those
two major support mechanism of shield tunneling. The
modified gap parameter on the tunnel face (gpce) is defined
as the difference between the radius of the equivalent radial
ground loss (r.,) and the excavation radius (), which are
regarded as coaxial. It is described by the deformation of
the ground in front of the shield face. Fig. 2 illustrates the
concept of face support in shield tunneling. If the face
pressure (FP) is greater than the total earth pressure (o),
the ground would be compressed forward, resulting in less
muck discharge. Conversely, if the face pressure is less than
the total earth pressure, the ground would be compressed
inward, leading to increased ground intrusion. The intrusion
is assumed to be uniform across the tunnel face (Lee ef al.
1992). Consequently, the modified gap parameter for the
tunnel face is as follows

Irace = Teq —

where E), is the undrained elastic modulus of the ground, &,
is the unit ground intrusion and Ay is the unit advance of
the shield.

The modified gap parameters of the shield annular gap
and tail void were defined by considering the support
characteristics. Based on the concept of the support
characteristic curve on the convergence-confinement
method (Carranza-Torres and Fairhurst 2000), the elastic
radial deformation of the support annulus (#,) can be
derived elastically using the elastic stiffness of the support
(Ky) and the external pressure (p;) as follows

u, = ps/K; 4

The elastic stiffness of the support is given by
Es r? —(r—ty)?
r(1+v,) r2(1—2v,) + (r—t,)?
where E;, £, and v, denote the elastic modulus, thickness,
and the Poisson’s ratio of support material respectively.

Thus, the modified gap parameters for the shield annular
gap and tail void are derived as follows

Ks = (%)

Geni — Oz,crown — Os1
shield ( E51 . ,',,2 _ (T _ t51)2
r(1+vs) 12(1 = 2v5) + (r —ts)?

) (6)

- Oz,crown — Os2
Gtait (- 2= (r—t)? ) O
r(1+vs) 12(1 = 2v5) + (r —ts3)?

where o onn 18 the vertical total stress at the tunnel crown,
sl and s2 denotes the slurry injected on shield annular gap
and grout injected on tail void respectively.

Previous researchers regarded that the volume loss
around the tunnel equates to the area of the settlement
trough at the surface. Thus, a linear relationship has been
established between the sum of modified gap parameters for
each construction phase and the maximum surface
settlement, as represented by Eq. (2). Consequently, the
predictive algorithm proposed in this study assumes that the
maximum surface settlement is determined by the sum of
modified gap parameters multiplied by ground correction
coefficients o and g, as outlined in Eq. (8).

Smax =aX gface + ﬁ X [gshield + gtail] (8)

Two different coefficients a and f are assigned: a for the
face gap parameter, which is governed by active support,
and S for the circumferential gap parameter, which are more
influenced by the passive support provided by injected
materials.

3. Numerical modeling
3.1 Finite difference model

The evaluation of ground correction coefficients was
conducted using the results of numerical parametric analysis.
Numerical analysis was performed using the commercial
software FLAC3D (ver. 5.0, Itasca Consulting Group, Inc.)
based on the finite difference method (FDM).

3.1.1 Modeling the ground

An appropriate domain size was selected for the
numerical model, considering both the boundary effect and
computational time. The minimum dimensions were
proposed to be (H+3D) for the length (parallel to the tunnel
axis), (H+4D) for the height, and 3H for the width (tunnel
axis to boundary), where H is the depth of the tunnel
springline and D is the tunnel diameter, based on a
parametric study (Lambrughi ef al. 2012). Fig. 3 illustrates
the adopted model geometry (120 X 120 X 60 m), which
meets the dimensional requirements for all validation cases
and parametric analyses. A fully symmetry model composed
of zone elements was adopted, and roller boundary
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Table 1 Properties of structural elements and injected materials

Elastic modulus Poisson’s ratio Density Shear modulus
Structural elements 3
[MPa] [] [ke/m'] [MPa]
Shield 200,000 0.25 7,840 80,000
Slurry for steering gap 0.0745 0.49 1,275 0.025
Grout at the terminal state 2,800 0.25 2,200 1,120
120 m -
<8
<8
60 m

B A Ao

Roller boundary for all sides except the top surface

Fig. 3 Sketch of an adopted geometry

conditions, which constrain displacement normal to the
boundary surface, were applied to all sides except for the
free top surface. A zone size of approximately 0.8-1.2 m
was applied near the tunnel, which was sufficient to capture
stress redistribution and ground deformation in the
surrounding ground (Lambrughi et al. 2012, Comodromos
et al. 2014). The geotechnical properties were simulated by
adopting the Mohr-Coulomb constitutive model, which
describes a homogeneous and isotropic medium with linear
elastic and perfectly plastic behaviors. The Mohr-Coulomb
model is selected because it is widely applicable from
general soils to rocks, and requires the least number of
parameters compared with other advanced models such as
the Drucker-Prager model or Hardening Soil model (Kratz
et al. 2023). It is reasonable for the purpose of the study, as
the developed model should be able to predict only
commonly available geotechnical properties in order to
perform its versatility at various sites. The initial stress
equilibrium was achieved through iterative calculations
until the mechanical unbalanced-to-applied force ratio
dropped below 1e-05, following the assignment of ground
properties and gravitational loading.

3.1.2 Modeling the shield TBM

The shield TBM was modeled using shell elements with
a linear elastic model, which has been validated as a reliable
model through previous numerical studies (Comodromos et
al. 2014, Hasanpour et al. 2014). To simulate the shield
annular gap, a linear elastic zone element was implemented

around the shield, possessing a specified thickness.
Essentially, the zone elements adjacent to the machine
underwent nullification during excavation and were
replaced with new zone elements characterized by the
properties of bentonite slurry. It was assumed that slurry
injection maintains a uniform radial pressure to the
excavated surface until the TBM passed through. The
pressure of slurry injection, denoted as SP, is described
using a parameter known as the slurry injection pressure
ratio (SPR). This ratio, expressed as Eq. (9), represents the
relationship between SP and the horizontal earth pressure at
rest on the center of the excavated face.
sp SP

SPR=—=——_
o, Kyo',+u

(€)

The earth pressure coefficient at rest Ky, is empirically
known to follow the following formula for the normally
consolidated clay and granular soils (Jaky 1944)

K, =1—sin¢’ (10)

where the ¢’ is the internal friction angle. The elastic
properties of the shield TBM and injected bentonite slurry
are listed in Table 1.

3.1.3 Modeling the face pressure

The support for the tunnel face was modeled by
applying a normal stress to the nodes located on the
excavated tunnel face. The face pressure was selected to be
a uniform value within the range extending from the active
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earth pressure to the earth pressure at rest at the central
point of the excavated face. The pressure applied on the
excavated face corresponds to the total stress (Losacco and
Viggiani 2019, Meschke et al. 2011, Ochmanski et al.
2020). The description of face pressure is similar to those of
SP and is articulated through the face pressure ratio (FPR),
which represents the ratio between the face pressure and the
horizontal earth pressure at rest on the center of the
excavated face. Consequently, the FPR can be considered in
a range of approximately 0.6 to 1.0 for excavations above
the groundwater level and approximately 0.8 to 1.0 for
excavations below the groundwater level, assuming an
absence of a partially saturated medium at the initial
condition. The range of FPR is reasonable by the Rankine’s
active earth pressure coefficient (K,) expressed in Eq. (11),
with considering the range of internal friction angles for
geotechnical materials is universally between 0 and 45°.

1 —sing’
" 1+sing’
In addition, the active state of the tunnel face
experiences less pressure than Rankine’s active pressure
owing to longitudinal arching. Therefore, the appropriate

range of the FPR value for shield tunneling is from 0.6 to
1.0.

Kq (11)

3.1.4 Modeling the tail void grouting

In this numerical model, the shield TBM and segment
lining were assumed to be coaxial with the excavation.
Consequently, grouting was simulated to fill the tail void
seamlessly. Upon advancement of the shield, the slurry
material and its pressure were removed. Then, zone
elements representing the grout were generated with
corresponding properties and injection pressure. The
grouting process was assumed to occur simultaneously with
the shield's advance and hardened over time. The hardening
behavior was regarded as the 'slowly hardening cement',
following the fib Model Code for Concrete Structures 2010
(fib 2012), succeeding the CEB-FIP Model Code 1990
(CEB 1993), in alignment with the proposal by
Comodromos et al. (2014). The simulation focused on the
time-dependent increase in stiffness rather than on project-
specific grout properties such as mix ratio or injection
volume. For the sake of simplicity and computational
efficiency, the representative grout hardening was discretely
simulated. The average advance of the shield was regarded
as six rings per 12 h and paused for 12 h. Thus, 27, 54, 66,
73,78, 82, 85, 87, 89, 90, 91.5, and 92.5 % of the complete
hardened modulus was applied at each of the six rings after
injection. The terminal properties of the grout are detailed
in Table 1. The injection pressure on the excavated surface
was uniformly applied in the normal direction for up to six
rings after injection, assuming an initial setting time of
approximately 12 hours for the grouts. The injection
pressure is recommended to be 100-200 kPa greater than
the face pressure (KDS 2016), although this may vary in
different field conditions. Consequently, the backfill
injection pressure ratio (BPR), representing the ratio
between the grout injection pressure and the total earth
pressure at rest on the tunnel face center, was chosen within

the range of 0 to 1.2 for the parametric studies in the
numerical analysis.

3.1.5 Sequential simulation

After achieving initial equilibrium, the shield tunneling
process was carried out iteratively in a sequential manner,
as illustrated in Fig. 4. As illustrated in Fig. 4, the
excavation and support process of the shield TBM is
divided into two phases. During the first phase,
corresponding to the right-hand loop in the figure, the
model simulates shield advancement over a specified length
(equal to the shield length) without installing the segment
lining. In this stage, the simulation proceeds for n
excavation cycles, in which excavation and face support are
applied without tail void grouting. In the second phase,
represented by the left-hand loop, segment lining and
grouting are performed, and the simulation is continued to
allow the surface settlement to converge. Once the total
number of cycles reaches m, the simulation is terminated,
and the final settlement troughs and maximum surface
settlement value are obtained. Previous researchers have
typically designated enough calculation steps for each
advance and continuous support (An et al. 2022, Chakeri et
al. 2013, Hasanpour 2014, Moeinossadat and Ahangari
2019). In this study, calculation of each advance and
support was terminated when the unbalanced force ratio
reaches 1e-05, aiming to minimize the number of steps for
the entire sequence.

3.2 Validation of the numerical modeling

Validation of the numerical simulation was conducted
using field measurements. All cases assumed the greenfield
conditions. The results affirm that the numerical simulation
constructed in this study is appropriate for obtaining a
reliable analyses in the context of the parametric studies.

3.2.1 Validation for shield annular gap occurred by
tunneling in soils

In-situ data measured during the construction of the
Madrid Metro Extension Project were used to validate the
numerical model of tunneling with the shield annular gap.
The field data reported by Lambrughi ef al. (2012) include
surface settlement measurements obtained through SAI
(Sistema de Auscultacion Integrado), incorporating surface
leveling and inclinometer readings during excavation.
These data serve as the benchmark for validating the
deformation pattern predicted in this study. The project
employed an EPB (Earth Pressure Balanced) shield TBM
with an excavation diameter of 9.38 m. The shield annular
gap was assumed to be 0.03 m in thickness, which was
determined by considering the overexcavation of the cutter
head (Lambrughi ef al. 2012). The groundwater table was
disregarded due to the absence of a distinct water table,
with several unconnected aquifers present. Numerical
calculations were conducted for Section 8.2-4+310, where
the excavation traverses mixed ground conditions. Depth of
tunnel axis was 20.8 m. The ground properties for the
specified sections are detailed in Table 2. As the literature
does not provide specific information on the grout mix ratio
or injection volume, the previously described grout
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Table 2 Ground properties and profile of validation for shield annular gap occurred (modified from Lambrughi et

al. 2012)
Depth Ground Unit weight Cohesion Interr;es:gl]gctlon Elastic modulus  Poisson’s ratio
A 5 y

[m] classification [KN/m?] [kPa] [degree] [MPa] [-1

0-13 Tosco arenoso 20.8 105 317 123 0.3
(sandy clay)

13-16 Tosco 21 149 325 172 0.3
(brown clay)

16_258 10SC0arencso 20.8 105 317 123 0.3
(sandy clay)

258 60 Tosco 21 149 325 172 0.3
(brown clay)

Initial
Phase 2: equilibrium Phase 1:

Excavation with segment installation

A 4

Excavation only (for shield length)

Excavation (null) for a ring

v

Face pressure on
former face eliminated

[

Face pressure applied on
the current tunnel face

’ Face pressure on

)

A

[

Structural element for shield TBM generated
on the range of excavation

former face eliminated

Slurry injection
pressure substitution
(if it is required)

A

v

No -
Number of cycles > *n Calculation
(solve)

Yes

[

Backfill pressure

Structural element for segment and backfills
generated behind the shield

1

substitution
(if it is required)
A

No

Calculation
solve
Number of cycles = **m

*n: shield length / ring span
**m: target elimination point
Yes

Data
obtained

Fig. 4 Numerical procedures for simulating shield tunneling

properties were applied without further adjustment.
According to values reported in the literature, the face
pressure and gap grouting pressure were set to 100 kPa and
0 kPa, respectively. Since the slurry injection pressure for
the shield annular gap was not specified in the literature, it
was assumed to be equal to the gap grouting pressure.

Fig. 5 shows the contour of the vertical stress obtained
for Section 8.2-4+310, highlighting key stages of
excavation and support. At location [1], minor disturbance
is observed in front of the tunnel face due to the applied
face pressure, indicating the initial response of the ground
prior to excavation. At point [2], over-excavation combined
with insufficient injection pressure leads to a significant
increase in vertical stress above the shield, resulting in
concentrated load transfer to the surrounding ground.
Finally at [3], after the installation of segmental lining,
arching effects become apparent. The redistributed stress is
transferred to the side of tunnel, resulting in vertical stress
concentration adjacent to the tunnel boundary. This

redistribution behavior confirms that the model captures the
essential mechanisms of ground-structure interaction during
shield tunneling. Fig. 6 illustrates the transverse surface
settlement troughs resulting from the numerical modeling in
this study, as well as the numerical calculations from a
previous study and in-situ measured data. The concordance
between these results supports the assertion that the
numerical model developed in this study is reliable.

3.2.2 Validation for shield tunneling without shield
annular gap

In-situ data measured during the construction of Tehran
Metro Line 7 were used to validate the numerical modeling
of tunneling without shield annular gap. In the Tehran
Metro case, Chakeri et al. (2013) provided surface
settlement records collected via optical markers installed
along the tunnel alignment and nearby structures. These
measurements were used to compare the predicted
settlement trough in the present analysis. It is constructed
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Fig. 5 Contour of vertical stress obtained for Madrid Metro Extension Project Section 8.2-4+310
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Fig. 6 Calculated and measured surface settlement in the cross-section of Madrid Metro Extension Project Section 8.2-4+310

using an EPB shield TBM with an excavation diameter of
9.2 m. No water seepage has occurred at this site.
According to values reported in the literature, the face
pressure was set to 55 kPa. Since the tail void grouting
pressure was not specified in the literature, it was assumed
to be equal to the face pressure. The sequence of the
numerical simulation was similar to that in a previous study
(An et al. 2022), except for the time-dependent hardening
behavior of the grout and the advance rate.

In contrast to the previous case, Fig. 7 shows the vertical
stress redistribution under conditions where the shield
machine provides sufficient support without over-
excavation. At [1], initial ground disturbance from the face
pressure is observed, similar to the earlier case. However at
[2], the development of vertical stress above the shield is
substantially limited due to proper confinement during
excavation. At [3], arching effect occurs after segment
installation, but the overall stress concentration along the

side of tunnel is more stable and symmetric. Fig. 8 presents
the settlement troughs resulting from the numerical
modeling in this study compared with the in-situ measured
values. This indicates that the numerical model developed
in this study is reliable.

4. Utilization of maximum settlement prediction
algorithm

4.1 Numerical parametric results and analysis

A parametric analysis was conducted using the
developed numerical modeling to evaluate the contribution
of shield tunneling variables to the surface settlement and to
investigate the support mechanisms of shield tunneling. The
sensitivity of surface settlement to variations in the
operational pressures (face pressure, slurry injection
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Fig. 8 Calculated and measured surface settlement in the cross-section of Tehran Metro Line 7

pressure to the shield annular gap, and backfill injection
pressure to the tail void), presence of the shield annular gap,
and elastic properties of the ground was examined. In line
with previous recommendations, operational pressures were
controlled by adjusting the ratios of pressures to the total
horizontal earth pressure at the tunnel center, such as the
FPR, SPR, and BPR, varied between 0.0 and 1.2. The tunnel
axis was located at a depth of 20 m, and the excavation
diameter was 8.4 m. For this parametric analysis, a shield
annular gap thickness of 0.01 m, which is slightly larger
than the typical range, was adopted to provide a
conservative evaluation considering the steering and
pitching. For the rock medium, the shield annular gap was
considered to be negligible.

Based on geotechnical properties gathered from
construction sites in South Korea, elastic properties showed
significant correlation, as depicted in Fig. 9. Based on the

in-situ properties, six types of ground were adopted for the
parametric analysis as listed in Table 3. Each case was
characterized by distinct elastic moduli (40 and 100 MPa, 2
and 8 GPa), and three Poisson's ratios (0.2, 0.3, 0.4) were
applied at 40 MPa to examine the role of Poisson's ratio.
Fig. 10 presents the greenfield surface settlement
troughs resulting from changes in Poisson's ratio while
maintaining a constant elastic modulus of 40 MPa. Figs.
10(a) and 10(b) show the settlement troughs for identical
support-pressure ratios. As Poisson's ratio decreased,
horizontal confinement decreased, resulting in deeper and
narrower settlement troughs. The inflection point of the
trough, estimated using a Gaussian distribution curve,
decreased as the Poisson's ratio decreased for the same
stiffness and cohesion. The settlement trough parameter K,
derived based on the inflection point over the depth of the
tunnel center, was consistent with the empirical range (Mair
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Fig. 10 Calculated settlement with varying Poisson’s ratios

Table 3 Geotechnical properties for parametric studies

Internal friction

Ground classification Densigy Cohesion angle Elastic modulus Poisson’s ratio
[kg/m?] [kPa] [degree] [MPa] [-]
Soil #1 1,900 25 48.6 40 0.2
Soil #2 1,900 25 34.8 40 0.3
Soil #3 1,900 25 19.5 40 0.4
WR 2,100 30 33 100 0.3
SR 2,500 140 37 2,000 0.28
HR 2,800 1,000 45 8,000 0.25

Note. WR: weathered rock, SR: soft rock, HR: hard rock

and Taylor 1999). Fig. 10c shows the longitudinal troughs at
similar support pressures. It indicates that increased
confinement along the tunnel transfers stress to the adjacent
medium, leading to smaller and broader ground
deformation. A three-dimensional contour of vertical
displacement for the case with Soil #3 is presented in Fig.
11 to visually complement the results in Fig. 10.

Fig. 12 presents greenfield surface settlement troughs
resulting from variations in elastic modulus (100 MPa, 2

GPa, and 8 GPa) while changing geotechnical properties.
Unlike the previous case, the inflection point increased with
decreasing Poisson’s ratio. It infers that larger stiffness and
cohesion contribute more to arching development than the
Poisson's ratio, restraining vertical movement of the ground
above the tunnel through horizontal confinement.

The maximum surface settlement-to-face pressure ratio
is displayed in Fig. 13. Fig. 13(a) shows results with
varying Poisson's ratio for excavation with a shield annular
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gap in the ground with a constant elastic modulus of 40
MPa. In all cases, the optimal FPR was approximately 0.8,
resembling the active total earth pressure. Regardless of the
Poisson's ratio, the pressure imbalance at the tunnel face led
to similar maximum surface settlement values, indicating
that settlement is ultimately dependent on ground stiffness.
Fig. 13b shows the optimal FPR change based on the
presence of a shield annular gap (over-cut). A hypothetical
condition in which the support pressure was applied without
a shield annular gap was simulated to compare the active
and passive supports. The optimal FPR in the absence of
slurry properties that are relatively weak compared to the
ground is 1.0. Even with the same injection pressure, it is
higher than the optimal FPR of 0.8 for the presence of
slurry into shield annular gap. It is because the ground
compresses and pressurizes the shield skin as the face
pressure pushes the ground over the tunnel face.

Accordingly, the vertical deformation of the ground
cannot be sufficiently compensated by weak support
material. In other words, the passive support mechanism is
more critical to the terminal value of the ground settlement.

Fig. 14 shows the maximum surface settlement resulting
from slurry injection pressure on the shield annular gap
during excavation in the ground with an elastic modulus of
40 MPa. Grout properties were applied to the tail voids, but
the applied backfill injection pressure on the tail void was
set to zero. The settlement decreased linearly in parallel
with an increase in slurry injection pressure for different
Poisson’s ratios. It suggests that the deformation induced by
injected slurry on the shield annular gap is governed by the
support material property and is affected by the support
pressure. In other words, the active support mechanism and
passive support mechanism are activated simultaneously.
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Fig. 14 Maximum surface settlement to the slurry injection pressure

Fig. 15 shows the maximum surface settlement when
the slurry was substituted into the shield annular gap but no
injection pressure was applied. Compared with Fig. 14, the
grout injection pressure in the tail void did not significantly
influence the surface settlement more than the slurry
injection pressure in the shield annular gap. Additionally,
maximum surface settlements for zero-SPR values were
larger than those for zero-BPR values, indicating that higher
stiffness of the supporting materials can more efficiently
restrain settlement. It can be assumed that the passive
support mechanism is fundamental in shield tunneling, with
active support playing a supplementary and temporary role.

4.2 Determination of ground correction coefficients
The determination of ground correction coefficients was

conducted using the numerical parametric results. From the
proposed algorithm in Eq. (8), the modified gap parameter

for the tail void (gui) should incorporate the elastic
modulus at the initial setting time of the grout, which is
only 27 % of the terminal value. It is because the grout into
the tail void is regarded to lose its fluidity after the initial
setting time, and is not able to perform active support
afterwards. Coefficient f was determined by fitting the
numerical data for FPR equal to 1.0, with a condition that
renders coefficient a negligible. As implied by the
parametric results, coefficient § exhibits a correlation with
weaker supporting materials, such as slurry for the
existence of a shield annular gap and grout. Fig. 16 presents
the absolute values of f relative to the absolute values of
modified gap parameters for various supporting materials.
The gap parameter and its corresponding coefficients are
negative when the injection pressure of the support material
exceeds the total vertical earth pressure on the tunnel
crown. Absolute values were used to describe the
compression of the support material, making the direction
of the imbalanced stress negligible. Clear power-law
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Fig. 16 Ground correction coefficient f to the modified gap parameter

correlations between f and modified gap parameters were
established as listed in Table 4. These values approach zero
for stiffer ground conditions. Fig. 17 presents coefficient o
in relation to face pressure and modified gap parameters on
the tunnel face for ground with a 40 MPa elastic modulus,
because the ground loss at the tunnel face becomes
negligible for stiff ground. Coefficient a cannot be derived
when the face pressure is the same as the earth pressure at
rest. Fig. 17(a) shows that a converges to the asymptotic
value of -100 as the face pressure increases near the active
earth pressure. This supports the fact that the plastic zone
over the tunnel face occurs locally when the face pressure is
controlled in the range of 60-65% of the active earth
pressure (Anagnostou and Kovari 1996). The face pressure
should exceed the pore pressure acting on the tunnel face.
Fig. 17(b) shows the power function correlations between
coefficient o and modified gap parameters, as listed in Table
4.

The linear formulation of the predictive algorithm
enables the estimation of the contribution of each
operational factor to the settlement, as illustrated in Fig. 18.
While operational variables are not independent, the errors
resulting from these coefficients are negligible.
Consequently, the stiffness of the weaker support material is
the dominant factor in maximum surface settlement unless
the face pressure decreases below the active earth pressure.

5. Discussions
5.1 Applicability of prediction algorithm

To predict surface settlement accurately, various factors
must be considered, including the excavation radius, tunnel
center depth, elastic properties (elastic modulus and
Poisson’s ratio) of the ground and support materials,
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Table 4 Power-function based correlation between modified gap parameters and ground correction coefficients

Ground Soil (E = 40 MPa) WR SR HR
correction _ _ _
coefficient v=02 v=03 v=04 (E=100MPa)  (E=2GPa) (E =8 GPa)

|B| for
negligible - - 0.57  |Gtqil 7% 0.30 * |gtqil"%°2 0.015 - |gequ| ™30

over-cut
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128 4.18 amo
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Note. E (elastic modulus), v (Poisson’s ratio), | | (absolute value)

thickness of the injected support materials, face pressure,
total horizontal earth pressure, pore pressure at the tunnel
spring line, and support injection pressure. Fig. 19 provides
a schematic representation of settlement prediction and
data-gathering points. Geotechnical properties are collected
before construction, and facial conditions are obtained
during excavation. However, properties related to the
injection of support materials are determined a few rings
behind, where ground deformation has already occurred.
Therefore, in the design phase, the predictive system uses
predetermined values as listed in Table 1 for these vacant
parameters. In summary, the only essential real-time inputs
required at the prediction point are the ground properties
and face pressure, making the algorithm particularly
applicable during early-stage planning and excavation.

To validate the developed algorithm, it is crucial to
compare predicted maximum surface settlement values with
field-obtained results. There are few sites of undrained
tunneling that have documented records of support material
properties and injection pressures. The prediction algorithm

was applied and assessed based on data from the East Side
Access Queens Bored Tunnels (Grasmick et al. 2015). The
tunnel, excavated using a 6.9 m slurry shield TBM, had a
springline depth of 22.77 m. The ground was sandy soil and
assumed homogeneous with properties listed in Table 5
(Mooney et al. 2016). The shield annular gap thickness was
0.04 m, and the tail void thickness was assumed to be 0.15
m. Slurry injection pressure along the shield annular gap
and grout injection pressure onto the tail void were
approximately 0.7 and 1.5 times the vertical total earth
pressure at the tunnel springline, respectively. Using
representative elastic properties of the slurry and grout from
the parametric studies, the predicted maximum surface
settlement was 7.78 mm. This prediction was considered
reliable when compared with field-obtained data ranging
from 6 to 8 mm.

Furthermore, the prediction algorithm was applied to the
Madrid Metro Extension Project (Lambrughi et al. 2012),
focusing on sections where face pressure and maximum
surface settlement were measured. The influence of face
pressure and grout injection pressure on the tail void was
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found to be insignificant, as discussed in the previous
parametric analysis. Predictions for maximum surface
settlement, when the slurry injection pressure onto the
shield annular gap was 0.75 times the vertical total earth
pressure at the tunnel crown, were in close agreement with
measured values for Sections 4.2-2+526, 8.2-4+310, and
9.2+260, at 12.04, 14.04, and 11.88 mm, respectively,
compared to measured values of 12, 14, and 13 mm. In
conclusion, the developed prediction algorithm
demonstrates high accuracy in determining maximum
surface settlement for undrained shield tunneling, utilizing a
small number of variables.

Compared to empirical models (e.g., Peck 1969,
O’Reilly and New 1982), which rely on simplified
geometric relationships and volume loss assumptions, the
present algorithm accounts for both ground stiffness and
support conditions. Analytical models (e.g., Loganathan and
Poulos 1998) improve on this by including elastic ground
response and face pressure effects, but still lack resolution
in modeling support-material interactions. Full-scale
numerical simulations offer detailed predictions but are
computationally intensive and require considerable time. In
contrast, the proposed algorithm uses a simplified linear
formulation while retaining physical transparency through
the use of correction coefficients o and f, which quantify
the distinct roles of active and passive support.

Furthermore, when compared to machine learning-based
approaches (e.g., Kim et al. 2022), which require large site-
specific datasets to construct a model, the proposed
algorithm achieves comparable predictive accuracy with
minimal inputs and clearer physical meaning. This balance
between computational efficiency, mechanistic clarity, and
verified accuracy distinguishes the algorithm as a practical
and novel approach to predicting shield tunneling-induced
surface settlement.

5.2 Limitations and future work

While the proposed prediction algorithm demonstrates
strong applicability and accuracy during the construction,
several limitations should be acknowledged. First, the
current modeling framework assumes undrained conditions
of the ground, without considering pore pressure dissipation
or groundwater inflow. Although this assumption is valid
for short-term excavation in low-permeability soils, it may
not accurately capture settlement behavior in more
permeable strata. Future research could improve the model
by incorporating a groundwater-influenced gap parameter,
enabling predictions that reflect seepage-related
deformation.

Second, the model simplifies face pressure as a unified
reaction force at the tunnel face, without distinguishing the



A simple algorithm for predicting the maximum surface settlement considering support mechanisms of shield tunneling 143

Table 5 Geotechnical properties of sandy soil representing
the East Side Access Queens Bored Tunnels (modified from
Mooney et al. 2016)

Internal friction

Unit weight Elastic modulus Poisson’s ratio

3 angle :
[KN/m?] [degree] [MPa] [-1
20 40 200 0.3

underlying mechanisms specific to different shield types. In
EPB shield tunneling, for example, chamber pressure is
influenced by thrust force, screw conveyor performance,
volume of discharged muck. In slurry shields, slurry
infiltration pressure can diverge from the net ground
pressure at tunnel face. These distinctions are not explicitly
represented in the current algorithm. A future extension of
this work could involve deriving face pressure from actual
machine operation data, enabling better adaptation to
specific shield systems.

Beyond these two key limitations, the model also
assumes idealized boundary conditions for slurry and grout
injection, excluding dissipation, pore pressure development,
or coupled fluid-soil interaction. Moreover, although the
prediction algorithm was validated using well-documented
case studies, direct validation with new project-specific
monitoring data would further enhance confidence in its
generalizability.

Despite these limitations, the algorithm remains robust
for applications, particularly in scenarios where undrained
behavior dominates. Its modular structure offers flexibility
for future enhancement, including the integration of
advanced rheological models, real-time TBM machine data,
or hybrid learning frameworks. These extensions will
enable broader applicability while preserving the model’s
interpretability and computational efficiency.

6. Conclusions

This study proposed a simple and practical prediction
algorithm for the maximum surface settlement induced by
shield tunneling. This work particularly sheds light on the
following key findings.

e A predictive algorithm was formulated based on

parametric results from three-dimensional numerical
analysis. Proposed algorithm incorporated gap parameters
at the tunnel face, shield annular gap, and tail void. These
were modified using stress states and support stiffness
concepts. Correction coefficients were derived to represent
support-phase contributions at specific ground type.

¢ Parametric results demonstrated that the stiffness of the
weaker support material is the dominant factor in
controlling surface settlement, unless face pressure drops
below the active ecarth pressure. Passive support
mechanisms were found to play a more crucial role than
active support.

e The proposed algorithm enables accurate estimation of

maximum settlement using a limited number of variables,
primarily ground properties and face pressure.

« Field data were used to validate the numerical modeling

and algorithm. Predicted settlement values showed strong
agreement with measured data, with errors less than 2 mm.

e Compared to empirical or data-driven models, the

algorithm  offers enhanced interpretability, better
incorporation of support mechanisms, and improved
efficiency for field applications.

¢ The current model assumes undrained conditions and

generalized support behavior. Future research may extend
the framework to include groundwater infiltration, time-
dependent consolidation, and machine-specific inputs for
EPB or slurry TBMs.
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