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Abstract. This paper describes a new methodology for predicting and con-
trolling ground movements for a tunnel that traverses an interface between two
clay layers of contrasting shear strength and stiffness. We use non-linear finite
element analyses to investigate effects of face pressure on tunnel face stability
and steady state ground surface deformations. This leads to a series of design
charts linking soil properties (undrained shear strength and stiffness), stratigra-
phy (layer interface), tunnel cover depth and mechanized control parameters
(face and grout pressure). The methodology has been validated for a recent case
study where EPB tunnels traverse an interface between stiff clay (Old Alluvium)
and soft, Marine clays. The proposed methodology successfully uses the mea-
sured face pressures to predict ground movements for these mixed face condi-
tions. Further generalization of the method is now needed to represent mixed
face conditions with contrasting permeability.

1 Introduction

Closed-face Earth Pressure Balance (EPB) tunnel boring machines have been very
effective in reducing risks associated with urban tunneling projects. The EPB design
controls face pressures within a sealed cutter-head chamber that is filled with the
excavated soil. As the machine advances the soil is mixed with conditioning agents to
produce a low shear strength paste (undrained shear strength, s, = 20-30 kPa; Mair
2008) that can flow through the screw conveyor, Fig. 1a. Tunnel excavation inevitably
generates sources of ground movements due to stress relief at the excavated face,
overcutting and ploughing of the shield, complex boundary conditions around the tail
void and deformations of the segmental lining system. The EPB operation aims to
control ground deformations through the face pressure (and machine advance rate) and
through grouting (and grout pressures) applied within the tail void. While the perfor-
mance of EPB machines has been very impressive, especially in homogenous ground
conditions (e.g., leronymaki et al. 2018), the control of ground movements is partic-
ularly difficult when the TBM encounters an interface between materials of contrasting
shear strength, stiffness and permeability. These mixed face conditions can result in
excessive settlements (including the creation sinkholes; Shirlaw 2008), due to over-
excavation at the face, water inflow, abnormal or excessive equipment wear and time
delays during construction (Zhao et al. 2007).
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Fig. 1. Closed-face EPB shield tunneling (adapted from Moller 2006)

The goal of this study was to develop a simplified framework for predicting the
ground movements as a function of face pressures for tunneling across an interface
between clay layers of contrasting strength and stiffness. We have developed a semi-
empirical method based on non-linear finite element analyses and illustrate its appli-
cation from a recent tunneling project. The analysis framework provides a predictive
framework that can be used to establish target face pressures during EPB operations.

2 Methodology

In prior studies we have investigated predictions of EPB tunnel-induced ground
movements using a variety of soil models and representations of the ground-TBM
interactions (Founta et al. 2013; Founta 2017). These studies have shown that relatively
simple representations of the tunnel advancement process through incremental stepping
of the boundary conditions (Moller 2006) achieve comparable predictions of ground
movements to more complex representations of the TBM as a separate structural body.
Similarly, the zone of soil plasticity occurs in the near-field of the TBM for well-
executed mechanized tunneling such that relatively simple soil models can be used to
estimate far field ground deformations (Ieronymaki et al. 2016). The current analyses
use the linearly-elastic perfectly plastic (EPP) model to represent soil behavior and
assume that ground movements caused by closed-face EPB tunnel construction can be
estimated by considering 4 independent sources of settlement: (1) Face pressures;
(2) Grout pressures within the tail void (the grout sets between the assembled seg-
mental lining and the surrounding soil); (3) Overcutting due to the oversize cutterhead
and tapered diameter of the shield that are used to reduce friction; and (4) Net buoyancy
between the weight of the soil excavated within the tunnel cavity and the weight of the
tunnel boring machine.



Prediction and Control of Ground Deformations for Mechanized Tunneling 269

3 Face Stability

In order to use control settlements induced by tunneling, it is first necessary to establish
the face pressure needed to ensure stability of the tunnel face. Sloan (2013) conducted
3D numerical limit analyses (NLA; upper and lower bounds) for the undrained stability
of a lined-tunnel in a homogeneous clay with an unsupported heading of length, P. The
results in Fig. 2a, show that the computed face pressures, G/s,, required for stability
tend to underestimate the measured data from centrifuge model tests (Mair 1979), but
the measured data are close to the computed Lower Bound results. Tschuchnigg et al.
(2015) have subsequently done detailed comparisons that show very good agreement
between numerical limit analyses (rigorous solutions for rigid plasticity) and stability
analyses obtained by stress reduction methods (SRM) that are widely used in
displacement-based finite element software. The SRM method, considers an initial
equilibrium state and then progressively reduces the Mohr-Coulomb (c/,¢') shear
strength parameters. The SRM method resolves any stress points that violate the
strength criterion (using standard stress point algorithms that redistribute the stresses) at
any stage of the analysis until reaching a state where equilibrium can no longer be
achieved. The factor of safety for the SRM is defined by:
! /
FS — tan(/b _ s
tang !

(1)

mob Cinob Sumob

where subscript mob refers to the mobilized shear strength parameters, and s, is the
undrained shear strength of the clay.

The current methodology uses the SRM (phi-c method; Brinkgreve and Bakker
1991) to compute face stability within the finite element program Plaxis 3D (Brink-
greve et al. 2012). These analyses are conducted through a simple two-step process that
creates a tunnel heading within a large FE model of the ground: (i) Tunnel excavation
is simulated by simultaneous de-activation of soil elements within the tunnel cavity and
activation of the plate-elements for the tunnel lining. The tunnel face is equilibrated at a
constant face pressure representing average total stresses at the springline (depth, H);
(ii) stability is evaluated directly through strength reduction.

Figure 2a shows that the current SRM analyses match closely the Lower Bound
(LB) results presented by Sloan (2013). The mechanisms of failure vary with tunnel
cover depth (C/D) for the EPB tunnel boring machine (where P/D = 0). Figure 2b
shows further comparisons of the face stability number computed by SRM with results
from prior limit analyses. The results show that stability number converges to N = 13
for C/D > 3.5 corresponding to a failure mechanism for a deep tunnel that does not
extend up to the ground surface.
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Fig. 2. Analysis of undrained face stability of lined tunnels in homogeneous clay

Strength reduction analyses can be readily extended to consider the face stability for
mixed face conditions. For example, Fig. 3 illustrates the computed failure mechanisms
for a tunnel heading that encounters two clay units of contrasting undrained shear
strength. Here we consider a system comprising a soft clay (layer T) overlying a stronger
clay (layer B) with undrained strength ratio, s,g/s,r > 1. The interface between the two
layers bisects the tunnel face and is characterized by the embedment ratio, -1 < D¢/
D < 1. The strength reduction method assumes the same factor of safety in both clay
units. Figure 3 illustrates the face pressure required for stability for a shallow tunnel
(C/D = 1) at a prescribed undrained strength ratio s,g/s,t = 5. The results are presented
as functions of the embedment ratio, D/D, and strength of the upper clay unit, s,/YH
(where H is the depth to the springline). For a given embedment depth, face pressure is
only required when the strength of the upper clay unit is below a threshold value which
increases with Dt/D. When the tunnel is fully embedded in the upper layer (D1/D = 1) the
face is stable for o/yH = 0 and s,1/YH > 0.12. In contrast, when the face is fully
embedded in the lower clay (D/D = 0.0) the threshold strength of the upper unit is s, /Yy
H = 0.04, if the face pressure is increased to o¢/YH = 0.5 then the face is stable for s,1/y
H > 0.02.
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These results reflect differences in the face instability mechanisms associated with
the two-layer system. Figure 4 illustrates the effects of the relative strength ratio, s,/
sut, for a heading with C/D = 2 and D1/D = 0.25. It is very interesting to observe the
transition from a failure mechanism that extends across the full face of the tunnel and
up to the ground surface (homogeneous case, syp/S,r = 1), to a failure mechanism
where the larger incremental deformations (|Au)/|Auy,.x| > 0.75) occur only within the
upper soft layer (syp/syT = 2), or the majority of the mechanism (|Au}[/|Au,.x| > 0.05) is
enclosed within the upper layer (s,g/syt = 10).
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Fig. 3. Critical face pressure required to achieve stability for tunnel heading intersecting clay
layers of contrasting strength computed by SRM
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Fig. 4. Effect of relative strength ratio on collapse mechanisms for mixed face tunnel in clay

Due to Face Pressures

4 Ground Deformations

The calculation of ground movements due to face pressures is accomplished using the

same FE model used for face stability. The undrained shear behavior of the soil mass is

represented by the EPP

s.). We

G,

soil model (characterized by two parameters,

compute the net ground deformations associated with steady state advance of the TBM

at a fixed face pressure. In practice

this is achieved by switching the frame of reference

)

and integrating spatially the incremental movements associated with a single round of
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advance for the tunnel heading. The initial state involves equilibration of the lined
tunnel (with fixed radius) with the heading located in the mid-section of the FE ground
model (the analyses consider a reference tunnel with 7 m diameter and a ground model
with length 270 m). Far-field boundaries are located such that there are effectively zero
incremental movements at each step of the advancing tunnel heading. Net deformations
(surface settlements, u,) are then computed by integrating the incremental movements
(du,) over the length of the FE model for each step. Figure 5 shows that this process
typically converges within 4-5 rounds of tunnel advance and hence, enables very
efficient calculation of the net settlement. The effects of the shield conicity and tail void
grouting are not considered in this analysis but are analyzed separately.
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Fig. 5. Calculation of net settlement from incremental advances of heading at specified face
pressure

Figures 6a and b illustrate typical predictions of the computed normalized net
settlements for tunnels in homogeneous clays as functions of the face pressure and
undrained shear strength at two cover ratios, C/D. The computed settlements are
unbounded settlements for undrained strengths approaching critical values (s$)
obtained from the prior face stability calculations and converge to a range of residual
deformations at high values of s,/yH. This behavior is well characterized by a rect-
angular hyperbola:
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where the constant a = a,o,, = 0.012, controls the residual net deformations and is
obtained by least square fitting of the computed results.

Based on the known face stability results, Eq. 2 can be used to generate design
charts that enable predictions of net settlements for specified combinations of (s, and
oy) as shown in Figs. 6¢ and d.

The same computational procedure can be used for 2-layer mixed face conditions
with a constant interface embedment ratio, D1/D. Figure 7 shows the computed net
settlements as functions of the embedment ratio for a tunnel with C/D =3 and
undrained strength ratio, s,1/s,g = 2. These results highlight the relationship between
the undrained shear strength and the critical face pressure (where uncontrolled settle-
ments). The remaining contours can be used to guide the selection of face pressure and
hence, control the predicted surface settlements, u,.
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A similar procedure can be used to relate face stability and surface settlements for
mixed face conditions. Figure 7 summarizes the effects of the embedment ratio, D1/D,
on the computed surface settlements for a two clay layer system with s g/s,t = 2 and
C/D = 3 and selected values of the face pressure and undrained shear strength of the
overlying clay (o¢/YH, s,1/YH). The surface settlements increase with the embedment
ratio and failure occurs for the case (0.0, 0.08) at an embedment ratio, D1/D =~ 0.7.

For given face pressure, the surface settlements can again be related to the
undrained shear strength of the overlying clay (s, and the critical face pressure, s¢/yH
as previously reported in Fig. 3) through a rectangular hyperbola function Eq. 2, where
the constant is now a function of the embedment and undrained shear strength ratios, a
(D1/D, syr/syp)-

Figure 8 shows the best fit values of the parameter a for the two-layer case (using
the least squares method). The overall response is well-characterized by a logistic dose
response curve (e.g., Joseph and Yang 2010) with input parameters as follows:
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Based on these results it is now possible to predict the surface settlements as a function
of the embedment ratio, reference undrained strength (s,1/yYH) and face pressure
(o¢/yH). Figure 9 illustrates the resulting design charts. These results show how the
face pressure must be increased in order to control surface settlements as the tunnel
transits through the mixed face condition between the two clay layers.
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5 Analyses of Other Sources of Ground Deformations

As indicated in the introductory section we have considered three other potential
sources of ground deformations associated with EPB tunneling: The effects of grouting
within the tail void are simulated by an independent analytical model following a
methodology very similar to that used for face pressures. We first consider stability
conditions for the tail void i.e., the critical undrained shear strength for an unsupported
annulus (zero grout pressure over one-round length of segmental lining behind the
shield) and then compute surface settlements as a function of the grout pressure that is
actually applied within this void. The relationship between the surface settlement and
grout pressure is similarly represented by a rectangular hyperbolic function that is
calibrated to the computed results for each ground condition.

Effects of overcutting and buoyancy can be estimated from the known cavity
contraction associated geometry of the TBM shield and cutterhead and from the ratio of
the TBM to excavated soil weight, respectively. Far field ground deformations due to
these effects can be well-estimated from elastic theory using analytical solutions (Pinto
and Whittle 2014).
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6 Model Evaluation

The goal of the proposed methodology is to provide a reliable tool that can enable
reliable control of ground deformations for mechanized tunneling through mixed face
conditions through adjustment of face and grout pressures. In order to assess the
predictive accuracy of the proposed method we have applied the methodology directly
to a number of archived case studies.

Su (2015) presents extensive data on ground settlements and tunnel face pressures
for twin 6.6 m diameter EPB tunnels in Singapore (DTL Contract C933), Figs. 10a, b,
and c. The section of interest concerns 900 m of the alignment where the twin tunnels
were constructed sequentially one above the other (TBM 1 with C/D = 5.0 + 03;
TBM 2, C/D = 3), such that ground movements can be considered separately for each
bore. The tunnels transition from full embedment within the underlying Old Alluvium
(stiff clay) layer with s, = 250 kPa and G/s, = 200; into a much weaker Marine clay
with s, =~ 40 kPa (i.e., syp/syT = 6.25), Fig. 10c. Figure 10b shows that the contractors
increased the face pressure as each TBM advanced towards the marine clay. This is
particularly notable for TBM2 where face pressure was increased from oy = 2.5 bar—
4.5 bar, but this was not sufficient to control the observed ground settlements (mea-
sured directly above the tunnel crown) that increase from u, = 3-5 mm in the Old
Alluvium up to 20-25 mm in the Marine clay, Fig. 10a (Sharma 1999).
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The deformations at each location were predicted by superimposing the calculated
displacements due to the TBM contraction and those due to the applied face pressure,
Fig. 11. For the purpose of this comparison, we decided to ignore the effect of the grout
pressure as high grout pressures were applied over this segment (close or equal to the
geostatic stresses), resulting in minimal disruption of the surface.

900 800 700 600 500 400 300 200 100 o
-t s o o - 0o
.
a)' o '..-.' Face 10
TBM1 20

Tunneling direction

TBM1 e

Settlements 50
900 800 700 600 500 400 300 200 100 0
- - 0
. \ ! & * 10
)

([ TBM1 ] + | B

[ww]?n syuawa)iias

Fig. 11. Comparison of predicted and measured surface settlements due to EPB tunnel
construction, DTL C933

Overall, there is a good agreement between the predictions and the measured
surface settlements, Figs. 10a and b. For TBM1, there is excellent agreement for the
segments where the EPB is embedded within the stiff old alluvium formation (0 to
700 m). However, the analysis underestimates settlements as the heading progresses
into the Marine clay (Fig. 11a). This result may by caused by the presence of pockets
of sand (unit F1). The performance of the shallower bore, TBM2, is much more reliably
estimated (Fig. 11b; only one pocket of sand at around 700 m) showing the potential of
the proposed analyses to represent realistically the ground movements.

7 Conclusions

This paper has demonstrated the use of computational models based on 3D finite
element analyses to predict the relationship between tunnel geometry (C/D, DT/D),
control parameters (face pressure, o¢/YH and grout pressure), soil properties (s,/YH,
su/syT) and surface settlements (uZG/yDz) for EPB tunnels. The current analyses have
focused on a two-layer clay system, but the methodology employed in this work is
general and can be applied to more complex ground profiles. The key assumption is
that control of face pressures ensures that tunnel construction induces relatively small
deformations in the surrounding ground (while face stability conditions are accurately
estimated by SRM). The proposed methodology offers a tool that can be used to assess
the control of ground movements based on a series of relatively simple numerical
analyses. Initial evaluations for a recent case study in Singapore show that the proposed
framework can provide credible predictions of performance and hence, could be used
to design the face pressures for mixed face conditions.
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