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The paper focuses on the prediction of tunnelling-induced settlements in greenfield conditions. The main com-
ponents of ground deformation are investigated with approaches based on both empirical and numerical solu-
tions. In particular, the study analyses five well documented case histories of shield-driven tunnels bored in
coarse-grained soil deposits and compares the predicted and measured settlements.

A specific approach for FEM-2D modelling of soil-shield interaction (called “Strain Applied Method) has been
implemented and its potential for the prediction of the settlement trough has been discussed. The analyses were
performed for the green field conditions with the Finite Element software Plaxis. The mechanical behaviour of the
soil has been modelled by both the usual linear elasto-plastic model (Mohr-Coulomb, MC) and the advanced
Hardening Soil model with small strain stiffness (HSs). The comparison of results shows that the settlements
calculated by the HSs model are generally in better agreement with the field measurements. Then, the analysis
has been focused on the volume loss obtained for the five case histories, finding some significant correlations
between volume loss and the specific parameters required by the proposed FEM-2D model. The predictive ca-
pabilities of the 2D model, with parameters estimated by specific correlations, were demonstrated by applying
the proposed method for two new case histories, not included in the initial set utilized to find the correlations.

1. Introduction unavoidable effects of over-excavation. Under this term Lee et al. (1992)

list three major phenomena: i) the over-excavation proper, due to the

The boring process causes stress relief on the tunnel walls as well as
on the face. Since tunnelling in urban areas usually takes place at
shallow depth, easily the induced deformations spread up to the ground
surface and affect the existing structures. The surface settlements are
influenced by the excavation method: they can be effectively controlled
by using EPB or Slurry-Shield mechanized excavation, able to apply a
continuous support pressure to the tunnel face. The general criteria to
select the excavation method and, more specifically, the design pa-
rameters of the TBM depend on a large number of variables: soil con-
ditions, tunnel depth, hydraulic conditions and many other technical
and economic aspects, often site-specific, discussed in various guidelines
and technical papers (e.g., [ITA/AITES Guidelines, 2000, Pelizza, 2002,
Duhme and Lee 2021, DAUB Recommendations 2022).

Even if closed-face pressurized TBMs can effectively reduce to a
minimum the deformation around the cavity and, consequently, the
settlements at surface, they cannot totally prevent them, due to
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larger diameter of the cutting face with respect to the shield; ii) the
conicity of the shield, tapering toward the tail; iii) the gap between the
soil and the lining behind the shield, normally filled with grout under
pressure. All these phenomena take place behind the face, while other
additional ground losses can occur in front of the face when the ideal
value of support pressure is not reached, or is lost during machine
maintenance or is difficult to calibrate due to mixed face conditions
(Lambrughi et al., 2012).

The basic approach to the prediction of settlements is the “semi-
empirical method” introduced by Peck (1969) and subsequently refined
based on data from a variety of tunnelling projects (e.g., O’Reilly and
New,1982; Attewell and Woodman,1982; Mair and Taylor, 1997). The
semi-empirical method, based on the assumption of a “Gaussian curve”
to represent the settlement trough, represents an effective tool for the
preliminary design of urban tunnels, to be complemented by numerical
finite element analyses in the detailed design phase.
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Fig. 1. Gaussian curve for transverse settlement trough, nominal tunnel diameter, volume of the settlement trough, V*s and volume loss at the tunnel excavation

profile, V.

The Gaussian curve accurately describes the settlement trough in
undrained clay but does not always match well to the trough shape in
drained soils. The discrepancy increases with the intensity of yielding
around the tunnel and the formation of vertical shear bands, which tend
to give a chimney-like mechanism (Mair and Taylor, 1997; Celestino et
al, 2000). Curves with additional degrees of freedom, such as the
modified Gaussian and the yield density curves, can provide a better fit
for a specific monitoring section but comparison of data from different
tunnels becomes more complicated (Vorster et al., 2005; Marshall et al.,
2012).

FEM modelling overcomes some limitations of the empirical
methods, particularly for soil-structure interaction analyses. Two ap-
proaches of increasing complexity can be distinguished to this respect. A
preliminary level modelling approach, in which tunnelling effects on
existing structures are evaluated by means of uncoupled analyses: e.g.,
the foundation plane of the building is assumed to accommodate the
greenfield displacement trough. The influence of building weight and
stiffness on the settlement profile is therefore neglected. These limita-
tions are removed in the second-level “coupled analyses”, which how-
ever require the structural model of the building also being included in
the global model of subsoil and tunnel (Boscardin and Cording 1989;
Addenbrooke et al., 1997; Burd et al., 2000; Boldini et al., 2021; Xu
et al., 2021).

FEM models have the additional advantage to make it easy to analyse
the complex interaction that takes place, during the excavation advance,
between soil and the support system, represented first by the TBM shield
and, then, by the lining (e.g. Breth and Chambosse, 1975; Viggiani and
Standing, 2001; Mair, 2003). This aspect has been investigated in full
detail by 3D step-by-step modelling (Kavvadas et al. 2017; Ochmanski
et al., 2018). However, in engineering practice, various methods have
long been developed that allow for a simpler analysis of the construction
process, using 2D rather than 3D models.

It is useful to recall the main approaches utilized for 2D simplified
analysis of mechanised tunnel excavation. They can be grouped into
three main methods. The Convergence-Confinement Method (Panet and
Guenot, 1983), in which the initial geostatic stress on the excavation
profile is progressively reduced as a function of the face distance where
the support annulus is installed. The Gap Method (Rowe et al., 1983) in
which an initial mismatch is considered between the support annulus
and the excavation profile, maintaining lining and soil unconnected
until the initial gap is closed. The Contraction Method (Vermeer and
Brinkgreve, 1993) can be considered a variation of the gap method in
which the support annulus is uniformly contracted accordingly to the
TBM overcut and shield diameter, and therefore forced to maintain a
nearly circular shape. Finally, the Grout Pressure Method (Moller, 2006;

Moller and Vermeer, 2008) in which the initial geostatic stress is
replaced by a grout pressure distribution into an annular ring of soil
elements around the tunnel lining.

While pressure-controlled methods exhibit a narrower settlement
profile with respect to displacement-controlled ones, however, it has
been observed that, for both approaches, the numerical analyses tend to
predict settlement troughs wider than those observed experimentally, in
small-scale centrifuge tests (Song and Marshall, 2020) as well as in real
tunnels (Moller, 2006; Schiena, 2020).

In this paper a new procedure for modelling excavation and shield-
soil interaction in 2D conditions will be presented (called “Strain
Applied Method”). The proposed approach, suitable for implementation
in FEM codes, brings together some aspects of the Gap and Contraction
methods and involves a two-stage evaluation procedure of the de-
formations to be imposed around the tunnel section.

The imposed strains can be easily calibrated based on surface volume
losses.

The performance of the method will be analysed by comparing the
computed results to the measurements in greenfield conditions recorded
in five well-documented case histories. The analyses were performed by
two different soil models: the conventional ideal elastoplastic model
with Mohr-Coulomb (MC) strength criterion and the Hardening Soil
model with small strain stiffness (Hardening) model implemented in
Plaxis 2D code (Brinkgreve et al., 2017). In fact, it has been already
observed that a non-linear stiffness constitutive model can significantly
improve the capabilities of FEM models, particularly for coarse-grained
soils (e.g., Addenbrooke et al., 1997; Hejazi et al., 2008).

It will be shown that the settlements predicted by the developed
procedure in combination with the HSs soil model, are generally in
better agreement with field data and empirical predictions (Gaussian
curves), rather than those obtained with the conventional linear elasto-
plastic MC model. A specific section of the paper will be devoted to the
influence of soil dilatancy and volumetric cap, within the HSs model, on
the predicted settlements at ground surface.

The comparative study of the five case histories, in terms of
maximum settlement and shape of the settlement trough, has led to
identify a strong correlation between overall settlement parameters,
particularly the surface volume loss, and the specific deformation pa-
rameters, to be imposed at the tunnel level, required by the proposed
procedure. Therefore, the obtained results were employed to set up a
framework of relationships useful for the assessment of the parameters
required by 2D tunnel modelling in coarse-grained soil conditions. The
use of such relationships has been demonstrated by their application for
two new cases of tunnel excavated in Italy.

The comparative analysis has been extended also to other aspects
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Fig. 2. Typical dimensions of the finite element model (a) and example mesh for greenfield analyses (b).

than solely the vertical settlements, as horizontal displacements of
ground surface and internal forces in the lining, for the case histories for
which these data were also available.

The Strain Applied Method, developed in this study for the specific
case of closed-face tunnelling in coarse-grained soils, is believed to be
applicable, with appropriate adaptations, even in different soil condi-
tions. The special interest in coarse-grained soils was motivated by
several ongoing tunnelling projects in Italy, which involve subsoil con-
ditions with prevailing alluvial deposits or fine-coarse intermixed strata
(e.g., Boldini et al., 2023). The basic features of sandy soil response to
tunnel excavation have been thoroughly investigated by laboratory
centrifuge tests, providing new insights into the influence of tunnel
cover-to-diameter ratio, soil relative density and tunnel volume loss
(Franza et al., 2019; Song and Marshall, 2020). However, the behaviour
of real tunnel is more complex, due to the influence of non-
homogeneous soil conditions and different TBM characteristics, in
contrast with the perfectly controlled and idealized laboratory envi-
ronment. Conversely, the focus of this study is on back analysis of real
tunnelling projects: a set of 7 case histories is analysed, finding relevant
common features, useful to calibrate the proposed Strain Applied Method.

2. Basic definitions and empirical background

This section briefly reviews the empirical equations commonly used
for estimating soil settlements induced by tunnelling in greenfield con-
dition, i.e. in absence of buildings and other interacting structures. The
settlement trough induced by tunnel excavation, with constant depth of
the tunnel axis, 2y, is well represented by a Gaussian curve: this is the
basic assumptions of the “empirical” approach developed by Peck
(1969) and extensively used in engineering practice. The surface set-
tlements w(x) in a transversal cross-section can be therefore calculated
as (Figure 1):

( XZ)
2i,2
W(X) = Wmax € (@D)]
Vg = / w(x) dx = V27 ix Wnax=>Wmax = Vs 2
i,V/27

where Wyqy is the maximum settlement in correspondence of the tunnel
axis, iy represents the half-width of the settlement trough, defined as the
horizontal distance between the tunnel axis and the point of inflection of
the settlement curve, and V*; is the total volume of the surface settle-
ment trough (per unit length of tunnel), obtained by integrating

Equation (1).

O’Reilly and New (1982), analysing field data from a series of
tunnelling projects in relatively homogeneous soils, showed that iy is
proportional to the depth of the tunnel axis zy:

i =Kz 3

The “width parameter” K depends essentially on the soil type: for coarse-
grained soils varies from 0.25 to 0.45, with an average value K = 0.35
(Mair and Taylor, 1997).

O’Reilly and New (1982) also observed that the displacement vector
is approximately directed toward the axis of the tunnel, or, in other
words, that the horizontal displacement, up, may be calculated from the
vertical settlement at the same location, w, by the following equation

up(x) = —;—Ow(x) @

A convenient reference parameter often adopted in design practice is the
“ground volume loss” (Vs), which represents the volume of the surface
settlement trough related to the nominal volume of the tunnel cross-
section, while the “tunnel volume loss” (Vy), represents the closure of
the excavation profile, normalised in the same way (Dy is the nominal
diameter of the tunnel)

4 V_;
Vs = ]T_sz (5a)
4V;
V, = —*L 5b
f3 7D? (5b)

In perfectly undrained conditions (i.e., for an incompressible medium),
the ground volume loss (V) is equal to the tunnel volume loss (V). For
coarse-grained soils, however, the surface volume loss can be lower or
higher than the tunnel volume loss if a dilative or contractive volumetric
behaviour prevails, depending on the dilatancy angle () of the soil.
Thus, the volume losses (Vs) is a function of the mechanical properties of
the soil as well as of the construction method (i.e., the specific process of
excavation and support installation).

Attewell & Woodman (1982) also inferred that the longitudinal
settlement profile, along the tunnel axis, is well represented by the
Gaussian cumulative probability distribution. Settlements evolve with
the advancement of the excavation face and the steady-state condition is
reached when the maximum settlement (Wy,q,) is completely developed.
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Fig. 4. Calculation stages: Phase 1, Section A (a), Phase 2 (b) and Phase 3, Section B (c).

Table 1
Summary of geometry data for the five case histories.
Tunnel Country 2o [m] Dy [m] 20/Dy [-] 2, [m] Main references
a. 2nd Heinenoord NL 15.6 8.5 1.8 -1.5 (Moller and Vermeer, 2008)
b. Milan — M1 ext. IT 11.5 6.54 1.8 —-11.5 (Migliazza et al, 2009)
c. Cairo L2 - Lot.12 EGY 18.0 9.4 1.9 -3.0 (El-Nahhas and El-Mossallamy, 2009)
d. Cairo L2 - Lot.16 EGY 17.8 9.4 1.9 -1.9 (El-Nahhas et al., 2015)
e. Naples - L6 IT 17.3 8.15 2.1 -2.9 (Bilotta et al., 2017)
3. Finite element modelling general and flexible approach, suited to model any soil mechanical
behaviour, tunnel geometry and construction process.
In the detailed design phase, the empirical approach is generally This section focuses on FEM analysis of shield-driven tunnels in
complemented by finite element numerical modelling, which is a very plane-strain conditions. All the analyses were performed by the software
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Table 2
Summary of lining and shield data for the five case histories.
Tunnel Method s; [m] L, [m] Lining segments [Nr.] D [m] Ls [m] gap [mm)]
a. 2nd Heinenoord Slurry 0.35 1.5 7 8.3 8.0 200
b. Milan — M1 ext. EPB 0.30 1.4 n.a. 6.3 9.0 240
c. Cairo L2 — Lot.12 Slurry 0.40 1.5 7 9.15 9.0 250
d. Cairo L2 - Lot.16 Slurry 0.40 1.5 7 9.15 9.0 250
e. Naples - L6 EPB 0.30 1.7 9 7.85 na. 300
a) 2" Heinenoord b) Milan - M1 ext.
— | 0 :
40m al _ 1.Sand o
5m
15.6 m -11.5m
2.Sand S = ' C by
e Ve 83m
19.75m D
23.25 m—=a0
2750 m 4 Clay, local parts of sand
5.Stiff sand 30.0m
c) Cairo L2 - Lot.12 d) Cairo L2 - Lot.16
1.Fill (t=1.8m) 2.Silt-clay (t=1.5m)
0 0 . -1.9m .
1_8m_‘___f'!0_m_____ 3ompextFfin - — — - —
B 45m -
2 Silt-Clay 3.Silty sand 17.8m
18.0m 9.5m
123 m
3.Silty sand f‘ | 015
IR \‘ e 4Densesand U] 2L
4.Dense sand
30.0m
340m
e) Naples - L6
2.Pyroclastic soil (t = 1.0 m)
1.Fill (t=1.0 m)
0
-2.9m z
20m=ysand — = — —
6.0m
4 Pyroclastic soil 173 m
12.0m
5.8and ,(‘ 785m
20.0m
6.Pyroclastic soil ~
25.0m
7.Tuff
40.0m

Fig. 5. Subsoil profiles and tunnel cross-sections: 2nd Heinenoord (a), Milan — M1 ext. (b), Cairo L2 — Lot.12 (c), Cairo L2 — Lot.16 (d) and Naples — L6 (e).

Plaxis 2D (Brinkgreve et al., 2017). A novel approach for 2D-modelling
of tunnel excavation, called the “Strain applied method”, has been
developed, in which the three-dimensional effects induced by the actual
boring process are simulated by applying specific strain distributions
around the tunnel cross-section. The mechanical behaviour of the soil
will be modelled by both a linear-elastic perfectly plastic model (Mohr-
Coulomb, MC) and a more complex constitutive model with non-linear

stiffness and isotropic hardening (Hardening Soil model with small
strain stiffness, HSs); a more detailed description of this last model is
given in the Appendix.

3.1. Mesh dimensions and boundary conditions

The typical situation to be modelled (Figure 2) is that of a single
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Table 3
Soil parameters of the MC model for the five case histories.
Tunnel Soil type Ysar [KN/m?] ¢’ [kpa] ¢’ [°] v [°] v [-] Ko [-]
a. 2nd Heinenoord Dense sand 20 0 35 0 0.3 0.47
b. Milan — M1 ext. Sandy gravel 22 0 30 10 0.3 0.50
c. Cairo L2 — Lot.12 Silty sand/Dense sand 19/20 0 30/37 0 0.35/0.3 0.50/0.40
d. Cairo L2 - Lot.16 Silty sand/Dense sand 19/20 0 30/37 0 0.35/0.3 0.50/0.40
e. Naples - L6 Pyroclastic soil/Marine sand 16/18 0 37/37 0 0.2/0.2 0.40/0.40
soil.
Ta.ble 4 ) o The 3D effects of excavation face advance can be accounted for by
Soil parameters of the HSs model for the five case histories. properly calibrating the tunnel volume losses, obtained by imposing
Tunnel Soil type et B ro7 [-] m suitable strains to a group of soil elements. The magnitude of these
[MPa] [MPa] tl strains is treated as a “calibration parameter” of the procedure, to be
a. 2nd Dense sand 175 35 5107* 0.5 back calculated in order to fit the measured settlements or to impose the
Heinenoord expected ground volume loss Vs.
b. Milan - M1 Sandy gravel 250 48 1.107* 0.4 : : :
ext The main stages of the proposed calculation method are summarised
. Cai'm L2 Silty sand/Dense 116/ 20/35 2.8.10%/ 05 in Figure 4. The final effect of the whole excavation process is the result
Lot.12 sand 170 45107* of the volume losses imposed at the two control sections.
d. Cairo L2 - Silty sand/Dense 116/ 20/35 2-8-10’:/ 0.5 In order to simulate the stress release at the tunnel face, Sec. A
Lot.16 sand 170 45107 ) (Figure 4a), it is possible to apply an in-plane isotropic deformation &y,
e. Naples — L6 Pyroclastic soil/ 180/90 47/40 1.9-107%/ 0.5 . DZ .
Marine sand 13104 = &, to the soil volume to be excavated (nD5/4): a volume reduction

tunnel bored in a coarse-grained soil (depth of tunnel axis, 2p), with
negligible disturbance of the initial pore pressure distribution (drained,
hydrostatic conditions). Details on the specific case histories considered
in this study are reported in the next Section 4.

The mesh dimensions (Figure 2a) are chosen in order that the arti-
ficial boundaries have negligible influence on the solution, particularly
on extent and shape of the settlement trough. Tests with meshes of larger
transversal size confirmed that the assumed width (b/2 ~ 5D) is satis-
factory. The horizontal displacement along the vertical boundaries has
been restrained, while the bottom boundary is completely restrained.

3.2. Tunneling simulation — The proposed “Strain applied method”

Plane strain methods currently utilized in engineering practice (i.e.
Convergence — Confinement method, Contraction method, Gap method,
Grout Pressure, etc.) can only predict the “final conditions” (or steady-
state situation, away from the tunnel face) and typically require the
calibration of a single parameter. Instead, in the Strain applied method
herein introduced two different cross-sections, or excavation phases, can
be represented: the stress and strain conditions at the excavation face
(Section A) and at the steady-state conditions (Section B).

The schematic of the two modelling phases, corresponding to two
different “control sections” along the longitudinal profile of the surface
settlement, is shown in Figure 3. Attewell et al. (1986) suggested that,
for open-face tunnelling, the settlement directly above the tunnel face
(Section A) is almost equal to half the maximum final settlement, 0.5
Wmax (Figure 3, solid line). However, surface settlements in Section A can
be significantly lower for closed-face shield, provided that the face
pressure is regularly maintained (Figure 3, dashed line). Based on
monitoring data, Mair and Taylor (1997) found that settlements as low
as 0.25-0.3 wpqy are typical for closed-face tunnelling in coarse-grained

Table 5
Parameters for the empirical approach (Gaussian curves).

must be produced; therefore, the imposed strains are negative. A similar
effect can be obtained, by applying a negative strain in the out-of-plane
direction, &y, as generally done in the following analyses. In the last
case, the plane strain model prevents any out-of-plane deformation and,
therefore, the effect is to generate a positive (tensile) stress, 6y, which in
turn induces a uniform negative in-plane deformation (shrinking) ey, =
[

Note that for a linear elastic model the in-plane strains are simply
proportional, by the Poisson coefficient v, to the imposed longitudinal
strain &y (i.e., &xx = €;; = €yy/v). When the non-linear HSs model is used
for the soil core to be excavated, a further effect must be considered. In
fact, the unloading produced by the imposed &y, is accompanied by a
reduction in stiffness of the soil core, proportional to the minimum
principal stress 6’3 ~ ¢’yy. This effect can be accepted in that it can
represent the likely consequence of the remoulding of the soil around
the excavation head.

After the removal of the soil elements inside the tunnel section and
the activation of the lining shell (Figure 4b), the soil-lining gap tends to
close and the steady-state conditions are reached. This further volume
loss is simulated by applying a &,, strain to a moon-shaped annulus of
“disturbed soil” (Figure 4c). This annulus is of variable thickness, in fact,
it represents the real “ground-lining gap” (distance between the extrados
of the lining and the excavation profile) with maximum value at the
crown and minimum (zero) at the invert. It is instrumental to model the
tail void, the effect of the conical shield and of the possible overcutting,
that is to say the main sources of tunnel volume loss, V;. A confirmation
for the particular shape assumed for the gap can be found in Franza et al.
(2019), where a distinction is made between the deformation pattern
around the tunnel depending on the soil type: in coarse-grained soil the
ground loss appears particularly localized at the tunnel crown, therefore
producing mainly vertical deformations.

The lining is represented by a ring of beam elements, having the
equivalent-stiffness of the precast segmental lining, connected to the soil

Tunnel Wsec.a [mm] Wsec.p [mm] i, [m] K =1/20 [-] Vs sec.a [%] AVs sec.8 [%] Vs tor [%] Vs sec.a/Vs tor [%]
a. 2nd Heinenoord 4 26 6.2 0.40 0.11 0.61 0.72 17.5
b. Milan — M1 ext. 7.5 13.6 5.2 0.45 0.29 0.24 0.53 61.5
c. Cairo L2 - Lot.12 2 11 7.2 0.40 0.05 0.23 0.29 21.3
d. Cairo L2 - Lot.16 6 18 7.7 0.40 0.17 0.33 0.50 36.0
e. Naples - L6 1.8* 6 7.8 0.45 0.07 0.16 0.23 32.0

* Estimated as 0.3 Wsec.p.
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clusters by interface elements (same elasto-plastic parameters of the soil
clusters).

The modelling procedure can be summarized in the following
phases:

Phase 0 — Geostatic load: initial equilibrium conditions, characterized
by given Ky stress ratio and water table elevation.

Phase 1 — Section A: an out-of-plane strain &,y (Figure 4a) is applied to
the excavation section (diameter, Dy) simulating the effects of the
tunnel volume loss (stress release) at face (Visea) and the
remoulding of the soil. At the end of this calculation step, the cor-
responding surface maximum settlement and surface volume loss are
obtained (Wseca, Vs sec.a)-

nt troughs at the tunnel face: 2nd Heinenoord (a), Milan — M1 ext. (b), Cairo L2

Phase 2 — Lining installation: within the extrados of the lining
(diameter, D), the soil is excavated, the pore pressure is removed and
the lining ring is installed (Figure 4b).

Phase 3 — Section B: a vertical strain ¢,, (Figure 4c) is applied to the
ground-lining gap simulating the additional volume loss due to the
gap closure (AVy sec.p). The final increment in settlement and surface
volume loss, far from the excavation face (steady-state conditions),
are obtained (WsecB, AVs,sec.B)-

In terms of computational steps, it has been found convenient to
separate Phase 2 and Phase 3, although in the effective construction
process, they can be considered as a single phase.

In the following, the two strain parameters (eyy, €;;) will be back-
calculated (“calibrated”) in order to fit the monitoring data of five
well-documented case histories in greenfield condition (see Section 4).
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Fig. 7. Comparison of measured and computed (MC and HSs models) surface settlement troughs at the steady-state: 2nd Heinenoord (a), Milan — M1 ext. (b), Cairo

L2 - Lot.12 (c), Cairo L2 — Lot.16 (d) and Naples — L6 (e).

The overall results of the numerical modelling can summarized by
the following output parameters: the surface volume loss at the face, Vs,
sec.4, and the increment of the surface volume loss at the steady-state
condition, AVgge. . The total volume loss at ground surface, at the
end of the boring process, is given by Vs 1ot = Vs sec.aA+A Vs sec.B-

4. Case histories considered in this study

Five case histories were selected to test the performance of the
aforementioned modelling approach by comparison of computed results
with field measurements. All the case studies refer to shallow tunnels
(depth of tunnel axis, 2y, in the range 11.5-18.0 m, diameter, D, in the
range 6.3-9.15 m, with a 2z¢/D ratio of 1.8-2.2) bored with EPB or
Slurry-shield machines in greenfield condition. All tunnels were exca-
vated in coarse-grained soils, although in some cases also different soil

types were present below or above the tunnel depth. For all the cases a
well detailed description was found in the literature, both for the
geotechnical parameters as well as for the settlements data. A brief
description of each case study follows.

The Second Heinenoord Tunnel (2nd Heinenoord), case (a), was
bored by means of a Slurry-Shield TBM in a layered sand deposit over-
laying a sandy-clay layer few meters below the tunnel invert (Bakker
et al., 1999; van Jaarsveld et al., 1999; Moller and Vermeer, 2008). The
Milan M1 extension (Milan — M1 ext.), case (b), was bored by an EPB-
shield machine in a homogeneous deposit of sandy-gravels (Migliazza
et al, 2009). Two instrumented sections (Lot.12 and Lot.16) of the Cairo
L2 tunnel represent, respectively, the cases (c¢) and (d); they were
excavated by a Slurry-Shield. The Cairo L2 line passes through medium
dense to very dense sands overlaid by a finer cohesive transition layer
(El-Nahhas and El-Mossallamy, 2009; El-Nahhas et al., 2015). The last
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Fig. 8. Comparison of measured and computed (HSs &xx-¢,, and HSs e, model) horizontal displacements with depth at the steady-state at a distance of 6, 10 and 16 m

from the axis of 2nd Heinenoord tunnel.

case (e) is the Naples L6 tunnel, bored by an EPB-shield TBM in alter-
nated pyroclastic soils and marine sands (Bilotta and Russo, 2012;
Bilotta et al., 2017; Celentano et al., 2017).

In all cases, the water table is close to the ground surface, only for
Milan — M1 ext. the water table is at the same elevation of the tunnel
axis. Moreover, the installed segmental linings are endowed with
watertight joints and can be considered as an impervious boundary.

Table 1 lists the main geometry data for the five case histories: 2 is
the depth of the tunnel axis, Dy the excavation diameter and z, the depth
from ground surface of the piezometric surface.

Table 2 summarizes the parameters of the lining and the shield
characteristics: s, is the lining thickness, L, the lining ring length, D the
extrados diameter of the lining, L, the shield length; the “gap” parameter
represents the difference between the nominal diameter of excavation
and the external diameter of the lining.

Figure 5 shows the typical subsoil profile and the tunnel geometry of
the five case studies.

For each case, it is possible to represent the soil behaviour both by an
elasto-plastic model (Mohr-Coulomb, MC) and by the Hardening Soil
model with small strain stiffness (HSs), first described in Benz (2007).
The mechanical parameters utilized for the main sandy layers of each
case study are briefly summarized in the following. The reader should
refer to the mentioned literature for further details and insight into the
case studies. Table 3 lists the soil parameters of the MC model inferred
from geotechnical investigations: ysq total unit weight, ¢’ cohesion, ¢’
friction angle, y’ dilatancy angle, v’ Poisson’s ratio and K coefficient of
earth pressure at rest. The additional geotechnical parameters for the
HSs model are reported in Table 4: small-strain shear modulus (G{;ef) at
the reference confining pressure (¥ = 100 kPa), reference secant
stiffness modulus (Eg%‘), shear strain (y¢,7) at which secant shear modulus

Gs = 0.7Gy, parameter for stress-stiffness law (m).
5. Comparison of settlement results

The reliability of the proposed FEM modelling approach for the
prediction of settlements was assessed, essentially, by comparing the
computed settlement troughs with the empirical predictions (Gaussian
curve, see Equation (1)). The Gaussian curve was not used for settlement
prediction but simply for fitting the monitoring data, imposing that the
curve passes through the point of maximum settlement measured above
the tunnel axis (ws,. g). However, due to the limited data available in the
cross-section of the tunnel face (Section A), the shape of the settlement
trough in the transversal direction was assumed fixed, i.e., considering
also for the tunnel face the same width parameter (K) calibrated for the
steady-state condition (Section B).

Table 5 reports the parameters of the Gaussian curves obtained by
field data fitting; wse. 4 is the surface settlement measured above the
tunnel face, wgec g is the maximum final settlement measured in steady-
state condition.

In the following subsections, the effects of the specific soil consti-
tutive model on the induced settlements are discussed; the results are
presented for both the face (Subsection 5.1) and the steady-state con-
ditions (Subsection 5.2).

5.1. Face conditions (Section A)

Figure 6 plots the results at the tunnel face. The settlement troughs
estimated by the FEM modelling are not always in agreement with the
empirical profile. In particular, the calculated profiles (MC and HSs
model) for cases 6a, 6¢ and 6e tend to overestimate the width of the
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empirical trough, a good agreement is found only for cases 6b and 6d,
particularly if the non-linear HSs model is utilized. However, as already
remarked, the Gaussian curve does not represent an interpolation of
measured settlements at different distance from the tunnel axis but is
only anchored to a single point: the maximum settlement wg,. 4, above
the tunnel axis.

10

5.2. Steady-state conditions (Section B)

Figure 7 shows the settlement profiles obtained by the empirical
(Gaussian) and numerical (FEM) approaches for the steady-state con-
ditions, when the maximum final settlement is completely developed.
The numerical results for both the constitutive models are compared
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Table 6
Computed volume losses at the surface and at the tunnel axis for the five case histories.
Vs sec.a [%] Vi sec.a [%] AVs sec.5 [%] AV sec.5 [%] Vs 1or [%] VL tor [%] Vs sec.a/Vs tor [-] Vs tot/ Vi, tor [-]
a. 2nd Heinenoord 0.15 0.08 0.72 0.70 0.88 0.78 0.17 1.13
b. Milan — M1 ext. 0.32 0.19 0.21 0.24 0.53 0.43 0.60 1.23
c. Cairo L2 - Lot.12 0.07 0.04 0.31 0.34 0.38 0.38 0.18 1.00
d. Cairo L2 - Lot.16 0.20 0.11 0.35 0.36 0.55 0.47 0.36 1.17
e. Naples - L6 0.09 0.04 0.20 0.23 0.29 0.28 0.31 1.04
a) Brescia Metrobus b) Milan - M5

1.Made ground (t =2.0 m)

0 0
20m[—
1.Sandy-gravel 15.0 m
2.Gravel Ao 15.0m
— > € 6.4m
21.0m
— . 4
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Fig. 12. Subsoil profile and tunnel cross-section: Brescia Metrobus (a) and Milan — M5 (b).
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Table 7
Summary of geometry data for Brescia Metrobus and Milan — M5.

Tunnel 2o [m] Dy [m] 20/Dy [-] 2y [m] Main reference
a. Brescia Metrobus 21.5 9.15 2.3 —21.0 (Sanzeni et al., 2017)
b. Milan — M5 15.0 6.70 2.2 -15.0 (Fargnoli et al., 2015)
Table 8
Summary of lining and shield data for Brescia Metrobus and Milan — M5.
Tunnel Method s, [m] L, [m] Lining segments [Nr.] D [m] L [-] Gap [mm]
a. Brescia Metrobus EPB 0.35 n.a. 7 8.85 n.a. 300
b. Milan — M5 EPB 0.30 1.4 6 6.40 10 300
with field data. good prediction of the final settlement trough while the intermediate

The first observation concerns the results obtained by the HSs model,
that are in better agreement with both the measurement points and the
empirical curve, with respect to the results for Section A. Instead, the
settlement profiles obtained by the MC model (in particular, for cases 7a
and 7d) tend to slightly overestimate the width of the settlement trough,
and consequently also the volume loss, as already noticed by Adden-

stages present greater challenges. An imposed strain method based on a
single calibration parameter (e.g., the application of ¢y, strain, as in the
previous calculation Phase 1) could be considered as a convenient
alternative to the proposed method. However, it was found that the two-
parameters modelling approach, besides representing the actual defor-
mation mechanism better, gives more satisfactory results (Schiena,

brooke et al. (1997) and Hejazi et al. (2008). 2020).
Therefore, it seems quite affordable, based on available data, to get a
Table 9
Soil parameters of the HSs model for Brescia Metrobus and Milan — M5.
Tunnel Soil type Year [KN/m] ¢’ [kPa] o' [°] v [°] v’ [-] Ko [-] Gy [MPa] E¥f [MPa] 707 [-] M [-]
a. Brescia Metrobus Gravel 20 0 36 0 0.3 0.41 210 65 1.107* 0.4
b. Milan - M5 Sandy gravel 20 0 33 0 0.3 0.45 250 48 11074 0.4
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Fig. 13. Comparison of measured and computed (HSs model) surface settlement troughs at the face cross-section (Section A): Brescia Metrobus (a) and Milan M5 (b).
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Fig. 14. Comparison of measured and computed (HSs model) surface settlement troughs at steady-state (Section B): Brescia Metrobus (a) and Milan — M5 (b).
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Parameters for the empirical approach (Gaussian curve): Brescia Metrobus and Milan — M5 tunnels.

Tunnel Wsee.a [mm] Wsec.p [mm] i, [m] K =1iy/20 [-] Vs sec.a [%] AVs sec.8 [%] Vs tor [%] Vs sec.a/ Vs tor [%]
a. Brescia Metrobus 2.6 13 8.0 0.37 0.08 0.32 0.40 26.5
b. Milan M5 1.2 6.2 6.0 0.4 0.05 0.22 0.27 25.0
SecA
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Fig. 15. Computed volume loss at the surface against tunnel volume loss for Brescia Metrobus and Milan — M5, compared to the average trend of the previous cases:

Section A (a) and Section B (b).

6. Comparison of horizontal displacements

Vertical profiles of horizontal displacements were available only for
two of the analysed case studies (i.e., 2nd Heinenoord and Cairo L2 —
Lot. 16). Since the calibration of the e-method was performed with
respect to the maximum settlement at ground surface, an inspection of
the horizontal displacements within the soil can be considered as a
further validation of the method.

For the 2nd Heinenoord case, three monitoring sections were
implemented: located 6, 10 and 16 m apart from the tunnel axis.
Figure 8 shows that FEM-simulated and measured displacements are in
very good agreement, at least for the two furthest verticals, while for the
vertical at 6 m distance, a good agreement is found only below the
invert. The influence of two possible methods for applying the volu-
metric strains in Phase 1 (i.e., the basic ¢, and the alternative exy-¢z;
method, as defined in Section 3) were also investigated. At the tunnel
level, the displacement profiles calculated by both the methods exhibit a
bulging towards the excavation, with a maximum at the sidewalls
elevation, which is nearly absent in the real displacement profile. In the
portion between sidewalls and crown elevations the curves of the
simulated settlements show an inversion in gradient. Finally, above the
crown elevation, the calculated displacements are less than the recorded
ones, but the trend is however consistent. In other words, the horizontal
displacements appear more localized around the cavity in the FEM
model, while they are more uniformly distributed in the real case.

A significant difference between the two possible methods for
applying isotropic volumetric strains can be observed in the magnitude
of bulging, with &, producing the largest displacements owing to the
stiffness reduction induced by the out-of-plane prescribed strains. With
this respect, the &,,-¢,, method seems in better agreement with real data.
A comparison with the calculated profiles in Moller and Vermeer (2008)
shows that the herein proposed e-method (either applying ey or exx-¢z7)
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induces a displacement distribution in the soil similar to the Contraction
and the Stress Reduction methods and different from the Grout Pressure
method.

For the second case (i.e., Cairo L2 — Lot.16), horizontal displacement
data are available only for a single vertical located at 9.4 m from the
tunnel axis (Figure 9). The vertical profile from FEM analysis closely
resembles the middle profile of the 2nd Heinenoord case, which is
located at a similar distance (10 m) from the tunnel axis, but in this case
the agreement with monitoring data seems less accurate: while the
simulated and measured curves are in very good agreement below 10 m
depth (i.e., 7.8 m above the tunnel axis), they substantially diverge at
shallow depth. However, for the Cairo L2 case, a mismatch with moni-
toring data was observed also in the settlement trough (Figure 7d).

A possible explanation to these findings can rely on a not-optimal
estimation of the HSs model parameters or more likely, on the influ-
ence of the consolidation process that could have taken place in the
silt-clay layer, close to the surface, also considering that the water table
is just 1.9 m below the ground surface. In fact, the non-zero settlements
observed at a considerable distance from the tunnel axis are consistent
with the superimposed effect of uniformly distributed consolidation
settlement of the silt—clay layer In El-Nahhas et al. (2015), the horizontal
displacement profile predicted by the Contraction method and the HSs
model, is compared with the actual displacements. The two curves are
generally in good agreement for what concerns the displacements at
ground surface. On the contrary, the FEM-3D model by El-Nahhas et al.
(2015) fails to capture the displacement distribution at the tunnel depth,
well predicted by the 2D model in this paper.

A comparison between calculated and measured horizontal dis-
placements at ground surface is shown in Figure 10. The Gaussian curve
was calculated from settlement data after Equation (4) in Section 2. For
the 2nd Heinenoord case, the FEM model offers a better estimation than
the empirical Gaussian approach, but underestimates the horizontal
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displacements near the tunnel. For the Cairo L2 - Lot.16 case, both the
FEM model and the Gaussian approach are less satisfactory. It seems that
the Gaussian curve would fit better the monitoring data if a lower iy
value were adopted and the contribution of consolidation settlement

excluded.
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7. Comparative analysis of the volume losses

This section provides a comparative analysis of the different case
histories in terms of computed volume losses. Figure 11 plots the ground
volume loss at the surface (V) against the volume loss at the tunnel axis
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(V1) after the imposition of prescribed strains.

Figure 11a (face condition, Section A) shows the amount of surface
volume loss Vs g 4 as a function of tunnel volume loss V, sec.a, given by
the imposed ey,. The corresponding parameters for the steady-state
condition (Section B) are represented in Figure 11b. The excavation of
the soil inside the tunnel diameter and the imposed vertical strain, ¢,,, at
the soil-shield gap (related to the increment in tunnel volume loss, AV},
sec.) produce an increment in the surface volume loss (A Vs sec.B)-

By the procedure reported in Appendix B, a specific point in the
graphs of Figure 11 can be obtained, one for each case study. All the
points seem well positioned along a line (the solid black line, hereafter
called “correlation line™): the equations are reported also on the right of
the graphs. In particular, Equations (6) and (7) represent respectively
the “face” and “steady-state” conditions, by assuming a non-linear
stiffness soil response (HSs model). Very high R? coefficients were
found for both the correlations.

Vs seca = 1.63 Vp geca + 0.01  [%] (6)

AVs see. 3 = 1.12 AV} goc. 5 — 0.06  [%)] @
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A close linear correlation was also observed between tunnel volume
losses and imposed strains (eyy and ¢;;). The regression lines, Equation
(8) and (9), are plotted as red lines in Figures 11a and 11b, for face and
steady state conditions, respectively

ey = —1.79 Vi seen  [%] ©)

£ = —25.53 AV, e+ 2.91  [%] )
Table 6 summarizes the values of the computed surface volume losses
(Vs) and tunnel volume losses (V}) for the five case histories, both at the
face (Vsec.a) and at the final steady-state condition (Vi,); the volume
variations A Vg, p is also reported. The effects of dilatancy on the volume
losses will be further investigated in Section 9. For coarse-grained soils,
the surface volume loss can be lower or higher than the tunnel volume
loss depending on the volumetric response of the soil mass, whether
dilative or contractive behaviour prevails.

From the last column of the previous Table 6 it can be noted that the
proportion between surface volume losses before the excavation face

(Section A) and in steady-state conditions (Section B) it is not always
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Fig. 20. Contours of the computed total deviatoric strain (ys) at the steady-state: y = 0° (a) and y = 20° (b).

constant but it varies in a quite wide range, from 17 % to 60 %. The
mean value from this case selection can be calculated as 32 %, while it
descends to 25.5 % if the Milan — M1 ext. case is excluded from
calculation.

Farrell (2010) inferred that at low tunnel volume losses (V;<1.0 %)
there is little difference with Vg: this fact was particularly noticed in a
series of centrifuge tests. A similar behaviour was observed for the case
histories considered in this study (Table 6). In fact, the ratio between the
final Vy tor and Vg 4o is within the 1.00 — 1.23 interval.

8. Correlations as forecasting tool

The correlations obtained in the previous Section can be useful in the
context of 2D modelling for tunnel design. In fact, Equations (6-9),
which summarize the average response found in the five case histories,
can be employed as a guideline to estimate model parameters for tunnels
bored in similar conditions. To test the predictive capability of the
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aforementioned correlations, two further case histories of tunnels
recently excavated in Italy were analyzed: the Brescia Metrobus
(Sanzeni et al., 2010, Sanzeni et al., 2017) and the Milan M5 metro line
(Fargnoli et al., 2013; Fargnoli et al., 2015). Both tunnels were exca-
vated by EPB-shields in gravelly-sand soil deposits, with the water table
approximately located at the elevation of the tunnel axis.

The soil profile and tunnel geometry of Brescia Metrobus and Milan —
M5 are represented in Figure 12. In particular, field measurements and
geotechnical parameters of the sections SCBF8 (Brescia Metrobus) and
$942.2 (Milan — M5) were respectively considered. For additional details
the reader is referred to the publications mentioned above.

Table 7 and Table 8 summarize the principal geometric data and soil
parameters considered for each tunnel, Table 9 the mechanical param-
eters of the HSs soil model.

Figure 13 and Figure 14 show the surface settlements of the new case
histories: measured data, respectively for Section A and Section B, are
compared with model results and the empirical curves. The parameters
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Fig. 21. Stress-paths in the t-s’ plane at crown (a) and sidewall (b) and in the g-p’ plane at crown (c) and sidewall (d) for different values of the over-consolidation

ratio (OCR = 1, OCR = 10) for the Milan — M1 ext. tunnel.

of the empirical relationship were defined by data fitting, imposing that
the curve passes through the maximum settlement point, ws, g, above
the tunnel axis (Table 10). For the first case, Brescia Metrobus, upper
and lower limits for the settlements at Section A (tunnel face section)
were available from monitoring data, referred as day 3 and day 6, while
the passage of the face through the section occurred approximately
during day 4. The modelling results are in good agreement with field
data, both in terms of shape of settlement trough and volume loss, and
generally offer a better approximation than the empirical method. If the
volume losses calculated for Brescia Metrobus and Milan — M5 are re-
ported with the results of the 5 preceding cases, the new points are
aligned with the correlation lines or very close to them (Figure 15). The
correlation formulas of Equations (6-9) are therefore confirmed in their
predictive potential.

Given the promising results, it is feasible to use the correlations of
Equations —(6-9) to guide the modelling process for Class A predictions,
i.e., for predictive analyses of the settlement trough performed at the
design stage, before monitoring data are available. In fact, the strain
parameters &y and &, required by the novel method can be immediately
obtained from the “Predictive lines” of Equations (8-9), for a given
“design value” of volume loss Vs, and consequently of V; (Equations (6)
and (7)). The “design value” of Vg ¢ (the sum of Vg geca and AV gecp) is
typically intended to represent the maximum acceptable value, or an
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alarm value, which can be used to analyse and predict the effects
induced by a new tunnelling project: generally, it is in the 0.5 - 1.0 %
range (Lunardi et al., 2015; Franza et al., 2020).

An example of the possible use of Equations (6-9) as a forecasting
tool is given in Figure 16, referring to the geotechnical conditions of the
previously analysed Milan — M5 case.

In short, given a target total volume loss from design specification (e.
8. Vs 1ot = 0.5 %), one should enter the two graphs in Figures 16a and 16b
with a trail subdivision of Vg o in Vi sec.a and AV gec g (€.8. 25-75 %).
Note that a Vg seca equal to the 25 % of Vs 4, represents to the mean value
obtained for the 5 cases of Table 6. Following the arrows, the corre-
sponding values of ey, and ¢,, with which to feed the FEM model can be
derived. Thereafter, the computed Vg sec 4 and AV gec g can be compared
with the trial inputs: whether the two values are in good agreement or
not, the process ends or a new trial subdivision is attempted until a
satisfactory matching is found (Figures 16c and 16d). The next trial
subdivision can be driven by the difference between the output and
input AVs sec g value of the previous iteration by applying the following
relation:

(AVS Sec.B)erl =

input —

(AVS SecAB)glput [0/0]
(10)

(AVS Sec.B)iipm - [(AVS Sec.B)su[put -
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Fig. 22. Plastic stress points at the steady-state for OCR = 1 (a) and OCR = 10 (b).
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Fig. 23. Surface settlement troughs (a) and normalized surface settlement troughs (b) for OCR = 1 and OCR = 10.

where the superscript indicates the iteration number (£) and the
subscript distinguishes the trial input from the output of the FEM calcu-
lation. The portion of volume loss to be applied to the Section A phase is
calculated according to Vs seca = Vs tor — AVs sec.s- In this example
(Milan — M5 case), the ratio between Vg g.c. 4 and Vg 4 at the end of the
iterative procedure is around 57.5 %, very similar to the result of the
Milan — M1 ext. case, reported in Table 6.

Fargnoli et al. (2013) analysed a monitoring section (S897.3) of
Milan — M5, close to the previously analysed section (S942.2) and with
similar geotechnical conditions. For this section, the monitoring data
suggested a total volume loss of 0.48 %, very close to the input value of
0.5 % assumed in the calculation example. Figure 16e shows a nearly
perfect matching between the trough predicted by FEM modelling and
the monitoring data and, more in general, confirms the strength of the
proposed approach.

9. Influence of dilatancy and volumetric cap
9.1. Dilatancy

In the HSs model the mobilized dilatancy angle can be calculated
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according to Rowe’s theory (Rowe, 1962), at least for large values of
mobilized friction, or by the approach proposed by Li and Dafalias
(2000) when the Rowe’s formula gives a negative angle.

For most of the preceding case histories, the dilatancy angle y was set
equal to zero, in the absence of specific experimental determinations;
only for the Milan — M1 ext. case a small value of y = 10° was assumed. It
is therefore worthwhile to analyze the influence of the dilatancy angle
on the volume loss. To this aim, again the case of Milan — M1 ext. was
selected, considering three different values of y (0, 10 and 20°).

The first observation concerns the surface settlement profiles: with
increasing values of dilatancy the maximum settlement above the tunnel
axis decreases (Figure 17a). However, the dilatancy effect does not
change the shape of the settlement curves: in fact, in each case, the in-
flection point is approximately located at the same distance from the
tunnel axis and the scaled settlement curves (Figure 17b), with respect
to the specific Wyqy, are similar.

Figure 18 shows the calculated path of the total volume strain (¢,)
versus the deviatoric strain (ys) for two soil elements, located at a dis-
tance of only 1.5 m from the crown and the sidewall of the tunnel,
therefore in zones markedly affected by the excavation effect and likely
to experience large plastic strains. The initial stage (Phase 0) is located
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condition for tunnel Milan — M1 ext. in comparison with all the other cases.

at the origin and represents the undisturbed condition. The intermediate
Phase corresponding to the face passage is labelled with the letter A, the
final Phase with the letter B.

At the first calculation step, the soil element at crown expands
(Figure 18, element C). The path is similar for the three cases up to the
point A. After that (i.e., when vertical strains are applied to the soil-
lining gap), the path separates into three branches: in case of null
dilatancy the preceding expansion is almost recovered thanks to a
contractive phase; with higher dilatancy angles the volumetric strain
remains stable (y = 10°) or keeps increasing (v = 20°), reducing the
maximum settlement above the tunnel axis. On the opposite, the side-
wall element initially exhibits a contraction (Figure 18, element S),
which is partially or almost completely recovered in the next phase,
depending on the dilatancy angle.

For the same case study (Milan — M1 ext.), a potential calibration of
the strain parameters under the hypothesis of y = 0° would have led to
lower values of ey, and ,, as observed for the for Naples — L6 case. In this
respect, a careful assessment of relative density seems crucial for the
coarse soil layer in which the tunnel is excavated.

Figure 19 shows the contours of the total volumetric strain &, for the
two limit values of dilatancy (y = 0° and 20°). Increasing y, the
expansion strains (positive) at the sidewalls increase and positive
volumetric strains also occur in a thin band of soil above the tunnel
crown. When a non-dilative behaviour is assumed, expansion strains can
be observed only in a small wedge of soil above the crown, other than
below sidewalls and invert; the zone with more pronounced contraction
strains is located above the springline at some distance from the tunnel
wall. The deviatoric strain y; (Figure 20) are mainly concentrated in a
wing-shaped zone of soil starting from the sidewalls, in both the
considered cases. In the non-dilative case, the deviatoric strains are
higher and the wing zone grows up towards the ground surface.

9.2. Volumetric cap

According to HSs model, the dilatancy angle is not the only param-
eter that may induce volume changes in the soil. In fact, irrecoverable
volumetric strains may also be a consequence of compaction hardening
under isotropic compression (see Appendix A), defined by means of a
volumetric cap yield surface whose magnitude is a function of the
isotropic preconsolidation stress, pp. The initial value of p, depends on
the assigned over-consolidation ratio (OCR). Therefore, it is possible to
inhibit the initiation of compaction hardening by fictitiously increasing
the OCR.

A new analysis was therefore carried out purposely assuming OCR =
10, sufficient to completely inhibit the cap-yielding mechanism and,
therefore, to appreciate its influence by comparison with the case OCR
= 1. Figure 20 shows the stress-paths followed by two soil elements at a
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distance of 1.5 m from the crown and the sidewall, for OCR = 1 and 10.
Moreover, the initial Ky was always calculated with the Jaki formula, 1 -
sing’, not dependent on OCR, to ensure that the initial stress state re-
mains unchanged (same initial point O for the stress paths).

At the crown (Figure 21a), the first calculation stage (point A) de-
termines a reduction in both mean, s’ = (¢;'+03)/2, and deviator stress,
t = (61 — 63)/2. During the following stages (up to the final point B),
while the mean stress s’ remains almost constant, the deviator stress t
increases; however, the OCR does not affect the stress-paths at crown
significantly. On the contrary, the stress-paths at the sidewall
(Figure 21b) for OCR = 1 and 10 differ remarkably: at the end of first
stage, the increment in mean and deviator stress for OCR = 1 is only half
of that observed for OCR = 10, owing to the reaching of the cap yield
surface. In the following stages, the more relevant variation is the
reduction in s’.

The stress paths of the same elements are also represented
(Figures 21c and 21d) in the plane (g, p’), in which the cap yield function
is defined, with ¢ = 67 + (a-1) 62 — ac3, a = (3 + sing’)/(3-sing’), and
p’ = (61 + 62 + 063)/3. At the crown, the stress paths are similar and
develop in the elastic domain. At the sidewall, while the stress path for
OCR = 1, moving outwards of the initial yield cap, is influenced by the
compaction hardening of the soil, the stress path for OCR = 10 develops
within the very large boundaries of its elastic domain (not represented in
Figure 21). It is worth noting that in this last case the initial state of stress
does not lie on the initial yield cap, because the same K value has been
assumed, independently of the different OCR.

The effects of OCR on the stress state is also recognizable in
Figure 22, in terms of plastic stress points. Red squares indicate that the
stress lies on the failure surface, blue triangles represent a stress state
that lies on the yield cap surface, brown diamonds lie on the shear and
cap hardening envelope and green triangles lie on the shear-hardening
envelope. When a large OCR is imposed (OCR = 10, Figure 22b) and
the activation of the cap yield mechanism is excluded, the plastic strains
are mainly concentrated around the tunnel, where the shear hardening
activates and the failure condition is reached.

Reflecting the different distribution of plastic points, when the cap
yield surface is deactivated, the ground surface settlements tend to
reduce (Figure 23a) and the normalized curve becomes (Figure 23b)
narrower (i.e., the inflection point is closer to the tunnel axis). The in-
fluence of the OCR is therefore different from that of the dilation angle,
as it not only affects the magnitude, but also the shape of the settlement
curve. A proper assessment of OCR is therefore particularly relevant for
a correct prediction of the settlement trough.

9.3. Effect of plastic deformation on volume losses

It is now possible to thoroughly analyse the correlation between the
surface volume loss Vg and the tunnel volume loss V[, at the steady state
condition. To this aim, the total volume losses at the end of the analyses
were considered, instead of analysing the partial effects at Section A and
Section B. The final (V}, V) points in Figure 24 show that the overall soil
response remains contractive for a null or low dilatancy angle (y = 0,
10°), while it becomes substantially neutral when a larger dilatancy
angle is considered (y = 20°). The deactivation of the compaction
hardening (OCR = 10) causes a dilative behaviour in the soil, for a y =
10°. The foregoing sensitivity analysis was performed specifically for the
case of the Milan — M1 ext. tunnel. For all the other tunnels considered in
this paper, for which y = 0° and OCR = 1, the final (V, Vs) points
demonstrate that the overall response is generally contractive or, at the
maximum, neutral.

This general trend is clearly observed in Figure 24, where the dashed
line separates two portions of the graph: the upper area characterised by
a contractive behaviour of the soil volume and the lower area where a
dilative behaviour prevails. It is possible to infer that the contractive
response generally prevails, also for a non-null value of dilatancy, due to
the effect of the compaction hardening in the soil mass. This behaviour
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should be carefully considered when a dense sand is found, or simply
prevented by assuming a high OCR value, as shown in this Section.

10. Conclusions

The paper presents a specific approach, called the “Strain applied
method”, for FEM-2D modelling of soil-shield interaction in two calcu-
lation phases, useful for a simplified prediction of surface settlements
caused by closed-face tunnelling. The overall volume loss at the tunnel
boundary is obtained by applying volumetric strains to specific soil
clusters. Two reference cross-sections of the tunnel can be analysed: the
vertical plane passing through the tunnel face (Section A) and the
steady-state conditions at distance from the face (Section B). The nu-
merical analyses, carried out by the software Plaxis 2D, were performed
with two soil models, the classic ideal elasto-plastic Mohr-Coulomb
model and the Hardening Soil with small strain stiffness model, charac-
terized by non-linear stiffness and two hardening mechanisms governing
the shear and volumetric pre-failure deformation of the soil. The influ-
ence of dilatancy and compaction hardening on ground deformation
were thoroughly analysed.

The study started with the calibration of the surface settlement
trough predicted by the proposed approach, through the comparison
with greenfield measurements, recorded in five well documented case
histories of shallow tunnels bored in coarse-grained soil. The settlement
troughs predicted by the HSs model are generally in better agreement
with field observations and with the empirical Gaussian curve, both in
terms of shape of the settlement trough and overall volume loss. Also the
horizontal displacement distribution can be well predicted by this FEM
approach, particularly at some distance from the tunnel axis, while some
mismatch was found for displacements very close to the tunnel walls.

Specific correlations were determined between the ground volume
loss at surface, Vs, the tunnel volume loss, Vi, and the strains, &,y and ¢,
to be imposed at the tunnel boundary. By a comparative analysis of the
selected case histories, it was possible to establish a set of trend lines,
representative of the typical conditions for the current TBM tunnelling
practice in coarse-grained deposits, which can be used as “Predictive
lines” for tunnel excavated in similar conditions. Two further case his-
tories of tunnelling in Italy were used as testing situations, to validate
the reliability of the previously found correlations.

These “Predictive lines” take into account the combined effect of a
large number of factors, such as: the typical features of TBM (slurry- and
EPB- shields) and TBM operation (effective control of the face pressure,
steering mode and muck conditioning parameters, for EPB shields), the
generally accepted amount of ground loss for tunnelling in urban areas,

A. Appendix

A.1. Essentials of the Hardening soil model with small strain stiffness (HSs)
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the routinely sequence of lining installation and grouting. In fact, all the
aforementioned features, although impossible to be explicitly included
in a simple FEM — 2D model, may be relevant for the correct prediction
of tunnelling effects in coarse-grained soils.

Out of the purposes of this paper, the “Strain applied method” was
further validated by comparing it with other simplified methods for
modelling the tunnel face advance in FEM — 2D analyses. In many cases,
the new approach provided better outcomes in terms of surface dis-
placements field. Moreover, the practical application of the “Strain
applied method” can take advantage of the “Predictive lines” provided in
this study. Being based on a set of case histories sharing specific features
(range of depth, range of excavation diameters, typology of shield, soil
type) the correlations found cannot be extended to tunnelling situations
that substantially diverge from those analysed.

Moreover, the lack of monitoring data for the settlement trough near
the tunnel face (i.e., during the transient excavation phase, before the
final settlements are reached) did not allow a fully reliable comparison
between measured and modelled results. In this regard, further re-
finements of the method are also possible: for instance, a non-isotropic
deformation of the soil to be excavated in the first calculation phase
(Section A, tunnel face cross-section) could be considered.
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The elasto-plastic with isotropic hardening HSs model (Benz, 2007) is an extension of the Hardening Soil model (Schanz et al., 1999). The model
takes into account important features of soil behaviour, such as: high stiffness at small strain levels, development of plastic strains at first stages of
loading and soil stiffness decrease with increasing strain level. HSs derives from the hyperbolic function based on the hyperbolic stress—strain relation
proposed by Duncan and Chang (1963) in primary triaxial loading. The main parameters are:

o the resistance parameters ¢’ (cohesion), ¢’ (friction angle), and y (dilatancy angle);
e the unloading/reloading Young’s modulus, E,, the secant stiffness modulus, E5p, the oedometric tangent stiffness, Eeq.

The nonlinear isotropic elastic behaviour of the soil is considered by using a stress-dependent Young’s modulus, which is a function of the effective

stress and strength parameters according to the following expression:

m
B _prf(Ccow + d
T\ ¢ cotg) + Pry

(A1)

where Ei¢ is the unloading/reloading Young’s modulus at the reference pressure at 100 kPa (p" = 100 kPa). Soil behaviour is ruled by the stiffness
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moduli listed above and depends on the minor principal stress 6’3, which is the confining effective stress, and on the parameter m that controls the
linear or non-linear response of the soil stiffness.

Similar relationships hold for the stress dependency of the secant stiffness modulus, Esp, and the tangent stiffness for primary oedometer loading,
Eoed-

The HSs model considers two additional parameters, to those defined for the standard HS model, to take into account the dependency of soil
stiffness on the strain level:

e the small-strain shear modulus, Gy;
o the shear strain, y¢ 7, at which the secant shear modulus is G = 0.7 Gy.

The stress dependency of the small-strain shear modulus, Gy, is expressed by a relationship similar to the ones discussed above (Equation A.1) for
the other stiffness.

m

. ' cotd ,

Go=GY (S22 £ % (A.2)
¢ coty’ + Dres

The HSs model considers the modified version (Dos Santos and Correia, 2001) of the stiffness reduction curve proposed by Hardin and Drnevich
(1972):

Gs 1
—=— a = 0.385
Go 1 g (A3)
Yo7
The small-strain stiffness curve is cut off at the unloading/reloading shear modulus G, defined as:
Eur
_ A.
Gr 2(1 + vy) (A.4)

where vy, is the Poisson’s ratio for unloading/reloading.

The HSs model comprises two yield surfaces, not fixed in the principal stress space but which can evolve following a hardening rule. A shear
hardening yield surface, f¥, which is a function of the plastic strains due to the primary deviatoric loading and a cap yield surface, £, which depends on
the plastic volumetric strain due to primary compression. The flow rule is associated for states lying on the surface f ¢, whereas a non-associated flow
rule is adopted for states on the surface f *, by adopting a formulation based on stress-dilatancy theory.

The shear yield (f*) loci can expand up to the ultimate Mohr-Coulomb failure surface, while the cap surface (f°) can expand as a function of the pre-
consolidation stress, pp, which, in turn, depends on the initial OCR value. Schanz et al. (1999) give the complete description of the model.

B. Appendix
B.1. Volume loss calculation procedure

The deformed volume of soil clusters is internally calculated by the software Plaxis 2D. However, the built-in procedure is not available for the
deactivated soil clusters (e.g., the excavated volume) or the clusters with small volume and distorted elements (e.g., the lunette-shaped volume in
Figure 4).

The first issue was overcome by applying the ‘shoelace’ formula to the initial and deformed nodal coordinates of the plate, which represents the
final lining. The formula (Equation B.1) approximates the shape of the excavation profile with a polygon, connecting the N adjacent nodes, and
calculates the nominal volume, Vexcayatedn, from nodes coordinates (x;,y;) and the deformed volume Vexcavared s, from the coordinates updated with
displacements (x; + uy, yj + uy). This formula introduce an approximation in the calculated volume, but the error is negligible when considering the
volume variation of Equation (B.2), if the number of nodes (N) is reasonably high.

X] Xo P xj e XN

B.1
Y. Y2 oo Yj - IN (B-1)

2 Vexcavated =

AVexcavated = Vgxcavated.f - Vexcavated,n (B2)

where AVeycayated is the volume loss, j = 1...N is the number of the nodes of the plate representing the lining.
The volumetric deformation of the soil clusters was calculated by a Matlab script by the same method utilized in Plaxis 2D (Brinkgreve et al., 2017).
For each cluster the volume loss (or gain) is calculated as follow:

ON
1 M 3 a_{: (éiia ﬂii)
AVeuser = le le Widet| | © (Xa Y] (B.3)
B B ()T] (it M)

where i =1...M is the number of elements in each cluster, ii = 1...3 is the element Gauss point, Wj; is the weight of the Gauss point, N(1x6) is the vector
of element shape functions, (&, ) are the coordinates of the six-node triangular element in the parent domain, X,;(6x1) and Y,(6x1) are the vectors of
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element nodes in global coordinates.
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The surface volume loss, Vs, is calculated by Equation (B.4), while Equation (B.5) is used for obtaining the tunnel volume loss, V;,

Zk € QA Vi + AVexcavated

7D?
f

3

Vs =100

(%]

Zk e nAVk + AVexcavated

IID?

4

vV, =100

(%]

(B.4)

(B.5)

where k are the (active) soil clusters, £ is the set of all active soil clusters and /7 is the set of soil clusters to which the prescribed strain (eyy or &;,) is

applied.
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