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The crucial role that underground structures play today in transportation and utility networks makes their
seismic vulnerability a fundamental topic.

The present paper deals with the role of soil heterogeneity in tunnel seismic behaviour. Starting from a real
case history regarding a cross-section of the Catania (Italy) underground network, a finite element parametric
study was carried out, focusing the attention on the soil discontinuity in terms of the impedance peVs of each

layer crossed by the tunnel, being p and Vg the soil layer density and shear wave velocity, respectively. Different
tunnel depths and seismic inputs were assumed. The numerical dynamic lining internal forces were compared
with the analytical solutions proposed by Wang (1993) and Penzien (2000) for homogeneous soil deposits; two
new approaches were proposed to use them for heterogeneous soils, highlighting the limitations of the original
solutions and the range of applicability of the proposed approaches.

1. Introduction

Nowadays, tunnels are crucial components of the transportation and
utility networks in urban areas. The considerable social and economic
consequences of them being damaged denote the importance of their
seismic design and vulnerability assessment, especially in areas char-
acterized by high seismic risk. Although underground structures are
usually less vulnerable to earthquakes compared to aboveground
structures [1-5], the associated risk may be relevant, since even a low
level of damage may affect the serviceability of a wide network.
Post-earthquake observations [6-14] have demonstrated that under-
ground structures may suffer severe damage due to earthquakes, as
occurred in the 1995 Kobe (Japan), 1999 Chi-Chi (Taiwan) and 2004
Niigata (Japan) earthquakes, with catastrophic consequences for the
entire urban area. The seismic behaviour of underground structures and
particularly of tunnels is very distinct from that of aboveground struc-
tures [8,15].

The static design of tunnels has reached a high level of accuracy
[16-19]; instead, a similar level of thoroughness in their seismic design
has not yet been developed, mainly because of the complex soil-tunnel
interaction phenomena that occur during an earthquake. The few
existing design codes and guidelines about the seismic design of tunnels
[20-22] and the numerous parameters that affect the dynamic response
of soil-tunnel systems (STSs), have led the geotechnical research com-
munity to give great attention to the study of the dynamic response of

STSs [23-25].

Several methods are available in the literature for evaluating the
seismic tunnel lining forces [8,26,27]. The results of these methods may
significantly differ, even with the same design assumptions, due to both
inherent epistemic uncertainties and a knowledge shortfall regarding
some crucial issues that considerably affect the seismic response [28].
Moreover, no analytical solution takes specifically into account the
heterogeneity of the soil crossed by the tunnel. Nevertheless, soil het-
erogeneity causes a complex soil response [29], which can influence
significantly tunnel behaviour [30-32]. So, it is extremely important to
consider it for STSs.

The present paper investigates the effects on the seismic tunnel lining
forces of soil heterogeneity, in terms of the impedance pe Vs of each layer
crossed by the tunnel, being p and Vs the soil layer density and shear
wave velocity, respectively. A numerical parametric study was carried
out by the ADINA FEM code [33,34], assuming different soil profiles.
Starting from a cross-section of the underground network in Catania
(Italy) in an 80 m stratified soil, different levels of soil heterogeneity, i.
e., different values of peVs, were adopted for the two soil layers crossed
by the tunnel, maintaining constant the different values of peVs for all
the other soil layers. Moreover, three soil-tunnel interface conditions
were considered: the no-slip condition, the full-slip condition, and a
partial-slip condition. Three different tunnel depths were investigated.
Three seismic inputs were applied at the bedrock of the systems.

2D FEM models were developed in the tunnel transverse direction, as
ovaling or racking deformations have the most significant influence on
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List of symbols and abbreviations

a Acceleration

ag Ground Acceleration
A area

All Alluvial soil

Agm-Agml Sandy silty clays
BvIc(F)-L1669 Volcanoclastic breccia of 1669

c Dashpot coefficient

c’ Cohesion

Cy Undrained cohesion

C Compressibility ratio

[C] Damping matrix

C. Soil facto controlling the shape of the spectra by enlarging
the plateau at higher periods with respect to rock
conditions

Cy Class of use of a building according to the Italian Technical
Code

d Tunnel diameter

D D (y) Soil damping ratio at the current shear strain, operative
soil damping ratio

Do Soil damping ratio of soil at small strains, initial soil
damping ratio

D; Tunnel lining damping ratio

EPB Earth pressure balance

E Soil Young modulus

Eso Soil Young modulus at small strains

E, Undrained soil Young modulus

E Tunnel lining Young modulus

f frequency

finax Maximum frequency of the system

F Flexibility ratio

Fo Seismic parameter for the evaluation of the response
spectrum, according to the Italian Technical Code (NTC
2018)

FEM Finite Element Method
G, Gs(y) Soil shear modulus at the current shear strain, operative
soil shear modulus

Gso Soil shear modulus at small strains, initial soil shear
modulus

h Mesh element size

H Soil deposit height

HVSR Horizontal-to-Vertical Spectral Ratio

1 Impedance ratio

I Tunnel lining moment of inertia

k Permeability

[K] Stiffness matrix

Ls Sandy silts

Lqua-L1669 Quartalaro Lava

[M] Mass matrix

M Dynamic bending moment

Munar  Analytical dynamic bending moment
Muax Maximum dynamic bending moment
Mnum Numerical dynamic bending moment
M, Moment magnitude
N Dynamic axial force

Nanar Analytical dynamic axial force
Nuiax Maximum dynamic axial force

Nyum Numerical dynamic axial force

opP Open-face

PHA Peak horizontal acceleration

Pyr Probability of exceeding for the evaluation of the seismic
action, according to the Italian Technical Code

r Radius of the tunnel lining

R, Anthropic layer

s thickness of the tunnel lining

Sbv-L1669 Volcanic sand of 1669

SLO Operating Limit State according to the Italian Technical
Code (NTC 2018)

SLD Damage Limit State according to the Italian Technical Code
(NTC 2018)

SLV Life-safety Limit State according to the Italian Technical
Code (NTC 2018)

SLC Collapse Prevention Limit State according to the Italian
Technical Code (NTC 2018)

STS Soil-Tunnel System

STSs Soil-Tunnel Systems

t time

TBM Tunnel boring machine

Tr Return period

T*. Seismic parameter for the evaluation of the response
spectrum, according to the Italian Technical Code (NTC
2018)

Vn Nominal duration of a building

Vs Soil shear waves velocity at the current shear strain,

operative soil shear waves velocity
Vi »— o Soil shear waves velocity at the soil surface (z = 0)

2

Vs,av Average Shear waves velocity

y Horizontal direction

z Vertical depth

ar First Rayleigh damping factor

Br Second Rayleigh damping factor

Vs Soil unit weight

Y shear strain

Ymax Soil maximum shear strain

AM Percentage difference between Myym.max and the Manar-
MAX

AN Percentage difference between Nyym-max and the Nanar-
MAX

Az Thickness of the soil cover above the tunnel, named
“tunnel cover”

[ centre angle of the tunnel

0, centre angle of the tunnel crossing the soil discontinuity on
the right of the tunnel

6 centre angle of the tunnel crossing the soil discontinuity on
the left of the tunnel

u friction coefficient

Vs Soil Poisson’s ratio

7 Tunnel Lining Poisson’s ratio

p soil density

@ Shear strength angle

@ Angular frequency

the tunnel lining forces under seismic loading [28,35]. A linear
visco-elastic constitutive model was assumed for the tunnel. To consider
soil nonlinearity, a linear-equivalent visco-elastic approach was
assumed for the soil: operative values of the soil shear modulus G; and
damping ratio D according to the effective strain-stress level, i.e., in turn
with the seismic input amplitude, were considered.

The response of the STS under examination was discussed in terms of
dynamic lining internal forces, highlighting the extremely important
role played by soil heterogeneity.

Finally, the analytical solutions proposed by Refs. [26,27] for ho-
mogeneous soil deposits were considered and modified to include soil
heterogeneity. The results obtained using the modified analytical
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solutions were compared with the FEM results. The comparison between
the analytical and numerical results allows us to assess the validity and
limitations of the modified analytical solutions.

2. The case-study

A cross-section of the underground network in Catania (Italy) was
analysed. Section 2.1 reports the main information about the soil and the
tunnel; Section 2.2 describes the seismic inputs applied at the base of the
investigated STS.

2.1. Soil profile and tunnel characteristics

Fig. 1 a shows the whole network design: the red line indicates the
two lines built in 1999 and currently in operation; the light blue lines
indicate the two new lines at present under construction (Nesima-Mis-
terbianco and Stesicoro-Palestro); the dark blue lines indicate the
planned lines, which are not yet under construction. The cross-section
analysed forms part of the light blue line between the stations of
Nesima and Misterbianco [36-38]; it is next to the Si3 borehole (Figs. 1
and 2). The underground segment covers a length of 1748 m. Due to the
strong soil heterogeneity in this area, the tunnel was dug using a Dual
Mode Tunnel Boring Machine (TBM), switching frequently from the
Open Face (OF) mode for the lava rock formations and the Earth Pres-
sure Balance (EPB) mode for cohesive and/or incoherent soils. Geolog-
ical and geotechnical information about the rocks and soils at the
digging front was fundamental to define the appropriate digging mode
and to choose the correct front pressure to guarantee the safety of the
TBM and of the aboveground structures [39-49]. Geotechnical charac-
terization was also fundamental to adequately estimate the soil profile
and thus in turn the tunnel lining forces, as will be discussed in the next
section.

The average digging depth was equal to about 25 m. The final tunnel
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lining consisted of a precast reinforced concrete ring; each ring consisted
of 7 segments installed by an appropriate erector inside the TBM. The
outside ring diameter was equal to 10 m. For the cross-section analysed,
the tunnel cover was equal to 17 m (the axis is 22 m below the ground
surface).

Many geotechnical characterizations of the soil have been performed
in Catania over the years, due to its high seismic risk [50-56]. In
particular, two different geotechnical investigations were performed to
define the soil profile and the geotechnical parameters of the soils and
rocks in the design phase of the Nesima-Misterbianco segment (Fig. 2
and Table 1): the first in 2004 during the preliminary design phase (see
the 3 boreholes S2, S3 and S4 indicated in green in Fig. 2); the second in
2015 for the executive design phase (see the 15 boreholes Sil, Si2, Si3,
Si4, Si4bis, Si5, Si6, Si7, Si8, Si9, Sibis, Sil0, Sill, Sil2, Sil13, indicated
in red in Fig. 2). Furthermore, the investigations carried out in 1996 for
the construction of a parking area around the Monte Po station (see the 5
boreholes S1, S2, S3, S4, S5 indicated in black in Fig. 2) and those
performed in 2000 as part of the “The Catania Project” ([57]; see the 3
boreholes S140, S1068, S1242 indicated in violet in Fig. 2) were also
considered. Dilatometric Tests, Standard Penetration Tests, Perme-
ability Lefranc Tests, absorption Lugeon Tests, Dac-Tests, Pocket Pene-
trometer Tests, Open Piezometer Tests, Down-Hole Tests and traditional
Horizontal-to-Vertical Spectral Ratio (HVSR) Tests were performed.
Table 2 reports the location of the main in-situ tests and the boreholes
interested by the HVSR tests for the Nesima-Misterbianco segment.
Many samples were also collected for laboratory tests.

Generally, an anthropic layer was found approaching the soil sur-
face; then, lava rock layers were observed at greater depths. The
geological formations involved in the digging process were essentially:
volcanoclastic breccia and sand dating from 1669 from Sil to Si8;
Quartalaro lava from Si8 to Sil0; volcanoclastic breccia dating from
1669 from Sil0 to shortly beyond Sill; finally, Quartalaro lava up to
Si13.

Line buiit in 1996

Line under construction

Fig. 1. (a) The underground network in Catania. (b) The Nesima-Misterbianco segment analysed, between the Nesima and Misterbianco stations.
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Fig. 2. Soil profile along the Nesima-Misterbianco segment and zoom on the analysed cross-section next to borehole Si3.

Table 1
Geotechnical parameters per each geological formation reported in Fig. 2.
Geological Formation Ys (kN/m® @ () ¢ (kPa) ¢, (kPa) Vs (m/s) Eg o (MPa) E, (MPa) k (m/s
R, 18 - 19 30 + 35 0-=10 120 + 180 70 + 125
All 18 =21 20 + 23 0-+10 70 + 150 200 = 350 20 + 45
Sbv-L1669 18 +21 32 +40 020 200 + 350 200 + 400 107°
Agm 20 + 21 18 +27 5+30 100 = 300 400 + 550 1000
Agml 20 18 +~27 0-+15 200 + 400 400 = 550 55+75
Ls 19 =20 30 =35 030 200 =+ 400 107°
Bvlc-Bvle(F)-L1669 18 + 21 38 +- 45 0+ 20 200 =+ 350 250 + 750 107°+107°
(shallow layers)
Lqua and L1669 25 + 27 50 + 65 100 =+ 1000 550 = 800 2000 -+ 5000 1075+1073
Table 2 20 m, and Volcanoclastic breccia of 1669 (Bvlc(F) — L1669) for 20 m < z
able

Mail in-situ tests performed along the Nesima-Misterbianco segment.

< 35 m. The very thin layer of Bvlc-L1669 between L1669 and Bvlc(F)-
L1669 and the very thin layer of Sbv-L1669 inside the Bvlc(F)-L1669

Geotechnical Survey Borehole  Depth ~ SPT DMT DH HVSR were not considered due to their very small thickness.
(m) To define the geotechnical parameters of the investigated cross-
Executive Design Si1 31 X X X X section, data acquired from in-situ and laboratory tests were consid-
Phase 2015 (see red Si2 34 X X X X :
o X ered (Fig. 3).
labels in Fig. 2) Si3 35 X X . . )
si4 a5 % X Unfortunately, the investigation survey concerned a depth of about
Sidbis 35 X x 30 m. The shear waves velocity measured at this depth was equal to 345
Si5 35 X X m/s (see black line in Fig. 3a), which is very far from 800 m/s, the
Si6 38 x X minimum value of V; for bedrocks according to the Italian and European
:g gg z i technical regulations [58,59]. So, the V; profile reported in Fig. 3a as a
si9 35 X X red line was supposed (neglecting the rock layer at z = 5-20 m) to find
Si9bis 36 X X the depth at which Vg = 800 m/s (conventional bedrock), according to
Si10 38 X x the following expression:
Sil1 36 x
si12 30 Vi(2) = V0 + mz (€]
Si13 30
Preliminary Design 52 31 x X being Vs = 235 m/s for z = 5 m and V; = 345 m/s for z = 20 m according
Phase 2004 (see green S3 30 X . PR .
Jabels in Fig. 2) s 30 to the HVSR test next to borehole Si3 (see the black line in Fig. 3). This
Catania Project, 2000 (see  S140 8 linear increase of the shear wave velocity with depth was considered
violet labels in Fig. 2) 51068 10 representative for the site under analysis, based on the extensive
P y
' ' 51242 45 geotechnical investigations that have involved the subsoil of the city of
Construction of a parking 51 15 X X Catania over the years [37,48-53,56,57]]; [60-65].
area S2 15 X X . . .
around the s3 20 X Then, the value of the shear wave velocity at the soil surface, i.e. for
Monte Po Station (see S4 15 x 2=0,is Vs ;0 = 198 m/s and the gradient of the red line is m = 22/3.
black labels in Fig. 2) S5 10 According to equation (1), the bedrock was found at z = 80 m. So, the

As regards the cross-section under analysis (Fig. 2), the geological
formations are: anthropic layer (Rp) for 0 m < z < 2 m, Volcanic sand of
1699 (Sbv-L1699) for 2m < z < 5m, Lava of 1669 (L1669) for5m < z <

profile implemented in the FEM model discussed in Section 3 was re-
ported in Fig. 3 a as a green line.

Table 3 reports the main geotechnical parameters for the cross-
section analysed. According to Ref. [58], the soil is site class B (being
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a) Layer ¥ Vs Gso % Do b)
[kN/m®]  [m/s] [MPa] %]
9 ! R I 0 18 235 10133 04 1 1 30
1 26 647 1109.31 04 1 25
s } 038
20 e
2 20 418 35678 04 1 20
E 492 492, 4 206 )
n 40 3 20 2 9283 0 : 9; 7 §;
4 20 565 65081 04 1 W 04 Q
10
5 20 638 83072 04 1
60
0.2 5
6 20 712 103255 04 1
. 17 20 800 125632 04 1 [ —— T o
o 200 400 600 800 1000 0.0001 0.001 0.01 01 1
Vi [m/s] ¥ [%]
Profile by HVSR test - Hyphotesized Profile Adopted Profile Catania volcanic 50il = = = Darandeli & Stokoe (2001)
------ Seed & |driss (1970) ~ . = Vucetic & Dobry, PI=0 (1991)
Fig. 3. a) V,(z) profile; b) Gs/Gso(y) and Dy(y) curves used [53], compared to well-known literature curves [66-68].
Table 3
Geotechnical parameters for the analysed soil profile.
Soil Layer Depth(m) rs(kN/m?) Vs(m/s) vs(—) Gs,0(MPa) E s o(MPa) Dy 0(%)
0 0+5 18 235 0.4 101.33 283.72 1
1 5+20 26 647 0.4 1109.31 3106.07 1
2 20 +~ 30 20 418 0.4 356.78 998.99 1
3 30 + 40 20 492 0.4 492.83 1379.94 1
4 40 + 50 20 565 0.4 650.81 1822.28 1
5 50 +~ 60 20 638 0.4 830.72 2326.02 1
6 60 ~ 70 20 712 0.4 1032.55 2891.16 1
7 70 =+ 80 20 800 0.4 1256.32 3517.70 1

Vs,av = 541 m/s). Unfortunately, no specific dynamic laboratory tests
were performed for the geological formations at the Si3 borehole. Thus,
crudely the typical G;/Gs(y) and D; (y) curves for Catania volcanic soil
obtained by Ref. [53] were used (Fig. 3b) to consider the soil nonline-
arity. For soil layer 1 in Fig. 3 a, which consists of compact Lava of 1669
(see L1669 layer in Fig. 2) Gs and D were used.

2.2. The seismic inputs adopted

Three different accelerograms were adopted for the analyses; they
were scaled to PHA = 0.383 g, which is the expected value at the bedrock
in the investigated area according to Ref. [58], considering the ultimate
limit state associated with collapse or with other forms of structural
failure which might endanger the safety of people (SLV in Table 4; Vy =
100 years and Cy = 2).

Due to the lack of significant earthquake records for the city of
Catania, just one recorded seismic input was used: that recorded during
the 1990 earthquake at the Sortino station, resting on soil class A ac-
cording to Ref. [58]. The other two seismic inputs were synthetic
accelerograms according to the 1693 and 1818 scenario earthquakes for
the city of Catania [69,70].

As shown in Fig. 4, the three seismic inputs differ as regards the
frequency content. The 1990 seismic input has a predominant frequency

Table 4
Seismic parameters for the investigated area according to Ref. [58] (see the List
of symbols and abbreviations reported at the end of the paper).

equal to 2 Hz. The Fourier spectrum of the 1693 seismic input is char-
acterized by an amplitude mainly concentrated in two ranges of fre-
quencies: 0.5-1 Hz and 4-5 Hz. The 1818 seismic input has a
predominant frequency equal to 0.6 Hz.

The 1693 seismic input was used for the analyses whose results are
discussed in Sections 5.1 and 5.2. The seismic inputs of all the three
years, 1693, 1818 and 1990, were used for the analyses whose results
are discussed in Section 5.3.

3. FEM modelling

To investigate the effects of soil heterogeneity, seismic inputs, and
tunnel depths, the authors use the finite element method through the
ADINA code [33,34,36-38,71-75]. Section 3.1. describes the FEM
model developed for analysing the real cross-section. Section 3.2. de-
scribes the FEM models developed for analysing the effects of varying
the soil discontinuity, in terms of the impedance peVg of each layer
crossed by the tunnel, and the effects of the tunnel depth in relation to
the previously mentioned soil discontinuity.

3.1. The real cross-section

To evaluate the seismic response of the STS described in Section 2, a
2D FEM model was performed. Fig. 5 a shows the mesh adopted; Fig. 5 b
shows a zoom of the two soil layers crossed by the tunnel.

The 2D FEM model is 80 m deep (up to the hypothesized conven-
tional bedrock) and 300 m wide (~4 times the soil depth), to reduce
boundary effects [23,24]. The tunnel cover is Az = 17 m from the soil

gfem) o ® 1(\/1“; © A ?i ) surface and the tunnel is at a distance equal to 145 m from every vertical

boundary. The soil was modelled by 4-node elements in plane strain

SL((I’, 81%) 120 0lllg 531 2489 0290 1.98 conditions, and it was divided into 8 horizontal layers, according to the

= 0, . . . . .

SLD VR 201 0.140g 546 2461 0313 1.92 soil profile adopted (green line in Fig. 3a). The tunnel was modelled by

(Pyr=63%) 2-node beam elements. The mesh element size was chosen to ensure the

SLV (Pyg = 1898 0.383g  6.13 2.395 0.503 1.65 following criteria: i) efficient reproduction of all the waveforms for the

10%) whole frequency range under study: h < Vimin/(6 + 8 fmax) [76]; ii)
SLC (Pyr =5%) 2475 0.440g  6.33 2382 0529 155

efficient modelling simulation of the soil next to the tunnel (therefore, a
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Fig. 4. a), b) and c¢) Adopted input motions scaled to PHA = 0.383 g according to Table 4; d) Their Fourier spectra.
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sml|| som1
P Va1
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Fig. 5. (a) FEM model; (b) Zoom of the two soil layers crossed by the tunnel.

finer discretization near the tunnel was selected).

As regards the boundary conditions, the nodes of the soil vertical
boundaries were linked by “constraint equations” that imposed the same
horizontal and vertical displacements at the same depths to reproduce
the typical free-field conditions in site response analyses [74,77-79].
The base of the model was constrained only in the vertical direction.
Moreover, dashpots were implemented at the base of the model, to
simulate the elastic bedrock according to Ref. [80]. The dashpot coef-
ficient was defined as ¢ = p-Vs-A, being: p the mass density of the
bedrock; Vg the shear wave velocity of the bedrock and A the dashpot
influence area. The earthquake excitations were applied as acceleration
time histories (see Section 2.2) to these dashpots, as required by the
ADINA FEM code utilised, and other FEM codes [33,34,71-75].

Modelling the tunnel-soil interface represents a key-aspect for
detecting the dynamic response of tunnels [81-84]. To model the
interface, the ADINA code used requires the definition of a “contact
group” made by two “contact lines” (“contact surfaces” in 3D analyses),
the most rigid is defined as the “target line” and the most flexible is
defined as the “contactor line”. Then, the code requires the definition of
a “contact pair” to match the “contactor” and “target” lines, and it must

be characterized by the definition of the “Coulomb friction coefficient”
(u) between the “target line” and the “contactor line”. If 4 = 1 the “target
line” and the “contactor line” cannot slide relative to each other (no-slip
condition); if u = 0 the “contactor line” is completely free to slide on the
“target line” and vice versa (full-slip condition); if 0 <u < 1 the relative
sliding between the two surfaces can occur when the sliding action is
greater than the friction resistance (partial-slip condition).

In the investigated FEM models, considering that the racking defor-
mation of the tunnel under examination is amplified compared with the
soil deformation (the flexibility ratio F was significantly higher than 1 —
see Section 4), the soil line around the tunnel was defined as “target line”
and the tunnel as “contactor line”.

As regards the “Coulomb friction coefficient”, initially (see Section
5.1, Models 1-4), the authors analysed three different interface condi-
tions: the no-slip condition, the full-slip one and a partial-slip one, ac-
cording to the tunnel-soil interface conditions considered by Refs. [26,
271. So, the Authors assumed the following three different values: p =1,
p =0, p = 0.5, respectively. The investigation of Models 1-4 showed that
very similar results were obtained in terms of tunnel bending moments
considering all the three interface conditions; higher values of the tunnel
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axial forces were reached in the no-slip condition (see Section 5.1).
Thus, the authors used only the no-slip condition for all the other FEM
models developed, as shown in Section 5.2 for Models 1-10 and in
Section 5.3 for Models 3-a and 3.b.

A linear-equivalent-visco-elastic approach was used for the soil. To
consider soil nonlinearity, operative V, Gs and Dg values were retrieved
from the FEM simulations at the end of the running according to the G,/
Gso(y) and Dy(y) curves shown in Fig. 3 b and so in turn according to the
achieved shear strains for each soil layer, thanks to a developed iterative
procedure. These achieved shear strains in the soil obviously depend on
the applied inputs and so in turn the operative Vg, Gs and D values vary
with the applied inputs. For “Soil 17, i.e., the soil layer between 5 m and
20 m, G;,0 and Dy o were adopted because it is a very stiff layer. Table 5
shows both the initial values and the operative values of shear modulus
and damping ratio, as well as the shear modulus reduction and the
damping ratio increase for each layer and for the three different seismic
inputs.

A linear visco-elastic constitutive model was used for the tunnel,
using the following values: E; = 36,283 MPa, v; = 0.2 and D; = 5%.

Finally, the damping matrix [C] is defined as a combination of the
mass matrix [M] and the stiffness matrix [K], according to the Rayleigh
damping approach [85]:

[Cl=a,[M] + p,[K] 2
For the calibration of the Rayleigh coefficients a, and S, the double
frequency approach was used [86]:

Dew;ew;

B, =2 3

a.=2e

L]
w; + ; w; + ;

As for the soil, w; = w; = jH 27 and w; = new;. According to
Ref. [86], for soil with a thickness greater than 50 m, it is advisable to
consider the contributions of the higher modes. The value of “n” was
chosen to obtain the damping within an essentially constant period

range: it is usually in the range 3 + 6. The authors assumed n = 3. Fig. 6

Table 5
Soil dynamic parameters for the three adopted seismic inputs.
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shows the Rayleigh coefficients obtained for the three seismic inputs.
The frequencies w; and w; for the tunnel were assumed equal to those
calculated for the soil, because the tunnel and the soil, being closely
related, respond approximately in agreement to the movement induced
by the earthquake. Alternative calibration of Rayleigh damping can be
found in Ref. [87].

3.2. The parametric analyses

Usually, dynamic analyses of coupled STSs are performed consid-
ering a homogeneous soil at the tunnel level [88]. However, soil het-
erogeneity in terms of soil density and shear wave velocity can
significantly influence the soil-tunnel dynamic behaviour. Thus, starting
from the real case history, the present work deals with numerous
parametric analyses carried out considering at the tunnel level different
values of the impedance ratio I, defined as:

I=(p, e Vs1)/(p,®Vs2) (€3]

where p;eVs; is the impedance of the soil interacting with the upper part
of the tunnel (“Soil 1) and pye Vs, is the impedance of the soil inter-
acting with the bottom part of the tunnel (“Soil 2”), being p; and Vg; the
density and the operative shear wave velocity of “Soil 17, and p and Vs,
the density and the operative shear wave velocity of “Soil 27, respec-
tively (Fig. 5).

So, the geotechnical parameters of “Soil 1”7 and “Soil 2” were
modified to obtain ten different values of I, developing ten different
models (Table 6).

Initially, Models 1-4 (Table 6) were investigated. Model 3 (I = 2.6)
refers to the real soil profile; Model 1 (I = 1.0) refers to a homogeneous
soil crossed by the tunnel. As previously stated, for Models 1-4 three
different tunnel-soil interface conditions (full-slip, no-slip, partial-slip)
were used.

Then, Models 5-10 (Table 6) were investigated. As stated above, only
the no-slip tunnel-soil interface condition was modelled for these

Initial values

Operative values”

1693 seismic event

Depth, z (m) ps (kNs2/m4) vs () G 5,0 (MPa) D 5,0 (%)
0+5 1.83 0.4 101.33 1
520 2.65 0.4 1109.31 1
20 + 30 2.04 0.4 356.78 1
30 + 40 2.04 0.4 492.83 1
40 =+ 50 2.04 0.4 650.81 1
50 + 60 2.04 0.4 830.72 1
60 <+ 70 2.04 0.4 1032.55 1
70 =+ 80 2.04 0.4 1256.32 1
1818 seismic event
Depth, z (m) ps (kNs2/m4) vs (=) G 5,0 (MPa) D 5,0 (%)
0-+5 1.83 0.4 101.33 1
520 2.65 0.4 1109.31 1
20 + 30 2.04 0.4 356.78 1
30 =+ 40 2.04 0.4 492.83 1
40 =+ 50 2.04 0.4 650.81 1
50 < 60 2.04 0.4 830.72 1
60 + 70 2.04 0.4 1032.55 1
70 = 80 2.04 0.4 1256.32 1
1990 seismic event
Depth, z (m) ps (kNs2/m4) vs (=) G 5,0 (MPa) D 5,0 (%)
0-+5 1.83 0.4 101.33 1
5+20 2.65 0.4 1109.31 1
20 + 30 2.04 0.4 356.78 1
30 =+ 40 2.04 0.4 492.83 1
40 =+ 50 2.04 0.4 650.81 1
50 + 60 2.04 0.4 830.72 1
60 <+ 70 2.04 0.4 1032.55 1
70 = 80 2.04 0.4 1256.32 1

Gs (MPa) Gs/Gs0 (—) Vs (m/s) Ds (%) Ds/Ds,0 (—)
79.69 0.78 209 4 4
1109.31 1.00 647 1 1
212.43 0.60 323 4 4
327.68 0.66 401 4 4
468.19 0.72 479 4 4
604.63 0.73 544 4 4
767.33 0.74 613 4 4
958.26 0.76 685 4 4
Gs (MPa) Gs/Gs0 (—) Vs (m/s) Ds (%) Ds/Ds,0 (—)
71.14 0.70 197 5 5
1109.31 1.00 647 1 1
183.42 0.51 300 5 5
277.56 0.56 369 5 5
399.45 0.61 443 5 5
540.76 0.65 515 5 5
708.89 0.69 590 5 5
906.69 0.72 667 5 5
Gs (MPa) Gs/Gs0 (—) Vs (m/s) Ds (%) Ds/Ds,0 (—)
80.61 0.80 210 3 3
1109.31 1.00 647 1 1
213.96 0.60 324 3 3
328.83 0.67 402 3 3
479.15 0.74 485 3 3
637.47 0.77 559 3 3
815.09 0.79 632 3 3
1018.79 0.81 707 3 3

 Final dynamic properties adopted to consider soil nonlinearity in the FEM modelling, evaluated considering the effective shear strains due to every applied seismic

input.
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1693 Seismic input
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1818 Seismic input
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Fig. 6. Rayleigh damping curves and parameters used in the FEM modelling.

Table 6
Main equivalent soil parameters for the two soil layers crossed by the tunnel for
Models 1-10.

Model 11=1.0 Model 21 = 2.0
Soil Layer Depth(m) psﬂchz/m4) Vs(m/s) ps(stz/m4) Vs(m/s)
1 5+20 2.04 323 2.65 496
2 20 + 30 2.04 323 2.04 323
Model 31=2.6 Model 41 = 3.5
Depth(m) p(kNs*/m*)  Vg(m/s)  pokNs*/m*)  Vs(m/s)
1 5+20 2.65 647 2.65 647
2 20 + 30 2.04 323 2.04 240
Model 51=1.5 Model 61 =1.5
Depth(m) p(kNs*/m*)  Vs(m/s)  py(kNs*/m*)  Vs(m/s)
1 5+20 2.65 647 2.65 647
2 20 + 30 2.04 560 2.65 431
Model 71 = 3.0 Model 81=0.5
Depth (m) ~ py(kNs*/m*)  Vs(m/s) — py(kNs*/m*)  Vg(m/s)
1 5+ 20 2.65 647 2.04 323
2 20 =30 2.04 280 2.65 496
Model 91=10.3 Model 101 = 4.0
Depth(m)  py(kNs?’/m*)  Vs(m/s)  py(kNs*/m*)  Vs(m/s)
1 5+20 2.04 240 2.65 647
2 20 + 30 2.65 647 2.04 210

additional models.

Finally, the tunnel depth was modified. Starting from Model 3 having
a tunnel cover equal to Az = 17 m, two other models were performed: in
Model 3-a Az =12 m and in Model 3-b Az = 7 m were assumed. For the
original tunnel cover Az = 17 m, the tunnel crossed 3 m of “Soil 1” and 7
m of “Soil 27; for Az = 12 m, the tunnel crossed 8 m of “Soil 1” and 2 m of
“Soil 2”; for Az = 7 m, the tunnel crossed only “Soil 17 (Figs. 2 and 5).

For all the analyses focused on the effects of I, the 1693 seismic input
was used. For the analyses focused on the effects of the tunnel depth the
1818 and 1990 seismic inputs were also used, thus considering the effect
of different inputs on the tunnel behaviour as well.

Table 7 reports the seismic inputs, tunnel-soil interface conditions,
the tunnel cover, Az, and the impedance ratio, I, used for all the
investigated FEM models.

Table 7
Main characteristics of all the FEM models developed.

Model  Applied seismic input ~ Tunnel-soil interface condition ~ Az (m) I

1 1693 no-slip condition (p = 1) 17 1.0
1693 full-slip condition (p = 0) 17 1.0
1693 partial-slip condition (p = 0.5) 17 1.0
2 1693 no-slip condition (p = 1) 17 2.0
1693 full-slip condition (p = 0) 17 2.0
1693 partial-slip condition (p = 0.5) 17 2.0
3 1693 no-slip condition (p = 1) 17 2.6
1693 full-slip condition (p = 0) 17 2.6
1693 partial-slip condition (p = 0.5) 17 2.6
3a 1693 no-slip condition (p = 1) 12 2.6
1818 no-slip condition (p = 1) 12 2.6
1990 no-slip condition (p = 1) 12 2.6
3b 1693 no-slip condition (p = 1) 7 2.6
1818 no-slip condition (p = 1) 7 2.6
1990 no-slip condition (p = 1) 7 2.6
4 1693 no-slip condition (p = 1) 17 3.5
1693 full-slip condition (4 = 0) 17 3.5
1693 partial-slip condition (p = 0.5) 17 3.5
5 1693 no-slip condition (p = 1) 17 1.5
6 1693 no-slip condition (p = 1) 17 1.5
7 1693 no-slip condition (p = 1) 17 3.0
8 1693 no-slip condition (p = 1) 17 0.5
9 1693 no-slip condition (p = 1) 17 0.3
10 1693 no-slip condition (p = 1) 17 4.0

4. Analytical solutions used to evaluate the dynamic lining
internal forces

The response of the STS was discussed in terms of lining internal
forces. These quantities were evaluated not only through the FEM ana-
lyses but also using the closed-form solutions proposed by Refs. [26,27],
modified as will be discussed later in the section. Wang [26] and Penzien
[27] solutions are commonly used in the preliminary design stages of
tunnels and based on these assumptions: a) the soil is an infinite, elastic,
homogeneous, isotropic medium; b) the circular lining is generally an
elastic medium under plane strain conditions.

The response of the tunnel lining is expressed as a function of the
compressibility and flexibility ratios (C and F) of the tunnel, which are
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respectively measures of the extensional and flexural stiffness of the soil
relative to the tunnel; they are given by Ref. [89]:

 E(-d)r

T Es(1+ (1 — 204) v
7Es(l - 1/12)7'3

T OB (1 + ) °

where E; is the soil Young modulus, v; is the soil Poisson’s ratio, E; is the
tunnel Young modulus, v; is the lining Poisson’s ratio, I; is the tunnel
moment of inertia (per meter) and r and s are respectively the radius and
the thickness of the tunnel. For F — 0 the tunnel is rigid and will not
show deformations. For 0 < F < 1 the tunnel is stiffer than the soil, thus
the tunnel deformation will be smaller than the soil deformation (rigid
tunnel). For F = 1 the tunnel and the soil have the same level of stiffness,
so the tunnel will follow the free-field deformation. For F > 1 the racking
deformation of the tunnel is amplified compared with the soil defor-
mation (flexible tunnel).

For Models 1-10 it was significantly F > 1.

Wang [26] proposed the expressions (7-11) for evaluating the
maximum bending moment Myax and the maximum axial force Nyax, in
the lining per unit of longitudinal dimension, due to seismic loadings.

For both the full-slip and no-slip conditions at the soil-tunnel inter-
face, Myax can be computed as:

1 E,
Myax = +-Kj———r7 7
MAX 6 1(1+DJ)V Vmax @
where
12(1 — )
K=—H " 8
'T2F+5 -6y, ®

and ymax is the soil maximum shear strain at the tunnel depth.
As regards Nyax, for the full-slip condition it can be computed as:

1 E
N, =+-K—— 9
MAX 6 l(l+l/,\-)ry"m (C)]

For the no-slip condition Nyax can be computed as:

E
=+ K— 1
Nyax 22(1+D3)r7nw (10)

where:
F[(1—2v,) — (1 —20,)C) — }(1 — 21,)* +2
Ko—1+ [( vs) = ( vs)C) = 5( vs)” + an

F[(3 = 2y) + (1 = 2u5)C] + C(3 — 8v, + 612) + 6 — 8u;

Penzien [27] developed similar closed-form solutions, proposing the
expressions (12-19) for evaluating the bending moment M(6) and the
axial force N(0), being 0 the centre angle of the tunnel (see Fig. 5b).

Assuming the full-slip condition, the bending moments and the axial
forces can be computed as:

3ELRY P
M) = £+ ————-2= 2(0+— 12
(0)= 50—y o (0+3) (12)
. 6E[I/Rn}’mw( . Y/
N(O)= Gy cos 2(9+Z) (13)
where:
4(1 — )
RM — :t 14
@) 14)

n_ 12E111(5 — 61/5)

Y TTBG (1) 1s)

Assuming the no-slip condition, the bending moments and the axial
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forces can be computed as:

| 3EdRY,. T
M(H)fid(l_y[z) c032<0+4) (16)
| L2ELRy 0 z
NO=* 0052(0+4> 17)
where:
4(1 —v,)
R=+——- 18
(a+1) (18)

YTTBG,0 - )

As previously mentioned, expressions (7-19) were developed for
tunnels in homogeneous soil. So, the authors fit them for the heteroge-
neous soil profile under analysis, adopting the following two different
approaches.

- Approach N. 1: Considering the anticlockwise, for 0 from 6. to 6,
crossing the tunnel “Soil 17, Eg (or Gs) of “Soil 1" was used; for 6 from
0, to Oy, crossing the tunnel “Soil 27, Eg (or Gg) of “Soil 2” was used,
being 6; the centre angle of the tunnel crossing the soil discontinuity
on the right of the tunnel vertical axis and 6, the centre angle of the
tunnel crossing the soil discontinuity on the left of the tunnel vertical
axis (see Fig. 5b). These angles assume different values considering
the different hypothesized tunnel covers: for Az =17 m, 6, = 24° and
6y = 156°, while for Az = 12 m it is 6, = 323° and 6 = 217°; finally,
for Az =7 m the tunnel crosses only “Soil 1”. As for the soil maximum
shear strain at the tunnel depth, for 0° < # < 360° a unique value of
ymax Was considered as the average value of the maxima soil shear
strains for 17 m < z < 27 m, i.e., along the tunnel.

Approach N. 2: Considering the anticlockwise, for 6 from 6. to 6y,
crossing the tunnel “Soil 17, Eg (or Gg) of “Soil 1" was used; for § from
) to Oy, crossing the tunnel “Soil 2, Eg (or Gg) of “Soil 2” was used, as
assumed in the previous Approach N. 1. Nevertheless, unlike the
previous approach, two different values of yn,x were considered: the
first one is the average value of the maxima soil shear strains for “Soil
17, i.e., for 0 from 6; to 6;; the second one is the average value of the
maxima soil shear strains for “Soil 27, i.e., for  from 6, to 6.

5. Results in terms of tunnel bending moment (M) and axial

force (N)

The authors investigate the response of the STSs under examination
in terms of dynamic lining internal forces. Section 5.1. shows the effect
of the soil stiffness discontinuity and of the tunnel-soil interface condi-
tions on the tunnel dynamic lining forces, M and N, for I in the range
1.0-3.5 (Models 1-4). Section 5.2. show the effect of the soil stiffness
discontinuity on M and N for the tunnel-soil no-slip condition and I in the
range 0.3-4.0 (Models 1-10). Finally, Section 5.3. shows the effects of
the tunnel depth and of the seismic inputs on M and N for the tunnel-soil
no-slip condition and I = 2.6 (Model 3). For the main characteristics of
all the investigated models see also Table 7.

5.1. Effects of I and tunnel-soil interface conditions on M and N: results
concerning models 1-4 (I = 1.0-3.5)

As previously stated, the results reported in this section were ob-
tained considering the 1693 seismic input. All the tunnel-soil interface
conditions discussed in Section 3 were considered. Figs. 7 and 8 show,
respectively, the numerical seismic bending moments M and axial force
N computed along the tunnel for Models 1-4. Two different coloured
bands highlight the two different soil layers crossed by the tunnel: pink
refers to “Soil 1” interacting with the upper part of the tunnel, beige



G. Abate et al.

Model 1 =1
150

120
90

@e
. NV

0
0 45 90 135 180 225 270 315 360
o0l

M [kNm/m]

Model 3 I1=2.6

150

120 8
£ 90
E
=
= 60
=

30 |

0

0 90 135 180 225 270 315 360
8]

Soil Dynamics and Earthquake Engineering 168 (2023) 107849

Model 2 |=2

A

45 135 180 225 270 315 360
8[°]

fury
i
(=]

B

M [kNm/m]
W (1) {r=] :
o (=] o [=]

[=]

Model 4 1=3.5
150

120 (%9

w
(=]

M [kNm/m]

s
o

135 180 225 270 315 360
e[’

0 45 90

SOIL1
- —— 2D FEM Analysis No Slip = 2D FEM Analysis Full Slip —— 2D FEM Analysis Slip (n=0.5)

@]

Fig. 7. Numerical dynamic bending moments for Models 1-4.
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Fig. 8. Numerical dynamic axial forces for Models 1-4.

refers to “Soil 2” interacting with the bottom part of the tunnel.

The strong influence exerted by the soil heterogeneity was found in
the M distribution (Fig. 7). As expected, the best distribution of M was
obtained for Model 1, representing the homogeneous soil condition at

the tunnel depth (I = 1.0). For higher values of I, higher values of M were
evaluated, resulting in a strongly non-uniform bending moment distri-
bution along the tunnel. Smaller bending moments were found at the
depth of “Soil 1 (stiff soil); higher values were obtained at the depth of

10
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“Soil 2 (soft soil), with important peaks at the soil stiffness disconti-
nuity. The soil stiffness discontinuity produces the evident peaks of the
bending moment exactly at the soil stiffness discontinuity. The greater
the soil stiffness discontinuity, the greater the bending moment peak, i.
e., the peaks increased as I increased. Passing from I =1 to I = 3.5 Myax
grew by about 200%.

Therefore, it is advisable to carefully evaluate bending moment
distributions for a tunnel crossing heterogeneous soil and to perform the
necessary geotechnical in-situ tests to precisely estimate the depth of the
soil stiffness discontinuity and the impedance ratio I. As for the three
different tunnel-soil interface conditions, very similar results were
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achieved (Fig. 7).

Unlike the bending moments, the axial forces obtained did not vary
much with I, because axial forces are not so influenced by the soil
deformation trend around the tunnel (Fig. 8). Nevertheless, the values of
the axial forces are lightly different in the two parts of the tunnel inside
“Soil 1” and inside “Soil 2”, respectively. Regarding the three different
soil-tunnel interfaces, higher values of axial forces were reached in the
no-slip condition, due to the higher concentration of stress along the
tunnel, generated by a lack of relative sliding between the soil and the
tunnel. For the partial-slip condition, around 20% lower values were
obtained. Finally, for the full-slip condition, constant low values (about
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Fig. 9. Comparison between analytical (Approach N.1) and numerical results in terms of dynamic bending moments.
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200 kN/m) were found.

The results shown in Figs. 7 and 8 were also compared with those
obtained using the analytical solutions developed for both the no-slip
and full-slip conditions by Refs. [26,27] modified according to
Approach N.1, described in Section 4.

Fig. 9 shows the comparison for Models 1-4 in terms of bending
moments. The numerical results achieved for Model 1 (I = 1) were very
similar to the analytical solutions for both the interface conditions (no-
slip and full-slip). For I > 1.0 a disagreement between analytical and
numerical results was obtained. The highest degree of difference be-
tween Myum-max and the Manar-max is equal to about 70% (I = 3.5,
Model 4). The analytical solutions underestimated the bending
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moments, and they were not able to reproduce the strong effect of the
soil heterogeneity on the M distribution.

Similarly, Fig. 10 shows the comparisons between the analytical
axial forces and the numerical ones. A great disagreement was often
obtained. A good agreement is achieved only for Model 1 (I = 1, ho-
mogeneous soil) considering the Wang solution [26] for the no-slip
interface condition. Very low values were achieved using the Penzien
solutions [27], as found by other studies [88]. An increase in I leads to a
greater disagreement between the analytical and numerical results, and
the strongest disagreement was found for the full-slip interface condi-
tion. disagreement was found for the full-slip interface condition.

As previously explained, the analytical solutions require the
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Fig. 10. Comparison between analytical (Approach N.1) and numerical results in terms of dynamic axial forces.
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maximum shear strain of the soil at the tunnel depth to be estimated.
This strain is evaluated referring to the average value of the maxima soil
shear strains that occurred at the tunnel depth. But obviously, a strong
soil stiffness discontinuity causes a great difference in the maximum
shear strain profile ymax(z).

As an example, Fig. 11 a shows the maxima shear strains profile for
Model 3 (which refers to the real soil profile), obtained through the FEM
analyses. Fig. 11 b shows the zoomed profile for 5 m < z < 35 m. The
dashed blue line represents the average value (0.117%) considering both
“Soil 17 and “Soil 2”. As already specified, this value was used to
compute the analytical dynamic lining internal forces shown in Figs. 9
and 10 (see Approach N. 1 in Section 4). The dashed green line repre-
sents the average value of the maxima shear strains for every single layer
(0.054% for “Soil 1” and 0.165% for “Soil 2”, respectively). A great
disagreement exists between the dashed blue line and the dashed green
line.

So, the analytical internal forces were recalculated using the average
values of the maxima shear strains for every single layer, i.e., according
to the ymax(z) profile represented by the dashed green line of Fig. 11 (see
Approach N. 2 in Section 4). Fig. 12 shows the analytical ones evaluated
according to Approach N. 2, only for the no-slip condition for Model 3.

The numerical internal forces were also reported. A better agreement
between analytical and numerical internal forces was clearly achieved.
Similar results were obtained for all the other FEM models (see Section
5.2). The highest degree of difference between Myypm.max and the Manar.-
MAx is now equal to about 20% (I = 3.5, Model 4).

Summarizing the analyses concerning Models 1-4 leads to the
following conclusions.

- For high values of I, a strongly non-uniform M distribution along the
tunnel and important peaks (increasing with the increase in I) at the
soil discontinuity were obtained.

- Unlike the bending moments, the axial forces obtained did not vary
much with L

- As regards the three different tunnel-soil interface conditions, very
similar results were obtained for each in terms of M, higher values of
N were reached in the no-slip condition.

- As for the comparisons between the numerical analyses and the [26,
271 analytical solutions modified by the authors, the best agreement
was achieved by means of Approach N. 2, especially in terms of
bending moments (AM = 0-20%).

5.2. Effects of I on Myjax and Nyax: results concerning models 1-10 (I =
0.3-4.0)

As for Section 5.1, the results reported in this section were obtained
considering the 1693 seismic input. Fig. 13 shows the comparison be-
tween the maxima analytical internal forces and the numerical ones for
all ten models developed (Models 1-10, represented by the numerical
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indicators in Fig. 13). Only the no-slip soil-tunnel interface condition
was considered. The previously discussed numerical results suggested
the use of the no-slip tunnel-soil interface condition to guarantee the
highest possible safety condition. Analytical results were obtained using
both Approach N. 1 (first row) and Approach N. 2 (second row).

Regarding the bending moments, a good agreement between nu-
merical and analytical results was achieved only for values of I close to 1.
The comparison became less satisfactory for strong heterogeneity, see
the results for Model 4 (I = 3.5), Model 7 (I = 3.0), Model 9 (I = 0.3) and
Model 10 (I = 4.0). This is more evident for the results obtained using
Approach N. 1. The highest degree of difference between Myym.max and
the Manar-max is for Model 9 (I = 0.3): it is equal to about 200% using
Approach N. 1 and equal to about 20% using Approach N. 2.

As for the dynamic axial forces, the modified Wang solution fur-
nished high values in comparison with the numerical ones for Models 3,
7,4 and 10. Generally, a better agreement is reached using Approach N.
2. NanaL-max values obtained by the Penzien solution [27] modified
according to Approach N. 2 are still too low.

Finally, Fig. 14 reports Myax and Nyax versus I, adopting both
Approach N. 1 and N. 2 and the percentage difference AM% between
Mnum-max and the Manar-max, as well as the percentage difference AN%
between Nyummax and the Nanar-max- Considering that the Penzien
solution [27] gives very low values, AN% was not considered for the
[271.

As for the Myax vs I trend, it is possible to observe that Myax strongly
depended on I: the further I was away from 1, the higher the value of
Muax, except for Models 5 and 6. The latter furnished values of Myax
lower than those obtained for Model 1 (I = 1.0), because Models 5 and 6
are characterized by a stiffer soil profile along the tunnel in comparison
to Model 1 and by a low soil stiffness discontinuity (I = 1.5); then, lower
soil shear strains occur around the tunnel for Models 5 and 6 in com-
parison to those for Model 1. AM% is always close to 0 for Model 1
(homogeneous soil crossed by the tunnel), as we expected. Adopting
Approach N. 1 for the other models, it ranges between 30% and 60%,
except for Model 9 (I = 0.3) for which AM% reaches a very high and
anomalous value. Adopting Approach N. 2 AM% varies in the range
0-20%, except for Model 9, for which AM% = 60%. For Model 9 the very
soft “Soil 1” produces great localised shear strains in the soil, which in
turn produces a great Myum-max; this aspect is not completely captured
by the analytical Approach N. 2.

As for Nyax vs I trends, it is possible to observe that the numerical
axial forces did not significantly vary with I; instead, they strongly
increased with I according to the modified Wang solution. Finally, the
modified Penzien solution gave very low values, as previously observed.
AN% is always close to 0 for Model 1. Adopting Approach N. 1, for the
other models AN% ranges between —10% and —80% and it is farther and
farther from zero, the more marked is the difference in stiffness between
the two soil layers. Adopting Approach N. 2, AN% is remarkably closer
to zero for Models 2, 5, 6 and 9, while for the other models it is still quite

b) Fimax [%]
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Fig. 11. (a) FEM maxima soil shear strains profile for Model 3 (continuous red line) and soil shear strains adopted for Approach N. 1 (dashed blue line) and for

Approach N.2 (dashed green line); (b) Zoomed Profile.
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Fig. 13. Maxima numerical and analytical dynamic internal forces. Analytical
dynamic internal forces were evaluated considering both Approaches N.1 and
N. 2.

far from zero.

Summarizing, the analyses concerning Models 1-10 leads to the
following conclusions, confirming generally what was found analysing
the previous models.

- A good agreement between numerical and analytical results was
achieved using Approach N. 2.

An increase in I led to an increase in the gap between the analytical
and numerical results. The gap could be acceptable in terms of M, but
it would not be acceptable in terms of N for a high value of I
Mwax strongly depended on I: the further I was away from 1, the
higher the value of Myax, The numerical Nyax did not significantly
vary with [; instead, as for the analytical values, Nyax strongly
increased with I according to the [26] analytical solution modified by
the Authors and assumed very low values according to the [27]
analytical solution modified by the authors.
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5.3. Effects of the tunnel cover Az and of the input motion on M and N:
results concerning model 3 (I = 2.6)

The effect of the tunnel depth and of the input motion on the dy-
namic lining forces for tunnels in homogeneous soil were widely
investigated by the authors in a previous paper [38]. In the present
paper, the authors would like to focus their attention on the effects of the
tunnel depth and of the input motion on the dynamic lining forces for
tunnels in heterogeneous soil. Including soil heterogeneity, the different
values of the tunnel portion interested by Soil 1 and 2 enlighten the
effect of the position of the tunnel with respect to the horizontal
discontinuity. Varying the tunnel depth, it occurs a double effect since it
varies both the tunnel depth and the presence or absence of a soil hor-
izontal discontinuity crossing the tunnel.

The results reported in this section were obtained considering the
1693, 1818 and 1990 seismic inputs, with reference to Model 3 (4z =17
m), Model 3-a (Az = 12 m) and Model 3-b (Az = 7 m) thus considering
the tunnel-soil no-slip condition.

Fig. 15 shows the comparison between the numerical and analytical
Muax (first column) and Nyjax (second column), considering the three
different tunnel covers: i) Az = 17 m (real configuration, Fig. 5); ii) Az =
12 m; iii) Az = 7 m. So, it was possible to investigate the effect of the
tunnel position in respect to the soil stiffness discontinuity. The
analytical values were obtained using Approach N.2.

Each histogram shows the influence of the tunnel depth on the dy-
namic lining forces. For Az = 7 m, the tunnel was completely inside “Soil
17, which is a very stiff layer; so, very small shear strains occurred, that
in turn produced the lowest values of Myax. For Az = 17 m the highest
values of Myjax were obtained, because the tunnel crossed 3 m of “Soil 1”
and 7 m of “Soil 2”. “Soil 2” is more deformable than “Soil 1” and so “Soil
2”7 caused the highest shear strains in the tunnel. For Az = 12 m the
tunnel crossed 8 m of “Soil 1” and 2 m of “Soil 2”, so, the soil discon-
tinuity caused bending moments greater than those for Az = 7 m, but
lower than those for Az = 17 m, because for Az = 12 m the tunnel crossed
only 2 m of “Soil 2” (more deformable of “Soil 1”). Similar results
concerned the axial forces Nyax.

These results highlight the importance of evaluating the exact soil
profile.

As for the effect of the input motions, which differ only as regards the
frequency content (see Section 2.1), it is possible to observe that
generally the highest values of Myjax were obtained for the 1818 seismic
input. Quite similar values of Myax were obtained using the 1693 and
1990 seismic inputs. This depends on the soil-nonlinearity discussed in
Section 3.

The input motions differ for the frequency content and thus they
cause in the soil different strain levels, which in turn lead to different
operative Gy and Dg values due to soil nonlinearity. The different
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Fig. 14. Maxima numerical and analytical internal forces versus soil impedance ratio and their percentage differences.

operative Gs and D; values lead to different soil natural frequencies. The
closer the predominant frequency of the input is to the natural frequency
of the soil, the higher the strains will be. Thus, a circular process occurs,
until a final configuration is reached. This circular process is different for
the three input motions. Operative G and Dg reported in Table 5 were
used to consider the soil nonlinearity. As previously discussed, these
values depend on the soil strain levels that in turn depend on the seismic
inputs (see Fourier Spectra in Fig. 4).

From Table 5 it is possible to observe that: Gy1/Gs2 = 5.24 for the
1693 seismic input, Gs1/Gs2 = 6.05 for the 1818 seismic input, and G/
Gso = 5.18 for the 1990 seismic input. So, the highest impedance ratio I
was obtained considering the 1818 seismic input. This in turn causes the
highest values of Myax. Similar trend was observed in terms of Nyax
except for the modified Wang approach at 17 m tunnel depth where
1693 seismic input has the highest Nyjax.

So, the results reported in Fig. 15 underline the importance of
carefully considering soil nonlinearity. Soil nonlinearity has been
considered approximately in the present paper, due to a lack of all the
geotechnical data necessary for using more sophisticated soil constitu-
tive models including dynamic soil nonlinearity [90,91] and because the
main goal of the paper is to evaluate the effects of soil heterogeneity (i.
e., of the I value) at the tunnel level in the dynamic tunnel lining forces.

6. Conclusions

Starting from a real case history regarding a cross-section of the
Catania (Italy) underground network crossing two different soil layers
(“Soil 1” and “Soil 27), the paper deals with several numerical FEM
analyses, focusing attention on the soil discontinuity at the tunnel depth,
in terms of the soil impedance ratio I, evaluated as the ratio between the
impedance p;eV;; of the soil interacting with the upper part of the tunnel
(“Soil 1”) and the impedance peVyy of the soil interacting with the
bottom part of the tunnel (“Soil 27), being p and Vg the soil density and
shear waves velocity, respectively. Different values of the impedance
ratio I and of the tunnel cover Az were assumed. The tunnel dynamic
lining bending moment (M) and axial force (N) were investigated.

Moreover, the analytical solutions proposed by Refs. [26,27] to
compute M and N for tunnels in homogeneous soil deposits were
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considered and modified to include soil heterogeneity. Two different
approaches were proposed to evaluate the maxima shear strain (ymax)
required by the analytical solutions: i) an average value of ypx along the
tunnel was used in Approach N. 1; ii) the average value of ypax for “Soil
1” along the upper part of the tunnel and the average value of yn,x for
“Soil 2” along the lower part of the tunnel were used in Approach N. 2.
The results obtained by both Approaches N.1 and N.2 were compared
with the FEM results.
The main results can be summarised as follows.

The strong influence of the heterogeneity of the soil crossed by the
tunnel was found in the M distribution. The further I was away from
1, the higher the value of Myax, obtaining a strongly non-uniform M
distribution along the tunnel.

Unlike the bending moments, the axial forces obtained did not vary
significantly with I

As for the comparisons with the [26,27] analytical solutions modi-
fied by the authors, a good agreement was achieved for values of I
close to 1 and using Approach N. 2.

In the case of strong soil impedance discontinuity at the tunnel depth
(I very far from 1), it is advisable not to use either the original [26,
271 solutions or those modified according to the proposed Approach
N.1; it is advisable to use the solutions [26,27] modified according to
the proposed Approach N. 2 for a preliminary estimation of the dy-
namic lining forces M. For a careful estimation of the dynamic lining
forces M and N it is advisable to perform FEM analyses.

As for the effect of the tunnel position with respect to the soil
impedance discontinuity on M and N, the lowest values of Myjax were
obtained for the tunnel completely inside “Soil 17, which is a very
stiff layer. The highest values of Myax were obtained when the
tunnel crosses a greater portion of the more deformable “Soil 2” than
the stiffer “Soil 1. Similar results concerned the axial forces Nyax,
even if the tunnel depth proved to have a minor influence.

The results obtained highlight the importance of evaluating the exact
soil profile and the soil impedance ratio I around tunnels through
careful geotechnical investigations.
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