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ABSTRACT

Effects induced by earthquakes in a tunnel lining can be assessed with several methods at increasing
levels of complexity, by evaluating the load increments from a free-field seismic response analysis, or
after the solution of a dynamic soil-structure interaction problem. In this paper, different procedures
are shown and their results are compared. The sample problem was a circular tunnel of 6 m in
diameter and 1000 m long, with the axis at a depth of 15 m in a 30 m thick layer of medium dense
gravel, sand or soft clay, overlying relatively stiff bedrock. Pseudo-static and simplified dynamic
analyses have been performed and compared with a full dynamic soil-structure interaction analysis,
carried out by the finite element method. Results show that as far as the structure is relatively flexible,
simplified methods can be used to reliably assess the seismic forces induced on the tunnel.
Nevertheless, the straightforward pseudo-static analyses need a careful evaluation of the surface
acceleration. Along the longitudinal axis two procedures have been compared, which can take into
account, in a simplified way, both the obliquity of seismic waves and the non-synchronism of the
motion.
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INTRODUCTION

It was common opinion that earthquake effects on underground structures are not very important. This
is because these structures have generally experienced a low level of damage in comparison to
constructions above ground. Nevertheless, some underground facilities were significantly damaged
during recent strong earthquakes (Hashash et al., 2001). As a consequence of this, and owing to the
increasing protection level needed in constructing large-diameter tunnels especially in urban areas, the
seismic response of these structures have been addressed by many authors in the last years (St.John &
Zahrah, 1987, Wang 1993; Kawashima, 2000; Vanzi, 2000; Hashash, 2005; Pakbaz & Yareevand,
2005).
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Earthquake damages of underground structures are due to ground shaking and soil failures such as
liquefaction or slope instabilities. In particular, the response of tunnels to earthquake motion, which is
the topic of the present work, appears in three forms of deformation: axial compression and extension,
longitudinal bending and ovaling/racking (Owen & Scholl, 1981). Axial and bending deformations are
generated by the components of seismic waves producing particle motion parallel or perpendicular to
the longitudinal axis of the tunnel, respectively. Ovaling or racking deformations are mostly due to
shear waves propagating perpendicularly to the tunnel axis, resulting in a distortion of the cross-
section of the structure. Generally, these different forms of deformation are analysed separately.
Specifically, design considerations are in the direction along the tunnel axis for axial and bending
deformations, and in transverse direction for ovaling deformation.

In this paper, forces induced by ground shaking in the tunnel lining are evaluated using several
calculation procedures at different levels of complexity, which fall into the class of the pseudo-static
and simplified dynamic methods (Rampello, 2005). Results obtained modelling complete dynamic
soil-structure interaction are also shown. The case of a circular tunnel embedded in soil deposit
overlying relatively stiff bedrock is analysed. Three different subsoil models are considered: a layer of
soft clay, medium dense sand or gravel. In addition, many acceleration time histories registered in
Italy during seismic events are employed as input motion. The free-field soil deformations caused by
wave propagation are calculated under the assumption that the soil behaviour is described by a linear
or nonlinear visco-elastic model. The interaction of the underground structure with the surrounding
soil is analysed both in transversal and longitudinal directions.

REFERENCE SUBSOIL MODELS

The analytical simulations have been performed on three idealized ground conditions (Fig. 1): a 30 m
thick layer of soft clay, medium dense sand or gravel, overlying a soft rock half-space as a bedrock
(V=800 m/s, y=22 kN/m’, D,=0.5%). The tunnel has the following characteristics:

- circular shape with reinforced concrete lining (thickness t=0.3 m, diameter D=6 m);

- axis depth z,=15 m, length 1000 m.
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Figure 1. Subsoil models



The values of small strain soil parameters have been chosen by means of literature empirical
relationships, linking the shear modulus (G,) and the damping ratio (Dy) to the lithostatic stress, the
void ratio and intrinsic soil properties, such as particle size and plasticity index Ip (Santucci de
Magistris, 2005; d’Onofrio & Silvestri, 2001). Starting from G,(z), it is possible to obtain the shear
wave velocity profile Vy(z) as:

V()= |S@ 0
Y

where p is the soil density. The variations of V with depth for each soil model are shown in Fig. 1,
where the dashed lines represent the value of the so called ‘equivalent velocity’ (EN 1998-1, 2003):
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Table 1 summarizes the geotechnical parameters, the ground type according to the Italian code
(OPCM 3274, 2003), and the corresponding values for the site amplification factor, S.

Vs,30 =

Table 1: Ground parameters and classification according to OPCM 3274

/0 0,
Grgun (p)( (%) y(kN/m?’) Do)( % Vs 30(m/s) Type S
Clay 25 30 18 2.5 124 D 1.35
Sand 35 - 20 1.0 239 C 1.25
Gravel 44 - 21 1.0 401 B 1.25

In linear equivalent dynamic analyses, it is also necessary to introduce the variation of shear modulus
G and damping ratio D with the shear strain level y in the computational model. Therefore, the curves
G(y)/Gy and D(y) for the three materials (Figure 2) have been assumed according to various literature
indications:

- for clay, the curves suggested by Vucetic & Dobry (1991) for [;=30% ;

- for sand, the well-known curves by Seed & Idriss (1970);

- for gravel, the relationships reported by Stokoe (2004) for D5y, = 10mm.
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Figure 2. Variation of normalised stiffness and damping with shear strain level.



ANALYSIS OF THE TRANSVERSE SECTION

In a full dynamic analysis, the force increments in the lining due to an earthquake are directly obtained
as an output of the numerical method adopted for the simulation of the shaking of the coupled ground-
tunnel system. On the other hand, in simplified (pseudo-static or dynamic) methods the kinematic soil-
structure interaction is neglected and the analysis is uncoupled: a displacement field is applied to the
tunnel boundary, as obtained by means of a one-dimensional free-field site response analysis, i.e. by
neglecting the effects of tunnel shape and stiffness on the seismic ground behaviour. Moreover, the
effects of compression waves are also neglected, as only S waves are considered, which propagate in
vertical planes inducing shear strain y. Thereafter, deformations are used to calculate seismic force
increments in the tunnel lining by means of closed-form elastic solutions, such as those by Penzien &
Wu (1998).

Pseudo-static analysis

Four different methods have been developed, to evaluate the maximum shear stress, which can be
calculated from the equilibrium of a deformable soil column between the surface and a given depth z.
The maximum soil shear strain at a depth z is always calculated by dividing the maximum shear stress,
Tmax(Z), by the shear stiffness, G(z), at the same depth:

— Tmax(z)
Y(2) = G (3)

With each pseudo-static method, both linear and linear equivalent analyses have been carried out; in
linear analyses the shear modulus G in Eq. (3) coincides with the small strain stiffness G,, whereas in
linear equivalent analyses it depends on the strain level as specified in Fig. 2. For a straightforward
evaluation of the maximum shear strain in the soil, the Ramberg & Osgood (1943) model has been
used, which expresses the shear strain as a function of the shear stress as follows:

1.2 Jt.@]
— max C max
Y max (Z) G, + [ G, } 4)

Method 1
It is assumed that the profile of peak acceleration with depth is harmonic, as the first modal shape of a
homogeneous layer of soil on a rigid bedrock. The acceleration at the bottom of the layer (am.xp) has
been set at the value for outcropping rock, a,, whereas the acceleration at surface (amays) can be
evaluated following the specifications of the Standards as:

a .=3Sa (%)

max,s g

where S is the site amplification factor (cf Tab. 1). Hence, the vertical profile of a, is given by:

2n(H-12)
A (2)=a, + Sen|:T:|(amax,s —a,) (6)

and the maximum shear stress is computed by integration as:

T (2) = [ P2, (2)02 (7
0



Method 2

The second method assumes a different variation of an.x with depth: namely, the a(z) profile is
assumed linear from surface (Say) to bedrock (ag). Such hypothesis corresponds to that of a layer of
soil shaking in a range of frequencies much lower than the fundamental.

Method 3
The shear stress distribution with depth in Eq. (3) has been calculated according to the following
equation of dynamic equilibrium of a soil column:

Amax,s

Gy (2) (8)

Tmax (2) =14(2)

which is often used in the evaluation of liquefaction susceptibility. In Eq. (8), o, is the total vertical
stress, and 14 is a reduction parameter which takes into account the soil column deformability. This
latter can be calculated as a function of depth z, for instance through the relationships given by
Iwasaki et al. (1978) and Liao & Whitman (1986), or eventually including the effects of magnitude, as
suggested by Idriss & Boulanger (2004). Further values of r4(z) can be derived by the reduction factors
of an. s With depth given by Power et al. (1996). In this work the relationship by Iwasaki et al. (1978):

r, =1-0.015z 9)

was considered as a first reference. In Eq. (9) the depth z is expressed in m.

Method 4
This method is similar to the previous, but the values of r4 have been calculated by using the equation:

T z
I’d(Z)= max( ) (10)
0,(2)25/ 9
where T, Wwas computed by the site seismic response (SSR) analyses described in the following sub-

section. The value of a,s was set again by using Eq. (5); this was necessary to provide results
comparable with those obtained by the other methods.

In Fig. 4 the profiles of r4(z) according to Eq. (10), are compared with the profiles suggested by the
above mentioned Authors. Computed profiles refer to design earthquakes with a, increasing from
0.05g to 0.35g, corresponding to the four seismic categories as defined by the Italian code (OPCM
3274, 2003).

It is pointed out that the values r4 as derived by Eq. (10) are often higher than unity at the ground level,
as ground accelerations computed in the analyses are usually higher than Sa,. This agrees with recent
works of Pitilakis et al. (2006) and Bouckovalas et al. (2006): in fact, by analysing several ground
conditions, they obtained values of S higher than those suggested by OPCM 3274 and ECS.

The figure also shows that rq increases as a, decreases, thus indicating a noticeable effect of non-
linearity. This effect is more evident close to the ground surface, where the shear stiffness undergoes
more significant changes with depth. Despite the higher values predicted for surface motion, this
method yields overall lower shear stresses at the tunnel depth with respect to the literature
relationships, at least for the subsoil profiles considered.
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Figure 4. Profiles of rq(z) after literature and as computed with EERA for clay (a), sand (b) and
gravel (c)

Simplified dynamic analysis

Acceleration, shear stress and strain induced by the seismic waves at the tunnel depth have been
calculated through a free-field one-dimensional SSR analysis. In such a way, both the acceleration
time history and the site characteristics are taken into account, whereas the kinematic soil-structure
interaction is still neglected. Peak values of the average soil shear strain, y,., in the range of depths
between the tunnel crown and the invert have been computed. The SSR analyses have been performed
by means of the code EERA (Bardet et al., 2000), which operates in the frequency domain. Ground
conditions and soil behaviour have been modelled according to Figs. 1 and 2.

The input acceleration time histories have been selected from a database of records of Italian seismic
events (Scasserra et al., 2006; Lanzo, 2006). The signals have been scaled to values of a, equal to
0.05g, 01.5g, 0.25g and 0.35¢g (according to the seismic zonation specified by OPCM 3274, 2003), and
have been applied to the base of the subsoil models.

Full dynamic analysis

The FE software Plaxis v8 (Brinkgreve, 2002) has been used to perform two-dimensional free-field
and soil-structure interaction dynamic analyses. The code allows defining the damping tensor [C]
through the Rayleigh formulation, i.e. as a linear combination of the mass tensor [M] and the stiffness
tensor [K]:

[C]=o[M]+B[K] (11)

Coefficients o and B have been calculated according to the double frequency method, assuming that
the damping ratio is constant between the first natural frequency of the deposit and a frequency n
times larger; n is the first odd integer which approximates by excess the ratio between the fundamental
frequency of the seismic signal and the first natural frequency of the deposit. This method avoids the
overestimate of damping inside the considered frequency range (Lanzo et al., 2004). The bedrock has
been assumed as a rigid boundary, whereas lateral mesh boundaries, about 10 D away from the tunnel
side, are modelled as dampers according to the Lysmer & Kuhlmeyer (1969) formulation.



Results

An overview on the adopted methods is shown in Table 2, summarising the criteria used to evaluate
the maximum acceleration at surface (ay.ys) and at the bedrock (amaxp), the maximum shear stress T
and the corresponding strain amplitude Yax.

Table 2: Overview on the methods of transverse section analysis.

max
Analysis Method | @maxp | @maxs Tmax Linear analysis Linear equalent
analysis
method 1 a
method 2 ag Ea.(7)
Pseudo-static & 1 S a4 Tmax/Go Eq. (4)
method 3| (-) Eq. (8), (9)
method 4| (-) Eqg. (8), (10)
S|mp||f|gd EERA ag free-field SSR analyses
dynamic
Full dynamic | Plaxis ay soil structure interaction analyses

Some representative results which have been obtained by applying the methods in Tab. 2 are shown in
the following. A comparison between pseudo-static and simplified dynamic methods is shown in Figs.
5-6, in terms of vertical profiles of peak acceleration, shear stress and strain. These results refer to
ground type C (sand), under a seismic event with a,,,= 0.35g. The results of SSR analyses carried out
with six different input signals have been plotted with depth (grey lines) and averaged (black lines).

It is worth noticing that, for linear soil behaviour (Fig. 5), the values assumed for a,,,x in the first two
pseudo-static methods are lower than those calculated by SSR, at least from surface to the tunnel
depth. Nevertheless, the values of 1., result comparable, whereas the shear strain y,,,x computed by
methods 1 and 2 becomes even significantly higher. More evident differences are observed for linear
equivalent analyses (Fig. 6), as all pseudo-static methods overestimate noticeably the values of Y.
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Figure 5. Profiles of amax(z), Tmax(2), Ymax(z) for sand and a,=0.35g: linear analyses.
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In Figs. 7 a-b the ratio between the pseudo-static average strain, y,s, and the corresponding average
value as computed by simplified dynamic SSR analyses, Y4, is plotted along the maximum reference
acceleration a,. The strain values considered are the average values between the depths corresponding
to the crown and the invert of the tunnel.

The plots confirm that, in most cases, pseudo-static methods generally provide a higher average shear
strain than simplified dynamic analysis, particularly for non-linear behaviour and for the case of the
soft clay deposit. Nevertheless, some ratios for granular soil are lower than unity, thus indicating that
pseudo-static analyses, in such cases, underestimate the shear strain and, therefore, forces in the lining.
It can be summarised that pseudo-static analyses can result as more conservative in estimating the
strain level, as the peak acceleration and the degree of soil non-linearity increase.

The comparison in Fig. 7 confirms that the methods 1 and 2 are in many cases too conservative,
whereas the methods 3 and 4, and in particular the latter, yield predictions of the strain level closer to
the simplified dynamic analysis.
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Figure 7. Ratios between shear strain calculated in the different pseudo-static methods and
that in the simplified dynamic analysis: linear (a) and linear equivalent (b)



In Fig. 8 a comparison between free-field dynamic linear analyses in frequency (EERA) and in time
domain (Plaxis) is shown, in terms of vertical profiles of peak variables for the sand subsoil (ground
type C), subjected to three different acceleration time histories scaled to 0.35g. It can be noted that, on
the average, the two dynamic analyses yield comparable results in terms of shear strain amplitudes at
the tunnel depth.
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For both pseudo-static and simplified dynamic analyses, it has been assumed that the internal forces in
the lining can be calculated from the free-field average shear strain, i.e. neglecting the kinematic
interaction between the lining and the ground. In this work, the analytical expressions by Penzien &
Wu (1998) have been used, which refer to a tunnel with diameter D, and with a lining defined by a
second moment of area I, and elastic parameters E; and v, The tunnel is surrounded by a
homogeneous and isotropic half-space, with linear elastic parameters E and v. Under the hypothesis of
rough interface between the lining and the soil, the variation of thrust (N), shear force (T) and bending
moment (M) with the angle 0 is given by:

N(0) = —243Et"A(29) T(0) :—243E"tA(29) tan 2(9+Ej M (0) = —65"‘A(2) (12)
D*(1-v;) D*(1-v}) 4 D*(1-v})
where the distortion A is defined as follows:
A©) = 2Dyave(l—vt)cosz(e+nj - :48Etlt3(1+v)(3—4v) (13)
1+ay D’E(1-v,)

with v,y equal to either y,s or Y. The plots of internal forces with the angle 0 have been compared in
Fig. 9 with the corresponding forces as computed by one of the full dynamic linear analyses (Sturno
record), for the sand subsoil and a,=0.35g. The comparison shows in this case the fair approximation
achieved with the all the pseudo-static methods.. With respect to dynamic soil-structure interaction
analyses, the simplified dynamic method provides fairly consistent values of shear force T and
bending moment M, whereas it underestimates the thrust N. The latter result confirms the conclusions
of a study by Hashash et al. (2005) about the use of Eq. (12) for predicting the thrust N.
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ANALYSIS ALONG TUNNEL AXIS

The seismic analysis of tunnel in longitudinal direction has been performed by two simplified methods
which model the structure as a one-dimensional linear elastic beam:
1) finite difference solution of the dynamic equilibrium equation presented by Kawashima (2000)
2) approximate solution proposed by Fu et al. (2004)

Both methods require as an input the free-field ground displacement at the tunnel axis depth. To this
purpose, the displacement profile associated with the first mode of linear elastic, homogeneous and
isotropic layer of thickness H, overlying stiff bedrock, has been considered (Kawashima, 2000). Once
that the maximum horizontal transverse displacement at the ground surface us is known, the horizontal
transverse displacement at a given depth z, uy(z), can be therefore calculated as:

0= cos(%j " (14)

The variation of the free-field displacement along the tunnel axis y, ug(y,z), will be then given by:

ug(y,2)=u,(2)- sen(g + 2;:—}](:059] (15)

S

in which A is the shear wavelength and 0 the angle defining the direction of propagation of the
incident waves with respect to the axis y. It is worth noticing that Eq. (15) takes into account, in a
simplified way, both the obliquity of seismic waves and the non-synchronism of the motion along the
longitudinal axis. The following expression can be used to evaluate Ag:

A, = 2L L, (16)
L+L,
where the two wavelengths L; and L, are given by:
L=TV, L =TV, (17)
being the period T expressed as follows:
T,=125 24—” (18)

i:l,nVsi

In Egs. (17)-(18), \75 is the average value of the shear wave velocity in the soil, V, is the shear wave

velocity in the bedrock, n is the number of sub-layers in which the deposit has been subdivided, h; and
V,; are the thickness and the shear wave velocity of the i-th sub-layer, respectively.

Evaluation of displacements
In this work, the surface displacement us in Eq. (14) has been calculated using three different pseudo-
static procedures (PS) and one simplified dynamic method (SD).

Method PS 1
The peak surface horizontal displacement is calculated from the spectral velocity S, at bedrock and the
fundamental period of the deposit T, through the expression suggested by Kawashima (2000):



u, =258 (T) (19)
T

where T is provided by Eq. (18), and S, has been evaluated from the design acceleration spectrum S,
as defined by OPCM 3274 (2003), by setting S=1.

Method PS 2
The second method is based on Eq. (19), but S,(T;) has been evaluated as the average spectrum
deduced from the selected acceleration time histories.

Method PS 3
In this method the maximum displacement at surface (in cm) is given by the equation:

u =258 T,-T, a, (20)

where Tc and Tp, are the values of the period defining the design spectrum of OPCM 3274 (2003).

Method SD

This method is based on a simplified dynamic analysis for the free-field site seismic response, aimed
to calculate the earthquake-induced maximum displacements of the soil in the range of depths
corresponding to the tunnel section. Therefore, in this case the values of u,(z) could be obtained easily
from the same free-field SSR analyses adopted for the study of the transverse section.

Figure 10 shows a comparison of the four methods, in terms of the horizontal displacement obtained
with Eq. (14) for each of the aforementioned pseudo-static methods, ugps, divided by the
corresponding displacement, ugsp, calculated by averaging the results of the linear dynamic analyses.
Again, it can be noted that the pseudo-static methods always predict higher displacements with respect
to the SSR; more in detail, method PS3 appears too much conservative, while method PS2 gives the
closest approximation to the dynamic simplified analysis.
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Figure 10. Comparison between pseudo-static and simplified dynamic prediction of ug



Finite difference solution

Forces in the tunnel lining have been calculated by modelling the tunnel as an elastic beam on
Winkler’s springs. By neglecting the inertial effects (Okamoto et al., 1973), the differential equation
governing the pseudo-static flexural response of the beam is (Kawashima, 2000):

EI 6;1;(31) = Kt[uff (y)- u(Y)] (21)

Eq. (21) has to be solved together with the boundary conditions, expressed in terms of displacement
and its derivatives, which correspond to setting zero values of shear force, T, and bending moment, M,
at the beam ends. In Eq. (21), u(y) is the structure displacement, ug(y) is the free-field soil
displacement as calculated by Eq. (15), EI is the flexural stiffness of the beam, and K; is the soil-
equivalent spring stiffness. This latter may be evaluated by the expression (St.John & Zahrah, 1987):

Kt :16nGave(1_vs) E (22)
3-4v.) (&

S

where G, 1S a mean value of the soil shear modulus at small strains, v is the soil Poisson’s ratio. The
solution to Eq. (21) has been achieved numerically using a finite difference method (Valentino, 20006),
which allows the eventual variability of K, along the tunnel axis to be readily accounted for.

Approximate solution

The procedure proposed by Fu et al. (2004) allows determining the tunnel deformation without solving
Eq. (21). In fact, the tunnel deformation u(y) is calculated by multiplying the free-field displacement at
the tunnel axis depth, us(y), by a reducing factor R defined as:

R YUY 1 :
U (Y) qu(znl
1+ —

(23)

K, |,

t

where A and K, are given by Eq. (15) and (22) respectively, and El, is the flexural stiffness of a beam
with a rectangular section equivalent to the real transverse tunnel section. The values of R for the cases
under consideration are shown in Table 3, together with other calculation parameters. It is worth
noticing that for all subsoil models, notwithstanding the wide variability of A; and K,, the computed
values of R are very close to unity. This means that the tunnel is very flexible compared to the soil,
therefore the kinematic interaction effects result negligible.

Table 3: Values of factor R and other model parameters

grzun Ve Gme(MPa) A (m) K (MN/m) R

clay 050 282 260 119 0977
sand 030 1155 231 548  0.992
gravel 023 3442 200 1889  0.997

Results

An example of comparison in terms of shear force and bending moment as obtained by the two
procedures is shown in Fig. 11a-b. The results refer to the sand deposit excited by a seismic input with
peak acceleration of 0.35g; the displacement u,(z) has been evaluated by SSR (method SD).

It can be observed that the calculated forces differ only nearby the ends of the tunnel. It should be
noted that the solution proposed by Fu et al. (2004) does not account for the boundary conditions,



which on the contrary are included in the finite difference solution. Along the tunnel body, the two
methods provide essentially the same results.

T(MN)

0
0,1
0,2
0,3 |

0,5
— Kawashima (2000)
04 —Fu et al. (2004) (@) -
0,3
0,2
0,1

-0,4
0,5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700 800 900 1000
y (m)
20
—Kawashima (2000)
15 —Fu et al. (2004)
10 P\
5
04
-5 4
-10 -
-15 (b)
-20 ‘ ‘ ‘ ‘ : : : : :
0 100 200 300 400 500 600 700 800 900 1000

y (m)

Figure 11. Shear forces (a) and bending moments (b) calculated using the procedures by
Kawashima (2000) and Fu et al. (2004).

CONCLUDING REMARKS

Engineering predictions of the load increments induced by an earthquake in a tunnel lining can be
accomplished following three different design approaches, corresponding to increasing levels of
complexity in analytical models, soil characterisation and description of seismic input:

- Pseudo-static analysis, where the seismic input is reduced to equivalent inertia force or peak
strain amplitude, computed through a free-field ground pseudo-static analysis, and then
considered acting on the tunnel lining in static conditions as well.

- Simplified dynamic analysis, where the soil straining is computed through a dynamic free-
field seismic response analysis, and then applied to the tunnel section or axis, again in pseudo-
static conditions, eventually accounting for the kinematic tunnel-soil interaction in a
simplified way.

- Full dynamic analysis, where the soil and tunnel responses are mechanically coupled and
analysed via numerical modelling, such as dynamic finite element or finite difference
methods.



In this paper, the different levels of analysis have been developed on idealised geometry and soil
conditions, considered representative of soil classes specified by the new Italian seismic code. Linear
and non-linear analyses along the transversal and longitudinal directions were carried out with
different methods, and the results have been described and compared.

The force increments as calculated with the different procedures in the transverse section have been
compared, showing a fair approximation to the full dynamic analysis achieved with the simplified
uncoupled approach, as far as the tunnel lining is reasonably flexible. In the future, the reliability of
pseudo-static analysis may be improved with more specific simplified functions expressing the soil
deformation as a function of depth.

In the longitudinal direction, two procedures have been used, which can take into account, in a
simplified way, both the angle of incidence of seismic waves and the non-synchronism of the motion.
A comparison in terms of computed shear force and bending moment gave indication that in the
examined case, where the tunnel stretch is relatively flexible compared to the soil, the two approaches
yield essentially the same results at distance from the tunnel ends. However, both approaches need to
be further tested with stiffer tunnel structures and against full dynamic interaction analyses.
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