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ABSTRACT: The paper addresses the problem of underground tunnels when subjected to
asynchronous seismic shaking along the axis in comparison with the synchronous case that is
usually considered in the tunnels design. The effect of the asynchronous wave passage along
the tunnel has been investigated for the case of the Metro Line 6 of Naples (Italy). A compari-
son between uniform and non-uniform seismic loading condition is proposed in terms of
dynamic increment on lining internal forces and time histories of acceleration in correspond-
ence of such control points and sections of the soil.

1 INTRODUCTION

The engineering problem of the dynamic ground-tunnel interaction is commonly studied
under the simplified assumptions of infinitely long structure with uniform cross-section (i.e.
buried tunnels, immersed tunnels, pipelines) and perpendicular direction of the incident seis-
mic wave with respect to the axis of the structure. In the case of long underground structure,
that is when the length of the structure is much longer than the wavelength, the tunnel may
undergo deformation also in longitudinal direction during seismic shaking, making the prob-
lem three dimensional. The longitudinal deformation pattern is due to the spatial variability
and asynchronism of the seismic motion induced by the horizontal propagation of surface and
body waves with respect to the tunnel axis. This implies a modification of the soil response
compared with the case in which the asynchronous motion is not considered. As a conse-
quence, because the underground structure is governed by the surrounding soil deformation
during seismic shaking, the different seismic shaking conditions affect the seismic response of
the tunnel structure in different ways.
Many approaches are available in the technical literature to tackle this problem: 1) Free

field deformation approach (St. John & Zahrah 1987); 2) Seismic deformation method (Kawa-
shima 1999); 3) Beam springs model (Yu et al. 2016); 4) Mass-beam-springs model (Kiyomiya
1995); 5) Multi masses beam springs model (Li et al. 2017). Three-dimensional numerical solu-
tions (e.g. Park et al. 2009; Yu et al. 2013; Li & Song 2015) are less common since they are
highly time consuming and need very large computer memory.
This paper focuses on the effect of asynchronous wave passage along the tunnel axis on the

seismic response of the structure via numerical analysis (Fabozzi et al. 2018). A three-
dimensional numerical model able to catch the main deformation patterns of the soil subjected
to multidirectional seismic motion has been analysed in the FE code Plaxis for the case of
study of the Metro Line 6 of Naples. The tunnel stretch under study is characterized by a
curved route and runs across a soil/rock interface that emphasizes the effect of the asynchron-
ous ground motion.
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2 CASE STUDY

2.1 Metro line 6 of Naples

The Metro line 6 of Naples is part of the urban underground transportation system linking
the suburbs with the city center, about 8 km long and, once completed, counting 8 stations.
This metro line crosses one of the most densely urbanized area of the city and it is excavated
in medium dense sand, pyroclastic silty sands and sandy silts, tuff. The metro tunnel is located
below the groundwater level with a variable cover depth up to about 40m. Due to the ground
condition and the strategic position of the line in the city center, the tunnel has been excavated
by means of EPB tunnel boring machine to better control and minimize the interaction of the
excavation with existing buildings.
The study focuses the attention on a stretch of the line that is bracketed by two dashed red

lines in Figure 1, representing the longitudinal profile of the tunnel and the ground conditions.
The schematic plan view in the Figure 1 shows that in this stretch the tunnel route has a
curved shape and it is almost completely immersed in a sandy layer. It is constrained on the
left by San Pasquale station and on the right by the rising roof of the underlying bedrock (the
Neapolitan yellow tuff), for a total length of about 700 m. A detailed description of the
ground conditions, the soil and the tunnel lining properties and the technological aspects of
the excavation process can be found in several published works (Bitetti et al. 2012; Russo
et al. 2012; Bilotta et al. 2017; Fabozzi et al. 2017). Overall, this stretch has been considered
for two major reasons: the curved shape of the tunnel route and the sudden change of dynamic
impedance along the tunnel axis, occurring where the tunnel enters into the Neapolitan yellow
tuff. These aspects have important consequences on the dynamic behaviour of the tunnel
during a non-uniform seismic excitation.

2.2 Numerical three-dimensional model

A simplified, although realistic, numerical model of the stretch under study has been repro-
duced in Figure 2. The ground conditions were modeled by three different sub-horizontal
layers: a first 17 m thick layer of marine sand, a second 24 m thick layer of pyroclastic silty
soil, a third 3 m thick layer of fissured Neapolitan yellow tuff, overlying the intact rock
assumed as the seismic bedrock. This layering configuration presents a critical area in corres-
pondence of the tunnel passage from the cohesionless soil to the rock. Figure 2b shows the
numerical mesh of the tunnel model (width equal to 420 m and length equal to 700 m) for
which free-field boundary conditions have been applied to each vertical boundary to avoid the
effect of the fictitious reflection of the outgoing waves on the boundaries.

Figure 1. Longitudinal section of the stretch of Metro Line 6 of Naples under study (modified after

Fabozzi et al. 2018).
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A non-linear elasto-plastic behaviour for the first two soil layers was assumed. The Harden-
ing Soil with small strain overlaying constitutive model, HSss (Schanz et al. 1999; Benz et al.
2009), available in Plaxis 3D has been adopted. For the layer of tuff, an elastic-perfectly plas-
tic Mohr Coulomb model, MC, has been used. The constitutive soil parameters are those
adopted by Fabozzi et al. (2017).
An additional small-strain viscous damping was introduced in the dynamic calculation by

means of Rayleigh formulation. The damping coefficients, αR and βR, were calculated follow-
ing to the ‘double frequency approach’, assuming as target values the first natural frequency
of the deposit and the main frequency of the input motion.
The tunnel lining was modelled as a continuous concrete tube with linear elastic behaviour

(E = 33.5*106 kN/m2, v = 0.2, γ = 25kN/m3, teq= 0.23m). It is worth noticing that, to take into
account the segmental layout of the transverse section of the lining, an equivalent flexural
stiffness was adopted for the lining section, EIeq, defined as proposed by Wood (1975).
Finally, the presence of the San Pasquale station on the left side of the tunnel (see Figure 2b)
has been modelled by means of a stiff plate (Young’s Modulus Eplate = 35.6*106 kN/m2, thick-
ness tplate = 1 m, Poisson ratio vplate = 0.15), corresponding to the shorter side of the station
box that has a rectangular shape in plan (85.5 m × 24.1 m) and a depth of about 50 m.
The spatial variability of the ground motion is dealt assuming a plane wave front propagat-

ing longitudinally and upwards from the rigid bedrock up to the ground surface. Ground
shaking occurs in the orthogonal direction respect to the longest axis of the model.
This seismic loading condition has been simulated by applying time histories of acceleration

at the base of the model. In order to reproduce the longitudinal propagation of the seismic
waves, and to take into account the asynchronism of ground motion along the model, they
have been applied with a time-lag, TL, along the propagating direction. The assigned time-lag
is proportional to the ratio between the nodes distance and the bedrock velocity. For such a
reason the base boundary has been divided in sixteen surfaces and the same time history of
acceleration has been assigned to each node of a single surface. It corresponds to the same
input signal shifted by a time-lag with respect to the nodes of the previous surface. The input
signal considered in the dynamic calculation is a harmonic oscillation wave with an amplitude
of 0.1 g and a frequency equal to 4 Hz, repeated in five consecutive cycles.
Considering the numerical model described above, two different coupled non-linear

dynamic analyses have been performed assuming respectively non-uniform (TL ≠ 0) and uni-
form (TL = 0) seismic shaking in order to evaluate the effect of the asynchronism on the soil-
tunnel interaction mechanism. Some considerations on the effect of the curved shape of the
tunnel and the soil/tunnel interface are also discussed.

2.3 Effect of the asynchronism

The effect of the asynchronism can be observed in Figure 3 where the horizontal acceleration
component in x-direction propagating along y-axis is plotted, in correspondence of the hori-
zontal tunnel axis plane, in different instants of time.

Figure 2. Numerical model adopted for the stretch of Metro Tunnel Line 6 of Naples: (a) longitudinal

model profile and (b) numerical mesh of the tunnel model (modified after Fabozzi et al. 2018).
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Figure 3. Effect of the asynchronism: horizontal acceleration in x-direction propagating along y-axis in

different instants of time during seismic shaking (modified after Fabozzi et al. 2018).
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The first four contours correspond to the early stages of the wave propagation (Tdyn = 0.24
s, 0.36 s, 0.54 s, 0.66 s). At Tdyn = 0.66 s the traveling waves have reached the end of the
tunnel. In the subsequent four plots (Tdyn = 1.2 s, 1.8 s, 2.4 s, 3 s), the waves of the signal start
to overlap to each other along the y-axis and this produces an effect of signal amplification
that is evident, for example, in correspondence of Tdyn = 1.2 s, while in the last three plots the
signal starts to decay. Figure 3 shows clearly what happens during the travel of the signal
along a tunnel that undergoes different deformation fields, varying with the time and in the
space. It should be noted a concentration of acceleration in correspondence of the transition
area between the loose soil and the tuff (Tdyn = 1.2 s, 1.8 s, 2.4 s, 3 s in Figure 3), correspond-
ing to a critical passage for the tunnel performance.
The effect of the signal amplification can be observed also in the dynamic time history of

acceleration in Figure 4 that compares the soil surface response in correspondence of the point
A (see Figure 1a) and the point B (see Figure la) for both uniform and non-uniform cases.
In both Figures 4a, 4b, the surface acceleration amplitude in correspondence of the selected

points is higher in the asynchronous ground motion model than in the synchronous one.
This effect also affects the response of the tunnel in terms of internal forces. Figures 5-6 in

fact, show the dynamic increment of the internal forces in transverse section and in longitu-
dinal direction, respectively.
It is worth noting that in correspondence of the rising roof of the tuff formation (see

Figure 1) a strong contrast of dynamic impedance arises in the ground around the tunnel

Figure 4. Effect of the asynchronism: time histories of acceleration in correspondence of (a) point A

and (b) point B (modified after Fabozzi et al. 2018).

Figure 5. Effect of the asynchronism: time history of ΔNx and ΔMy in correspondence of ϑ = 45° of the

reference section 1 (modified after Fabozzi et al. 2018).
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lining. The soil/tuff interface may achieve a critical condition under asynchronous ground
motion when the wave reaches it, travelling along the tunnel, as shown in Figure 3.
Figure 7 for instance, shows what happens in different tunnel sections crossing the soil/tuff

interface area, for example in correspondence of Section 2’ and 2”, that are located 30 m
before and after the Section 2 respectively. Section 2’ in particular, is fully immersed in the
soil while Section 2’’ is fully immersed in the rock.
Figure 7 shows the time history of acceleration of the surface point in correspondence of

the Section 2 that undergoes higher amplification, followed by the corresponding point of the
Section 2’ and the Section 2” that experiences lower values of amplification. This has an effect
also on the dynamic increment of the tunnel lining forces confirming the not negligible effect
of changes of ground stiffness along the tunnel axis.

Figure 6. Effect of the asynchronism: time history of ΔNy, ΔMz and ΔQx in correspondence of the ref-

erence section 1 (modified after Fabozzi et al. 2018).

Figure 7. Effect of soil-tuff interface: time histories of acceleration in correspondence of the Sections 2,

2’ and 2’’ at Tdyn = 0.72s (modified after Fabozzi et al. 2018).
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3 CONCLUSIONS

The proposed 3D model simulates the effect of the asynchronous motion along a tunnel that,
although under simplified assumptions, shows a significant effect on the change of internal
forces in the tunnel lining. It is worth noting that in design practice, the asynchronous motion
of the tunnel is often neglected. When considered, it is taken into account only to evaluate the
increments of internal forces induced in longitudinal direction, while its effect also in trans-
verse section is clearly shown in this work. For the investigated case, the difference between
the uniform and non-uniform seismic loading in terms of Nxand My achieves a value of up
to 50%.
Finally, the increments of internal forces produced by asynchronous ground motion in lon-

gitudinal direction are not negligible, and these are enhanced in presence of ground stiffness
changes along the tunnel: this implies the need to carefully address the seismic design of
tunnel lining in similar ground conditions.
Overall, it may be concluded that while the behaviour of a tunnel under seismic actions is

generally studied by considering separately the cross section and the longitudinal direction,
this simplification may be not conservative in some cases. Three-dimensional modelling
should be then performed to overcome limitations of conventional design approaches.
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