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Abstract: The presence of tunnels close to aboveground structures may modify the response of these
structures, while the contrary is also true, the presence of aboveground structures may modify the
dynamic response of tunnels. In this context, the dynamic properties of the soil through which the
aboveground and underground structures are “connected” could play an important role. The paper
reports dynamic FEM (Finite Element Method) analyses of a coupled tunnel-soil-above ground
structure system (TSS system), which differ in regards to the soil shear wave velocity and in turns for
the damping ratio, in order to investigate the role of these parameters in the full-coupled TSS system
response. The analyses were performed using three different seismic inputs. Moreover, the soil
non-linearity was taken into account adopting two different constitutive models: i) an equivalent
linear visco-elastic model, characterized by degraded soil shear moduli and damping ratios, according
to suggestions given by EC8 in 2003; and ii) a visco-elasto-plastic constitutive model, characterized by
isotropic and kinematic hardening and a non-associated flow rule. The seismic response of the system
was investigated in the time and frequency domains, in terms of: acceleration ratios; amplification
ratios and response spectra; and bending moments in the tunnel.

Keywords: soil dynamic characterization; soil non-linearity; FEM modeling; time and frequency
domains; amplification ratios and functions; bending moments

1. Introduction

Currently, it is becoming ever more evident that there is a growing need for tunnels, in order
to solve the problems faced by transportation and utility networks. In seismic areas, it is extremely
important to assess the possible damage to the tunnel and to the aboveground structures as a result
of earthquakes. Historically, tunnels have experienced a lower rate of damage than aboveground
structures [1]. Nevertheless, recent studies have documented significant damage suffered by tunnels
due to seismic events [2–6]. During an earthquake, the vibrations of aboveground structures may
modify the dynamic response of tunnels [7,8]; at the same time, the presence of shallow tunnels may
alter the response of aboveground structures. Most of the published papers consider only tunnel-soil
systems [9–15], while a few consider tunnel-soil-aboveground structure systems (TSS systems) [16–20].

In TSS system behavior a fundamental role is played by dynamic soil parameters, and particularly
by the shear wave velocity VS and damping ratio D of the soil through which the seismic waves
move and which connects the tunnel to the aboveground structures. Currently, it is possible to
accurately estimate VS and D directly or indirectly by means of a number of in-situ and/or laboratory
tests [21–23]. Nevertheless, given the considerable extension of tunnels, it is economically very
expensive to accurately estimate these parameters for tunnels. This very often leads to unavoidable
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approximation in the evaluation of VS profiles along the vertical and horizontal directions. It is then
very interesting to investigate the effects of VS and D on the evaluation of the seismic response of
TSS systems.

The present paper deals with parametric analyses performed by means of FEM modeling and
involving a TSS system, with differing VS profiles and D, in order to underline the role of estimating
these parameters. Using the case history of the underground network in Catania (Italy) and taking a
cross-section including an aboveground building [20], the real VS profile [21] was modified according
to the four soil types reported by the Italian Technical Code [24].

The analyses were performed in 2-D, considering the transversal direction of the tunnel, because
the ovaling or racking deformations of tunnels are generally the most dangerous under seismic
loading [9,25]. Isotropic visco-elastic-linear behavior was assumed for the tunnel and the aboveground
structures. In order to take soil non-linearity into account, two different constitutive models were
adopted for the soil: i) an equivalent linear visco-elastic model, characterized by degraded soil shear
moduli G and damping ratios D, depending on the expected peak horizontal acceleration (PHA) at the
ground surface according to suggestions given by [26]; and ii) a visco-elasto-plastic constitutive model,
characterized by isotropic and kinematic hardening and a non-associated flow rule [27,28]. Finally,
three different seismic inputs were applied at the base of the models.

The seismic response of the TSS system was investigated in the time and frequency domains,
in terms of: amplification ratios along the symmetry axis of the building and of the tunnel (SS alignment)
and along a parallel alignment in free-field conditions (FF alignment); and bending moments in the
tunnel. The latter were also compared with those obtained using the closed-form solutions by [29]
and [30].

The paper highlights the importance of the investigation of Vs profiles in the study of the seismic
response of TSS systems. Some interesting considerations on simplified versus sophisticated methods
for taking into account soil nonlinearity have been developed.

2. The TSS System Investigated

The benchmark of the FEM analyses was a cross-section of the Catania (Italy) underground system
actually under construction. The section includes an aboveground building (Figures 1 and 2) [20].
The geotechnical characterization of the soil, performed in two different phases (July 1999 and December
2005–January 2006), shows the soil profile reported in Figure 1 and is characterized by a silty clay
(ALg) and a clay (Aa) sub-lithotypes, which belong to the same lithotype, whose Young’s modulus
Es0 is constant for the first 10 m at a very small-strain and then increases linearly with depth (in the
300–1700 MPa range) and whose unit weight (γ) is equal to 20 kN/m3. No ground water table is present.
Therefore, according to [24], the soil can be classified as type C.
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The cross-section is characterized by a reinforced concrete building 10 m wide, with two equal
spans in the direction under investigation, and 12 m high, with four levels and shallow foundations,
whose properties are: Eb = 28,500 MPa, νb= 0.2, γb = 25 kN/m3; and Db = 5%. The reinforced concrete
tunnel is 11 m wide and 7.2 m high, with a horseshoe section, and it is located 18 m below the ground
surface. Its properties are the same as the reinforced concrete building: E1 = 28,500 MPa, ν1 = 0.2,
and Dl = 5%.

Using this case-history as a basis, different parametric analyses were carried out varying the VS,
choosing average values within the ranges provided by [24] for the four types of soil classified as A, B,
C, and D. The values adopted for VS for each type of soil, as well as the corresponding stratigraphic
amplification factor SS provided by [24] and evaluated for Tr = 475 years, are shown in Table 1.

Table 1. The different shear wave velocity VS adopted for the different soil types analyzed and the
corresponding stratigraphic amplification factor SS provided by [24].

Soil types Vs (m/s) Vs * (m/s) Ss

A >800 1000 1.000
B 360 ÷ 800 500 1.197
C 180 ÷ 360 250 1.396
D <180 100 1.640

V S * indicates the chosen values; VS indicates the ranges provided by [24].

3. FEM Modeling

3.1. General Information

The seismic response of the TSS system described in Section 2 was modeled by the ADINA
code [31,32], widely used by the authors in dynamic analyses [15,33–37]. Figure 2 shows the mesh
used, including the boundary conditions and the seismic input at the base of the model (bedrock).
Moreover, the two parallel alignments in which the response of the system was analyzed, one along the
symmetry axis of the building and of the tunnel (SS alignment) and another one in free-field conditions
(FF alignment), are also represented in Figure 2 as blue lines. The width of the soil deposit was fixed
equal to 150 m (>4B, where B is the width of the building), in order to avoid boundary effects as far as
possible; the height of the soil deposit derives from geotechnical investigations according to which
the bedrock was found at a depth of 38 m. The nodes of the soil vertical boundaries were linked by
“constraint equations” that impose the same displacements at the same depth [33,36,38–40]. All the
nodes of the base of the mesh were restrained in the vertical direction. The mesh element size was
chosen in order to ensure the well-known condition h ≤ Vs,min/6 ÷ 8 f max [41], being h the maximum
element size and f max the maximum frequency of the system. Moreover, a finer discretization was
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adopted near the tunnel and the aboveground structure. In order to model probable uplifting and/or
sliding phenomena, special contact surfaces were used between the soil and the aboveground structure,
considering a friction equal to 2/3 ϕ. Tunnel-soil slip was not allowed [25].

Rayleigh damping factors αr and βr were computed according to the well-known relations [42–45]:
αr = D·ω and βr = D/ω, being D the damping ratio and ω the angular frequency of the systems involved.
More precisely, different values of αr and βr were computed for the tunnel, the soil and the building
according to their different D values for the tunnel. The angular frequencyωwas evaluated according to
the first fundamental periods of the soil, the tunnel and the building, (ω = 2π/T). The first fundamental
period of the building was evaluated according to the Italian Technical Code [46]: for civil or industrial
buildings that do not exceed 40 m height and whose mass is approximately distributed along the
height, the period can be estimated as Tb = C1 hb

3/4, with hb = height of the building, in meters, from the
foundation level; C1 = 0.075 for buildings with reinforced concrete frame structures. According to [47]
the first fundamental period of the soil is Ts = 4H/Vs,av, in which Vs,av is the average value of Vs from
the bedrock to the soil surface. Finally, the first fundamental period of the tunnel was assumed equal
to that calculated for the soil, because the tunnel and the soil, being closely related, typically respond
similarly to the movement induced by the earthquake.

The tunnel and the building were modeled by 2-node beam elements, adopting a linear visco-elastic
constitutive model. The soil was modeled by 9-node solid elements and by two different constitutive
models, described in the following Sections 3.2 and 3.3.

Three seismic inputs were used (Table 2): they differed in regards to frequency content and were
scaled at the same two different ag: 0.1 g and 0.3 g, which were chosen with reference to the two "limit"
values proposed by [26] in relation to which the shear modulus G and the damping ratio D have to be
degraded to take the soil non-linearity into account (Table 3).

Table 2. The input motions adopted.

Inputs Original ag (m/s2) f 1 (Hz) f 2 (Hz) f 3 (Hz) Time History

E13 (Timfristos,
Greece 1986) 3.02 12.70 6.86 8.26
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Table 3. Values of damping ratio (D) and degradation of VS and shear modulus (G; after [26]).

Expected Surface Acceleration, SS·ag D Vs/Vs,max G/Gmax

0.10 0.03 0.9 ± 0.07 0.80 ± 0.10
0.20 0.06 0.7 ± 0.15 0.50 ± 0.20
0.30 0.10 0.6 ± 0.15 0.36 ± 0.20

3.2. Equivalent Linear Visco-Elastic Modeling

Firstly, the soil was modeled by an equivalent linear visco-elastic model; it was characterized by
constant reduced G and increased D, modified in line with [24], i.e., with reference to the expected
PHA at the ground surface, equal to SS·ag (Table 3). In effect, [24] gives suggestions for soil type D;
proportionally similar assumptions were adopted for the other soil types.

Therefore, eight different complete 2-D FEM models were defined for the equivalent linear
visco-elastic analyses, distinguished on the basis of a different combination of the two parameters:
Vs profile (and therefore soil type) and seismic input. The fourth and fifth columns of Table 4 show
the seismic parameters D and G adopted (indicated as "operative" values). They were modified as
suggested by [26], taking into account SS (Table 1) and the fixed ag.

Table 4. Parameters adopted for the eight models developed in equivalent linear visco-elastic analyses.

Model SS·ag (g) G/Gmax Doperative Goperative (MPa)

A80 0.10 0.80 0.03 1600
B75 0.12 0.75 0.03 375
C65 0.14 0.65 0.03 81.25
D55 0.16 0.55 0.03 11
A36 0.30 0.36 0.10 720
B30 0.36 0.30 0.10 150
C23 0.42 0.23 0.10 28.75
D16 0.49 0.16 0.10 3.2

3.3. Non-Linear Visco-Elastic Modeling

The second constitutive model adopted [27,28] was an elasto-plastic constitutive model, including
isotropic and kinematic hardening, based on the Mohr–Coulomb failure criterion and a non-associated
flow rule, named the Severn-Trent model. Moreover, it allows us to analyze soil softening and/or
hardening. In particular, given the complexity of the non-linear model, only two different values
of VS were taken into account, corresponding to the two soil types, B and C. Therefore, these two
different soils were modeled using the Severn-Trent constitutive model, considering the two different
ag adopted (0.1 g and 0.3 g). Therefore, in total four case studies were analyzed, called B1 or B2 and C1
or C2 (Table 5).

Table 5 also shows the values used to model the soil types B and C for the non-linear analyses.
The Severn-Trent constitutive model is characterized by ten parameters: the elastic parameters E and
ν were set according to Section 2; the parameters vλ, λ and ϕcv (of the critical state) were obtained
starting from the results of the laboratory tests carried out on the real reference deposit; the parameters
R, A, kd, B, and k (size of kinematic yield surface, dilatancy parameters, distortional strain hardening
parameter, and effect of state parameter on strength) were derived from values in literature [27]. Finally,
the soil damping ratio was fixed according to [26] (see Table 4).
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Table 5. Parameters adopted for the four models developed for the non-linear analyses

Soil Parameter
Soil Type B: Soil Type C:

B1 (ag = 0.1 g) B2 (ag = 0.3 g) C1 (ag = 0.1 g) C2 (ag = 0.3 g)

E (MPa) 1300 325
ν 0.3 0.3

ϕcv (◦) 24 24
λ 0.06 0.06
vλ 1.712 1.712
R 0.01 0.01
A 0.9 0.9
kd 1 1
B 0.01 0.01
k 2 2
D 0.03 0.10 0.03 0.10

4. Results of the Equivalent Visco-Linear Elastic Analyses

This section reports the results obtained performing the equivalent visco-linear elastic analyses
discussed in Section 3.2. They are expressed in terms of: (1) the acceleration amplification ratio Ra,
which is the ratio between the maximum acceleration at a given point and the maximum acceleration
at the bedrock. This ratio was analyzed for the SS alignment and for the FF alignment (Figure 2);
(2) the soil amplification function for the two SS and FF alignments: this is the ratio between the
Fourier spectrum at the surface and the Fourier spectrum at the bedrock; (3) the surface response elastic
spectrum in SS, compared with that provided by the Italian Technical Code [24]; and (4) the seismic
bending moments in the tunnel (in the transverse section per unit of longitudinal dimension), evaluated
for four specific points on the contour of the tunnel(θ = 45◦, θ = 135◦, θ = 225◦, and θ = 315◦).

4.1. Response in the Time Domain

4.1.1. Amplification Ratio in the Soil

Figure 3 shows the comparison, for the same soil type and considering the variation of the
seismic input, between the amplification ratio along the SS alignment (continuous lines) and the FF
alignment (dashed lines); furthermore, the values of the stratigraphic coefficient SS provided by [24]
have been reported.

Generally, both amplification and demagnification are possible from the bedrock to the tunnel.
Then demagnification across the tunnel often occurs, i.e., the tunnel produces a beneficial effect. Finally,
from the tunnel to the foundation level there is always amplification. The beneficial effect of the tunnel
is due to the absence of material inside the tunnel. In turn, the tunnel changes the path of seismic waves.
Due to probable resonance (as it will be shown in the following Section 4.2.1, the A80 and B75 cases had
a strong amplification from the bedrock to the foundation level especially for the E18 and E26 inputs;
the A36 case showed lower Ra due to the greater values of D; the B30 case showed lower Ra values in
comparison to previous cases, far from possible resonance conditions. For the same reasons, in the
remaining cases, the inputs were generally de-amplified. Moreover DSSI (Dynamic Soil-Structure
Interaction - continuous lines) caused a reduction of Ra with respect to the free-field condition (dashed
lines). Softer soils tended to de-amplify the seismic signal that reached the foundation level; on the
contrary, stiffer soils tended to amplify it; this apparently unusual result depended on the high soil
damping D for softer soils, whose effects were greater than those of G. In regards to the comparison
with SS, the [24] underestimated the amplification at the foundation level for stiffer soils (A80-A36 and
B75-B30) and then overestimated it for softer soils (C65-C23 and D55-D16). These results clearly show
the importance of an accurate soil characterization for detecting the appropriate “real” design inputs
on structures.
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In order to analyze deeply the influence of the tunnel and the aboveground structure on the seismic
response, three other configurations were analyzed in previous studies [20]: one represents the free-field
conditions; the second one includes only the tunnel; the last one includes only the aboveground
structure. These analyses were also performed by means of an equivalent linear visco-elastic model,
characterized by degraded G and D, depending on the expected peak horizontal acceleration at the
ground surface according to suggestions given by [26].

The achieved results are summarized in Figure 4; they are in line with what has just been discussed.
These previous studies concerned the real cross-section of the Catania (Italy) underground system
(Figure 1). The adopted input was the 1693 scenario earthquake for the city of Catania; it is a synthetic
accelerogram obtained assuming the source along the Hyblean-Maltese fault and characterized by a ag

of 0.207 g, corresponding to a return period of 475 years (10% probability of exceedance in 50 years) in
the current Italian seismic code.

The responses are shown in terms of acceleration amplification ratio Ra along the axis of symmetry
of all the numerical models, that is the alignment A–B–C–D (Figure 4), where: A is the node on the soil
surface (or on the foundation); B and C are the nodes at the top and bottom of the tunnel, respectively;
and finally D is the node at the bedrock. For the free-field condition (red line), Ra = 2.26 was obtained
at the soil surface, which was the highest value among the analyzed configurations. By considering
the presence of only the tunnel (magenta line) a reduction of the amplification ratio at the soil surface
(Ra = 2.12) as compared with the free-field condition was achieved. Furthermore, along the tunnel (i.e.,
from C to B) a de-amplification equal to Ra = 0.9 was observed. Considering the configuration with
only the building (green line), we could observe once more a reduction of the amplification ratio at the
soil surface Ra = 2.13 as compared with the free-field condition.

Thus, it could be asserted that the tunnel and the building had a beneficial effect in terms of local
site response. In regard to the combined effect of the tunnel and the building (blue line) on the soil
seismic response, there was a further reduction of the seismic input at the soil surface.
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Figure 4. Comparison among amplification ratio profiles achieved for different configurations of the
analyzed system (after [20]).

Below point C, i.e., below the tunnel, all the configurations (free-field; only tunnel, only building,
and tunnel + building) led to the same Ra vs. z trend.

Considering the fundamental role of the seismic response of the shallower soil layers, which
strictly interact with the structures, the present results clearly show the important role of the analyses
on full-coupled tunnel-soil-aboveground systems.

4.1.2. Bending Moments in The Tunnel

The numerical bending moments M, evaluated in the lining in the transverse section per unit of
longitudinal dimension, were due to seismic loadings caused by shear waves. They were compared
with those obtained through the analytical solutions proposed by [29] and [30] for no-slip conditions,
as functions of the flexibility ratios F of the tunnel, that is a measure of the flexural stiffness of the soil
relative to the tunnel, given by the expression:

F =
ES
(
1− ν2

l

)
r3

6ElIl(1 + νs)
, (1)

where Es is the soil elastic modulus, νs is the soil Poisson’s ratio, El is the lining (tunnel) elastic modulus,
νl is the lining Poisson’s ratio, Il is the lining moment of inertia (per meter), and r and s are respectively
the radius and the thickness of the tunnel lining. For F→ 0 the tunnel is rigid and will not show any
type of deformation; for 0 < F < 1 the tunnel is stiffer than the surrounding soil, thus the structural
deformation level will be smaller than the free-field deformation level (rigid tunnel); for F = 1 the
tunnel and the surrounding soil share the same level of stiffness, so the tunnel will follow the free-field
deformation; and for F > 1 the racking deformation of the tunnel is amplified compared with the
free-field deformation (flexible tunnel).

Figure 5 shows the flexibility ratio F for the eight cases studied: for soil types A, B, and C (models
“A80-A36-B75-B30-C65”) the tunnel behaved flexibly (F > 1); for soil type C with G = 23% Gmax (model
“C23”) the flexibility of the tunnel coincided with that of the soil (F ≈ 1), instead for soil types D (models
“D55-D16”) the tunnel was more rigid than the soil (F < 1).
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Figure 6. Comparison between numerical and analytical bending moments for some models (soil types
B and C) studied in the equivalent visco-linear elastic analyses.

It is possible to assert that there was always a good agreement between the numerical and the
analytical bending moments for the upper arc (0◦ < θ < 180◦), instead for the inferior arc (180◦ < θ <
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360◦) the numerical bending moments were greater than the analytical ones. Moreover, due to the
probable resonant phenomena, the E18 and E26 inputs caused high bending moments for the cases
characterized by a flexible tunnel surrounded by soil types B (see Figure 6). The bending moments
increased when the qualities of the soil decreased; this was due to the flexibility ratio F that tended
to decrease.

4.2. Response in the Frequency Domain

4.2.1. Amplification Function in the Soil

Figures 7 and 8 show a comparison of the amplification functions obtained for the most significant
soil types B and C, for each seismic input adopted and relative to the SS alignment (Figure 7) and FF
alignment (Figure 8). Figure 9 shows the f input/f SSI ratio, in order to evaluate resonance phenomena;
instead, Figure 10 shows the f SSI/f FF ratios, in order to see the influence of the structure on the
fundamental frequencies of the soil deposit.
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Figure 7. Comparison between the amplification functions obtained for the SS alignment.
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Figure 8. Comparison between the amplification functions obtained for the FF alignment.



Geosciences 2019, 9, 473 11 of 25
Geosciences 2019, 9, x FOR PEER REVIEW 11 of 25 

 

 

Figure 9. Comparison between the input frequencies finput and the soil frequencies fSSI (evaluated 

considering the SS alignment). 

 

Figure 10. Comparison between the SSI (Soil-Structure Interaction) and the FF frequencies. 

4.2.2. Response Spectra at the Base of the Building 

Figure 11 shows the comparison between the response spectra at the base of the structure and 

the surface response spectrum provided by the [24]; the graphs also show the period of the fixed-base 

structure (Tfxb = 0.484 sec) calculated by the well-known expression Tfxb = C1∙h3/4 [46].  

For the first set of spectra, corresponding to accelerograms scaled to 0.1 g and applied to soil 

type B (B75 case), the spectrum provided by [24] was detrimental for the inputs E18 and E26. 

However, the spectral accelerations in correspondence to Tfxb = 0.484 s, for all the three accelerograms 

E13, E18, and E26 (respectively equal to 0.26 g, 0.54 g, and 0.59 g) were not far from that foreseen by 

the [24] (0.50 g). 

For the second set of spectra, corresponding to accelerograms scaled to 0.3 g and applied to soil 

type B (B30 case), the spectrum provided by [24] well represented the spectral accelerations actually 

present for the seismic inputs E13 and E26. 

For both the C30 and C23 cases, the spectrum provided by [24] was always significantly higher 

and the spectral accelerations for Tfxb = 0.484s were clearly lower than those expected by [24]. 

In conclusion, the spectrum provided by [24] furnishes, in correspondence with the period of 

the structure, spectral ordinates greater than those obtained with the FEM analyses for the stiffer soils 

(soil types C). Instead, it appears to be in line with real values or slightly to the disadvantage of safety 

for soils with better characteristics (soil type B). 

  

 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

B1 B2 C1 C2

finput / fSSI E13

E18

E26

B75                B30                  C65                  C23 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

B1 B2 C1 C2

fSSI / fFF E13

E18

E26

B75                B30                  C65                  C23 

Analysed soil types 

Analysed soil types 

Figure 9. Comparison between the input frequencies f input and the soil frequencies f SSI (evaluated
considering the SS alignment).
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The influence of the nonlinearity of the soil behavior resulted in a shift of the amplification peaks
towards lower frequencies due to the reduction of the shear modulus. Furthermore, the nonlinearity
effect tended to determine attenuation phenomena at high frequencies [41]. This is clearly visible above
all for the inputs E13 and E18: passing from a maximum value of 0.1 g (B75 and C65 cases, blue lines),
to one of 0.3 g (B30 and C23 cases, red lines), a reduction in the fundamental frequencies is observable.

The amplification functions were also evaluated in FF conditions (Figure 8). The results are in line
with what was previously discussed regarding the degradation of the shear modulus and therefore a
shift of the amplification peaks towards lower frequencies.

In order to evaluate a possible resonance phenomenon between the seismic input and the soil,
the frequencies of the soil column that was investigated below the structure were compared with the
fundamental frequencies of the three seismic events, evaluating the f input/f SSI ratio (Figure 9). For the
E13 accelerogram, and especially in cases where the accelerograms were scaled to 0.3 g (B30 and C23
cases), high values of the f input/f SSI ratios were obtained, for two reasons: the high frequencies of
this input and the low fundamental frequencies for which peaks occur. For the E18 accelerogram,
the f input/f SSI ratios were not high but however they were greater than unity. For the E26 accelerogram,
the f input/f SSI ratios were near unity and therefore resonance phenomena occurred.

Finally, in order to evaluate the influence of the structure on the fundamental frequencies of the
soil deposit, the f SSI/f FF ratios were calculated and are shown in Figure 10. The frequencies in the
two alignments did not differ substantially, so the influence of the structure was generally minimal,
confirming what was previously deduced by the trend of the amplification ratio with depth.

4.2.2. Response Spectra at the Base of the Building

Figure 11 shows the comparison between the response spectra at the base of the structure and the
surface response spectrum provided by the [24]; the graphs also show the period of the fixed-base
structure (Tfxb = 0.484 sec) calculated by the well-known expression Tfxb = C1·h3/4 [46].
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For the first set of spectra, corresponding to accelerograms scaled to 0.1 g and applied to soil
type B (B75 case), the spectrum provided by [24] was detrimental for the inputs E18 and E26. However,
the spectral accelerations in correspondence to Tfxb = 0.484 s, for all the three accelerograms E13, E18,
and E26 (respectively equal to 0.26 g, 0.54 g, and 0.59 g) were not far from that foreseen by the [24]
(0.50 g).

For the second set of spectra, corresponding to accelerograms scaled to 0.3 g and applied to soil
type B (B30 case), the spectrum provided by [24] well represented the spectral accelerations actually
present for the seismic inputs E13 and E26.

For both the C30 and C23 cases, the spectrum provided by [24] was always significantly higher
and the spectral accelerations for Tfxb = 0.484s were clearly lower than those expected by [24].

In conclusion, the spectrum provided by [24] furnishes, in correspondence with the period of the
structure, spectral ordinates greater than those obtained with the FEM analyses for the stiffer soils
(soil types C). Instead, it appears to be in line with real values or slightly to the disadvantage of safety
for soils with better characteristics (soil type B).
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5. Results of the Visco-Nonlinear Analyses

5.1. Response in the Time Domain

5.1.1. Amplification Ratio of the Soil

Figure 12 shows the comparison between the amplification ratio along the SS alignment (continuous
lines) and the FF alignment (dashed lines), evaluated only for the soil types B1, B2, C1, and C2
(Section 3.3). The values of SS provided by [24] are also shown.
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Figure 12. Comparison between amplification ratios in SSI and FF alignments for the eight models
studied in the visco-nonlinear analyses.

For the first set of accelerograms scaled to 0.1 g and applied to the soil type B (B1 case) generally a
strong amplification along the whole deposit occurred and a marked de-amplification in correspondence
of the tunnel was evident. The values of the amplification ratio for the inputs E18 and E26 on the
ground surface were clearly higher than those provided by [24] (SS = 1.197). For the second set of
accelerograms scaled to 0.3 g and applied once again to the soil type B (B2 case), a similar but less
pronounced trend was obtained. In particular, starting from the bedrock, the signals amplified for the
first 18 m, then de-amplified for a height equal to the diameter of the tunnel, and then it amplified in
the last 13.3 m. The amplification ratio reached an average value equal to 1.84, less than that achieved
in the previous case, but still greater than that provided by [24]. As in the equivalent visco-linear
elastic analyses, the lower amplification present in the B2 case with respect to the B1 case (B30 and B75
cases in the correspondent equivalent linear elastic analyses, respectively) was due to the high value of
the damping ratio (10%) used.

Regarding the set of accelerograms scaled to 0.1 g and applied to the soil type C (C1 case), for the
inputs E18 and E26, a demagnification at the tunnel level and an amplification in the whole soil deposit
occurred, with an average Ra value equal to 1.38 at the soil surface, very close to the value suggested
by [24] (SS = 1.396). Instead, for the E13 accelerogram, the amplification of the last 13.3 m failed to
compensate for the demagnification of the signal occurring in the deeper layers and therefore at the
soil surface there was a value of Ra <1. Finally, for the second set of accelerograms scaled to 0.3 g
and applied to the soil type C (C2 case), the E13 input had a slight demagnification starting from the
bedrock, then a greater demagnification at the tunnel level, and then it amplified in the shallower
layers reaching however a value of Ra < 1. For the E18 and E26 accelerograms, as in the previous
case, the Ra values were very close to SS = 1.396. It can be confirmed that for soil type C the Italian
Technical Code [24] works to the advantage of safety, and it well represents the real filter effect of the
soil. The lower amplification observed in the C2 case with respect to the C1 case, as analogously stated
for the B2 and B1 cases, was due to the high value of the damping ratio (10%) used in the cases of
accelerograms scaled to 0.3 g.

Similar behavior was observed in FF condition (dashed lines). The substantial difference, as in the
case of the equivalent visco-linear elastic model, was a smaller demagnification with respect to the SS
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alignment. Moreover, although the tunnel is far from the FF alignment, a slight demagnification of
the signal occurred at the correspondent tunnel depth. This shows that, even at a certain distance,
the tunnel still affected the subsoil.

5.1.2. Bending Moments in the Tunnel

Figure 13 shows the comparisons between numerical and analytical [29,30] bending moments for
the cases B1, B2, C1, and C2.Geosciences 2019, 9, x FOR PEER REVIEW 14 of 25 
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Figure 13. Comparison between numerical and analytical bending moments for the models B1, B2, C1,
and C2.

For the first set of accelerograms scaled to 0.1 g and applied to the soil type B (B1 case), the moments
in the upper arc (0◦ < θ < 180◦) showed a similar trend for all three types of analysis. For the second
set of accelerograms scaled to 0.3 g and applied to the soil type B (B2 case), the moments both in the
upper arc (0◦< θ <180◦) and in the lower arc (180◦ < θ < 360◦) were almost always underestimated by
the analytical analyzes as compared with the numerical ones. Moreover, the accelerograms E18 and
E26 caused greater moments due to the resonance phenomena that interest them.

Similarly, for both the sets of accelerograms scaled to 0.1 g and 0.3 g and applied to the soil type C
(C1 and C2 cases) it can be seen that, basically, the moments obtained by analytical solutions, both in the
upper arc (0◦ < θ < 180◦) and in the lower arc (180◦ < θ < 360◦), were lower than the numerical values.
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5.2. Response in the Frequency Domain

5.2.1. Amplification Function of the Soil

Similarly to what was done for the equivalent linear elastic analyses, the comparison between
the amplification functions obtained by the non-linear modeling for the various inputs and for the
different soils modeled is shown in Figures 14 and 15 for the SSI and FF alignments, respectively. Then,
in order to evaluate possible resonance phenomena between seismic input and soil the finput/fSSI ratio
was evaluated (Figure 16), as in the equivalent visco-linear analyses (see Figure 9).
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Figure 14. Comparison between the amplification functions obtained for the SS alignment
(visco-nonlinear analyses).
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Figure 16. Comparison between the input frequencies f input and the soil frequencies f SSI for the SS
alignment (visco-nonlinear analyses).

Moving from the B1 case to the B2 case, as well as from the C1 case to the C2 case, a shift of the
amplification peaks towards smaller frequencies can be observed. This is clearly visible above all for
the inputs E13 and E18. For the E13 accelerogram, there were high values of finput/fSSI ratio for two
reasons: the high value of finput and the low value of fSSI. For the E18 accelerogram, the finput/fSSI

ratios were not high but in any case, greater than the unit value. For the E26 accelerogram, due to the
proximity between the input and soil frequencies, the finput/fSSI ratios were near to the unit value and
therefore resonance phenomena were probable.

As for the amplification functions evaluated in free-field conditions in order to evaluate the "filter
effect" of the soil (Figure 15), it can be observed that the results obtained were in line with what was
previously discussed in Section 4.2.1.

As previously investigated in the equivalent visco-linear modeling, in order to evaluate the
influence of the structure on the fundamental frequencies of the soil deposit, the fSSI/fFF ratios were
calculated and are shown in Figure 17, but the frequencies in the two alignments did not generally
differ substantially: the influence of the structure was minimal, confirming what was previously
deduced by the trend of the amplification ratio with depth and what was previously observed in the
equivalent visco-linear analyses.
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5.2.2. Response Spectra at the base of the building

Similarly to what was investigated in the equivalent visco-linear modeling, Figure 18 shows a
comparison between the response spectra achieved at the base of the building by the FEM analyses and
the surface response spectrum provided by [24]; in the graphs, the period of the fixed-base structure
Tfxb = 0.484 s was also shown (see Section 4.2.2).
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Figure 18. Comparison between response spectra at the base of the structure achieved by numerical
analyses and provided by [24] (visco-nonlinear analyses).

For the first set of spectra, corresponding to accelerograms scaled to 0.1 g and applied to soil type
B (B1 case), the spectrum provided by [24] was detrimental. The FEM spectral accelerations at Tfxb =

0.484 s were generally greater than those predicted by [24].
For the second set of spectra, corresponding to accelerograms scaled to 0.3 g and applied to soil

type B (B2 case), the spectrum provided by [24] well represented the spectral accelerations for the input
E18 and E26, and it was slightly detrimental for the input E13.

For both the C1 and C2 cases, the spectrum provided by [24] was in favor of safety and the spectral
accelerations at Tfxb = 0.484 s were generally lower than those required by [24].

In conclusion, it is clear that for the cases under analysis the spectrum provided by [24] tended
to be detrimental for softer soils (soil type C). Instead, it appeared to be in line with FEM spectra or
slightly detrimental for soils having better characteristics (soil type B).
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6. Comparison between the Results of the Two Different Linear and Non-Linear Analyses

6.1. Amplification Ratios and Amplification Functions

The following figures show the comparison between the results obtained using the two different
constitutive models with regards to the amplification ratio (Figure 19) and the amplification function
(Figure 20) for the SS alignment. The green lines refer to the equivalent visco-linear elastic
model-labeled ELQ, while the blue lines refer to the nonlinear model-labeled NL. Similar considerations
can be made for the FF alignment.Geosciences 2019, 9, x FOR PEER REVIEW 18 of 25 
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Figure 19. Comparison between amplification ratios in SSI alignment for the two different constitutive
models (equivalent visco-linear elastic—ELQ vs. nonlinear—NL).
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Figure 20. Comparison between the amplification functions in the SS alignment for the two different
constitutive models (ELQ vs. NL).
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As for the amplification ratios (Figure 19), the comparison between the two constitutive models
shows that the Ra trend was almost the same in both the analyses. In particular, in the case of
accelerograms scaled to 0.10 g (B1 and C1 cases), slightly higher amplification ratios were achieved
by the equivalent linear analyses. Instead, in the case of accelerograms scaled to 0.30 g (B2 and C2
cases), the maximum values were obtained by the nonlinear analysis. The differences due to the two
constitutive models were however minimal and this makes it possible to affirm that the same soil filter
effect was achieved by both models. Moreover, it can be affirmed that, for relatively low accelerations,
using a non-linear constitutive model for the soil is not a recommended solution, because it requires a
higher computational cost, but leads, substantially, to very similar results to those obtainable through
an equivalent linear elastic modeling, as suggested by [24].

The use of a nonlinear analysis requires the determination of many parameters and a high
computational cost and it is therefore justified only in the presence of strong seismic inputs that lead to
significant soil nonlinearity effects. Moreover, it has to be supported by an accurate soil characterization
including both static and dynamic in-situ and laboratory tests.

Finally, it can be stated that both constitutive models provide comparable results to the values
prescribed by [24]. The FEM analyses furnished amplification ratio values Ra that were clearly
greater than the stratigraphic amplification coefficients SS provided by [24] for the cases in which the
fundamental frequencies of the inputs were very close to those of the soil. This occurred mainly for the
inputs E18 and E26.

As for the amplification functions (Figure 20), the comparison between the two constitutive
models shows that, basically, the fundamental frequencies obtained by the equivalent linear elastic
model were slightly smaller than those obtained by the nonlinear model. This result is better shown in
Table 6, in which the f SSI,ELQ/f SSI,NL ratios are also shown. It depends on the two different approaches
of the ELQ model and NL model for taking into account soil nonlinearity effects. Thus, in the
frequency-domain the difference between the two approaches appeared important and suggests more
sophisticated nonlinear analyses supported by a careful soil characterization.

Table 6. Comparison between the soil fundamental frequencies for the two models (ELQ and NL).

B1 B2 C1 C2

f SSI,ELQ
(Hz)

f SSI,NL
(Hz) f SSI,ELQ/ fSSI,NL

f SSI,ELQ
(Hz)

f SSI,NL
(Hz) fSSI,ELQ/fSSI,NL

f SSI,ELQ
(Hz)

f SSI,NL
(Hz) f SSI,ELQ/ fSSI,NL

f SSI,ELQ
(Hz)

f SSI,NL
(Hz) fSSI,ELQ/ f SSI,NL

E13 2.54 2.97 0.86 1.58 2.74 0.58 4.30 1.46 2.95 0.65 0.97 0.67
E18 2.56 2.98 0.86 2.08 2.41 0.86 1.10 1.44 0.76 0.73 1.15 0.63
E26 2.56 2.90 0.88 1.22 2.53 0.48 1.15 1.46 0.79 1.97 2.10 0.94

6.2. Response Spectra at the Base of the Building

Figure 21 shows the response spectra obtained at the base of the building by the two different
FEM analyses (ELQ and NL); the surface response spectrum provided by [24] and Tfxb = 0.484 sec
(see Section 4.2.2) are also shown (the green lines refer to the equivalent linear elastic model—ELQ,
and the blue lines refer to the non-linear model—NL).

Through these comparisons it is evident that the spectral ordinates obtained by the two different
constitutive models were generally comparable to each other. As for the comparison with the spectrum
provided by [24], for the B1 case the latter was detrimental, irrespective of the constitutive model
adopted. For the B2 case the spectrum provided by [24] was concordant with the numerical ones for
inputs E18 and E26, and it was slightly safer for input E13. For soil C the spectrum provided by [24]
was always safer than the FEM ones irrespective of the constitutive model adopted apart from the
C2-E18 case. However, the spectral accelerations at Tbfx = 0.484 s were less than those required by [24].

Consequently, for the cases analyzed, the spectrum provided by [24] tended to be safer for poorer
soils (soil C), and concordant with the numerical ones or slightly detrimental for soils having better
characteristics (soil B).
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Figure 21. Comparison between response spectra at the base of the structure obtained by the two
different constitutive models (ELQ vs. NL) and provided by [24].

6.3. Bending Moments in the Tunnel

Figure 22 shows the comparisons between numerical and analytical [29,30] bending moments for
the soil types under analysis and achieved by the two different constitutive models.

In particular, adopting accelerograms scaled to 0.1 g (B1 and C1 cases), the bending moments were
slightly higher for the equivalent linear elastic analyses (green lines). Instead, adopting accelerograms
scaled to 0.3 g (B2 and C2 cases), the maximum values of the moments were achieved mainly by the
nonlinear analyses. However, the bending moments achieved by the two different constitutive models
were very similar.
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Figure 22. Comparison between analytical and numerical bending moments obtained by the two
different constitutive models (ELQ vs. NL).

7. Conclusions

The paper dealt with a case-history of the underground network in Catania (Italy) including an
aboveground building. This case-history was previously investigated by the authors in order to detect
the effects of the presence of: i. only the tunnel; ii. only the building; and iii. both the tunnel and the
building. The results of this previous analysis are reported in [20].

The aim of the present work was to study the effects of soil VS profile and non-linearity on the
full-coupled tunnel-soil-aboveground building system investigated in [20]. The dynamic parameters of
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the soil and the seismic inputs at the bedrock were appropriately modified according to the classification
of [24], then different FEM models and therefore numerous parametric analyses were developed. As for
soil nonlinearity, two different models were developed: the first group of analyses were conducted in
an equivalent visco-linear elastic field according to suggestions given by [24], i.e., degrading the soil
shear modulus and damping ratio according to the expected PHA at the ground surface; the second
group of analyses were conducted in the nonlinear field, by means of a visco-elasto-plastic constitutive
model, characterized by isotropic and kinematic hardening and a non-associated flow rule. The three
inputs used, labeled E13, E18, and E26, were scaled to two accelerations: 0.10 g and 0.30 g.

The results have been presented in terms of: acceleration amplification ratios, amplification
functions, response spectra, and bending moments in the tunnels. A free-field alignment (FF) and an
alignment crossing the tunnel and the aboveground structure (SS) were considered.

Initially, the results have been compared referring to the same constitutive model and varying the
average Vs value and the seismic input. Finally, the results of the soil equivalent visco-linear elastic
model were compared with those of the visco-elasto-plastic constitutive model.

As for the first comparison, relating to the different Vs of the analyzed soils, it was possible
to observe that, first of all, the tunnel generally caused demagnification phenomena. Furthermore,
the acceleration amplification ratios showed lower values in the cases of input accelerograms scaled to
0.3 g, mainly due to the required use of a high damping ratio (10%). Comparing the different soil types
subjected to the same seismic input, it can be deduced that passing from soils with higher VS values to
soils with lower VS values, a minor amplification of the signal occurred, contrary to what is foreseen by
the Technical Codes. This behavior was due to a higher effect of the soil damping ratio and highlights
the importance of a careful estimation of soil parameters and of specific local seismic response studies.

Comparing the amplification functions, the nonlinearity caused a shift of the amplification peaks
towards smaller frequencies as well as an attenuation of the amplification peak.

Comparing the fundamental frequencies of the inputs (f input) and of the system (f SSI, obtained
with reference to the SS alignment) the probable resonance phenomena were investigated: the E13
accelerogram had a high value of the f input/f SSI ratio and therefore no resonance phenomena could
occur; the E18 accelerogram showed ratios that were not particularly high but which were higher than
the unit value; finally, the E26 accelerogram could cause resonance phenomena, due to the proximity
of f input to f SSI. Furthermore, through the comparison between the frequencies of the two FF and SS
alignments examined it is clear that the influence of the structures was minimal.

In regards to the response spectra, it can be observed that neglecting a local seismic response
study and considering the spectra provided by [24] might be detrimental in some cases. In particular,
for the cases under analysis, the spectrum provided by [24] tended to be safer than the FEM ones for
soils characterized by lower VS values and concordant with the numerical ones or slightly detrimental
for soils having higher VS values.

As for the bending moments in the tunnel, the comparison between the FEM and analytical [29,30]
results was satisfactory in the upper arc of the tunnel, instead in the lower arc of the tunnel the analytical
methods led to an underestimation of the moments compared to those derived by FEM analyses.

Regarding to the comparison between the two adopted soil models, i.e., the equivalent visco-linear
elastic model and the visco-elasto-plastic constitutive one, the main results were summarized in
the following.

The amplification ratio had almost the same trend in both cases. In particular, in the case of
accelerograms scaled to 0.1 g, slightly higher amplification ratios were achieved by the equivalent
visco-linear analyses. Instead, in the case of accelerograms scaled to 0.3 g, the maximum values of
the amplification ratios were obtained by the nonlinear analysis. The differences between the two
constitutive models were however minimal and this makes it possible to affirm that the same soil filter
effect was achieved by both models.

Comparing the amplification functions, the fundamental frequencies obtained by the equivalent
linear visco-elastic model were slightly smaller than those obtained by the nonlinear model.
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As for the response spectra, the spectral ordinates obtained by the two different constitutive
models were comparable to each other. In addition, the bending moments in the tunnel achieved by
the two different models were comparable to each other.

It can be deduced that for relatively low accelerations the use of a nonlinear constitutive model
for the soil can be avoided, because it requires a higher computational cost, but it generally leads to
very similar results to those obtainable by an equivalent linear elastic modeling, carried out by simply
following the EC8 suggestions. Moreover, the use of a nonlinear analysis requires the determination
of many parameters; it is therefore justified only in the presence of strong seismic inputs that lead
to serious nonlinear phenomena in the soil. Results of these studies could be very useful to seismic
microzonation [48–50].
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