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Abstract

Nowadays, underground structures play a crucial role in transportation and utility networks in
urban areas. Their static design has achieved a high level of accuracy. Instead, tunnels’ efficient
seismic design is not yet completely gotten, even due to the complex soil-tunnel interaction
phenomena that occur during an earthquake. So, the few code regulations and guidelines about
the seismic design of tunnels and the numerous parameters that affect the soil-tunnel systems’
dynamic response have led the geotechnical research community to devote great attention
to the study of the tunnel response under ground shaking. But, usually, dynamic analyses of
coupled soil-tunnel systems are performed considering homogeneous soil at the tunnel’s depth.
Analytical solutions do not take specifically into account the possible heterogeneity of the soil
crossed by the tunnel. To take into account this heterogeneity is necessary to move towards
numerical approaches. The present paper investigates the role of soil heterogeneity and soil-
tunnel interface conditions on tunnel seismic behaviour. Different numerical FEM parametric
analyses were carried out, considering great differences in soil stiffness at the tunnel’s depth. In
particular, starting from a real case-history regarding the Catania (Italy) underground network,
a cross-section characterized by a strong heterogeneity in terms of soil stiffness was firstly
analysed. Then, the degree of heterogeneity was varied; furthermore, the soil-tunnel interface
conditions were modified to comprise a large number of case studies. The achieved results were
reported in terms of tunnel seismic bending moments and axial forces. The numerical results
were also compared with those obtained using the closed-form solutions proposed by Wang
(1993) and Penzien (2000) for homogeneous soil deposits.

Key words: soil dynamic characterization, FEM modelling, parametric analyses, soil-tunnel
interface, bending moments, axial forces
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1 Introduction

Today crucial role in transportation and utility networks of underground structures
makes their vulnerability to seismic inputs a fundamental topic in earthquake engineer-
ing.

The few code regulations and guidelines about the seismic design of tunnels (e.g., [1]
and [2]) and the numerous parameters that affect the dynamic response of the soil-
tunnel systems have led the geotechnical research community to devote great atten-
tion to the study of the tunnel response under ground shaking. Several methods are
available in the literature to evaluate the seismic response of underground structures
[3; 10]. The results of these methods may significantly deviate, even under the same
design assumptions, due to both inherent epistemic uncertainties and knowledge
shortfall regarding some crucial issues that considerably affect the seismic response
[11; 13]. About that, no analytical solution takes specifically into account the heteroge-
neity of the soil crossed by the tunnel. Usually, dynamic analyses of coupled soil-tunnel
systems are performed considering homogeneous soil at the tunnel’s depth.

So, the present paper shows a numerical parametric study conducted by a FEM code,
assuming different soil configurations, to investigate the effects of the soil hetero-
geneity and soil-tunnel interface conditions on the tunnel seismic response. Starting
from the underground network case-history of Catania (Italy) regarding a cross-section
characterized by great soil heterogeneity, different soil impedance ratio values were
adopted for the two soil layers crossed by the tunnel. Moreover, the soil-tunnel inter-
face conditions were modified.

The response of the examined cases was discussed in terms of lining internal forces.
These quantities were also evaluated by the closed-form solutions proposed by Wang
[3] and Penzien [14], commonly used in the preliminary design stages of tunnels but
developed for homogeneous soil crossed by the tunnel. The analytical and numerical
results were compared to assess the validity and limitations of the analytical solutions.

2 The investigated tunnel-soil system

A cross-section of the underground network in Catania (Italy) was initially analysed [15;
18]; it belongs to the segment between the stations of Nesima and Misterbianco, next
to Si3 borehole (Fig. 1).

The tunnel has a diameter equal to 10 m; it is 17 m below the ground surface (its axis
is 22 m below the ground surface). The tunnelling was executed by a Tunnel Boring
Machine. The final tunnel lining consists of a precast reinforced concrete ring (Young's
modulus £ = 36283 MPa, Poisson'’s ratio v, = 0.2, and damping ratio D, = 5 %); each
ring consists of 7 segments installed by an appropriate erector inside the TBM. Fig. 2.a
shows the VS profile achieved by HVSR tests carried out during the geotechnical in-
vestigations performed in 2004 during the preliminary design of the underground line
and in 2015 for the executive design. Unfortunately, the investigation survey concerned
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up to the depth of about 30 m, due to the instrumentations utilised in the performed
HVSR tests. The shear waves velocity measured for this depth was equal to 345 m/s,
which is very far from 800 m/s, the minimum value of I/s for the bedrock according to
the Italian technical regulations [19] and the European Code 8 [20]. So, the I/s profile
reported in Fig. 2.a as red line was supposed, neglecting the rock layer at z=5-20m, to
find the depth at which I/, = 800 m/s (conventional bedrock). It was found at 80 m from
the ground surface. This large assumption was unavoidable, due to the instrumenta-
tion utilised. No specific dynamic laboratory tests were performed for the geological
formations at Si3 borehole. Thus, the typical Gly) and D(y) curves for Catania volcanic soil
obtained by [21] were used (Fig. 2.b) to take into account the soil nonlinearity. For the
very stiff soil (layer 1in Fig. 2.a) Gly) = G, and D(y) = D, were used.
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Figure 1. Soil profile and positions of the boreholes along the Nesima-Misterbianco segment of Catania
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Figure 2. a) Shear wave velocity profiles; b) Gly) and D{y) curves used for the equivalent linear analyses
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3 FEM modelling

In order to evaluate the seismic response of the tunnel-soil system described in Section
2, a finite element modelling by using the ADINA code [22; 23], widely used in dynamic
analyses [24; 27], was performed.

The 2D FEM model (Fig. 3) consisted of a stratified soil 80 m deep (up to the convention-
al bedrock) and 300 m wide (about 4 times the depth of the soil) to reduce the boundary
effects. The FEM model was in plane strain conditions, and it was divided into 8 hori-
zontal layers, according to the soil profile (green line) shown in Fig. 2.a. As regards the
boundary conditions, the nodes of the soil vertical boundaries were linked by “constraint
equations” that imposed the same horizontal and vertical displacements at the same
depths [28], reproducing free-field conditions. The nodes at the base of the model were
constrained only in the vertical direction; dashpots were implemented in the horizontal
direction, to simulate the elastic bedrock according to [29]. The input motion was ap-
plied through the above dashpots as acceleration time history. It was a synthetic ac-
celerogram scaled to PHA = 0.383g, which is the average expected value at the bedrock
in Catania, for the Italian technical regulations [19] (considering the ultimate limit state
associated with collapse or with other forms of structural failure which might endan-
ger the safety of people: P, = 10 %; T, = 1900 years). This accelerogram was obtained
using a source mechanism modelling, assuming the source to be under the sea along
the Hyblean-Maltese fault, according to the 1693 scenario earthquake for the city of
Catania [30; 31].

A linear-equivalent-visco-elastic constitutive model was used for the soil to take into
accountits nonlinearity. The shear strain levels were evaluated by several 1D equivalent
linear site response analyses, using the STRATA Code [32]. So, based on the Gly) and D(y)
curves shown in Fig. 2.b, the updated values of G and D were estimated for each soil
layer, except for the layer 1: it is a very stiff soil, so Gly) = G,and Dly) = D, were used. The
achieved values of Gly) were in the range 0.60-0.90; instead, D(y) was achieved equal to
about 4 %. The tunnel was modelled by a linear visco-elastic constitutive model, accord-
ing to the previously described properties.

The damping matrix [(] was defined as a combination of the mass [M] matrix and the
stiffness [K] matrix, according to the Rayleigh damping method. For the calibration of
the Rayleigh damping coefficients a and b, the double frequency approach was used
[33]:

D-w -w
a=2—""1. B=2 D (1)
a),.+a)j (0/+(0/

in which o, = o, = (V_ /4H)-21tis the frequency of the soil at the first natural mode and
o = (2n-1)-w, is the frequency at the third relevant mode. According to [33], for soil
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columns with a thickness greater than 50 m, it is advisable to take into account the con-
tributions of the higher modes. In the present case the Authors assumed n = 3 to obtain
the damping within a constant period range.
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Figure 3. a) FEM model; b) zoom of the soil layers at the depth of the tunnel

4. The parametric analyses

Usually, dynamic analyses of coupled soil-tunnel systems are performed considering
homogeneous soil at the tunnel’s depth [34]. The present work deals with numerous
parametric analyses carried out considering great differences of soil stiffness at the
tunnel’s depth (Fig. 3), using different values of the impedance ratio, /, according to the
following expression:

I (P1 'Vs1) 2)
(,02 'Vsz)

where p, and V/, are the density and shear wave velocity of the soil interacting with
the upper part of the tunnel, while p, and V/, are the density and shear wave velocity
of the soil interacting with the bottom part of the tunnel (Fig. 3). So, in order to perform
parametric analyses, the geotechnical parameters of the second and third layer were
modified to obtain different values of /(Table 2). Initially, four values of / were used,
performing four different models (Models 1-4). In particular, Model 3, characterized by /
= 2.6, represented the real condition at the borehole Si3.

Per each impedance ratio (i.e., for each of the four models), three different tunnel-soil
interface conditions were used: a) full-slip condition; b) no-slip condition; c) sliding con-
tact with a friction coeffcient ¢ = 0.5.

GEO-ASPECT OF EARTHQUAKE ENGINEERING 249
1%t Croatian Conference on Earthquake Engineering - 1CroCEE



250

Table 1. Main equivalent soil parameters for the two soil layers crossed by the tunnel for all the 10
developed FEM models

Depth [m] p [kg/m3] V_[m/s] p [kg/m?] v, [m/s]
Model 1: /= 1.0 Model 2: /= 2.0
Soil 1 5220 2038 323 2650 496
Soil 2 20-30 2038 323 2038 323
Model 3: /= 2.6 Model 4: /=3.5
Soil 1 5220 2650 647 2650 647
Soil 2 20-30 2038 323 2038 240
Model 5: /= 1.5 Model 6: /= 1.5
Soil 1 5220 2650 647 2650 647
Soil 2 20-30 2038 560 2650 431
Model 7: /= 3.0 Model 8: /=0.5
Soil 1 5220 2650 647 2038 323
Soil 2 20-30 2038 280 2650 496
Model 9: /= 0.3 Model 10: /= 4.0
Soil 1 5-20 2038 240 2650 647
Soil 2 20-30 2650 647 2038 210

In a second phase, other values of / were considered (in the range 0.3 - 4.0), so totally
ten FEM models were analysed (Table 2). Just the no-slip tunnel-soil interface condition
was modelled for these added models (Models 5-10).

5 Results

Fig. 4 shows the numerical seismic bending moments M and axial forces N computed
along the tunnel for the first four Models 1-4 considering all the tunnel-soil interface
conditions previously explained. Two different coloured bands highlight the two differ-
ent layers (1 and 2) crossed by the tunnel.

The strong influence of the heterogeneity of the soil crossed by the tunnel was found in
Mdistribution. For higher values of /(from Model 1 to Model 4), higher values of Mwere
evaluated, achieving a strongly non-uniform bending moment distribution along the
tunnel: very small Mat the depth of Sail 1 (stiff soil); higher values at the depth of Sail 2
(soft sail); and above all important peaks at the soil stiffness discontinuity. As expected,
the best distribution of the bending moments was observed for Model 1, representing
the homogeneous soil condition at the tunnel depths (/= 1.0). As for the three different
tunnel-soil interface conditions, very similar results to each other were achieved.
Unlike the bending moments, the obtained axial forces did not vary much with /. Regard-
ing the three different soil-tunnel interface conditions, higher values of N/ were achieved
in the no-slip condition, due to the higher concentration of stress along the tunnel,
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generated by the lack of relative sliding between soil and tunnel. For the partial-slip
condition, lower values of around 20 % were achieved. Finally, for the full-slip condition
constant low values were achieved.

So, it is advisable to carefully evaluate bending moment distributions for tunnel cross-
ing heterogeneous soil and to require the necessary geotechnical in-situ tests for ex-
actly estimating the depth of the soil stiffness discontinuity and the impedance ratio /.
Moreover, the achieved numerical results suggested the use of the no-slip tunnel-soil
interface condition in numerical modelling to guarantee the highest possible safety con-
dition. Consequently, just the no-slip soil-tunnel interface condition was adopted for
Models 5-10, as previously introduced.

Fig. 5.2 and Fig. 5.b show the comparison between the analytical internal forces and
the numerical ones for all the ten developed models (represented by ten different in-
dicators). Similarly, Fig. 5.c and 5.d reports the maxima internal forces versus the soil
impedance ratios. Analytical internal forces were computed according to the solutions
developed by Wang [3] and Penzien [14], which, as previously written, were developed
only for tunnels in homogeneous soil. However, the Authors fit them for the heteroge-
neous profile of the soil crossed by the tunnel, adopting two different values of I for
the two layers surrounding the tunnel; the first value v, was used for 23° < < 157°
(“Soil 1" in Fig. 3.b); the second value I/_, was used for 0° < <23° and 157° < < 360°
("Soil 2" in Fig. 3.b). Moreover, also two different average values of soil shear strains
were evaluated for the two above-mentioned layers.

Regarding the bending moments, a good agreement between numerical and analytical
results was achieved, even if it became less satisfactory for strong heterogeneity (/ =
0.3, 3.0, 3.5 and 4.0). As for the dynamic axial forces, the Penzien solution [14] fur-
nished very low values in comparison with the numerical ones; the Wang solution [3]
furnished very high values in comparison with the numerical ones only for Models 3, 4,
7,10, i.e., for /> 2.5. The increasing of the impedance ratio /led to an increasing of the
gap between analytical and numerical results.

Asforthe M_ vs /trend, itis possible to observe that Mstrongly depended on /and the
minimum values were reached for values of /next to 1; on the other hand, the further
/ was away from 1, the higher the value of M. As for N Vs I trends, it is possible to
observe that the numerical axial forces did not significantly vary with / instead, they
strongly increased with /according to the Wang approach [3], due to the increasing of
the shear strain increasing with /. Finally, Penzien approach [14] gave very low values,
as observed by other researchers [34].
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6 Conclusions

The paper deals with the effect of soil heterogeneity on seismic tunnel response. Dif-
ferent numerical FEM analyses were carried out, considering significant differences in
the soil layers’ stiffness crossed by a tunnel. The soil impedance ratio / evaluated as
the ratio between the density and shear waves velocity of the soil interacting with the
upper part of the tunnel and the density and shear waves velocity of the soil interacting
with the bottom part of the tunnel, was varied. The numerical results were also com-
pared with the closed-form solutions by Wang and Penzien, developed for homogene-
ous soil deposits. These closed-form solutions were here used considering different
shear strains for the different soil layers to adapt these solutions to non-homogeneous
soil deposits.

The strong influence of the heterogeneity of the soil crossed by the tunnel on the tunnel
seismic bending moment M distribution was found. A strange bending moment distri-
bution along the tunnel was achieved for high values of /, with important peaks at the
soil stiffness discontinuity. As expected, the best distribution of the bending moments
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was observed for / = 1.0 (homogeneous soail). As for the three different tunnel-soil in-
terface conditions (no-slip, full-slip, partial slip), very similar results to each other were
achieved. Regarding the seismic axial forces in the tunnel, the numerical values did not
vary much with /. Regarding the three different soil-tunnel interface conditions, higher
N values were achieved for the no-slip condition. So, this condition is preferable in nu-
merical modelling to guarantee the highest possible safety.

As for the comparison with the analytical results, a good agreement in terms of Mwas
achieved only taking into account different shear strains for the different soil layers,
even if it is less satisfactory for strong heterogeneity. Regarding N, Penzien solution
furnished very low values; Wang solution provided very high values compared to the
numerical ones only for /> 2.5. The increasing of the impedance ratio, / led to an in-
creasing gap between analytical and numerical results.

The results revealed the need to increase numerical analyses to estimate lining forces
more consistent with the soil-tunnel system’s real behaviour. The future goal is devel-
oping easy-to-use analytical solutions that will take into account the heterogeneity of
the soil crossed by a tunnel.
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