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Abstract: The assessment of the seismic behaviour of underground structures is one of the most current
research topics in seismic geotechnical and structural engineering due to the complex soil-structure interaction
phenomena that are involved. In the last decades, several numerical approaches, more or less simplified, have
been developed to evaluate the seismic behaviour of these structures, especially following the significant
damage observed after recent strong earthquakes. In parallel, the International Codes have begun to address
to the concepts of seismic design. Despite the significant progress made, several uncertainties remain
regarding the correct representation of the seismic behaviour of underground structures. The paper presents
the main results of nonlinear analyses performed to evaluate the seismic behaviour of a multi-storey, shallow
underground structure embedded in coarse grained soils varying seismic intensity. The results are compared
with those obtained for the same models using linear model both for soil and structure behaviour, in order to
assess the influence of the non-linearity of the seismic response on the magnitude of the stresses acting on
the concrete retaining walls.

1. Seismic behavior of underground structures: overview and some open issues

Over last decades, classifications of different types of underground structures have been proposed based on
construction method (Bickel 2006) and intended use. Despite these differences in terms of construction
method and structural characteristics, the seismic behaviour of these structures is governed by similar
parameters. It is possible to classify the damaging effects of strong earthquakes on underground structures
into two main groups: (i) damage due to ground shaking and (ii) damage due to ground failures. As a result of
the seismic waves generated by an earthquake, the soil will be subjected to vibrations that are manifested as
soil shaking: consequently, underground structures will suffer deformations more or less simultaneously with
the surrounding soil deformations. The second group includes different types of soil failure, such as faulting
and tectonic uplift, subsidence and slope instability.

However, for a long period, underground structures were considered to be virtually invulnerable to
earthquakes. This speculation on the safety of underground structures has changed after some of them
suffered serious damage caused by strong seismic events, including the 1995 Kobe (Japan), 1999 Chi-Chi
(Taiwan) and 1999 Kocaeli (Turkey) earthquakes, especially in the case of inadequate seismic design, as
reported in Hashash et al. (2001). In particular, the failure of Daikai subway station (Figure 1), which occurred
during the 1995 Kobe earthquake, was emblematic: the central columns collapsed because they were
designed considering only vertical loads (lida et al. 1996, Kawashima 2000, Hashash et al. 2001).

During the last decades, the seismic behaviour of underground structures has been the subject of several
studies as Dowding and Roze (1978), Owen and Scholl (1981), Yoshikawa and Fukuchi (1984), Sharma and
Judd (1991), Power et al. (1998), Kawashima (2000), Wang (2001), Wang (2009), Hashash et al. (2001),
Kontoe et al. (2008).



WCEE2024 Zucca & et al.

“.Q! "".‘J.’Jf‘?"'
[ﬁﬂnum —

Figure 1. Daikai station collapse mechanism.

In addition, several Technical Codes have started to pay attention to the seismic design of underground
structures, and in the same way, different methods have been developed to evaluate the seismic response of
such structures in the transverse (Wang 1993, Penzien and Wu 1998, Penzien 2000, JRA 1992, ISO 2005,
Hoeg 1968, Bobet 2003, Bobet 2010, Park et al 2009) and longitudinal (Kuesel et al. 1976, St, John and
Zahrah 1987, Kiyomiya 1995) directions, including coupled and decoupled approaches. Furthermore, some
comparisons between the different proposed methods have been carried out (Gomez-Masso and Attala 1984).
In Andreotti e Lai 2015, a procedure to obtain the fragility curves for the evaluation of the seismic performance
of underground structures has been proposed.

Despite these significant progress, many uncertainties persist. These regard mainly the aspects related to the
complexity of the soil-structure interaction phenomena. In fact, this research topic is not adequately addressed
by current standards, especially when dealing with structures featuring more than two horizontal restrains.

2. Sensitivity analysis

To evaluate the seismic behavior of a shallow multi-propped underground structure, a sensitivity analysis has
been carried out considering different values of the shear modulus (related to the shear wave velocity) of the
soil where the structure is embedded (Figure 2). In particular, the structure is considered embedded in a dry,
coarse grained soil.

The subsoil considered in this study is constituted by a 31.6 m thick layer of coarse grained soil resting above
a 51.30 m thick layer of sandstone as bedrock. (Figure 3). The soil is characterized by a shear wave velocity
ranging between 360 and 750 m/s. The main mechanical properties of the soil profiles are summarized in
Table 1.

Sensitivity Analysis

4 Soil Profiles 6 Seismic Inputs 1 Structure

V. = 360 [m/s] 5 Matural 1 multi-propped
W, =450 [m/fs] accelerograms
W, = 600 [m/s] 1 synthetic

W, = 750 [m/s] accelerogram

shallow underground
structure

Figure 2. Sensitivity analysis schematic sequence.
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Figure 3. Soil model and related shear wave velocity profile.

Table 1. Mechanical properties of the four soil profiles.

Soil Unit Cohesi Friction Dil Shear wave Poi .
rofile weight ohesion angle ilatancy velocity oisson ratio
prot q  (c)kPal R Angle (y) [°] W[
[n°]  (y)[KN/m°] (@)°] (Vs)[m/s]

1 21 40 39 0 360 0.3

2 21 40 39 0 450 0.3

3 21 40 39 0 600 0.3

4 21 40 39 0 750 0.3

The seismic response of the underground structures is strictly related to the behaviour of the surrounding soil;
for a given seismic input, the possible occurrence of resonance effects when the fundamental frequencies of
the soil column are close to the frequencies of the seismic input characterized by the maximum energy content
plays a major role. In this study, 5 seismic accelerogram components recorded during 5 different European
strong earthquakes (Greece, Amatrice, L’Aquila, Friuli and Montenegro) included in the European Strong
Motion Database and 1 accelerogram generated analytically using the seismic characteristics of Lima city in
Peru for the new line 2 metro design have been used. Table 2 reports the main properties of the considered
seismic inputs, where PGA is the peak ground acceleration, PGV is the peak ground velocity and PGD
indicates the peak ground displacement.

In particular, the accelerograms have been selected within a Magnitude (Mw) ranging between 6 and 7 and a
PGA value between 0.35 g and 0.53 g. The inputs are characterized by different values of integral parameters,
gaining a large variability of the ground motion characteristics. The seismic inputs have been applied both
unscaled and scaled (only in terms of PGA, while keeping unchanged the frequency content of the seismic
signals) considering a PGA value ranging between 0.13 and 0.22 g. Figures 4 and 5 shown the seismic signals
and the related representation in the frequency domain highlighting the relation between the signal frequency
content and the fundamental natural frequencies of the four soil columns listed in Table 3.

Table 2. Main characteristics of the seismic inputs.

et ometpr T st comnent FonEoyFSE ianaty
[-] [cm/s]
Greece 15/06/1995 01:49 AM 6.5 AIGA TRAN 0.52 51.3 8.3 1171
Amatrice 30/10/2016 07:30 AM 6.5 AMT E-W 0.53 37.9 7.5 156.4
L’Aquila 06/04/2009 03:32 AM 6.1 AQG N-S 0.49 35.8 6.0 1324
Friuli 06/05/1976 09:00 PM 6.0 FRC N-S 0.35 23.7 5.3 84.5
Montenegro 15/04/1979 06:19 AM 6.9 PETO N-S 0.45 38.5 6.9 455.7
Lima 2017 - 8.1 - - 0.50 125.5 449.0 1492.0
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Figure 4. Seismic inputs.
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Figure 5. Seismic inputs in frequency domain.
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Table 3. Soil columns fundamental frequencies.

Zucca & et al.

Soil profile (Vs) T4 T2 T3
[m/s] [s] [s] [s]
360 0.490 0.162 0.097
450 0.420 0.140 0.084
600 0.350 0.117 0.070
750 0.310 0.103 0.062

The relation between the frequency content of the different seismic signals and the main natural frequencies
of the soil columns is fundamental to understand the possible occurrence of resonance effects. It is possible
to notice that the peaks of the Fourier transform of the six seismic events are located near the frequencies
range that involve the first fundamental frequency of the four soil profiles except for Montenegro seismic input.

The shallow underground used in this work is characterized by a rectangular plan having dimensions equal to
132.16 m x 29.00 m. The main structural elements are the reinforced concrete (RC) retaining walls having a
thickness equal to 1 m and the circular RC columns characterized by a diameter equal to 1.2 m arranged
according to a rectangular grid of 14.70 m x 12.00m. The foundations of the columns are realized by circular
RC piles with a diameter equal to 1.8 m and 9 m deep (Figure 6).

14,70

s

28,20

Figure 6. scheme of the shallow underground structure considered in this study (dimensions in meters).

Table 4 summarizes the mechanical properties of the materials which that characterize the main structural

elements of the metro station.

Table 4. Materials mechanical properties.

Structural Concrete (fck) Steel (fyk)
elements [MPa] [MPa]
Columns 40 420
Piles 40 420
Retaining Walls 30 420
Slabs 40 420
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3. Numerical modelling

The non-linear dynamic analysis of the system has been carried out, considering plane strain conditions, using
the finite difference commercial software FLAC?P (ltasca 2007). The implemented computational grid has
dimensions 208.20 m x 83.87 m. An elastic perfectly plastic constitutive law with a Mohr Coulomb strength
rule for the soil profile has been used, while a simple elastic model has been chosen for the sandstone. The
shear stiffness at small strain (Go) has been computed as a function of the shear wave velocity. The soil
hysteretic behavior has been considered through the application of the shear modulus decay curves proposed
by Seed and Idriss 1970 and Stokoe et al. 2013. The hysteretic damping is taken into consideration using the
generalized Masing rules. The maximum size of the computation mesh elements has been defined to allow
the proper propagation of harmonics with 18 Hz frequency, that is the maximum frequency of the seismic
signals adopted in this research work, according to Kuhlemeyer and Lysmer 1973. The size of the mesh
elements is optimized using the relation reported in Pagliaroli et al. 2007. To avoid the reflection effects on the
vertical lateral boundaries of the computational grid, free-field boundary conditions available in FLAC?P library
have been applied. The dynamic analysis has been carried out applied the selected time histories at the base
of the computational grid considering a value of damping of the sandstone layer equal to 1%.

4. Seismic response of the system

As reported in Soccodato and Tropeano 2015, the ground motion response obtained by the execution of the
sensitivity analysis, is influenced by several overlapping effects such as: (i) the different characteristics of the
soil columns, (ii) the non-linear behavior of the soil and (iii) the geometry of the system.
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Figure 7. 1D response factor.



WCEE2024 Zucca & et al.

The results of the free-field analysis (in 1D condition for the scheme considered in this work) expressed in
terms of ratio between the maximum acceleration evaluated at ground level in free field condition (PGAs-1p)
and the maximum acceleration which characterize the considered time history (PGA) are shown in Figure 7.

The soil response is conditioned by the system vibration modes excited by the different seismic signals. In
fact, the seismic response of the soil column is strictly influenced by the soil motion and straining due to the
markedly non-liner behavior of the soil.

The resonance effects with the first vibration mode of the different soil profiles lead to an increase of the shear
strain in the deepest soil layers and, consequently, additional damping appear as a function of the strongly
non-linear behavior of the soil. For these reasons, the free-field analysis results are characterized by a larger
amplification of the peak acceleration. Only considering the unscaled accelerograms, the free-field analysis
shows a decrease of the value of the peak acceleration due to the seismic signals characteristics which
enhance the dissipation effects of the soil due to its non-linear behavior.

5. Decoupled approach

To evaluate the seismic performance of the underground structure described in Section 2, a decoupled
approach has been used. In particular, the decoupled approach applied in this research work is based on the
evaluation of the soil deformations without taking into account the presence of the structure and in the
application of such deformations (calculated at the depth of the structure) to the structure, according to the
procedure illustrated in Figure 8.

Soil profile 2D Equivalent

oll profie mm) | Linear Analysis/

discretization . .
Non-linear Analysis

!

— Evaluation of the Free-Field
Application of the Displacements at the depth
displacements at @ | ¢ the structure

the structure (without considering the presence of the
structure)

Figure 8. Decoupled approach.

To evaluate the seismic response of the soil profiles in order to obtain the displacements at both the top and
the base of the structure, two different types of approach have been applied. In the first approach, the soil
profiles discretization has been implemented using Deepsoil software code, developed by Hashash et al. 2016,
to perform equivalent linear analysis. Also in such a case, the degradation of the soil shear modulus has been
considered through the decay curves given by Seed and Idriss 1970 and Stokoe et al. 2013. In Figure 9 it is
possible to see an example of displacements trend obtained for the soil profile characterize by a value of shear
wave velocity equal to 360 m/s subject to Montenegro seismic input (the solid line indicates the displacements
profile starting from the depth of the structure base.

The displacement distributions obtained for the other soil profiles subjected to the different seismic inputs
follows the same trend, resulting from the first vibration mode shape of the soil columns. These results are in
accordance with that reported in previous Section 4, where it is clear how the seismic inputs mainly excite the
first fundamental frequency of the soil columns. Furthermore, it is evident that the displacements obtained at
the ground level significantly decrease when the stiffness of the soil profile increases.

Table 5 summarizes the main results obtained from the execution of equivalent linear analysis expressed in
terms of relative displacements obtained as the difference between the displacements evaluated at the top
and at the base of the RC retaining walls of the underground structure.
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Figure 9. Displacements trend of the soil profile with Vs = 360 m/s under Montenegro seismic input.

Table 5. Relative displacements obtained from the equivalent linear analysis.

Soil profile Amatrice Friuli Greece Montenegro L’Aquila Lima
(Vs)

[m/s] [mm)] [mm)] [mm)] [mm)] [mm] [mm]
360 13 8 28 37 15 34
450 11 5 27 7 8 23
600 5 2 3 2 2 6
750 2 2 1 1 2 1

The maximum increment of bending moment due to the seismic load and acting on the section of the RC
retaining walls located in correspondence to the central slab, is calculated starting from the static condition.
Table 6 shows that the maximum increase is obtained for the soil profile having shear wave velocity equal to
360 m/s. In particular, the results of the equivalent linear analysis indicate that the maximum increase of
bending moment is equal to 110 kNm in the case of Montenegro seismic input, while the bending moment
increase due to the seismic action is almost negligible in the cases of soil profiles characterized by high values
of stiffness (Vs = 600 m/s and Vs = 750 m/s).

In the second approach, the free-field displacements obtained using the numerical model described in Section
3 and performing the non-linear analysis have been considered. Table 7 reports the main results obtained
these analyses in terms of relative displacements obtained as the difference between the displacements
evaluated at the top and at the base of the RC retaining walls of the underground structure.

Table 8 reports the values of bending moment obtained from the non-linear analysis Also in this approach the
maximum increment of bending moment due to seismic action is obtained for the soil profile characterized by
low values of shear wave velocity and it is equal to 357 kNm in the case of Lima seismic input.
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Table 6. Equivalent linear analysis: bending moment acting in the considered section.

Soil
Pl('3f|)|e Montenegro L’Aquila Greece Friuli Amatrice Lima
[m/s]
Static (Mo) 518 518 518 518 518 518
[kNm]
3g0  Seismic (M) 628 562 601 542 557 619
[kNm]
A [%] 21 9 16 5 7 20
Static (Mo) 451 451 451 451 451 451
[kNm]
450 Seismic (M) 472 475 532 466 466 520
[kNm]
A [%] 5 5 18 3 3 15
Static (Mo) 370 370 370 370 370 370
[kNm]
600 Seismic (M) 376 376 379 376 376 387
[kNm]
A [%] 2 2 2 2 2 5
Static (Mo) 312 312 312 312 312 312
[kNm]
750 Seismic (M) 315 318 315 318 318 315
[kNm]
A [%] 1 2 1 2 2 1

Table 7. Relative displacements obtained from the non-linear analysis.

Soil profile Amatrice Friuli Greece Montenegro L’Aquila Lima
(Vs)

[m/s] [mm)] [mm)] [mm)] [mm)] [mm] [mm]
360 18 12 33 42 19 120
450 16 8 30 13 10 107
600 8 4 7 4 4 36

750 5 3 2 2 4 23
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Table 8. Non-linear analysis: bending moment acting in the considered section.

Soil
profile
(Vs) Montenegro L’Aquila Greece Friuli Amatrice Lima
[m/s]
Static (Mo)
[kNm] 518 518 518 518 518 518
Seismic (M)
360 [kNm] 643 574 616 554 571 875
A [%]
24 11 19 7 10 69
Static (Mo)
[kNm] 451 451 451 451 451 451
Seismic (M)
450 [kNm] 490 481 541 475 499 769
A [%]
9 7 20 5 11 71
Static (Mo)
[kNm] 370 370 370 370 370 370
Seismic (M)
600 [kNm] 382 384 390 382 393 477
A [%]
3 4 6 3 6 29
Static (Mo)
[kNm] 312 312 312 312 312 312
Seismic (M)
750 [kNm] 315 327 318 321 327 381
A [%]
1 5 2 3 5 22

The comparison of the results obtained form the first and second approach has highlighted that the relative
displacements calculated using non-linear analysis are larger than those derived from the equivalent linear
analysis. Consequently, also the increase of the bending moment acting on the RC retaining walls follows this
trend, as possible to see in Table 9 where EL indicates the equivalent linear analysis and NL the non-linear
analysis.

It is possible to notice that the difference (A) of the bending moment value evaluated in the section located in
correspondence to the central slab calculated through the non-linear (NL) analysis and those obtained from
the execution of equivalent linear (EL) analysis lies between 2% and 4% for the five natural accelerograms.
This limited difference is due to the incidence of the value of bending moment obtained under static conditions
on the final value of bending moment compared to the increment due to the seismic load. This situation does
not occur considering Lima seismic input where the difference obtained is greater than 40% for the soil profile
having shear wave velocity equal to 360 m/s and 450 m/s and almost equal to 20% considering the soil profile
characterized by Vs=600m/s and Vs =750 m/s. The significant difference is due to the different
characteristics of the Lima seismic signal when compared with those of the other natural accelerograms used
in this work. As a matter of fact, it can be noted from Figures 4 and 5 that the duration and the significant part
of the Lima seismic signal are much larger than those of the other natural accelerograms. Consequently, as it
can be observed from Table 2, also the value of Arias Intensity (strictly related to the seismic signal energy
content) of the Lima seismic input is about 3 times the value of the Montenegro seismic input and about 10
times the values of the other natural accelerograms. Moreover, the relevant energy content of the Lima seismic
input is mainly located in correspondence with the soil profiles first fundamental frequency, as shown in Figure
5, thus amplifying the resonance effects. On the other hand, the natural accelerograms present peaks also in
correspondence with other frequencies, thereby mostly distributing the energy content of the signals.

10



WCEE2024 Zucca & et al.

Table 9. Comparison of the results.

Soil
pl(':)I:i)le Montenegro L’Aquila Greece Friuli Amatrice Lima
[m/s]
EL [kNm] 628 562 601 542 557 619
360 NL [kNm] 643 574 616 554 571 875
A [%] 2 2 2 2 3 41
EL [kNm] 472 475 532 466 484 520
450 NL [kNm] 490 481 541 475 499 769
A [%] 4 1 2 2 3 48
EL [kNm] 376 376 379 376 385 387
600 NL [kNm] 382 384 390 382 393 477
A [%] 2 2 3 2 2 23
EL [kNm] 315 318 315 318 318 315
750 NL [kNm] 315 327 318 321 327 381
A [%] 0 3 1 1 3 21

6. Conclusion

In this research work the evaluation of the seismic behavior of a shallow multi-propped underground structure
embedded in a dry coarse soil has been investigated through decoupled approaches. The sensitivity analysis
has been carried out considering 6 different seismic inputs and 4 soil profiles characterized by different values
of shear stiffness modulus related to the shear wave velocity ranging between 360 and 750 m/s. Two different
types of analysis (equivalent linear analysis and non-linear analysis) have been carried out to evaluate the soil
profile displacements at depth, from the top to the bottom of the retaining wall, in a free-field condition, without
taking into account the effects of the presence of the structure. The results show that the relative displacements
calculated using non-linear analysis are larger than those derived from the equivalent linear analysis due to
the effects of non-linear behavior of the soil. Furthermore, also the seismic increments of bending moment
acting on the RC retaining walls follow this trend. In particular, the difference of the maximum bending moment
value evaluated in the section located in correspondence to the central slab calculated through the non-linear
analysis and those obtained from the equivalent linear analyses is quite low and lies in between 2% and 4%
for the 5 natural accelerograms; this is partly due to the high incidence of the static bending moment on the
final value of bending moment as compared to the increment due to seismic actions. This is not the case when
considering Lima seismic input: the difference is significant especially for the soil profiles characterized by low
values of the shear modulus.

Finally, it is important to highlight that the results obtained in this work are related to the specific geometrical
features of the structure under study: more generalized results can be obtained considering different types of
structural configurations.

11
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