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Seismic design of the foundation of an immersed 
tube tunnel in liquefiable soil

Christos Vrettos,* Stavros Savidis**

Summary
The road fixed-link crossing between Preveza and Aktio on the north-western coast of Greece that has recently been

completed consists of an immersed single-tube tunnel under the strait and two cut-and-cover tunnels at the ends of the
immersed part. The site is characterized by high seismicity. Foundation soil consists of marine sediments comprising irre-
gular layers of sands, silts and clays that extend to great depth in the central part of the strait. Along the entire tunnel axis
silty sands and sandy silts of the top layers are classified as potentially liquefiable. Soil improvement in the form of stone
columns has been carried out below the tunnel foundation for reducing risk from liquefaction. The soil conditions and the
seismic input parameters are presented and an overview of the extensive dynamic laboratory testing program conducted
is given. The seismic site response analyses performed for determining the depth of ground improvement are summarized.
The design of the stone columns is presented and the method for determining values for the spring coefficients of soil stif-
fness accounting for the effects of tunnel-ground interaction is described.

Introduction

As part of a major highway system the road
fixed-link crossing between Preveza and Aktio on
the north-western coast of Greece has recently been
constructed and opened to traffic in July 2002. After
an international tender the contract was awarded in
1995 by the Hellenic Ministry for the Environment,
Physical Planning and Public Works to a joint ven-
ture company between Christiani & Nielsen Ltd and
T.E.G.C. (now Empedos S.A.). The design of the
tunnel itself has been carried out by Comar Engi-
neers A/S, Copenhagen. GuD Geotechnik und Dy-
namik Consult GmbH, Berlin worked as consultant
to Comar Engineers A/S for geotechnical earth-
quake design.

The total length of the fixed link is approx. 4.7
km, of which 909 m is an immersed single tube two-
lane tunnel, 509 m is a diaphragm wall type cut-
and-cover tunnel on the Preveza side and 152 m is
cut-and-cover tunnel on the Aktio side, Figure 1.
The remaining length is approach roads on both
sides. The immersed section is constructed from
eight precast rectangular concrete elements ap-
prox. 60 m to 135 m long casted in a dry dock,
towed and immersed in a trench excavated on the
sea bottom at a depth of 27 m. The overall section
of the elements is 12.6 m wide and 8.75 m high.

The site is located in an area of severe seismic
activity. The geotechnical exploration program
during the tender phase has revealed an irregular
stratigraphy along the tunnel axis and also the ex-
istence of loose silty/sandy layers that would liquefy
in the event of a major earthquake. The installation
of stone columns below the entire length of the tun-
nel has been proposed as an effective countermeas-
ure. A detailed analysis of the soil-structure interac-
tion had to be conducted to ascertain that the pro-
posed foundation system had sufficient capacity to
withstand the anticipated seismic conditions.

The next sections present the prevailing soil
conditions, the seismic input parameters selected,
an overview of the geotechnical investigation pro-
gram, the results of the seismic site response analy-
ses, the design of the stone column foundation, and
the method followed to determine representative
spring coefficients for the soil stiffness accounting
for the effects of tunnel-ground interaction.

Geological setting

The bedrock mainly consists of Triassic-Jurassic
limestone of the Ionian zone but was not identified
during the ground investigation that reached an ex-
ploration depth of 80 m in the center of the strait.
The oldest layers penetrated in the boreholes are
Pliocene/Pleistocene deposits comprising mostly
hard clays, silts and marls with inclusions of layers of
sands. They are overlain along the entire length of
the tunnel by nonhomogeneous Holocene marine
sediments that comprise layers of sands, silts and
clays, partially with a high content of organic mat-
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ter. The longitudinal section as obtained from the
borehole logs is depicted in Figure 1 and shows that
the immersed tunnel is founded wholly within these
soft sediments.

Design earthquake

The seismological study carried out in 1995
concluded that the site is characterized by high
seismicity. A detailed seismic hazard estimation
yielded a peak ground acceleration at the free sur-
face of 0.32g for a return period of 475 years and
0.40g for 949 years return period. Synthesized
strong ground motions have been derived by con-
sidering three cases: near field, moderate distance,
and far field earthquake with different values of
magnitude, epicentral distance, and focal depth.
The maximum acceleration amax is obtained from
the near field earthquake of magnitude MS =6.5
yielding at base rock level a value of 0.27g. For the
bedrock a shear wave velocity VS = 600 m/s was as-
sumed.

Based on these findings the following values
have finally been suggested for use in the tunnel
design: Synthesized strong motions were scaled to
yield amax = 0.33g for the near field earthquake
and assigned to the rock outcrop. The acceleration
time history of the design earthquake and its re-
sponse spectrum are depicted in Figure 2.

Geotechnical investigations and soil parameters

An extensive in-situ and laboratory testing pro-
gram has been carried out both off-shore and on-
shore. Standard tests included all common labora-
tory tests for soil classification, soil shear resist-

Fig. 1 – Longitudinal section showing geology with soil units.
Fig. 1 – Sezione longitudinale che mostra la geologia del sito completo delle unità stratigrafiche.

Fig. 2 – Time history and 5% damping response spectrum
of the design earthquake scaled at 0.33g.
Fig. 2 – Variazione temporale dell’accelerazione del sisma di 
progetto riscalata a 0.33g (in basso) e spettro di risposta relativo 
ad un fattore di smorzamento del 5%.
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ance, and compressibility as well as in-situ such as
Standard Penetration Tests (SPT) at the 14 bore-
hole locations and a large number of Dynamic
Probings Super Heavy (DPSH) along the tunnel
axis. Two pumping tests have been carried out to
evaluate soil permeability.

In order to obtain a continuous profile of the
soil conditions a total of 72 Cone Penetration Tests
with pore pressure measurement (CPTU) have
been performed on land and at sea. In addition 10
Seismic Cone Penetration Tests (SCPTU) have
been conducted on land to gain information on the
in-situ shear wave velocity.

Information on the dynamic soil properties
(shear modulus and damping ratio) over a wide
strain range was obtained from the results of 30
Resonant Column Tests. 18 Cyclic Direct Simple
Shear Tests were carried out on sandy/silty samples
to determine liquefaction potential in terms of
pore water pressure build-up. Tests were suitably
adjusted to allow for in-situ field conditions.

Idealized soil profiles for the seismic site re-
sponse analysis has been established by combining
empirical correlations and results from the geotech-
nical investigation program. Particular attention
has been paid to the nonlinearity of the soil proper-
ties.

Soil stratigraphy and density

The layering sequence was taken from the bore-
hole logs and verified from the results of the CPTU
tests by adopting the empirical chart given by RO-
BERTSON [1990] that classifies soil from cone point
resistance, sleeve friction, and pore pressure
change. Agreement between borehole logs and
CPTU interpretation was very good. The in situ
density of the cohesionless soils, that is the crucial
property for the liquefaction susceptibility, was de-
termined in terms of the relative density Dr from the
SPT N-values by using the empirical relation by
SKEMPTON [1986] and also from the CPTU cone
point resistance qc using the empirical relation by
LUNNE and CHRISTOFFERSEN [1983]. Both data reduc-
tion procedures consider the effects of effective con-
fining pressure. For verification purposes, the ratio
qc / N has also been determined in dependence of
the mean grain size of the soil and compared with
the respective range of values given by ROBERTSON et
al. [1983]. Values of relative density were required
in the specification of the cyclic shear tests.

Soil density inferred from CPTU tests was in
general higher compared to that from SPT tests.
The latter results were used in the design, the
former being considered as an addition safety fac-
tor.

Cyclic soil resistance

Stress-controlled cyclic simple shear tests were
conducted both on sandy-silty and sandy soil sam-
ples. Due to the cohesion the former could be tested
on undisturbed status while the latter have been
tested on reconstituted samples at different values
of relative density. Various combinations of cyclic
shear stress τcyc and effective consolidation stress σvc’
have been selected. The onset of liquefaction was
defined at 100% pore pressure ratio or when cyclic
shear strain amplitude reached a value of 10% in
double amplitude, SEED and IDRISS [1982].

More specifically, seven tests have been con-
duc ted  on  recons t i tu ted  sandy  samples
(d10=0.14 mm, d60=0.3 mm) at two levels of cyclic
stress ratio τcyc / σvc’ equal to 0.2 and 0.4, respec-
tively. Consolidation stress σvc’ and relative density
Dr varied in narrow ranges from 120 kPa to 180 kPa
and from 0.27 to 0.42, respectively, and no clear
trend regarding their influence could be established
from the tests. Number of cycles to liquefaction ob-
served in the tests was equal to 2 at the higher level
of cyclic stress ratio of 0.4, while at the lower level of
0.2 the respective cycles number varied between 6
and 10.

A silty sand sample with d10 =0.02 mm and
d60=0.25 mm tested at τcyc / σvc’=0.4 with σvc’ from
75 kPa to 150 kPa also showed initial liquefaction af-
ter 2 to 10 cycles. Typical sandy silt samples with
50% fines contents tested under σvc’ =100 kPa did
not exhibit initial liquefaction but developed high
strains reaching 10% double amplitude after 5 to 7
loading cycles at cyclic stress ratios between 0.3 and
0.4.

Dynamic soil stiffness and soil damping

Due to the strong variability of the soil strata
and the large size of the site the project-specific
resonant column tests were not sufficient to define
values for the dynamic soil properties at all desired
locations. Additional data have been taken from
tests on marine samples from a project in the Cor-
inthian Gulf with similar soil characteristics. The
test results referring to medium plasticity clays are
presented by VRETTOS and SAVIDIS [1999]. Resonant
column tests for each sample have been conducted
at two levels of confining pressure. In the first
stage, strain levels were kept within the range of
elastic soil behaviour while in the second stage the
excitation force was increased reaching shear
strain levels of up to 0.5%, depending on the soil
material and the apparatus capacity.

From the various design equations available in
the literature for the value of the shear modulus at
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low strain Gmax the one suggested by HARDIN [1978]
for normally consolidated sands and clays was se-
lected as the general Equation

Gmax = S ⇒[1/(0.3+0.7⇒e2)]⇒(pa⇒σm’)0.5 (1)

where S is a stiffness factor, e is the void ratio, pa is
the atmospheric pressure, and σm’ is the mean effec-
tive confining pressure. Hardin recommended
S=625.

Another estimate of Gmax was made by combin-
ing the results of pocket penetrometer tests (uncon-
fined compression strength qu) and an empirical re-
lation between the undrained shear strength cu and
Gmax , whereby cu is obtained from cu = qu / 2 and the
ratio Gmax / cu is determined in dependence of the
soil plasticity index following the summary by
WEILER [1988].

Shear wave velocities at small strains VS,max (and
accordingly Gmax) were also estimated from the SPT
N-values using the empirical correlations given by
IWASAKI [1988] for marine soils:

VS, max = 38.8 ⇒Fi ⇒ (σ0’)0.175 ⇒ (N+1)0.244 (2)

where Fi is a soil factor with the values 1.0 for clay,
0.922 for sand, and 0.851 for gravel, σ0’ is the verti-
cal effective overburden stress in kPa, and VS,max is
given in m/sec.

For the sandy soil the following relation based
on the corrected and normalized SPT blow count
number (N1)60 proposed by SEED et al. [1986] was
also used to estimate the in-situ shear modulus:

Gmax = 4400 ⇒[(N1)60]1/3 ⇒(m’)0.5 (3)

with Gmax and σm’ given in kPa.
Using engineering judgement the various val-

ues given above have been combined at each partic-
ular location to a single, best estimate value. SCPTU
results showed considerably higher velocities than
expected and were used mainly as indicator for the
depth-variation of the shear wave velocity.

Values for the shear modulus reduction and the
damping ratio increase with increasing shear strain
amplitude, G/Gmax vs. γ and D vs. γ curves, for equiv-
alent-linear dynamic analysis were taken from the
site-specific resonant column tests and were
checked against the set of curves proposed by
VUCETIC and DOBRY [1991]. For the numerical anal-
ysis the foundation soils along the tunnel axis have
been divided into 17 types by introducing the fol-
lowing two general design equations:

G / Gmax = 1 / (1 + α γc) (4)

D = Dmin + Dmax / [1 + 1/(β⇒γd)] (5)

where γ is given in %, α, β, c, and d, are constants for
the particular soil type and Dmin and Dmax are the va-
lues of damping ratio at the two ends of the D(γ) cur-

ve, i.e. at very low and very high shear strain ampli-
tudes, respectively. The large number of sub-groups
reflects the complexity of the encountered soils con-
ditions. Numerical values of the parameters for the
soil profiles presented herein are given in Table I.

In addition to these site-specific curves a set of
curves, one for sands and one for clays, was also
used to establish an alternative design soil profile.
The respective G/Gmax vs. γ and D vs. γ relationships
have been derived by linear regression for the data
of the sample problem in the manual of SHAKE91,
IDRISS and SUN [1992]. The parameters in terms of
Equations (4) and (5) are given in Table II. These
curves describe a more linear soil behaviour and
lead in general to higher amplification values.

The inherent uncertainty in modelling dynamic
soil properties in site response analyses was tackled
by first defining a best-estimate basic soil profile and
then varying the dynamic soil properties within a
prescribed range. The idealized basic profiles at
three representative borehole locations including
CPTU-logs, SPT N-values, shear wave velocities,
and material numbers are depicted in Figure 3. The
depth of the first layer, that has no entry, defines the
depth of excavation for the tunnel.

Tab. I – Soil parameters for the profiles in Fig. 3.
Tab. I – Parametri del terreno relativi ai profili stratigrafici di 
Fig. 3.

Tab. II – Soil parameters for alternative soil profile.
Tab. II – Parametri del terreno riferiti al profilo stratigrafico di 
progetto alternativo.

Material
No.

α
[-]

c
[-]

Dmin
[%]

Dmax
[%]

β
[-]

d
[-]

1 25.0 1.0 1.5 24.0 7.4 1.0

2 22.0 1.0 2.0 24.0 7.4 1.0

3 7.7 0.8 2.0 20.0 5.4 0.8

4 28.0 1.2 6.0 22.0 4.8 1.0

5 23.0 1.0 1.8 20.0 5.4 0.8

6 7.7 1.1 2.0 20.0 3.7 1.0

7 9.5 0.8 2.0 21.0 6.0 0.8

8 7.7 0.8 2.0 20.0 5.4 0.8

9 20.0 1.0 2.0 22.0 9.0 1.0

10 6.5 1.0 3.5 18.0 3.9 0.8

11 5.0 1.0 4.0 24.0 1.7 1.0

12 25.0 1.0 1.5 22.0 7.7 1.0

13 23.0 1.3 2.5 22.0 7.3 1.3

Material
No.

α
[-]

c
[-]

Dmin
[%]

Dmax
[%]

β
[-]

d
[-]

21 – Clay 3.0 0.77 0.0 30.0 2.2 0.67

22 – Sand 17.1 1.0 0.0 30.0 2.2 0.67
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Fig. 3 – Representative soil profiles at three locations. BH8 is near the portal at the Aktio shore, BH12 is at the center of
the strait, and BH10 is midway between the center of the strait and the Preveza shore.
Fig. 3 – Profili stratigrafici riferiti a tre differenti sezioni. BH8 è posto vicino all’imbocco presso la baia di Aktio, BH12 al centro dello 
stretto e BH10 a metà fra il centro dello stretto e la baia di Preveza.
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Liquefaction potential

The classical method based on a total stress ap-
proach was adopted for the liquefaction study.

The cyclic stress developed in the soil due to the
earthquake shaking was calculated by the code
SHAKE91 at five representative locations along the
tunnel axis. Between these five locations the cyclic
stress ratio was determined by the simplified
method suggested by SEED and IDRISS [1982] con-
sidering an appropriate depth reduction factor.

The cyclic resistance of the soil was determined
on the basis of field tests, the results of cyclic tests
being used mainly as supporting evidence. The sim-
plified procedure based on SPT blow count num-
bers was adopted, SEED et al. [1985]. Appropriate
scaling factors were applied to account for earth-
quakes with magnitude less than 7.5, SEED and IDRISS

[1982], and also for the effects of overburden stress,
SEED and HARDER [1990].

For plastic fine-grained soil the liquefaction po-
tential was estimated by using the so-called Chinese
criteria based on liquid limit, water content, and per
cent fines less or equal 0.5μm, as described by FINN

[1992].
Due to the vast amount of CPT results available

and in order to attain a consistent evaluation of liq-
uefaction resistance, criteria based on CPT tests
were also applied at each site location investigated
using the charts by ROBERTSON and FEAR [1995].

For the assessment of liquefaction susceptibility
using results of cyclic tests the number of significant
cycles for the earthquake under consideration is
needed. This number was determined by interpola-
tion from the recommendations by SEED and IDRISS

[1982] yielding a value of Neq = 8 for MS = 6.5.
The seismic site response analysis was first con-

ducted at the location BH8. Figure 4 shows typical
results for the distribution of cyclic stress ratio at the
locations BH8 and BH12, whereby τav denotes the
average shear stress due to the earthquake and σ0’ is
the vertical effective overburden stress after excava-
tion.

The screening procedure described above
yielded a liquefiable zone of approx. 15 m thickness
along the entire length of the immersed and most of
the cut-and-cover parts of the tunnel. The installa-
tion of stone columns was proposed as an effective
countermeasure primarily due to the increased
drainage capacity of the improved composite soil.
The associated densification and reinforcement of
the loose soil layers were considered as a secondary
benefit. Although at some locations no improve-
ment was necessary for protection against liquefac-
tion, stone columns have been placed along the en-

tire length of the tunnel to provide a continuous dis-
tribution of foundation stiffness and dynamic forces
in the structure.

Design of stone columns

The method suggested by SEED and BOOKER

[1977] was used for the analysis. Parameters that en-
ter the calculation are given below together with
their numerical values as determined specifically for
this project: i) earthquake characteristics: magni-
tude MS = 6.5, number of equivalent cycles Neq = 8,
duration of ground shaking td = 15 sec, ii) soil prop-
erties: permeability in the horizontal direction
k=2⇒10-5 m/sec and coefficient of compressibility
mv=4⇒10-5 m2/kN, iii) liquefaction resistance of nat-
ural soil: number of cycles to liquefaction Nliq = 4.

After specifying a maximum allowable pore
pressure ratio

rg = u / σ0’ (6)

where u is the excess pore pressure and σ0’ the 
effective stress, the required spacing between stone 
columns is calculated for given column diameter 
dcol.

Here, we set rg = 0.6 and selected dcol. = 0.60 m,
yielding for a square grid the required minimum
center to center spacing between columns

s = 1.8 m (7)

Fig. 4 – Cyclic stress ratio due to design earthquake. The
solid lines are for the basic soil profiles, the dotted lines
for profiles with 20% higher shear modulus for all soil
layers.
Fig. 4 – Rapporto di sforzo ciclico dovuto al sisma di progetto. Le 
linee continue sono relative ai profili stratigrafici di riferimento, 
mentre le linee tratteggiate ai profili caratterizzati da un 
incremento del 20% del modulo di taglio assegnato a tutti gli 
strati.
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The grading of the stone column material is se-
lected so as to satisfy two requirements: i) difference
in permeability of the drain material and the sur-
rounding soil should be large enough to permit a
hydraulic gradient, and ii) particle sizes of the drain
material should be small enough to prevent clog-
ging.

Usually, in geotechnical practice the criteria
suggested by Terzaghi are applied, i.e.

D15 / d15 > 4 and D15 / d85 < 5 (8)

where D and d refer to grain diameter of the filter
material and the natural soil, respectively. However,
the application of these criteria would lead to a non-
practicable solution. Laboratory tests in Japan indi-
cate that for dynamic loading a coarser drainage
material is needed to guarantee effective permeabi-
lity and a less restrictive lower limit for clogging may
be applied. The corresponding design equation
suggested by SAITO et al. [1987] is

20⇒d15 < D15 < 9⇒d85 (9)

and was adopted for the design.
The resulting grain size distribution of the stone

column material is given in Figure 5 together with a
typical curve for the liquefiable loose silty sand.

A total of 8782 columns of 60 cm diameter have
been installed using the wet displacement method.
The procedure has been performed for the marine
section, as well as for most of the land based cut-
and-cover tunnels. The marine stone columns have
been installed in the dredged trench at sea from a
barge equipped with a crane. Nominal length of
stone columns was 15 m, i.e. the maximum installa-
tion depth was 42 m below sea level.

Site response analysis for the improved soil

For the seismic site response analysis of the im-
proved soil a composite soil consisting of stone col-
umns and natural soil was used. The stiffness of this
composite system was determined by applying the
concept of stress concentration. The simplified
analysis suggested by PRIEBE [1995] was adopted.
The method was developed primarily for static con-
ditions, but was applied here also for dynamic load-
ing by using the respective soil parameters properly
adjusted to account for the nonlinearity of soil be-
haviour.

The effect of stone column placement is ex-
pressed in terms of an improvement factor n that is
defined as the ratio between the moduli of the com-
posite improved soil and the natural unimproved
soil. It is determined by considering the grid geom-
etry and the compressibility of the stone column
material: The effects of the overburden and of the
foundation width have been neglected. For details

the reader is referred to the original publication.
Dynamic shear modulus values for the gravel mate-
rial have been derived from the data summarized by
ISHIHARA [1992]. The different behaviour of gravel
and natural soil material with respect to shear mod-
ulus reduction with increasing shear strain has been
considered by means of an approximate averaging
procedure. For BH8, for example, the strain level
adjusted modulus of the gravel was selected equal to
3 times the respective value of the natural soil sur-
rounding the columns.

Application of the method by Priebe at the loca-
tion of BH8 yielded for the top silty sand layer that
has been improved by stone columns an improve-
ment factor n=1.3. At the other locations the im-
provement factor varied slightly ranging between
1.54 for the organic soft top layers at Preveza side to
1.2 for the top foundation layers at the locations in
the center of the strait.

Following Priebe’s suggestion, the reciprocal
value of the improvement factor psoil / p = 1 / n,
where p is total overburden pressure and psoil the re-
maining stress on the soil between the columns, may
be used for estimating the remaining liquefaction
potential. The cyclic stress ratio developed in the
field by the earthquake multiplied by this stress re-
duction factor yields an approximation for the ex-
pected cyclic stress ratio in the natural soil between
the stone columns. In the present case, this benefi-
cial effect was not considered in the design being re-
garded as an additional safety factor.

The site response analysis has been performed
using SHAKE91 and followed the same lines as for
the unimproved soil. In order to cover the uncer-
tainties associated with the approximate homogeni-
sation procedure for the composite soil outlined
above, a variation of shear modulus and damping
was included in the analysis: Response spectra have
been computed by considering four profiles at each

Fig. 5 – Grain-size distribution of the stone column mate-
rial and of the liquefiable sandy soil.
Fig. 5 – Curve granulometriche della ghiaia che caratterizza le 
colonne e della sabbia liquefacibile.
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location: i) basic profile, ii) basic profile with 20%
higher Gmax for all layers, iii) basic profile but with
shear modulus reduction and damping relationships
from table II, iv) like profile iii) but with 20% higher
Gmax. At each frequency the maximum value of the
response from all profiles considered was taken to
construct an envelope curve that was used in the sub-
sequent 3D-structural analyses of the tunnel. Typical
results at two locations are given in Figure 6.

Soil-structure interaction

For the analysis of the global tunnel response
values of the modulus of subgrade reaction are re-
quired. They describe the essential features of the
soil-tunnel-interaction. For the derivation of these
spring coefficients there is no consensus among de-
sign engineers. The method followed in the project
is based on a quasi-static analysis and considers in
an approximate manner the relevant parameters,
i.e. geometry of the foundation, embedment depth,
and non-linear effects of soil-structure interaction.

Numerical values of the modulus of subgrade
reaction were determined for a rigid single tunnel
element with aspect ratio 5:1 (short elements) and
10:1 (long elements). Perfect bonding between plate
(tunnel) and foundation soil, and linear-elastic the-
ory are assumed. The shear modulus of the founda-
tion soil is taken equal to the one determined from
the equivalent nonlinear free-field seismic site re-
sponse analysis of the soil deposit, i.e. it is a reduced
shear modulus including the effects of cyclic load-
ing. With these values the modulus of subgrade re-
action is determined first for a surface foundation.
The effects of tunnel embedment are then taken

into account that lead to an increase of the values of
subgrade reaction. An additional increase is associ-
ated with the assumption made that the shear mod-
ulus degradation of the soil underneath the tunnel
will be smaller than under free-field conditions due
to the effects of the tunnel-soil interaction.

The equation for the spring constant per unit
tunnel length reads:

k = α ·G (10)

The factor α is composed of three terms:

α = α0 · α1 · α2 (11)

where α0 represents the response of the surface
foundation, the factor α1 reflects the effect of embe-
dment, and α2 the effect of reduced seismic strain
amplitude of the near surface ground due to the
presence of the tunnel. All three factors depend on
the depth variation of the effective strain compati-
ble shear modulus, on the geometry of the founda-
tion, and on the vibration mode.

The approximate formulas given by GAZETAS

[1991], and PAIS and KAUSEL [1988] are used to de-
termine numerical values for the static stiffness of
the rectangular plate, i.e. α0 and α1. For the calcula-
tion of the embedment factor the actual sidewall-soil
contact surface is used, which in the case of tunnel
consists only of the two sidewalls of the tunnel ele-
ments. The embedment depth is taken equal to the
height of the tunnel elements.

The parameter α2 accounting for the effect of
reduced strain amplitude due to soil-tunnel interac-
tion is set equal to 1.2 for horizontal motions while
in the vertical direction due to the lower level of the
seismic excitation the degradation of shear modulus
will be considerably smaller justifying a factor α2

equal to 1.45.
The region of soil underneath the foundation

which participates in the tunnel-soil interaction,
and consequently the value of the mean effective
shear modulus G in that region, depends on the vi-
bration mode. The corresponding values are deter-
mined at each location along the tunnel axis from a
static analysis of the soil-structure interaction prob-
lem considering the actual distribution of the strain
compatible shear modulus as determined from the
non-linear seismic site response analysis. Among
the four soil profiles investigated at each location
the one yielding the highest response spectrum was
used for computing the effective shear modulus.
The Poisson’s ratio was taken equal to 0.45 to simu-
late saturated soil.

The application of the method described above
is demonstrated next for the long tunnel elements
with dimensions 2L x 2B, L / B=10, and B=12.5 m.
First, we compute the static stiffness value per unit
tunnel length for a surface rigid foundation: In the

Fig. 6 – Envelope curve of response spectra for 5% struc-
tural damping at locations BH8 and BH12.
Fig. 6 – Curve inviluppo dello spettro di risposta nelle sezioni 
BH8 e BH12 ottenuto con uno smorzamento strutturale del 5%.
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longitudinal direction we obtain kx,surf=α0G with
α0=1.22. The stiffness increase due to embedment
is given by α1=1.66. With α2=1.2 we obtain kx=α G
with α=2.44. In the transverse horizontal direction
we have α0=1.52, α1=1.66, α2=1.2 and α=3.03
while in the vertical direction α0=1.52, α1=1.66 and
α2=1.45 yield α=3.57. The value for the longitudi-
nal spring compares well with the suggestion by
CLOUGH and PENZIEN [1993] to use kx=3·G.

Depending on the strongly inhomogeneous soil
stratigraphy typical values for the longitudinal
spring coefficient kx ranged between 30 and 210
MN/m/m. The calculated values were regarded as
best estimates, and a variation of ± 30% was sug-
gested for the structural design.

A different method for calculating the spring
coefficients is based on the proposal by ST. JOHN and
ZAHRAH [1987] whereby the longitudinal spring is
determined from elastic continuum theory in de-
pendence on the wavelength of the shear wave trav-
elling in the soil deposit. The latter may be esti-
mated from the predominant natural period of the
soil deposit. An alternative would be to set this wave-
length equal to the harmonic mean of the shear
wave lengths in the surface and base layer in a two
layer system consisting of a soft layer over a stiffer
base, MATSUBARA et al. [1995]. However, this method
is very sensitive to the value of the wave length and
was used only for verification purposes.

Monitoring

A structural and seismic monitoring system has
been installed after completion of works in 2002 to
observe ambient static and dynamic loads including
seismic activity. Three triaxial force-balanced accel-
erometers are placed on the immersed tunnel struc-
ture and one in the free field at the Preveza shore.
In addition forty-four linear variable displacement
transducers (LVDT) are mounted at the elements
tunnel joints.

On August 14, 2003 a magnitude 6.4 earth-
quake struck close to the island of Lefkada in the Io-
nian Sea. The epicenter was located about 25 km
south-west of the site. Records obtained on the tun-
nel are presently analysed. No damage to the tunnel
structure was observed.
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Progettazione sismica di una galleria 
posta all’interno di uno strato di terreno 
liquefacibile

Sommario
La strada, recentemente completata, che collega Preveza ad 

Aktio nel nord-ovest della costa greca ha previsto la realizzazione 
di una galleria a canna singola passante sotto lo stretto e di due 
gallerie costruite a cielo aperto nelle due zone terminali. Il sito è 
caratterizzato da un alto grado di sismicità. Lo strato di terreno 
all’interno del quale è posta l’opera è costituito da sedimenti 
marini con sporadiche lenti sabbiose, limose e argillose che si 
estendono sino a grande profondità nella parte centrale dello 
stretto. Lungo tutto l’asse della galleria le sabbie limose e i limi 
sabbiosi degli strati superficiali sono classificati come 
liquefacibili. Sotto la fondazione del tunnel, per ridurre il rischio 
di liquefazione, sono state realizzate colonne in ghiaia. Di seguito 
sono illustrati i risultati di un’attenta caratterizzazione del 
terreno ottenuta mediante un esteso programma di prove 
sperimentali dinamiche e sono analizzati i parametri che 
definiscono l’input sismico. Le analisi sismiche di risposta locale 
effettuate per definire la lunghezza delle colonne in ghiaia sono 
discusse brevemente. È presentata infine la progettazione di tali 
colonne così come il metodo per determinare i valori dei 
coefficienti di rigidezza delle molle simulanti l’interazione 
galleria-terreno.


