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A case history is presented of lateral spreading in two reclaimed port areas of the Cephalonia island, Greece, in
the 2014 earthquake doublet (Mw 6.1 & 6). Lateral ground displacements along 24 transects perpendicular to the
quay walls in the two port areas were directly measured by ground surveys. Liquefaction of gravel-size fills was
observed throughout the ports and was more pronounced in Lixouri port where ground motions were higher. The
maximum cumulative horizontal ground displacements ranged from 3 cm to 152 cm, depending on the transect
location and height of free face, whereas the inland extent of lateral ground movement ranged from 10 m to
90 m. Lateral movement of the quay walls in Argostoli Port was lower compared to Lixouri Port. Strong motion
recordings in the two port areas as well as pertinent seismotectonic data are also presented along with the
available geotechnical data compiled by integrating information from exploratory borings, trial pits, site geology
and eye-witness accounts of the reclamation history of the areas. Average cumulative lateral displacements for
groups of transects, characterized by similar height of quay wall and field conditions were derived and compared
to lateral spreading predictions using an empirical relationship for free field conditions. It was found that the
magnitude of lateral spreading behind the gravity-type quay walls was significantly lower compared to empirical
predictions based on the assumption of free field conditions. The reduction of lateral ground movement depends
on the height of quay wall and may even be an order of magnitude lower for wall heights of 6 m or greater. The
findings of this study contribute in assessing quay wall movement in port areas especially when liquefaction has
occurred behind the wall.

1. Introduction
In early 2014 the island of Cephalonia in Greece, shown in Fig. 1, was
shaken by a sequence of two earthquakes: the first event occurred on 26
January 2014 with a magnitude Mw 6.1 whereas the second event took
place 8 days later, on 3 February 2014, with a magnitude Mw 6.0. The
earthquake doublet - whose epicenters are shown in Fig. 1 - was felt
predominantly in Cephalonia, but also throughout the Ionian Islands, as
well as in the Peloponnese and the western continental Greece. The
response of structures in the area was, in general, satisfactory [56,57].
Most importantly, no human loss of life occurred due to earthquake
shaking, despite the high ground accelerations recorded (up to 0.77 g).
The occurrence of the 2014 Cephalonia earthquake doublet resulted

in ground failures involving soil liquefaction at the port areas of Lixouri
and Argostoli, seaward movements of the multi-block quay walls in
these ports, and failures of earth slopes and earth retaining structures,
buildings, monuments, and lifeline networks in the Paliki peninsula of
western Cephalonia [35]. A consensus exists that the majority of
observed damage was caused by the second earthquake event. Issues
related to the type and location of the causative faults of the two events
and the recorded strong motion characteristics (including manifestation
of forward directivity of the fault rupture) were subsequently investi
gated by several researchers [32–34,51,59,70,74,79].
This paper focuses on the occurrence of damage in the port areas of
Lixouri and Argostoli that is caused by a combination of liquefactioninduced lateral spreading and lateral movement and rotation of the
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Fig. 1. Epicenters and causative faults of the Cephalonia 2014 earthquake doublet. (a) 1st event, (b) 2nd event (based on [74]).

Fig. 2. Satellite image of the Lixouri Port area (liquefied area indicated by yellow shading and location of photos indicated by numbered white squares). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Satellite image of the Argostoli Port area (liquefied area indicated by yellow shading and location of photos indicated by numbered white squares). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

quay walls. A brief overview of the seismic behavior of soil formations in
the two port areas and the performance of quay walls is first presented,
followed by the recorded strong motion data and information pertaining
to geological, geotechnical and seismotectonic issues. The results of
measurements of lateral ground spreading in the Ports of Lixouri and
Argostoli following the 2014 earthquakes are then presented along with
a review of pertinent literature. Finally, the effect of the multi-block
quay walls in reducing the magnitude of lateral spreading of the land
areas of the two ports -compared to free field conditions - is examined by
comparing the observed behavior to a widely used lateral spreading
prediction empirical equation [85].

detail in the Appendix. As discussed in more detail in Section 6, the land
area of the port has been reclaimed using building debris (fills) gener
ated from the destructive 1953 earthquakes. The fills of the Lixouri Port
area liquefied in the 1st event of the 2014 earthquake doublet and reliquefied in the 2nd event (yellow colored shaded area of the map in
Fig. 2). The evidence of liquefaction during the 2nd event was signifi
cantly more extensive. Although liquefaction was evident in the first
event, it was in the second event that the majority of lateral spreading
was observed, whereas in most locations no lateral spreading was
observed. For example, in location 5 of Fig. 2, the horizontal displace
ment was 9 cm and vertical displacement was 6 cm after the first event.
After the second event, horizontal and vertical displacements increased
to 49 cm and 30 cm, respectively.
The occurrence of soil liquefaction and liquefaction-induced lateral
spreading was manifested by coarse-grained sand boils and formation of
cracks and displacements towards the free face and has been reported by
the GEER Reconnaissance Team (2014) and by a number of other re
searchers [52,56,57,59–61,79,81]. Example of evidence of
coarse-grained sand boils and lateral spreading in Lixouri port is shown
in Fig. 2.
In several locations, the ejecta contained significant quantities of
gravel as shown in Fig. 2 (photos 1–3). Gravel liquefaction, commonly
assumed unlikely, has been observed both in the field and laboratory
(see Refs. [39,40]. Liquefaction-induced lateral spreading and

2. Performance of Lixouri and Argostoli port structures
2.1. Overview of Lixouri port performance
A satellite image of the Lixouri Port area is shown in Fig. 2. The port
area has a length of approximately 0.5 km and the general direction of
the waterfront is N–S. The port facilities include the “Davraga” Pier at
the north side of the port with an E-W direction, the Main Pier of the
port, consisting of a North, Central and South sections, and the Southern
Pier also oriented in the E-W direction, at the south side of the port. The
port front of Lixouri consists of variable height block-type quay walls
(1–4 stacks of blocks) as shown briefly in Fig. 2 and presented in more
3
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the waterfront in the area is NW/ES. The port comprises four main
sections, I to IV. Section I (northern section) is used for commercial
activities, and the remaining sections for transportation services
(loading and unloading of cars and passengers). The port front of
Argostoli is supported by block-type quay walls of variable height (two
to four stacked blocks in Sections I, II and III, or rubble mound with
concrete cap in Section IV), as shown briefly in Fig. 3 and presented in
more detail in the Appendix.
Similarly to the Lixouri port, the 2014 earthquakes caused soil
liquefaction, sand/gravel ejecta, lateral spreading, settlements and
seaward movement of the quay walls. Following the first event, evidence
of gravelly boils was observed in the port authority building, but no quay
wall movement was observed. Overall, the evidence of liquefaction and
movement of the walls were far less pronounced than the Lixouri Port
with lateral displacements varying from 10 to 150 cm, as shown in
Fig. 3. The operation of the port was largely not disrupted as a result of
the earthquake, although some sections of the quay walls particularly in
Section I were damaged and isolated. Lateral spreading field measure
ments were also conducted in the Argostoli Port area and are presented
in Section 5.2 of the paper.

Table 1
Peak values of horizontal ground accelerations (NS/EW) for the two main events
of the Cephalonia 2014 earthquake sequence.
Site
Lixouri
Argostoli
Chavriata

Horizontal ground acceleration, ag (g)
1st event (26 Jan 2014)

2nd event (3 Feb 2014)

0.57/0.63
0.36/0.43
–

0.61/0.68
0.27/0.24
0.68/0.77

settlement were also observed in the port area, manifested by soil cracks
of variable width that were oriented largely parallel to the port front and
at variable distances from the quay wall.
As a result of earthquake shaking, the Lixouri Port quay walls
experienced seaward translations that varied between 0.10 m (1.5% of
wall height) and 0.45 m (7% of wall height) and rotations between 1.7�
and 8.5� depending on the port location. According to Ref. [63] guide
lines, the observed level of performance is classified as repairable (case
of Argostoli port) to near collapse (case of Lixouri port). Fresh water
pipelines running parallel to the back face of the quay walls were also
damaged by wall displacement.

3. Strong motion recordings

2.2. Overview of Argostoli port performance

The two main events of the Cephalonia 2014 earthquake sequence –
and the associated aftershocks – were recorded by a number of perma
nent strong motion instruments of the Hellenic Unified Seismic Network

A satellite image of the Argostoli Port area is shown in Fig. 3. The
port area has a length of approximately 1 km and the general direction of

Fig. 4. Acceleration response spectra (three component, elastic, 5% damped) for Lixouri and Argostoli during the 2nd event [79].

Fig. 5. Field measurements of crack widths due to liquefaction-induced lateral spreading in the Cephalonia 2014 earthquakes.
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Fig. 6. Location of eight transects surveyed in the Lixouri Port area (with corresponding crack positions), and the accelerograph station which recorded the
2nd event.

(HUSN) and by temporary portable accelerographs installed after the
first main event [35,79] Report). The peak values of horizontal ground
motions recorded in the meizoseismal area of the earthquakes (Lixouri,
Argostoli and Chavriata) are summarized in Table 1.
The peak horizontal ground motion recorded at Chavriata station
during the 2nd event is the highest seismic ground acceleration ever
recorded in Greece. It is also worth noting that the horizontal ground
motion at Lixouri was significantly higher (by 25%–60%) than the
motion in Argostoli for both events. The accelerograph stations which
recorded the Lixouri and Argostoli ground shaking were located in the
vicinity (at distances less than 200 m) from the Port areas of the two
towns (see subsequent Fig. 6 and Fig. 7).
The Lixouri E-W acceleration and velocity records – in contrast to the
Argostoli ones – are characterized by a strong pulse-like and step-like
motion, respectively, an indication of forward directivity [33]. This is
illustrated also in the acceleration response spectra at the two sites,
shown in Fig. 4, where the acceleration response spectrum for the E-W
component of motion in Lixouri is characterized by a peak at periods
greater than 1 s.

conglomeratic alluvial deposits [35] Report [52,78,79]). Locally, the
geological structure of the Lixouri area includes lower Pliocene and
Pleistocene sediments consisting mainly of basal conglomerate overlain
by sandstones and marls. The geological structure of the Argostoli area
comprises Pliocene sediments (sandstones, conglomerates, lime
stones/marly limestones and marls) overlain by marine silty clay soils
-with a thickness of 30 m-along the present coastline of the town.
Seismotectonically, Cephalonia is located in the vicinity of the Hel
lenic Trench in the Ionian Sea (an active plate boundary between the
subducting Mediterranean tectonic plate and the overriding Aegean
tectonic plate) at the north-westernmost part of the Hellenic Arc. The
subduction zone terminates against the Cephalonia Transform Fault
(CTF), Fig. 1(a),(b) which plays an important role in Greece’s geo
dynamic and kinematic field. The area has the highest seismicity in
Greece with historically documented earthquakes up to Mw 7.2. Historic
(1469 to present) seismicity information has been reported by a number
of researchers [45,52,53,56,57]; , [2,46,59,62,75].
The location, size and orientation of the causative faults of the
Cephalonia 2014 doublet have become the subject of continuing
research by many investigators during the last few years [11,12,19,31,
44–46,51,53,59,69,70,74,81] applying a wide range of methodologies
(e.g. continuous GPS measurements and differential SAR interferom
etry). Although the proposed fault models are not identical, a consensus
exists that the causative faults of the two main events are on-shore
dextral strike-slip faults (with a small dip-slip component) located in
the Paliki peninsula of Cephalonia at a sub-parallel orientation to the
CTF.
An understanding of the causative fault characteristics is needed to

4. Geological and seismotectonic issues
The bedrock of Cephalonia Island consists of two different carbonitic
units: 1) The Pre-Apulian (Paxos) unit (in the western part of the island,
consisting of carbonates overlain by marls and perlites (of lower Plio
cene age), and 2) The Ionian unit (encountered in the southeastern
coastal area of the island) with overlying post-Alpine deposits of Plio
cene to Holocene sediments, basal conglomerates, sandstones, marl and
5
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Fig. 7. Location of the sixteen transects surveyed in the Argostoli Port area (with corresponding crack positions), and the accelerograph station which recorded the
2nd event.
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Table 2
Measured values of crack widths and cumulative horizontal displacements along
eight transects in the Lixouri Port area (including few vertical crack offset
measurements).
Point

Distance
from face, L
(m)

TRANSECT -1
А1
45.00
В1
35.00
C1
32.00
D1
23.00
E1
17.00
F1
6.00
G1
2.00
TRANSECT - 2
А2
69.20
В2
41.45
C2
29.80
D2
27.10
E2
18.10
F2
11.10
G2
5.20
H2
0.80
TRANSECT - 3
А3
91.20
В3
57.40
C3
42.85
D3
33.10
E3
26.54
F3
21.00
G3
16.30
H3
4.80
TRANSECT - 4
A4
89.70
B4
69.30
C4
39.17
D4
24.38
E4
19.72
F4
17.62
G4
10.47
TRANSECT - 5
A5
81.80
B5
72.20
C5
41.25
D5
23.80
E5
17.75
F5
13.64
G5
9.00
H5
3.37
TRANSECT - 6
A6
88.20
B6
73.60
C6
44.50
D6
34.50
E6
28.30
F6
25.70
G6
22.90
H6
15.40
I6
9.64
J6
5.13
TRANSECT - 7
A7
70.00
B7
66.00
C7
29.50
D7
26.60
E7
22.20
F7
20.75
G7
16.32
H7
14.85
I7
8.80
J7
4.50
TRANSECT - 8
А8
32.70
B8
8.00
C8
5.90

Height of
free face, H
(m)

Crack width/
Vertical offset,
(cm)

Cumulative Lateral
Spreading
Displacement, (cm)

4.25
4.25
4.25
4.25
4.25
4.25
4.25

0.10
2.50/3.00
2.50
4.00
2.50
1.50
30.00

0.10
2.60
5.10
9.10
11.60
13.10
43.10

4.60
4.60
4.60
4.60
4.60
4.60
4.60
4.60

0/0.50
0.50
1.50
0.50
12.00
4.00
1.00
35.00/18.00

0
0.50
2.00
2.50
14.50
18.50
19.50
54.50

7.60
7.60
7.60
7.60
7.60
7.60
7.60
7.60

0
0.50
1.00
2.50
1.00
6.00
4.00
0

0
0.50
1.50
4.00
5.00
11.00
15.00
15.00

7.60
7.60
7.60
7.60
7.60
7.60
7.60

0
0.50
2.00
1.50
3.00
3.00
1.50

0
0.50
2.50
4.00
7.00
10.00
11.50

4.33
4.33
4.33
4.33
4.33
4.33
4.33
4.33

0.10
0.10
1.00
3.50
4.00
6.50
5.00
100.00

0.10
0.20
1.20
4.70
8.70
15.20
20.2
120.2

4.33
4.33
4.33
4.33
4.33
4.33
4.33
4.33
4.33
4.33

1.00
0
0.20
3.00
2.00
1.00
10.00
6.00
3.00
49.00/30.00

1.00
1.00
1.20
4.20
6.20
7.20
17.20
23.20
26.20
75.20

2.60
2.60
2.60
2.60
2.60
2.60
2.60
2.60
2.60
2.60

0.20
1.50
0.50
2.00/4.00
4.00
5.50
2.00
6.00
20.00
110.00

0.20
1.70
2.20
4.20
8.20
13.70
15.70
21.70
41.70
151.70

2.60
2.60
2.60

0.30
2.50
1.50

0.30
2.80
4.30

Fig. 8. Distribution of measured cumulative lateral spreading displacements,
along with mean and mean �1S.D curves, in the Lixouri Port area.

use the [85] model predictions presented subsequently. The fault model
proposed by Ref. [74] is used, as shown in Fig. 1(a),(b) to estimate
lateral spreading displacements. According to this model (Fig. 1(a)) the
causative fault of the 1st event (26 Jan 2014) is identified as a strike-slip
fault having a strike of 20� , a dip of 80� , and a rake of 180� with a hy
pocentral depth of 8 km. The fault rupture propagated up-dip from the
hypocenter, reaching a shallow depth and continued along strike (in NE
direction).
For the 2nd event (3 Feb 2014) (with a hypocentral depth of 5 km)
the model comprises the two fault segments shown in Fig. 1(b), which
ruptured almost simultaneously. The rupture of segment #1 (charac
terized by strike/dip/rake angles of 180� /86� /147� ) originated at
shallow depth and propagated mainly southward towards the town of
Lixouri. The rupture of segment #2 (characterized by strike/dip/rake
angles of 33� /76� /164� ) followed unilateral southward direction. It
should be noted that the segment #1 of the fault is in close proximity to
the town of Lixouri and therefore the southward rupture propagation is
consistent with the forward directivity characteristics of the motion
recorded during the 2nd event by the Lixouri accelerograph station.
5. Measurement of quay wall and fill displacements
Quay walls at ports subjected to a seismic excitation may experience
transient (during the earthquake) and permanent (after the earthquake)
lateral displacements and rotations due to two primary, but also inter
acting, mechanisms [1,72]:
(a) an outward seismic wall movement due to the seismic shaking,
which is a complex soil-structure interaction problem and is a
function of the quay wall geometric (and inertial) characteristics,
fill properties and shaking characteristics; and
(b) liquefaction induced lateral ground movement.
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Table 3
Measured values of crack widths and cumulative horizontal displacements along
sixteen transects in the Argostoli Port area (including few vertical crack offset
measurements).
Point

Distance
from face, L
(m)

TRANSECT – 1
А1
37.80
В1
22.80
C1
17.30
D1
9.50
E1
0.80
TRANSECT – 2
А2
42.10
В2
36.60
C2
29.00
D2
18.20
E2
12.00
TRANSECT – 3
А3
51.10
В3
45.70
C3
27.80
D3
15.80
E3
1.85
TRANSECT – 4
A4
30.78
B4
25.75
C4
21.96
D4
13.02
E4
11.36
F4
4.08
G4
1.90
TRANSECT – 5
A5
17.68
B5
12.55
C5
7.84
D5
0.52
TRANSECT – 6
A6
11.38
B6
9.88
C6
2.03
TRANSECT – 7
A7
9.33
B7
3.46
TRANSECT – 8
А8
9.72
B8
8.62
C8
4.44
TRANSECT – 9
А9
12.00
B9
9.51
C9
0.59
TRANSECT – 10
А10
11.54
B10
2.11
TRANSECT – 11
А11
12.56
B11
3.37
TRANSECT – 12
A12
33.34
B12
29.36
C12
11.80
D12
1.75
TRANSECT – 13
A13
36.90
B13
36.10
C13
29.44
D13
16.12
E13
4.69
F13
1.03
1
TRANSECT – 14
A14
38.85
B14
37.72
C14
36.40
D14
20.08

Height of
free face, H
(m)

Crack width/
Vertical offset
(cm)

Cumulative Lateral
Spreading
Displacement (cm)

6.50
6.50
6.50
6.50
6.50

1.00
0.20
0.30
0.50
1.00

1.00
1.20
1.50
2.00
3.00

6.50
6.50
6.50
6.50
6.50

1.00
1.00
0.50
1.00
1.00

1.00
2.00
2.50
3.50
4.50

6.50
6.50
6.50
6.50
6.50

1.50
0
0.70
0.30
1.00

1.50
1.50
2.20
2.50
3.50

3.00
3.00
3.00
3.00
3.00
3.00
3.00

0.70
2.50/3.00
0.70
1.20
3.00
3.00
2.30

0.70
3.20
3.90
5.10
8.10
11.10
13.40

3.00
3.00
3.00
3.00

0.50
3.00
0.50
6.50/11.00

0.50
3.50
4.00
10.50

3.00
3.00
3.00

2.00
2.00
5.00/5.50

2.00
4.00
9.00

2.50
2.50

5.00
4.00/3.00

5.00
9.00

2.50
2.50
2.50

1.50
0.30
3.00/2.70

1.50
1.80
4.80

2.50
2.50
2.50

3.00
1.70
5.50/3.00

3.00
4.70
10.20

2.50
2.50

3.50
4.00

3.50
7.50

2.50
2.50

1.80
2.50

1.80
4.30

2.50
2.50
2.50
2.50

2.50
0.50
1.50/2.30
4.00

2.50
3.00
4.50
8.50

2.50
2.50
2.50
2.50
2.50
2.50

0.50
4.00
0.70
1.00
2.50
3.00

0.50
4.50
5.20
6.20
8.70
11.70

2.50
2.50
2.50
2.50

0.30
0.80
1.00
1.90

0.30
1.10
2.10
4.00

Table 3 (continued )
Point

Distance
from face, L
(m)

E14
11.27
F14
2.86
1
TRANSECT – 15
A15
21.09
B15
17.66
C15
14.77
D15
9.50
E15
2.35
TRANSECT – 16
A16
21.66
B16
17.52
C16
15.38
D16
8.48
E16
6.44
F16
1.76

Height of
free face, H
(m)

Crack width/
Vertical offset
(cm)

Cumulative Lateral
Spreading
Displacement (cm)

2.50
2.50

1.20
5.00/9.00

5.20
10.20

0.80
0.80
0.80
0.80
0.80

1.50
0.90
0.50
0.70
16.00/5.00

1.50
2.40
2.90
3.60
19.60

0.80
0.80
0.80
0.80
0.80
0.80

0.20
0.30
1.00/1.50
0.20
1.00
3.00/5.50

0.20
0.50
1.50
1.70
2.70
5.70

Fig. 9. Distribution of measured cumulative horizontal displacements in
Argostoli Port, along with mean and mean �1S.D curves.

Liquefaction-induced lateral spreading of ground is presently
recognized as a major cause of damage to buildings and civil infra
structure (roadways, embankments, bridges, dams, pipelines and harbor
facilities) [17,23,47] [18]. The pore pressure increase and associated
reduction of shear resistance due to liquefaction results in lateral
displacement of gently sloping surficial ground or of level ground in the
vicinity of a free face to a water body. Quay walls represent a special
case of lateral spreading in the vicinity of a free face.
Depending on soil properties, site morphology [7], continuity of
liquefiable layers [68] and earthquake characteristics, the amount of
lateral ground displacement – which has also been found to be related to
ground settlement [72] – may range from a few centimeters to several
meters and constitutes a serious hazard to structures supported by the
8
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Fig. 10. Dependence of observed maximum cumulative lateral displacement on the quay wall height.

Fig. 11. Location of boreholes, test pits, MASW measurements and acceleration station in the Lixouri Port area.

moving ground [1] The damaging potential of lateral spreading to the
affected structures - as well as the extent of damage - depends mainly on
the amount of lateral displacements. Moriarty [54] used the following
relation between magnitude of lateral spreading and damage potential:
�100 cm → Very High, 30 cm–100 cm → High, 10 cm–30 cm → Mod
erate and �10 cm → Low. It is therefore critical to be able to reliably
assess the expected magnitude of lateral ground spreading displace
ments [3,80].
Empirical methods to predict the magnitude of lateral spreading
under free-field conditions (i.e. methods not based on a mechanistic
model of the process) appeared first in the 1980s [38] and are still
widely used in professional practice, currently associated with proba
bilistic approaches in the performance-based framework [30]. The

empirical methods are based on Multilinear Regression Analysis (MLR)
of datasets derived from case histories of measured lateral ground dis
placements in a number of earthquakes at different parts of the world also including cases with negligible displacements - [6,37,65,85,89,90].
The accuracy of the empirical methods of lateral spreading prediction
ranges between 2 and 0.5 times the measured values [80]. The accuracy
has reportedly improved using soft computing techniques for processing
data from field measurements, involving the use of optimization tech
niques, e.g. Artificial Neural Networks (ANN) and Genetic Programming
(GP) [10,42,73], as well as performance-based approaches [26]. The
available databases on measured liquefaction-induced lateral spreading,
especially in the land areas behind quay walls of ports, have also
recently expanded following a number of strong recent earthquakes,
9
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Fig. 12. Location of boreholes, test pits, MASW measurements and acceleration station in the Argostoli Port area.

(Kaikoura, New Zealand, 2016; Muisne, Ecuador, 2016; Iquique, Chile,
2014) as reported in pertinent GEER Reports and other literature.
Semi-empirical methods of lateral spreading analysis have also been
developed. These utilize observed ground performance in association
with the assumption of a simplified mechanism of the phenomenon, e.g.
Ref. [88]. Other available methods for analyzing lateral spreading
include (a) the utilization of Newmark’s sliding block approach [49,58],
(b) numerical analyses [27,28,36,82,83] and (c) physical modeling or
full scale testing, either under 1-g gravity conditions or in multi-g cen
trifuges [24,25,29,43,50,71,76,77].
In this paper, results of lateral spreading measurements in the Port
areas of Lixouri and Argostoli - performed after the 2nd main event - are
presented using procedures similar to the ones reported by Refs. [20–22,
41,67]. The lateral spreading measurements were conducted by ground
surveys (i.e. by direct field measurements) using tape measurements of
crack widths (as shown in Fig. 5).
Other methods for such measurements have also been used by others,
including the use of aerial photographs and geodetic measurements,
whereas the capabilities of advanced methods such as Light Detection
and Ranging (LiDAR), satellite image pair correlations, digital photo
grammetry and ground-based or UAV (drone) - mounted surveys have
also been recently demonstrated [15,22,64,66,86,87].
The measurements presented in this paper involved records of crack
widths along a number of transects oriented in a direction perpendicular
to the line of multi-block quay walls. The inland horizontal distance, L,
of each crack from the free face (seaward face of quay wall) was also
recorded for all transects. The location of eight transects (TS-1 to TS-8)
surveyed in the Lixouri Port area are depicted in Fig. 6. The location of

the 16 transects surveyed in the Argostoli Port area are shown in Fig. 7.
The results of measurements in the two port areas are discussed in the
following two subsections.
5.1. Displacement measurements in the Lixouri Port area
The results of measurements along the 8 transects surveyed in the
Lixouri Port area are summarized in Table 2, including the geometric
characteristics of each transect, the measured width of ground cracks,
the corresponding horizontal distance from the free face, and the cu
mulative displacement. Table 2 also includes the results of measure
ments of vertical offset between the two edges of a number of cracks,
which were found to range from 3 cm to 30 cm. The distance of the
Lixouri Port area from the causative fault, R, is approximately equal to
2 km (Fig. 1(b)) and the peak recorded horizontal ground acceleration
(at a distance of 200 m from the seafront) is 0.68 g (E-W) (Table 1). The
recorded E-W component of the strong motion at the Lixouri Port ex
hibits the characteristics of forward directivity, whose effect on the
lateral ground spreading mechanism has not yet been investigated, but
is possible to have played a role in the total permanent displacement and
rotation of the quay walls.
The distributions of cumulative horizontal ground displacement, DH,
vs. distance from the free face, L, along the 8 transects (TS-1 to TS-8)
surveyed at the Lixouri Port area are shown in Fig. 8. The plots indi
cate that small ground displacements occurred up to a distance of 90 m
behind the quay wall, although the majority of lateral ground movement
occurred within a distance of only 30 m. Lateral displacement at the
back face of the quay walls ranged from a few centimetres (4.3 cm) to
10
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Fig. 13. View of test pit TP-2 operations and excavated material in Lixouri port.

152 cm for the eight transects. The pattern of ground movements is of
the “block-type” (i.e., defining a block of fill behind the wall) for small
inland distances (<5 m) and of “distributed type” for larger distances. It
should be noted that the field surveys of ground crack widths behind the
quay walls, included the width of the gap formed between the back face
of the quay wall and the backfill. The width of this gap may in some
cases also include - in addition to lateral ground movement - the lateral
displacement of the top of the quay wall, caused by translation and
rotation. It is therefore necessary to emphasize that the maximum lateral
displacements (i.e. for a horizontal distance L ¼ 0 m) shown in Fig. 8
will, in some transects, include the seaward horizontal displacement of
the corresponding quay wall.
The DH vs. L curves shown in Fig. 8 correspond to different transects
and are characterized by significant variability. The plots include the
mean curve and also curves for �1SD. Such a variability should be ex
pected given: (1) the varying heights of free face (2.6 m–7.6 m), and the
different number of stacked concrete blocks that form the quay wall; (2)
possible variations of subsurface conditions in the port area, and (3) the
presence of physical restraints to lateral ground movement of quay walls
(e.g. the concrete ramps used by the Ferries servicing the Port of Lixouri
for docking and loading/unloading cars). These differences in conditions
are considered in Section 7 of the paper, in which the measured values of
lateral movements are compared to empirically predicted values of
lateral spreading.

11 cm. The distance of the Argostoli Port area from the causative fault is
7 km whereas the peak recorded horizontal ground acceleration is 0.24 g
(E-W) (Table 1).
As shown in Fig. 9, the lateral spreads in the Argostoli Port area
extended to a distance of ~55 m behind the quay walls, although the
cumulative lateral movement remained less than 1 cm for inland dis
tances larger than 40 m. The plots of Fig. 9 indicate that the maximum
horizontal displacement in the Argostoli Port along the 16 surveyed
transects, ranged from 3.5 cm to 20 cm (about an order of magnitude
lower than the Lixouri Port area). This should be expected given the
larger distance (7 km) of the Argostoli Port area from the causative fault
compared to the Lixouri Port area, as well as the lower peak value of
recorded ground acceleration (0.24 g compared to 0.68 g).
As shown in Figs. 8 and 9, the measured displacements have higher
variability in the vicinity of the free face. Assuming that the maximum
value of cumulative lateral displacement, DHmax, for each transect is
mainly affected by the height of free face, H, it is possible to plot average
DHmax vs. H curves for the two port areas (Lixouri and Argostoli) as
shown in Fig. 10. The plots of Fig. 10 indicate that (a) the cumulative
lateral displacements at the Lixouri port were at least one order of
magnitude higher compared to the Argostoli Port (as already
mentioned) and (b) the cumulative displacement strongly depends on
the height of the free face, i.e. the higher the quay wall, the lower the
corresponding lateral spreading. This behavior may be explained by the
higher lateral resistance offered by the higher and heavier multi-block
quay walls.

5.2. Displacement measurements in the Argostoli Port area

6. Geotechnical data

The results of crack width measurements along 16 surveyed transects
(TS-1 to TS-16) in the Argostoli port are summarized in Table 3 and the
corresponding cumulative horizontal displacements are shown in Fig. 9.
Table 3 also includes measured values of vertical offset between the two
edges of a number of cracks, which were found to range from 1.5 cm to

A soil exploration study was undertaken at the Ports of Lixouri and
Argostoli, following the 2014 Cephalonia earthquakes, with the goal to
obtain data for retrofitting the laterally displaced and tilted quay walls
11
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Fig. 14. View of test pit TP-1 operations and excavated material in Argostoli port.

Fig. 15. Average cross section at the Lixouri Port area.

of the port areas. The exploratory borings were advanced through the
concrete blocks of the quay walls to the underlying natural soil forma
tions whose mechanical properties were evaluated by laboratory testing
on “undisturbed” samples.
Eleven borings (BH-1 to BH-11) with depths up to 20 m were drilled
at the Lixouri Port (Fig. 11) in March 2014, and nine borings (BH-1 to
BH-9) with depths up to 17 m in April 2016 at the Argostoli Port
(Fig. 12). The exploration program did not include, however, any bor
ings through the reclaimed land areas of the two ports; thus, no data are
available regarding the thickness and mechanical properties of the fills
used for reclaiming and expanding the land areas of the ports, following
the destructive Cephalonia earthquakes of 1953.

The nature of the fills was characterized primarily using test pits. In
total 13 large test pits were excavated in Lixouri and another 6 test pits
were excavated in Argostoli using a backhoe at small distances from the
back face of the quay walls. The test pits were of relatively large size (a
couple of meters in width and length) and extended to depths below the
water table reaching 2.3 m. Characteristic photos are shown in Fig. 13
for Lixouri and Fig. 14 for Argostoli. The material encountered in all test
pits in both ports was visually similar. It included, as shown in the fig
ures, large corestones (commonly 10–60 cm) that were part of the
collapsed masonry buildings in a matrix of finer debris that included
gravels, sands and low plasticity silts. Disturbed samples of the debris
were collected from the test pits and laboratory tests were conducted.
12
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Fig. 16. (a) Average 1-D soil profile of the Lixouri Port land area, (b) measured values of Vs from MASW test, (c) computed values of uncorrected NSPT (from Eq. (1))
and (d) corrected NSPT values [9,13].

Fig. 17. Average cross-sections of the Argostoli Port area (a) Argostoli-1 (North area), (b) Argostoli-2 (South area).

The following average physical and index properties of the reclamation
fills were derived: γsat ¼ 20 kN/m3, LL ¼ 19, PI ¼ 4, w ¼ 18%, FC ¼ 27%,
and D50 ¼ 0.42 mm.

Based on the extrapolation of soil stratigraphy found from the
exploratory borings, data from test pits, the local geological conditions,
and eyewitnesses accounts (regarding the reclamation history and
13
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Fig. 18. (a) Average 1-D soil profile of the Argostoli-1 Port land area, (b) measured values of VS from MASW test, (c) computed values of uncorrected NSPT (from Eq.
(1)) and (d) corrected NSPT values [9,13].

expansion of the Port areas following the destructive Cephalonia
earthquakes of 1953), a typical 2-D cross-section of the Lixouri Port was
established and is shown in Fig. 15. As indicated in the figure, subsurface
stratigraphy of the Lixouri port consists of a surficial layer of artificial
reclamation fill. These fills are primarily debris from collapsed struc
tures following the 1953 earthquake and are underlain by an alluvial
layer of variable thickness (CL) with intercalations of GC-GM–SC–SM,
that extends inland up to the coastal roadway. The physical, index, and
mechanical properties of this layer were estimated from laboratory
testing and their average values are included in the 1-D cross-section of
Fig. 16. This layer is underlain by a cohesive formation with sand-gravel
intercalations, extending to the maximum investigated depth. The
physical, index, and mechanical properties of this layer were also esti
mated from laboratory testing with average values included in the 1-D
cross-section of Fig. 16.
Surface wave measurements using the MASW technique shared by
Ref. [5] allowed the evaluation of shear wave velocity vs. depth profiles
in the two port areas, which (for the case of Lixouri Port) are plotted in
Fig. 16. The lack of NSPT data for the land area of the ports, made it
necessary to indirectly evaluate NSPT – depth profile by utilizing the
correlation (shown in Eq. (1)) developed using Greek data by Ref. [4].
The reliability of the above empirical Vs -NSPT correlation has been
validated by Refs. [4,8]:
�
�2:78
�m�
VS
VS
¼ 107:6NSPT 0:36 ⇒NSPT ¼
(1)
sec
107:6

included in Fig. 16 indicating low values of NSPT (�5).
Corresponding data for the Argostoli Port area were obtained and
utilized to establish two approximate, representative cross sections:
Argostoli 1 (north area of the port) and Argostoli – 2 (south area of the
port), shown in Fig. 17. Approximate 1-D geotechnical sections for the
two locations of Argostoli Port area are shown in Fig. 18(a) and Fig. 18
(b) along with pertinent VS – depth and NSPT – depth profiles.
The approximate geotechnical VS - NSPT profiles shown in Figs. 18
and 19 are used in the following section to compare the measured lateral
displacement with lateral spreading estimates predicted by the empir
ical model of [85] for free-field conditions.
7. Measured lateral spreading magnitudes VS. Empirical
predictions under free field conditions
The importance of soil liquefaction/lateral spreading case history
data for developing improved predictive empirical, analytical or nu
merical methods has been repeatedly emphasized in recent publications
[17,47]. At present, the available empirical methods for predicting the
magnitude and spatial distribution of liquefaction-induced lateral
spreading have been derived based on data obtained in free-field ground
conditions. In this respect the lateral spreading measurements per
formed in the Lixouri and Argostoli Ports following the 2014 Cephalonia
earthquake doublet constitute a valuable dataset which can be utilized
to investigate the capacity of the quay walls to reduce the development
of lateral spreads during earthquake shaking.
The [85] empirical relation, which is widely used in practice for
predicting the magnitude of liquefaction-induced lateral spreading
under free field conditions, is used and compared with the measured

where: NSPT ¼ uncorrected value of SPT blow count.
The empirically derived NSPT – depth profile for Lixouri Port is also
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Fig. 19. (a) Average 1-D soil profile of the Argostoli-2 Port land area, (b) measured values of VS from MASW tests, (c) computed values of uncorrected NSPT (from Eq.
(1)) and (d) corrected NSPT values [9,13].

Fig. 20. (a) Behavior of soil materials encountered at the Lixouri and Argostoli Port land areas based on the recommended guideline by [14], (b) Liquefaction
susceptibility of fine-grained materials encountered in the Lixouri and Argostoli Port land areas based on [16].

R* modified source distance R* ¼ Ro þ R, where Ro a distance con
stant that is a function of earthquake magnitude, M, Ro ¼
10ð0:89M 5:64Þ
R nearest horizontal or map distance from the site to the seismic
energy source, in kilometers
W free-face ratio defined as the height, H, of the free face divided by
the distance, L, in percent
T15 cumulative thickness of saturated granular layers with corrected
blow counts, (N1)60, less than 15, in meters.
F15 average fines content, or fraction of sediment sample passing a
No. 200 sieve for granular materials included within T15, in percent

values in the port areas. The [85] relation for the case of level ground
with a free face, is shown in Eq. (2):
Log DH ¼

16; 713 þ 1; 532M

1; 406LogR*

þ 0; 540LogT15 þ 3; 413Logð100

F15 Þ

0; 012R þ 0; 592LogW
0; 795LogðD5015 þ 0; 1mmÞ
(2)

where:
DH estimated lateral ground displacement, in meters.
M moment magnitude of the earthquake
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Fig. 21. Variation of Fliq with depth in the layer of reclamation fill for the average soil profiles of Lixouri. Argostoli-1 and Argostoli-2.

D5015 average mean grain size for granular materials within T15, in
millimeters, from the base of the free face to the point in question, in
percent.

subsurface data. As shown in Figs. 16(d), 18(d) and 19(b) the corrected
values of SPT blow count (N1)60 in the liquefied layers are lower than the
critical value ((N1)60 ¼ 15) adopted in the [85] empirical relation.
In the following two subsections the predicted magnitudes of lateral
spreading at the two port areas are presented by applying the [85]
equation using the following values of input parameters: Τ15LIX ¼ 2.4 m,
Τ15ARG ¼ 3.3 m/2.6 m, D5015 ¼ 0.42 mm, F15 ¼ 27%, Mw ¼ 6, and
RLIX ¼ 2 km, RARG ¼ 7 km. It must be noted that the D5015 and F15 values
represent average estimates of the average grain size and fines content of
the liquefiable fills, but variation in the data was observed. In addition,
these estimates are based on samples of the fills that do not include the
large corestones that are part of the debris. The role of these large
corestones in the field response is not yet well understood. Including
them in the grain size distribution would result in a significantly higher
average grain size distribution (and smaller fines content), which would
affect the lateral spreading displacements. However, it is very likely,
that these corestones are not playing a key role in the liquefaction sus
ceptibility of the material and the characteristics of the soil matrix are
controlling the behavior. In that context, the estimates by the [85]
equation should be considered approximate performance indicators at
best.

The input parameters of Eq. (2) for the [85] relation belong in three
categories: (a) earthquake characteristics (magnitude and distance from
the causative fault, (b) geometric characteristics (height of free face and
horizontal inboard distance, and (c) soil characteristics (thickness of
liquefied layer and average values of fines content and mean grain size).
The predictions of Eq. (2) – on the basis of comparisons with measured
values of lateral ground displacements – have been found to deviate, in
general, from þ200% to 50% from the observed values.
By applying the liquefaction susceptibility criteria recommended by
Refs. [14,16] (as shown in Fig. 20) to the representative soil conditions
of the Lixouri and Argostoli port areas, it becomes evident that the most
liquefaction–susceptible soil materials are the reclamation fill and the
intercalations of coarse-grained materials which are interbedded in the
underlying cohesive layers. The horizontal continuity of the
coarse-grained intercalations, as well as their minimum thickness
(which is a prerequisite for incorporating them into the thickness of
liquefied layer, e.g. Refs. [17,48,55,84] is highly uncertain, and for this
reason only the reclamation fill material is considered as liquefiable in
the subsequent liquefaction analyses.
For the identified liquefiable layer, liquefaction triggering analysis
was performed for the Lixouri Port area (Lixouri) and the two charac
teristic profiles of Argostoli Port area (Argostoli-1 and Argostoli-2),
following the procedure recommended by Ref. [13]. The results of the
analyses for the three sites, in the form of Safety Factor against lique
faction, Fliq, are shown in Fig. 21, indicating that the thickness of the
liquefied layers, T15, at the three sites is 2.4 m for the Lixouri site, 3.3 m
for Argostoli-1 and 2.6 m for Argostoli-2. It is recognized that these
thicknesses of liquefied layers are somewhat uncertain, given the limited

7.1. Lixouri Port area
Considering the variation of the quay wall height, H, and the loca
tions of the eight transects surveyed in the Lixouri Port, the transects
were divided into three groups each having a similar average height, i.e.
Havg ¼ 7.6 m (TS-3, TS-4, four stack blocks), Havg ¼ 4.4 m (TS-1, TS-2,
TS-5, TS-6, two stack blocks), and Havg ¼ 2.6 m (TS-7, TS-8, single
stack blocks). The three plots of Fig. 22 depict the distribution of
measured cumulative horizontal ground displacements, DH (including
mean and �1SD curves) with distance, L, as well as the distribution of
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Fig. 22. Distribution of measured cumulative lateral spreading displacements for three groups of transects in the Lixouri Port area vs. predicted values from the [85]
model shown with red color (dotted line segment indicates lower reliability in prediction as suggested by Ref. [85]. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

corresponding values predicted by the [85] equation.
The plots of Fig. 22(a) indicate that at the south section of the Lixouri
port front (TS-7 & TS-8) - where the single block quay walls have a small
height (�2.6 m) - the measured lateral displacements are in relatively
good agreement with the corresponding free field values (estimated
from the [85] equation). More specifically, it is observed that the
assumption of free field conditions results in an overprediction of lateral
spreading in the vicinity of the quay wall that is less than 100%. As the
height and weight of the quay wall is increased, however, the assump
tion of free field conditions leads to a considerable overprediction of
lateral spreading: approximately three times higher than the average of
measured lateral displacements for H ¼ 4.4 m (Fig. 22(b)) and about an
order of magnitude higher for the case of high (H ¼ 7.6 m) quay walls at
the north section of the port, Fig. 22(c). It is also important to note that
the length behind the port front of the affected area by lateral dis
placements is significantly shorter than predicted for the free field
conditions.
It may thus be concluded that the lateral ground displacements likely
to occur in the land area of ports with high quay walls are significantly
lower than the values predicted by the available empirical methods
assuming free field (and in particular free face) conditions. It should be
noted that the predicted magnitudes of lateral spreading for free field
conditions indicate a very high to high damage potential in the affected
area (according to Ref. [54] classification), which is consistent with the
observed damage.

7.2. Argostoli Port area
The plots of Fig. 23 illustrate comparisons between measured cu
mulative horizontal ground displacements and corresponding pre
dictions based on the free-field assumption, for four groups of transects
located behind progressively higher quay walls (H ¼ 0.8 m to H ¼ 6.5 m)
at the Argostoli Port area. It may be again observed that for the cases of
small quay walls (H � 2.5 m) the free field values are consistent with the
field observations (i.e., they over- or under-predict the expected lateral
movements by approximately 100%). On the other hand, for higher
quay walls (H ¼ 3 m to H ¼ 6.5 m) the overprediction of lateral dis
placements using free-field conditions reaches (or exceeds) an order of
magnitude. It is also observed that the measured inland extent of the
lateral displacements is always shorter than predicted by the free-field
empirical equation.
It is also worth noting that the empirically predicted values of freefield lateral spreading magnitudes indicate low to moderate damage
potential [54], consistent with the observed behavior.
The results of measurements at the ports of Lixouri and Argostoli
indicate that empirical predictions of lateral spreading magnitudes
should not be used in the case of land areas of ports with high and heavy
quay walls.
8. Summary and conclusions
The 2014 Cephalonia, Greece (Mw 6.1 & 6) earthquake doublet
caused soil liquefaction, mainly in the port areas of Lixouri and
17
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Fig. 23. Distribution of measured cumulative lateral spreading displacements for three groups of transects in the Argostoli port area vs. predicted values from the
[85] model shown with red color (dotted line segment indicates lower reliability in prediction as suggested by Ref. [85]. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

Argostoli, which was manifested by sandy and gravelly boils and lateral
spreading of the ground towards the free face of the quay walls of the
two ports. The results of lateral ground displacement measurements,
performed by ground surveys, in the areas of Port of Lixouri and Port of
Argostoli were presented along with seismotectonic, strong motion and
available geotechnical data. The results of field measurements using
interpreted geometric, seismic and soil parameters were compared to
the empirical predictions of the [85] relationship, which was developed
for free field conditions to assess the effects of the quay walls in reducing
the magnitude of lateral spreading. The following conclusions can be
drawn:

overlying fine-grained deposits. The thickness of the liquefied layer,
T15, in the Lixouri Port was estimated to be equal to 2.4 m, whereas
in the Argostoli Port area it ranged from 2.6 m to 3.3 m. These values
of T15 - which are admittedly characterized by some degree of un
certainty – were used to estimate the predicted lateral spreading
displacements for free-field conditions.
3. The magnitude of lateral spreading that occurs as a result of earth
quake shaking in the land area of ports with gravity type (multiblock) quay walls, is significantly reduced, compared to the values
predicted for free-field conditions for large quay walls. The over
prediction resulting from the use of existing empirical relations may
be as much as an order of magnitude for the case of high gravity type
quay walls. On the other hand, for small retaining structures the
predicted displacements were comparable to the measured dis
placements (i.e., under- or over-prediction was less than 100%).
4. The observed seismic damage to the marine structures of the Lixouri
Port and the lack of similar damage at the Argostoli Port are
consistent with published damage potential criteria based on the
magnitude of liquefaction-induced free field lateral spreading
displacements.

1. The magnitude of liquefaction-induced lateral spreading in the Lix
ouri Port area ranged from 4 cm to 152 cm. It is noted, however, that
some of the high values of measured horizontal ground displace
ments may have included the seaward horizontal displacement of the
quay walls of the port which according to geodetic measurements
were found to range between 0.27 m and 0.45 m in the main pier of
Lixouri Port. The high values of ground displacements in Lixouri may
also have been influenced by forward directivity effects. The
measured lateral displacements of the Argostoli Port area were
smaller - by about an order of magnitude - and ranged from 3 cm to
20 cm. The inland maximum lateral extent of horizontal ground
movement at the two port areas (Lixouri and Argostoli) was found to
be 95 m and 55 m, respectively.
2. The subsurface conditions at the land areas of Lixouri and Argostoli
Ports are generally similar: reclamation fills of varying thickness
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APPENDIX
Geometries of quay walls in Lixouri port in locations shown in Fig. 22 and Fig. 23.
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Geometries of quay walls in Argostoli port in locations shown in Fig. 23.
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