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Abstract The paper evaluates the liquefaction potential

of the subsoil layers at the town of Larissa (Thessaly Plain,

Central Greece). Using data from 53 borings with SPT

measurements, the liquefaction potential was evaluated

based on simplified procedures and by applying the

methodology of the liquefaction potential index to the

parameters of the soil columns. Maps were developed

indicating the quantitative characteristics of the liquefiable

layers and the area where there was a probability of surface

evidence of liquefaction. The study indicated that the urban

area of Larissa should be considered as a low liquefaction

area, with the exception of a few sites close to the River

Pinios where the liquefaction potential was characterized

as medium to high.

Keywords Liquefaction probability � Hazard �
Larissa � Greece

Résumé L’article évalue le potentiel de liquéfaction de

couches du sous-sol de la ville de Larissa (Plaine de

Thessalie, Grèce centrale). A partir des données de 53

forages comportant des mesures SPT, le potentiel de liqué-

faction a été évalué suivant des procédures simplifiées et

en appliquant la méthodologie de l’indice de potentiel de

liquéfaction en colonnes de sols. Des cartes ont été établies

indiquant les caractéristiques des couches liquéfiables et les

surfaces où il y avait une probabilité de liquéfaction.

L’étude a conclu que la zone urbaine de Larissa devrait être

considérée comme une région de faible potentiel de liqué-

faction, à l’exception de quelques sites près de la rivière

Pinos où le potentiel de liquéfaction a été défini comme

moyen à élevé.

Mots clés Probabilité de liquéfaction � Aléa � Larissa �
Grèce

Introduction

Greece is one of the mostly highly seismic countries in the

Mediterranean region. Using Greek Seismic Codes, the

earthquake-prone area around the town of Larissa, central

Greece, has been assigned a design acceleration on seismic

bedrock of 2.4 g. Historical reports of earthquakes and

sand boils associated with the earthquake of 1941 indicate

that liquefaction has occurred beneath part of Larissa. The

town is situated on sediments deposited by the Pinios River

hence Larissa could be classified as a liquefaction-prone

area. This paper considers the hazard posed by the nature

of these soft saturated sediments.

The aim of the study was the evaluation of the lique-

faction susceptibility of the subsoil layers and the compu-

tation of the probability of liquefaction-induced surface

distress in the urban area of Larissa. Geotechnical profiles

were prepared based on borings with SPTs and the factors

of safety against liquefaction of the soil layers was esti-

mated using published procedures (Youd et al. 2001). The

susceptibility to liquefaction of the soil elements was

evaluated using the modified criteria by Seed et al. (2003)

and the probability of liquefaction manifestation was esti-

mated using the LPI-based regression proposed by Pa-

pathanassiou (2008). This approach was used as it is the

only model which takes into account the new susceptibility
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criteria of Seed et al. (2003). The parameters of the seismic

scenario employed in this study were obtained from the

Greek Seismic Code, taking into account the effect of

surface geology in the evaluation of site amplification.

As a result of this study, quantitative parameters of the

liquefiable subsoil layers (such as depth and thickness),

were identified and their spatial distribution mapped. The

liquefaction potential index (LPI) of the soil columns and

the relative probability of liquefaction-induced surface

disruption were computed in order to compile a liquefac-

tion hazard map.

Although this study indicates the existence of liquefiable

soil layers below the surface, for an earthquake scenario of

magnitude M 7.0 and a PGA value of 0.25 g the probability

of manifestations of liquefaction at the surface is higher

than 50% only at sites close to the River Pinios. In par-

ticular, only at two sites in the northern part of the city was

the probability [50%—the threshold defined as the

boundary between the occurrence and non-occurrence of

liquefaction-induced ground disruption.

Liquefaction potential index: methodology,

modifications and applications

The methodology of the LPI was proposed by Iwasaki et al.

(1978; 1982) for evaluating the liquefaction potential of a

soil column. The index reflects the thickness of the lique-

fiable layer, the thickness of the non-liquefiable (cap) layer

and the value of the factor of safety against liquefaction.

Iwasaki et al. (1982) calibrated the severity of liquefaction-

induced damages with the LPI values using data provided

by 87 borings with SPT values in liquefied and non-

liquefied sites in Japan. According to this calibration,

liquefaction failure potential ranges from [15 (extremely

high) to 0 (extremely low), i.e high is between 5 and 15 and

low between 0 and 5. The LPI methodology was modified

by Sonmez (2003) by adding a threshold value of 1.2

instead of 1 for the factor of safety and by introducing two

new categories for the lower values: 0 non-liquefiable; 0–2

low liquefiable and 2 and 5 moderate liquefiable.

Toprak and Holzer (2003) attempted to relate LPI with

the severity of the surface manifestations of liquefaction

using CPTs from the 1989 Loma Prieta, California, earth-

quake. They observed that the median values of LPI were 5

and 12 respectively in areas where sand boils and lateral

spreads occurred. Lower and upper quartiles were 3 and 10

for sand boils and 5 and 17 for lateral spreads (Holzer 2008).

Recently, Papathanassiou (2008) proposed a new calibration

that resulted from the application of the box-whisker plot

method to the SPT data. His study indicated that at sites

where LPI [32 liquefaction-induced failures classified as

‘‘high’’ (such as lateral spreading phenomena) are likely

to occur, while at sites where LPI \19 no liquefaction

manifestations would be expected. Where the LPI value

ranged between 19 and 29, a ‘‘medium’’ degree of lique-

faction manifestation (such as sand boils and ejection of

material) would be likely to occur. Papathanassiou (2008)

explained the differences from the threshold LPI proposed

by Iwasaki et al. (1982), Toprak and Holzer (2003) by the

fact that in his study the evaluation of liquefaction suscep-

tibility of soil layers was based on the modified criteria

proposed by Seed et al. (2003) rather than the ones sug-

gested by Wang (1979) known as the ‘‘Chinese criteria’’.

Lee et al. (2003) re-calibrated the scale based on CPT

data from liquefied sites in Taiwan associated with the

1999 Chi-Chi earthquake. They proposed that the lique-

faction potential of a site is very high where LPI is[30 and

low where it \20, with medium potential where the LPI

values range between 20 and 30. Sonmez and Gokceoglu

(2005) proposed a new classification using the probability

of liquefaction (PL) in lieu of the factor of safety in order

to compute the LPI or Liquefaction Severity Index (Ls) as

they called it in their paper. Furthermore, Li et al. (2006)

defined the LPI or IL as a function of the probability of

liquefaction and proposed mathematical formulae for the

evaluation of the probability of liquefaction-induced

ground failure. Finally, Papathanassiou (2008), using

a logistic regression analyses, proposed a LPI-based

approach for the calculation of the probability of lique-

faction manifestations. For a comprehensive description of

these procedures, the reader is referred to Holzer (2008).

The advantage of LPI is that it quantifies the likelihood of

liquefaction at the site by providing a unique value for the

entire soil column instead of factors of safety for each of

the layers. Consequently, the LPI values were used for the

compilation of liquefaction hazard maps which can be used

by planners as a tool for the preliminary assessment of the

liquefaction potential. Such thematic maps were published

for Evansville, USA (Kayabali and West 1994), for Puerto

Rico, USA by Divakarla et al. (1998), for Busehr, Iran

(Hosseini 1998), for Treasure Island, USA by Luna and Frost

(1998), for the Romagna coast in Italy by Crespanelli et al.

(1999), for the state of California, USA (Holzer et al. 2002),

for the town of Inegol, Turkey (Sonmez 2003; Sonmez and

Gokceoglu 2005), for the town of Ceyhan, Turkey (Ulusay

and Kuru 2004), for the city of Lefkada, Greece (Papath-

anassiou et al. 2005), for Memphis, USA (Rix and Romero-

Hudock 2007), Charleston, USA by Hayati and Andrus

(2007) and Juang and Li (2007), California, USA by Lenz

and Baise (2007) and Memphis, USA (Cramer et al. 2008).

Geology of the area

The Larissa Basin is one of the main graben of the Internal

Hellenides that were created by NE–SW crustal trenching
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during the Late Miocene-Pliocene (Caputo et al. 2004). It

crosses the Tyrnavos Basin which is bordered by a number

of active faults: the Rodia (RF) and Gyrtoni (GF) to the

north; the Tyrnavos (TF) and Larissa (LF) faults to the

south and the Asmaki (AF), Omolio (OF) and Ligaria (IF);

see Fig. 1. These E–W and ESE–WNW faults occurred as

an extensional phase began during the Middle to Late

Pleistocene (Caputo and Pavlides 1993). The recent seis-

micity of Northern Thessaly shows that this extensional

regimen is still active (Caputo et al. 2004).

Caputo and Pavlides (1993) concluded that the Larissa

Basin is an alluvial plain formed by Quaternary deposits in

stratigraphic continuity with the Pliocene sediments.

Deposits of Pliocene age outcrop on the northern border of

the Larissa Basin near Rodia where they appear to overlie

Palaeozoic/Mesozoic substrata. Caputo and Pavlides

(1993) also note that Red Beds outcrop locally along the

borders of the basin. The maximum thickness of the

lacustrine deposits and overlying conglomerates has been

estimated as 500 m. The town of Larissa itself is built on

Recent alluvial deposits in the plain, on man-made deposits

consisting of embankments/artificial fills and on strata of

Neogene age.

Historical seismicity

The eastern part of the Thessaly region can be divided into

two parts as regards the occurrence of earthquakes. The

southern part was ruptured by strong earthquakes during

the twentieth century after an apparent quiescence since

1773 while the northern part, including the town of Larissa,

experienced seismicity in 1941 (Caputo and Helly 2005).

Papadopoulos (1992) has suggested the apparent quies-

cence during the 1800s is likely to be related to changing

seismicity patterns rather than an incomplete earthquake

record.

Data regarding the 12 historical seismic events in

Thessaly (Table 1) and the earthquake parameters were

obtained from the seismic catalogues of Papazachos and

Papazachou (1997) and Papazachos et al. (2007), respec-

tively (Fig. 2). As seen in Table 1, six events occurred in

the northern region from 1668 to 1941 while six events

with a magnitude [6.0 occurred in the southern part of

Thessaly during the twentieth century.

The secondary effects triggered by the earthquakes are

described in historical seismicity catalogues.

a. The 1731 earthquake caused the collapse of 10 houses

and mosques in the city of Larissa

b. The 1766 event, as described in a chronicle of the

monastery of Panagia Olympiotissa, triggered severe

structural damage.

c. The 28 August 1781 earthquake caused casualties and

damage to houses and mosques which was exacerbated

by the fire triggered by the shock.

d. The 9 January 1892 earthquake was the most severe

event during the nineteenth century, causing severe

structural damage in Larissa although the epicenter

was some 10 km to the NE of the city (Papaioannou

1981).

e. The March 1941 earthquake was the strongest to occur

close to the town of Larissa during the twentieth

century, triggering many secondary effects such as

ground cracks, liquefaction and subsidence. Marave-

lakis (1943) noted the event caused structural damage

to the villages of Gerakari, Eleftherio, Nesson, Orta,

Nehali, Platikampos, Glafki ad Halki. In Larissa,

structural damage was reported in the industrial area

Fig. 1 Major tectonic structures at the area of Larissa basin (from

Caputo et al. 2004)

Table 1 Historical seismicity of eastern Thessaly region

Date Lat. Long. M

Northern part

1668 39.65 22.3 6.3

1731 39.7 22.3 6.0

9 November 1766 39.8 22.2 6.3

28 August 1781 39.65 22.4 6.4

22 January 1892 39.7 22.55 6.0

1 March 1941 39.7 22.54 6.3

Southern part

20 January 1905 39.67 22.83 6.6

23 February 1930 39.6 23.1 6.0

30 April 1954 39.22 22.28 6.7

19 April 1955 39.3 23.03 6.2

8 March 1957 39.36 22.63 6.6

9 July 1980 39.23 22.76 6.4

Evaluating earthquake-induced liquefaction 81

123



of Tabakika, at the centre of the city and in the area

around the castle. This author evaluated intensity as IX

of the Mercalli-Sieberg scale while Galanopoulos

(1981) evaluated the intensity as VIII.

Maravelakis (1943) recorded a 12 km SE–NW surface

rupture and some subsidiary parallel cracks. At the

same time, along the River Pinios and its tributaries the

ground slumped and for many kilometers cracks

appeared along the banks. Liquefaction phenomena

were reported from many places within the town

together with the development of high artesian pres-

sures that resulted in damage to deep wells.

In addition, at the village of Eleftherion, water was

ejected from a well, sand volcanoes were observed on

the banks of River Mirou, and water ejection was

observed at many places in the village of Nesson.

Furthermore, slope failures occurred in the River

Pinios embankments while ground cracks opened in

the lower slopes of the castle mound, with structural

damage experienced in nearby buildings as well as the

castle at the top of the hill (Maravelakis 1943)

Subsoil characteristics

In order to define the properties of the subsoil layers, 53

boreholes, 10–15 m deep with SPT measurements were

evaluated. The SPT-N values, the grain size distribution,

the liquid limit and the plasticity index of selected samples

were also included in the geotechnical profiles. The

locations of the borings are shown in Fig. 3 and the line of

cross-sections A–A0 and B–B0, the details of which are

given in Fig. 4.

At Larissa the upper layer generally consists of an

artificial fill with an average thickness of 2 m, although in

some sites it reaches 4 m. This layer of fill consists mainly

of clay, sand, sandy gravels and material from construction

sites. Beneath this upper layer the subsoil is characterized

by clayey and sandy formations deposited by the River

Pinios. The main characteristic of these fluvial deposits is

the vertical and horizontal heterogeneity due to the sea-

sonal fluctuations of the River Pinios.

As shown in the cross-section A–A0, in the north west

(BH 43) beneath the artificial fill there is a thin (2 m) silty

soil with SPT-N values of 10 overlying 6 m of sandy

material with N values [30. Thicker sandy layers, classi-

fied as non-plastic SM soils, were also present in BHs 29

and 9, where the N values ranged from 8 to 12. Towards the

south east, clayey layers were encountered in BHs 4 and 34

with thicknesses of some 6 m and N values from 18 to 22.

These layers were classified as high plasticity clays as their

liquid limit and plasticity indices were 72 and 52% (BH 4)

and 65 and 43% (BH 34).

The heterogeneity of the subsoil formation at Larissa is

also presented in cross-section B–B0 (Fig. 4). As seen in

the figure, on the western side (BH 47), beneath the arti-

ficial cap layer is a 9 m thick clayey stratum. The SPT-N

values range from 27 to 41 with an average of 31. This

generally CL layer is interrupted by a SC layer with 30%

fines in which the liquid limit and plasticity index are 19

and 4% respectively and the N value is 29. Moving east-

wards, the stratum becomes sandy, particularly in BHs 18,

6 and 5. The thickness of this stratum varies from 4 m (BH

18) to 8 m (BH 5). The N values range between 14 and 20

in BHs 5 and 6 respectively but increase to 32 in the silty

Fig. 2 Distribution of historical seismicity in the region of eastern

Thessaly

Fig. 3 Map showing the locations of boreholes and the surface traces

of cross-sections A–A0 and B–B0
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sand layer in BH 18. Finally, in BH 30 the SM stratum lies

beneath a 6 m thick CL layer and as a consequence the SPT

N values are 4–6 near the surface rising to 22–24 at depth.

The non-plastic SM stratum has an average N value of 22

and 8% fines while the CL soil has an average of 85%

fines.

Evaluating the susceptibility to liquefaction

of the subsoil layers

In the past, the evaluation of the liquefaction susceptibility

of a soil layer was achieved by applying the ‘‘Chinese’’

criteria (Wang 1979) or the guidelines proposed by

Andrews and Martin (2000). Both of these criteria take into

account the presence of a fine grained material in the soil

element and particularly of a percentage of clay size.

However, papers published by Seed et al. (2003) and Bray

and Sancio (2006) stated that the plasticity behavior of fine

grained particles of soils is more important than the clay-

size fraction. Thus, they proposed new criteria where soils

with a fines content [35% are considered as potentially

liquefiable when the liquid limit is \37%, the plasticity

index \12% and the water content is high relative to the

liquid limit (Seed et al. 2003).

In this study, the liquefaction susceptibility of the sub-

soil in the urban area of Larissa was screened based on the

modified criteria proposed by Seed et al. (2003) which

were applied to the data provided by the geotechnical

profiles of 53 boreholes with SPT measurements. The

majority of these borings were drilled by the private

company of Georesearch GP, Larissa, and some as part of a

study performed by Tsotsos and Pitilakis (1995). It can be

seen from Fig. 5 that there is a clear distinction between

those soils which will liquefy and those which are unlikely

to liquefy, on their liquid limit and plasticity index. The

majority of the non-liquefiable soils have values of up to

60% LL and 40% PI.

Figure 6 shows the susceptibility to liquefaction along

the cross-sections (A–A0 and B–B0) identified in Fig. 3.

Beneath the non-liquefiable cap layer the sandy stratum is

characterized as susceptible to liquefaction material while

the clayey material is non-liquefiable. The thickness of the

liquefiable stratum ranges from 2 m (BH 28) to 9 m (BH

29) while the non-liquefiable layer also has a thickness of

up to 9 m. Regarding the cross-section B–B0, the liquefi-

able stratum has been mapped in every borehole, with a

thickness of up to 6 m in BH 6.

Fig. 4 Cross-sections A–A0 and B–B0

Fig. 5 Liquefaction

susceptibility of soil layers

based on their Atterberg limits
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Evaluation of the liquefaction potential in the urban

area of Larissa

Usually, the liquefaction potential of a soil layer is com-

puted based on the deterministic simplified procedure

proposed by Seed and Idriss (1971) and the modifications

to this procedure published later by Seed et al. (1985) and

Youd et al. (2001). According to these recommendations,

the factor of safety against liquefaction of a soil layer (fs)

triggered by a seismic event is defined as the ratio of cyclic

resistance ratio (CRR) over cyclic stress ratio (CSR).

The former is a function of the in situ test data such as the

SPT-N values and the latter a function of the parameters of

the earthquake represented by the magnitude (M) and the

peak ground acceleration (PGA).

Defining the earthquake parameters used

In this study, the seismic parameters suggested by the

Greek Earthquake Planning and Protection Organization

(EAK 2000) were initially taken into account in order to

calculate the CSR. According to these recommendations, in

the area of Larissa the design acceleration is 0.24 g for

rock outcrop conditions, with a 10% probability (Pt) of

being exceeded over a period (t) of 50 years. The return

period for this PGA value, computed as a function of Pt and

t, is equal to T = 475 years, while the maximum earth-

quake magnitude for the same recurrence interval is M = 7

(Papazachos and Papazachou 1997). However, as much of

the city of Larissa is built on fluvial sediments, it was

decided to investigate the influence of the near-surface

geology on the final acceleration value.

In order to account for amplification effect due to sur-

face geology, the regression proposed by Stewart et al.

(2003) was used. As the sediments forming the Larissa

plain are generally Holocene alluvial deposits and Stewart

et al. (2003) suggest Holocene alluvial deposits are clas-

sified as Quaternary alluvium (Qa), this classification was

used for all the deposits.

The amplification factor (f) and the surface acceleration

amax were computed using the equations proposed by

Stewart et al. (2003):

Ln(f Þ ¼ aþb ln(PGA) a ð1Þ
amax ¼ PGA*f ð2Þ

where f is the amplification factor; a, and b are parameters

depending on the age of the material and texture of soil;

PGA is the value of design acceleration for rock outcrop

conditions; amax is the value of surface acceleration used

for the evaluation of liquefaction potential.

The values of a and b used were -0.15 and -0.13 for the

Qa classification and the calculated amax value was 0.25 g.

Thus, the parameters of the seismic ‘‘loading’’ used for

the calculation of CSR were M 7.0 (earthquake magnitude

corresponding to 475-year return period) and amax 0.25 g

for the Qa soil conditions.

The CSR is expressed as:

CSR ¼ 0:65� amax

g

� �
� rmo

r0mo

� �
� rd ð3Þ

where rvo: total vertical stress at depth z; r0mo: effective

vertical stress at the same depth; amax: peak horizontal

ground acceleration; g: acceleration due to gravity; and rd:

stress reduction factor. In this study, the term rd was

estimated using the Liao and Whitman (1986) equation:

rd ¼ 1:0� 0:00765� z for z� 9:15 m ð4Þ
rd ¼ 1:174� 0:0267� z for 9:15 m \z\23 m: ð5Þ

The CSR values were divided by the magnitude scaling

factor (MSF) which is calculated by the following

equation, Youd et al. (2001):

MSF ¼ Mw

7:5

� �2:56

ð6Þ

and the CRR was computed using the following equation

(Youd et al. 2001)

CRR ¼ 1

34� N1ð60Þ
þ

N1ð60Þ
135

þ 50

10� N1ð60Þ þ 45
� �2 � 1

200

ð7Þ

The calculation of N1(60) is influenced by the measured

standard penetration resistance N; the overburden pressure

Fig. 6 Cross-sections A–A0 and B–B0 with respect to liquefaction

susceptibility of the soil layers
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Table 2 Quantitative

parameters of the subsoil layers

regarding liquefaction potential

Borehole Thickness of

cap layer (m)

Thickness of

liquefiable stratum (m)

Probability of liquefaction

surface manifestation (%)

LPI

g1 10 0 4.34 0

g2 10 0 4.34 0

g3 10 0 4.34 0

g4 10 0 4.34 0

g5 10 0 4.34 0

g6 3.5 3 8.61 3.35

g7 10 0 4.34 0

g8 10 0 4.34 0

g9 3 5.4 68.51 17.75

g10 10 0 4.34 0

g11 10 0 4.34 0

g12 10 0 4.34 0

g13 10 0 4.34 0

g14 3 2.5 6.48 1.94

g15 10 0 4.34 0

g16 10 0 4.34 0

g17 10 0 4.34 0

g18 10 0 4.34 0

g19 10 0 4.34 0

g20 10 0 4.34 0

g21 10 0 4.34 0

g22 10 0 4.34 0

g23 10 0 4.34 0

g24 10 0 4.34 0

g25 10 0 4.34 0

g26 10 0 4.34 0

g27 10 0 4.34 0

g28 3 2.5 8.24 3.13

g29 3 10 13.34 5.6

g30 7 6 22.42 8.49

g31 10 0 4.34 0

g32 10 0 4.34 0

g33 10 0 4.34 0

g34 10 0 4.34 0

g35 10 0 4.34 0

g36 10 0 4.34 0

g37 7 4.5 6.56 2

g38 10 0 4.34 0

g39 10 0 4.34 0

g40 10 0 4.34 0

g41 10 0 4.34 0

g42 10 0 4.34 0

g43 10 0 18.00 7.23

g44 9 2 5.75 1.36

g45 10 0 4.34 0

g46 10 0 4.34 0

g47 10 0 4.34 0

g48 10 0 4.34 0

g49 3 6 81.57 21

g50 4.5 4.5 12.65 5.32

g51 10 0 4.34 0

g52 10 0 4.34 0

g53 10 0 4.34 0
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factor Cn; the correction for hammer energy ratio (ER) Ce;

the correction for borehole diameter, Cb; the correction

factor for rod length Cr; and the correction for samplers

with or without liners. The Cn was calculated according to

the equation proposed by Liao and Whitman (1986),

Cn = (Pa/rvo)0.5 while the others factors were estimated

using the parameters suggested by Youd et al. (2001).

Additionally, a ‘‘fine content’’ correction was applied to the

calculated N1(60) value in order to obtain an equivalent

clean sand value N1(60)cs given by the equations proposed

by Youd et al. (2001).

Quantitative characteristics of the liquefaction-prone

subsoil layers

Having computed the CRR of the soil layers and the CSR

regarding the earthquake ‘‘scenario’’, the factor of safety

against liquefaction was calculated. Afterwards, the depth

and the thickness of the liquefied layers per borehole were

defined based on the computed values of fs of the soil layers

(Table 2).

The depth of the liquefiable layer is evaluated by taking

into account the depth of the upper subsoil layer suscep-

tible to liquefaction, for which the factor of safety was

estimated as less than one (fs \ 1). The evaluated thickness

of the liquefiable layers in a borehole represents the

cumulative thickness of the liquefiable horizons (see BH 9,

Figs. 7, 8).

The thicker liquefiable stratum reaches 9 m in BH 29

while the liquefiable layer closest to the ground surface was

located in BHs 9, 14, 28, 29 and 49 (3 m). However, in

most cases, the soil elements that were classified as sus-

ceptible to liquefaction using the criteria proposed by Seed

et al. (2003) were evaluated as non-liquefiable (fs [ 1) due

to the high percentage of fines within the soil elements and

the fact that the N value in most of the soil layers was[20,

indicating a relatively dense soil. In particular, soil strata

characterized as prone to liquefaction under this specific

seismic loading were identified in only 9 of the 53 bore-

holes (9, 14, 28, 29, 30, 37, 44, 49 and 50; see Fig. 8).

Assessment of the probability of liquefaction-induced

ground disruption

Varnes (1984) defined natural hazard as the probability of

occurrence of a potentially damaging phenomenon within

Fig. 7 Quantitative characteristics of the liquefiable stratum in

borehole BH 9

Fig. 8 Maps compiled based on a the spatial distribution of the

thicknesses of the cap layer and b the liquefiable stratums
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a given area and in a given period of time. The aim of

the present study was therefore the assessment of lique-

faction hazard and the compilation of a map showing

spatially the probability of liquefaction-induced surface

disruption. To achieve this, the LPI of each borehole was

calculated using the methodology proposed by Iwasaki

et al. (1982).

LPI ¼
Zz

0

FðzÞWðzÞdz ð8Þ

where z is the depth below the ground surface in meters,

calculated as W(z) = 10 - 0.5z; F(z) is a function of the

factor of safety against liquefaction fs, where F(z) = 1 - fs
when fs \ 1 and if fs [ 1 than F(z) = 0.

The index is related to the thickness of the liquefiable

layer, the thickness of the non-liquefiable cap layer and the

factor of safety against liquefaction. In each borehole, only

the soil layers which both had an fs \ 1 and satisfied the

liquefaction susceptibility criteria [based on Seed et al.

(2003) modified criteria] were taken into account for the

calculation of the LPI. The computation of LPI was

accomplished using the software LiqIT v 4.7 (2006).

The computed values of LPI at each location were used

in the equation proposed by Papathanassiou (2008) for

evaluating the probability of liquefaction-induced ground

disruption:

Prob(liquefaction) ¼ 1

1þ e�ð�3:092þ0:218�LPIÞ

� �
ð9Þ

This equation was defined by applying the statistical

approach of logistic regression to a dataset taken from

records from post earthquake in situ tests in Turkey,

Taiwan and Greece. In this model, the LPI value is the

independent variable and the occurrence or not of

liquefaction phenomena is the dependent variable. At

sites where the Prob (liquefaction) is C0.5, liquefaction

phenomena can be expected while non-occurrence of

liquefaction is predicted where Prob \0.5.

Figure 9 shows the probability of liquefaction-induced

ground failure is very low at the town of Larissa, with the

computed value of probability [50% at only two sites,

close to the River Pinios (67% in BH 9 and 81% in BH 49;

see Table 2). At these sites, surface evident of liquefaction

is likely with an earthquake of magnitude 7 or more and a

surface acceleration of 0.25 g.

Conclusions

The town of Larissa in Central Greece is in an area of

medium seismicity where the design acceleration provided

by the Greek Seismic Code is 0.24 g on bedrock and there

is a 10% probability (Pt) of this being exceeded in a

50 year period.

The study indicated that deposits susceptible to lique-

faction are present in the urban area of Larissa hence a

detailed investigation was undertaken based on data from

borings with SPT values. The computation showed that

taking the Greek Seismic Code earthquake magnitude of

7.0 and 0.25 g acceleration related to the local geological

conditions, liquefaction is likely to occur in only two areas

close to the River Pinios. This unexpected result could be

explained by the fact that the average depth of the

groundwater table is [4 m and the majority of layers

susceptible to liquefaction (having an SPT-N [25) are not

loose enough to liquefy under this seismic scenario.
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