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ABSTRACT: An extensive geological, geotechnical and geophysical investigation was undertaken for the 
seismic microzonation of Avezzano, the main town of Fucino plain (L’Aquila province, Italy). Here, during 
the 1915 Fucino earthquake evidences of liquefaction were detected. The present study focuses on the lique-
faction hazard assessment based on in-situ tests like piezocone (CPTu), dynamic penetration (standard SPT 
and super heavy DPSH tests), and seismic dilatomer SDMT tests. Results at the test site of Pozzone area have 
been reported and discussed hereafter. Preliminary results of liquefaction analyses carried out using simplified 
methods are illustrated, compared and discussed throughout the paper. According to these first outcomes, the 
SDMT and CPTu investigation methods show similar values of liquefaction susceptibility. 

1 INTRODUCTION 

The 2012 Emilia Romagna earthquake evidenced the 
liquefaction susceptibility of those silty and sandy 
soils that commonly characterize not only the Po 
river plain but also many alluvial basins spread out 
along the Italian Peninsula that were formed by ex-
tensional tectonics or fluvial erosion. One of these 
basins is the Fucino plain where an extensive geo-
logical, geotechnical and geophysical investigation 

was committed for the seismic microzonation of 
Avezzano, the main town of Fucino plain located in 
central Italy. In particular, areas, where evidence of 
liquefaction were recorded during the 1915 Fucino 
earthquake (Galli 2000, Prestininzi & Romeo 2000), 
were detected to proceed with liquefaction potential 
evaluation.  

In this respect, this paper analyses and compares 
the results from tests carried out in the Pozzone area 
by using different geotechnical and geophysical 



 

methods: seismic dilatometer (SDMT), piezocone 
(CPTu), dynamic super heavy penetration (DPSH) 
tests and seismic noise measurements. The shear 
wave velocity VS was acquired by SDMT measure-
ments, considering two symmetrical positions of the 
shear wave source at the surface in order to confirm 
the reliability of the "true interval" test configura-
tion. 

Preliminary evaluations of the safety factor 
against liquefaction and the liquefaction potential 
based on SDMT, CPTu and DPSH are illustrated, 
compared and discussed throughout the paper.  

2 GEOLOGICAL SETTING 

The Pozzone site is located in the northern side of the 
Fucino lacustrine basin. The basin was formed during 
the Quaternary, due to the activity of two important 
systems of normal faults. The main fault system dips to 
the SW and borders the basin to the East. The second 
fault system dips to the SSE and borders the basin to 
the North (Cavinato et al. 2002).  

The main SW-dipping normal fault system is pres-
ently active and was activated by the large (M 7.0) 
January 13, 1915 earthquake. The Pozzone site is lo-
cated close to the northern fault system. Four main 
geo-lithological domains can be identified within the 

Fucino basin: 
1. Meso-Cenozoic calcareous or siliciclastic bed-

rocks, cropping out at the margins of the basin and 
buried below a thick cover of continental Quater-
nary deposits within the basin; 

2. Lower-to-Middle Pleistocene slope-derived brec-
cia, fluvial and marginal lacustrine deposits crop-
ping out mostly along the northern slopes;  

3. Upper Pleistocene alluvial fans interfingering with 
coeval lacustrine deposits at the rims of the basin;  

4. open lacustrine deposits in the most central part of 
the basin, which hosted an old lake until its com-
plete drainage at the end of 19th century. 

In particular, the Pozzone site is located in the 4th 
domain, close to the transition to the 3rd domain. The 
outcropping sediments are lacustrine deposits of latest 
Pleistocene-Holocene age (Lac3 in Fig. 1). Typically, 
the Lac3 unit is formed by grey-blue clayey silt pass-
ing upwards to light coloured silt and sandy silt, with 
interstratified sand and peat. The Lac3 unit overlies a 
thick pile of fine-grained sediments which, according 
to borehole and seismic reflection data, are up to 200-
250 m thick (Boncio et al. 2014, Cavinato et al. 2002). 
The detailed shallow subsurface stratigraphy of the 
Pozzone site is poorly known. Only very synthetic logs 
of wells drilled during the ‘50s for hydrogeological 
exploration/exploitation are available (Fig. 1). 

 

Fig. 1. (a) Geological map of the Pozzone area (Boncio et al. 2014): All2, All3= alluvial and fluvio-glacial deposits 
(Late Pleistocene-Holocene), Lac2 e Lac3=lacustrine deposits (Late Pleistocene-Holocene); (b) location of the geotech-
nical and geophysical investigations; (c) boreholes logs: T = topsoil, C = clay, S = sand, G = gravel in confined aquifer , 

C+S = clay with levels of sand, S.G. = sand and gravel, G.S. = gravel and sand in confined aquifer.



 

The top 10-15 m depths are dominated by pelitic 
sediments (prevailing clay, according to borehole 
logs). Below 10-15 m depths, there are bodies of 
coarse-grained sediments the lateral continuity of 
which is difficult to establish (sand, sand and clay, 
sand and gravel or gravel). The site is characterized by 
the presence of small permanent lakes interpreted as 
sinkholes (Nisio et al. 2007). After the 1915 earth-
quake, Oddone (1915) documented a number of phe-
nomena, such as: a) ground fracturing; b) the disap-
pearance of a small island within the largest of the 
Pozzone lakes; c) variations of the water level within 
the lakes; d) a long-lasting turbidity; and e) the tilting 
of a building, accompanied by the appearance of loose 
soil, in a site located ~1.3 km SE of Pozzone. All these 
phenomena collectively suggest the occurrence of liq-
uefaction processes. 

3 GEOTECHNICAL AND GEOPHYSICAL IN-
VESTIGATIONS 

At Pozzone several boreholes, 20-54 m depth, were 
available from the seismic microzonation of Avez-
zano (Boncio et al. 2014), the closest city to the 
studied area (Fig. 1), while other site investigation 
were not detected. In this respect, the geotechnical 
and geophysical characterization was completed per-
forming a seismic dilatometer test (SDMT1 sx+dx), 
a piezocone test (CPTu1), a dynamic super heavy 
penetration test (DPSH1), and seismic noise meas-
urements (POZ1, POZ2), as shown in Fig. 1. A 20 
ton light penetrometer was used to push SDMT, 
CPTu, and DPSH equipment. 

3.1 Seismic dilatometer test (SDMT) 

The SDMT is the combination of the flat dilatometer 
(Marchetti 1980, Marchetti et al. 2001) with an add-
on seismic module for the measurement of the shear 
wave velocity (Marchetti et al. 2008).  

The seismic module (Fig. 2) is a cylindrical ele-
ment placed above the DMT blade, equipped with 
two receivers located at 0.5 m distance. When a 
shear wave is generated at surface, it reaches first 
the upper receiver, then, after a delay, the lower re-
ceiver. The seismograms acquired by the two re-
ceivers, amplified and digitized at depth, are trans-
mitted to a PC at the surface, that determines the de-
lay. Vs is obtained (Fig. 2b) as the ratio between the 
difference in distance between the source and the 
two receivers (S2 - S1) and the delay from the first 
to the second receiver (Δt). The true-interval test 
configuration with two receivers avoids possible in-
accuracy in the determination of the “zero time” at 
the hammer impact, sometimes observed in the 
pseudo-interval one-receiver configuration. 

 

Fig. 2. SDMT test: (a) Equipment; (b) Schematic layout. 
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Fig. 3. SDMT results at Pozzone test site. 



 

Moreover, the couple of seismograms recorded 
by the two receivers at a given test depth corre-
sponds to the same hammer blow. The repeatability 
of the VS measurements is remarkable (observed VS 
repeatability  1 %, i.e. a few m/s). 

At the Pozzone test site two shear wave sources 
in a symmetrical configuration (hammer blows 
strucking the anvil on two opposite sides) were used 
in order to produce two SH seismic wave trains with 
opposite polarities (SDMT1 sx and SDMT1 dx). Fig. 
3 summarizes the profiles with depth of the SDMT 
parameters, in terms of material index ID (indicating 
soil type), constrained modulus M, undrained shear 
strenght cu, and horizontal stress index KD (related to 
stress history/OCR), obtained using common DMT 
interpretation formulae (Marchetti 1980, Marchetti 
et al. 2001), as well as shear wave velocity VS. 
SDMT1 sx+dx test reached 16.80 m depth, where 
the test was stopped due to the presence of a 
gravelly layer. The ground water level was detected 
at 1.70 m depth by means of the C-readings (see 
Marchetti et al. 2001), additional DMT 
measurements which were acquired only in sandy 
layers (8.4 m, 13.4 m, and 16.6 m depth). According 
to the lithological classification performed by use of 
the DMT material index ID, the Pozzone site is 
characterized by the succession of silty clays with a 
consistent lens of silty sand (i.e. ID > 1.2) at 12.60-
14.40 m depth. These lithologies are also confirmed 
by CPTu1 and DPSH1 tests, and approximately by 
the previous boreholes (i.e. S-17 in Fig. 1). 

The VS profiles obtained strucking the beam only 
at the left end (SDMT1 sx), at the right end (SDMT1 
dx) and from the average of the two seismic wave 
trains (SDMT1 sx+dx) are nearly coincident (Fig. 3). 
The average relative error estimated comparing 
SDMT1 sx or SDMT1 dx with SDMT1 sx+dx is 
roughly 4 %. Such low uncertainty supports the use 
of a "true interval" configuration, strucking the shear 
beam only at one end, in current practice. 

3.2 Piezocone test (CPTu) and Dynamic super 
heavy penetration  test (DPSH) 

At the Pozzone test site a CPTu and a DPSH were 
executed to calculate the liquefaction safety factor (FL) 
and the liquefaction potential index (IL) (Fig. 1). As 
shown in Fig. 4, both profiles evidence the increase in 
mechanical resistance and deformability of the soil 
succession. This is especially true starting from about 12 
m depth according to M, cu and VS obtained by SDMT 
(Fig. 3). In order to derive liquefaction parameters from 
CPTu, the CSR/CRR vs the normalised tip resistance qc1n 
plot by Robertson & Wride (1997) was used. For 
lithological classification Robertson (1990) was 

introduced. In the case of dynamic super heavy 
penetration tests FL cannot be evaluated directly, but 
through converting the blow count number for a 20 cm 
penetration N into the standard penetration one NSPT 
(blows/30 cm). The theoretical energy conversion 
coefficient βt between the DPSH and the SPT is in this 
case equal to 1.49, calculated as the ratio of the energy of 
two equipments. It was at first applied throughout the 
Fucino area failing the correspondence with NSPT direct 
measures. Unfortunately, at Pozzone test site, no SPT 
tests were performed. Hence, site specific energy 
conversion factors have been calculated at Fucino basin 
for different lithologies and for the two cases of saturated 
and non saturated soils (Tables 1, 2). 

Table 1. Energy conversion coefficient for converting the 
blow count number from DPSH to SPT for saturated 

soils. 

Saturated soil N (blows/20 cm) NSPT (blows/30 cm) βt

Gravel > 28 > 46 1.6 

Sand 5 < N < 6 28 < NSPT < 29 5.2 

Silt 13 33 2.5 

Clay < 5 < 22 4.4 

Table 2. Energy conversion coefficient for converting the 
blow count number from DPSH to SPT for unsaturated 

soils. 

Unsaturated soil N (blows/20 cm) NSPT (blows/30 cm) βt

Gravel > 30 44 < NSPT < 54 1.6 

Sand 6 < N < 9 23 < NSPT < 30 3.6 

Silt 13 38 1.6 

Clay < 5 < 22 4.4 

 

Fig. 4. Pozzone test site: (a) tip resistance profile Qc from 
CPTu1; (b) blow count number N (blows/20 cm) profile 

from DPSH1. 

3.3 Noise measurements 

Seismic noise measurements can provide useful in-
formation concerning the seismic response of an ar-
ea. In particular, single station noise measurement 



 

may be used to compute the horizontal-to-vertical 
spectral ratio (HVNSR). The peak of HVNSR func-
tion identifies the fundamental resonance frequency 
(f0) of the subsoil that is, in turn, related to the thick-
ness of the soft sediment overlaying the bedrock and 
the shear-wave velocity structure of the investigated 
site. Therefore, the results of these investigations 
allow the detection of possible impedance contrasts 
in the subsoil, which could be associated, in a 1D 
assumption, to the overlapping of two or more geo-
logic strata with different geotechnical behavior. To 
verify this hypothesis, in the test site two seismic 
stations (POZ1, POZ2, see Fig. 1) have been in-
stalled within a range of 50 m along the direction of 
the supposed lateral variation of soil properties 
(Boncio et al. 2014). These seismic stations were 
equipped with MarsLite digitizer and Lennartz 3d/5s 
velocimeter, with timing warranted by GPS devices.  

Synchronous seismic signals of 1 hour time 
length have been processed with an antitrigger algo-
rithm (Sesame Project) to remove windows contain-
ing disturbs and transient signals with high energy. 
The Fourier spectra were smoothed with a Konno 
and Ohmachi (1998) algorithm, and HVNSR were 
calculated as the geometrical mean of the Fourier 
spectra of horizontal components. 

The HVNSR functions obtained at the two sta-
tions show the same results in terms of resonance 
frequency peak, f0 = 2.6 Hz and amplitude levels of 
3.2 (Fig. 5a), therefore the mono-dimensional hy-
pothesis seems to be verified. Hereinafter, for further 
analysis, data with better quality and longer duration 
has been considered. 

An additional contribution to the analysis can be 
provided by the inversion of the ellipticity curve ob-
tained as the result of the seismic noise analysis by 
using the tool dinver provided by Geopsy package. 
The important assumption of this technique is that 
the analyzed wavefield is mainly characterized by 
Rayleigh waves. In this analysis the portion of the 
HVNSR curve between the main peak and the 
trough is considered as the expression of the funda-
mental mode Rayleigh waves ellipticity.  

As starting model of the inversion it was consid-
ered the VS profile obtained from the SDMT test. As 
constrain for the deep subsoil structure, it was con-
sidered the general stratigraphy of the site inferred 
from the borehole data available in the area (Fig. 1). 
A good fit was obtained between experimental and 
computed ellipticity curves (Fig. 5b). The obtained 
VS profiles show a main impedance contrast between 
40 and 45 m and the presence of an intermediate 
layer between 16 and 40 m with constant VS of 380 
m/s. This result suggests that the impedance contrast 
between the silty clay and the gravel layers found at 
the bottom (16.80 meters below the ground level) of 

the SDMT test (see Section 3.1) seems not to be re-
sponsible for the resonance peak obtained from the 
geophysical measurements. 

 

Fig.5. Pozzone site: (a) HVNSR curves for the two meas-
urements POZ1 and POZ2; (b) results of the ellipticity 
inversion: on the left ellipticity curves (multi-coloured 

curve) plotted with the HVNSR curve (black line), on the 
right VS profiles obtained as result of the inversion pro-

cess. 

4 LIQUEFACTION ANALYSIS 

The liquefaction analysis was carried out according 
to the "simplified procedure" introduced by Seed & 
Idriss (1971), based on the comparison of the seis-
mic demand on a soil layer generated by the earth-
quake (cyclic stress ratio CSR) and the capacity of 
the soil to resist liquefaction (cyclic resistance ratio 
CRR). Indeed, the liquefaction safety factor FL was 
defined as the ratio between CRR and CSR. 

In addition, according to Iwasaki et al. (1982) the 
liquefaction potential index IL was introduced to es-
timate the liquefaction sucebptibility for the whole 
soil profile. 

4.1 Evaluation of the cyclic stress ratio (CSR) 

The cyclic stress ratio CSR was estimated by Seed & 
Idriss (1971) formulation, evaluating the Magnitude 



 

Scaling Factor MSF and the shear stress reduction 
coefficient rd according to Idriss (1999). 

For a preliminary assessment, the value of the 
peak ground acceleration PGA at the ground surface 
was assumed equal to 0.341 g. This value was ob-
tained by the product of the design peak ground ac-
celeration ag for stiff ground (type "A") and a soil 
factor S, which depends on the subsoil stiffness, 
namely the stratigraphic amplification factor SS, and 
on the topography, defined by the topographic am-
plification factor ST, according to the Italian Build-
ing Code (NTC 2008). 

At Pozzone test site ag was assumed equal to 
0.255 g; this value corresponds to a design earth-
quake for a return period TR = 475 years, as reported 
by the Italian Seismic Hazard Maps (Meletti & 
Montaldo 2007). SS was estimated equal to 1.339 
considering ground type "C", as indicated by the VS 
profile (Fig. 3), and ST was evaluated equal to 1 
identifying Pozzone in a flat area. A magnitude scal-
ing factor MSF = 1.14 was applied for the magnitude 
Mw = 7.06, introduced considering the 923 seismo-
genetic zone, valid for Fucino plain according to 
Gruppo di Lavoro MPS (2004) . 

4.2 Evaluation of the cyclic resistance ratio (CRR) 

4.2.1 SDMT simplified method 
The cyclic resistance ratio CRR by SDMT results 
was evaluated considering two parallel independent 
estimates, at each depth, from the shear wave veloci-
ty VS (measured) and from the horizontal stress in-
dex KD (provided by current DMT interpretation). 

CRR was evaluated from VS using the correlation 
proposed by Andrus & Stokoe (2000). 

Various CRR-KD correlations have been devel-
oped in the last two decades, stimulated by the rec-
ognized sensitivity of KD to a number of factors 
which are known to increase liquefaction resistance, 
such as stress history, prestraining/aging, cementa-
tion, structure, and by its correlation with relative 
density and state parameter (see e.g. Monaco et al. 
2005). Three recent CRR-KD correlations (Monaco 
et al. 2005, Tsai et al. 2009, Robertson 2012) were 
used in this study. All three correlations were de-
rived by translating current methods based on CPT 
(and SPT), supported by extensive case history data-
bases, but using different approaches, e.g. using rela-
tive density as an intermediate parameter (Monaco et 
al. 2005) or direct correlations qc -KD established 
between the results of adjacent CPT-DMT tests 
(Tsai et al. 2009, Robertson 2012). 

For SDMT1 sx+dx Figs 6 and 7 show the profiles 
with depth of: the DMT material index ID, the pa-
rameter used for evaluating CRR (shear wave veloci-
ty VS, Fig. 6, or horizontal stress index KD, Fig. 7), 
the cyclic stress ratio CSR (divided by the magnitude 
scaling factor MSF) compared to the cyclic re-
sistance ratio CRR, the liquefaction safety factor FL, 
and the liquefaction potential index IL.  

The most evident feature emerging from the 
comparison of the profiles of FL and IL obtained by 
different methods is that CRR-VS and CRR-KD corre-
lations provide different results. In particular, CRR-
KD methods detect the consistent lens of silty sand 
(12.60-14.40 m depth) as marginally liquefiable, in 
agreement with CPTu results (see 4.2.2 paragraph), 
while the CRR-VS method indicates liquefiability 
only of the shallower layers. 

0.6 1.8

CLAY SILT SAND
0

2

4

6

8

10

12

14

16

18

20

0.1 1 10

z 
(m

)  
 

MATERIAL
INDEX

ID

0

2

4

6

8

10

12

14

16

18

20

0 100 200 300 400 500

z 
(m

)

SHEAR WAVE
VELOCITY

VS (m/s)

0

2

4

6

8

10

12

14

16

18

20

0 0.4 0.8 1.2

z 
(m

)

CYCLIC STRESS RATIO &
CYCLIC RESISTANCE RATIO

CSR/MSF, CRR

CSR/MSF
CRR Andrus & Stokoe 2000

0

2

4

6

8

10

12

14

16

18

20

0 1 2 3 4 5

z 
(m

)

LIQUEFACTION
SAFETY FACTOR

FL

Andrus & Stokoe 2000

0

2

4

6

8

10

12

14

16

18

20

0 2 4 6 8 10

z 
(m

)

LIQUEFACTION 
POTENTIAL INDEX

IL

Andrus & Stokoe 2000

 

Fig. 6. Results of liquefaction analysis based on the shear wave velocity VS at Pozzone test site. 
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Fig. 7. Results of liquefaction analysis based on the DMT horizontal stress index KD at Pozzone test site. 

This aspect could be due to the fact that KD is 
more sensitive than VS to stress history, prestrain-
ing/aging, cementation, structure, relative density 
and state parameter. However, a similar discrepancy 
between CRR predicted by VS and by KD has been 
observed in several other cases investigated by 
SDMT (see e.g. Maugeri & Monaco 2006, Monaco 
& Marchetti 2007). 

0

2

4

6

8

10

12

14

16

18

20

0 1 2 3 4

z 
(m

 a
.s

.l.
)

SOIL BEHAVIOR TYPE 
INDEX

Ic

G
ra

ve
lly

 s
an

d 
to

 d
en

se
 s

an
d

Sa
nd

s-
cl

ea
n 

sa
nd

 to
 s

ilt
y 

sa
nd

Sa
nd

m
ix

tu
re

s-
si

lty
 s

an
d 

to
 s

an
dy

 s
ilt

Si
lt

m
ix

tu
re

s-
cl

ay
ey

 s
ilt

 to
 s

ilt
y 

cl
ay

C
la

ys
-s

ilt
y

cl
ay

 to
 c

la
y

O
rg

an
ic

so
ils

-c
la

y

0

2

4

6

8

10

12

14

16

18

20

0 1 2 3 4 5

z 
(m

 a
.s

.l.
)

LIQUEFACTION
SAFETY FACTOR

FL

(a) (b)

 

Fig. 8. Soil characterization at Pozzone site drawn from 
CPTu profile: (a) Soil classification; (b) Safety factor 

against liquefaction. 

4.2.2 CPTu and NSPT simplified method 
Liquefaction potential index has been calculated for 
liquefaction hazard assessment along the investigat-
ed profile at Pozzone test site. As shown in Figs. 8 

and 9, the mixture of silty deposits with sand show 
to be liquefiable. The high percentage of clay frac-
tions reduces the liquefaction potential index from 5 
to 0 from 3.5 m to about 11 m under the surface.  

This is confirmed by the profiles in Fig. 4 that 
show a relevant increase in soil resistance and stiff-
ness at about 12 m. The same results are calculated 
by DPSH measurements using Seed et al. (1985) but 
liquefaction potential value is 4 from 3.5 to 9 m, 
then it rapidly reduces to 0 up to 12 m depth. 

5 CONCLUSIONS 

The large amount of data provided by the seismic 
microzonation of Avezzano (Italy), supplied a useful 
tool for a preliminary liquefaction assessment of 
Pozzone test site. 

CPTu- and DMT-based analyses provide similar 
results in terms of liquefaction potential index, while 
the DPSH-based method seems to be less consistent 
due to the introduction of a energy convertion coef-
ficient, and the VS-based method indicates higher 
liquefiability of the shallower layers. 

The shear wave velocity VS acquired by SDMT 
measurements, considering two different position of 
the shear wave source at the surface, confirmed the 
reliability of the "true interval" test configuration. 

Further investigations and analyses will be per-
formed to increase the knowledge on liquefaction of 
the Fucino plain soils.  
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