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Summary
The floodplain embankments of the Serchio River (Tuscany, Italy) have experienced several failures during their life. After the
event of December 2009 a detailed geotechnical investigation has been carried out. This paper discusses the necessary criteria for a
cost-effective investigation taking into account the total length of the embankments (30 km), the requested level of detail and analyses
and the capability of indirect methods (CPTu, 2D geo-electric tomography) to infer the soil stratigraphy. In this respect, it has been
confirmed that CPTu test is an expeditious, economical and effective indirect method for soil profiling, if the results are correctly
calibrated against borehole-logs. On the other hand, geo-electric investigations can be very useful to highlight anomalies and heterogeneities in the embankment cross section. Following the geotechnical characterization of the Serchio River a number of analyses has
been carried out for various purposes: to clarify the causes of the December 2009 failures, to design appropriate repair of the failures
and retrofit of the embankments in proximity of the failures and to identify the risk areas considering the whole extension of the
embankments. The following Ultimate Limit States have been considered:
– Slope failure and hydraulic heave (under steady state flow conditions) by the Limit Equilibrium Method. The stability analyses
have been carried out using the Bishop simplified method with circular sliding surfaces and using three different commercial codes.
Safety factor against hydraulic heave has been computed according to NTC 2008.
– Slope failure under transient flow conditions by means of FEM analysis (PLAXIS Flow), in order to assess the time to approach
the steady state flow conditions.
– Susceptibility of the embankment and foundation soil to internal erosion phenomena. The paper also tries to clarify the redundant
terminology that is used to describe the same phenomenon and, at the same time, points out the need to use appropriate terminology
to describe different phenomena related to internal erosion.
The analysis results show that, for the selected cross sections, the safety factors are rather small and approaching to unit if the
seepage forces are not considered. In the case of steady state flow, safety factor drastically reduces to values lower than one. The results
of the FEM analyses suggest that the partial saturation of the embankment-material mainly contributes to its stability in the absence
of filtration, leading to acceptable safety margins. A good characterization of the material under conditions of partial saturation would
allow applying the most appropriate hydraulic conditions.

1. Introduction
The floodplain embankments of the Serchio
River have been constructed at the end of the XVIII
century and only some refurbishments have been applied after flood events, therefore construction details are not known. These embankments have experienced failures several times during their life, the
last time in December 2009. After this last event, a
detailed geotechnical investigation has been carried
out.
Serchio River embankments have generally a
trapezoidal section with a height lower than 4 m and
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a crest width between 1.2 and 3 m. This has restricted the investigation tools that could be used. The
necessary criteria for a cost-effective campaign, considering the total length of the embankments, about
30 km, and the requested level of detail, are discussed herein.
Moreover, following the geotechnical characterization of 30 km long floodplain embankments of
the Serchio River, critical conditions have been localized referring to the cross section geometry of the
embankments and to the mechanical and hydraulic
characteristics of the soils.
The case study refers to floodplain embankments
that did not experience any overtopping. Therefore
the possible failure causes are restricted to mechanical instability, heave failure or internal erosion. A numerical analysis based on a deterministic approach
is possible only for heave failure or mechanical instability. Therefore, the internal stability of Serchio
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Tab. I – Maximum discharge of the Serchio River for various past flood event.
Tab. I – Portata massima del fiume Serchio in corrispondenza di alcuni eventi.
Flood - event
9th

November
1982
November 1st 2000
November 9th 2000
December 5th 2008
December 10th 2009
December 25th 2009

Maximum River Discharge m3/s
2000
1580
1580
1025
1200
1900

Embankment failure
NOT
NOT
YES (*)
NOT
NOT
YES (*)

(*) Repeated floods in 10 – 15 days during 2000 and 2009 events produced embankment failures in the same areas.

River embankments has been assessed by applying
available criteria for assessing suffusion risk and soil
self–filtering properties.
As far as mechanical instability is concerned, a
number of analyses were carried out to individuate
the possible failure causes and to define reinforcement measures. The stability analyses were carried
out considering both stationary flow and limit equilibrium method and non-stationary flow and Finite
Element Method.

2. The Serchio river
The Serchio River originates in the Garfagnana
area, in northwest Tuscany, on the slopes of the Monte Sillano. It reaches Lucca plain and then it flows in

the Pisa area and reaches the Parco di San Rossore
area (a few kilometers north of Pisa), where it flows
into the Tyrrhenian Sea.
The Serchio basin consists of an area of about
1565 km2, which includes 36 Municipalities and a
population of about 27000 people [ISTAT, 1991].
The geographic position of the Serchio basin is characterized by the presence of two mountain chains
(the Apennines and the Apuan Alps) extending in
parallel along the coast. Therefore the considered
area is directly exposed to the Atlantic weather front
and consequently it is subject to plentiful rainfalls. In
fact, the Serchio basin has an annual rainfall of 1946
mm [AUTORITÀ DI BACINO DEL FIUME SERCHIO, 2010a],
which is more than twice the Italian average rainfall.
The present levee system dates back to XVIII
century and has not undergone important changes;

Fig. 1 – Failures and flooded areas in the District of Lucca (left) and in the District of Pisa (right).
Fig. 1 – Indicazione delle rotte arginali e delle aree inondate nei territori di Lucca (SX) e Pisa (DX).
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only some refurbishments have been applied after
the main flood events (Tab. I).
The embankment sections are characterized by
maximum height of about 6 meters and high face
slope, about 1/1.5 on average [AUTORITÀ DI BACINO
DEL FIUME SERCHIO, 2010b].

tures suddenly rose and the snow melted away. On
December 21st and 23rd, a period of plentiful rainfall
affected the basin. From December 22th until 23th,
strong winds affected the coast so the sea level rose
causing the water to pile up higher than the ordinary
sea level (until + 0.8 meters above average sea level).
That weather events generated a flood event characterized by two subsequent flood waves both with a
high flow rate. The two flood waves registered their
peaks on December 23rd and 25th. So the second one
happened when the first one was going down and it
caused the three failures occurred on the night of December 25th. Therefore, the embankment breaches
happened in the presence of wet soil, probably saturated, and in a hindered condition of river water flow
to sea [AUTORITÀ DI BACINO DEL FIUME SERCHIO, 2010a].
Two failures occurred in the district of Lucca
near the Town of Santa Maria al Colle and had a total
length of 100 m. The two failures (Fig. 1), occurred
two hours after the flood peak transit (during drawdown), caused the leakage of about 106 m3 of water
[AUTORITÀ DI BACINO DEL FIUME SERCHIO, 2010a]. There
was not overtopping. The third failure occurred in
the district of Pisa near the urban centres of Nodica
and Migliarino and had a length of about 160 m. That
failure occurred in an embankment section already
involved in the breaches of 1940 and 1952. Initially a
piping phenomenon was observed through the embankment (landside over the side-bank, Fig. 2). It is
possible to see that the piping phenomenon occurs
at about mid height of the embankments while the
water flows over the side bank. Such a phenomenon
evolved in a complete breach in a few hours.
As a consequence of these failures, large urbanized areas were flooded. The muddy water reached
a level as high as 2 meters with huge damages to the
constructions and the infrastructures. Lucca and Pisa Districts (Office for the Defense of the Territory)
and Italian Civil Service decided the immediate repair
of the failures and the reinforcement of about 3 km
of embankments close to the failure zones. Moreover,
the Geotechnical Laboratory of the University of Pisa
was asked both to define and control a campaign of
geotechnical investigation for the characterization of
the three kilometers of embankments close to the failure zones and of other 24 km of river embankments
to the mouth of the Serchio River. In addition it was
asked to define a stratigraphic and geotechnical model and to carry out a number of analyses to define the
possible failure causes, the reinforcement measures
and to individuate the riskiest areas.

3. Flood event in December 2009

4. Failure causes

On December 18th and 19th 2009, widespread
snowfall and frigid temperatures affected the Serchio basin. During the following days, the tempera-

River embankment purpose is to provide flood
protection from seasonal high water so they are subject to water loading for only a few days or weeks

Fig. 2 – District of Pisa: piping phenomenon through the
embankment (landside over the river bank). From “La voce del Serchio”.
Fig. 2 – Provincia di Pisa: fenomeno di piping attraverso
il corpo arginale visto dal lato campagna. Da “La Voce del
Serchio”.
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during the year. River embankments should not be
designed in accordance with earth dam criteria because even if they are similar to small earth dams
they differ from earth dams in the following aspects:
– they might reach saturation only during short
periods;
– their position depends on flood protection requirements, which often results in construction
on poor foundations;
– fill material is generally obtained from channels
excavated nearby and is often heterogeneous
and far from ideal [USACE, 2000].
The main causes of earth river embankment failure are:
– overtopping;
– external erosion (scouring);
– internal erosion;
– heave;
– mechanical failure due to excess of driving stresses in comparison to the available strength or excessive deformations;
– accidental actions (due to floating bodies).
The Serchio River case refers to flood plain embankments that did not experience any overtopping. Moreover, Serchio River is not a navigable river
hence it does not undergo accidental actions. Therefore, the possible failure causes are restricted to
heave, mechanical instability and internal erosion.

5. Geotechnical investigations
After the flood event in December 2009, two
campaigns of geotechnical investigations were carried out. The first one aimed at identifying the failure causes and to increase the safety of the embankment conditions near the failures (about 3 km)
while, the second one, more extensive, was carried
out to get a geotechnical model of the levee system
and to study the levee safety conditions by using stability analyses.
Because of the extension of the area to be investigated and the detailed information needed, the following criteria have been applied:
– One borehole (20 m deep) every 1000 m. In the
district of Lucca all the boreholes were carried
out from the embankment bank because of the
limited width of the crest, while in the District of
Pisa all the tests were carried out from the crest
of the embankment. Four Osterberg samples
were retrieved from each borehole for laboratory testing (classifications and triaxial CIU tests).
– 4 Lefranc tests and 2 Casagrande piezometer installations for each borehole.
– CPTu (20 m deep) every 200 m. All the tests were
carried out from the embankment crest both in
the District of Lucca and in the District of Pisa.

–

2D Electric Resistivity Tomography (ERT) every about 200 m or less. ERTs were mainly carried out along cross sections of the embankment, only two ERTs were carried out using
an electrode–alignment parallel to the river
embankment. ERTs were carried out using 96
electrodes and a 2 Ampere current. The inter–
electrodes distance was 0.5 m. A Syscal Pro at
96 channels was used as data acquisition system [SO.GE.T. s.n.c., 2011]. The above indicated instrumentation and geometry gave the possibility of carrying out expeditious, high precision measurements up to 15 m deep. As for
the measurements, two different schemes were
used: Wenner scheme (four–poles) and pole–
dipole scheme (three poles). Data interpretation has been carried out by using the software
TomoLAB® (2009) based on a FEM mesh. Test
results are shown as 2D tomography in terms of
soil resistivity (Ωm) using an appropriate chromatic scale (Fig. 3).
– 15 continuous sampling (4 m deep) carried out
every 200 m using a specially devised micro–
stratigraphic sampler (AF shallow core system,
PRINCIPE et al., 1997) with an inner diameter of
38 mm, only for the three km of embankments
subjected to consolidation works. The investigations have been carried out, from the embankment crest, down to a depth of 4 m (i.e. the average embankment height) measuring the sample
compaction each 50 cm. The continuous samples have been used to get a detailed grain size
distribution of the soil and to evaluate the in situ
soil density.
It was decided to have a CPTu, a ERT section and
a continuous sampling located very close to each
other in order to improve comparison of materials
and results.
CPTu were interpreted using CPTeT-IT software
[GEOLOGISMIKI, 2009]. Figure 4 shows a typical result
based on the ROBERTSON [1990] SBT classification.

6. Stratigraphic model
In order to obtain a stratigraphic model, the
subsoil has been classified into four groups based
on laboratory grain size distributions shown in figure 5. In particular, the percentage finer than the
n. 200 sieve diameter was used to discriminate the
groups by means of the criteria summed up in table II.
The soil stratigraphy has been found out by combining the information from boreholes, CPTu tests
and laboratory tests. The soil stratigraphy indirectly inferred from CPTu has been compared to that
directly obtained from the corresponding borehole.
The software CPeT-IT [GEOLOGISMIKI, 2009] provides
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Fig. 3 – ERT data interpretation. Test results are shown as 2D tomography in terms of resistivity (Ohm*m) using appropriate
chromatic scales. In the figure the position of the water table is also shown.
Fig. 3 – Interpretazione delle tomografie elettriche. I risultati sono espressi attraverso una scala cromatica che esprime il valore della
resistività. Nella figura è mostrato anche il livello della falda.

the thickness of the soil layers and the soil type according to the interpretation of ROBERTSON et al.
[1986].
A correspondence between SBT lithology, soil
groups defined by laboratory grain size distributions
and borehole-logs was established. A SBT class and
a soil description, as from the stratigraphic log, was
associated to each group (Tab. III) obtaining the
stratigraphic model shown in figure 6. The spatial
variability of soil lithology can be appreciated in this
figure.
A fifth group, consisting of gravel and coarse
sand, was defined by analyzing borehole-log (Tab.
III). Obviously, this soil class was not found by laboratory tests because for those layers undisturbed
sampling was not possible. Piezocone penetration
into this layer was also very limited.
The stratigraphic model directly deduced from
boreholes (Fig. 6) shows the extensive presence of

granular soils, sand and silt, even in the shallow layers, while the CPTu test interpretation would indicate the presence of finer soils.
Moreover, the percentage of success of CPTu to
give the same classification as from borehole-logs
has been computed and the comparison is summarized by table IV (SBT classes according to ROBERTSON, 1990).
The percentage of success is computed for each
SBT class as the ratio between the length of correctly identified soil layers and the total length of layers
belonging to that class. As an example, the percentage of success for the class 5 is 19% while CPTu test
interpretation identifies finer soils in 76% cases and
coarser soils in 5% cases (i.e. the sum for each column is 100% and the percentage of success is that
on the diagonal).
It is possible to observe that interpretation of
CPTu results, according to ROBERTSON [1990], sys-

Tab. II – Soil groups identification.
Tab. II – Identificazione dei gruppi di terreno.
Soil Group

Percentage finer than the No. 200 sieve

Clayey sandy silt

> 60% (clay > 10%)

Sand with clayey silt

35% ÷ 60% (clay < 10%)

Silty sand

< 35%

Sand

< 10%
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Fig. 4 – Typical result, based on the ROBERTSON [1990] SBT classification, obtained using CPTeT-IT program [GEOLOGISMIKI,
2009] to interpret CPTu tests. The figure also shows the comparison with the soil description from borehole.
Fig. 4 – Risultati tipici, basati sulla classificazione di ROBERTSON [1990 ], ottenuti utilizzando il software CPTeT-IT [GEOLOGISMIKI,
2009] per l’interpretazione delle prove CPTU. La figura mostra anche il log stratigrafico ottenuto durante il sondaggio adiacente la prova
penetrometrica.

tematically classifies the soil in the lower class (i.e.
3 instead of 4, as an example). Anyway, since the
error seems systematic, it was possible to use CPTu
after a correct calibration to extend the information obtained from the borehole-logs to a larger
portion of investigated soil. Therefore, this circumstance gives the opportunity to have a detailed SBT
description with acceptable costs.

Existing CPT classification charts are based on
given database hence some errors can be expected using these charts under particular circumstances such as the very loose silty mixtures of the Serchio embankments. Therefore, a specific calibration
for these particular soils has being searched for [LO
PRESTI et al., 2014] in order to propose a modified
classification chart.

Tab. III – Correspondence between SBT lithology and soil groups defined by both laboratory grain size distributions and
borehole–logs.
Tab. III – Corrispondenza tra la litologia ottenuta tramite SBT e quella dedotta da sondaggi e prove di laboratorio.
Actual Soil group description

SBT lithology

Sand

Sand and silty sand

Silty sand

Sandy silt

Sand with clayey silt

Clayey silt
Clay and silty clay

Clayey sandy silt

Clay

Gravel and coarse sand

-
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Fig. 5 – Four soil groups identified from laboratory analyses: grain size distribution curves.
Fig. 5 – Fusi granulometrici dei quattro gruppi di terreno individuati.

ERTs were not used to model soil stratigraphy
because of the intrinsic limitations of this testing
method, which is very sensitive to the water content. ERTs where mainly used to get information
about the homogeneity of the cross sections.
The soil stratigraphy indirectly inferred from
ERTs has been compared to that directly obtained
from the corresponding borehole in a similar way as
for CPTu. In order to carry out such a comparison,
the soil description (soil texture) from boreholes has
been uniformed and simplified referring to the SBT
classes proposed by ROBERTSON [1990]. The assumed

correspondences between SBT classes, resistivity
and soil texture are given in table V. The percentage of success of ERTs to give the same classification
as from borehole-logs has been computed according
to the correspondences of table V. The percentage
of success is computed for each SBT class as the ratio between the length of correctly identified soil layers and the total length of layers belonging to that
class (Tabs. VI and VII). It is possible to conclude
that ERTs have a very low percentage of success for
partially saturated soils and in this case the “incorrect” soil identification is quite random. On the

Tab. IV – Percentage of success of CPTu. SBT classes according to ROBERTSON [1990]. The columns indicate the SBT classes
as from the borehole-logs, while the rows indicate the SBT classes from CPTu tests, so the diagonal indicates the percentage of success.
Tab. IV – Percentuale di successo nel riconoscimento tramite CPTu. Le classi SBT sono ottenute in accordo con Robertson [1990]. Le celle
indicano la corrispondenza tra le diverse classi, pertanto le celle sulla diagonale principale indicano la percentuale di successo.
SBT classes from borehole-logs

SBT classes from
CPTu
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3

4

5

6

7

Other

3

0%

36%

46%

16%

18%

5%

4

0%

14%

30%

15%

7%

18%

5

0%

43%

19%

22%

12%

34%

6

0%

7%

4%

46%

62%

43%

7

0%

0%

0%

1%

1%

0%

Other

0%

0%

1%

1%

0%

0%
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a)

b)
Fig. 6 (a, b) – Stratigraphic model [COSANTI, 2014].
Fig. 6 (a, b) – Modello stratigrafico [COSANTI, 2014].

other hand, for saturated conditions the percentage
of success greatly increases especially for fine soils
and the error becomes mainly systematic. Therefore,
ERTs systematically underestimate the soil grain size.
Moreover, the results obtained from the two
ERTs parallel to the river embankment are not in
agreement with that inferred from ERTs carried
out along cross sections. This confirms that the
embankment geometry is not suitable to carry out
ERTs along longitudinal sections.

7. Geotechnical model
The mechanical parameters have been deduced
by both the CPTu test interpretation and the triaxial laboratory testing on specimens from undisturbed
Osterberg samples.
CPTu results have been used both to estimate
the angle of shearing resistance, ϕ', in granular layers and the undrained shearing strength, su, in finegrained layers.
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c)

d)
Fig. 6 (c, d) – Stratigraphic model [COSANTI, 2014].
Fig. 6 (c, d) – Modello stratigrafico [COSANTI, 2014].

The angle of shearing resistance has been computed using the SCHMERTMANN [1978] equations after the assessment from the tip resistance of the
relative density, DR, according to the empirical approach proposed by JAMIOLKOWSKI et al. [1985]. The
software CPeT-IT gives also directly the valuation of
both the DR and the angle of shearing resistance.
The values of DR and ϕ’ obtained by using the empirical approach proposed by JAMIOLKOWSKI et al.
[1985] and SCHMERTMANN [1978] and those calcu-
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lated directly by the software CPeT-IT are comparable (Fig. 7).
The same values of the angle of shearing resistance
were obtained from triaxial laboratory testing on specimens from undisturbed Osterberg samples (for those
layers where undisturbed sampling was possible).
CPTu results have been also used to obtain the
undrained shear strength in fine grained layers assuming a bearing capacity factor Nkt = 14 by using
the software CPeT-IT.
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Tab. V – Correspondence between SBT classes, resistivity and soil texture.
Tab. V – Corrispondenza tra le classi SBT, la resistività e la classe granulometrica.

*

SBT class [ROBERTSON. 1990]

Soil Texture

Resistivity [Ωm] (*)

3

Clay and silty clay

0 – 20

4

Silty clay to clayey silt

20 – 50

5

Sandy silt to silty sand

50 – 130

6

Sand

130 – 500

7

Gravel and coarse sand

≥ 500

For a given class, the lower limit of the resistivity refers to partially saturated conditions.

Tab. VI – Percentage of success of ERTs for the layers above the water table. The columns indicate the SBT classes as from the
borehole–logs, while the rows indicate the SBT classes from ERTs, so the diagonal indicates the percentage of success.
Tab. VI – Percentuale di successo nel riconoscimento tramite ERT per gli strati al di sopra della falda. Le celle indicano la corrispondenza
tra le diverse classi, pertanto le celle sulla diagonale principale indicano la percentuale di successo.

SBT classes
from ERTs

SBT classes from borehole-logs
5
6
4
3.99%
11.78%
0%
19.80%
15.58%
0%
26.21%
37.77%
48.54%
43.90%
34.87%
51.46%
6.10%
0%
0%

3
0%
0%
0%
0%
0%

3
4
5
6
7

7
0%
8.42%
71.21%
20.37%
0%

Tab. VII – Percentage of success of ERTs for the layers below the water table. The columns indicate the SBT classes as from
the borehole–logs, while the rows indicate the SBT classes from ERTs, so the diagonal indicates the percentage of success.
Tab. VII – Percentuale di successo nel riconoscimento tramite ERT per gli strati al di sotto della falda. Le celle indicano la corrispondenza
tra le diverse classi, pertanto le celle sulla diagonale principale indicano la percentuale di successo.
SBT classes from borehole - logs
3

4

5

6

7

3

0%

0%

0%

2.57%

0%

4
SBT classes
5
from ERTs
6

0%

91.53%

65.42%

65.20%

32.98%

0%

0%

10.54%

8.32%

25.49%

0%

8.47%

2.69%

19.05%

14.39%

7

0%

0%

21.35%

4.86%

27.14%

As far as the volume weight is concerned, near
to the failure areas within the District of Lucca, very
different values have been measured considering the
Shelby samples and the continuous samples.
The Shelby samples gave values of the volume
weight between 19.1 ‒ 19.6 kN/m3 while, for the
continuous samples, the values of volume weight obtained for the main soil textures existing in the body
embankment are:
– Sandy silt to silty sand → from 12.3 – 12.8 kN/m3;
– Coarse sand →17.7 kN/m3.
These values are very low but consistent with
the results of CPTu indicating relative densities of
about 10% for the silty sands and sandy silts (according to JAMIOLKOWSKI et al., 1985). Moreover, the optimum dry volume weight of the soil under consideration as obtained from Standard Proctor test was compared against those deduced by continuous samples
(Fig. 8). The comparison shows that the low densities
obtained from continuous samples and confirmed

by CPT tests are coherent, whereas the dry volume
weight deduced by Shelby samples is quite close to
the optimum Proctor value. In addition, triaxial compression tests (CIU) carried out on specimens from
Shelby samples exhibited a clear dilatant behaviour.
Therefore, the volume weight inferred from continuous sampling was considered more realistic. The
reason why Shelby samples gave very high values of
the volume weight is probably a consequence of the
compression of very loose cohesionless soil inside the
tube sample during pushing. The areas close to the
failures were firstly investigated. After that, Osterberg
sampler has replaced Shelby sampler.
The values of permeability measured in situ by
means of Lefranc tests carried out inside boreholes
were averaged for homogeneous soil layers.
The characteristic parameters for the soil
groups, as obtained from laboratory and in situ testing, are summarized in table IX. In spite of the differences in terms of grain size distributions, both
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Fig. 7 – Example of comparison between the values of DR and ϕ’ obtained by using the empirical approach proposed by JAMIOLKOWSKI et al. [1985] and SCHMERTMANN [1978] equations and those calculated directly by the software CPeT-IT [COSANTI, 2014].
Fig. 7 – Esempio di confronto tra i valori di DR e di ϕ’ ottenuti mediante l’approccio empirico proposto da JAMIOLKOWSKI et al. [1985] e
SHMERTMANN [1978] e quello calcolato mediante il software CPTeT-IT.

8. Possible causes of the December 2009 failures

Tab. VIII – Average values obtained for the undrained
shear strength, su, by using the software CPeT-IT. (SD:
standard deviation).
Tab. VIII – Valori medi della coesione non drenata, su, ottenuti
mediante il software CPeT-IT (SD: deviazione standard).
Clayey Sandy Silt

su (kPa)

SD

Left levee

96.35

20.64

Right levee

102.09

26.00

Both left and right levee

98.12

23.73

The results of the described geotechnical characterization have been used to define geotechnical model
in order to carry out some stability analyses. The stability analyses have been carried out taking into accounts
both stationary flow and limit equilibrium method and
non-stationary flow and Finite Element Method.
Assessment of the December 2009 failure causes was necessary in order to plan the repair works
and the measures to be taken to improve the safety
conditions along about three kilometers of embankments in the Lucca District. The investigations in the
remaining part of embankments were aimed to define the most risky areas in order to plan the economic resources for later improvements.

strength parameters and permeability are very similar. The strength parameters are quite low and the
permeability is mainly in the range 10-5 ÷ 10-6 m/s
(i.e. rather permeable soils). In addition, very low
densities have been found as far as the embankment
in the proximity of the December 2009 failures is
considered (about 3 km). Therefore, it is possible
to conclude that, both the embankment and the
subsoil have poor to very poor characteristics.

8.1. Limit Equilibrium Method analysis
The limit equilibrium method was used to assess the stability of the embankments under steady

Tab. IX – Soil parameters as deduced by in situ and laboratory tests. γm: mean value for the natural unit weight; ϕ': drained
friction angle; c': apparent cohesion; K: permeability.
Tab. IX – Valori dei parametri del terreno dedotti da prove in sito e in laboratorio. γm è il peso dell’unità di volume, ϕ' è l’angolo di
resistenza al taglio, c' la coesione apparente, e K la permeabilità.
Lucca District

Lucca District - Failure areas

Pisa District

γm
[kN/
m3]

ϕ’
(°)

c›
(kPa)

K
(m/s)

γm
[kN/
m3]

φ’
(°)

c›
(kPa)

K
(m/s)

γm
[kN/
m3]

ϕ’
(°)

c›
(kPa)

K
(m/s)

Clayey Sandy Silt

18.8

33

0

4.49x10-6

-

-

-

-

18.3

33

0

2.50x10-4

Silty Clayey Sand

18.2

33

0

3.50x10-6

12.8

32

0

4.25x10-7 17.6

32

0

8.25x10-5

Silty Sand

17.7

33

0

3.99x10-6

12.3

34

0

1.74x10-6 16.5

32

0

5.84x10-5

17.7

38

0

1.00x10-5

16.5

34

0

7.62x10-5

-

-

-

-

-

-

-

-

Sand

19.6

35

0

4.95x10-6

Coarse Sand / Gravel

19.2

35

0

7.54x10-6
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Notes: L =Lucca District; P = Pisa District; lb = left bank; rb = right bank.
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tions. Figures 9 and 10 are shown as representative
of all the analyzed sections.
In addition, the safety conditions against potential heave failures do not respect the prescriptions of
the Italian Building Code [NTC 2008]. In fact, the
water pressure on the country side, u, may be higher than the total vertical geostatic stress, σv0, not respecting the equation [NTC 2008]:
1.3·u ≤ 0.9·σv0

Fig. 8 – Comparison between measured γd (continuous
samples) and γd,opt from Standard Proctor tests. District of
Lucca, failure areas.
Fig. 8 – Confronto tra i valori di d misurati mediante il
campionatore autoinguainante ed i valori di d,opt dedotti
dalle prove Proctor Standard. Tratti interessati dalle rotte nella
Provincia di Lucca.

(1)

The above condition has been checked at the
nodes of the mesh used for seepage calculation and
it is not verified at the country side embankment toe.
It can be concluded, that the stability, both mechanical and hydraulic, of these embankments becomes critical under the circumstance of stationary
flow which implies complete soil saturation.
The validity of stationary flow condition is analyzed in the light of the results obtained with FEM
analyses in order to clarify how realistic is this hypothesis.
8.2. FEM analysis

state flow conditions for the areas close to the failures.
The stability analyses were carried out using the
Bishop simplified method with circular sliding surfaces and considering stationary flow with the water
level coincident with the embankment crest on the
riverside and with the ground level on the country
side. The parameters summarised in table IX, without any reduction factor, were used. Under these
conditions safety factors of less than one have been
obtained (Tab.X) for the critical selected cross sec-

In order to investigate the influence of progressive saturation of the embankment body due to filtration, some numerical analyses using PLAXFLOW
module of PLAXIS 2D 2010 have been carried out.
The Mohr-Coulomb constitutive model and the
strength parameters adopted for the LEM stability analyses described above have been used. Since
the Mohr-Coulomb model (implemented in PLAXIS) needs the definition of material stiffness, it was
chosen very high in order to stress the differences in
safety factor due to partial saturation.

Fig. 9 – Section 9 rb L: results of the stability analyses carried out using SLIDE [2010].
Fig. 9 – Sezione 9 rb L: risultati delle analisi di stabilità mediante il software SLIDE [2010].
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Fig. 10 – Section 9 rb L: results of the stability analyses carried out using both SEEP/W and SLOPE/W [GEOSTUDIO, 2007].
Fig. 10 – Sezione 9 rb L: risultati delle analisi di stabilità mediante i software SEEP/W e SLOPE/W [GEOSTUDIO, 2007].

Since a complete characterization of partially
saturated soil was not available, the default parameters proposed by the software library have been used.
According to Van Genuchten model implemented
in PLAXIS [VAN GENUCHTEN, 1980], the hydraulic behaviour of unsaturated soil was defined by means of
grain size distribution, which is a well-known characteristic of investigated soil.
In spite of the software capability, the transient
flow was not analyzed with reference to the actual time history of the flood plain level. The flood
plain level was conventionally considered at its
maximum level for duration of 10 days. This time
is longer than the actual flood duration for the Serchio River, which is few hours long. This duration
was fixed in agreement with Lucca District Officers in order to apply a sort of “stress test” for the
embankments. In fact, as reported above, all the
sections analyzed in steady state condition, indicate
a global safety factor lower than one so it was not
possible to define a list of priority for the interventions.
The situation depicted in figure 11 is representative of all analyzed sections. The dark line indicates
the upper limit of the saturated zone, whereas the
color map indicates the mobilized shear strength. A
large portion of the body of embankment remains
unsaturated and the color map indicates the absence
of collapse mechanism. The ϕ – c reduction procedure indicates a safety factor greater than one, even
if this information has only a relative meaning.
It is worthwhile to remark that the embankments under consideration resisted to most of the
past events but not to the 2000 and 2009 floods (Tab.
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I). The flood in December 2009 was quite usual in
term of flow and water height (during the event the
maximum water level never reached the crest of the
embankment) but the peculiar characteristic of the
event was the occurrence of two subsequent floods
and a rare snowfall. In the light of the analyses that
have been reported above, the concurrence of all
these adverse factors caused the failures. By the way,
the occurrence of two floods in ten days in November
2000 caused the embankment failures in the same areas as in December 2009. These coincidental occurrences suggest that the embankment saturation degree is more relevant than the river flow and water
height.
The results of the FEM analyses suggest that the
partial saturation of the embankment – material
mainly contributes to its stability in the absence of
filtration, leading to acceptable safety margins. Unfortunately, an appropriate characterization of the
material under conditions of partial saturation was
not available.
For the case under consideration it was estimated that 10 days are necessary to approach the steady
state flow conditions. This time is apparently much
longer than the duration of the longest flood event
(few hours). From the above it is possible to conclude that the hypothesis of permanent flow is generally too cautious, certainly in this case it is inappropriate to describe the actual behavior of embankments. Anyway for the failures under consideration,
that have occurred with the concurrence of various
adverse factors, it is reasonable to assume that the
permanent flow conditions were probably reached,
priming the failures.
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Fig. 11 – Section 9 rb L: results of the stability analyses carried out using PLAXIS [2010].
Fig. 11 – Sezione 9 rb L: risultati delle analisi di stabilità mediante il software PLAXIS [2010].

8.3. Internal erosion risk
Internal erosion is one of the most dominant
failure mechanisms for both dams and river embankments. In fact, it is considered as the main cause of
failure of earthen hydraulic structures. The term “internal erosion” is used as a generic term to describe
erosion of particles by water passing through a body
of soil. Typical internal erosion mechanisms are
backward erosion, concentrated leak erosion and internal instability (suffusion).
Backward erosion occurs if there is detachment
of the fine-grained particles and seepage exits to a
free unfiltered surface. Concentrated leak erosion
occurs when there is erosion along a concentrated leak path while suffusion is the process of selective erosion of fine particles from a soil matrix composed of coarser particles under the action of a water flow. The term “piping” is often used generically
in the literature, but actually, it refers to a specific internal erosion mechanism. In fact, piping occurs when soil erosion begins at a seepage exit point
and erodes backwards, supporting a pipe along the
way. Development of piping occurs if seepage continues beyond the onset of backward erosion or concentrated leak erosion and needs a source of water
of sufficient quantity and velocity, an unprotected
seepage exit point, erodible material in the flow
path and a material capable of supporting a pipe
[COSANTI, 2014].
At the moment, some complex prediction models are available but there are not many numerical
methods suitable in practice for a deterministic evaluation of piping potential. Traditional methods to
investigate internal erosion susceptibility are mostly

based on consideration about particle size distributions and on laboratory tests as jet erosion tests and
hole erosion tests. Moreover, filter rules are necessary in order to verify the interface between two soils
regarding erosion risk and to design transition soils.
Unfortunately, the described embankments
were mainly constructed before basic concepts about
soil mechanics developed (since XVIII century)
and there are no evidences of the construction details and possible anomalies inside the embankment
body. Besides there are clear evidences that piping
occurred, at least in one case, during the 2009 event
(Fig. 2).
Serchio River embankments do not have filters, so their internal stability has been assessed in
this study, by applying the criteria for assessing suffusion risk and self – filtering properties. Unfortunately, in the District of Lucca, the embankment top
is unreachable (width between 1.2 – 3 m) hence all
the boreholes were carried out from the bank and
there are not grain distribution curves of samples retrieved from the embankment body. Conversely, the
grain distribution curves of samples retrieved from
16 boreholes carried out in the District of Pisa were
available and some available criteria have been applied.
Grain size analyses indicate that for all the analyzed samples D15 < 0.4 mm, where D15 represents a
grain diameter for which 15% of the sample will be
finer than it, and the uniformity coefficient, Uc, is
generally between 6 and 50 (extreme values of Uc
are 2.4, one sample, and 70 to 90, 5% of analyzed
samples).
USACE criterion [1953] and Isotomina criterion
[1957] were applied even if they are suitable for co-
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Fig. 12 – Results obtained by application of USACE criterion (a), ISOTOMINA criterion (b) and BURENKOVA criterion [c]
[COSANTI, 2014].
Fig. 12 – Risultati ottenuti dall’applicazione dei criteri USACE (a), ISOTOMINA (b) e BURENKOVA (c) [COSANTI, 2014].

hesionless soils. Most samples satisfied the USACE criterion while, according to Isotomina criterion, most
samples are classified as “transition” soils in terms of
the potential for suffusion because their coefficient
of uniformity is included between the range 10 – 20.
BURENKOVA criterion [1993] was developed for widely graded cohesive soils. Applying this criterion most
samples, the 89%, are internally stable (Fig. 12).
According to both KENNEY and LAU [1985] criterion and KEZDI criterion [1979], all grain distribution curves of the samples available had almost a
part that did not satisfy the criteria and it was usually the lower part of the curves. The Terzaghi criteria were applied at the three samples retrieved from
each borehole. Considering a descending seepage
flow, the central sample works as a base for the lower
one while it works as a filter for the upper one. All
the samples analyzed fulfilled the retention criterion
while only one sample fulfilled the permeability criterion. This result suggests that the embankment soil
is homogeneous.
The analyzed soil does not seem to be particularly prone to piping phenomena but it should
be remarked that investigations concern a limited number of boreholes and it is not possible to
exclude the presence of anomalies within the embankment. More details have been reported in
COSANTI [2014].
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8.4. Countermeasures
In order to have an increment of safety degree
against floods without dismantling the embankments, the Lucca District Officers proposed to install
a metallic sheet pile diaphragm within the embankments to prevent piping phenomena and reduce the
risk of mechanical and hydraulic failures. In addition, the sheet pile wall should guarantee the provisional territory protection if overtopping occurs, after the bank erosion. The embankment extension to
be reinforced (about 3 km in the Lucca district) was
decided on the basis of vulnerability criteria, whose
aim was to protect the most vulnerable part of the
territory.
Therefore, FEM analyses were carried out in order to optimize the diaphragm height. As shown by
figure 13, the effect of the diaphragm was a reduction of saturation zone by about one meter. This
effect was practically the same even changing the
height of diaphragm because of the presence of a
high permeability stratum at shallow depth. Since
the diaphragm base was inserted in this stratum,
any increment of diaphragm height was ineffective.
Therefore, it was decided to install a 10 m deep sheet
pile barrier along the embankment, located at the
centre of the embankment cross section. Moreover,
the cross-section geometry has been modified. In fig-
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Fig. 13 – Results of transient flow analysis for old (left) and new (right) section 25.
Fig. 13 – Risultati per il flusso transitorio nella sezione 25 con la vecchia (sx) e nuova (dx) configurazione della sezione.

ure 13 the situation for refurbished section 25 is also
reported on the right, in which is evident the addiction of a berm. The color map of the right figure indicates the degree of saturation.
The embankments have been designed to protect the territory against a flow with 30 years return
period hence overtopping could occur only for longer return periods.

9. Mapping riskiest areas
In order to individuate the most risky areas, for
the embankment portion not yet considered, expeditious criteria have been used. In particular, the
critical cross sections to be analyzed have been selected both on the basis of geometric criteria and
considering the soil strength as inferred from CPTu.
The geometric criterion can be summed up by
the ratio between the embankment height and its
base length: the higher this ratio, the higher the failure risk.
As far as the soil strength is concerned, the minimum and maximum envelopes of CPTu tip resistance carried out close to the December 2009 failures

have been assumed as reference (this area generally exhibit the lowest tip resistances). The criterion
adopted to define the potential risk of a given portion of embankments on the basis of soil strength is
shown by figure 14. Such a criterion considers that
the soil resistance is particularly low (risky section) if
the measured tip resistance profile falls in between
the minimum and maximum envelope obtained for
the area close to the December 2009 failures. In case
the tip resistance profile is close or higher than the
maximum envelope, that section is considered “not
risky”.
Figure 15 shows the mapping of the risky areas
based on the above criteria.
The same analysis procedures above described
were applied to evaluate refurbishment measures for
the embankments.
In order to obtain a list of priority a stress test was
applied to various sections in the risk areas. In particular, the flow condition were considered both as
stationary and transient.
Limit equilibrium analyses were repeated for
the risky areas considering some critical cross sections, Bishop simplified method with circular sliding surfaces, steady state flow condition and the

Fig. 14 – Exemplification of second criterion application. Risky section (left), Not risky section (right).
Fig. 14 – Esempio di applicazione del secondo criterio. A sinistra una sezione a rischio, a destra una sezione non a rischio.
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Fig. 15 – Map of the risk areas.
Fig. 15 – Planimetria con l’indicazione delle zone a rischio.

water table elevation coincident with the embankment crest.
For these steady state analyses three different
types of commercial software were used: SLIDE
[2010], both the codes SLOPE/W & SEEP/W
[GEOSTUDIO, 2007] and PCSTABL5M [1988]. The
analysis results show that, for the selected cross secTab. X – Values of safety factor by different software.
Tab. X – Valori del coefficiente di sicurezza ottenuto tramite l’uso
di software differenti.
SAFETY FACTOR
SECTION

Slide

PC-Stabl

Slope-W

9 rb L

0.621

0.76

0.729

13 rb L

0.677

0.87

0.655

25 rb L

0.560

0.62

0.640

39 lb L

0.819

0.89

0.898

51 lb L

0.676

0.71

0.710

57 lb L

0.746

0.78

0.798

4 lb P

1.264

1.40

1.318

27 lb P

1.047

1.19

1.132

32 lb P

0.728

0.99

0.760

48 lb P

0.794

1.02

0.828

51 lb P

0.761

1.09

0.763

57 lb P

0.905

0.93

0.906
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tions, the safety factors are lower than one. The different codes indicated very similar failure surfaces
corresponding to the minimum (meaningful) values of the global safety factor. Some differences on
the values of the global safety factor were observed
by comparing the results obtained from the three
codes. More specifically, the analysis results show
that, for the selected cross sections, the safety factors are rather small and approaching to unity, if the
seepage forces are not considered (PCSTABL5M
[1988] does not take into account the seepage).
For the examined cases the two different hypotheses, steady state and transient flow, change dramatically the results. In the first case none of examined
sections can sustain the flow. This result is not consistent with experimental evidence. In fact, even if
the XVIII century embankments are quite weak, they
have been sometimes damaged by flood but often
they have endured. Therefore a steady state can be
considered too much conservative or, more appropriately, inappropriate for this situation.
More plausible results have been obtained by
means of transient flow analyses. Even if they were carried out in lack of information about partially saturation behavior of soil, the analyses show that the embankments owe their resistance to partial saturation.
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10. Conclusions
Stability analyses by the Limit Equilibrium Method (Bishop simplified approach) under steady state
flow conditions of the Serchio River Embankments
lead to safety factors of less than 1.0. These analyses
have been accomplished by assuming average (characteristic) values of the strength parameters without considering any reduction factor. In order to
explain this unrealistic result additional FEM analyses (PLAXIS flow) have been carried out. These last
analyses suggest that partial saturation of the embankment material mainly contributes to its stability
in the absence of filtration (usually the water table is
few meters below the embankment base).
Considering that the longest flood events usually last few hours, the hypotheses of full saturation
and steady state flow condition appear to cautious,
even in the occurrence of extreme flood events. Anyway, adverse meteorological conditions (especially
considering climate changes) can exceptionally produce the full saturation of the embankment. The
understanding and quantitative modelling of this aspect are beyond the scope of this paper and essentially require an infiltration model and a reliable predictive model of extreme rainfall.
According to a critical review of historical failures and to the analyses that have been carried out
for this paper, the exceptional achievement of the
full saturation condition (or steady state flow condition) appears more critical than the maximum river
discharge.
In case of the very soft silty mixtures which constitute the embankment body, the available CPTu
classification chart usually underestimate the soil
texture. Anyway, after a specific calibration CPTu results can be reliably used to identify the soil stratigraphy in a cost – effective way. On the other hand,
ERTs can only be used to identify possible anomalies
in the cross section.
In order to individuate the most risky areas,
for the embankment portion far from the December 2009 failures, two criteria have been adopted:
a geometric criterion and a strength criterion. The
second one is based on the observation that the area close to the December 2009 failures exhibit very
low tip resistances (even less than 1 MPa). Therefore
those areas exhibiting a very low tip resistance, similar to that observed near the failures have been classified as risky.
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Analisi di sistemi arginali esistenti: il
caso del fiume Serchio
Gli argini del fiume Serchio (Toscana), sono stati interessati
da diverse rotte nell’arco della loro vita. Dopo l’evento del dicembre
2009, il loro intero sviluppo è stato oggetto di una dettagliata
campagna di indagine. L’articolo qui proposto espone i criteri per
la programmazione di una campagna di indagine economicamente
efficiente, tenendo in debito conto la lunghezza dei rilevati arginali
(circa 30 km), il necessario livello di dettaglio nella modellazione e la
capacità dei metodi indiretti (CPTU, tomografie elettriche) di fornire
informazioni sul modello stratigrafico. Riguardo quest’ultimo punto
si conferma la capacità delle prove CPTU di fornire informazioni
utili alla ricostruzione del modello stratigrafico, soprattutto se
correttamente calibrate attraverso i sondaggi, mentre le indagini
geo-elettriche possono essere utili a lumeggiare le disomogeneità e le
anomalie delle sezioni.
La caratterizzazione geotecnica descritta è orientata verso diversi
obiettivi: chiarire le cause della rotta del dicembre 2009, progettare
le opportune riparazioni delle sezioni danneggiate ed individuare
le zone maggiormente a rischio lungo l’intero sviluppo degli argini.
Quest’ultima attività è stata effettuata mediante il confronto tra
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le caratteristiche meccaniche dei tratti oggetto di rottura e quelle
dell’intero sviluppo arginale.
Nelle analisi presentate sono stati considerati i seguenti stati
limite ultimi:
Instabilità dei paramenti e sifonamento sotto le condizioni di
moto di filtrazione permanente mediante il metodo dell’equilibrio
limite. Le analisi di stabilità sono state effettuate ipotizzando
superfici di scivolamento a direttrice circolare con il metodo delle
strisce di Bishop. Le verifiche al sifonamento sono state effettuate in
ottemperanza alle indicazioni contenute nelle NTC2008;
Instabilità dei paramenti in condizioni di flusso idraulico
transitorio mediante l’uso di un software basato sugli elementi finiti
(Plaxis 2D con modulo Plaxflow). Lo studio è stato effettuato allo
scopo di raccogliere informazioni sui tempi necessari all’instaurarsi
del regime di filtrazione permanente. Nelle analisi numeriche è stato
possibile, sia pure in modo approssimato, tenere conto dell’effetto
della parziale saturazione del materiale. Infatti, a causa della scarsa
frequenza delle piene e della soggiacenza di alcuni metri della falda,
la condizione iniziale nello studio del moto di filtrazione transitorio è
sempre quella di parziale saturazione;
Suscettibilità del corpo arginale ai fenomeni di erosione interna.
Nell’articolo si è anche tentato di mettere ordine nella terminologia
utilizzata nella letteratura tecnica riguardo i fenomeni citati,
indicando di volta in volta le definizioni più appropriate.
Le analisi di cui sopra hanno permesso la progettazione degli
interventi di riparazione delle rotte e di adeguamento dei tratti
adiacenti.
Lo studio ha messo in evidenza che i rilevati arginali
hanno normalmente margini di sicurezza esigui che si riducono
drasticamente fino ad annullarsi in condizioni di flusso stazionario
(che risulta dunque essere una situazione non realistica). Le analisi
effettuate, tenendo conto della parziale saturazione, hanno mostrato
che i reali margini di sicurezza sono in gran parte legati allo stato
tensionale indotto dalla suzione. Ovviamente, una più appropriata
caratterizzazione del materiale in condizioni di parziale saturazione
consentirebbe una più affidabile definizione degli equilibri del corpo
arginale.

