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Abstract: Sand boil formation at the toe of river embankments is the typical manifestation of the
initiation and progression of an internal erosion process known as backward erosion piping, which is
recognized to be a major concern in many river systems worldwide. In Italy, more than 130 sand boils
have been detected along the Po River, many of them experiencing recurrent reactivations during
high-water events. In recent years, as part of the activities of the European project LIFE SandBoil, the
Italian authority responsible for flood protection and flood damage reduction along the Po River has
implemented a GIS-based web application to catalogue the sand boils observed in its operating area.
The resulting database allows keeping records of a comprehensive and varied set of information,
in terms of predisposing factors, initiation conditions and surface effects. Taking as a reference a
well-documented cross-section of the Po River prone to piping, this paper describes the main features
of this versatile and flexible tool, whose long-term aim is to support vulnerability studies and the
development of risk maps against piping. The database, which might also accommodate data from
different river basins, is thus meant to help in flood risk management, by suggesting priorities for the

implementation of mitigation measures and allowing the monitoring of intervention effectiveness.
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1. Introduction

Sand boils at the toe of river embankments during high-water events are clear indica-
tors of the initiation and progression of an internal erosion process known as backward
erosion piping. A bubbling spring of fluidised sand is observed on the ground surface,
most often accompanied by the ejection of soil particles that deposit to form a sand volcano
around the exit zone. Such an erosion process, due to excessive underseepage in shallow
pervious strata beneath river embankments, may gradually lead to excessive settlement
and the potential failure of flood protection structures.

Backward erosion piping is recognized to be a major concern in many river systems
worldwide. Van Beek et al. [1] reported a number of river embankment failures occurring in
the last century that are likely to be attributed to backward erosion piping, such as those that
occurred near Zalk, Nieuwkuijk and Tholen in the Netherlands, or some well-documented
collapses along the Yangtze River and tributaries in China, during the 1998 flood event.
Another recent catastrophic event in China was reported in the work by Zhou et al. [2],
who described an embankment failure due to piping occurred in the province of Hunan in
2016, causing more than 23,600 residents to be evacuated. Major breaches due to piping
were also recognized along the Mississippi River. In particular, from 1890 to 1927, at least
six river embankment failures along the Lower Mississippi River, corresponding to 10%
of the total amount of major breaches, are believed to have been caused by piping [3].
More recently, during the 2005 hurricane Katrina, at least one of the 50 major breaches
experienced by the New Orleans river embankment system was attributed to backward
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erosion piping [4]. In Italy, a study carried out by the Po River Basin Authority (AdBPo) in
2005 [5] reported approximately 30 breaches due to piping occurring along the Po River
from 1800 to 2000, but this estimate refers to all internal erosion processes and not only to
backward erosion piping beneath river embankments.

Historically, according to statistics of embankment dam failures provided by the Interna-
tional Commission on Large Dams (ICOLD) [6], internal erosion has caused nearly half (46%)
of total failures reported for structures constructed between 1800 and 1986 worldwide, thus
appearing to be equal in importance to failures by overtopping. Robbins and van Beek [7], in
particular, report that backward erosion piping accounts for approximately one-third of all
internal erosion failures, thus confirming the significant incidence of this phenomenon.

Although, in the last decades, monitoring activities and mitigation strategies adopted
against floods, coupled with well-established emergency measures, have turned out to be
generally effective in preventing structural failures, excessive underseepage and the formation
of sand boils are routinely detected along many river embankment systems during high-water
events. As an example, the 2011 Mississippi flooding resulted in the activation or reactivation
of many large, high-energy sand boils, together with numerous small to medium size sand
boils [8]. Furthermore, in recent years, hundreds of medium to large sand boils have been
reported to reactivate along some specific segments of the Mississippi, for moderate to major
flood events related to water levels well below the design flood [9].

In the Netherlands, 120 and 180 sand boils were detected along the Rhine, Waal, IJssel
and Meuse rivers, in the years 1993 and 1995, respectively, thus revealing the susceptibility
of the river embankment systems of this area to backward erosion piping phenomena [1].
Other major river embankment systems that regularly suffer from piping activity are those
of the Danube, especially in Hungary, where 165 single sand boils and 13 line-wise sand
boil chains (from 20 to 150 m long) were triggered during major high-water events that
occurred from 1965 to 2013 [10].

In Italy, sand boils are often observed along the Po River and its major tributaries.
The sand boils so far reported along the mid-lower segment of the Po River are approx-
imately 130 [11], though this is most likely an underestimate of the actual number of
activations/reactivations occurring in the last decades. During the severe high-water event
that occurred in 2000, a large part of these sand boils reactivated simultaneously, with a
serious risk for the safety of the surrounding territory and the human activities of such a
densely populated and highly developed area.

As a consequence of the widespread occurrence of backward erosion piping effects
along many river systems worldwide and the related flood risk, the detailed cataloguing of
evidence of the phenomenon is nowadays widely recognized as a key step for the careful
planning both of maintenance activities on embankments and mitigation actions. Over the
last years, in particular, databases of sand boils have been increasingly seen as an essential
tool for identifying triggering conditions, assigning hazard classes to river embankment
sections susceptible to piping phenomena, and giving priorities for the implementation
of mitigation measures. Indeed, although the presence of a sand boil does not imply an
imminent potential failure, yet it proves useful for detecting piping-prone areas and can be
used to calibrate predictive models of piping initiation [12].

Valuable examples of sand boil databases have been developed in the Netherlands:
we refer, in particular, to the GIS Portaal Wellen, which was implemented on the initiative
of seven regional water authorities with the support of the Foundation for Applied Water
Research STOWA, and to the recent database (http:/ /pipingdb-rws-coe.nl, accessed on
7 April 2024) resulting from international cooperation between the Rijkswaterstaat (the
Dutch Ministry of Infrastructure and the Environment) and the U.S. Army Corps of Engi-
neers and maintained by Deltares, which is currently populated with 3 failure cases and
2840 sand boils located in the Netherlands and the United States [12]. These tools are
generally devised to include different pieces of information, such as geometric features,
geological settings, geotechnical parameters, hydraulic conditions and sand boil character-
istics, thus providing a methodological approach for better and exhaustive data acquisition.
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In this respect, Van Beek et al. [12] have recently stressed the need for a structured, uniform
and centralised organization of data on backward erosion piping, not only from field obser-
vations but also from the large amount of laboratory experiments conducted by various
research programmes, which might help in better understanding the piping mechanism,
developing prediction models, and improving safety assessment.

As regards the Po River, following an early attempt at systematic collection carried
out by the Po River Basin District Authority (AdBPo) after the major high-water event in
2000 and the next enhanced version of a sand boil database proposed by the Interregional
Agency for the Po River [13], a GIS-based web application has been recently developed
as part of the activities devised by the project LIFE SandBoil (https://lifesandboil.eu/,
accessed on 7 April 2024), funded by the European Commission.

This paper describes the main features of this flexible and versatile tool, which is
devised to provide important insights into the hydraulic and geological conditions making
the embankment systems prone to piping, as well as an effective characterization of the
backward erosion piping hazard along the Po River. Indeed, the database appears to
respond to the ever-increasing demand for rapid and yet robust hazard mapping, which
is especially relevant in the context of large-scale emergency assessment and limited
data [14], capable of supporting decision-makers in the better management of flood risk.
The structure, different sections and functionalities of the web application are presented and
discussed in detail, with reference to a representative cross-section located in the middle
segment of the watercourse.

2. General Mechanics of Backward Erosion Piping and Predisposing Geologic Factors

Backward erosion piping is a form of internal erosion caused by seepage in the shallow
pervious strata beneath river embankments. Over the last years, the mechanism has been
extensively investigated, and a number of experimental studies, mainly based on small-
scale physical models (e.g., [1,15-17]), have provided important insights into the different
phases of the erosion process and the conditions for piping initiation and progression.

Figure 1a-d show how seepage in a confined aquifer beneath a thin fine-grained top
layer (the latter being typically referred to as the “blanket”) drives the onset of erosion and
leads to failure. During flood events, indeed, the increase in the water level of the river
causes, in turn, a significant increase in pore water pressure in the confined aquifer, as a
consequence of their hydraulic connection, and the uplift pressure may create a localized
exit spot in the blanket. Then, flow lines concentrate towards this discharge point landside,
and the resulting upward seepage pressure can lead to sand fluidisation inside the hole,
this being an early sign of the initiation of the erosion process: sand basically looks like
a boiling fluid, hence the name “sand boil”. It is worth mentioning that the exit hole can
also be a pre-existing discontinuity in the blanket, either natural or artificial, as well as any
other weak point. Once triggered, the erosion may develop at the roof of the aquifer, in a
direction opposite to the groundwater flow (i.e., towards the river), forming a single small
open conduit or a net of such conduits, typically referred to as “pipes”.

The sand particles thus eroded are transported within the flow path and, in the case of
a pressure and flow rate sufficiently high, can be ejected from the exit hole to form a ring
around the fluidised zone, similar to a volcano crater (Figure 2a). In some cases, multiple
sand boils, aligned at the toe of river embankments to form a sort of chain, can be observed,
as shown in Figure 2b. Once at least one erosion pipe reaches the upstream section, a
direct connection with the landside exit hole is created and the erosion process accelerates,
producing a widening and deepening of the pipes. At this stage, the process can resultin a
collapse of the river embankment.

In many cases, the hydraulic conditions required for progression are not reached, and
therefore the phenomenon turns out to be regressive. However, repeated reactivations
of a sand boil may cause the erosion pipes to widen and deepen to such an extent that
the phenomenon can occur also for progressively lower water levels in the river, thus
increasing the sensitivity of the river embankment system to piping.


https://lifesandboil.eu/

Water 2024, 16, 1384

4 of 25

Localized exit ¥ Sand
> Vertlcal volcano
-

o AL

(a) Seepage and erosion onset (b) Backward Erosion Initiation

Sand
Vertlcal volcano
-

owreab layer (banet)

el .riversme andflandSIdeco-nnected
CONFINED id sand‘ sport- "
_:,‘-’AQUIFER _ ST

(c) Backward Erosion Progression (d) River Embankment Failure

Figure 1. Model of backward erosion-piping process: (a) initiation of sand fluidisation around the exit
hole, (b) backward erosion initiation, (c) progression of horizontal pipe below the river embankment,
and (d) widening of the horizontal pipe, leading to failure.

Figure 2. (a) A sand volcano created at the ground surface, inside a ditch, during the November 2023
reactivation of a historic sand boil along the Po River, close to the delta (Mazzorno, Ferrara province,
Italy); (b) chain of sand boils along the Danube River, in Hungary (courtesy of EDUVIZIG).

A number of studies (e.g., [18-20]) have shown a correlation between the locations of
sand boils and local geologic conditions. The relative arrangement of pervious and impervi-
ous floodplain deposits beneath river embankments, and the angle at which such layers are
crossed by the overlying structures, have indeed been recognized to be controlling factors
in the localisation of sand boils. These studies have stressed, in particular, the importance
of identifying the different alluvial landforms encountered along the river systems, such as
point bars, abandoned channel fillings, natural levees and backswamp deposits, as a key
first step in order to predict the amount of underseepage and uplift pressure which develops
landward of the river embankment. Aerial/satellite imagery [21,22] is often used to detect
morphological factors that may reveal the susceptibility to backward erosion piping of the
river embankment system. Work by the U.S. Army Corps of Engineers (USACE) along the
Mississippi River (e.g., [22,23]) found that point bar deposits—consisting of low ridges of
silty sand/sand with intervening arcuate depressions (referred to as swales) filled with
fine-grained sediments—and channel fill deposits are the primary geologic environments
for sand boil formation. Swales and channel fill deposits indeed tend to confine, funnel or
otherwise significantly affect the groundwater flow through the subsurface [18], thereby
increasing the local pore water pressure.
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Along the Po River, numerous close and intersecting traces of abandoned riverbeds
can be recognized at the plain level or slightly below [24]. The river, 652 km long, flows
eastward from the western Alps to the Adriatic Sea (Figure 3a), with a meandering course
flanked by a system of embankments for the protection of the surrounding territory. The
geomorphological evolution of its basin, which is delimited by the Alpine chain to the
north and the Apennines to the south, has been strongly driven by tectonics, together with
climate change [25]. The activity of Apennine thrusts has indeed caused a generalised
northward shifting of the Po riverbed, hence the large number of abandoned channels [24].
Fluvial ridges, related to the abandoned hydrographic network, are the most common
geomorphological features on the right side of the Po River, in the middle sector. The above
landforms, together with specific stratigraphic features encountered in many segments
of the Po River, make the whole embankment system prone to backward erosion piping
during high-water events.
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Figure 3. (a) A satellite view of the Po River basin and the location of the selected study area, in
Boretto. (b) Segment of Po River flowing in Boretto, with location of sand boils and saturated areas
due to underseepage observed on landside of the river embankment. The yellow and white circles
are used for sand boils still subjected to recurrent reactivations during high-water events; the green
diamonds indicate “relict” sand boils, with no reactivations over the last 25 years. The red line
indicates the crest of the river embankment.
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3. An Example of a Historical Sand Boil along the Po River
3.1. Boretto Case Study

The village of Boretto (Reggio Emilia province, Emilia-Romagna region) is located in
the central portion of the Po plain, on the right side of the Po River (Figure 3a). The site has
a history of sand boil development. The stretch of river embankment adjacent to Boretto
has indeed been recurrently affected by sand boil formation during high-water events, with
landside reactivations of “so-called” historical sand boils, some of them of significant size,
together with the widespread presence of saturated areas or even water on the surface.
Figure 3b is an aerial view displaying the location of the sand boils, including a few defined
as “relict”, and saturated areas due to underseepage, with the red line showing the main
river embankment system.

During the 1990s, cut-off walls were installed in selected stretches of the Po River
embankments, on the right side from Brescello to Luzzara (thus including Boretto), in
order to mitigate the susceptibility to backward erosion piping in the most critical areas.
Shortly after the installation of such measures, the same 19 km long river embankment
segment was raised and reinforced in order to meet the geometrical requirements defined
in the directive on flood risk reduction issued by the Po River Basin District Authority.
Although the above interventions turned out to be effective against piping phenomena for
the majority of the reinforced stretches during the major high-water event in 2000 and also
later, yet sand boil reactivations and other clear evidence of underseepage effects have been
recurrently observed in Boretto. Figure 4 shows a reactivation triggered in this area by the
November 2014 high-water event, with a sack ring placed during emergency operations
around a sand boil of significant size, in order to stop soil particle transport.

Figure 4. An aerial view of the largest historical sand boil (#36(2)) in Boretto, during the November
2014 reactivation. In the background, note saturated areas landward, due to underseepage. (Image
courtesy of the Italian Firefighters Corps, Vigili del Fuoco).
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Shallow geophysics, cone penetration tests and boring data have been used in recent
years to better understand the stratigraphic arrangement of the subsoil and its influence
on piping phenomena. From a geological point of view, the shallowest soil deposits
encountered in this area are part of the so-called Upper Emilia-Romagna Synthem—in
particular, the Ravenna Subsynthem (AESg) of Holocene age—and result from sediment
accumulation in a continental depositional environment, due to both the Po River and
the Apennine tributary rivers, as shown in Figure 5 [26]. This facies association typically
includes (i) fine to very fine sands at the plain level or fine to very coarse sands slightly
below, referable to fluvial channel sand deposits; (ii) silts and sandy silts, referable to
channel fill deposits located along the traces of relict hydrography; and (iii) clays, clayey
silts and silty clays located in topographical depressions and interpreted as floodplain
deposits. In particular, typical meandering river floodplain deposits characterise the subsoil
beneath the river stretch under consideration.

Wl{bigfe{
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Figure 5. Scheme of the sedimentary facies associations identified in the investigated Po plain area.
Modified from Rosselli et al. [26].

The stratigraphic model of the river embankment system depicted in Figure 6 has
been obtained by interpreting piezocone tests (CPTU) carried out along the representative
cross-section a-a’ (drawn in Figure 3b), located in close proximity to the sand boil shown in
Figure 4. The tests are part of a dataset collected for the project SISMAPO [27,28], whose
objective was the seismic stability assessment of about 90 km of embankments along the
middle-lower stretch of the Po River. Site investigations allowed the identification of the
following five different soil units: (i) Unit R, given by a complex alternation of sands, silty
sands and clayey silts forming the river embankment; (ii) the highly heterogeneous Unit A,
i.e., a thick fluvial channel sand body referred to as the Padano Aquifer, composed of
medium-fine to coarse and very coarse sands subjected to the erosion process in case of
piping; (iii) a predominantly silty unit (Unit B), typically attributable to a natural levee
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depositional environment; (iv) a clayey soil layer labelled as Unit C, 4 to 10 m thick, to
be interpreted as a deposit of floodplain environment; and (v) the fine-grained sediments
of Unit D, forming the upper 4-5 m of the riverside floodplain area. From the river
embankment profile shown in Figure 6, the elevation of the riverside floodplain area
appears to be higher (up to +3 m) than the landside area, also as a consequence of some
earthworks related to activities in the industrial settlements located therein.
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Figure 6. Stratigraphic model of the investigated river embankment (cross-section a-a”), with piezo-
cone (CPTU) log profiles.

Particle-size analyses by the sedimentation method on a few fine-grained soil samples,
extracted from nearby boreholes, have confirmed the prevalence of the silty fraction in
Unit B, as shown by the curves of Figure 7a. Examples of particle-size distribution curves,
determined by sieving coupled with the sedimentation method, have been reported also for
Unit A, though referred to samples recovered from the Padano Aquifer at a few kilometres
away from the study area discussed herein. In spite of a certain heterogeneity that has been
recognized by various authors (e.g., Martelli et al. [29]), the upper portion of the Padano
Aquifer is typically composed of medium-fine, uniform sands; at times, a small or moderate
amount of silts can be encountered in the shallowest layers. For a useful comparison, the
grain size distributions of the ejected sand, collected in the volcano crater and in the pipe
during the November 2019 reactivation of the historical sand boil in Boretto, are also shown
in the figure.

The permeability k of the soil units relevant to the backward erosion piping process
beneath the embankment (i.e., units A, B and C) has been estimated by an interpretation
of the piezocone tests, according to empirical correlations proposed by Robertson [30].
Such an approach, based on the use of the well-known Soil Behaviour Type index I.;;, has
already been validated on the sediments of the Po River basin at a number of relevant
cross-sections along the main watercourse or its tributaries, as shown in Bertolini et al. [31]
and Gottardi et al. [32]. The profile of the computed estimates from the piezocone test
CPTU3 is shown in Figure 7b, whereas the mean values obtained from the whole set of
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CPTUs are summarized in Table 1. It is worth observing that these CPTU-based estimates
are in very good agreement with the direct determinations of k obtained from a few
Lefranc permeability tests carried out in this study area, within the upper 5-10 m of the
Padano Aquifer: in these tests, indeed, permeability was found to vary in the range
4.9 x 107°-3.9 x 107> m/s, thus being fully consistent with the interval identified by the
mean value of logyo(k) and the standard deviation 074410k reported in Table 1.
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Figure 7. (a) Particle-size distribution curves of soil samples collected from Unit A and Unit B;
(b) profile of predicted permeability values of soil units A, B and C from interpretation of CPTU 3 data.

Table 1. Mean values of soil permeability k estimated from CPTU data. Standard deviation of
computed logio(k) included in brackets.

. . loglg(k) k
Soil Unit with k Expressed in m/s (m/s)
A —4.73 (0.65) 1.87 x 107
B —7.81(0.77) 1.53 x 108
C —8.93 (0.39) 1.17 x 10~

According to the proposed stratigraphic model and taking into account the values
of permeability shown in Table 1, the continuous clayey unit C and the overlying wedge-
shaped silty unit B create, on the whole, an impervious blanket, affecting the amount of
underseepage and the uplift pressure that develops landward of the river embankment.
Furthermore, by comparing a number of logs from boreholes carried out in an extended
area, approximately covering a 1 km long river segment upstream, it turns out that the
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blanket thickness landside may vary significantly and tends to reduce in proximity to the
historical sand boil location. This undoubtedly creates favourable conditions for backward
erosion piping initiation.

A large-scale study of groundwater conditions along the middle-lower segment of
the Po River [33] allowed the identification of a shallow phreatic aquifer, located in the
predominantly silty sediments referable to floodplain deposits, and a sub-artesian confined
aquifer directly connected with the river. The second, in particular, corresponds to the
Padano Aquifer mentioned above. A typical trend of the river level and of the hydraulic
heads measured in the confined and unconfined (phreatic) aquifers is shown in Figure 8.
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Figure 8. Trend of piezometer readings carried out in Section 1-1, located at about 2.5 km from the in-
vestigated area (as shown in the map above, on the left). The relevant stratigraphic scheme is provided
above on the right side, together with a sketch of the three boreholes equipped with piezometers.

These data were collected in a section equipped with piezometers, located 2.5 km from
the area affected by sand boils. The piezometers, two of them installed in the confined
aquifer (labelled as 3_c and BOR_c) and one in the phreatic (labelled as 4_f), were placed at
different distances from the river. They provided evidence of a phreatic surface located in
Unit B (piezometer 4_f in Figure 8), mainly governed by rainfall and evapotranspiration
but also sensitive to the river regime. The confined aquifer, located in Unit A, appeared
instead to be well-synchronized with the river (piezometer 3_c), also at significant distances,
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according to what was recorded on a piezometer 1.3 km away from the riverbed (piezometer
BOR _c). As shown by the collected data, most of the time, the piezometric level in the
confined aquifer turns out to be 2-5 m lower than the phreatic surface, thus causing the
confined aquifer to drain the unconfined one. By contrast, during major high-water events,
this condition is reversed and the piezometric surface of the Padano Aquifer may be
higher than the phreatic level. Such an increase reached 2.5 m during the high-water event
recorded in the monitoring period shown in Figure 8.

As a final remark, it must be observed that the geological, geotechnical and ground-
water conditions of a site, as commented above, turn out to be crucial pieces of information
whenever analytical approaches need to be applied in order to assess the risk of initiation
and progression of backward erosion piping.

3.2. Application of Simplified Methods to Assess Piping Susceptibility

In this section, two relatively simple, though well-established, methods are applied to
the river embankment system described in Section 3.1, in order to provide a preliminary
assessment of piping susceptibility in this area. As is known, criteria for the initiation and
progression of backward erosion piping may be related to local hydraulic conditions in the
exit section, or global hydraulic conditions averaged along the flow path [34].

Among them, it is worth mentioning the well-known set of analytical solutions typi-
cally referred to as “blanket theory” [3,35]. This method may be used to estimate the zero
effective stress condition and thus localise the area landward of the river embankment
where backward erosion might initiate. The approach, which basically relies on a simplified
three-component scheme, including the embankment, the fine-grained blanket and the
underlying aquifer, provides closed-form solutions for seepage pressures and flows, in a
variety of configurations of impervious and semi-pervious top stratum conditions. The
factor of safety against uplift FS,,;;s can be expressed as the ratio between the critical
pressure head ;;, depending in turn on the critical hydraulic gradient i.,;; =y’ /yw, and
the excess hydrostatic head /i at the downstream toe of the river embankment:

h..:
FSupiift = S0 (1)

with hiy being related to the net head on the river embankment, the geometry of the structure
and the foundation, the permeability and the character of the top stratum both riverward
and landward. Details can be found in USACE [35].

The river embankment cross-section being analysed herein has been modelled accord-
ing to the most suitable configuration among those addressed by the blanket theory, i.e., a
semi-pervious top stratum both riverside and landside (Figure 9), also taking into account
the suggested method for transforming the multi-layered downstream blanket, formed by
soil units B and C, into an equivalent thickness z,; with a constant vertical permeability
kyp;. The semi-pervious assumption allows vertical flow (but not horizontal) through the
blanket, consistently with the groundwater conditions discussed in the previous section.
It is worth observing that the blanket theory does not consider geometric complexities,
such as layers of varying thickness; therefore, the actual stratigraphy in the field must be
adjusted to the available schemes, whenever possible. For the river embankment being
examined, the stratigraphic conditions could be rather easily cast into one of the cases
addressed by the theory, namely case no. 7 discussed in USACE [35].

Thus, if the base width of the river embankment is equal to L, and assuming no
seepage exit is present on the landside, i.e., L3 = oo, the head hj beneath the top stratum, at
the landside toe, can be expressed as:

X3
ho = AH| ———— 2
0 <X1+L2+X3> @)
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where x7 is the distance from the effective seepage entry to the riverside embankment toe
and x3 is the distance from the landside toe to the effective seepage exit, both calculated
according to the procedure described in USACE [35]. AH is the net hydraulic head on the
river embankment.

L, — L, Ly
IéX»]%‘v
N

Er——

Pervious Top w77 River
“ substratum stratum % embankment

Figure 9. The basic geometry of the river embankment adopted in the blanket theory.

At the same time, the head h, beneath the top stratum, at a distance x landward from

the landside toe, is given by:
‘ 05
1. bl
hy = hg-exp (kf-zbl-d> X 3)

where ky and d are the horizontal permeability and the thickness of the pervious substratum
(the Padano Aquifer, in the case being examined), respectively.

Table 2 summarises the input values that have been adopted for the river embankment
in Boretto. The permeability values are the CPTU-based estimates already shown in
Table 1 and rounded to one decimal place; the permeability ky; of the landward blanket, in
particular, has been assumed to be equal to the permeability of the clayey Unit C, this being
the most impervious stratum. The geometrical data required by the method, such as L;
and Ly, have been deduced from the existing river embankment cross-section, whereas the
thickness of the different soil layers is based on the stratigraphic model shown in Figure 6.

Table 2. Parameters adopted for tseepage analysis (blanket theory).

L1 Lz Zpl d X kbl kf
(m) (m) (m) (m) (m) (m/s) (m/s)
113 62 2.62 30 52 1.2 x 107 1.9 x 107>

Assuming a net hydraulic head AH equal to 5.6 m, i.e., the hydraulic load that caused
sand boil occurrence in this area during the November 2014 high-water event, a factor of
safety against uplift FS, s = heit/ho = 1.31 has been obtained at the landside toe of the
river embankment. FS,, increases to 1.4 when it is calculated at a distance x = 52 m
from the landside toe, corresponding to the position of the historical sand boil mentioned
before. In this case, thus, the flood event did not induce any uplift effect at the toe, with
the development of new cracks within the top stratum; rather, the piping activity observed
therein is very likely to be attributed to the reactivation of a pre-existing sand boil, that can
be triggered by lower local gradients. Indeed, as also observed by Kelley et al. [9] for to
the Mississippi River, in chronic seepage areas, sand boil activity can form at lower levels
of flooding because of the accumulated effects of internal erosion at these locations. The
effect of a pre-eroded soil volume on the initiation of piping has been also investigated
by Garcia Martinez et al. [36] using an FE approach, with reference to a well-documented
cross-section of the Po River close to the delta.
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The cross-section has been also analysed using the theoretical approach known as
Sellmeijer’s model [37,38]. Unlike the blanket theory, which focuses on the initiation of the
erosion process, this conceptual model was devised to predict the critical head at which
backward erosion leads to structural failure. The equilibrium of soil particles at the pipe
bottom is used as a criterion for pipe progression. According to this method, the critical
hydraulic head, AH,, that causes the pipe to reach the upstream side (and thus leads to
failure) is determined by three components, namely, the resistance factor Fg, the scale factor
Fs and the geometrical shape factor Fg, as specified below:

AHC
L

= Fg-Fs-Fg 4)

where L is the horizontal seepage length. Given the actual hydraulic head over the river
embankment, AH, and the thickness of the top layer z;, the model predicts that backward
erosion piping is prevented if:

H —0.3z; < Fr-Fs-Fg-L (5)

The resistance factor is in turn a function of the equilibrium of forces, the scale factor
depends on the ratio of grain size to seepage length, while the geometry factor is a function
of the effect of the aquifer shape on the groundwater flow. They are expressed as:

,)//
Fr = n-—Ltand (6)

Yw

dzo
Fs = 7
S=FeT )
n 0.04+0.28/[(hq /L)*8—1]

Fc =091 (L”> (8)

with 9/, = submerged unit weight of grains, 7, = unit weight of water, 6 = bedding angle,
n = White’s coefficient (assumed equal to 0.25), k¥ = intrinsic permeability, dyy = grain
diameter at 70% and passing, and h, = thickness of the aquifer (uppermost sand layer
sensitive to backward erosion). Later modifications of Equations (6)—(8) [39], based on
a multivariate analysis of a number of small-scale experiment results, were meant to
incorporate the influence of relative density, uniformity and particle roundness into the
piping rule. However, as the extension and adaptation are of an empirical nature, and the
application range is limited to the parameters used during the reference testing, the model
version described by Equations (4)—(8) has been applied in this study.

The input parameters adopted for the river embankment section in Boretto, as obtained
from the interpretation of field and laboratory tests or taken from the literature (such as
n = 0.25), are listed in Table 3. An average value equal to 0.15 mm was assumed for dy.

Table 3. Parameters used in piping assessment using Sellmeijer’s model.

0 ’)’/p d70 K L h,
) ©) (KN/m3) (mm) (m?) (m) (m)
0.25 36.49 16.5 0.15 1.94 x 10712 252 30

For the hydraulic load AH recorded during the high-water event that occurred in 2014,
equal to 5.6 m, the criterion defined by Equation (5) turns out to be:

AH — 03z = 335 < 22.7 = Fg-Fs-Fg-L )

and the stability condition, therefore, is fully satisfied.
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Thus, although both models above have been used for decades as powerful and
theoretically robust tools for piping analyses beneath river embankments, with respect to
either initiation or progression, they have proved ineffective in describing the piping activity
detected in Boretto. The overestimation of the margin of safety may be due in this case to a
number of factors, such as the simplified stratigraphic assumptions needed to adapt the
actual foundation subsoil to the model schemes, or uncertainties in the calibration of some
model parameters. A major issue is undoubtedly related to difficulties in modelling a pre-
eroded soil volume, when the reactivation of “chronic” piping phenomena is to be analysed.

4. The Italian Sand Boil Database

The database described in this paper has been developed as part of the activities of the
European project LIFE SandBoil, whose main objective is the validation of an innovative and
sustainable technology for the mitigation of backward erosion piping. The project, currently
underway, is coordinated by the University of Bologna and involves the Interregional
Agency of the Po River (AlPo), Officine Maccaferri Italia and the North Transdanubian
Water Directorate (EDUVIZIG) as project beneficiaries.

Within the LIFE SandBoil project objectives, the development and implementation of
a methodological strategy for the structured collection of information on backward erosion
piping evidence along the Po River have been considered as extremely useful, not only
for the prediction of possible reactivations of sand boils and the efficient coordination of
emergency actions, but also for the identification of the most critical river sections that
might require the installation of mitigation solutions. Thus, the sand boil database is meant
to be a powerful tool for early warning, as well as flood risk assessment and management.

The new sand boil database [40,41] draws on years of experience of data collection
along the middle-lower segment of the Po River and builds on earlier attempts to catalogue
such piping manifestations. In 2004, following the 2000 major high-water event, the Po River
Basin District Authority (AdBPo) indeed organised a registry of the Po River embankments
from the confluence of the Tanaro river to the Po delta. This archive, known as “Catasto
delle arginature maestre del fiume Po” (https://www.adbpo.it/atlanti-del-po/, accessed
on 7 April 2024), provides a map of seepage areas and sand boil locations (numbering 77,
at that time), together with other information useful in outlining a picture of the safety
conditions of the whole river embankment system. A later attempt was carried out by
the Interregional Agency for the Po River, who started to organize a large amount of field
observations into a geographic information system (GIS) project, using a standardised
format for records [13].

The database described herein is a powerful and user-friendly web application, based
on the Ubuntu 20.04. 2 LTS Operating System and Laravel, a popular PHP web application
framework. The free and open-source software QGIS was used to create and manage
geospatial information. The design of the database was coordinated by AIPo, who is also
responsible for data collection and uploading. Indeed, high standards and the correctness of
the information must be ensured; therefore, external users are not allowed to populate the
database. At present, since full validation is still ongoing, only authorised users can access
and query the database, although the final goal would be to make this resource available to
other public bodies and entities involved in flood risk assessment and management and,
potentially, to any other user. A total of 132 sand boils have been so far catalogued, 77 of
them located in the main course of the Po River and 55 in the delta area. However, it is
worth mentioning here that the application has been designed in such a way that it can
easily accommodate data from a number of river basins in addition to the Po, and thus
become an international database of backward erosion piping phenomena worldwide.

4.1. Database Structure

The data structure adopted in the application is basically composed of two sections,
corresponding to the following major entities:
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e  The river, with the associated hydrometric network providing river flow information.
This is used by the flood simulation algorithm to calculate the river level in sections
where sand boils are observed during flood events;

e The sand boil, together with the list of high-water events, which is the core of
the database.

The structure of the “sand boil section”, including in turn different sub-sections, is
illustrated in Figure 10. The section has been devised to allow the user to save a wide
variety of data useful for a comprehensive description of the existing piping process, i.e.,
spatial, geometrical and temporal details, coupled with flood characteristics. A summary
of the pieces of information that can be entered into the database, encompassing field mea-
surements collected during the flood emergency stage, site investigations and monitoring
activity, is provided in Figure 11. Most of these key data are typically collected also in
other similar existing databases, in particular the two pioneering examples developed in
the Netherlands and previously mentioned [12]. It must be observed that the field data
to be taken of the sand boils during reactivations are generally simple, relatively fast and
do not imply the use of complex procedures, having to be compatible with simultaneous
emergency activities typically foreseen by the relevant protocols.

Flood event
simulation
4
Location “ SAND = Flood event
data BOIL details
U n 4
River Additional -
P
embgnfkment data obselrrc:t%ons
info

Figure 10. Scheme of the database structure, with particular reference to the section “sand boil”.

RIVER EMBANKMENT
RIVER DESCRIPTION SAND BOIL DETAILS

River name Geometry Location and General Info
Hydrometric Network Embankment height River City
Monitoring - — -
Crest width GPS soordinatos Position relative to
- embankment
Base width - — —
Date of first activation Additional maps
FLOOD EVENT Landside slope
Info on Reactivation
DESCRIPTION Riverside slope
: Year of reactivation Flood level at reactivation
Start date Elevation ground surface
landside Time of reactivation Hydraulic load on embankment
End date
- Stratigraphic Info Type of sand boil Type of ejected soil particles
Duration
- - Blanket thickness Pipe diameter Type of sand boil
Maximum discharge
- Blanket soil type Water colour Soil sampling
Maximum water level
Material of embankment core Emergency measures Additional available info

Groundwater level

Additional data from in situ and

Piezometer level

laboratory testing

Figure 11. Summary of the types of data that can be incorporated in the sand boil database.
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For each river segment affected by the piping evidence, geometric details of the
embankment can be entered in the so-called “levee information window”, as shown in
Figure 12, for the cross-section being discussed in this paper. This data entry window also
allows specifying important stratigraphic details, such as the thickness of the blanket and
the soil type (e.g., clay, silty clay, etc.) forming it. These are key pieces of information, as is
also confirmed by the analyses carried out in Section 3.2, being indeed capable of affecting
the susceptibility to piping of river embankment systems. Further geological, stratigraphic
and geotechnical information, in the form of logs from site investigations, laboratory tests
on collected soil samples or reports, can be uploaded as additional data in order to provide
the most detailed possible description of the sandy aquifer and the overlying blanket layer.

Levee Information x

Sand boil classification data

Leves Hsight (m) Blanket Thickness (m)

80 17
Crest Widih (m) 18.0 Blanket Material sicl v
Toe Width (m) 580 Core Material -
Londsids Slope W-30H - g;&rl\:asn:a;:Ie]le‘-‘mlon 26
Riverside Slope W30H v

Figure 12. Example of a data entry window containing details on the river embankment geometry

and stratigraphic arrangement. The entered data refer to the large sand boil labelled as #36(2), located
in Boretto.

Either a single sand boil or multiple ones can be associated with each cross-section;
therefore, chains or rows of adjacent sand boils, such as those previously shown in Figure 2b,
can be properly catalogued as well. As a matter of fact, besides single or multiple sand
boils, the database system allows storing and classifying a variety of piping evidence at the
ground surface, of either minor or major degree, such as spring water, soaking, leakage,
subsoil softening and heaving, among others. A total of 14 different categories are available
for selection, in order to properly describe all possible types of piping manifestation.

Each sand boil (or surface piping evidence), identified by an ID number, latitude and
longitude, is then described in terms of the time of activation/reactivation, diameter of the
throat (i.e., the vertical flow channel that extends through the blanket) and type/degree of
activity, the latter reflecting how much material has been eroded and is moved from the
boil. The size of the vertical pipe and the amount of material deposited at the surface are
indeed recognized to be crucial indicators of the likelihood of a highly developed erosion
process in the foundations and potential structural failure. The database, in particular,
allows defining three different degrees of activity—namely, low, moderate and high—in
relation to the size of the sand cone accumulated around the sand boil and the turbidity
of the seepage discharge. The characteristics of the ejected sand, either obtained from
field observation or from analysis on collected samples, and details of emergency actions
adopted during the sand boil reactivation can be also added.

As an example, data entered for the sand boil #36(2), located in Boretto, during the
November 2014 flood event, are shown in Figure 13. In this case, the vertical pipe diameter
was found to be approximately 50 cm, but the sand volcano diameter was much higher,
about 15 m, as is also suggested by the picture in Figure 4. Additional information can
be uploaded in a free text field, in order to obtain a detailed record over the time of any
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changes in site conditions that might be correlated with the observed piping activity. Since
sand boils may activate periodically, due to different hydraulic conditions, the above set of
data is linked to a specific flood event, whose characteristics are compiled in a dedicated
window of the database.

Involved sand boils & flood Data == phenomena Data
| Year of Time of
Search: -11-
o3 occurrence o reactivation 2014-11-15  08:00
i .
Sand boil Edit data Flood level of Type of
reactivation 28.08 sand boil sand boll v
(masl)
038(1)
Pipe diameter large (pipe diameter>10cm) v Activity high v
s B
Sand bags sand bags v Sample no sample v
showing 1to 2 of 2 entries (filtered from 274 total
entries)
Type of washout
Previous E] Next soll ~v ' Water quality opague v
Water level 56
difference (m)
Hokes Jiv B U 8 Poppinsv A v = = =v @y o @ =

X <> ?

Documents list

to upload a new document or click on <+ button, to add a new link click on a
& button. Options are not available if creating a new phenomena.

Figure 13. Data entry window of the web application containing details of the sand boil and the

piping activity. The entered data refer to the reactivation of sand boil #36(2) in Boretto, during the
November 2014 flood event.

The flood event is described in terms of duration, maximum discharge and readings
from nearby piezometers. Accordingly, for each sand boil, a series of observations collected
in different flood events become available. This allows carrying out a comparative analysis
of the river embankment response with respect to piping phenomena, as a function of
different river water levels and flood durations.

Figure 14 shows a GIS digital map of the Po River basin, with green dots representing
the sand boil locations currently entered into the database. All sand boils are typically mon-
itored on site “manually”, by technicians of AIPo who are in charge of surveying critical
cross-sections, detecting sand boil activations/reactivations during high-water events and
implementing emergency actions to stop erosion progression, whenever necessary. In this
respect, it must be observed that the growing need for an accurate, possibly automated
identification of surface evidence of backward erosion piping worldwide has encouraged
in recent years the application of sophisticated techniques, such as satellite or drone im-
agery together with machine learning models (e.g., [9,22,42]), which are meant to facilitate
capturing sand boil activity and local predisposing conditions.
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Figure 14. Map showing the location (green symbols) of the sand boils detected along the Po River
(downloaded from the database).

4.2. Database Query

The data stored in the database can be easily exported to standard .xIs and .csv files,
or interpreted through graphs that are basically meant to compare the effect of different
flood events or the response of different historical sand boils during the same high-water
event. The sand boil management tool allows the creation of two different types of graph,
referred to as (i) river graphs and (ii) historical graphs. The first provides a profile of the
maximum river water level reached in a flood event at the different sections monitored
for piping, with different symbol colours for activated or non-reactivated sand boils. An
example of a river graph is shown in Figure 15, where profiles of the 2014 and 2019 flood
events are displayed in the same plot.

Graphs

Select an event, press to add it to graph and press to generate the graph

Event:
e 20 .

Selected Events:

2014 n 2019 n

70 -

Graph

60

50
40

30 JSand boil 036(2)
» 2014 flood level: 27.87 m

20 | ® 2019 flood level: 27.46 m

River water level
(m above mean sea level)

275 300 325 350 375 400 425 450 475 500 525 550 575 600 625

2014 flood event

2019 flood event

Figure 15. Example of data extraction in the form of a “river graph”, showing profiles for the 2014
and 2019 flood events. Red circles are used for reactivations; green circles indicate non-reactivations.

It is worth mentioning here that the water level at each sand boil location is obtained
directly from records of the relevant hydrometric station, whenever available for the river
section being analysed, or through the flood simulation algorithm also implemented in the
database system, which interpolates hydrometric measurements collected at the nearest
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upstream and downstream stations. Figure 16 shows the water level in the Po River from
January 2014 to December 2019, as provided by the hydrometric station located in Boretto,
where automated measurements are continuously taken at 10 min intervals.

10
1 Nov. 2014 Nov. 2019
7] (7 flood event flood event
8 - ' |
N Severe alert level 6.50 m
6 — | Moderate alert level 550 m | i
£ 1l Il Low alertlevel  4.50m |
S !
3 4]
>
2 =
g 2
o -
=
0 4
2
'4 IIIIIIIIIII]IIIIIIIIIII|IlIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII|IIIIIIIIIII
Jan-2014 Jan-2015 Jan-2016 Jan-2017 Jan-2018 Jan-2019 Jan-2020
Date

Figure 16. Record of the water level in the Po River from January 2014 to December 2019, provided by
the hydrometric station located in Boretto. The datum of the station is 19.9 m above mean sea level.
The light orange, orange and ruby red horizontal lines indicate fixed water level warning thresholds,
according to AIPo guidelines.

The second type of graph aims at providing an overview of the activations/non-
reactivations observed in a single sand boil location for different flood events occurring
in the past. The red bars are used to indicate activations or reactivations of the sand boil,
whereas the green ones are adopted when no evidence of piping was detected. The bar
height provides information on the water level reached in the river section during the flood
event. This level can be compared with both the measured minimum water level causing
piping initiation in the past (Hpn, red line) and the maximum hydrometric level (Hmax,
green line) for which no activation was observed. This type of graph turns out to be very
useful for defining threshold values of the water level triggering piping phenomena and
thus for supporting early warning and early action systems. An example of a historical
graph is shown in Figure 17, with respect to sand boil #36(2) located in Boretto and a few
major flood events that occurred in the period 2000-2020. Piping activity in the sand boil
was observed in 2000, 2014 and 2019. Furthermore, according to the available records,
Hunin = 27.46 m (above m.s.l.) and Hpyax = 26.01 m.

Two further examples of historical graphs are reported in Figures 18 and 19, with
respect to the cross-sections located in Carbonara Po and Guarda Ferrarese, respectively.
The first is located at approximately 65 km downstream from Boretto, while the second
is 120 km downstream, in the lower catchment of the river, close to the delta (see also
Figure 14 for locations). Both sections have a history of sand boil development, similarly to
the Boretto site. The stratigraphic model of each section, as obtained from cone penetration
testing and boreholes, has been also provided in the figures. In this respect, it is worth
observing that the river embankment cross-sections in Boretto, Carbonara Po and Guarda
Ferrarese have similar stratigraphic arrangements. In particular, the relatively limited
thickness of the blanket layer landside appears to be a common feature, which creates
favourable conditions for backward erosion piping initiation. Furthermore, in spite of the
distance, the grain size characteristics of the soil units involved in the underseepage and
piping processes are fully comparable.
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Historical graph for sandboil: 036 (2)
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Figure 17. Example of data extraction in the form of “historical graph”, with reference to the large-size
sand boil #36(2) observed in Boretto.
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Figure 18. (a) Stratigraphic model of Carbonara Po cross-section; (b) “historical graph” for sand boil
#62(1) detected in this area.
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Figure 19. (a) Stratigraphic model of Guarda Ferrarese cross-section; (b) “historical graph” for sand
boil #75a detected in this area. The apparent inconsistency in the database response is likely due to a
change in site conditions, occurring after 2000.

According to the records for the Carbonara Po sand boil (#62) shown in Figure 18,
piping activity was observed in 2000 and 2014. The threshold water levels for sand boil
activation (Hp,in) and non-reactivation (Hmax) turn out to be very close to each other,
16.51 m above mean sea level and 16.04 m, respectively; thus, in this case, the hydraulic
conditions causing initiation can be predicted with good accuracy.

As regards the Guarda Ferrarese cross-section (Figure 19), intense piping activity
occurred here in 2014, 2018 and 2019. During the 2014 high-water event, in particular, evi-
dence of major underseepage was reported, with the throat of the sand boil moving outside
the sandbag ring and thus requiring re-ringing. In this case, the apparent inconsistency
in the database response—i.e., the minimum water level causing reactivation being lower
than the maximum water level for which no piping effects were observed—is most likely
due to changes in site conditions that occurred after 2000. Indeed, a database note reports
that a ditch was excavated parallel to the road embankment, resulting in an increase in
susceptibility to backward erosion piping and a change in threshold river levels for sand
boil reactivation. However, if we exclude the 2000 record, which cannot be compared with
the others for the reasons specified above, it turns out that, once again, Hp,n is very close to
Hmmax, and therefore the threshold water level for reactivation is, in all probability, around
7.60 m above mean sea level.
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5. Conclusions

This paper has presented the main features of a database that is meant to catalogue
the large amount of backward erosion piping evidence, mainly referable to so-called sand
boils, detected along the major Italian watercourse, namely the Po River. This versatile
and flexible GIS-based web application has been created as part of the activities devised
in the European project LIFE SandBoil, coordinated by the University of Bologna, for the
development of innovative and sustainable mitigation strategies against piping.

An accurate description of the different database sections has been preceded by an
overview of the piping mechanism, the predisposing geologic and stratigraphic factors in
river embankments and the incidence of the phenomenon along the Po River. In particular,
a well-documented stretch of river embankment, recurrently affected by piping, has been
presented in detail as a meaningful example of the typical stratigraphic arrangement
encountered in Po River embankments with a history of sand boil development.

The database allows storing a wide variety of information, encompassing geometric
and stratigraphic features of the river embankment systems and characteristics of piping
evidence, together with a number of details about the flood events. In this respect, the
database results in a methodological approach driving not only a careful collection of field
measurements on sand boils during flood events, but also the effective planning of targeted
field investigations and topographic surveys of the river embankment segment affected by
piping, in order to identify local conditions facilitating underseepage. Indeed, while records
of past sand boil reactivations often appear to be somewhat incomplete, with key pieces of
information being unavailable, the “monitoring protocol” suggested by the database has
resulted in accurate data collection for the latest reactivations.

By containing data on more than 130 sand boils, from the 2000 major flood event to
the present, the database is undoubtedly capable of providing considerable insight into
backward erosion piping phenomena along the Po River, in terms of incidence, severity,
type of activity and triggering conditions. Virtual flood events may be also created by the
system through the simulation algorithm, and, based on the recorded piping history along
the river and the correlated triggering water levels, a spatial distribution of potential sand
boil reactivations can be obtained. This feature undoubtedly makes the database an effec-
tive and useful predictive tool, to be used in conjunction with the well-known analytical
methods typically adopted for backward erosion piping risk assessment. The latter, on the
other hand, have been found to have some limitations in predicting the actual suscepti-
bility to erosion initiation and progression, when applied to river embankment segments
that have already experienced piping effects, likely due to both simplified stratigraphic
assumptions and uncertainties in the proper characterization of pre-eroded subsoil.

Ongoing activities are intended to improve the geological, stratigraphic and geotech-
nical description at each sand boil location, since these vital pieces of information are not
available at present for the total number of cross-sections catalogued in the database. This
may sometimes require programming additional site investigation campaigns, mainly
based on boreholes and cone penetration testing.

A desirable enhancement of the current web application should consist in importing
geologic maps into the database, in order to easily correlate sand boil spatial distributions
and specific alluvial landforms that are recognized to affect groundwater flow and facilitate
piping occurrence. This additional feature would significantly improve the predictive
capability of the database, which could effectively support the identification of other
areas potentially susceptible to backward erosion piping phenomena. Finally, a long-term
challenging development might also involve the application of machine learning algorithms
to assist in hazard classification and piping risk assessment. Machine learning models,
applied to satellite or drone imagery, could be also used for detecting sand boils along the
Po River, in addition to traditional inspections on site. In this respect, recent successful
experiments have been carried out in the United States.
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In conclusion, the detailed presentation contained in this paper has shown that the
proposed sand boil database, in its current form, turns out to be particularly suitable for
vulnerability studies with respect to backward erosion piping and may undoubtedly help
in assigning hazard classes to different river embankment sections, identifying priorities
for the implementation of mitigation measures, as well as monitoring the effectiveness of
the interventions that have been installed. Thus, it serves as a tool to efficiently support
flood risk assessment and management against piping phenomena along the Po River. In
this respect, the continuous and accurate updating of data during future high-water events
will obviously be crucial, in order to progressively increase the potential of the database.

It is worth finally observing that, although the database contains at present only data
referred to the Po River, the system has been designed in such a way as to accommodate
data from various river basins, with the potential to become an international database of
backward erosion piping phenomena observed worldwide.
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