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ABSTRACT

The research is part of a survey for the deteabbthe hydraulic and geotechnical
conditions of river embankments funded by the Ren@r Basin Regional Technical Service
of the Region Emilia-Romagna. The hydraulic safetythe Reno River, one of the main
rivers in North-Eastern lItaly, is indeed of primamyportance to the Emilia-Romagna regional
administration.

The large longitudinal extent of the banks (severaildreds of kilometres) has placed great
interest in non-destructive geophysical methodschvhcompared to other methods such as
drilling, allow for the faster and often less expi@e acquisition of high-resolution data.

The present work aims to experience the Ground tReimgy Radar (GPR) for the
detection of local nhon-homogeneities (mainly sgnaphic contacts, cavities and conduits)
inside the Reno River and its tributaries embankmetaking into account supplementary
data collected with traditional destructive tedt®réholes, cone penetration tests etc.). A
comparison with non-destructive methodologies lilsewelectric resistivity tomography
(ERT), Multi-channels Analysis of Surface Waves (BM), FDEM induction, was also
carried out in order to verify the usability of GRiRRd to provide integration of various
geophysical methods in the process of regular maartce and check of the embankments
condition.

The first part of this thesis is dedicated to thkplanation of the state of art concerning
the geographic, geomorphologic and geotechnicatackeristics of Reno River and its
tributaries embankments, as well as the descrigi@ome geophysical applications provided
on embankments belonging to European and North-&arerRivers, which were used as
bibliographic basis for this thesis realisation.

The second part is an overview of the geophysicathods that were employed for
this research, (with a particular attention to 8fR), reporting also their theoretical basis and
a deepening of some techniques of the geophysatal ahalysis and representation, when
applied to river embankments.

The successive chapters, following the main scdpki® research that is to highlight
advantages and drawbacks in the use of Ground fragngtRadar applied to Reno River and
its tributaries embankments, show the results nbthianalyzing different cases that could
yield the formation of weakness zones, which swsieel/ lead to the embankment failure.
As advantages, a considerable velocity of acqarsiind a spatial resolution of the obtained

data, incomparable with respect to other methodesogvere recorded. With regard to the



drawbacks, some factors, related to the attenudtieses of wave propagation, due to
different content in clay, silt, and sand, as wasllsurface effects have significantly limited the
correlation between GPR profiles and geotechnitfrmation and therefore compromised
the embankment safety assessment.

Recapitulating, the Ground Penetrating Radar coefatesent a suitable tool for
checking up river dike conditions, but its use Bagificantly limited by geometric and
geotechnical characteristics of the Reno Riveritttibutaries levees. As a matter of facts,
only the shallower part of the embankment was itigate, achieving also information just
related to changes in electrical properties, wittamy numerical measurement. Furthermore,
GPR application is ineffective for a preliminarysassment of embankment safety conditions,
while for detailed campaigns at shallow depth, Wwhaims to achieve immediate results with
optimal precision, its usage is totally recommended

The cases where multidisciplinary approach was edgstreveal an optimal
interconnection of the various geophysical methogiels employed, producing qualitative
results concerning the preliminary phase (FDEM3uesg quantitative and high confidential
description of the subsoil (ERT) and finally, prdwig fast and highly detailed analysis
(GPR). Trying to furnish some recommendations fatufe researches, the simultaneous
exploitation of many geophysical devices to assa$sty conditions of river embankments is
absolutely suggested, especially to face relidbledf event, when the entire extension of the

embankments themselves must be investigated.
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1. INTRODUCTION

Dams have been used to regulate rivers for cestubiecient civilisations built dams
for drinking water supply, flood control and irrig@an. Since the last century, the construction
of river embankments (or levee, bank) has beereasing the population of this kind of
defence works all around the world. Embankmentsraostly built to protect human activities
from flooding events. The benefits of such projearts obvious, and in today’s society, they
represent a great value. However, all the achiem&sneached by modern society through
construction of embankments and dams, come withice @nd with a responsibility. The
price consists of the environment alteration andha effects that results from that. Indeed,
the responsibility that comes with levees constoactis prevent catastrophes and must
progress as long as the embankment itself standsedvier, as existing works age the
importance of work safety efforts increase even endmbankments are made of earth
(essentially fine grain-size soil) and rock mateaiad howadays represent the most common
type of dam construction in Italy as well as woridev

The term embankment (or levee, bank) in this thesflers to small earth dikes (up to
12 meters high) built along the river bed that ased for the stream regulation under the
flood conditions. The problem of the safety of rivembankments can be easily
underestimated, particularly if a relative dry peripersists for a long time. The Reno River
together with its tributaries covers, in the alalvplain area, which includes the larger part of
Emilia-Romagna Region (Northeast of Italy) a lengttbension of more than 500 km. Several
hydro-meteorological events induced structuraufes$ of the Reno River and its tributaries
embankments. Concerning the last decades, the liék@kages of Reno River in 1990,
Samoggia Stream in 1996, and piping phenomena ald€ua Stream in 2005 and again
Samoggia, 2008, highlight how this crucial sectbPo Plain has been exposing to a sharp
hydrogeological risk and detailed research in otdgarevent it are necessary.

Generally, during the survey for either hydrogeaalj engineering-geological, or
geotechnical purposes, it is necessary to selgobppate complex of methods and related
methodology of the field works. Likewise, it is ®ssary to know relationship between
measured physical properties of rocks, soils amdmeters, which have to be finally received
or indirectly determined. From the principle poiaf view, geophysical methods are
considered indirect methods, because they sulestitect field works as e.g. drills, adits, etc.

Thus, they may significantly save both, basic foeexpenses, in appropriate combination
1



with direct methods, as well as investment of tineetnecessary for survey of observed
environment. Last but not least, geophysical methade successfully used also in

environmental protection. Indisputable advantagehes fact that the surface geophysical
methods are non-destructive. Moreover, piping ardpage problems along fractures,
cavities, differently compacted and settlementezhsir cannot be easily recognised through
destructive methods (largely used for the Reno Remabankments description) which

provide precise but punctual information. Non-irivastechniques, such as geophysical
methods, result largely diffused for this topic am@¢onstant development.

The main contribution of geophysical methods cdssitherefore, in getting higher
quality and backgrounds that are more trustworthyféirther survey works. During their
application, it is necessary to keep the principfecomplexity (selection of appropriate
methods), work in stages (this is related to retethip with the direct methods and further
proposal of geophysical methods), and economicieffcy (getting maximal amount of
information for minimal expenses). Secret of susces utilizing results of geophysical
methods is in close cooperation of geophysicistth veipecialists in hydrogeology and

engineering geology.

1.1 Geophysical methods and geologic environment

Geophysics, as a branch of science, utilizes knibydef physics, astronomy, geology
and applied mathematics. It studies naturally tfically generated physical fields of Earth.
Applied geophysics is an applied science, studyigityirally or artificially generated fields to
help clarify geological conditions in the Earth $tu Because the Earth crust is
inhomogeneous, its particularities are reflectesb ah the observed geophysical fields. Its
principle consists in differentiation between thentrast properties and surrounding
environment. Therefore, different geophysical resgois directly dependent on extent of
different properties of the environment. In the samay, important is also the dependence on
depth of deposition of these non-homogeneities,t wlusely relates to the action radius of
used geophysical methods. Applied geophysics isvardionally divided into many
methodical groups according to character of thiel,fiehich is monitored. These methods are
gravimetric, magnetometric, geothermal, geoelectetectromagnetic, radiometry and
methods of nuclear physics, seismic and geoacoomttbods. Geophysical methods may be

used in several variants, most commonly in theaserfvariant (measurement is performed



directly on the earth surface), in the undergrouvadant (in the drills, cellars, etc.) and in the
variant of remote monitoring from airplanes, s#&dl, etc. (so called remote sensing).

Geophysical parameters are dependent on surveyach@ment. Response of these
parametersluring the measurement is given by physical progermf soils. Generally, the
following soil propertiesare considered to belong among the basic onesitglessength,
compressibility, stability (resistivityo weathering) and permeability. These properties a
crucial for evaluation of the earth or roglaterial from the geotechnical point of view. These
properties may be determined directly for exampje ldboratory tests or by the field
measurement. By using appropriate complex of gesipalymethods, these properties may be
indirectly acquired.

1.2 Geophysical measurement in function of the emb&ments safety

evaluation

As it was already explained, river embankmentssaigh important protective works
and need as much attention is possible, in ordguamantee the safety of the human activities
from flooding events. By application of appropriatemplex of methods and adequate
methodology of the field measurement and with loélgeceived data, which represent current
response of the rock environment to the parameteasured within the certain geophysical
field, the current conditions of material of theogctive embankments may be relatively
depicted. Although geophysical division of enviramh is specific, its qualitative and
quantitative aspect may serve to determination efded specifics, dependences, and
parameters, which are crucial for their reliabladiion. Nevertheless, mutual relationships
between geophysical and hydrogeological or engingeyeological parameters are not
always determinable in a simply way. The dependermmmsidered generally valid exist,
verified in practice, but it is always necessarapproach solution of each task specifically.
Application of geophysical methods is based on rdtemal backgrounds and practical
experiences. It is, therefore, reasonable to desdoasic properties of soils, serving as a
construction material of embankments in mutual ti@ato the geophysical parameters,
received from the field measurement.

Their structure and building materials primarily opide the safety of the
embankments. Building materials must assure adecgtability and impermeabilization of
the embankment itself. Substantial element is lase the amount of contained water,

primarily in relation to the water in the surfacatercourse. Besides the water contains, the
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knowledge of existence and position of eventuallgn-homogeneity zones into the
embankment are relevant problems in term of haaadl hydraulic risk, especially if river
embankments themselves are old (more than onerggninserted in a densely populated
area, subjected to periodic important floods anthsi, detailed information on history and
structure are missing. The needing to carry outiraey of hundreds of kilometres of river
embankments for identifying, primarily, these weas® zones, is also a requirement of the
regional government authorities. In the stabilitydses of river embankments, this research
was carried on in order to provide a stratigralgscription and the detection all the eventual
non-homogeneities inside the embankments themsehiés the employment geophysical
measurement, in particular using GPR methodology.

1.3 Objectives, limitations and thesis structure

Just in this context, GPR suitability was testethim study of river embankments. The
detection of stratigraphy, animal cavities and bws, buried pipelines, internal erosion
zones, non-homogeneities areas related to diffgrieases of construction and repaired areas
of the embankment itself represent the main purpdghis research. The main questions to
be answered were therefore if GPR measurementsdwsiand a chance of detecting
heterogeneous zone inside the embankment struahdef the provided results could be
adequate to the realisation of models for a seenv@onmental protection. Measurement data
were collected using several antenna frequencyigumattions, on various part of the
embankment, in order to constitute the foundatiérthe thesis work. In addition, some
complementary measurements were performed at sttes and comparison studies were
conducted. Some limitations afflict this reseanshignary, a seasonal monitoring of the river
embankment conditions was also scheduled; neves$elduring the last two years no
hydrogeological crisis (except the event of May @00ave occurred, therefore constant dry
conditions have characterized the river drainalygseover, the vegetation conditions over
the embankment bodies have impeded systematicalljies and many campaigns have
limited by such environmental circumstances.

Must be highlighted that this thesis is focusedton application of the GPR method
for detection of internal erosion, objects, cagiteexd anomalous areas in embankment dams;
even though other geophysical methods occasionaig used, the thesis is limited to the use
of the GPR. The thesis includes few theoreticakdgsons in the form of mathematical

formulas or equations of some geophysical basis@mtipal methodologies and has no
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ambition of a complete coverage here, but the batations and references to appropriate
methods are being provided.

The chapter two introduces the problematic strictly linked withetembankment
conditions in a densely populated area as Emilimm&ma, in particular its flatten part; this
chapter also provides a description of the statthefart and historical cases of geophysical
study regarding the embankment safety issue arg/smth Thechapter three offers a
detailed description of the GPR methodology, fréw theoretical basis, to its application for
the embankment conditions evaluation. Thapters four andfive introduce the two others
geophysical methodologies that were employed tdiseeaa comparison with the GPR
measurements and to implement the database of rhperpies related to the materials,
composing the embankment. Thahapter six presents the results obtained with the
employment of GPR as unique methodology to the ekrbant structure definition. The
GPR radargrams (electromagnetic pseudo-sectionthefembankment) showed in this
chapter represent the most interesting resultsasérthan 40 km of profiles provided in these
two years of research. Tldbhapter sevenfinally presents the cases of comparison between
GPR and other methodologies, which were testedignresearch. Therefore, it demonstrates
the utility of multidisciplinary approach, by mean$ the simultaneous usage of various
geophysical methodologies, to evaluate, as bestpaskible, the stability and safety
conditions of the river embankments. Finally, tiapter eightis dedicated to the summary
of all this thesis achievements, as well as adg@staand drawbacks associated to GPR

methodology.






2. THE RIVER EMBANKMENT SAFETY EVALUATION

The term embankment (or levee, bank) in this theers to small earth dikes (up to
12 meters high) built along the river bed that ased for the stream regulation under the
flood conditions. An embankment is constructed va#rth and rock materials. A common
classification is to divide embankment into eaitheénes and rock-fill ones. In some cases
homogeneous earth-fill banks are separated intolagscof its own. Homogeneous
embankments are the oldest type of structure, itotest by one single type of low permeable
material, sometimes with coarser material on tlopes to increase stability and protect the
embankment itself from surface erosion. In the gastembankments construction modalities
commonly schedule the usage of materials takercttiiréom the riverbed, transported and
compacted on the natural riverbanks using only Wdaesows or other poor means of work;
this is also the case of many Italian rivers, whasevadays their flood defence system does
not operate, as it should, in many important nodasrefore, the hydraulic safety of the Reno
River, one of the main rivers in North-Easternylitel of primary importance to the Emilia-
Romagna regional administration. This concern @soeable since in the last decades,
besides the unnatural evolution of the Po Plaimidlusystem, several hydro-meteorological

events induced structural failures of the Reno Ravwl its tributaries embankments.

2.1 Introduction

Embankments represent a great value in today' £goand their safety is of primary
importance to all the environmental administratioNgvertheless, during the last decades
many inundations due also to levee breakages heserred in Europe causing losses of
human lives and financial damages, which were agdea, in several cases, by the intense
urbanisation of flood prone areas. Two extendeddiooccurred in Central Europe during the
last 15 years, and both events hit the territooie&ermany and Czech Republic. The Odra
flood produced several disasters in the eastens paiCzech Republic (Moravia region, the
Odra and Morava River basins) in July 1997, affligt325 municipalities and causing 20
causalities, while the western part (Bohemia regi@ie river basin) was widely stricken by
the Labe-Elbe flood in August 2002 (Rezacova et 2005). Concerning the flood events in
Morava River basin in 1997, the monitoring of ddandition was neglected; therefore project
IMPACT (financed by 5th FP EU) was carried outpnder to acquire a precise description of
dike conditions, providing a selection of approf@iaeophysical method through GMS

7



(Geophysical Monitoring System) methodology (Mar2805; Boukalova & Benes, 2007).
The Elbe floods (Germany) in 2002 and 2006 haveudino much public attention to the
present state of river embankments, their investiga strengthening or replacement. As
many embankments are more than one hundred yeahm@ndl no detailed geotechnical data
even from recently refurbished sites are availalbles demand for fast and accurate
investigation methods is increasing (Niederleitleingt alii, 2007).

Considering the Italian case and some of the mgsificant events only, the Po River
was affected by two remarkable floods (1994 andO200 a few years, and catastrophic
inundations have occurred in Piedmont (1994 anddR0@alle d’Aosta (2000), Tuscany
(1996), Liguria (2000) and Calabria (2000). Afteese disasters, the question has often been
raised about the possibility that they are dudeadst partially, to an increased vulnerability
because of the land use change that took placerthaern Italy in the last five decades. These
concerns have therefore urged the hydrologic conmtm investigate the effect of human
activities on the river flow regime (Surian & Ridgl2003). During the past tens or hundreds
of years, in many Italian fluvial systems, rivemadynics have been significantly affected by
human disturbances such as land use changes, zabanj channelization, dams, diversions,
gravel and sand mining. Since these disturbancesecsubstantial changes to the flow and
sediment regimes, at present few rivers are intaralaor semi-natural condition. Several
studies have analysed the response of rivers toahumpact, showing that remarkable
channel changes generally take place, such asalesiljustment, changes in channel width
and pattern.

These changes are generally much larger than tth@decould be expected from
natural channel evolution and they represent path® several causes that, during the last
decades, following intense rainfall phenomenageigd numerous flooding events in Italy.
Surian & Rinaldi (2003) carried out a systematioview of the studies regarding
morphological changes and their relative effectssomctures and environment in Italian
rivers (Figure 2.1). Therefore, besides the mompdchl changes, the hydraulic safety of the
Reno River, one of the main rivers in North-Eastiéaty is indeed of primary importance to
the Emilia-Romagna regional administration. Esgdicthe structural conditions assessments
of river embankments, which are mainly constitupgscarryover materials and have the
purpose to safeguard the anthropized surroundirgs flooding, is of importance. This
concern is reasonable since, in the last decad=sdds the unnatural evolution of the
complete fluvial system, several hydro-meteorolafyievents induced structural failures of

the Reno River and its tributaries embankments.eSohthem were particularly serious, such
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as the dike breakages of Reno River in 1990, Samo§fream in 1996, and
phenomena of Quaderna Stream in 2005 and againdggm@008.

Recent channel adjustments in Ralian rivers and relative causes and effects

piping

River Maorphological Location and time Causes Location and Effects on structunes
changes af marphalagical time of human and envimonment
changes intervention
Po Channel shifting MNeotectonics,
' embankments
Channel narmowing; River engineering 19308 up to
reduction of sinuosity (at least in part) the present
Incision {1—-6 m); 19208 to 19508, Changes in flood Since the Undermining of
reduction of channel 1960k up to regime; gravel Roman times, hank-protection
length; reduction of the present and sand mining; but particularly struchures and bridges;
sinuosity; meander channelization; intense from loss of ground waker
cutoff; channel intervention at 19508 up to resources; loss of
narmowing; changes basm kvel the present agricultural land;
in channel pattern increase of flow
velocity
Rivers of the Channel narmowing Piedmont and alluvial  Gravel mining; 1950 to ? Loss of groundwater

Pledmont
Region
(High Po Plain)

Brenta

Piave

Rivers of the
Emilia
Homagna
Region

Rivers of the
Tuscany
Region

{in severl cases

maore than 5084);
incision {up to 5—8 m);
decrease of brading
index; changes in
channel pattern

{from braided to
wandering )

Incision {up to 7—8 m)

Channel narmwing
{more than 50%);
decrease of braiding
index; incision

{up to 2—-3 mj;
changes in channel
pattern {from braided
to wandering)

Incisiom {(2—4 m
N AVETAEE, up to
12—132 m); channel
narmwing, changes
in channel pattern
{from braided to
meandenng)

Incision (2—5 m
NV eTage,
up to 9 m)

Incision (usually
0.5-2 m; mome
than 2 m in some
cases); channel
narmwing {in
several reaches
more than 5(84);
changes in
channel patiern

plain reaches;
1950 to 1960

Alluvial plain
reach; 1960k to
19708

Momtain and
alluvial plain
reaches; 1900
up to the present

Piedmont and alhuvial
plain reaches:

1950s to 1980s
(particularly intense
in 1970s)

Alluvial and coastal
plain reaches;

two phases of
Incision: minor
phase from the
beginning of 1900,
second phase from
194560 to 1990s

Alluvial plain
reaches: 1950
to 1990

channelization

Giravel mining;
dams

Dams; diversions;
gravel minmg;
channelization

Cimavel mining,
dams, construction
of weirs

Imterventions at
hasin level
(construction of
weirs, reforestation)

Intense
gravel-miming;

Dams

Imterventions at
hasin level
(construction of
weirs, reforestation)
Cimavel mining

Alluvial plain
reach; 1960

to 197s
Mountain and
alluvial plain
reaches; 1930
up to the present

Piedmont
reach; 1950s
to 1980s

Mountain areas,
from the end

of 1800 and
first decades

of 1900
Alluwvial
reaches: 1950
to 1980s

1957

Mowuntain areas,
from the end of
1800 and first
decades of 1900
Alluvial reaches:
19508 to 1980

TCROUNCes

Failure of bridges;
loss of groundwater
TESOUrces

Loss of groundwater
TESOUrces

Failure and damage

to bridges and
protection structunes;
loss of groundwater
resouress; inaease of
flow velocity; reduction
of sediment supply

to the beaches
Damage o bridees,
hank protections

and levees; upstream
migration on tributaries;
nverbanks instability;
loss of groundwater
resources; reduction
of sediment supply

to the beaches
Damage o bridges,
hank protections

and levees; nverbanks
imstability; loss of
groundwater resoumnces;
reduction of sediment
supply 0 the beaches

Figure 2.1 - Recent channel adjustments in Centrdiorth Italian rivers and relative causes and effed
(Surian & Rinaldi, 2003).



In spite of the well-developed system of embankserit the Reno River and its
tributaries, dating in some cases over one hungiads, there is a lack of knowledge on their
structural status. Therefore, many geotechnicaleysrwere planned during the last decade to
investigate the Reno River catchment embankmentstste. The STBR (Regional Technical
Service of the Reno River Basin) of the Emilia-Rgme Region has recently begun a survey
programme, financed by the Authority of the RengeRiBasin, focused on the study of the
hydraulic and geotechnical conditions of the riviikes inside the territory under its
jurisdictional authority (Mazzini & Simoni 2004). cdually, destructive methods (such as
SPT-CPT tests, boreholes) represent the most Yargeéd techniques to describe the
stratigraphy as well as geotechnical parametethefiver embankments. The most utilised

direct methodologies are successively shown.

2.2 Geotechnical Investigations

Site investigations and assessment require a tgbronderstanding of the geology of
the site. The following aspects or parts thereoktrhe taken into account: stratigraphic
sequence, thickness and lateral extent of strath @ther geological units, lithology,
homogeneity and heterogeneity, bedding condititewpnic structures, fractures, and impact
of weathering. Concerning soils, the extent anckiiness of the lithological units are
determined using geological methods (e.g., gecddgicapping, geotechnical tests, direct
push sounding) in combination with geophysical aminote sensing methods. The
lithological unit identification is based on its meralogical composition, colour, grain size,
texture, and other physical properties. The folloyviproperties are important for an
assessment of the homogeneity/heterogeneity ajrtnend on a small scale with with respect
to:

= Texture, grain size, mineral content, density, watstent.
= Strength (compressibility, shear strength).

» Porosity and degree of saturation with water.

= Permeability.

These properties can be determined among otheroneettirectly by analysis of
samples in the laboratory. Soil samples becomeeasingly difficult to obtain with
increasing depth. Soil mechanical tests in therktiooy are expensive and time consuming.
For this reason, geophysical methods are made to gdditional information. The

geophysical methods results cannot be unequivoaatéypreted without calibration on the
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basis of samples and laboratory tests. Sampling gewphysical methods are, therefore,
complementary. The methods should be selected atootitimal investigation results are

obtained in the most economical way. In many coesyrthere are already standards and
regulations for various kinds of geological invgations, their quality requests and their
documentation.

With regard to the river embankment investigatiotise easiest and therefore
commonly used methods to provide geotechnical ptigseare drilling (boreholes) and direct
pushing technology (Cone Penetrometric Tests), lwhkwvdl be following described. They
provide a punctual stratigraphic description argkatechnical parameters characterization of
the subsoil with acceptable time-consuming andscost

2.2.1 Drilling

Drilling is the process of making a circular holétwa drill or other cutting tool.
Samples can be obtained from the drill cuttingbycoring during the drilling. Boreholes are
used to obtain detailed information about rock+seit types, mineral content, rock fabric
and the relationships between rock or sedimentréage selected locations. Boreholes can
also be used as monitoring wells, test wells anddyction wells in hydrogeological
investigationsln some cases, boreholes are plugged back to tfecewafter core sampling or
logging, but in most cases, they are used as nrorgtavells. Monitoring wells are drilled to
different depths of the aquifer to obtain informoati about the spatial distribution of
contaminants as well as water table and changestowe. The locations for drilling are
selected using information obtained by geologigabphysical and/or geochemical methods;
pertaining to river embankment, generally borehodse located on the top of the
embankment itself, in order to provide its compktatigraphic analysis.

Three principal drilling methods are widely used fshallow-depth boreholes,
depending on the type of information required antiie rock types being drilled.

= Cable tool method: cable percussion drilling is dhaest, simplest, most reliable, and
economical technology available for drilling wateells (figure 2.2a)lt can be used to

drill any material — from soft sands and clays @andhrock like granite. It requires no mud,
mud pits, auxiliary pumps or chemicals, but thdidg depth is only limited by the length

of the wire cable. The equipment consists of aottigvith pulley, strong rope or cable,
heavy drill stem with a drill bit or bailer, anddaum or pitman at the other end of the
rope. By using the drum to alternately pull theedgut and let it go slack, the drill bit is

raised and allowed to fall; therefore, this metheda percussion drilling method,
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undisturbed material is not obtained, but it isyetis determine the lithology from the

mixed sample from each meter.

Pulley

DriII-rods
\‘ % Drilling rig—

1

Ground level | Winch

Work-table

“f

Break line Borehole Gl

—— Borehole B—==== Break line ill-pi
Drill-pipe
- === Break line
5 | Cutting tool
Cutting tool or "auger head" A

a) b) c)

Figure 2.2 - Principle of drillings: (a) cable tooldrilling manual version; b) Hand-auger drilling; c) rotary
drilling with flush (Knédel et alii, 2008).

= Auger drilling: is a drilling tool designed so thie cuttings are continuously carried
by helical grooves on the rotating drill pipe te ttop of the hole during drilling. Hand-
auger drilling is suitable only for unconsolidateposits and drilling to a shallow depth.
It is inexpensive but slow compared to other meshobhis method allows drilling
through unconsolidated or semi-consolidated madsesiach as sands, gravel, silt and clay
(Figure 2.2b). Water is needed for dry holes. @nlthsis of the cuttings transported to the
surface, it is possible to determine the geologiafile to within 50 cm resolution. The
cuttings can be used for grain-size analysis angidochemical laboratory analyses. The
auger method is the preferable method for drilimgwaste or contaminated sites, but it is
not recommended for water wells.

» Rotary drilling: is one of the most common drillingethods and it was used for the
geotechnical campaigns for Reno River and its taiheis embankments. In this method,
the entire drill string is rotated at the surfagéurn the drill bit (Figure 2.2c), and cuttings
are removed from the hole by a circulating fluidg(FFe 2.3a). Water, mud or air is used
as drilling fluid to cool and lubricate the drilithflush the drill cuttings up and out of the
borehole, support and stabilize the borehole walptevent caving in, and to seal the
borehole wall to reduce fluid loss. There are tvasib types of mud or water rotary

drilling: the direct andreversemethods. In thelirect rotary method, the drilling fluid is
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pumped down through the drill pipe and out of tiieTthe fluid then flows upwards in the
annular space between the hole and the drill stamying the cuttings in suspension to
the surface into the mud pit. heverse rotarydrilling, the fluid and its load of cuttings
flow upwards inside the drill pipe and are disclegrdpy a suction or vacuum pump into
the mud pit. Three types of bits are used for yothilling of water wells: a drag (blade or
fishtail) bit, a roller (tricone) bit and a reambit. Reamer bits are used to widen a
borehole for well installation. The most commonllohgg mud is a suspension of
benthonite (sodium montmorillonite clay) in watéyt it can be advantageous under
certain circumstances (depending on availabiliglggical conditions, etc.) to use other
artificial or natural mixtures, such as Tixoton |Ig@am montmorillonite), Revert (a

synthetic polymer), or mixtures of local clay.

Figure 2.3 — a) Drilling test, provided for Reno river embankments, using the direct water rotary metbd;
b) example of silty-sand samples collected.

After the fluid is mixed, sufficient time must bdoaved to elapse to insure complete
hydration of the clay prior to its being circulatedio the borehole. It is very important to
have a strictly controlled fluid scheme during #wire drilling. The weight, viscosity,

mud losses, and pumping rate must be monitorednzamtsly and conditions adjusted
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accordingly. On the one hand, the drilling mud miostthick enough to bring up the
cuttings, but on the other hand, if it is too thickwill be difficult to pump and the
cuttings will not settle out in the mud pit. Morewy if mud is too thin, excessive
migration of the mud into aquiferous layers can upcocchanging the geochemical
conditions.

The drilling method assures the granulometric arieerefore stratigraphic
characterization of the subsoil. Borehole investiges for Reno River and its tributaries an
embankment represent a very important tool foréadization of stratigraphic sketches of the
embankment structure and is necessary to providmreect calibration of geophysical
methods (Figure 2.3b).

2.2.2 Direct push technology

Direct push methods are used for investigation ais sand sediments by driving,
pushing, and/or vibrating small-diameter hollowe$teods into the ground. Their use is
limited to unconsolidated sediments and semi-cotat@d sediments and is generally not
possible in consolidated rocks. An enormous vaiétyquipment is available and, depending
on the survey objectives and selected methodsesafigm 15 kg manual hammers (Figure
2.4a) to hydraulic pressure systems mounted omayhauty truck (figure 2.4b).

CPT (sometimes called Dutch CPT) has been contsiyaleveloped and used since
the 1930s, to determine soil mechanical parametleresg for engineering geology purposes.
CPT can provide a highly detailed, three-dimendigieture of the subsurface in less time
than needed by traditional methods (e.g., boreho&E3T systems consist of a thrust machine
capable of 20 to 200 KN thrusting force and a cemmeight system (the rig and truck), a
cone penetrometer (tool) as well as recording eqgeig. For Cone Penetration Testing
(CPT), the mass of the truck (10 to 30 t) is usea @ounterweight to the hydraulic pressure
unit used to achieve depths larger than 20 m. htrast to the CPT method, a percussion
hammer is used for depths smaller than 20 m by henmm rods into the ground or by
vibration under pressure. In this case, the masbeofruck can be considerably smaller than
for CPT (usually less than four tons). Becausetiiheks are smaller, the percussion hammer
method can be used even within buildings, as veelhalifficult terrain. The rods used for the
CPT method are one meter long. They have maledhrea one end and female threads on
the other. The rods used for the percussion medhed..5 - 3.5 m long. There are two types

of rod systems: single rod and cased. The most acontgpe of rod systems is the single rod.
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Figure 2.4 - Equipments for cone penetration testig: a) standard, b) mounted on a heavy-duty truck,
working sequence of Dutch CPT.

The diameter of the rods is typically 1 inch (2d), but can range from 0.5 to 2.125
inches (1.27 to 5.40 cm). Cased systems, alsadcdllal-tube systems, have an outer tube, or
casing, and a separate inner sampling rod. Thegasin be advanced simultaneously with
the inner rod or immediately afterwards. Samples lba collected without removing the
entire string of rods from the ground. The outdsetuliameter is typically 2.4 inches (6.10
cm), but can range between 1.25 and 4.2 inche8 (8.10.67 cm). Single-rod systems are
easier to use (EPA Superfund, 2005). If a hardwmerlies a soft layer, it is possible that the
rods will bend. For this reason, deviation from tlegtical is automatically registered in the
CPT method by an inclinometer in the tool (conehvgénsors at the lower end of the first
rod). The rods and tools must be decontaminatedh ey are removed from the ground. In
the CPT method, this is done with hot water or mteautomatically while the rods are
withdrawn. The accepted reference is a cone panetss that has a cone with a 10°dmase
area and an apex angle of sixty degrees and isfisdeas the standard in the International
Reference Test Procedure (IRTP, 2001).
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The following parameters are measured with geo#dfgeotechnical tools (cone
penetrometers): cone (tip) resistance, sleeveidngctinclination, depth, and in some cases
pore water pressure. The most commonly measureangders are either cone resistance and
sleeve friction, or cone resistance and total fanethe penetrometer in the CPT method.
Cone resistance, sleeve friction and pore watesspre are the commonly measured
parameters in the CPTU method. Inclination and ldepe measured with both methods.
Additional measurement of the pore water pressureoree or more locations on the
penetrometer surface gives a more reliable deteiom of stratification, soil type and
mechanical soil properties with respect to stand:d .

There are two types of cone penetrometers: sulinracbnes and compression cones.

= Subtraction cones measure the total force on thetpemeter (sleeve + tip) and the

cone resistanced). The sleeve frictionf{) is calculated by subtracting the cone resistance

from the total force. There is no upper limit foetsleeve friction of the subtraction cone

(Figure 2.4c). The only limit is on the total foroe the penetrometer.

= Compression cone measures the cone resistaprearid the sleeve frictionfy

separately. This results in a lower maximum valléviPa) for the sleeve friction. The

friction ratio Rf [%] can be used to identify the soil type.

R, =100-= : @2.1)
,

wherefs = unit sleeve friction (MPa) angi = cone resistance (MPa). Figure 2.5 shows the
most common soil classification methods, using coesistance, sleeve friction and
friction ratio values. CPT and CPTU usage is wideag for the Reno River and its
tributaries embankments; the results of such measemts will be successively showed,
whereas were important for a geophysical methodidbradon as well as for the
geotechnical parameters description. Besides thelkdeveloped utilization as well as
the ability to characterizes the structural cowdisi of the subsoil, the geotechnical
surveys, planned to investigate the embankmenttates, do not guarantee detailed
information, because destructive tests (such as-GHPT tests, boreholes) achieve just

punctual data.
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Figure 2.5 - Sail classification using cone resistae and local sleeve friction from CPT measurements
(Kndédel et alii, 2008) and using cone resistance difriction ratio (Brouwer, 2002).

Hence, the large longitudinal extent of the embamik® (several hundreds of
kilometres) has placed great interest in non-deswa geophysical methods, which,
compared to other methods such as drillings, albbwaster and often less expensive
acquisition of high-resolution data. The knowledgfethe existence and the position of
eventually non-homogeneity zones into the embankraen relevant problems in term of
hazard and hydraulic risk, especially if river emkaents themselves are old (more than one
century), inserted in a densely populated aregestdal to periodic important floods and at
last, detailed information on history and structare missing. The need to carry out a survey
of hundreds of kilometres of river embankments ittantifying, primarily, these weakness
zones, is also a requirement of the regional gawent authorities.

Just in this context, GPR and other geophysicahauilogies suitability was tested in
the study of river embankments; the main purposa® \the detection of stratigraphy, animal
cavities and burrows, buried pipelines, non-homeges in general and also related to
different phases of construction and repaired adfathe embankment itself. The next
paragraph will introduce the geological and hydwobdggical background of the Reno River
catchment and the principal causes of danger astdhitity of the river embankments will be

successively described.
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2.3 Geographical and geological settings of the styiarea

The Reno River and its tributaries area belongght structural domain of the
Apennine belt, in particular to its front portionpvered by recent alluvial deposits and
underlain by terrigenous layers of Plio-Pleistoceadiments. The geological setting can be
considered as the result of a foreland basin emnlyprocess lying on the northern end-
member of the Adriatic—Apulia block. Ricci LucchHi984) describes the Po Basin fill as a
syntectonic sedimentary wedge forming the infill thie Pliocene-Pleistocene Apenninic
foredeep, showing opposite polarity of tectonioi$qzort. It attains a total thickness in excess
of 4000 m; the Quaternary deposits are about 1800 In thick (Pieri & Groppi, 1981).
Recently, Picotti & Pazzaglia (2008) document tha Po Plain around Bologna is a
subsiding sag basin, superposed on top of the fopreforeland basin, where shallow
thrust-cored folds appear to be mostly inactivesitne middle Pleistocene. The main finding
of their investigation is that the Bologna mount&aont is an actively growing structure,
cored by a mid-crustal flat-ramp structure thatomsmodates ongoing shortening driven by

Adria subduction.

Y "":‘\' g S W) Mare
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[ s . ;
N~Adriatico

Ghiaie e sabbie di conoide

Limi e sabbie di piana alluvionale

Sabbie di canale dei fiumi appenninici

Sabbie del Po

E‘ Sabbie costiere

L]
Area sotto il livello del mare Firenze
/ Sovrascorrimenti attivi superficiali / Faglie attive con cinematica indeterminata / Sovrascorrimenti attivi nel basamento
/ Faglie estensionali superficiali attive / Anticlinale attiva / Sovrascorrimenti del Plio-Pleistocene inf. riattivati
s " ;o
/ Faglie trascorrenti attive / Sovrascorrimenti attivi nella successione carbonatica 4 Principali strutture neogeniche senza evidenze di attivita recente

Figure 2.6 - Geological sketch of surface and subgace main structures of the Emilia-Romagna Region
flatten area. Legend: (a) gravels and sands of alal fan; (b) silts and sands of alluvial plan; (c)channel
sands of Apenninic rivers; (d) Po sands; (e) Coadtaands; (f ) Below sea level area; Boccaletti efiia
(2004).
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Therefore, prominent cyclic facies architecture tie dominant feature of the
Quaternary alluvial to coastal infill of the Po BivBasin, a rapidly subsiding foreland basin
bounded by the Alps to the North and the Apennioethe South (Amorosi & Colalongo,
2005). Close to the southern basin margin, stigtigic architecture is dominated by
amalgamated alluvial-fan gravel bodies, passingligtal locations into alternating gravel
(fluvial-channel) and predominantly muddy (overbardediment bodies. Moreover, the
tectonic uplift of the Apennine mountain chain iensidered the main reason for the
northward migrations of the Po River, occurringidgrthe last 3000 years (Bondesan, 2001).
The Figure 2.6 shows the geological map of the lam Rrea inside Emilia-Romagna, where
the river embankments issues are particularly dmmeed by Regional and Local
Administrations.

As widely documented, the Po Plain is affected ldysgdence due to the combination
of a long-term “natural” movement and the surfadeats of “anthropogenic” activity
(Carminati et alii, 2003). Natural movements are shrface expression of different causes. In
the literature, such causes are commonly refeodzbth tectonics originated from the North
Apennine thrust belt activity, sedimentary (loadargd compaction) and postglacial rebound.
These movements are not localized, but their infteeis at a regional scale. According to
many studies, dealing with natural subsidences iwvell noticeable that subsidence reached
for the first half of the 20th century a rate d Zam/year (Carminati & Martinelli, 2002). As
far as anthropogenic causes are concerned, saidauiize of the Po Plain area is the surface
effect of the overexploitation of the aquifers, laggely documented by technical reports.
Since the fifties, the urban area of Bologna rapidkpanded as a consequence of the
industrial and agricultural development. Therefofegm 1957 to 2001, the average
subsidence increased at 40-50 mm/year, and sono@rbarks detected subsidence rates up
to 60 mm/year in the northern suburbs of Bolognguife 2.7). These subsidence rates in the
Bologna city area are also confirmed by some GRSgaavimetric measurements that were
monitored form 1992 to 2000 using an advanced DRSéchnique. This technique allows
monitoring the temporal evolution of a deformatmmenomenon, via the generation of mean
deformation velocity maps and displacement timeeseirom a data set of acquired SAR
images (Stramondo et alii, 2007).
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Figure 2.7 — Schematic geological section of the IBgna area and Surface DINSAR mean deformation
velocity map spanning 1992-2000, (redrawn after Simondo et alii, 2007).

The evolution of the studied area was significantiffuenced by morphological
changes, together with political and social evegitshe last centuries. As one of its right
tributaries, the Reno River was keeping a transvelisection to the Po (SW-NE), swamping
and over flooding in the alluvial plain until itha&nnelization. From the Middle Age to the
present, the hydraulic network completely changéd mespect to the natural attitude of those
areas: the Reno River was forced to flow partialyng an abandoned Po River trace. Some
important hydraulic structures were designed ineorb protect the plain from recurrent
destructive floods; among artificial structuresg tdapoleonic Channel (completed in 1965)
still enables to switch the exceeding part of theatest flood of the Reno River in the winter,
acting as a water reservoir for agriculture in soenmer. Also these rivers are affected by
subsidence phenomena; the massive vertical dispEtetaxes, given by the subsidence of
the entire area, exceeding from 20 to 40 times#iaral taxes, indicate a territory that suffer
an antrophic stress, which is responsible of theribed adaptation, forced in artificial levees.
Figure 2.8 shows that the Reno River bed altimdtmng the XIX century was 4-8 meters
higher than the actual, while its Po Plan segmerharacterized by an altitude decreasing of

4-6 meters during last century.
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Figure 2.8 — Planimetric contest of Reno River andts longitudinal profile evolution during last century
(Cremonini, 2003 redrawn).

Generally, as well as the subsidence issues, emimmk are still affected by many
different problems (which will be treated in thexheparagraph) like erosion, animal
excavations, human impacts, but over all by th@pnapriate building techniques that have
been used throughout their history. Earth matenedse usually taken directly from the
riverbed, transported and compacted on the natiwvalbanks using only wheelbarrows or
other poor means of work. As a result, the flootedee system of the complex Reno River

network does not operate as it should in many itamdmnodes.

2.4 Problems affecting the river embankments

Regarding the well-developed system of embankmemddwide, homogeneous
embankments are the oldest type of structure, itotest in theory by one single type of low
permeable material, In some cases with coarserriaat@ the slopes to increase stability and
protect the dam from surface erosion. Due to stglploblems, or more specifically due to
the risk of slips, the slopes must be built modgratich extends the size of the embankment
itself. Earth-fill embankments are mainly constiitby compacted earth material, whereas
rock-fill embankments are to the larger extent toup from crushed rock. These types of
embankments built in the past are strictly linkedhe surrounding presence of construction
materials or they were simply built up using thdssavhich constitute the riverbed and the

adjacent areas.
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2.4.1 Ideal dam

Basically, an ideal embankment or dam, which cpaasds to the recent constructive
criteria (for example adopted for the constructafnprotection works in Sweden) can be
hypothesized as a complex structure divided in gpaach zone then has different material
properties and functionality (figure 2.9). The pipal zones are composed out of various
materials with different properties and functiotyaficcording to the following:

= Core: this is the low-permeable zone of the dard,inmain purpose is to control the
seepage flow through the dam. The core consistsaijp of fine-grained soils, such as
clays, clayey sands and silty sands (Fell et @219Recommended tills are of a silty or
sandy character with 15-40 % fines content, catedlas amount of the soil passing 0.06
mm in relation to the total material passing then2® sieve, and with low content of
coarser fractions. Higher percentages of fines esdntnay cause practical difficulties
during construction and lower percentages may rastbo high hydraulic conductivities.
A hydraulic conductivity in the approximate range "’ to 10° m/s is considered

satisfactory.

Ideal embankment or dam

Coarse free draining material, high
structural stability

- Waterproofing core

I:l Sand or gravelly sand filters ——  Grouting of cement-bentonite

Figure 2.9 - Cross-section of a zoned embankment ihawith a central, slightly inclined core; fine, medum
and coarse filters and external support fill.

» Filters: the filters constitute a protection agaimsterial transport from the core. In
addition, seepage water is effectively drained It ppore pressures cannot build up
downstream of the core. Filter can be placed in@neaore zones, with a gradual increase

in grain size from the core and outwards. Betweathestep, appropriate filter criteria
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should be fulfilled. Fine filters are typically shor gravelly sand and coarse filters are
normally gravelly sand or sandy gravel (Fell et #092). The filter zone immediately
downstream the core is considered the most imporfEme filter zone immediately
upstream the core may help healing the core ifrmadeerosion occurs, in that material
from the filter is transported into the eroded pdrthe core.
= Support fill: the support fill provides stabilitpf the dam. This zone consists of coarse
free draining material, commonly crushed rock. Bams with coarse rock-fill, several
filter zones are needed to fulfil the filter reqnments between filter and fill. In earth-fill
embankment, the stability problems, due to the osklips, must be taking in accounts
and the slopes must be built moderate, which estémelsize of the embankment itself.
= Grouting of cement-benthonite: the grouting of cetdgenthonite represents the zone
that aims to guarantee the protection of the eminank basement from the possibility of
under-seepage occurrence. The under-seepage phemoisefrequent for embankments
that assure an adequate waterproofing, but arevaetitconnected with the foundation
ground; therefore the grouting of cement-benthonikdereas it doesn’t constrain
completely the water infiltration, can force thetarathat eventually permeates from the
base of the river bed, to cover a larger distaoeentually outcrops externally.
The correct embankment project section, showedyurd 2.9, is currently used for the
new structures construction and, even if its radbs must be validate with constant
measurements or monitoring of geotechnical parasatecan guarantee the resolution of the

problems connected with structural failures oféh#bankments.
2.4.2 Case Histories

In real cases, concerning the well-developed systieantificial embankments built in
the past, the building criteria corresponded toekigencies of a fast and most economical as
possible construction. In Europe, almost all thdbankments were simply built up using the
soils that constitute the riverbed and the adjaeesés. Furthermore, a considerable part of
the embankment system is more than one hundred y#drand the construction criteria
(earth materials were taken transported and coregamt the natural river banks using only
wheelbarrows or other poor means of work) are btd 80 guarantee the complete structural
safety as well as waterproofing.

In Hungary, for example, the majority of the flongievents were triggered by an
overtopping phenomenon, but an important perceraégeamatically breakages are reported

(Nagy & Toth, 2001); during the #9nd the early 20century, safety meant identical dike
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size (identical crest width, identical slope inelilon). Dikes were built and strengthened in
line with standardized cross sections along rivestiens and were reinforced after each
flooding, with an increment in dimensions and hgiggut without the necessary knowledge
of the used materials (figure 2.10). The outflowofl hydrograph from a dam failure is
dependent upon many factors. The primary facteshee physical characteristics of the dam,

the volume of the reservoir and the mode of failure

Along Kettés-Koros River Along Maros River
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Figure 2.10 - Standard cross sections of many Hungan rivers, which show the construction modalities
trough the time (Nagy & T6th, 2001).

The parameters, which control the magnitude ofpibak discharge and the shape of
the outflow hydrograph, include the breach dimemsidghe manner and length of time for the
breach to develop, the depth and volume of watgedtin the reservoir and the inflow to the
reservoir at the time of failure. The shape ané sizthe breach and the elapsed time of the
breach development are in turn dependent upon éwenetry of the dam, construction
materials and the causal agent for failure.

Concerning United States dams and embankmentspiatmn on the causal agent for
the failures have been collected since the 188@hnblogy has obviously changed drastically
since that time and improved design standards andtiction practices continue to reduce
the number of failures. Nonetheless, the relatnopprtions of dam failures attributable to a
specific cause have been remained relatively constaer the years. According to the

Washington State Department of Ecology, which piesli the summarization of observed
24



causal agents and their frequency of occurrenc20rdam failures during the period 1850-
1950, some consideration must be done (table R.ik)interesting to notice that, besides the
30 % of causes that triggered dam failures, duevertopping phenomena, the 40% of the
causes are relative to seepage, piping and intemealon phenomena, which mean that the
failures occurred for inadequate geotechnical agwhygpetrical characteristics. Moreover, the
problem result relative to not only old embankmeatsl dams, the Washington State
Department of Ecology report evidences that thédfahe studied failures occurred in recent
dams, in particular within the first five years atfte 20 % failed upon first filling. A
prevision of breakage, failure events, especialyriver embankments is very difficult, both
because of the large extension of the embankmketsselves and because there is a lack of

monitoring measurements which can be capable inalafeas of potential structural danger.

CAUSE SOURCE MECHANISM % OF TOTAL

OVERTOPPING FLOOD 30%

PIPING/INTERNAL EROSION OF

EMBANKMENT OR SEEPAGE, PIPING 25%
FOUNDATION
AND

CONDUIT LEAKAGE 13%

INTERNAL EROSION
DAMAGE/FAILURE OF
UPSTREAM 5%
MEMBRANE/SLOPE PAVING
EMBANKMENT INSTABILITY - VARIES 15%
SLIDES
MISCELLANEOQOUS VARIES 12%

Table 2.1 — Observed causal agents of United Statdams failure and their frequency of occurrence for
the period 1850-1950 (WSDE, 1992).

Observations on the formation and progress of treadh processes fail in the
significant majority of the cases: especially al@ngaller rivers, only the ‘result’ can be seen,
not the processes. Many breaching episodes in, léalywell as other European countries,
happened without any previous sign. It is very thed a process leading to dike breach can
be observed by anyone, especially by professiokaksn in case of a phenomena threatening
with failure, all efforts are concentrated on deknnterventions and in case of breach all
efforts are concentrated on the preparation of iplys$astest closure of the breach, on
evacuation, on the confinement (localisation ofnishation) etc., but not on observation,

25



measurements, data collection. Therefore observatbacerning for example the water levels
on the protected side starts always with considerdbélay (placement of temporary gauges
needs time and the same vehicles which are engagédod fighting, localisation and
evacuation). Indicators of performance of the dikas be hardly derived from breach data
since the majority of breaches were caused by oppiig. Indicators of performance of a
flood embankment can be derived from the resistaradeulated from the geometry and
geotechnical parameters of the dike and that ofdhedation layers compared with the loads.
Hence, stability or failure probability of dikesrche calculated, and earthen embankments to
withstand certain load can be dimensioned. Thersev@rocess, to derive performance
indicators from breach parameters is rather difficlue to high scale inhomogeneity of
earthen structures. However, with the utilisatibthe geophysical methods, selection of dike
sections deviating from those in the neighbourhaod posing problems during flood events

can be done and the reinforcement of these ‘weakests’ can properly be done.

2.5 Nature of embankment failures

An introduction about the nature of embankmenufag must be done, as far as it is
quite complex; an inhomogeneity of material projsriwithin the dike body or the subsoil
will result in a failure only if definite limits ofoutside influences will be exceeded.
Nevertheless, Niederleithinger et alii (2007) swgygbat is possible to identify four main
categories, affecting the stability of a dike systend, in regard of them, operate complexes
investigations for damage prevention. Figure 2Hidws that problems due to soil properties
of dike or subsoil material can be summarized ur foategories: soil properties of dike and

subsoil, effects of water, anthropogenic effeatsl biological effects.
2.5.1 Soil properties of dike and subsoil

Category A is composed by shear parameters ofdheasd stratification of the soil
layers; this category play a very important roles Bigher the grains size as higher the
permeability, which inside the dike body determities percolation velocity of water through
the dike and therefore its stability, too. The tication of the soil layers is a fundamental
factor in areas with presence of coarse sand teepteorizons: Czech Republic disasters of
1997 and 2003 were triggered also by the occurrehgeavel lenses inside the embankments

themselves, which dramatically collapsed duringfkbeding.
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classification of failures / influences

category A category B category C category D
soil properties anthropogenic n .
dike / subsoil effects of water effects biclogical effects
soil stratification percolation agriculture fauna

permeability/ overflow traffic flora

filter stability (rural roads)

soil weight groundwater : constructions at E
pressure and under dikes
shear parameters; incident flow
complex investigations for damage prevention
methods of dike investigations
= dike inspection visual estimation

92@;?:;:‘;{ piezometer topographic survey bicturbations

g i measuring historical analysis lysi

investigation H f i analysis

hydraulic modelling landuse analysis
function and
stability analysis
evaluation and decision for
reconstruction design

Figure 2.11 - Classification of failures/influencesand methods of dike investigations (Niederleithingr et
alii, 2007).

Some embankments collapsed, which were mainly ceethdy sand and gravel,
showed also the presence of wooden bars insidesttifgankment itself, testifying how
carefulness during the construction of such impanteorks was neglected (Figure 2.12a).

An embankment is a structure, which has to haveirther part characterized by a
waterproofing core, mainly made up of clay mateiralorder to prevent the water infiltration
and the possible internal erosion associated watempercolation. The construction of levees
without such impermeable part can trigger hazar@oasion phenomena and compromise the
stability of these very important works, figure 2blshows the presence of gravel horizons
the internal part of the embankment collapsed, witien be recognisable with geophysical
methods. As a matter of facts, the figure 2.12onsha resistivity profile, provided with a
Frequency Domain Electromagnetic Method (which Wwél successively treated) just above
the area where the borehole test was provided,byeire failure zone. The resistivity

measured by this device, over the borehole testsh®vs an abrupt increasing, reaching 500
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Ohm-m of value, evidencing the presence of higlstregy bodies in the subsoil, associated

to the presence of gravel.

Figure 2.12 — Flooding of 2003 in Czech Republic;) dailure of an embankment composed heterogeneous
materials (wooden bars and gravel layers are clearlvisible). b) Borehole test, provided near the faire,
which evidence gravel horizons and c) FDEM associd profile, provided on the top of the embankment.

Regarding Italian cases, into the Po Plain subserfavhich is mainly constitute of
medium-fine material, the occurrence of larger mrsize layers or lenses is of importance.
The frequent presence of sandy soil horizons, whalld be used in the past to build the
embankments, is a factor that can seriously comiseiie safety of well-developed areas.
The Reno River course is regimed by a massive rsysté embankments, which are
sometimes 12 m high, and were mainly made up witterrals retrieved in the immediate
surroundings. These materials were therefore ysalb taken directly from the riverbed and
compacted on the natural riverbanks using only Vdaeeows or other poor means of work; a
detailed knowledge of their composition is absdjuté importance. In some cases the grain
size conditions also of the subsoil can waste ttiera of protection works as levee or dams;
the Napoleonic Channel case is an emblematic exanmjgie Napoleonic Channel was
originally designed with the purpose of divertingrtpof the floods of the Reno River into the
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River Po, or if needed to keep a considerable velofwater inside its own bed, in order to
reduce the flooding (overbank spillage) risk aldhg artificial course of Reno River. The
historical studies and reconstructions carried darhonstrate that the excessive attention of
the designers to the hydraulic efficiency of tharmel has generated important geotechnical
drawbacks, such as the intersection of the watemwtty abandoned channels just under the
channel bed, which trigger the embankments undepase phenomenon. Because of the very
high permeability of such channel bed, the “Cavop®eonico” cannot be used at its
maximum capacity. Indeed, in the past when theirfiolume exceeded one-third of the

maximum filling size, several seepage phenomenarcet in the surrounding areas.
2.5.2 Effects of water

The second influence (category B) is the effecvafer; the water percolates through
the dike body and may cause instabilities due ¢cgsses of suffusion and erosion. Actually,
one of the most common failure scenarios of emba&mtnand dams starts with internal
erosion. It can be described as process whergaitles from the inner parts of the bank are
being carried downstream by the seepage. The @aounay then accelerate with increasing
seepage flow, followed by further transport of §inand so forth. Finally, a severe leakage
and high water pressure in the inner body or fotindawill be obtained, which may lead to
the failure of the embankment. The duration of pinecess from the start of an increased
seepage to a complete failure of the structure waay considerably, from a few hours to
many years. Due to the large body of work that d@spleted on embankment erosion and
piping research, and the fact that the work ispfegluct of international and multi-discipline
study, there are a number of definitions in theréiture regarding piping phenomena. It was
common for practicing engineers to lump all thesdinitions under the generic term
“piping”. For a detailed discussion about the ipigp definitions, the Richards & Reddy
(2007) paper is recommended. According to the asthimased on accumulation of 267 dam
piping failures, the piping cases were statistycalhalysed. The majority of piping failures
may be attributed to a variety of causes, suchigiagpalong conduits, other structures and
internal erosion (49.8%) into or along foundatia@rsabutments (15%), or piping due to
biological activity (4.1%). It is interesting to t@othat the dams that failed by biological
activity are commonly less than 9 m in height amat failure by piping into the foundation
tends to occur in large dams. In some cases tlmageand consequently the internal erosion
process initiates but stops as the embankment bgaiself. In any case, there is a strong

urge to detect such a process at an early stags development or, however, before its
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complete failure. Moreover, if the surface watdyléaexceeds the top of the embankments,
the surface erosion could result in an immediagaking of the dike. The high pore pressure
behind the levees is sometimes responsible for faélsee and uplift problems. Last but not

least, the high current velocity of the river waaecompanied by a direct incident flow to the

levee front flow stres}is another cause of failure.
2.5.3 Anthropogenic effects

The human activities in the surrounding of the dé¢stems, i.e. agriculture, traffic
and constructions of buildings or pipes in or béim¢lae dike are classified as category C. All
of the previously mentioned activities mainly afféee safety of dikes. Damages on the grass
cover of the dike could result in erosion problemstentially dangerous, as well as the
insufficient control by the authorities of both thegetation state and structural conditions of
the embankment. Constructions at or within the dikely are preferential ways of strong
gradient of water flow. The 1990 breaking evenRieno River indeed is attributable to the
presence at the embankment base level of a lamyguitp properties of SNAM gas society,
which compromised the stability of such embankmeetgnent. As a matter of facts, several
conduits and pipelines pass nowadays through thekment bodies of the Po Plain, mostly
of them are regularly built and in safety condiipnevertheless this territory is afflicted by
several cases of illegal excavations or prohibiswl use. Niederleithinger et alii (2007)
reports that topographic surveys, a constant vissi@nation and both historical and land use
analysis are the common methods of dike investigatfor anthropogenic effects.
Geophysical methods (GPR, EM induction methodsclwvldan detect metallic objects or

conduits) can be important tools also to preventalges created by anthropogenic issues.
2.5.4 Biological effects

Dikes are part of the landscapes and influencedidipgical processes (category D).
Digging activities of animals and roots of plané&vé negative effects on the dike stability. As
a result, voids may occur in levee bodies. Dikespart of the landscapes and influenced by
biological processes. Despite of the strong PonPdaithropization, several mammals have
found a comfortable habitat both in the internatl aaxternal part of river embankments,
where they are proliferating. Often the embankmanés not constantly surveyed and their
maintenance works (cleaning, vegetation cutting)reaglected; such animals create their lairs
when particular environmental characteristics océligh vegetation coverage, quite areas

and soft soils, which are easy to dig are favowablthe cavities proliferation.
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The species that can be found on the river embankingbitat are some various
mammal types: the European badddeles Melel the fox {ulpes Vulpes the wild rabbit
(Oryctolagus cuniculusand the nutriaNlyocastor coypus)While the fox and the European
badger are animals historically involved in soitgl @ikes erosion, recently the occurrence of
others species has significantly increased the ekmbant safety issues. Their habitude is
represented by digging of long, deep and articutandgties to provide the children safety,
sparking the possibility of collapses. The collapsacess is indicate in Figure 2.13; when the
cavity is dug inside internal side of the embankimeaifter heavy precipitations, the rising
water can inundate it, activating the central pathe levee imbibition. When the water phase
out of the cavity, a collapse can be triggered. [é/tine nutria creates generally cavities in the
internal flanks of the embankment because of théemaecessity, foxes and European
badgers, as well as wild rabbits, dig their lains the external part of such structure.
Obviously, a cavity dug in external flank is lesnderous but foxes and European badgers
can reach such large depths that in case of embartkimbibition, their hole inside the
structure can create several stability problemgtsalf. Often the embankments are not
constantly surveyed and their maintenance worlksa(thg, vegetation cutting) are neglected;
such animals create their lairs when particular iantlbcharacteristics occur. High vegetation
coverage, quite areas and soils, which are easgigoare favourable to the cavities

proliferation.

The water floods inside the cavity and
trigger the imbibition phenomenon

Section of the Cavity

________ When the water phase out,
= a collapse is triggered

CIL a4 biz b (14001 d

Figure 2.13 — Example of animal cavities developedn river embankments: a), b) and c¢) processes of
embankment collapsing (Covelli, 2006, modified). dgxample of cavity on the levee external flank.
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All the categories of failures / influences prewsbu stated require complex
investigations for damage prevention, apart of akethwn historical studies and destructive
methods, the geophysical investigations can bengioitant tool in function of a correct

embankment safety modelling and evaluation.

2.6 The Reno River case

After the depiction of the geological and geographsetting of the study area and the
description of the possible problems affecting émbankments, a summary for the Reno
River situation must be formulate. The Reno Rivebankments system has shown in the Po
Plain territory a series of geotechnical and hylicaproblems that in many cases, during
exceptional flood events, resulted in catastrophimndations. The main causes of these

problems (evidenced in figure 2.14) can be related

* Land subsidence

» Variations in water discharge;

= Variations of river bed profiles;

= Anthropogenic interventions (expansions of urbagasy quarry exploitation of the
river beds, underground excavations, presencerafuits etc.);

= Consolidation of underground terrains (below thkedy;

= Consolidation of the earth embankments (dykes);

= Piping or seepage problems;

= Animal excavations and biological alterations.

The levees, inspected with standardised field boratory tests were and are still
affected by many different problems like subsidenemsion, landslides, piping, animal
excavation, human impacts, but over all by the pnapriate building techniques that were
used throughout history. As a result, the floodede& system of the complex Reno River
network does not operate as it should in many itapbrnodes. The knowledge of the
existence and the position of eventually non-homedg zones into the embankment are
relevant problems in term of hazard and hydraulsk, respecially because Reno River
embankments themselves are old (more than onerggninserted in a densely populated

area, subjected to periodic important floods.
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The need to carry out a survey of hundreds of kiltves of river embankments in the
Reno River catchment for identifying, primarilyetie weakness zones, is also a requirement
of the regional government authorities. Thereftine, STBR (Regional Technical Service of
the Reno River Basin) of the Emilia-Romagna Regind the Department Of Earth and Geo-
environmental Sciences of Bologna University haygutated an agreement in order to verify
the GPR and other geophysical methodologies (FDERIT, MASW) suitability in the study

of river embankments.

2  Z

Figure 2.14 - Problems affecting a hypothetical RanRiver section (not in scale).

The main purposes were the detection of stratigraphimal cavities and burrows,
buried pipelines, non-homogeneities in general atgb related to various phases of
construction and repaired areas of the embankrtsait. i

2.7 Geophysical methods applied to river bank invéigjations

Applied geophysics can contribute to the solutibrmmst geotechnical engineering
and environmental problems; obviously, the geomasiechnique often does not directly
measure the parameter needed to solve the prohbteler wonsideration and it is based on
many geologic assumptions. Geological division mfinment is given by its lithological
diversity. Although the geophysical division is ded from classification of environment
according to its physical properties, it is notntleal with its geological division. Each
geophysical procedure measures a contrast (e.g. G#HiRes the contrast of electric
properties) and the correlation of measured geoapdlysontrasts with geologic inferences,
which is most often empirical and dependent on dbality of both the results and the
hypotheses, is a crucial point to achieve the kedge of the tasks.
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2.7.1 Geophysical Parameters

Geophysical parameters are dependent on surveyamment. Response of these
parameters during the measurement is given by gdlyproperties of soils. Generally, the
following soil properties are considered to belargong the basic ones: density, strength,
compressibility, stability (resistivity to weatheg) and permeability. These properties are
crucial for evaluation of the earth or rock matefiam the geotechnical point of view. These
properties may be determined directly i.e. by labmy tests or by the field measurement.
Water significantly influences the physics and nagtbal properties of soils. Its presence
changes also soils geophysical parameters. Cootewdter in the soils is given primarily by
measure of porosity of the environment (and thgs af permeability) and other physically
chemical properties. Limiting the focus to the peohs of embankment bodies, serving as
protective barrier against the increased waterldeypesence of water in these bodies is thus
totally cardinal for their reliable functioning. €hefore, definition of environment from its
geophysical properties point of view, such method@s can discriminate layers or blocks
differing from their surrounding by their physigaloperties, as density, specific resistivity,
velocity of propagation of elastic waves, etc. Tiypothesis itself, as already affirmed, may
require geologic assessment with borings or otheld fexploration, nevertheless non-
destructive geophysical methods should have capesbil for fast reconnaissance,

optimization of borehole locations and interpolatimetween them.
2.7.2 Background

Varieties of methods have been attempted for datusstinvestigations and leakage
detection investigations on embankment dams. Jebanst al. (2003) summarises new
possible methods for investigations of embankmeaimg in a comprehensive report.
Numerous methods are considered useful for dargritgenvestigations in a limited zone of
the dam. For detection of anomalous seepage aarhabterosion, however, it is concluded
that the self-potential method (IS), the resisgivitethod and temperature measurements may
have the best prospects. Nevertheless, all of thesphysical measurements assure a time-
consuming adequate knowledge only for short segroemarts of the embankment itself.
When something like hundred kilometres of embankmsemictures needs to be investigated,
the necessity of faster measurements of the mpeaperties is evident.

Recently, a geophysical characterization of a porof American River levees in
Sacramento, California, was conducted in May 200&tgets of interest included the

distribution and thickness of sand lenses that diedéhe levees and the depth to a clay unit
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that underlies the sand. The concern was thatriteom of these sand lenses could lead to
levee failure in highly populated areas of SacrameResistivity (OhmMapper by Geometric
and SuperSting R8 systems by Advanced Geosciemmep dnd electromagnetic surveys
(GEM-2 by Geophex) were conducted over a 6-milgtlerof the levee on roads and bicycle
and horse trails. Two-dimensional inversions wenadcicted on all the geophysical data. The
results showed that six areas were suggested asblgosrench locations to verify the
interpretation presented in the report (Asch at 2008). These six locations were selected
because they overlie either thick sand lenses, d#@psits, or a mixture of both. Trenching in
these locations should provide greater confidenahe interpretations presented for the rest
of the area investigated. Despite issues with tHeM& inversion, this geophysical
investigation successfully delineated sand lensésctay deposits along the American River
levee system and the approximate depths to undgrlglay zones. The results of this
geophysical investigation should help the U.S. ArQgrps of Engineers (USACE) to
maintain the current levee system while also asgighe designers and planners of levee
enhancements with the knowledge of what is to heeeted from the near-surface geology
and where zones of concern may be located.

Morris (2005) realised that, concerning geophysimoathods applied to river levees
investigations, there is a lack of information @testion of suitable methods, measurement
parameters, spacing etc., especially when botrciglof acquisition and accuracy of results
are required. Only recently, some scientific agschave been released and many researches
are starting all around Europe and North Amerieandnstrating how this field can represent
an open task of primary importance for human aotiwi safety. Although geophysical
division of environment is specific, its qualitaivand quantitative aspect may serve to
determination of needed specifics, dependencesparaimeters, which are crucial for their
reliable function. The stability of embankmentspismarily given by their structure and
building material. Substantial element is the anmtafrcontained water, primarily in relation
to the water in the surface watercourse. The IMPAR®ject, which was the base for the
development of this research, utilized and compaederal geophysical methodologies to
assert the physical parameters and therefore Hdesati the embankment parameters and
structural defects, evaluating the usability ofreéested method (Figure 2.15), in order to
assure a safety protection of river levees. Theas=sas were along chosen Czech Republic
Rivers, which are bounded by embankments thatrdiffe geometrical as well litotechnical
characteristics from Italian Po Plain Rivers, beamgaller and made up of larger grain-size

materials. However, by application of appropriatenplex of methods and adequate field
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measurement methodology, with the help of receda&a, which represent current response
of the rock environment to the parameters measwiddn the certain geophysical field,
relatively reliably current conditions of materiaf the protective embankments may be
determined. According to IMPACT project, electriesistivity methodology is the most
recommended way to describe dike structure and genwty, seepage phenomenon and to
recognise lithologic contacts until a reasonabletlile However, seismic and gravimetric
measurements can provide important information about geo-mechanical parameters,

allowing a detailed description of the embankmémnicsure.

Geophysical method Observed physical Embankment survey P d Def
parameters usability evaluation arameters and Defects
Specific electric resistance Dike Structure and Homogeneity
Geoelectric methods Conductivity Recommended Seepage
Electric potential Contact Dike - Subsoil
GPR - geological radar Relative permitivity Suitable

. . . Dike Structure and Homogeneity
Specific electric resistance

Seismic methods Elastic waves diffusion Suitable
velocity Geomechanical Parameters

Elastic waves frequency Santact Dike=subsail

Gravimetry Gravitation acceleration Suitable

i . Geomechanical Parameters
Specific volume weight

Thermometry Temperature Suitable

Temperature flow

Magnetometometry Magnetic susceptibility Conditional
Magnetisation
Radiometry a, B, v, activity Conditional

radionuclides content

Figure 2.15 — An overview of common dike defects drgeophysical methods appropriate for the detection
of such defects and physical parameters involved (Mris, 2005, redrawn).

Therefore, seismic, gravimetric, as well as setepbal and electric tomography
methods, have a drawback strictly linked with thestocity of acquisition; indeed the total
length of river network in the Reno plain basintae spread (about 500 km long) for the
usage of common geophysics techniques in a predmyiphase of study, searching for
hazardous areas. Looking for lower time-consumirgghmds, providing also a reasonable
resolution for the detection of non-homogeneitid® attention has turned to alternative
methods such as ground-penetrating radar (GPR)knthe way, in FDENMbr also dipole
electromagnetic profiling method. The innovativeadtomagnetic method (FDEM induction),
employing the GEM-2 device, was tested and verifredcuropean Projects (Boukalova &

Benes, 2007); it carries out basic assessment efdikes condition and their material
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composition in large areas with quick and not hyghmloney-consuming measurement. In the
following chapters, will be analyzed in more detdie GPR methodology and a comparison
with other geophysical methods in relationshiph@irt application for determination of states,

properties, and character of material of protectivdankment bodies will be provided.
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3. GROUND PENETRATING RADAR

The possibility of detecting buried objects remptehs fascinated humankind over
centuries. A single technique, which could rendher ground and its contents clearly visible,
is potentially so attractive that considerable iiie and engineering effort has gone into
devising suitable methods of exploration. Yet, mgke method has been found to provide a
complete answer, but seismic, electrical resistiMitduced polarization, gravity surveying,
magnetic surveying, nucleonic, radiometric, therrapic and electromagnetic methods have
all proved useful. Ground penetrating radar has li@end to be an attractive option.

The term “Ground Penetrating Radar (GPR)“, “groymbing radar”, “sub-surface
radar” or “Surface-Penetrating Radar (SPR)” reteatrange of electromagnetic techniques
designed primarily for the location of objects oterfaces buried beneath the earth’s surface
or located within a visually opaque structure. [@&i(2004) prefers the term “Surface
Penetrating”, as it describes most accurately gpdication of the method to the majority of
situations including buildings, bridges etc as wadl probing through the ground. GPR
provides a safe and non-invasive method of condgdiast searches without the need of
unnecessary disruption and excavation. GPR hadisanly improved the efficiency of the
exploratory work that is fundamental to the condion and civil engineering industries, the
police and forensic sectors, security/intelligefamees and archaeological surveys. GPR was
used for surveying many different types of geolabstrata ranging from exploration of the
Artic and Antarctic icecaps and the permafrost aegiof North America, to mapping of
granite, limestone, marble and other rocks as agetieophysical strata; its application to river

embankments is an open task that is rapidly acguimportance.

3.1 Basis of Electromagnetic theory

In 1873, the Scottish mathematical physicist Jar@ésrk Maxwell unified the
observations early in the 19th of electrical andgnsic phenomena century by Coulomb,
Oersted, Ampere, Gauss and Faraday. Maxwell gatheisting knowledge and unified it in
a way that allowed the prediction of other phenomede proposed the theory of the
electromagnetic fieldwhich classifies light as an electromagnetic gime@non in the same
sense as electricity and magnetism. This ultimdgyto the recognition of the wave nature
of matter. The German physicist Heinrich Hertz lelsthed the existence of electromagnetic
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wave experimentally in 1887, eight years after Malk& premature death (e.g. Lowrie,
1997). Constitutive relationships are the meangjudntifying the physical properties of
materials. In EM induction and GPR methods thetete@and magnetic properties are of
importance. Constitutive equations provide a maopE description of how
electrons/atoms/molecules/ions etc., respond eseartaghe application of a field. Coulomb’s
law shows that an electric charge is surroundearbylectric field, which exerts forces on
other charges, causing them to move, if they are fo do so. Ampére law shows that an
electric charge (or current) moving in a conduginrduces a magnetic field proportional to
the speed of the charge. If the electric field @ases, so that the charge is accelerated, its
changing velocity produces a changing magnetid fiehich in turn induces another electric
field in the conductor (Faraday’s law) and theretfijuences the movement of the accelerated
charge. The coupling of the electric and magneélt$ is calledelectromagnetismif two
straight conductors are laid end-to-end and coedett series, they act as an electrical
dipole. An alternating electric field applied tcetkonductors causes the dipole to oscillate,
acting as an antenna for the emission of EM wawe.efectromagnetic wave consist of a
magnetic fieldH and an electric fiel@&, which vary with the frequency of the oscillatand

are oriented at right angles to each other in tlamep perpendicular to the direction of
propagation (Fig.3.1).

Direction of
propagation

Figure 3.1 — Electromagnetic wave; electric (E) andhagnetic fields (H) fluctuate normal to each othein
the plane normal to the propagation direction.

In a vacuum all electromagnetic waves travel assgieed of light (c=2, 99792458410
m s, about 300000 km™3, which is one of the fundamental constants ofumat The
derivation of electromagnetic field equations frbfaxwell’s equations is beyond the level of

this thesis, but their meaning can be underst@ding in accounts that:

o = electrical conductivity;
4 = magnetic permeability; which in most materiahl@ss they are ferromagnetic) is

close to the value for the free spage¥ 4t x 10° NA™).
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¢ = electrical permittivity of the material, thatill be deeply treated in this chapter.

Two equations, identical in form, are obtained;ytltescribe the propagation of

magnetic field Handelectrical field Hvectors, respectively and they can be written as:

oH 9°H

DZH :ﬂoagﬁ'ﬂogat—z (31)
oE 0°E
0°E = ,LIOJE + /,10(9? (3.2)
0> 09* 0°

whereJ? = +—+
x> oy* 0z°

By the way, an important relationship can be imragsy stated: the amplitude of the
magnetic field can be directly related to the eledield and vice versa because of the field
coupling. A common term in electrical engineerirggthe electromagnetic impedance, Z

defined as:
z=E=-|H (3.3)
£

In equations (3.1 and 3.2), the left side describesvariation of the respectively
andE component of the electromagnetic wave in spacediection in a conductor); the right
side identifies its variation with time and sofitsquency dependence (displacement currents,
introduced by Maxwell). Electromagnetic radiatiorcempasses a wide frequency spectrum.
It extends from very high frequency (short wavetéipdo low frequency (long-wavelength)
radio signals. Two ranges of electromagnetic raahaare of particular importance for the
geophysics methods here treated: a high-frequearayer for the GPR application and a low-
frequency range for EM induction (figure 3.2).
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Figure 3.2 — The electromagnetic spectrum, showinthe frequency and wavelength ranges for the most
common electromagnetic surveys (Lowrie, 1997).

Ground penetrating radar is also an electromagn@id); however, it differs
significantly from the induction EM method. At tlewver frequencies (kilohertz range) where
EM induction instruments operate, conduction cuednurrents that flow via electrons in a
metallic matrix or ions in solution) dominate andergy diffuses into the ground. At the
higher frequencies (megahertz range) used by GHS&hladement currents (currents
associated with charges that are constrained frawing any distance) dominate and EM

energy propagates into the ground as a wave (Besingtii, 2005).
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3.2 GPR methodology

3.2.1 Historical mentions

The first use of electromagnetic signals to deteenthe presence of remote terrestrial
metal objects is generally attributed to Hilsmaget904, but the first description of their use
for location of buried objects appeared six yeatsrlin a German patent by Leimbach and
Léwy. Their technique consisted of burying dipotgesanas in an array of vertical boreholes
and comparing the magnitude of signals receivedhvgliecessive pairs were used to transmit
and receive. These authors described an alternt&obamique, which used separate, surface-
mounted antennas to detect the reflection frombassuface interface due to ground water or
to an ore deposit. The work of Hulsenbeck, in 19ppears to be the first use of pulsed
techniques to determine the structure of burietlfea. He noted that any dielectric variation,
not necessarily involving conductivity, would alpooduce reflections and that technique,
through the easier realisation of directional searhad advantages over seismic methods.
Pulsed techniques were developed form the 1930samiswas a means of probing to
considerable depths in ice, fresh water, salt dgptesert sand and rock formations. In 1960,
John C. Cook made the first proposal for using radaletect subsurface reflections in his
article “Proposed monocycle-pulse, VHF radar for airborne End snow measuremeénts
(Cook, 1960). Cook and others continued to devebgar systems to detect reflections
beneath the ground surface (1974, 1975). Annanxnds (1976) did work focussed on
permafrost soil applications. Probing of rock armmhlcwas also investigate by Roe and
Ellerbruch (1979), although the higher attenuatiorthe latter material meant that depths
greater than few meters were impractical. A motereded account of the history of GPR and
its growth up in the mid of 1970s is given by Noibs(1978).

Renewed interest in the subject was generated enetirly 1970s when lunar
investigations and landings were in progress. Fileen1970s until the present day, the range
of applications has been expanding steadily, and includes building and structural non-
destructive testing (Soldovieri et alii, 2006), leaeology (Goodman, 1994; Leucci, 2006),
road, railways track and tunnel quality assessrt@assmann et alii, 2003, Cardarelli et alii,
2003). Other applications consist in location oidgoand containers, tunnels and mineshafts
(Hendrickx et alii, 2003), pipe and cable detect{®ester & Bernold, 2006), as well as
remote sensing by satellite. Purpose-built equigni@neach of these applications is being
developed and the user now has a better choicegupment and techniques. After an

experimental period concerning mostly archaeoldgacal urban purposes (Al-Quadi and
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Lahouar, 2005; Loizos and Plati, 2007), interesEPR survey for geological issues increased
considerably in the 1990s. As an example, the GERuhquestionable advantages, respectful
of other techniques for the estimation of detritbme thickness of hardly accessible mountain
areas (Otto and Sass, 2005). Moreover, GPR cafyalnili the determination of buried
geological structures makes this technique a paw&rbl in sedimentology (Smith and Jol,
1995; Jol & Bristow, 2003); even if the extracti@i meaningful information on the
deposition style and on the sedimentary structuresds systematic and accurate data
processing (Neal, 2004). In geological and geomalgaical studies, Schrott and Sass (2008)
suggest using the GPR technique integrated witkrogleophysical techniques, in order to
prevent interpretation misunderstandings. Concgrriime application of GPR to river
embankments, very few applications are to date kndar this issue (Morris, 2005;
Niederleithinger et al., 2007).

3.2.2 Ground Penetrating Radar System

Ground penetrating radar (or GPR for short) isgbeeral term applied to techniques
which employ radio waves, typically in the 10 td0UMHz frequency range, to map structure
and features buried in the ground (or in man-madetsires). However, the GPR description
has become almost universally accepted and itstdatpy is largely applications-oriented
and the overall design philosophy, as well as @rel\ware, is usually dependent on the target
type and the material of the target and its sumgs. The range of applications for GPR
methods is very wide and the sophistication of aigacovery techniques, hardware designs
and operating practices is increasing as the téshpomatures (Daniels, 2004). As an
understanding of strengths and weaknesses of tlieothdecame apparent, its application
areas broadened as described by Davis and Ann88)(19

The majority of today's GPR technology is basedultra-wideband impulse radar
principles due to the depths at which most targedslocated. A GPR system is conceptually
very simple because it is composed by three pagsijown in figure 2.3): a timing unit or
control unit, an antenna and the processing sysegmegsented by a laptop.

Timing unit: the heart of the system is the timing unit thattools the generation of
the radar signal and then the detection of recesiguils as a function of time. Impulse GPR
systems generate a very short duration high vopadse (Input power: 12V DC, operating in
a range 10.5-13 Volts for GPR Zond by Radsys),eathg an adequate Scan Rate. The Scan
Rate is the number of vertical traces computeddenghe investigated material (ex. 220
scans/sec at 256 samples/scan, 16 bit 120 scamré/5&2 samples/scan, 16 bit, SIR 3000 by
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GSSI). Each scan can is composed by a huge nurhbamples (256, 512, 1024, 2048, 4096,
8192), and the reflected signal given by the amof@ithe samples can be amplified by a gain

control, manual or automatic, from -20 to +80 dE&@Rys, GSSI).

Radargram .
Distance

-

Diffraction Control unit

Traveltime

Reflection Antennas /
Transmitter Receiver /”

-

e Lay-e-r bbljndary -(reﬂéétor');

..............
..............

Figure 3.3 - Block diagram depicting main componerst and principle of a GPR system (Knddel et alii,
2008).

The Antenna is designed to radiate the radar signal with figedo that the pulse
entering the ground is a reasonable facsimile ®feflectronically generated pulse. In general,
the electronics and antenna form an interactive yhich, combined with ground conditions,
govern the temporal shape (or frequency contenthefradiated pulse. Among the principal
antenna types, which are dipole- folded dipole (fovquency application), horn, and centre-
fed, half waves bowtie, the last one is massivedgd, thanks to its wide broadband. The
receiver subsystem is similar to the transmitterthat it consists of an antenna plus an
electronics package. The receiving antenna is lysigdntical to the transmitting antenna,
when they are separate by a constant offset themyis calledbistatic which is a useful
configuration in order to calculate the velocitytbé ground with common mid point method
(CMP, see “EM wave velocity” section). A GPR isledimonostaticwhen the transmitting
and receiving antennas are the same. The factsatiiated antenna signals are directionally
dependent vyields important effects on the receiaedplitude responses. However, the
polarized signal detected by the receiver is dependpon the scattering properties of the

subsurface as well as the properties of the tratemmAll antennas transmit polarized signals
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and are generally designated to generate one ofhtiee types of polarized wave: linear,
elliptical and circular. Most commercially availabGPR antennas generate linearly polarized
EM waves wher& andH are contained in an equiphase plane as they vanagnitude with
time. Elliptical and circular polarization exhibisrotatinge that follows a path that traces an
elliptical (or circular) pattern with time, insteéidearly polarized waves are unique becdatse
does not rotate with time, then the only way tong®athe orientation dE in an isotropic
material is to reorient the transmitting and/oreieimg antenna. Polarization due to antenna
orientation is determined by the locationEodndH relative to the vertical plane of incidence.
The orientation oE andH can be controlled via the orientation of the GRfeanas. For
GPR devices that use centre-fed, half wave, dipotennask is oriented parallel to the long
axis of the antenna anld is oriented perpendicular to the long axis. Thare multiple
equivalent terminologies in literature for two cowmtypes of antenna polarization used in
GPR data collection. These names are based on rthatation of the field intensity
componentsE or H) to a reference direction, which is often the cli@n of propagation.
Nowadays the most appropriate terminology is suggdsy Baker & Jol (2007); the first type
of polarization is based da, contained within a horizontal plane that is pegieular to the
vertical plane of incidence (horizontal polarizatior transverse electric polarization, EH,
figure 3.4a). The second type of polarization Basriented within a vertical plane that is
generally referred to as vertical, parallél, (vertical polarization or transverse magnetic
polarization, EV, figure 3.4b). For most GPR apgiions, the direction and magnitudekof
relative to a target orientation is more importdmin the direction and orientation bBif
therefore, better results can be obtained knowinggdivance the target orientation and how to
use antenna orientation to generéie GPR data are often exclusively collected using
broadside antenna orientations, which generate &#étiped data, because EH polarized data
generally have a higher signal-to-noise ratio retatio the EV polarized data.

Generating and recording EH or EV polarizationa fenction of antenna orientations
and the use of reciprocal transmitters and receiyiggure 3.4c); these orientations are not
only based on the antenna position relative to edlclr, but also to their orientation relative
to the survey line direction (figure 3.4d).

Besides the different kinds of polarizations aslwaslorientations, the GPR signal is
fed from the antenna to the receiver electronicereht is detected and passed on for
recording. Planar impulse radar antennas genesphlyate closely coupled to the ground and
they are usually designed so that the polarizatfoiine transmitted and received signals will

be parallel. The exception to this is the crossedld antenna, which was used (see Savena
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Abbandonato river surveys, Chapter 4) for detecéitiger linear feature such as voids, pipes
and cables in the material or small targets sudbuaigd iron or brick objects. While certain
pulses are being reflected back to the receivéerstare being scattered and refracted. The
echo captured by the receiver is called a tracdtaeg@resents the cumulative reflections over
a short period of time (e.g., nanoseconds) in tafter a pulse was launched from the

transmitter.
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Figure 3.4 — a) EH and b) EV polarizations. ¢) Commn antenna orientations for recording EH and EV
polarized waves; d) antenna orientations for delinating buried targets (Baker & Jol, 2007).

The Acquisition system: The objective is to measure the magnitude of ticeived
signal as a function of time after the transmittas initiated. Distance ranging is determined
by measuring the time of flight of the signals ¢mtand back from the object detected. The
trace produced by the reflected signal is calidker waveletthe negative normalized
second derivative of a Gaussian function, whichsed in seismology due to tgro-phase
(is symmetrical about zero time) property. The wWetvean be considered as a transient event
with a definite time of arrival and finite energgrient (Daniels, 2004). Dealing with GPR
data, the most important aim of the processingnishe widest sense the extraction of a
localised wavelet function from a time series, Vbhidisplays very similar time domain
characteristics to the wavelet. The range of tina¢ €an be chosen to analyze two-way travel
time of the wave is calletime windowsand it depends by the antenna frequency and mlateria

condition.
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Figure 3.5 - Three views of radar trace profiles irhomogenous material (Lester & Bernold, 2006).

The process aims to gather radar data that canidpdayed in aradargram A
radargram consists of several singkeans plotted together to form a coherent raddilgro
The Figure 3.5 presents the result of moving th& @Bross a homogenous half-space with a
constant material property; the underground issallomogenous especially in embankment
structures created by humans. Layers of sandss,dagvel, are mixed with stones, tree roots,
construction debris, and of course, utilities of kinds. The union of single scans
(wiggle/single trace) forms the radargram: thisulisg radar images show streaks of black
and white bands in various forms and shapes (resabry; some commercial software
guarantee the data visualization in other formai#h coloured zones of same reflection
amplitude (modular vision). The general proceduhervprocessing data is to store the data
in the appropriate dimensional format and thenyappbpropriate algorithms. With reference
of the figure 3.5, the data can be consideredefdm:

f(x, Y, z) = A(xi Y zk); (3.4)
over the ranges k =1 to N, j =1 to M, and i =0lR, with A = data sample; is
noticeable that time and depth of the z-axis cancdwesidered to be interrelated by the

velocity of propagation inside the material whdre wave is circulating. A single waveform

or single scan (A-scan or wiggle/single trace)afired as:

f(Z): A(Xi'yjazk); (3.5)
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over the range k = 1 to N, j = constant, i = conistevhile an ensemble waveform set

or (B-scan) is defined as (Daniels, 2004):
f(x,z):A(xi,yj,zk); (3.6)

over the range k =1 to N, i = 1 to P, j = constahe figure 3.6 represents the

coordinate system for the scan description.
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Figure 3.6 — Coordinate system for A-scan and B-snalescription (Daniels, 2004).

The selection of suitable signal processing meibogery important, considering the
objective represented by the optimisation the wetveltput. Processing software hence
enables the application of different filters andngéunctions to visualize the resulting

reflection values as best is possible.
3.2.3 Fundamental parameters

The GPR as well as each geophysical procedure,uresaa contrast; in this research,
the electrical properties of the ground are consdleConstitutive relationships are the means
of quantifying the physical properties of materidior virtually all practical GPR issues,
three quantities (that were previous defined) dienportance; these quantities are treated by
simplification as field independent scalar quaditie

Magnetic permeability 4), which describes how intrinsic atomic and molecular

magnetic moments respond to a magnetic field;parameter that in normal conditions (not
magnetic soils) is considered unitary and can loggeated.

Electric conductivity ) is associated to an electric field (E), when iapplied; the

electric field creates conduction currents (itsgiignis defined as J). It should be noted that
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electrical conductivity and resistivity) are directly related, being the one the inversthef

other.

J=0E,soE=pJ; (3.7)

Conductivity represents an energy dissipating mashafor an electromagnetic field

and it influences the EM wave depth penetration\adcity (figure 3.7).
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Eiggsugr;a 3.7 — EM wave: propagation velocity versusanductivity of the material involved (Davis & Annan,
The performance of GPR is therefore dependent dperelectrical conductivity of

soils. Soils having high electrical conductivitypidly attenuate the radar energy, restrict
penetration depths and severely limit the effectss of GPR. Factors influencing the
electrical conductivity of soils include the amowmd type of salts in solution and the clay
content. Electrical conductivity is a measure o ttoncentration of water-soluble salts in
soils, and is directly related to the concentratidmlissolved salts in solution, as well as the
type of exchangeable cations and the degree ajdaon of these ions salts on soil particles
(Doolittle, 2005).

Dielectric constant or relative permittivit¥K) is the ratio of dielectric permittivity of

material to that of free space; It is often morevamient to deal with this dimensionless term.

(3.8)

The electric permittivity ) is associated to the displacement currents, dpedl with

bound charges, which are constrained to limitethde of movement. When an electric field
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(E) is applied, bound charge moves to anothercstatnfiguration creating a dipole moment.

The dipole moment density is given by:
D = E¢; (3.9)

The electric permittivity is never zero and everairacuum &), it takes on a finite
value of 8.85 x 18% F/m (Farads per meter). In rocks and sedimengtedatiic properties are
primarily a function of mineralogy, porosity, watesituration, frequency, and depend on the
rock lithology, component geometries, and electeotical interactions. In addition,
researchers were able to show that the dieleatnstant of soil is a function of the percent of
water in the soil, increasing with increasing watsgrcentage in the soil. Therefore,
reflections of EM waves are usually generated bgnges in the dielectrical properties of
rocks, variations in water content, and changdsuiik density at stratigraphic interfaces. The
phase polarity of the incoming wavelet will be nsedl if the reflection is caused by an
interface going from high to low permittivity andrversely. Therefore, by knowing the
phase polarity of the direct coupling wave and gnably a reflection from a known interface
(metal plate or similar) we can determine if théleaion is caused by a high over low
permittivity contrast or vice versa (Brandt et ,afi007). For example, when an antenna is
loaded on snow or sediments, it haRiaker waveletonsisting of three major half-cycles
described by a positive—negative—positive pulse + Hor in the grey scale imagery
white/black/white, Figure 3.4). This phase poladtyresponds to the expected reflection with
this antenna at interfaces from lower to highempeivity. The opposite reflection, on the
other hand, gives a 180° phase change and the theger half-cycles have a — + -
(black/white/black) phase. The polarity of the eetlon can hence characterize the interface

passage, indicating a rough composition of the rizhte

R= %;x/\/g ; (3.10)

whereR is the reflection coefficient and the relative permittivity values of the two

materials at the interface.

51



3.2.4 EM wave pattern in embankment soils

GPR as it is known today was developed as a toohfpping the internal structure of
materials, primarily the ground but not necessaliilyited to that: in this research, soil
materials constitute the embankment structures. pemetration depth and resolution of the
reflection data are functions of both the wavelaragtd the dielectric constant values. In river
embankments, GPR deals with lossy dielectric matenvhich quickly absorb the radio wave
energy as the signals traverse through the mediuencrucial problem of the losses, strictly
linked with depth penetration and consequentlyie@rtand horizontal resolution will be
treated in the following paragraph. When a localigeurce is above the embankment surface,
for a localized target in the ground, there carséeeral possible paths that energy can travel
from a transmitter to the receiver and the sigrals spread out as direct air signal, direct
ground signal and direct reflected (scattered)aigh very important feature of placing the
antenna on the ground is that the majority of thergy goes down into the ground and only a
small amount leaks up into the air, as it is vesiiol the figure 3.8.

a) b)

Air

Ground \t//f/

Crﬂ‘iéa}\f\ngle

Figure 3.8 - Wavefronts spreading out from a localied source; a) located above the ground and b) Idea
on the air-ground interface (Annan, 2001).

The spherical wave front descends on the grountbrilgg finite source dimension
and wavelengths, the field at any point along tteeigd interface can be visualized locally as
a planar wave impinging on the boundary at a sjeitidence angle defined by geometry
(source height and lateral distance). Locally tigaa is reflected and refracted according to
Snell's law and the Fresnel reflection coefficietit.one examines the wavefront in the
ground, it is no longer spherical as bending oceutk differing degrees depending on the
varying incidence angle. To understand what is bapg in the ground and near the
interface, the limiting case of the source righthat interface is informative (Figure 3.8). The

incident and reflected waves in the air coalesd¢e an up-going spherical wave. In the
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ground, the transmitted signal divides into twotgaa spherical wave and a planar wavefront
travelling at the critical angle, which links thérett spherical airwave and the spherical
ground wave. Near the interface, the spherical mpowave extends into the air as an
evanescent field (Annan, 2001). The antenna pattetine radar system is what dictates how
the radar system can be deployed to detect objatscally the antenna pattern tells in what
direction the system is most sensitive and heneeatiea which is being "viewed" by the
system. With GPR systems, the antennas are platex very close to the ground surface.
The antennas generally interact with the ground @ratacteristics of the antenna are very
much controlled by the electrical properties of greund.In virtually all GPR systems, the
antennas, which are used, are some form of dipotenaa. Generally the dipoles are
resistively loaded so that they are not tuned &g have a broader bandwidth. The broad
bandwidth is achieved at the expense of energydndssystem sensitivity. When an electric
dipole antenna is placed on or near the groundseirfwithin about 0.1 wavelengths or less),
the antenna pattern is significantly affected by #lectrical properties of the ground.
Variations into the antenna pattern lobes are showigure 3.9. As the relative permittivity
(dielectric constant) of the ground increases, dinectionality of the antenna increases and

more energy goes down and less up.
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Figure 3.9 — Generalized polar diagram of TM and TEmode radiation pattern (Baker & Jol, 2007).

3.2.5 GPR System design

It might be thought that a GPR needs to have asdofrequency of operation as
possible to achieve adequate penetration in weténmaé. However, the ability to resolve the
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details of a target or separately detect two targeproportional to the size or spacing of the
target in relation to the wavelength of the incideadiation. Consequently, a high frequency
is desirable for resolution. A compromise betweengtration and resolution could be done to
capitalize the survey and it is an important comston in either the selection of system
bandwidth or the range of frequencies to be radigB®nsideration needs also to be given to
the fact that, not only does attenuation decreatte frequency, but so does target scattering
cross-section; this leads to the situation wherg fossible that, for certain targets, material
properties and depths, the received signal desesiie frequency (Daniels, 2004).

This paragraph handles with the principal factdfeciing the design of a GPR in
order to illustrate those factors, which need tetwesidered. The propagation path of the EM
wave produced by GPR consists in general of a Jasepmogeneous dielectric, which, in
addiction to being occasionally anisotropic, extsia frequency dependent attenuation and
hence acts as a low-pass filter. The upper frequehoperation of the system and hence the
antenna, is therefore limited by the propertiethefmaterial. The need to obtain a high value
of range resolution requires the antenna to exhilwide-band bandwidth. The range of GPR
is primarily governed by the total path loss, ahd three main contributions to this are the
material loss, the spreading loss and the tardleict®n loss or scattering loss. Hendrickx et
alii (2003) have shown the attenuation, reflectmid total losses variation path for increasing

of water content (figure 3.10).
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Figure 3.10 — Attenuation, reflection and total loses predicted with the radar response model in a sd
and a silt loam at water content from 0 V% to 50 V%(Hendrickx et alii, 2003).

An example of a basic general method is given ia #ection. The signal that is
detected by the receiver undergoes various lossis propagation path from the transmitter

to the receiver. Loss and absorption of EM wavesiém-magnetic materials is frequency and
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wetness dependent, and are caused by both condactibdielectric effects. Regardless, it is
important to estimate the loss, determine how feagy dependent the ground materials are
to the signals and relate this to the noise fl@ven the loss we can give an indication of the
maximum depth at which an ice body could potentib# detecteddaniels (2004) gives the

total path loss for a particular distance, remeimnigethat an accurate prediction of total losses

the computation needs to be made over a wide biinéquencies.
LT = Le + Lm + Lt]_ + Ltz + Ls+ La+ Lsc (3.11)
Where:

L. = antenna efficiency loss in dB: this is a measofeéhe power available for
radiation as a proportion of the power appliedh® antenna terminals. It can be an important
losses factor, especially in the case of resistil@ded antenna. For a pair of loaded dipole
antennas the losses are obviously the twice.

Lm = antenna mismatch loss in dB: is a measure ofwelivthe antenna is matched to
the transmitter, usually only a small amount of powg lost

Ly + L= transmission-coupling loss (from air to materi@jransmission loss (from
material to air), expressed in dB: in the case mkm@nas operated on the surface of the

material, the transmission-retransmission lossas the antenna to the material are given by:

az.Z,

Ltl = Lt2 = —20'0910 ‘Z+—Z|2 ;

(3.12)

where 7 and Z, represent the characteristic impedances (i.e. mou&.3) of air
(377Q) and material (many earth materials have(1R5

Ls = antenna spreading losses in dB: in conventiara-$pace radar the target is in
the far field of the antenna and spreading logzagortional to the inverse fourth power of
distance provided that the target is a point soulltemany situations, relating to ground
penetrating radar the target is in the near fieldhsit Fresnel zone and the relationship is no
longer valid. However, for this example aff &preading loss will be assumed, even though
for a planar interface this is not valid and a eotion is included. The spreading loss is

proportional to the ratio of the received powettte transmitted power:
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L, = —10Iogloﬂ ;

(47R2 )2 ; (3.13)

where:

Gt = gain of transmitting antenna (loaded dipole);

A = receiving aperture (loaded dipole)

R = range to the target; the spreading lossesiegetlgt proportional to this factor and,
moreover, considerably backscattered energy wilieierned if the target is a planar reflector
at a given depth This factor in Equation 3.10 isygbdortance.

c = radar cross-section.

L= attenuation loss of material in dB, is given bg Equation:

L, =8686x2x Rx 27 \/(% i+ ar 55)—1) ; (3.14)

where:

f = frequency in Hz;

tand = loss tangent of material;

grandeg = relative permittivity of material and absolutapétivity of free space;

ur andpo = relative magnetic susceptibility of material aagsolute susceptibility of
free space.

The principal loss mechanism in rocks and soilgequencies over 500 MHz is the
absorption of energy by water present in the pofé® dielectric properties of naturally
occurring water (or ice) can be adequately desdrivben there is the knowledge of its
temperature and low frequency conductivity, butegatty, we can assert that the velocity of
wave propagation is slowed substantially with iasieg ionic concentrations. This has the
most pronounced influence at frequencies belowNBlGand, above this frequency; the wave
velocity closely approaches that of pure waterthé water content is large enough the
permittivity of the material may be determinedtfiydy the dielectric properties of water and
to a second order by those of the dry materialégd3.11).

Lsc = target scattering loss in dB, considered in thgecof an interface between the
material and a plane, where both the lateral dimessof interface and the overburden are
large. When the physical dimensions of the interfac anomaly are small, theclincreases

and the returned signal becomes smaller. Under ssamdition the physical dimensions of
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the anomaly are such as to create a resonantws®udt is possible to distinguish air-filled
voids, and water filled voids by examination ofithesonant characteristics and the relative

phase of the reflected wavelet.

Material Attenuation, dB m~! Relative permittivity range ~ Conductivity, Sm™!
Air 0 1 0

Asphalt dry 2-15 2-4 10721071
Asphalt wet 2-20 6-12 1073:107!
Clay dry 10-50 2-6 1071:1070
Clay wet 20-100 5-40 1071:1070
Coal dry 1-10 3.5 1073:1072
Coal wet 2-20 8 10731071
Concrete dry 2-12 4-10 1073:102
Concrete wet 10-25 10-20 1072:107!
Freshwater 0.01 81 1076:1072
Freshwater ice 0.1-2 4 1074:1073
Granite dry 0.5-3 5 108106
Granite wet 2-5 7 1073:1072
Limestone dry 0.5-10 7 10-8:10-¢
Limestone wet 1-20 8 10~2:10"1
Permafrost 0.1-5 4-3 1073:1072
Rock salt dry 0.01-1 4-7 1074:1072
Sand dry 0.01-1 2-6 1077:1073
Sand wet 0.5-5 10-30 1073:1072
Sandstone dry 2-10 2-5 1076:107°
Sandstone wet 4-20 5-10 1074:1072
Sea water 100 81 102
Sea-water ice 1-30 4-8 1072:1071
Shale dry 1-10 4-9 1073:1072
Shale saturated 5-30 9-16 10-3:10!
Snow firm 0.1-2 6-12 1076:1073
Soil clay dry 0.3-3 4-10 1072:10"!
Soil clay wet 5-50 10-30 10-3:1079
Soil loamy dry 0.5-3 4-10 1074:1073
Soil loamy wet 1-6 10-30 1072:107!
Soil sandy dry 0.1-2 4-10 1074:1072
Soil sandy wet 1-5 10-30 1072:10°!

Figure 3.11 — Attenuation and typical range of diadctric characteristics of various materials measure at
100 MHz, (Daniels, 2004, redrawn).

3.2.6 Velocity of Propagation

A transmitting antenna on the ground surface eflswaves in distinct pulses into
the ground that propagate, reflect and/or diffeddhterfaces where the dielectric permittivity
of the subsurface changes. It can easily be resedrthat if the propagation velocity can be
measured, or derived, an absolute measurement pth ade thickness can be made. For
homogeneous and isotropic materials, the relatngggation velocity can be calculated

from:
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Vo= —; (3.15)

thus the depth can be derived (considering a twp-tkavel time of the reflected

wave) from:

(3.16)

where K is the relative permittivity and is the transit time from the target.
Nevertheless, in most trial situations the relatpermittivity is unknown, because the
material is never homogeneous and multi-layer diste mediums must be considered; EM
wave velocity data allows conversion of a time rdcof reflections to an estimated depth.
The mean velocity value may be obtained from:
= Standard field procedures (e.g. bi-static commod-paint radar sounding or CMP).
The propagation velocity can be determined by WARIRasurements (wide-angle
reflection and refraction), where the position oecantenna is kept constant while the
second one is moved along the profile line. Thrayais slightly easier to carry out in
rough terrain. The more commonly used CMP (commahpuint) measurements instead
consist in reciprocal movements of both transngttamd receiving antennas. Generally,
the measured CMP and WARR velocities are, stricpgaking, valid only in the
uppermost few meters of sediment. Information awalocity of the deeper subsurface
can be derived from the shape of eventual refradtigperbolae which are, however, not
always present. The propagation velocity in rivebankments is likely to decrease with
depth due to compaction and a higher content oémaatd finegSass, 2007).
= Representative values in the literature derivednfrtaboratory electromagnetic
characterisation; this method was generally adgoptedsidering the typical Reno River
embankment structure, which is made up of sandsdinich slightly different ratios.
= Calibration with reflectors observed both in theldiand by using other geophysical
techniques, it will be treated successively. Thisthod was applied for the Savena
Abbandonato Stream, where a metallic object, giangflected signal was put into the
ground at a known depth. However, this kind of e#jotest is no longer valid under the

reflector depth.
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3.2.7 Resolution VS depth

According to Annan & Cosway (1994), “Resolutiontefo events requires that the
radar pulse envelope time duration be shorter thaee the separation delay time between
two features to be resolved”. It might be thougjtattta GPR needs to have as low a frequency
of operation as possible to achieve adequate @metin wet materials. However, the ability
to resolve the details of a target or separatelgaddwo targets, both in vertical and horizontal
directions, is proportional to the size or spaadwghe target in relation to the wavelength of
the incident radiation. Consequently, a high fregyeis desirable for resolution. The
compromise between penetration and resolution feshade and it represent the winning
factor for a successfully GPR campaign. When a Gy&Rem is placed on the ground it looks
out in quite a broad area beneath the antenna lhasveff to the side: spatial resolution is
determined by this broad area of the region illiated by a GPR antenna, often referred to as
the Fresnel zoneor antenna footprint GPR data are often exclusively collected using
broadside antenna orientations, which generate @&tiped data, because EH polarized data
generally have a higher signal-to-noise ratio redato the EV polarized data. This can be
partially attributed to the orientation of the loagis of the illumination ellipse or antenna
footprint relative to the survey line direction, stsown in figure 3.12. From the illumination
ellipse it can be observed that the transmittedgelarized data are weighted toward off-
survey line features, whereas the EH polarized dagaweighted toward in-line features.
Therefore, transmitted EV polarized data are maseeaptible to noise from buried off-survey
line features. In generalized form, the subsurfaea illuminated is an ellipse that can be
estimated from the equations in figure 3.12, byrded the length of the major (A) and minor
(B) radii of the ellipse. These equations are aised to determine the spatial resolution of
GPR antenna. Figure 3.12 shows the relationshiwdmat the radius A, which is oriented
perpendicular to the long dimension (broadside)tha& antenna, and radius B, which is
oriented parallel to the broadside of the anteifinean be observed that collecting data with
the antennas oriented parallel broadside resultarelongated axis of the illuminated surface
area ellipse being parallel to the survey line dioa. Data collected using parallel end-fire
orientations will result in the elongated axis betilluminated surface area ellipse being
perpendicular to the line survey direction. Thisreases the possibility of including

unwanted signal from off-line features.
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antenna

Suflice 2100 —antenna Pathway

Fresnel zone

Figure 3.12 - Approximate GPR-antenna footprint (Flesnel zone) for bi-static, dipole antennas and
relative equations, to define the major and minor adii of the ellipse.

In the equations of figure 3.1 is the depth of the Fresnel zone in the subsurface
is the radius of the Fresnel zone parallel to thieglaxis at deptlzy, B is the radius
perpendicular to the long axis at degihandz is the antenna elevation relative to ground
level (Annan, 1996). Equations in fig. 3.11 inde#ihat GPR patterns become more focused
with increasing dielectric constant, resulting reaer spatial resolution, at the detriment of
penetrating depth. The equations can be used &ndiee antenna frequencies suitable for
imaging subsurface targets with known spatial dsiers. Because of the footprint, one can
detect responses from features, which are not tiréelow the system when making a
measurement. The off 'bore site' responses gieetoiiyperbolic features on GPR records
and are the classic signature of localized featsuweh as pipes, cables, or other limited spatial
extent objects. The theoretical resolving limittbe vertical resolution is % to % of the
wavelength for Sheriff & Geldart (1982), and Y4 timYaz and Doherty (1987); here in figure
3.13 are presented the frequency-related vertiesblution theoretical values for typical

sedimentary environments.

Antenna frequency Lithology
Saturated sand Damp sand Dry sand
0.06 m/ns 0.1 m/ns 0.15 m/ns
50 MHz 0.3-0.6 m 0.5-1.0 m 0.75-1.5 m
100 MHz 0.15-0.3 m 0.25-0.50 m 0.375-0.75 m
200 MHz 0.075-0.15 m 0.125-0.25 m 0.1875-0.375 m

Figure 3.13 — Theoretical values for vertical resaktion of GPR in typical sedimentary environments fo
various antennae frequencies, considering an averagvave velocity by laboratory tests (Jol & Bristow,
2003).
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The horizontal or plan resolution is important whitvere is a need to distinguish
between more than one target at the same depth;diéfined by the characteristic of the
antenna and the signal processing employed. Plaolute®n improves as attenuation
increases, assuming that there is sufficient sigmaliscriminate under the prevailing clutter
conditions (Daniels, 2004).

3.2.8 Clutters

Concerning the application of GPR in soils, filedasurements have produced a wide
scatter of results primarily due to the inhereniatality of the “natural” environment caused
by the presence of stones, boulders and localisgiwns of higher conductivity within the
ground mass (figure 3.14). Such variations causediklectric parameters to change in a
statistically unpredictable way as the radar ardeisnscanned over the “ground” surface
introducing clutter in the received signal. Thetiduthat affects GPR measurements can be
defined as those signals that are unrelated taattget scattering characteristic but occur in
the same sample time window and have similar splechraracteristic to the target wavelet
(Daniels, 2004). Clutter can be caused by breautiirobetween transmit and receive

antennas as well as multiple reflections betweeratitenna and the ground surface.

Figure 3.14 — Clutter effects, given by reflectionérom targets, above the ground surface or immediatly
below it (Vettore, 2008, modified).

Clutter will vary according to the type of antersmnfiguration, and the parallel planar
dipole arrangement is one where the stability ef ldvel of breakthrough is most constant.
Local variations in the characteristic impedancehef ground can also cause clutter, as can
inclusions of groups of small reflection sourceshim the material. In addiction, reflections
from targets in the side lobes of the antenna,notibove the ground surface, can be
particularly troublesome. This problem can be owsre by careful antenna design and
incorporating radar absorbing material to attenuhee side and back lobe radiation from
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antenna. In general, clutter is more significanslart-range times and decreases at longer

times, leading to the consequent limitation on wraage radar performance.
3.2.9 Processing GPR Data

After obtaining GPR data, this data must be pramkss order to be more easily
visualized and interpreted. For Daniels, 2004, slgmal processing is primarily means of
reducing clutter; fundamentally, the signal to ®@utatio of the radar data is the key to target
detection. Most system noise in GPR systems camdigced by averaging. GPR is heavily
contaminated by clutter, and reduction of this leeg objective. Most important, the general
objective of signal processing as applied to seHaenetrating radar is either to present an
image that can readily be interpreted by the opemat to classify the target return with with
respect to a known test procedure or template. Mewyesince data obtained from GPR
surveys is similar to data obtained from seismiftecon surveys, many of the same
techniques used to process seismic data can baapedcess GPR data. In many cases, it is
possible to use the results from a GPR survey vatly modest processing. In these cases, the
only processes that need to be made are to cadimneedata to a usable digital format, to make
gain adjustments to the data, and to determinddpén to each eventual reflector (such as the
water table) in the subsurface (this involves cotirvg time to depth Normally, processing

the data can involve the following steps (not iplagation order):

= Converting the data to a usable digital formatmast recently manufactured GPR
units, the data is automatically recorded in digitamat. There are many different file
formats to work with, and there are many utilityograms available for converting
between different file formats. Data from GPR umpitschased from Geophysical Survey
Systems Incorporated can be uploaded to computeds processed with software
available from the same company. GPR by Radsysupssddata in a standard format
(sgy) that can be processed with each software; @8 pany provides its own data
format and relative elaboration software

= Time zero assessing. Time zero is a function ofsgfstem timing, cable lengths, and
antenna positioning. It is necessary, in orderdédgmm an accurate GPR survey in the
ground, to calculate the two-way travel time frdm precise moment when the EM wave
pass between the air to ground interface.

= Background subtractions. Noise that occurs becatisbe geometry of the system,

clutter, artefacts and static reflections can luced with a background removal. The
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background filter subtracts reflections, which a@enstant over the entire radargram
(Heilig et alii, 2008). The software computes therage of all the scans accumulated and
it removes them, to eliminate the antenna ringing &orizontal banding across the
image; generally the first interface air-groundnigolved in the process and cancelled, so
that reflection and hyperbolas previously hidderhbyizontal traces can hence be readily
visible. The background removal also removes oftloeeizontal features such as flat lying
geology and the surface of the Earth, so time hatbto be located first.

= Gain adjustments to the data. As the transmittgdasifrom a GPR unit penetrates
into the ground, attenuation of the GPR trace aClinis attenuation can be corrected by
applying gain adjustments to each trace. Severallelsoexist for computing gain
adjustments, applying mathematical models for ttgoeential or linear amplification of
the trace. In one model, each data value in theeeinfice is multiplied by a factor related
the depth of the signal.

= Enhancement stretch. Enhancement stretch can lhiedappbring out some details in
the radargrams. This step loses all the absolutplitaishe information (that will be
recovered later) and enhances not only geologietdild but also noise. These steps are
done to improve the ability to see the tails of érygmlas, to evidence many contrasts on
the host material, as boundaries between soil twsizharacterized by different electric
properties.

= Data static adjustments. This involves removing éffects of changes in elevation
and effects from levelling the GPR; this functians generally included in commercial
software for the data processing.

= Deconvolution. The dominant frequencies of the tdisignals typically range from
about 50 to 500 MHz, depending on the length ofattennas used. This electromagnetic
frequency range corresponds to wavelengths ranfgamng approximately 2 to 0.5 m in
typical Earth materials, which makes GPR the gesighy remote sensing method with
arguably the highest spatial resolution. The pracedf deconvolution does substantially
enhance the spectral bandwidth and the compaabfiéiss signal, and thus potentially the
vertical resolution of the data. From a geologmaiht of view many care has to be taken,
because this result is rather unsatisfactory agptbeedure introduces a large amount of
noise on a significant number of traces and thuskese, rather than improve, the
interpretability of the GPR sectioBélina et alii, 2008).

= Filtering the data. The purpose of filtering isreanove unwanted background noise.

For example, if a cellular phone antenna or powarsmission line is located in the area,
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it may create unwanted noise along the trace agrtain frequency. To remove this
unwanted noise, the time-domain trace data is atenyéo the frequency domain using
the Fourier transform. Desired frequencies areexzkaut, and then the trace is converted
back to the time domain using the inverse Fourandform. Olhoeft (2000) discusses
filtering the results from GPR surveys. Filteringragegies can include band pass
(removing frequencies in a certain range), low gessoving low-frequency signals), and
high pass filtering (removing high-frequency sigalHigh-pass filtering is a useful
means of improving the signal to clutter ratio ituations where clutter is caused by
additional low frequency energy generated by argegmound interactions; in addition,
excessive high frequency noise can usefully beaediby low-pass filtering.

» Velocity analysis (previously introduced). If thedargram reveals some hyperbolas,
many computations can be done; the slopes of thmmstes of the hyperbola are
controlled by the velocity of propagation and trasdibrate the dielectric permittivity
between the antenna and the target, and give lar&i@din and conversion of the two-way
travel time into depth. The radius of curvaturéhat peak of the hyperbola and the lengths
of the asymptotes (by taking into account the amguattern) give the size of the object
causing it. The ellipse drawn within the hyperbahdicates the size of the object,
assuming the object is a circular cylinder withsaperpendicular to the plane of the data
image (Olhoeft, 2000). When known reflector or hjgméas are not present in radargrams,
the velocity estimation can be afforded assumingyradual velocity change. For
embankments lithology, generally characterized iy fgrains, if we have a passage
between, for example, 0.11 m/ns to 0.09 m/ns indéegper subsurface, the possible error
would be just fewer than 10%. Under very unfavolgamnditions (coarse sand (0.14 m
/ns) overlying silt (0.09 m /ns), the error could@unt to an over-estimation of interface
depth by ca. 20% if the surface velocity was usedttie time—depth conversion of the
entire radargram. However, the change of the réataes makes it possible to assign a
realistic velocity to each layer and thus, redineegossible error (Sass, 2007).

= Migration. The Migration process essentially consts the target reflector surface
from the record surface; this technique has museldped and nowadays employs wave
equation methods such as Kirchhoff migration, @ndifference migration and frequency
wave-number migration. Migration technique aimsrétocate reflections to their true
spatial position based on the velocity spectrumptoduce a real structure map of
subsurface features. A relatively straightforwaebmetric approach is given by Daniels

(2004) and can be used in the two-dimensional oése material with known constant
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velocity. With regard to the Equation 3.16, at @ogition of the x-axis the distandas
also given by:

d :\/(Xi =%)* +dy; (317

This equation shows that the measured wavefrontappas a hyperbolic image or a
curve of maximum convexity. The geometric migratitathnique simply moves (or

migrates) a segment of an A-scan time sample toaffex of a curve of maximum

convexity; obviously the hyperbolic curve needsbtowell separate from other features
and a good signal to noise ratio is needed. Altarmanethods are known as maximum
convexity migration and wavefront migration, whighthis context are just mentioned,
characterized by the common assumption of a constalocity. Image processing

hyperbola mask has to be applied to the data taps® or focus the hyperbola.

After migration (14cm/ns)

. auy
fun)

20 cm/ns

Figure 3.15 — Migration process applied to subsurfze features with an average velocity of 14 m /nss i
clearly visible what can happen with not accurate @locity estimation.

The image must show only the scattering crossaectif the visible radius of

curvature of the target (figure 3.14). By lookirtgogher hyperbolas in the image (if presents),

their over or under migration focusing (residualpésbolic shapes pointed upwards or
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downwards) indicates the variability of the velgciand hence dielectric permittivity
throughout the section. In some cases for a comagtation, many attempts, changing
velocity are needed, finally as higher the veloeitguracy, as higher the real reproduction of
the detected target. A velocity overestimation ndarestimation can induce the phenomena

reproduced in figure 3.15.
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4. EM INDUCTION

The electromagnetic surveys are based on the plenof electromagnetic induction.
It differs from magnetometer, which is used in a geophysical sutweyeasure magnetic
susceptibility variations in earth; the magnetometea passive sensor because it uses the
ambient earth magnetic field as the source of attoit. Instead, in EM induction method an
alternating magnetic field in a coil or cable indscelectric currents in a conductor. The
conductivity of rock and solils is too poor to er@abignificant induction currents, but when a
good conductor is present, a system of eddy-cwerEnset up. In turns, the eddy-currents
produce secondary magnetic field that is superpoedtie primary field and can be measured

at the ground surface (figure 4.1).

receiver of
primary and
secondary

primary secondary
alternating alternating
magnetic magnetic
field field
conducting
orebody induced
(dike) eddy
currents
P7 primary secondary

%)

Amplitude

£ » Time
<t > \>£/ \>L/

Figure 4.1 — lllustration of the EM induction methad for shallow conductive bodies, with primary and
secondary field amplitudes and phases (Lowrie, 1997

The typical EM induction device is generally chaeaized by two dipoles at a
constant distance. The transmitter dipole creaf@saary electromagnetic field that provides
an induction in the studied medium, producing aosdary electromagnetic field; their
amount is recorded by the receiver and the reldietween the primary and the secondary
field can be converted to conductivity of the mediun which induction occurs. The
instrument is not designed to be a metal deteatbhighly conductivity metals also generate
a strong signal in response to the meter and thsponse tends to overload the circuitry (but

it can be opportunely removed). Rather, it is destgto measure the much smaller signals
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generated by the conductivity properties of sdilse electronics of the device converts the
signal into the measure of conductivity (becausgso$mall size, p.p.m. and/or millisiemens
per meter; mS/m). Electromagnetic techniques catrbadly divided into two groups. In
frequency-domain instrumentation (FDEM, Frequency Domain Electroneg Method),
the transmitter current varies sinusoidally witimei at a fixed frequency which is selected
because of the desired depth of exploration ofnleasurement (high frequencies result in
shallower depths). In mosime-domain (TDEM) instrumentation, on the other hand, the
transmitter current, while still periodic, is a niioed symmetrical square wave, where after
every second n-period the transmitter current isi@tty reduced to zero for one n-period,
whereupon it flows in the opposite directidfDEM method, more practical than TDEM
concerning their utilization in field surveys, caoperate in two different dipolar
configurations: VDM and HDM; VDM (Vertical Dipole Bthod) has the vertical magnetic
dipole referred to the transmitting coil; instead,HDM (Horizontal Dipole Method) the
magnetic dipole has horizontal direction. Gener#illg investigation depth of VDM is the
twice of HDM. FDEM involves fixed source—receiveeanetry so the sensor may be built
into a single rigid body that precisely maintaitssgeometry. The goal of depth sounding is to
determine a mono-dimensional earth structure bedowsurvey location. The resolution
decreases with depth because of either lateralagvey in geometrical sounding or with
downward spreading of the source field in frequesaynding. The frequency of the signal
may vary, but critical to the design of the indantimeter is the feature that there is no
electrical connection between the survey instrunagrat the ground. Conductivity contrasts
can be created which a conductivimeter might reclordnost cases, this will be true if there
is variation in soil composition in the local sablumn. In addition, the composition and
texture of the soil may change by cultural activatyd natural forces as well. An EM earth
induction meter may record all of these events, isuguite important before doing a
conductivity survey to have some idea of the losail column, most directly but on a
theoretical level, by consulting the local soil meamd the description of the solil type (Clay,
2001).

4.1 Theoretical Basis

Respect to GPR, which operate with relatively higgguencies, in EM induction
method (frequencies employed less than 50 KHz),dieplacement currents are negligible

compared to conduction currents. The equation (Eetpmes:
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where the magnetic fields have componentsud B: the solution of equation (4.1)
for the components,Bor B, of an alternating magnetic field, with angularmguencyw = 2rr

in a conductor with conductivity is:

B,,(zt) =B,e™ co{ax —Ezj; (4.2)
2
whered = T 4.3)

is called theskin depthand zld term is the phase shift that the magnetic field in
conductor does experiences, due to the conductisipiding complexes equations, given
the current systems in transmitter, receiver anadaotor be represented by simple loops
carrying currents, a voltage is induced in the cmtol by the changing current in the
transmitting circuit. The received voltage is formbyg a primary voltage (induced by
transmitting current), and a secondary voltage uged by eddy-currents); their ratio (or
responsein measuring system) is composed by two partsl (eeel imaginary parts
respectively). The real part has the same phaskeagrimary signal and is called-phase
componentwhile the imaginary part is 90° out of phase witle primary signal and it is
called thequadrature componenthe termdepth of investigatiomas evolved and become
standardized (Spies, 1989) to mean the practiqgahds investigation, defined as a maximum
depth at which a given target in a given host caddtected by a given sensor. Bken depth
has been widely used as an estimate of depth asigation of EM systems, which is
rigorously defined in classical EM theory as thetatise in a homogeneous medium over
which the amplitude of a plane wave is attenuated bactor of 1¢, or to about 37% of the
original amplitude.

Although in some geophysical textbooks, the tedapth of penetratiorappears
synonymously with skin depth, the depth of penetrais clearly empirical; it is affected by
the properties of the target and host medium akaseby factors related to the investigation
modality, such as sensor sensitivity, accuracygueacy, coil configuration, ambient noise,
and data processing and interpretation methods.etUmdeal conditions, the depth of
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investigation can be greater than the skin depktlevin real geologically complex conditions
and/or environmentally noisy areas, the skin degath be largely larger than the depth of
investigation. However, the skin depth of the syrean be estimated by the usage of a simple
nomogram, which is a simple graph that links theugd conductivity, the frequencies
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Figure 4.2 — EM induction tool on the left (EMP-400Profiler, by GSSI), and relationship among source
frequency, ground conductivity, and skin depth on e right (from Won, 1996).

McNeill (1990) gives an excellent review and tuabof electromagnetic methods and
much of his discussion on the terrain conductiwigter is excerpted here. He assert that the
operating frequency is low enough at each of ther@oil spacing that the electrical skin
depth in the ground is always significantly gredtesin the intercoil spacing. Under this
condition (known as “operating at low induction rhens”) virtually all response from the
ground is in the quadrature phase component ofdbeived signal. With these constraints,
the secondary magnetic field can be represented as:

H, _ lap,08 (4.4)
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where

Hs = secondary magnetic field at the receiver coil

Hp = primary magnetic field at the receiver coll

w = 2rf

f = frequency in Hz

Lo = permeability of free space

0 = ground conductivity in S/m (mho/m)

s= intercoil spacing in m

i = (-1)2, denoting that the secondary field is 90° outtwdge with the primary field.

Thus, for low and moderate conductivities, the gaage phase component is linearly
proportional to ground conductivity, so the instents read conductivity directly. For a given
Hg/Hp ratio, the apparent conductivity indicated by tinstiument and derived from the

guadrature component is defined as:

ol
o, =4 HPZ; (4.5)

Therefore, the mono-dimensional earth structurevbeh survey location can be

estimate by changing in apparent conductivity.

4.2 EM surveying

The conductivity profile curve is achieved by shift a sensor along the profile
(originally constructed for military purposes, esijpdly for the detection of ammunitions and
subsurface inhomogeneities). A sensor with a sell separation can be used for depth
sounding if it has several characteristic set wipWwing described. The sensor has to be
supplied by a method that cancels the strong tratesnfield existing at the receiver coil; it
must have sufficient sensitivity and accuracy teohee small changes in earth conductivity
and a large dynamic range to accommodate nearesuefifects (Huang, 2005). Moreover, a
wide bandwidth to cover desired ranges in skin ldepind an ability to avoid certain
frequencies with high environmental noise levelssed by cultural sources such as power

lines are required.
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Figure 4.3 -Schematic representation of the FDEM nthod, where TX is the transmitter, RX is the
receiver. The presence of a conductive body creatas EM amplitude anomaly over such target as wella
an apparent conductivity peak (Huang, 2005).

The GEM-2 device (Geophex Inc.), which was testaihd measurements campaigns
of the European Project GEMSTONE for some dike€néch Republic, has a transmitter-
receiver coil separatiors)(of 1.66 m and standard survey height ¢f 1 m. A third coil is
used to monitor and cancels, or bucks, the tratemfteld. The sensor operates in a
bandwidth from 300 Hz to 48000 Hz. Raw data areithghase and quadrature components
of the secondary magnetic field as parts per mil(jp.p.m.) against the primary field at the
receiver coil (figure 4.3).

Making such small, broadband EM sensor, howeveanestechnical issues must be
resolved: primary field cancellation and broadbapdration. Because of the source—receiver
proximity, the primary field at the receiver is@tg and thus must be sufficiently reduced (or
bucked) to evidence the small secondary field. Tit@quires precise coil design and
placement. The broadband requirement means thaktwidth must be as wide as possible
to cover desired ranges in skin depth. Howeverraijgy a single set of coils in a broadband
requires very advanced power-switching technologyl digh-speed, real-time digital
electronics. Because of these technical difficsjtteere have few commercial broadband EM
sensors until very recently. The EM response glwe®DEM device is the in-phasg @nd
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guadrature @) components of the secondary magnetic field ah deequency, given the
conductivity and thickness of each possible laymoentered in the ground. Important for the
understanding of EM effects is the response funck{®). This complex-valued function
describes the electromagnetic response from cowéucground structures to an

electromagnetic excitation field:

6> +i0
fl@)=——; 4.6
6)="2 (4.6)
The argument of(#), called the response paramefienr induction number, depends
on the operating frequency, conductivity of theup and the target, and on the size of the

target and the geometry of the transmitter andivecéoops:

6= poa?; 4.7)

where ‘w” is the angular frequencyg™ is the conductivity, ii” is the magnetic
permeability, and|" is the parameter for the geometry of the targetaridop-system (e.g.
coil separation in a homogeneous half-space). Aljhchigher frequencies result in a stronger
response for a given ground situation and systesmegégy, increasing the frequency will lead
to a reduction in penetration depth. Hence, whetti+ftaquency instruments are used, it is
important to select a frequency (or frequenciesgj thill give both an optimal response and
desired penetration depth. The response parameters change for different models
(homogeneous half-space, horizontal plate, spHayered earth), if one of the variables
changes, then one or more of the others must hegeldato kee constant. The behaviour
of the complex-valued response functi@) for layered ground in is shown in figure 4.4. For
values ofd < 1 andd > 1 the imaginary part (quadrature) and the in-phaart, prevail,
respectively. Wherg << 1, the contribution of the real part to the mead signal is
negligible and the information about the ground dranivity is mainly depicted in the
guadrature component (Spies and Frischknecht, 198&)EM response in the range 0,02
is small and of small frequency dependence, whectders frequency sounding impractical;
alternatively, wherg>> 1,1 reaches its highest value a@dgoes to zero, which also makes
the sounding impractical because no EM energy patiestthe earth. Therefore, a successful
EM sounder should operate at a moderate inductivnber. Thanks to the geometry of the

FDEM devices, many geological formations fall iatéow to middle induction number where
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both | and Q have high intensity and strong frequency dependdfigeire 4.4 illustrates an
induction number zone for a layered earth strucameered by a 1 to 48 KHz bandwidth
(GEM-2 characteristics) over a five ohm-m (condutti = 0.2 S/m) earth, which can be
common for environmental sites. As can be seensehsor covers a low to middle induction
number zone where bothandQ are strong and frequency dependent, testifyingdhamnall
sensor can be used for soundings in such envirosmienpractice, the environmental noise
level, which is site dependent and is always highan the instrument noise level, governs

ultimate utility of the sensor.
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Figure 4.4 - The in-phase and quadrature responseas a function of induction number8 (Huang & Won,
2003).

The foremost incentive of a small, handheld serssiis portability, survey speed, and
easy use, which is comparable with GPR methodoémglyin some case even better than that.
Indeed, the GPR campaigns provided in the Reno Basin were disturbed many times by
the roughness of the embankment surface as wbly #se vegetation presence; this may not
happen with the FDEM methodology, which is contass. The FDEM device works
associate with GPS station, normally it can opsratgh several simultaneous frequencies;
the lowest frequency that can be selected is ard&@@lto1000 Hz; under this range the
cultural noise, especially in West European coaatrcompromise the signal to noise ratio.
The depth of the survey can be estimated by me&rtheonomogram usage, and it is
proportional to the resistivity of the material @stigated, as lower the conductivity as higher
the penetration of the EM wave. The calibrationhwilirect geotechnical tests is always

suitable. As already stated, FDEM methodology ca@asure the apparent resistivity, which
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represent the average values measured of the ghmingen the two poles of the device. The
production of impulses enables the data acquisiuth normal walking velocity by the
single operator, computing around 1 to 5 pointheaeter (sampling frequency from 1 to 5
Hz); the variations of resistivity along the prefican be associated with differences in
lithology or moisture changes. Using four frequesc# profiles of apparent resistivity can be
visible (figure 4.5); generally the anomalies anaracterized by an inversion of the profiles,
because in normal condition, as lowest the frequeschigher the conductivity, because at
shallow depth the surface effect increase normtaky resistivity response. Anyway, some
idea of the local soil column, most directly but @heoretical level, by consulting the local
soil map and the description of the soil typegiguired.

Recently GSSI offered an earth induction meteredathe Gem 300 that purports to
discriminate depth in conductivity by varying theduency of the transmitter (Won et. al.
1996), under the general theory that lower fregiesnpenetrate to a greater depth than do
higher ones. By the same society, a new tool (tioél& EMP — 400), a frequency domain
system, recently released, was used for the puspobehis research (Samoggia piping
phenomena, treated in Chapter 7).

400

Profil S2

300

app. resistVDy (onmm)

0 a0 100 180 200 250 300
x(m)
© B325Hz
do cumented size of the breach QTM meas urement
S (DEMP method, ______ soarshz
GEM2 apparatus) 35625 Hz

Figure 4.5 — Example of GEM-2 application in riverembankment levees, with measures carried out to
define the resistivity characteristic of a breachNlorris, 2005).

By acquiring multiple frequencies, the user cardelhe frequencies that provide the
best results for a specific application. The GS®ffier can be configured to simultaneously

measure up to 3 frequencies between 1 KHz and 18. KHe system can be deployed in
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either the vertical or horizontal dipole mode. Theput is the mutual coupling ratio (Q) in
parts per million (p.p.m.) for both the in-phasel ajuadrature, or apparent conductivity in
mS/m. All survey acquisition parameters and EM datastored on internal memory. Files
are structured in Excel spreadsheet format (AS&xt file), for simple download to a PC, for

immediate presentation on commercial mapping soéwackages.

4.3 River Embankment application

Concerning the river embankment application, sonmeoeraging results have
achieved in recent applications (Boukalova and Bep@07), and this methodology has many
possibilities to be applied in many geological extts. FDEM method is contact-less and this
is its main advantage (no problems with the el@gsogrounding), and is very efficient. A
single operator can perform the operation and witiie second, it is possible to execute up
to 5 measurements of conductivity (if GEM-2 devisaised, otherwise 3 employing GSSI).
This enables an easy measurement of more than X km embankment per day. The work
efficiency can be further increased by using GPSesy synchronised with conductivity
measurement for navigation. The device is very dasyse. Resistivity is an appropriate
parameter for dike material description. Betterfioccient of correlation generally can be
almost always found in the measurement performehlirconditions.

Tests carried out for European Projects (Boukalawd Benes, 2007) introduce the
division into quasihomogeneous blocks (Figure 4i®)order to evaluate parts of the bank
with homogenous electrical properties. Materialcdpsion based on resistivities has to be
adapted to soil moisture contents at the time ef measurement; however, the FDEM
methodology shows higher accuracy in the measuremeiny conditions. The induction EM
devices must be calibrated to define the depthhezhdy the operating frequencies. Sharp
local resistivity anomalies (if they are not a siayvof artificial conductors) can be detected;
they mostly correspond to a distinct change indike material; however, the interpretation of
sharp anomalies can be made more accurate thrcaghanalysis of other measured
parameters as magnetic susceptibility. This amalgan be provided with the employment of
several frequencies, however frequency 6525 Hzbeaanough, because a larger space can
be investigable.

The result of the measurement is output in the fofngurves (graphs) of apparent
conductivity or resistivity along the tested prefibr the individual measured frequencies (the

so-called depths layers).
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Figure 4.6 - Results of quick measure testing caeid out using GEM-2 and delimitation of quasi-
homogeneous blocks, in order to evaluate parts ohé bank with homogenous electrical properties
(Maorris, 2005).

The curves can be analysed in the similar way @sdhistance graphs based on self-
induction electrical measurements. It allows thealgsis of embankment material
homogeneity, the location of sections with reldgvigher permeability or with some
leakage suspicion. On condition that the devicd Wwé calibrated and the stability of
measured data will be certified, this method can d&o used for quick repeated
measurements. It allows prompt location of sectigitls abnormal changes of conductivity in
the course of time (e.g. in time of high water Igwehich often correlates with the leakage
section.

FDEM induction devices can achieve a huge amounhfofmation in really short
time, indeed it can be used in a variety of grooodditions (grass/brush/tree cover, ridged
ground etc.) where other techniques may be morcuwlif to use (GPR for example is
massively influenced by surface conditions). Theults are characterized by a considerable
repeatability, demonstrating that EM method worlalvin different conditions and it can
used in dry periods as well as wet. GEM-2 or EMB-48n measure magnetic susceptibility
(p.p.m.) as well as earth conductivity (mS/m), aeehig furthermore a certain degree of
vertical separation of geophysical phenomena. Scamtions must be managed with field

technique, as the sensitivity for temperature siréfventual digital lags, and an appropriate
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visual output and data processing is required. Ekthods in some cases can present
drawbacks associated with sensitivity to a widegeawf metals and even much greater
sensitivity of near-surface targets and it is scibj electrical interference of certain
electromagnetic frequency (overhead power lines)aAnatter of facts, Asch et alii, 2008 in
American river levees encountered several problesisg FDEM methodology, especially
searching to achieve quantitative data with thgesa inversion programs: this is primarily
because of a low induction number in a noisy emwvirent. Indeed, when FDEM device
encounters a strong resistive ground, its smaklusgion distance between the transmitter and
receiver, and a band-limited frequency range chit tgerate in the “low induction number”
range, previously introduced. Within the low indaotnumber range, the sensor response is
linearly dependent on frequency and not on varmatia the ground resistivity. For the FDEM
devices geometry, assuming non-magnetic groundwariduction number corresponds to a
not sufficient “conductivity by frequency “produdhe EM response in this range is small
(with the EM in-phase component being significantynaller than the quadrature
component), so that resistivity changes at a gimeestigation frequency may not produce
large enough variations in the measured data. ditiad, the observed response of the tool at
multiple investigation frequencies can be almasedrly correlated and therefore depend on
the measured frequency and not on the electrisatrgty of the ground. The result of this is
that electrically conductive and resistive anonsalean be detected and then located, but
conductivity depth images (i.e., thicknesses ofnagous zones) cannot be developed by
numerical inversion; it leads to consider this moetblogy very useful for a preliminary
investigation of the subsoil, which can delimita@omalous zones, successively analyzed
with methods that are more detailed. Furthermaresaise of very resistive grounds, the low
degree of EM signal attenuation observed resultarige skin depths that exceed practical
depths of exploration. All the resistivity depthrigéions would be lumped into a single

equivalent layer.
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5. ELECTRICAL RESISTIVITY TOMOGRAPHY

Electrical resistivity method is a geophysical noethwhich utilizes direct currents or
low frequency alternating currents to investigdte &lectrical properties (resistivity) of the
subsurface. Surface electrical resistivity survgyils based on the principle that the
distribution of electrical potential in the grouadound a current-carrying electrode depends
on the electrical resistivity and distribution dfet surrounding soils and rocks. The usual
practice in the field is to apply an electricaledit current (DC) between two electrodes
implanted in the ground and to measure the diffe¥enf potential between two additional
electrodes that do not carry currefthe electrical resistivity method is one of the meslely
used, a relatively quick and cheap way of gettugssrrface information. The method is also
known asgeoelectricity, electrical resistivity tomography ERT) and direct current
resistivity (DC resistivity). The purpose of resistivity surveys is to deteenrtime subsurface

resistivity distribution by making measurementsto® ground surface.

5.1 Resistivity of rocks and minerals

The concept of electric resistivity will be righbw stated; electric resistivity is a
property of natural rocks and sediments and cay gegatly, depending on a number of
factors. The amount and interconnectivity of vasiouinerals plays an important role. The
typical range of electrical resistivities of eantlaterials is visible in figure 5.1.

resistivity (ohm-m)
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graphite I
(Igneous: mafic felsic mottled duricrust)
saprolite { 2000 weathered layer
(metamorphic)
clays (wet) gravel and sand
L L glacial sediments
| T T
shales sandstone  conglomerate
sedimentary rocks
lignite, coal dolomite,llimestone
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Figure 5.1 — Ranges of electrical resistivity forame common rocks, soils and ores (Sjodahl, 2006).
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Mineral grains composing soils and rocks are essdBntnonconductive, except
metallic ores, so the resistivity of soils and &k governed primarily by the amount of pore
water, its resistivity, and the arrangement of puoees. The resistivity of water depends
significantly on the concentration of salts, whigtovide dissolved ions that act as charge
carriers. Fresh groundwater will usually have astesty in the range of 10 to 10Qm, while
saltwater is more conductive by a factor from 1®A@®00 and consequently significantly less
resistive (0.1Qm). To the extent that differences of lithology aompanied by differences
of resistivity, resistivity surveys can be usefuldetecting bodies of anomalous materials or
in estimating the depths of bedrock surfaces. Brsmgranular soils, the groundwater surface
is generally marked by an abrupt change in watéuraon and thus by a change of
resistivity. In fine-grained soils, however, thenay be no such resistivity change coinciding
with a piezometric surface. Generally, since th&stevity of a soil or rock is controlled
primarily by the pore water conditions, there aidemanges in resistivity for any particular
soil or rock type, and resistivity values cannotdirectly interpreted in terms of soil type or
lithology. However, zones of distinctive resistivitan be associated with specific soil or rock
units on the basis of local field or drills infortra, and resistivity surveys can be used
profitably to extend field investigations into aseaith very limited or nonexistent data. In
addition, resistivity surveys may be used as ameaissance method, to detect anomalies that

can be further investigated by complementary gesiphiymethods and/or drill holes.
5.2 Theoretical Basis

The ability of a medium to conduct an electric euntris termed electrical conductivity
o (S/m) and the inverse of it is called electricaisavity p (2m). When a static electric field
E (V/m) is applied, a current density J (Ajris established. Ohm’s law in the case of a linear

isotropic medium state that:
J
E= pJ =— (51)
o

Earth bulk materials are comprised of a solid pl{eseks and soils) and a space phase
(pores, cracks, micro fissures, fractures, etcat thccupy the space between the solid
materials. Thus the bulk resistivity of earth miatleris associated with the resistivity of the
solid phase (rock matrix), and the resistivity cdtarials that fill the open space, which may
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be air, oil or any liquid. The resistivity of aneetrolyte in pore spaces dominates the
formation resistivity in most cases. The degre@ark interconnectivity greatly influences a
rock’s bulk resistivity and the shape of the pohes some effect. The most widely used
relationship between the porosity)(water saturation (3, resistivity of the electrolytep(,)

and bulk resistivity@) can be expressed by Archie’s law.

P=PS, ¢ (5.2)

wherem is the cementation exponent of the rock (usuallthe range 1.8-2.0), amd
is the saturation exponent (usually close to 2)e Téck matrix cannot be assumed as an
insulator when clay minerals are present. Indeay glinerals are very good conductors due
to the presence of mobile ions adsorbed to thengyrdit the interface between the grains of
clay minerals and the electrolyte, the ions indlextrolyte will be attracted or repelled from
the clay surface and produce an electric doublerlajhe resistivity of an electrical double
layer is the surface resistivipy (= 1/og), expressed in ohmmeter. The bulk resistivity when

the surface resistivity is present is expressed modification of Archie’s law:

P=p,S, ¢ " +0, (5.3)

This property is present for all silicate mineredsa greater or lesser extent. For very
well cemented or crystalline rocks with lower potgsit might be dominating conductivity
mechanism even when no clay present. The resistieidings of the ground, which are
measured by injecting current with two electrodesl aneasuring the resulting potential
difference with two other electrodes, are usualpnwerted to an apparent resistivity,
corresponding to the resistivity of a homogeneal&dpace that would give the same result.
The investigated volume can be changed by moviegethctrodes. Large separations give
larger investigation depths. Modern data acquisisgstems have made it feasible to measure
resistivity along profiles with several electroggparations.

The data are usually inverted to a vertical restgtisection also callegpseudo-
sections assuming 2D geometry perpendicular to the profflan electric current | (A) is
flowing through a linear conductor of uniform cressction A (M) and a length L (m).

Ohm'’s law states that:

AV = IR (5.4)
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whereAV is the potential difference (volt, V) between #rds of the conductor and R
(ohm, Q) is the resistance of the conductor. The restgtiy) that is the physical property of

the conductor that can be defined by:

pP=— (5.5)

The basis of the electrical resistivity methodasritroduce a known current into the
ground and measure potential differences on theasirto estimate the resistivity of the
subsurface. Considering a homogeneous and isothafispace, electrical equipotentials are
hemispherical, when the current electrodes ardddcat the soil surface. The current density
J (A/n?) has then to be calculated for all the radialaions with:

j= (5.6)

where 2r? is the area of a hemispherical sphere of radide. potential V can then

be expressed as follows:

|
Vv =2L” (5.7)

5.3 Resistivity surveying

The resistivity measurements are made by introdu@nDC or low frequency
alternating current into the ground by means of éhaxtrodes (A, B) connected to a portable
power source. The resulting potential differenceneasured on the ground with two potential
electrodes (M, N). The potential field producedtive underground is dependent on the
dispersion of the specific electrical resistanogdthesizing the resistance homogenous, the
electric current and potential field lines are proed as illustrated in Figure 5.2.
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Figure 5.2 - Current and potential field showed inthe situation of homogenous dispersion resistance
(Mainali, 2006).

There are a number of different electrode configona available for resistivity
surveys. The arrays that are most commonly usetivimdimensions (2D) resistivity imaging
surveys are Wenner, Dipole-Dipole, Wenner-Schlumger Pole-Pole and Pole-Dipole.
There are other electrode configurations, which ased experimentally or for non-
geotechnical problems or are not in wide populatdiyjay. Some of these include the Lee,
half-Schlumberger, polar dipole, dipole dipole, amddient arrays, as well as the boreholes
configurations (Fig. 5.3). Choice of array gengrdiépends on the nature of the investigation,
field condition, and the sensitivity of the resigly meter, the background noise level and
work force. The sensitivity of the array is estigthfrom the potential difference that can be
measured from a specific change in resistivity. Maty, the highest sensitivity can be
obtained closest to the electrode.

The Potential differenceA{ ) measured between the electrodes M and N isngiye
the following equations:

AV =V,, -V, where

VM :ﬂ(i_ij, and\/N :ﬂ(i_ij,thus
2r{ AM  BM 2m( AN BN
2 AV _ KAV
= = 5.8
p(1_1_1+1j[|j | )
AM BM AN BN
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where K is the geometric coefficient that dependstlte arrangement of the four
electrodes A, B, M and N. The previous equation lmarused to calculate the true resistivity

of the underground if the medium is homogenous.
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Figure 5.3 - Common electrode arrays that are useid resistivity surveys (Knédel et alii, 2008).

The resistivity so obtained will be constant andlejpendent of both electrode
configuration on and surface location. If the grdus inhomogeneous, the resistivity) (

varies on altering the geometrical arrangementhefdlectrodes. The resistivity that is then
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calculated is termed the apparent resistiyityand it should be considered as some sort of
average resistivity encountered in the heterogenhemalerground. In general, all field data

are apparent resistivity. They are interpretedhitaio the true resistivity of the layers in the

ground. The apparent resistivity will be close e true resistivity close to the electrodes

when the relative electrode spacing is very small.

There are various methods involved to get the ampaesistivity of the subsurface.
Resistivity profiling is on, in which the spacingealectrodes is kept constant along the survey
line; this provides a lateral resistivity distrimnt at a constant deptMertical electrical
sounding (VES) method gives the apparent resistivity variatiothwdepth for a horizontal
layered earth by taking number of measurements @namon midpoint with successive
larger electrode separation. The calculated registis plotted as a function of electrode
separation to produce a sounding curve; anyway, rttethod produces results that must be
calibrated with boreholes or other destructivesteAt VES line of descent is represented by
the two dimensional electrical profiling; also knowas electrical imaging oelectrical
tomography, which provides pseudo-section of electrical testy distribution (both later
and vertical) of subsurface and has almost conipgleaplaced the VES method. In this
method, utilized for the purposes of this reseathb, current and potential electrodes are
expanded to obtain the information from greatertldegnd shifted along a profile line to
determine lateral changes in electrical resistivithle choice of the “best” array for a field
survey depends on the type of structure to be nthgdpe sensitivity of the resistivity meter
and the background noise level. In practice, tihayarthat are most commonly used for 2-D
imaging surveys are the Wenner, dipole-dipole Wen8ehlumberger, pole-pole and pole-
dipole. Among the characteristics of an array tslabuld be considered are the depth of
investigation, the sensitivity of the array to weat and horizontal changes in the subsurface
resistivity, the horizontal data coverage and tlgmnad strength. Among all the types of
electrode arrays, a brief description of the camfigion that are most commonly used
(Schlumberger, Wenner, and dipole-dipole) is haesgnted and illustrated in Figure 5.3.
The geometric factor for any four-electrode systam be found from Equation 5.8 and it can
be developed for more complicated systems by uiagule illustrated by Equation 5.7. It
can also be seen from Equation 5.8 that the curegmt potential electrodes can be
interchanged without affecting the results; thisparty is calledeciprocity.

= Wenner array (Figure 5.3a). This basic array consists of folacteodes in line,
separated by equal intervals, denaaedpplying Equation 5.8, the geometric factor K is

equal to za, and therefore the apparent resistivity is givgn
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P, = 27a|_ ; (5.9)

Because of this property, the Wenner array is ikt sensitive to vertical changes in the
subsurface resistivity below the centre of the yarddowever, it is less sensitive to
horizontal changes in the subsurface resistivity.general, the Wenner is good in
resolving vertical changes (i.e. horizontal stroes), but relatively poor in detecting
horizontal changes (i.e. narrow vertical structurégenner electrodes configuration has a
relative shallow penetration depth, which can bimeded as 0,5 times the electrodes
spacinga. While the Schlumberger array has always beerfatveured array in Europe,
until recently, the Wenner array was used morensktely than the Schlumberger array
in the United States. In the past, for a surveyhwiarying electrode spacing, field
operations with the Schlumberger array were fadiecause all four electrodes of the
Wenner array are moved between successive obsmrsatbut with the Schlumberger
array, only the outer ones needed to be moved. Nayg the Schlumberger array is
considered superior in distinguishing lateral freestical variations in resistivity. On the
other hand, the Wenner array demands less instiuseesitivity, has the strongest signal
intensity and the consequent reduction of noissmisnportant factor when a survey close
to zones characterized by antrophic activitiesesded. This configuration was used for
the measurements campaign for Reno River embanknreldcality Case Reno Sabbioni.
= Dipole-dipole array (Figure 5.3b). This array was, and is still, widalsed in
resistivity and IP surveys because of the low EMiptimg between the current and
potential circuits. The dipole-dipole array is omember of a family of arrays using
dipoles (closely spaced electrode pairs) to meab@reurvature of the potential field. If
the separation between both pairs of electrod#éseisame and the separation between

the centres of the dipoles is restrictecdfo+1), the apparent resistivity is given by:

p. =man(n+1)(n+ 2)¥ ; (5.10)

Is important to remark that this electrodes comnfigjon has the current dipole and
potential dipole separation, achieving the less iithse value, indeed this array is widely
used for both resistivity and self-potential measurThis array is especially useful for

measuring lateral resistivity changes and has beereasingly used in geotechnical
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applications. The penetration depth reached islaind the Wenner array penetration
depth but dipole-dipole array offers a wider honitad analyzed surface. For the Samoggia
River application, this method was successfully sgfmo to check the embankment
condition after filtering and piping phenomena.

= Schlumberger array (Figure 5.3c). For this array, givaras the electrode spacing, in
the limit asa approaches zero, the quantiya approaches the value of the potential
gradient at the midpoint of the array. In practite sensitivity of the instruments limits
the ratio ofs to a and usually keeps it within the limits of abouta330. Therefore, it is
typical practice to use a finite electrode spacamgl Equation 4.12 to compute the

geometric factor. The apparent resistivity is:

_(s) _1]av
pa—n{[gj 4}| , (5.11)

In usual field operations, the inner (potentiakottodes remain fixed, while the outer
(current) electrodes are adjusted to vary the nitgt®. The spacimgis adjusted when it is
needed because of decreasing sensitivity of meaasmte The spacing a must never be
larger than 0.4s or the potential gradient assumption is no longaid. Also, thea
spacing may sometimes be adjusted witield constant in order to detect the presence of
local in-homogeneities or lateral changes in thghi®urhood of the potential electrodes.
Technology has significantly improved the acquisitifield works and nowadays many
powerful systems, consisting of a multi-channelrdofor connecting two current and
numerous potential electrodes to multi-channelkg are available. The multi-electrode
system can perform high-resolution 2D and 3D regigtsurveys. The penetration depth
of this array is obviously influenced by electrodgmcing and it can be estimated as 0,6
times thea value. This array is moderately sensitive to both horiabrffor low "n"
values) and vertical structures (for high "n" valueln areas where both types of
geological structures are expected, this array triigha good compromise between the
Wenner and the dipole-dipole array.

Recapitulating, there are many different typesletteode arrays (also called spreads
or configurations) although in practice only a fefvthem are used. Just the most important
were previously introduced. Each array has its athges and disadvantages with regard to
depth of investigation, resolution of horizontaldavertical structures, sensitivity to lateral
changes in resistivity (lateral effects) and inhgemeity, to depth of targets, to dip and
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topography, etc. Depending on the array charatterignd the objective, the appropriate
array has to be selected for each survey. A setgitinatrix is an important part of the
inversion algorithms. For a given electrode arrdys matrix is used to evaluate the
contribution of the spatial elements of the sulemzef model to the measured apparent
resistivity. Sensitivity matrices are very helpfal the understanding of measured data and,
especially for the planning a survey, as they alloanclusions to be drawn about the
resolution capabilities and investigation depthsgliferent electrode arrays. For the case of a
homogeneous half-space, some examples of sensitivétrices for commonly applied
electrode arrays are given in Figure 5.4. Eaclhe$¢ examples shows that there are areas of
positive as well as of negative measured appassistivity when the structure in that area
has a higher resistivity than the surrounding nigteNegative sensitivities always occur in
the space between a current and a potential etlectrwhereas the sensitivity is always
positive between two current electrodes and betweenpotential electrodes. The spatial
sensitivity generally decreases with increasingadise from the electrodes (Kndodel et alii,
2008). The plots in the left side of Fig. Sshow sensitivities for small electrode spacing,
whereas those on the right side show sensitiVitietarger electrode spacing. It can be seen,
for example, in plotsd) and ¢l) that the sharp, almost vertical boundary betwsesitive and
negative sensitivities is the reason why pole-@gi@otays have a very good lateral resolution.
The fairly high resolution of dipole-dipole measuents in the case of small targets results
from a structured sensitivity distributiore énd f). Nevertheless, it can also be seen that
inhomogeneity near the electrodes significantlyuerces the measured apparent resistivity.
Experience shows that the results of Schlumbergarys are mainly determined by the
ground conditions below the potential electrodgsatd h). Finally, the fairly smooth
sensitivity distributions shown in plots) (and {) explain the comparatively low lateral
resolution of a Wenner array. However, this areagdvantageous if the investigation area is
subject to electromagnetic noise. In general, thelagy of interest has a 3-D resistivity
distribution. Normally, this would require a 3-Dsrstivity survey. Nevertheless, this is, as
already mentioned, very time consuming and experetiypresent. In many practical cases the
problem can be reduced to a 2-D or even a 1-D ¢tadet must always be kept in mind that
the measurements can be influenced by objectsdeutkie arrays. In the 2-D case it is
assumed that the resistivity of the ground varial/ an the vertical and one horizontal

direction. There is no resistivity variation in tbecond horizontal direction (strike direction).
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Figure 5.4 - Sensitivity of several electrode arreg; examples for the 2-D-sensitivity distribution ina
homogeneous half-space: (a,b) pole-pole, (c,d) palpole, (e,f) dipole-dipole, (g,h) Schlumberger aay,
(i,j)) Wenner array, (k,l) dipole-dipole with electrodes in boreholes, (m) Wenner array but x-y-planefahe
sensitivity. All plots are normalized with respectto the maximum of each matrix (Knédel et alii, 2008

As a consequence, survey profiles should run peipelar to the strike of such structures.
There are still problems with the determinationtloé confidence intervals and parameter
limits of models for the 2-D and 3-D cases, whidnerate amlargeuity. Amlargeuity is

influenced by several factors: the structure of ginel used to approximate the geological
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structures, limited data density, and errors in dag. Although these issues can limit the
confidence associated to the measurements, a taradibration with other geophysics

surveys or direct methods can assure the moddaitieéaess.
5.4 Inversion of the measured data

Concerning the data treatment, the first step tkenas previously stated is the choice
of the correct electrodes configuration, in oraeathieve the best results for the target, which
need to be described. Some commercial software hdx@duced the forward modelling
program, where the subsurface resistivity distrdoutis specified and the purpose is to
calculate the apparent resistivity that would beasoeed by a survey over such a structure,
and it can be an useful tool, particularly durihg planning stage of the survey. However, the
most important part is the data inversion, becaafser the field survey, the resistance
measurements are usually reduced to apparentividgistlues. The data is visualized as a
graphic in which all the points of equal apparessistivity are correlated by a curved called
isoresistiveand different colour are associated to differsotesistive values.

The data inversion corresponds to find a model phatides the correct interpretation
of the apparent resistivity values in order to gateethe most reasonable representation of the
subsoil. The model has a set of model parametatsatie the physical quantities that have to
be estimated from the observed data. The modebmnsspis the synthetic data that can be
calculated from the mathematical relationshipsrdefj the model for a given set of model
parameters. Such model is an idealized mathema@padsentation of a section of the earth.
Primary, the set of all observed data can be wriste a column vectar, as well as both the

model responskand the model parametears
y=col(y,,Y,,....¥,), f =col(f,, f,.....f,),q=col(q, ... 0, ); (5.12)

The difference between the observed data and th#elnresponse is given by the
discrepancy vectog. All the errors produced by the discrepancy candaliced by several
equations, which have been developed to providereea data inversion. From these basis
and form the measured data, a two-dimensional (2eBistivity models can be therefore
calculated by using several inversion programmed aglated equations, which are
characterized by complexes mathematical techniqaesprrect 2-D model discretisation

methods must be chosen with the purpose of divideertain cells or regions the measured
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subsurface. To get a good model, the data must bgually good quality. Bad data points
are divided in two categoriesystematicusually caused by some sort of failure during the
survey not referred to the true resistivity measwets, andandom which are linked with
the resistivity anomalies due to telluric curreotslow signal-to-noise ratio. The manual
picking out the bad data points signify a difficidut important pre-inversion element.
Commercials software disposes of a series of defatilings to provide an inversion of the
apparent resistivity vales. The problem of non-ueitgss is well known in the inversion of
resistivity sounding and other geophysical dataydwer, the accuracy of the result is only as
good as the accuracy of the assumptions made.

For the same measured data set, there is wide cdngedels that can give rise to the
same calculated apparent resistivity values. Toomadown the range of possible models,
normally some assumptions are made concerning dahé&enof the subsurface that can be
incorporated into the inversion subroutine; indeedlmost all surveys, something is known
about the geology of the subsurface. The name efptincipal methodologies can be just

introduced, the mathematical treatment avoid froengims of these research:

= Gauss-Newton method.

» Marquandt-Levenberg method, (Lines and Treitel 4198
» Least-square method.

» Smoothness-constrained method, (Loke and Bark&g)19
= Occam inversion (LaBreque et alii, 1996).

= Robust inversion.

For this project, the program RES2DINV Version 3(éke, 2008), exploiting a
method based on a powerful iterative computaticas wtilized. In this inversion program, the
subsurface is divided into small rectangular blogkgure 5.5). The program uses a heuristic
algorithm partly based on the position of the dadants to generate the size and position of
the model blocks, using a sophisticated algoritlonsubdivide the subsurface, so that the
arrangement of the blocks is loosely tied to thatrdiution of the data points in the pseudo-
section. Each block represents a data point of reppaesistivity. The depth of the bottom
row of blocks is set to be approximately equalhe e€quivalent depth of investigation. The

number of blocks normally does not exceed the numbéata points.
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Figure 5.5 — Electrical tomography: sequence of mearements to build up a pseudo-section and
arrangement of the blocks together with data pointsused in the inversion model (Loke, 2008), where
C1C2:AB and P1P2:MN.

In surveys over areas with significant changesndgg the elevation of the ground
surface, the effect of the topography must be talkém account when carrying out an
inversion of the data set. While the traditionakimoels were using some correction factors for
the topography, in the current programs the methodrporates the topographic effect into
the inversion model. The arrangement of model [dddles to reduce the difference between
measured apparent resistivity values by adjustieg ¢sistivity values of model blocks. Since
there is a significant topographical relief alohg survey lines, a correction for topographical
effect is made. When the program reads a dataiiletopographic data, it will automatically
select a finite-element method, which incorporatg®graphy into the modelling mesh used.
Then the topographic modelling is performed by riting the data set. The final products of

processing by the program are refined images adtra@sy distribution in the subsurface.

92



5.5 River Embankment application

The resistivity method is a well established andely used methodology in a variety
of engineering and environmental investigationse fiethod is particularly attractive when
monitoring on existing dams as well as river emipa@its, as it is non-intrusive but still has
the potential of detecting changes in the innerspaf the embankment itself. Recent
development of the method has been astonishing,ibatata acquisition and data processing;
such development in computational power has allofeeanore efficient processing of data,
which is encouraging for investigations with laggaounts of data, such as three-dimensional
investigations and repeated measurements.

Trying to summarize all the electrodes configumatibat is possible to set up in
electric tomography surveys, regarding the reseanets, which concern the description of
the river embankments, the Wenner array is ancaitteachoice for a survey carried out in a
noisy area (due to its high signal strength) asd dlgood vertical resolution is required. The
dipole-dipole array might be a more suitable chafcgood horizontal resolution and data
coverage is important. The Wenner-Schlumbergeryammgth overlapping data levels) is a
reasonable all round alternative if both good aedi®al resolutions are needed, particularly
if good signal strength is also required. In caseacsystem with a limited number of
electrodes, the pole-dipole array with measuremémtdoth the forward and reverse
directions might be a viable choice. For surveythwmall electrode spacing and require a
good horizontal coverage, the pole-pole array miighé suitable choice.

Generally speaking, resistivity monitoring on enfbaent and dams offers the
possibility to measure material parameters and niiggrefore detect changes in composition
of the core material, which follows when internabson is developing. Neiderleithinger et
alii, 2007 have shown the geophysical measurempatsntial to give non-destructive
information into embankments and subsoil. Theyadne to provide information on structure,
material types and (with limitations) water conteRésolution and effort has to be balanced,
because of the needing of site specific calibrafidre resistivity, as already stated, depends
on material, porosity, moisture content, salinifypmre water and other parameters. The
results are thus often difficult to interpret. BElex tomography method determines integral
values over a certain volume, and the reconstnuatadculations (“inversion”) are used to

determine the approximately true subsurface registlistributions.
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Figure 5.6 - 2D vertical electric tomography sectio through river embankments (Neiderleithinger et ali,
2007).

Figure 5.6 shows the result of a survey over an dkker embankment
(Neiderleithinger et alii, 2007); 44 electrode piosis (distance in centre part 1 m, dipole-
dipole configuration) were used. The resistivitystdbution reveals not only the levee
structure but also subsurface materials. Sans em¢elghave much higher resistivities that
clay, mud or peat. The water table is in the chyet at about five meters depth, but it is no
visible in the resistivity image.

With regard to this research project, some resigtimvestigations were performed at
various places on Reno River embankments and éoSdmoggia Levees, which suffered a
piping phenomenon, following hard and continuougcpmitations. Resistivity pseudo-
sections were measured along several profiles hmthitudinal and transversal on the
embankments. Data were first collected on Renor mmebankments, in the summer 2007
using a dipole-dipole array and a multi-channeltesys This system consists of a multi-
channel board for connecting two current and epgitential electrodes to a SuperSting R8
IP8 channels by AGI, with multi-channel software.cAmmon electrode spacing of two
meters was used for all pseudo-sections. The atigitconsisted in a comparison of various
methodologies (GPR and MASW were also tested)rderoto verify the advantages and the
drawbacks of each method. Concerning the elecnmgraphy measurements, these resulted
in an investigation depth of around 20 meters, tvhicas largely deeper than the river
embankment thickness, so that a lack of precismmhaccuracy for the first meters from the
surface affected the measurements. The inversmreps needed some iteration, passing from

the measured apparent resistivity pseudo-sectiahgetfinal inverted section (figure 5.7).
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Figure 5.7 — Passage from apparent to real resistty pseudo-section for the electric tomography
measurement, through Reno river embankments.

After the piping event of 20 May 2008, the Regione Emilia-Romagna committed
works of analyses, reparation and/or reconstructibthe Samoggia Stream embankment
segments affected by the piping itself. Concertimgggeophysical measurements, during the
summer of 2008 the resistivity data were collecéahg both longitudinal and transversal
profiles; Indeed, the initial plan was to provideoghysical measurements on the river levee
before the reconstruction, in order to compare @alibrate the results given by geophysical
methodologies with the real condition of the embmekt internal structure itself.
Unfortunately, the immediate necessity of mitigatiworks, provided under the supervision
of STBR, has prevented such application and thés tkad to be provided after the
reconstruction and the reparation of sand boilinguorences; however, many consideration
can be made. The other geophysical methodologiesivied in the campaign were EM
induction (FDEM) and of course the GPR. The syste@d is the georesistivimeter ABEM
mod. SAS4000 (maximum powerl00 W), characterizea Isgnsitivity value of around one
micro-volt, using a switch — box ABEM mod. ES464ldhree set of multi-polar cables of 16
electrodes (hence 48 electrodes total). The measmts were performed using a dipole-

dipole array (Figure 5.8) with 2 meters electroédpasation. For example, if we use a
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sequence of measurements for the dipole-dipoletretbe array for a system with 40
electrodes, all the measurements will be performigd electrode spacing of “1x2 meters”.
For this case in the first measurement, electrodesber 1, 2, 3 and 4 are used. Electrode 1
was used as the first current electrode C1, eldetd as the second current electrode C2,
electrode 3 as the first potential electrode P2eadirode 4 as the second potential electrode
P1. For the second measurement, electrodes numBedand 5 are used for C1, C2, P2 and
P1 respectively. This is repeated down the linele¢trodes until electrodes 37, 38, 39 and 40
are used for the last measurement.
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Figure 5.8 — Electrical tomography: acquisition sdtngs for the dipole-dipole configuration, and colécted
data points used in the inversion model (Loke, 2008where G,C,=AB and P,P;=MN.
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6. GPR APPLIED TO DIFFERENT TASKS

This chapter includes a detailed description ofrtigest important profiles carried out
using GPR methodology. It is divided into five garépresenting the most important issues
affecting the embankment of the Reno river basire llowing description has been chosen
because of the constant emergence of new issusdiaff this part of the Po Plain. At the
beginning, this research was carried out with tine t8 monitor levees throughout the year
using GPR methodology. Unfortunately, many diffteed arose with regard to the realisation
of seasonal measurement campaigns, essentiallydeecd the massive amount of vegetation
present on the embankments themselves (a numh@ogfammed cuts and cleaning works
are required) and because of the static hydrolognditions (principally dry) throughout the
entire duration of this research. However, the GEBRn if some interesting consideration can
be carried out, seems to be inadequate for a hightg monitoring campaign, mainly due to
its insufficient depth penetration and the incotesisy of its measurements.

At some test sites, GPR results have been comparwbse found using other non-
invasive techniques, such as MASW, electric tomplgyaand EM induction methodologies.
Hence, with regard to the most important problefaciing the embankment of the Reno river

basin, the measurement campaigns that have bewedoaunt treat:

Areas affected by seepage and piping occurrence.

=  Embankment segments rebuilt in the past

= Detection of animal cavities

» Inspection of the embankment internal structure

» Localization of stratigraphic contacts beneath rive embankments

It is important to remember that this researchad pf a survey funded by the Reno
River Basin Regional Technical Service (STBR) & Regione Emilia-Romagna and that it
has been a useful instrument in the detection @htydraulic and geotechnical conditions of
river embankments. The hydraulic safety of the Reier, one of the main rivers in North-
Eastern Italy, is indeed of primary importancethte Emilia-Romagna regional administration.

Therefore, all the profiles carried out on the enipaents as well as the results of this
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research (especially radargrams) are includedJE&s file in the Geographical Information
System (GIS), available to the Regional Administrat and they represent the first major

database related to geophysical measurements stk fembankment safety evaluation.

6.1 GPR campaigns settings

Before introducing all the results of this thesisjs important to provide a brief
summary of the characteristics of GPR. Recorded GigRal represents the wave field of
electromagnetic waves reflected from interfacesahjdcts in the surveyed environment. The
results of the measurement are shown using thegeaa. In radargrams, the longitudinal
axis corresponds to the length of the measuredi@nohile the vertical axis corresponds to
the travel-time the radar reflection reached thstesy. Before their interpretation, it is useful
to adjust recorded radar data using several wdiratifon processes (to remove electronic
noise and amplify the received signal). Finallyisinecessary to transform the vertical time
axis into the depth scale. The easiest processeasuto utilise the reflection equation of the
normal line electromagnetic signal. It is obvioimatt the recalculation to the depth units
depends on the knowledge of the relative permigtivirhis is invariable dimensionless
material (the relationship between the velocityetdctromagnetic waves spread in vacuum
and wave velocity in a given environment). For ¢éinebankments environment this value can
be estimated. The depth setting error for anomadijects in a radar cross-section when
using the values, specified in chapter three, shoat exceed more or less twenty percent. As
previously stated, GPR investigation depth is a=fias the depth beneath which the signal
received is too weak to be detected in the presehoeise. The embankments of the Reno
River and the Napoleonic Channel are about tewéive meters high and the embankments
of Reno River tributaries are five to eight methigh. Even if a frequency of 30 MHz is
suggested for such depth of investigation (Mor2305) its scarce resolution has led to the
choice of antenna frequencies higher than 100 Midzthat ground-coupled and shielded
antennas have been used. For each site, many data ifi situ direct measurements
(boreholes stratigraphy and/or cone penetration wéh pore-water pressure management
(CPTU)) are available. These kinds of data are dumehtal for geophysical data calibration:
they have enabled researchers to estimate soméahgsoperties of the soil and to derive
their relative dielectric constang). Most of the investigated soils are sandy clasittg (50%
silt, 30% sand, 20% clay on average) with slightdasiderable variations in the percentages

of the three components.
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6.1.1 Ground Penetrating Radars employed

The main campaigns were carried out using varioBR Glevices, which are the
property of universities or private companies, irdev to test the different Georadar
operability and choose the best configuration. wbom it may concern, GPR websites and
other information are successively reported.

= Zond 12-e (Radsys, Latvia) employing 300, 500 MHz antennas
(http://www.radsys.ly, it was utilized during the July 2007 campaigntba Reno River

embankments, providing around 10 km of profiles,iclvhproduced some interesting
results; unfortunately, the results are affected rogny problems related to the
inappropriate antenna design as well as the secasmdution of the radargrams. The data
elaboration has been carried out using the PrisofBvare, released by the same
Company.

= RIS-MF (IDS, Italy): The main GPR campaign survey was carried out atolaer
2007 using the RIS-MF (IDS) Raddntip://www.idscompany.i}/ More than 15 km of

profiles were carried out and therefore more th&m5of embankments were investigated

in approximately ten working days. Results from Gie& areas will be presented in this
chapter. The set of antennas selected is compofea D00 MHz bi-static (100
transmitting, 100 receiving) antenna, a multi-frexgey unit with three channels made up
of 200 MHz and 600 MHz mono-static antennas, atidrd channel represented by a bi-
static cross-polar configuration (transmission 2@6lz — reception 600 MHz). RIS
Ground Penetrating Radar was again used in Oc®@8 with a 400 MHz antenna to
investigate the site affected by piping phenomeanthe Samoggia Stream embankments.
The acquired data, in raw format, which are nolugriced by the automatic calibration
realised during the acquisition campaign, have baelaborated with the IDS software
GRESWIN2.

= Ramac (Mala instrument), (Department of Earth Sciences, Prof. Farabeddifio
River embankments, near Bosco (BO), were analyzexhiApril 2007 survey campaign
using this Ground Penetrating Radar via the empémnof 250 MHz and 500 MHz

(http://www.malags.com/Home.aspxantennas. Many problems related to the wet

conditions and the homogeneity of the fine matsriabmposing the embankment

structure heavily compromised the data elabora®well as the profile usefulness.

= SIR-3000 (GSSI) (Department of Geophysics, Prof. Tinti). Duritng tFebruary 2007

survey campaign, the Geophysical Survey Systems (6&8SI) SIR-3000 Ground

Penetrating Radar and a mod.5103 antenna, whicngarates a transmitter, receiver and
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electronics and has a frequency of 400 MHz, haveenbeemployed
(http://www.geophysical.com/SIR3000.htmThe antenna unit, which is top and side-

shielded, is mounted inside a special cart thagspka role of protection and enables a
constant antenna coupling with the ground. The aeltipn has been realised in the
Department of Geophysics using the RADAN 6.5 soféewaeleased by the same
Company. Another survey campaign, the first onei@drout as part of this project, was
provided in August 2006 on a Reno River embankmasthundred meter segment, with

the use of a 100 MHz antenna.
6.1.2 Velocity determination

Chapter 3 has already introduced the velocity pygapan and the different ways to
estimate it; for the purpose of this research, tmathods have been chosen. Generally, where
detailed geotechnical information was available, ¥elocity estimation has been conducted
assuming representative soil values from the lieea derived from laboratory
electromagnetic characterisation; this method e tadopted considering the typical Reno
River embankment structure, which is made up ofl sard silt in slightly different ratios. A
more complex but more accurate estimation is reptesl by the calibration with reflectors
observed both in the field and by using other ggsjglal techniques, that will be treated
successively. This method has been applied forSénena Abbandonato Stream, where a
metallic object giving a reflected signal has bgen into the ground at a known depth.
However, this kind of velocity test is no longetigainder the reflector depth.

= Values derived from the literature. The velocitytireation is conduced assuming
representative soil values from the literature,ivéber from laboratory electromagnetic
characterisation together with empirical application comparable environmental
conditions; this method has been adopted consgi¢hia typical Reno River embankment
structure, which is made up of sand and silt ighgly different ratios. The method used to
assume electric properties values becomes realgtipal when known reflector or
hyperbolas are not present in radargrams as thecityelestimation can be realized
assuming a gradual velocity change. For embanknigntéogy, generally characterized
by fine grains, if a passage between, for exantplel m/ns to 0.09 m/ns in the deeper
subsurface is expected, the possible error wouldlomer than 10%. Under very
unfavourable conditions (coarse sand (0.14 m &yrlying silt (0.09 m /ns)), the error
could amount to an over-estimation of interfacetkddgy ca. 20% if the surface velocity is

used for the time—depth conversion of the entidamgram. However, the change in radar
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electrical conditions makes it possible to assigealistic velocity to each layer and thus
reduce the possible error (Sass, 2007). Wheredugrahange of electrical properties of
the subsolil is supposed, principally due to a ckaimg moisture porosity and hence
compaction conditions, slight changes in velociay e hypothesised and, in order to
simplify the elaboration process, a unique averagiee of velocity can be assumed.
Alternatively, if the radargram reveals some hyp&ab, many computations can be
carried out; the slope of the asymptotes of theeHygla is controlled by the velocity of
propagation and thus it is possible to calibrate dmelectric permittivity between the
antenna and the target and give a calibration angersion of the two-way travel time
into depth. The radius of curvature at the peakhef hyperbola and the lengths of the
asymptotes (by taking into account the antennapgtgive the size of the object causing
it. The ellipse drawn within the hyperbola indicatbe size of the object, assuming that
the object is a circular cylinder with axis perpentar to the plane of the data image
(Olhoeft, 2000). For the greater part of the GP&ilas, the velocity evaluation has been
executed through the dielectric constaft éstimation of the materials, which constitute
the river embankments structure, and by meanseo€dmputation that can be done when
hyperbolas at different depths in the radargranesiod he average value Kf=9 (v= 10
cm/ns) was considered whereas no calibration veflestors observed in the field were
provided. Another example of velocity estimationgsen by the Samoggia Stream
campaign, carried out in July 2008. Some profibastied out for the detection of conduits
and their correct positioning, have been carriedower a road track, which has brought
the author to estimate a dielectric const&)tdqf around 7, a minor value with respect to
the average soil value. This estimation is in agaoce with the obtained results; the
detected targets are indeed situated at aroundn® @&pth from the surface (verified with
penetration tests). By means of the velocity catibn and conversion test, according to
Equation 3.3, the average valueskof= 7-8 and therefore velocity (valid just for the
material above the conduitg}=11 cm/ns have been obtained. Moreover, the caatipat
that has been carried out with the slopes of tlyenptotes of the hyperbola pretty gives
the same result.

= Calibration with reflectors observed in the fiekbr such velocity test, as well as for
the detection of anomalies and heterogeneitiesegbporetical assumption must be taken
into account. The radar reflection from the pipe aorsingle object is the result of
electromagnetic wave propagation described bydtarrequation and geometry through,

among other things, the Fresnel reflection coedfitin amplitude, Snell’s law in angle,
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and the Stokes scattering matrix in polarizatian.general, roughly equidimensional
objects, such as cubes or spheres, that are atl@aef a wavelength in cross-sectional
size in typical noisy environments (or about 1/IGaavavelength in exceptionally quiet
environments) are resolvable if they have suffic@ntrast in properties compared to the
background (Olhoeft, 2000). Under such conditiathg physical relationship between

spatial sensitivity$) and wavelength/ is:

A (6.1)

In theoretical soil conditions (soil witk = 9) may be consideresl= 0.33 m an&= 0.16

m for antenna frequency equal to 100 MHz and 200zMidspectively. Obviously, not
only the target size is of importance; in additiorthe dielectric contrast, the depth of the
target and the signal to noise ratio connectedoangrimary importance. Moreover, to
define two separate anomalies inside the groundaAr{2001) suggests that, considering
AZ as the spatial separation to be resolved in metnelK as the dielectric constant or

relative permittivity, the constraint on the cerfiequencyf. takes the form:

75
fr> ; 6.2
AZVK (6.2)

which means that a 100 MHz antenna in theoretmidkcenditions (soil withK = 9) could
resolve two separate objects located at a distaotcshorter than 25 cm. Real conditions,
with environmental noise and wet condition as vesliheterogeneities affecting the soil,
demonstrate that this value can be much largercaifp, for geologic context this type of
soil has ag; value range of5 to 30, depending on the saturation conditionsn{&s,
2004); however, the direct experience for Reno Rawvel its tributaries’ embankments has
revealed that this value can generally vary withirange of 6 to 15. For each site, many
data from in situ direct measurements (boreholedigtaphy and/or cone penetration test
with water pore-pressure management (CPTU)) ardaile These kinds of data are
fundamental for geophysical data calibration of $h& and are necessary to derive their
relative dielectric constant§. All the radargrams that will be presented halready
experienced the velocity calibration, which achgwecorrelation between the EM wave
two-way travel time of the received signal and thal depth of the related reflection.
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GPR in situ tests, performed by burying a metakabpt a known depth (Figure 6.1),
reveal thatk value may be considered reliable for the soils reltee tests have been
performed. The reflections given by the test ahawn depth @) correspond to an EM
two-way travel timet], so that the velocity through the mediuv ¢an be calculated by
using the Equation 3.15. The velocity can be aboutated by using the Equation 3.16;
by combining the previous relationships and calouwjgthe values ofd andt, the
following equation is obtained:

ct

K :(Ej ; 6.3)

This method of velocity estimation has been apdleedhe Savena Abbandonato Stream,
using a 400 MHz antenna. According to the EquaBah taking into account that a
metallic object of at least 8.3 cm in diameter dobé detected, such target was put at
around 95 cm of depth. By means of this test, edrout on the internal flank of the

Savena Abbandonato Stream levee, close to Ube{B&p the values oK = 5.8 and

therefore velocity =12.5 cm/ns have been obtained.
(0] 50m

nsec 9.0 | ‘

j j
\ Buried object
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30.0 4

40.0 4 ‘
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Figure 6.1 — Test carried out with buried object orthe lateral flank of the Savena Abbandonato levee
to obtain an EM wave velocity and dielectric constat quantification.

Such value of dielectric constant is therefore loend thus corresponds to higher
velocity) with respect to the type of soil compnigithe main part of the Reno River and
its tributaries’ embankment system; this resultvehahe higher presence of sandy
materials. Such presence is confirmed by the amofifiiorehole and laboratory tests
provided in the past for the embankment of thieastr. Therefore, the obtained velocity
has been used only for the Savena AbbandonatonSeadankments.
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6.1.3 Surveys

The GPR methodology has been applied to the Rever Rnd its tributaries, together
with the Napoleonic Channel. Throughout the duratb this research, a total amount of 40
km of GPR data profiles have been collected, empipyour different GPR devices, to
provide a detailed description of almost 15 kmieér embankment segments. Some of these
profiles refer to the same embankment segmentghatave been investigated using different
antenna frequencies (the Multi-frequency antennadymes a set of three profiles
simultaneously). Some profiles have been carrigdbgumeasuring a definite segment but
pertaining to the geometrical dimensions of the amkiments (up to 12 meters, divided into
three to four steps), the investigation of diffarembankment steps has been provided.
Moreover, other parts of the levee have been ifgadsd in separate campaigns using
different GPR, in order to compare the qualityh# tesults. Many tests have been carried out
both in well-known areas in order to verify spexisues (stratigraphy, animal cavities and
repaired zones) and in areas with no informaticailable. The main GPR campaign survey
was carried out in October 2007 with RIS-MF (ID§dgneria dei Sistemi, Pisa, Italy) radar,
using a bi-static 100 MHz antenna and a multi-fesgry 200-600 MHz antenna with two
different antennas was used. The MF antenna sebisted inside a special cart that plays a
role of protection and enables a constant anteoogliag with the ground, while the 100
MHz antenna needs to be trailed by an operator. &fRRs have therefore been triggered by
an odometer wheel with the resolution of one valtacan per horizontal centimetre and a
sampling rate of at least 512 samples per scarmridssof parallel profiles have been carried
out to verify the lateral spreading of punctual mates present in the subsoil of the
Samoggia Stream embankments; the IDS Georadar eisgioying a 400 MHz antenna, has
given excellent results. The acquisition softwat kleased by the same Company, with the
initial imposition of the dielectric properties ative to the material analysed, enables an
approximate field calibration of the EM signal, wiiconsists in an automati@ackground
removal filter and automaticgain applications, to better visualize the radargrams a
immediately detect anomalies and heterogeneitiaaglthe field measurements.

The GSSI profiles have been run in continuous nexdeell and traces were triggered
with odometer wheels. The GPR profiles were reabrdefive traces per meter, and each
trace was resolved using 2048, 16-bit samples. GR® units have often been towed
commercial carts, with antennas mounted in woodasiip mini-sleds, to prevent
interference with nearby metal objects or surfaxeghness. The different antennas have been
driven along the same tracks, with common start stog points. Given that most of the
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energy is limited to a finite bandwidth, an apprafg use of band limiting filtering may
improve signal-to-noise without significantly aitey the data. Taking into account the
information obtained from the amplitude spectrahaf raw data, for a 400 MHz antenna, a
common band pass filter of 200 MHz to 800 MHz wpplig@d to the whole set of profiles to
improve the signal quality.

Another large campaign was provided using Zond GP&, which shows interesting
results but has been affected by several problefated to the shallow penetration depth and
scarce radargrams resolution. All the tests cawigdvith GPR devices have brought a good
experience with the different GPR configurationd @arameter settingdlost of the profiles
were collected in with a distance interval betwdsaces of a few centimetres. In this
acquisition mode, each trace of the radargramagebult of a definite and variable stacking
application, in order to improve the signal-to-moratio. Outcrop conditions, with relatively
smooth surfaces and scarce vegetation presence, rhade the acquisition of profiles in
continuous mode possible, which provides greateizbwotal resolution. Basically, the data
have always been acquired in the same steps @ntibankment, at the same altitude, so that
no horizontal normalization has been necessary.

However, the data exhibit several problems. In mpnyfiles, there is horizontal
banding running across the image as a result ofleggethan optimal coupling of the antenna
to the ground and unwanted oscillatory ringing leé antenna. Many difficulties have been
encountered with regard to some of the profilespda, especially concerning seasonal
campaigns of measurement, essentially becausee oh#issive amount of vegetation present
on the embankments themselves (a number of progeaimeuts and cleaning works are
required) and because of the static hydrologic tmms (principally dry) throughout the
entire duration of this research. Some embankmtnats were appositely cleaned for the
geophysical measurements during the survey stilhtaiaed a surface roughness principally
due to the presence of large roots or surface ulaeigjes, as presence of constructions
materials. All of these irregularities have trigggrthe “clutter” phenomena, described in
Chapter three. Concerning the reliability of meaments, however, the GPR, even if some
interesting consideration shall be done, seem® tmddequate for a high-quality monitoring
campaign, mainly due to its insufficient depth pesteon and the inconsistency of its
measurements. Indeed, there is no simple paranseien, as water content or low frequency
conductivity, that can be used as a convenient uneasf dielectric loss in the employed

frequency range 100 MHz to 1 GHz; therefore, anyerical consideration can be done.

105



Concerning the penetration depths, the materialsingaup the embankments have
shown strong signal attenuation, which impedes &&erany consideration about the entire
embankment structure. Seasonal changes in EM wanetqation are present; during the
summer, in dry conditions, the penetration deptndases with respect to the rest of the year
where the moisture content is higher and therefbee attenuation arises. However, the
changes in penetration capability between dry aeldtively wet seasons are not as
significant: indeed, where dry soils occur, thetfimeter of subsoil is often characterized by
strong reflections, especially due to the irregalad fractured surface that the clay particles
of the embankment soil produce when desiccated.eMar, the embankment material at
shallow depth, when it is mainly composed of siithwa slight amount of sandy or clayey
elements, maintains a certain grade of humidity imdontents are not particularly affected
by seasonal changes, apart from flooding. Indeed8rillations of the water table inside the
embankments are often not influenced by the sudiogs variations and in any case the first
four to five meters of the embankment from the acefare affected just in case of flooding;
such characteristics contribute to producing simmteaterial moisture conditions during the

different hydrogeological seasons.
6.1.4 Signal Processing

The general objective of signal processing as afdpio surface-penetrating radar is
either to present an image that can be readilypreéed by the operator or to classify the
target return with respect to a known test procedor template. After the GPR data
acquisition, this data must be processed in o&etmore easily visualized and interpreted.
Since data obtained from GPR surveys is similaddta obtained from seismic reflection
surveys, many of the same techniques used to mamsmic data can be used to process
GPR data. Many commercial programs guarantee aguatke data processing; GRESWIN2
by IDS and RADAN 6.5 (GSSI) were mainly used foisthesearch. In many cases, it is
possible to use the results from a GPR survey vatly modest processing. In these cases, the
only processes that need to be carried out arenwett the data to a usable digital format,
make gain adjustments to the data, and determaéepth to each eventual reflector in the
subsurface (this involves converting time to dgpth

For the purposes of this research, some standaodegures were followed,;
nevertheless, where it was necessary, some ali@rattions or reiterations of the standard
procedures were chosen. The first processing stép riemove the artefacts in the data. The

time zero must be set at the first energy of arrival, andtifi@se kinds of measurements, the
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first arrival characterizes the interface air-grduifhe time zero is also a function of the
system timing, cable lengths, and antenna positgorithe horizontal black line is positioned
at time zero and it shows the position of the |nha&ted across the top of the image (figure
6.2). The time zero is set up in order to mark Hb#-cycle of the reflected wavelet, which

corresponds to the air-ground interface.
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Figure 6.2 — Comparison between raw radar data acqred with a 200 MHz antenna and time zero
determination with the average scan subtraction.

The average of all the scans, which have been adeted, can be removed using the
background removal filter in order to eliminate the antenna ringingdahorizontal banding
across the image; in figure 6.2 such eliminatioshewn. This part of the processing enables
an efficient radar image enhancement and it camfggied in different phases of the
processing itself; for 100 MHz antenna measuremdritas been used as the last filter of the
processing, providing a final data cleaning. Faghler antenna frequencies (200, 400, 600
MHz) its usage during the firsts steps of the pssteg has proven suitable. The background
removal, besides the banding and ringing effecs, also remove other horizontal features
such as flat lying geology and other planar reftec(as well as water table in flat profiles);
indeed particular care was paid when using thisrfilA Vertical filter has been applied to
remove the radio frequency interferences from neaviveless phone and portable radio
transmissions and clean the frequencies irradiayeithe wideband GPR antennas, which are
significantly higher or lower with respect to thetenna central frequency; this can decrease
the quality of the received data. In fact, in derteases, these frequencies amplify the noise
effects and they must be filtered through the bfitet- Concerning the data acquired with
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the IDS GPR system and therefore processed withS¥YRRE2 software and the RADAN 6.5
released by GSSI, the signal processing has bedaedaut with the familiar application of
such vertical filters. As it is understandable, thepose of filtering is to remove unwanted
background noise. To remove this unwanted noigetithe-domain trace data is converted to
the frequency domain using the Fourier transforrasiigd frequencies are zeroed out, and
then the trace is converted back to the time domging the inverse Fourier transform.
Figure 6.3 shows the typical wave spectrum paregtware GRESWIN2), with the presence
of all the parameters relative to the emitted EM/evéor a 200 MHz antenna. However, for
each profile carried out, the environmental coodsi as well as the eventual presence of
electromagnetic disturbance fonts have been ewuat order to provide the best vertical
filter application. In some cases, a sligfarizontal filter has been applied to give a strong
cut to the horizontal banding across the imageustsge has been limited to those profiles
where only punctual anomalies needed to be analyldeel power spectrum (MHz) of the
wave, presents a peak, associated to the cergrpldncy of the antenna that was employed.
The frequency peak differs slightly with respecttb@ nominal central frequency of the
antenna. Moving away from the antenna central #aqy it becomes apparent that the power
of the emitted wave decreases, reaching the zéues&n dB) in proximity of the frequency
800 MHz. The low-pass filter (removing low-frequgnesignals) and high-pass filter

(removing high-frequency signals) guarantee an @ateccleaning of the EM wave.
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Figure 6.3 — GPR wave and frequency spectrum for single trace about a 200 MHz antenna, which have
leaded the vertical high-pass filter choice.
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As the transmitted signal from a GPR unit penetratéo the ground, attenuation of
the GPR trace occurs; for embankment soils, whrehfiae grain in size, the attenuation is
strong. This attenuation can be corrected by apglyain adjustmentsto each trace. Several
models exist for computing gain adjustments, apglyimathematical models for the
exponential or linear amplification of the traceithout losing all the absolute amplitude
information.
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Figure 6.4 — Processing phases, characterized byethain adjustment, followed by vertical high-passrad
low-pass filtering and enhancement stretch.

In one model, each data value in the entire tracrduiltiplied by a factor related to the
depth of the signal. GRESWINZ2 software enablesath@ication by default of two kinds of
gain: one that provides a linear amplification b ttrace (linear gain) and the second
(smoothed gain) that adjusts the data with shanpliication along the trace itself. RADAN
6.5 software offers by default a 5-point range gainve, which occasionally has been re-
adjusted to the variable soil conditions, with tgdigain values varying between 30 and 50
dB. An image processing contrashhancement stretchwas applied in some cases to
improve details in the image. This last step ladethe absolute amplitude information (that
will be recovered later) and enhances not only aggoal details but also noise. These steps
were carried out to improve the ability to seetéits of the conduits hyperbola, which are to
be used in determining the velocity and size of ¢baduits, as well as to evidence the
boundaries between soil horizons characterizediffigrent electric properties and by slight
reflections that need to be evidenced. The proeggshases applied to GPR data are shown
in figures 6.2 and 6.4. Figure 6.3 represents tmircuation of data processing, with the gain

adjustment application, which enables the ideratfan of the hyperbola. It shows also the
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following processes to clean the reflected sigashed at visualising as best as possible the
hyperbola tails. Thenigration process relocates reflections to their true spptisition based

on the velocity spectrum, thereby producing a stalcture map of subsurface features. An

image processing hyperbola mask was applied ta#te with regard to Samoggia Stream

embankments so as to collapse and focus the hylperbbe image after such processing

shows only the scattering cross-section of théhasiadius of curvature of the target.
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Figure 6.5 — Migration process applied to subsurfae anomaly with an average velocity of 11 m /ns; the
consequences of inaccurate velocity estimation, wigethe target is not focused, are clearly noticeabl

By looking at other hyperbolas in the images (esplgaf they are situated at various
depths), their over or under migration focusingsiggal hyperbolic shapes pointed upwards
or downwards) indicates the variability of the &g and hence dielectric permittivity
throughout the section. Figure 6.5 shows the aptiin of the migration process subsurface
conduit, with an average velocity of 11 m/ns estedaby the tails of the hyperbola; the
consequences of inaccurate velocity estimation,revitiee target is not focused, are clearly
noticeable.
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6.2 Areas affected by seepage and piping occurrence

The Reno River basin is frequently affected by hwiic crises. In recent years, two
episodes of piping phenomena and consequently bldreamergencies occurred. The first
one, dated October 2005, affected the QuadernarSteenbankments, while in May 2008 the
Samoggia Stream levees suffered the same crisis. cHse will be treated in the Chapter
describing the multidisciplinary approach with wars geophysical methodologies.
Concerning the Quaderna Stream emergency, followeayy rainfall, near San Salvatore in
the Municipality of Medicina (BO), the raised levetf the river flood led to a so-called
“siphonage” into the embankment structure, withcoytping water from the base of the
embankment itself, which seriously compromised shéety of all the surrounding areas.
Some emergency works prevented the embankment dgeakand subsequently some
reconstructing works were carried out to ensurestability of the entire structure. In order to
verify whether some heterogeneities still affectb@ river bank and to implement the
geotechnical database, a GPR campaign was provatet the STBR (Reno river Basin
Technical Service) carried out three penetromgi@®T) tests and one borehole test in
October 2007.

6.2.1 Quaderna Stream

The GPR profiles were carried out along the QuaaeBtream embankments in
October 2007, in dry soil conditions, with the admidentifying heterogeneous zones as well
as possible instability areas near the levee segmemonstructed after the 2005 piping
phenomenon. The RIS (Ingegneria dei Sistemi) GPRutiised in this campaign, employing
two antennas, a 100 MHz one, which can penetrantadequate depth, and a 200 MHz
antenna, employed to analyse some fractures that slightly visible on the ground from the
top of the embankment.

The vegetation that was covering the entire embamkmvork has disrupted the
campaign, creating uncoupling phenomena effectsskowdng down the velocity acquisition.
Over the zone where the 2005 piping phenomenon rextuand where succeeding
embankment renovation works were carried out, spragles, employing 100 MHz and 200
MHz antennas, were carried out, in order to vetiifg new structural conditions; the other
profile, with 100 MHz antenna, was carried out mother repaired zone (figure 6.6).

Concerning the profiles carried out over the aféected by the piping phenomena, it

Is important to note that such piping phenomenauwed at the embankment base and that
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the GPR depth penetration capability was not adeguesevertheless, some consideration

must be done.
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Figure 6.6 — Planimetry of the study area near Sai®balvatore (BO), with GPR surveys carried out in
October 2007 campaign and location of the direct nasurement tests.

The colour visualization, which highlights all thmositive and negative strong
amplitude of the received signal, was chosen ttebestimate and roughly locate the resistive
layers. The reflections are usually associated watlundaries that separate zones with
different electric properties; using the radargramitf colour visualization, it is apparent that
the first layer encountered by the EM wave prodwstesng reflections. This means that the
wave, passing from the air to the ground (which banhypothesised as = 9) give as a
response a strong amplitude reflection that is grtigmal to the ratio between the electric
properties of the two different horizons (Equat®a0). The 100 MHz profile, 450 m long,
carried out with direction SW — NE over the pipipgenomenon occurrence, has revealed
some strong reflections. The limit between the gmes of reflections and their disappearance
however is noticeable at around 4 meters from thase throughout the first meters of the
profile (SW side), becoming shallower going tow&Hd. Many large reflections characterize

the first meter and a half up to two meters of sldsoil: they can be referred to many
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fractures presents on the embankments surface hwharease the surface roughness and
resistivity contrast between the host fine grageanaterial and the heterogeneities. In some
cases, a kind of horizontal boundary can be trat@dound two and half meters in the middle
of the profile; its presence can be related to gkarin soil moisture, because the comparison

with the Cone Penetration Test does not reveahatigeable correlation.

0m 50 m

Figure 6.7 —GPR anomalies on Quaderna Stream embamients, relative to fractures and heterogeneities
zone, encountered with a 100 MHz antenna.

With regard to the profile carried out over a segimaf the embankment that was
repaired recently, it was carried out employing0® MHz antenna shows a rather regular
radargram. The reparation works have included@aoéling of the embankment, insertion of
carryover (in theory fine grain-size) material dtsdcompaction. The surface of this part of
the embankment includes several small reflectis®@ated with minor heterogeneities,
verified by the presence in the immediate subsbipieces of roots and brick fragments.
Proceeding in depth, there is a constant zone aithabsence of reflections that spreads
around one to two meters in depth, while below tweters from the ground other slight
amplitude reflections occur for a variable thickme$two to three meters (figure 6.8).

In the complex, the radargrams are characterizesliplyt anomalies, related probably
only to slight heterogeneities with the materiatgpéoyed for the embankment reconstruction
and renovation. The direct tests reveal the presehtine size materials: prevalently silt with
weak sandy fraction and with slight percentagelay,cuntil the depth of around nine to ten

meters, with rare fragments of brick and plant saoto the first five meters.
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Figure 6.8 — GPR anomalies on Quaderna Stream emblaments, related to heterogeneities zone. 100 MHz
antenna was employed.

Looking at the figure 6.9, while the stratigrapb@umn does not reveal any important
passage (excluding some small heterogeneitiesshkall isolated fragments), the CPT test

shows an initial peak of resistance in the firstanef depth.
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Figure 6.9 — The Borehole and CPTU tests, carriedud on the renewed embankment, show uniform
geotechnical properties.
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A slight rising of resistance occurs at around &vaml half meters to three meters,
which could be linked to the reflections presenthie radargram. However, according to the
direct tests, this embankment presents similastaste values and approximate stratigraphic

uniformity and it could be taken as an exampleahbgeneous embankment.

6.3 Embankment segments rebuilt in the past

The reconstruction of embankment segments thae vpeeviously affected by
breakage and other structural damages, must biedaut with the important preventative
measure of introducing the new structure into tldeone as best as possible. In many cases in
the past, during a flooding occurrence, the embamitraontact zones between new and old
structure, which were not correctly linked and #fere creating a weaken line, suffered
major stresses and many stability issues, resultitagly unsafe. Such hydrogeological crisis
happened in the past highlight once again how nobsthe problems that can interest
embankments occur along discontinuities that cdaddhardly detectable with traditional
techniques. Generally the reconstruction works, re/ie not necessary the realization of
engineering works (e.g. structures in concreteedale the reutilization of the soils that
compose the original embankment structure with @lientual addition of fine grain-size
materials, possibly available in the surroundings.

The correct reconstruction and connection of thev reegment into the old
embankment was analysed through the GPR usageyingcarout many profiles in
correspondence of such zones, rebuilt in the pagbreakage, piping phenomena or animal
cavities occurrence. The profiles aim to distingutbe renewed parts from the original
structures, in order to localize areas previousfyaired in the recent past as well as remote
past and with no historical information availabladatherefore individualize potential
weakness zones. With the purpose of understan®® Gan be capable to recognize new and
old segments, some known embankment parts, wheomstuction works were provided in

the past, were chosen as test area.
6.3.1 Reno River

The first segment analysed behave to the Reno Ringrankments, and is located
near Bosco, Municipality of Malalbergo (BO). Thisgsnent, in hydrographical right side,
was affected by an important breakage in 1990p0votlg a large piping phenomenon

occurred in coincidence of a methane pipeline, @rypof National Society Methane
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pipelines (SNAM), which was crossing the Reno Rigabankments in correspondence of
the embankment base. Renovation works were cawigdin short time, through the
reintroduction of the new embankment segment ihi ald structure as well as a new
methane conduit in a safe position. During the Bet®2007 measurements campaign, some
profiles were carried out measuring the segmenigciwivas rebuilt by the renovating works
(figure 6.10). With regard to the geometrical disiens of the embankments (up to twelve
meters, divided in three to four steps), the ingasions of different embankment steps, in

order to acquire as much quantity of data as plessib the entire embankment, were

provided.

CASOL! & LODINI | c SuAN sPA
SONDAGGI GEOGNOSTICI Y gEan
E PROVE PENETROMETRICHE | Locah ———— ST
o P2 16

MAMIANO (Parma)
Tel. 0521/ 848110

Descrizions lamend

Clayey sandy silt with vegetal content.

Fine sand with slight clay fraction

Fine sand with increasing
clayey fraction

LEGEND

O  Boreholes Grey clay

GPR Profile
50 1] 50 Meters
I /
Brovm clay
‘,’ﬂ : : ‘l\\\\\\ ;
;! Possessione \\\\ Grey clay weakly silty
s
,,.'; / Bosco  / M
2 v 5/ 1,6 Fine sand with clay

we s

Figure 6.10 — Planimetry of the study area near Ba® (BO), with location of the borehole measurement
tests and of GPR profiles (on the left); particularof the borehole carried out over the reconstructed
embankment segment.

The environmental state has proved optimal, charaetd by dry conditions and with
the green coverage of the embankments perfecthogmaevhich has guaranteed the good
coupling between the antenna and the ground. ThHe @Bduced by MALA Geosciences,
employing 250 MHz and 500 MHz antennas (April 208 GPR released by IDS with the
employment of a 100 MHz antenna, were used. Theil 4007 campaign was very

unproductive because of the scarce penetrationtbfthe antennas utilised; thus, the October
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2007 campaign was provided with the objective @cheas deeper penetration as possible.
Along the profiles, carried out on the top of tmebankment, the presence of reflections at the
beginning of the profile is noticeable. Such rdilet are characterized by a deepen tendency
going towards SE (figure 6.11). For almost thererprofile, the penetration capability of the
EM wave is reduced to less than four meters, duégheéosignal-to-noise ratio consistent
decreasing going deep, despite the lithology eneved with the direct tests (figure 6.10) is
constituted by fine sand with presence of clay. Waivation is given by the fact that the
first meter from the surface is characterized bgdeclay content, producing many reflections
that attenuate the signal. Such reflections disapipecorrespondence of the passage between
the soil layers, to fine sand horizon, as confirrbgdhe borehole visible in figure 6.10. Under
this passage, the larger part of the investigatisdevoid of reflection, showing

homogeneity.
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Figure 6.11 — GPR reflections on Reno River embankemts, with a deepen tendency going towards SE. A
100 MHz antenna was employed.

Around the zones where the new segment was recotetr and attached to the old
structure, the reflections decrease in amplitudkthe embankment results homogeneous for
the entire area analysed, which result slightlys lesspect to the beginning of the
measurements and in general, one of the smalleth dgached during the entire GPR
measurement campaigns. Moreover, any changes diried¢ properties, passing over the
reconstructed area, were notified.

The external steps were analysed with the employroed00 MHz and 200 MHz
antennas; the 100 MHz has failed the attempt tectldhe new position of the SNAM
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methane pipeline, which was probably posed underetmbankment base. The 200 MHz
antenna has reached the depth of around one rgeterg a detailed description of the first
meter concerning stratigraphic changes and rockdbaito metallic objects detection, but
resulting useless for an adequate evaluation ofd¢bearch purposes. The new part, which
was reconstructed utilizing the same materialdhefdld embankment, was not individuated,
demonstrating its optimal reinsertion into the oraj structure and the impossibility of GPR

to resolve eventual slight changes in electricapprties.
6.3.2 Gaiana Stream

The second levee that was analysed with the purpbsew embankment segments
recognition, behave to the right hydrographicaksud Gaiana Stream embankment system,
located in the municipality of Medicina (BO), wheruring the flooding event of 2005, the

initial formation of a siphonage leaded to the cutal collapse (figure 6.12).
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Figure 6.12 — Planimetry of the study area near Sa®alvatore (BO), with GPR surveys carried out in
October 2007 campaign employing 100 MHz and 200 MHantennas.

The embankment is composed by a unique large bathlowt intermediate external

steps and it reaches the high of four to five nsetér profile of one hundred meters was
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carried out using a 100 MHz antenna, to achievesthectural evaluation for the complete

embankment elevation, but the results were segashpromised by the irregular surface of
the embankment top. Must be mentioned, that beforearry out the GPR profiles, an

apposite campaign of embankment maintenance wasdpth The necessity was given by
the massive presence of vegetation could obstédeepdssage of the GPR device and
antennas. Despite the cleaning works, the rootdiethe cuts and the very irregular surface
(often composed by heterogeneous materials) hafleeirted the radargrams, that are
affected by many reflections and traces “jumps”,jolvhare associated to the uncoupling
phenomenon between the antenna and the ground.

The 200 MHz antenna was mounted on a special cavided by IDS, therefore the
profiles were carried out without the contact witle rough surface, improving the signal to
noise ratio and guaranteeing a constant data awguisin proximity of the embankment-
reconstructed segment, still recognizable durimgfigld survey for the presence in surface of
construction material fragments, strong reflectionsur from one to one and half meter of
depth, validating the hypothesis of a layered stmec with a horizon mainly composed of
coarse construction and carryover material. Unfately, any direct test is available for this
segment, therefore any comparison was done atideaiuppositions need to be confirmed. A
large hyperbola is clearly visible in the left paftthe profile of figure 6.13. In this case,
although the 200 MHz antenna is shielded, hightfesgy interference creates a false target
inside the ground. In the complex, this survey teggmrted negative results, because of the
scarce penetration depth reached by 200 MHz ant¢hegractical difficulties encountered
by 100 MHz dragging, and the lack of a direct tasthodology, important to calibrate and
therefore validate the hypothesis formulated.

0m 50 m

Figure 6.13 — GPR reflections on Gaiana Stream emb&ments, associated to inhomogeneities in the first
two meters. Presence of high-frequency interferencen the left part of the radargram; 200 MHz antenna
was employed.
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6.3.3 Ghironda Stream

The third study area chosen for the structural atadn of embankment segments
rebuilt in the past is localized along the Ghiror&teeam, which is a tributary of Samoggia
Stream; the embankments that bound this smalltaiigliare five to six meters high and the
usage of a relatively low-frequency antenna carrantee an adequate description of their
structure. Some months before the measurementgrésence of several cavities excavated
by animals has seriously compromised the stallitthe embankment structure; thus, many
segments of the embankments were rebuilt (figudel)6.Unfortunately, no geotechnical

information is available and therefore no correlatith direct tests was done.
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Figure 6.14 — Study area on the Ghironda Stream enalmkment, for structural evaluation and cavities
detection.

The GPR capability for the repaired zones detectias tested, employing a 100 MHz
antenna, which is able to reach the depth of foug-meters. Also for this study area no
geotechnical information are available. Through RRGorofile, carried out at the top of the
embankment, it was possible to identify zones witbng reflections until the depth of four
meters. The figure 6.15 shows this profile and $&@gments of respectively 12 and 10 meters,
characterized by an increment of reflections, aséble; these areas corresponds to known
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recently repaired areas. In this case, higher GfRctions define more porous and thus less

compacted soil.
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Figure 6.15 —GPR anomalies, produced by areas witlifferent porosity and thus different compaction
status (100 MHz antenna).

Making a brief summary, the GPR has suffered maoplpms and just seldom it was
useful to identify changes of structural conditiamside the embankments which were rebuilt
in the past. Repaired areas are well recogniziihey were executed recently, because new
material is more porous and therefore less comgauatiéh respect to the old one. Reparations
executed several years ago are difficult to detgitt GPR because the soil compaction and
the electric properties of the materials, influeh@so by the moisture content, with time

become similar to the surroundings.

6.4 Detection of animal cavities

Digging activities of animals and roots of plantsvé negative effects on the dike
stability. As a result, voids may occur in leveelies. Dikes are part of the landscapes and are
influenced by biological processes. Recently, s@uthors have employed GPR to verify
known cavity detection in river levees with a camgrin concrete (Sheng-Huoo et alii, 2002).
Concerning the ltalian situation, despite of theorsj Po Plain anthropization, several
mammals have found a comfortable habitat both enititernal and external part of river
embankments, where they are proliferating. As jouesly stated, the species, which can be
found on the river embankment habitat, are somewsmammal types; the European badger
(Meles Mele} the fox {ulpes Vulpesthe wild rabbit(Oryctolagus cuniculusand the nutria

(Myocastor coypusWhile the fox and the European badger are anitmatsrically involved
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in soils and dikes erosion, recently the occurrasfathers species has significantly increased
the embankment safety issues. The observatioreatdiities occurrence enables to establish
that wide embankment structures (Reno River andoNapic Channel) are affected
prevalently by fox and European badger cavities;rthtria, which needs an habitat close to
the river water level, mostly built their cavitiesside the river bed and only minor
embankment structures or irrigation channels afectdfd by this phenomena. The 1996
Samoggia River breakage and the flooding on thentcgside nearby the Savena
Abbandonato Stream were ascribed to the presencaviies inside the embankment, which
created a strong reduction of resistance.

The tests provided for the cavity detection wengied out wherever there was a hole
or cavity evidence, in order to verify the advaem@nd drawbacks of GPR methodology.
The GPR profiles were carried out using variougmma frequencies, from 100 MHz to 600

MHz, trying to find a compromise between depth pexton and spatial resolution.
6.4.1 Napoleonic Channel

The first embankment segment, which was studiedonge to the Napoleonic
Channel, and in October 2007 showed the presenadasfie cavity on the external flank of

the embankment itself.

Figure 6.16 — GPR investigation to detect a cavitgver the Napoleonic Channel embankments, employing
a MF (200- 600 MHz) antenna.
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This cavity resulted excavated by a fokulpes Vulpesand was located just at one
meter depth below the top of the embankment, witiaaneter in entrance of around 40 cm
(probably decreasing going inside). The multi-freigey antenna 200 — 600 MHz can be used
employing three channels to receive the signaksefore, it can scan the ground with the
mono-static 200 MHz and 600 MHz antennas and vaghcross-polar 200 MHz transmission
to 600 MHz reception antenna. These configuratiortbeory enable to achieve an adequate
penetration, an optimal spatial resolution anddftge a compromise between them at the
same time, thanks to the simultaneous usage of gudilti-frequency GPR unit.
Unfortunately, no profiles carried out over the ibaveven changing antenna polarization
during data acquisition as well as applying decduian or implementing amplitude
enhancement during the processing, have givenartyevidence.

Probably the fine granulometry of the material tbabstitutes the embankment has
compromised the outcomes, significantly attenuativeyeM wave. Moreover, the cavity was
spreading inside the embankment flank not in hotalodirection, but following a down-
inclined path and after around half meter two tdsit@ving a divergent direction resulted
excavate. Therefore, the results are negative: EdMewattenuation, clutter and scattering
phenomena occurrence, have demonstrated that thieymnent of high frequency antennas,
although suitable for the good spatial resolutienjnappropriate for such grain size and

porosity soil condition.
6.4.2 Ghironda Stream

Chapter two have already introduced how holes eateavby animals (foxes and
nutrias) can seriously compromise the hydraulietyabf river embankment as they may
trigger seepage or piping phenomena. Severalwestsimplemented for the determination of
holes development inside the embankment. AlongR&Bso river tributary, many entries of
animal holes were discovered by the local Reno iRasin service workers at the base of the
embankment itself, at a depth of one meter frometihdankment external step. A set of 100
MHz and 200-600 MHz antennas, released by IDS wad in GPR survey, but only the 100
MHz has showed some results, because of the pBoptissues encountered by the higher
frequency antennas. During the measurements cam@aigy m of profiles on the top of the
embankment and 250 m on the first external ste warried out. The main aim was to see
if, as well as the entrance, the main developingth&f hole inside the embankment is
recognizable. Comparing to many trials on holes$y tre largegest one, with a size of about

40 cm, was detected (Figure 6.17). Together with éhtrance, another non-homogeneity

123



close to the main, is evident: this may be a portbthe hole inside the embankment. The
difficulty for detecting other cavities is due toetsize of the holes in diameter, which are

probably slightly lower than the antenna resolution
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Fig. 6.17 —GPR anomalies, referred to cavity excated by a myocaster coypus, detected employing a 100
MHz antenna.

In the complex, the results are partially negatihe: employment of high frequency
antennas, although suitable for the good spatsalugon, was seriously compromised by the
EM wave attenuation in the first meter of subsdige to clutter and scattering phenomena
occurrence. The 100 MHz antenna, which has reatiheedarget depth, is unable to detect
punctual targets smaller than 40 cm of diametertaowlever, as deeper the target as higher
must be the contrast in dielectric properties todpce any noticeable reflection. Moreover,
the moisture conditions and the embankment geoméiators significantly influence the
GPR measurements, which have achieved just oneestitey result, for the small Reno

tributary levee.
6.5 Localization of stratigraphic contacts beneathiver embankments

Many studies in the past has revealed how the GiPRbe an useful tool when some
shallow geologic information are needed; Dominicakt (1994) demonstrate that Ground
Penetrating Radar is an important tool for studyshgllow stratigraphy, where the ground
conductivity is low enough to enable radar refl@es from depths of interest. GPR capability
was tested in the determination of buried geoldgstauctures makes this technique a

powerful tool in sedimentology (Smith and Jol, 208ven if the extraction of meaningful
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information on the deposition style and on the meditary structures needs systematic and
accurate data processing (Neal, 2004). Makingrdeeds of such well-developed studies, the
localization of stratigraphic horizons beneath Nagpoleonic Channel river embankments was

tested employing the relatively low frequency 10BlMantenna, obtaining good results.
6.5.1 The Napoleonic Channel case

Within the survey programme, managed by the ReBimilia-Romagna, the study of
the "Cavo Napoleonico" Channel takes a primary gdad to its strategic role in the lower
hydraulic network of the Reno River. The Napoleo@ltannel was originally designed with
the purpose of diverting part of the floods of tReno River into the River Po. Another
function is to keep a considerable volume of watside its own bed, in order to reduce the
flooding (overbank spillage) risk along the aridiiccourse of Reno River, that starts from the
village of Sant’Agostino (FE) and extending eastiay the Adriatic Sea. The project, left
unfinished at the beginning of the XIX Century, haden modified substantially in its
hydraulic and geotechnical characteristics. This led to an increase of the flooding hazard
in areas that have already experienced catastr@pieists caused by the local streams in the
past. The historical studies and reconstructiomsethout and described in Mazzini et alii,
2006, demonstrate that the excessive attentioheotlesigners to the hydraulic efficiency of
the canal has generated important geotechnicalldwekg, such as the intersection of the
waterway with abandoned channels. That lack of ssmng awareness of geotechnical
problems could also be related to an immaturitgexflogical sciences applied to engineering
works, especially in Italy during the '50s. Finalklyvo different ways could be indicated to
face the geotechnical problems. The first is to glete the coating of the channel segments
that show excessive filtration phenomena; the sgaomnsists of reinforcing the remote
control of the hydraulic levels so that the managewuld be able to use the Napoleonic
Channel respecting the thresholds established théhsimulations obtained from numerical
procedures. Although the first solution is at thenment impracticable, not having sufficient
financial resources, the second one shows somenessés due to the uncertainty of
measurements and to the eventual unpredictabletsedeming the hydraulic management

procedures.
Geometrical settings

The Napoleonic Channel, 18 km long and of and 180de, has the double function.

Firstly it diverts away Reno flood waters (shiftiitg discharges to the Po, or keeping them
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inside its own course, as an emergency resenailg fnaximum capacity of 1.8 million%n
with a southward flow direction, and secondly, étsaas an alimentation waterway for the
CER (Emiliano-Romagnolo Channel), with oppositevidirection. To succeed in this double
function, the channel bed slope is equal to zetwe Tonnection to the other streams is
regulated by two hydraulic concrete structureshifdtstructure governs the water flow to the
CER and, if needed, it could be used in the oppasrection for hydraulic safety. Because of
the very high permeability of the channel bed, ‘®Gavo Napoleonico” cannot be used at its
maximum capacity. Indeed, the fill-in volume canerteed one third of the maximum filling
size, and it can be utilized for the irrigation @edure only for a limited period of time during
the year (from April to September).

The problems related to the Napoleonic Channeltipogig concern firstly the fact
that the Napoleonic project was supposed to contecReno to the Po through the lower
Panaro River, but the project was changed andsggsadirectly to the River Po, forcing the
canal onto a very highly permeable zone. Secotidétechnical request for greater hydraulic
efficiency made it necessary to raise the leveawder to reach higher heads, necessary for
the correct hydraulic performance of the Emilianmafdgnolo Channel, was at the same time
the cause of the stress increase on the terragter tine earth embankments. In Figure 6.18a,
the courses of the hydraulic network of the Napole®hannel are illustrated in relation to
the two rivers and the Emiliano-Romagnolo ChanhreFigure 6.18b, on a larger scale, the
present course of the canal is shown and compardgetone built in the first years of the
XIX century (dashed lines); the two paths are ddiest from the village of Sant’Agostino to
Bondeno (FE). So, even if the modification of thapileonic original project has brought a
potential hydraulic improvement to the channehats determined geotechnical conditions of
the new artificial levees that cannot guaranteeflined safety of the restricted areas, even
after the partial impermeable coating works caragation the channel bed during the '60s and
'70s.

The Napoleonic Channel embankments as well as dh®unding areas are fully
defined by direct tests carried out during lastadies. The GPR was tested in this context just

to verify its capability to detect shallow straaghic horizons.
Results

Along the Napoleonic Channel, data relative to éhsections were studied in detail.
The internal structure of the embankments can berresl to a general model, such those
represented in Fig. 6.19A, B and C.
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Figure 6.18 - Localisation of the study area, on amall scale (a) and in detail (b). Numbers indicate
respectively: 1, flow direction of Reno floods; 2flow direction of water drifted from River Po to Emiliano-
Romagnolo Channel; 3, morphological trace of the dlcourse of the Channel (Napoleonic project); 4, B,
important concrete hydraulic structures (Opera Po ad Opera Reno) visible also form aerial photos, frm

Mazzini & Simoni, 2006, redrawn.

The stratigraphic sequence consists of:
)] the artificial river embankment, 8 m height (sitepalent);

i) in situ alluvial deposit, 2-10 m thick (silt preeat);
iii) paleochannel, variable thickness (medium sand).

For the section of Figure 6.19A, GPR was used &xklihe embankment structure.
Because of the silty soil, both 100 MHz and 200 Mdtitennas suffered a strong diffraction
process in the signal. Along its course, the Napute Channel crosses repeatedly a Po
paleochannel (Mazziret al, 2006). GPR capability for the detection of thp tf the sandy
body was tested, in order to verify its lateral toaumty (Section B and C in Figure 6.20). With
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respect to the base of the embankment, cone peaettasts identify the top of the sand
respectively at 2 m (CPT 1) and 10 m below (CP@ding northward.
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Figure 6.19 - GPR surveys location along the Napaaic Channel (site 1 in Fig. 1) and stratigraphic
sections of the embankments obtained by in situ dict measurements. SCAN A, B, C: location of the GPR
survey.

The GPR survey (100 MHz antenna) was carried outfout two kilometres between
sections B and C (Figure 6.18). For the entire teraj the GPR profile, the road asphalt
covering the silty soil level is recognizable. heftfirst hundred meters of the survey (SCAN
B in Figure 6.20), it is possible to clearly recamn at a depth of two m, a sandy layer. The
signal becomes too weak at four meters deep bea#ue presence of the water table,
confirmed by piezometers in the vicinity. This stgocontrast becomes more and more
discontinuous going northward and, at the end efdilrvey line, it disappears (SCAN C in
Figure 6.20).

Some important aspects in the use of GPR comesdorbg the survey: the
topography surface perfectly smooth by the aspt@mlerage of the road and its dielectric
properties, which imply a weak signal attenuatioas henhanced the acquired data;
furthermore, it is always recommended a calibratieith other direct and/or indirect
measurements. The detection of shallow stratigcagiorizons between soils with a

noticeable difference in lithology or moisture cemt, like medium sand and silt was verified.
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It was also possible to check the lateral contynait a paleochannel at the base of the

embankment.
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Figure 6.20 - Non-homogeneity horizons (white dasHelines) detected with GPR along the Napoleonic
Channel (see Fig. 6.19 for location). SCAN B and (100 MHz antenna): it is possible to notice how the
contact between silt and sand at 2 m depth disappepassing from SCAN B to C (Biavati et alii, 2008).

6.6 Inspection of the embankment internal structure

The fluvial embankments of the Reno River andritgitaries system has shown in the
Lower Po Plain territory a series of geotechnical aydraulic problems that in many cases,
during exceptional flood events, have resultedanosis inundations. The events that were
particularly severe, in these Region are the emiank breakages of Reno River in 1990,
Samoggia Stream in 1996, and piping phenomena ati@ua Stream in 2005 and Samoggia
Stream and again the levee breakage of Reno Rhisrdne particularly serious, which has
occurred at the end of this thesis compilatiord008.

Trying to make a summary of all the possible isghas afflict this part of the Emilia-
Romagna territory, the main causes of the strucamdbpankments weakening, can be related

to:

- Land subsidence
- Variations in water discharge.
- Variations of river bed profiles.
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- Anthropogenic interventions (expansions of urbasas, quarry exploitation of the
river beds, underground excavations, etc.);

- Consolidation of underground terrains (belowdlgkes);

- Consolidation of the earth embankments (dykes).

- Piping or seepage problems;

- Animal excavations and biological alterations.

The STBR (Regional Technical Service of the RenweRBasin) of the Regione
Emilia-Romagna has recently begun a survey progmniimanced by the Authority of the
Reno River Basin (Autorita di Bacino del Reno 200&2)d focused on the study of the
hydraulic and geotechnical conditions of the riviikes inside the territory under its
jurisdictional authority (Mazzini & Simoni 2004) h€ geotechnical investigations, brought to
formulate many considerations; the levees, inspleatith standardised field or laboratory
tests results affected by many different probleikes $ubsidence, erosion, landslides, piping,
animal excavation, human impacts, but over allh®yihappropriate building techniques that
were used throughout history. As a result, the dlaefence system of the complex Reno
River network does not operate as it should in margortant nodes. Therefore, in spite of
the well developed system of embankments of theoRRimer and its tributaries, dating in
some cases over one hundred years, there is aofdakowledge on their structural status
because the geotechnical surveys (such as SPT-€4%, boreholes) achieve just punctual
data. Hence, the large longitudinal extent of thmbankments (several hundreds of
kilometres) has placed great interest in non-desw® geophysical methods, which,
compared to other methods such as drillings, albbwaster and often less expensive
acquisition of high-resolution data. The knowledgfethe existence and the position of
eventually non-homogeneity zones into the embankraen relevant problems in term of
hazard and hydraulic risk, especially if river emk@ments themselves are old (more than one
century), inserted in a densely populated aregestéa to periodic important floods and at
last, detailed information on history and structare missing.

The need to carry out a survey of hundreds of k#tves of river embankments for
identifying, primarily, these weakness zones, $® @ requirement of the regional government
authorities. Just in this context, GPR suitabiigs tested in the study of river embankments;
the main purposes were the detection of stratigiaphimal cavities and burrows, buried
pipelines, non-homogeneities in general and alkdee to different phases of construction

and repaired areas of the embankment itself.

130



6.6.1 Savena Abbandonato Stream

The Navile-Savena Abbandonato channelization isomptex system of artificial
drainage of the area that surround Bologna, whicbludes as a whole: the main
hydrographical grid formed by the watercourses MavBattiferro, Diversivo and Savena
Abbandonato, its basin and the areas connectedrdithm the hydrographic or functional
point of view with the catchment basin itself. Téechment basin, which is part of the basin
of the Reno River, is about 111 Km?2 and its hydapgic grid has a length of 75 Km, 48 of
which are embanked. The Savena Abbandonato iddh#verbed of the Savena River, which
was deviated during the second half of the eightemmturies and is a Reno River right
tributary. The old riverbed was still used for dia@ge and irrigation, until the last century,
when it was utilized as sewerage system, increabi@glamages associated to the pollution.
During heavy rainfalls, the Savena Abbandonatohest¢he meteoric waters of a widespread
basin and its reduced riverbed area results iraecedrainage capability. Moreover, in some
parts along its course, seepage phenomena occunréte recent past, associated to the
presence of cavities excavated by animals as welivaterproofing inadequacy of the
embankments.

Many destructive tests were provided in the lastryeto acquire as much knowledge
as possible of the materials of which the embanksnare made up. These punctual data,
demonstrate the high heterogeneity and three-diimesisanisotropy of both embankments
and their fundament ground, which has differentrgséze associated to the alluvial deposits.
According to boreholes and cone penetration teswmplified but effective embankments
structure model was carried out: three main litblotéc units were recognised:

= A Unit (artificial)

Savena Abbandonato embankment materials, artifichalh the presence of
heterogeneous materials, mainly fine sand, siltydsand sandy silt with subordinate
presence of clay levels or medium to fine sand. [&hge differences between the deduced
stratigraphic sections demonstrate that these ekniiamts are insufficient to provide a
safe waterproofing of the structure; indeed thesgenals were roughly taken near the
river bed, in order to build as faster as possibée structure. The thickness of this first
unit is variable from four to five-six meters.
= B Unit (silty-sandy unit)

This is a typical alluvial unit, typical of a hetérophic environment, with several
series of depositional events, with their own epeagplitude and duration, due to the
very unstable hydrographical regime, which affedieid Po Plain part. This unit, even
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with lateral and vertical variations, can be coesdl a unique body, until extensive
geophysical tests will try to clarify its real coogition. The granulometric composition is
larger than the first unit and this unit resultastituted by medium to coarse sand (mostly
in the left hydrographical side), fine sand anéralation of clayey, silty lenses. Hence, an
extremely high permeability could be found randormlysome parts of this unit. The
surrounding fields, wherein sowing seeds and fingés cultivation is prevalent shows
silty granulometric characteristics associablehis unit; its base coincides with the C
unit.

= C Unit (silty-clayey unit)

The C unit underlies the previous at three to fivedepth from the surface, and it
is mainly composed by dark-grey clays with subaatinlevels of medium to fine sand,
sometimes silty sand. These levels represent simerepaleochannel, characterized by the
elevate instability of the environmental conditipi®wever, the dominating part is
composed by swamp conditions, leading to a verg Bize material deposition. The

average contains of gravel, sand, silt and clayiferthree units are shown in the table.

% Gravel % Sand [% Silt |% Clay

Unit A 1 29 53 17
Unit B 2 59 29 10
Unit C 1 11 57 31

Table 6.2 - average contains of gravel, sand, silhd clay for the three units recognised by the geethnical
tests (Gelati, 2003).

During the heavy rainfalls of December 2002, theveBa Abbandonato Stream
embankments suffered of seepage phenomena in thmesé comprised between the
confluences of Diversivo Channel (which partialgvdate the Navile Channel water) and the
Reno River. Following such events, that create@s\¥looding in the surrounding fields, the
STBR commissioned geotechnical investigations téindethe geological model of the
embankments because, despite of the reconstruetioh refurbishing works that were
actuated in the past for such embankments, no deatation about the soil characteristics of
the surrounding as well as basement area was bhail&he results of the geotechnical
campaign demonstrated that the high embankment gaduitity in correspondence of the
seepage phenomena could be possible only due tprédsence of cavities excavated by
animals (Gelati, 2003).
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The GPR campaigns were carried out in three diffeeanbankment segments; the
first study area was defined in 2006, in Ubersetgality, near Altedo (BO), in
correspondence of the seepage phenomena of 2092rF6.21). The measurements were
done just in February 2007, after the well-timeaniag works, but no information were
obtained in other seasons, because of the rapmatmn of a huge vegetation nap that

constantly covers this embankments segment.
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Figure 6.21 — Study area on the Savena Abbandonatembankment, near Altedo (BO), with the
employment of 400 MHz antenna; a stratigraphic colmn of the subsoil is associated on the right.

The February 2007 campaign was carried out usii®y3B00 Ground Penetrating
Radar, released by GSSI, transmitting and receit@hb signals with a 400 MHz antenna.
The data were elaborated with the commercial so8WRADAN 6.5, released by the same
company. The 400 MHz antenna has detected integegbnes with higher permeability
inside an internal step of the embankment, chaiaeté by strong porosity, revealing the
presence of several punctual anomalies, caused eggtation roots as well as voids
occurrence (figure 6.22). The wave velocity inside ground was estimated in 12 cm/nsec
through the positioning of a metallic object at wmodepth, as explained in the paragraph
6.1.2. These small anomalies, detected until thehdef one meter and half were verified
with manual trenches provided on the flank of thmmbankment step, confirming the

hypothesis formulated with the GPR data analysis.
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Figure 6.22 — GPR profile, carried out using a 4081Hz antenna, which reveals the anomalies presenca o
the left part of the radargram.

The 400 MHz antenna results useful for the detestron of small anomalies at
shallow depth, but there is no evidence of strafigic passages inside the investigated
subsoil; however, there are no geotechnical inféionaabout the embankment stratigraphy in
this segment. The radargrams are characterizedoime s'antenna ringing” effect that is
produced by the horizontal banding phenomenon. rirfggng is associated to the fictitious
repetition (with regular intervals) in the radamgréime axes of strong superficial reflections,
that risk to cover the eventual horizontal boureigriwhich is related to changes of electric
properties (and therefore lithologic passages). 40@& MHz antenna results also insufficient
to provide a description of the embankment strggtiis penetration capacity is not more than
two-two and half meters so that the profiles acgpiion the embankment top do not furnish
any information about the structure of the embankniself.

Along the external basis of the embankments, gihafiles were carried out, in order
to localize the water table as well as the bourdabetween the superficial soil horizon and
the deeper layer, calibrating the results withgtratigraphic column of figure 6.21. Must be
remembered that in sediments, dielectric propedresprimarily a function of mineralogy,
porosity, water saturation, and they depend onlithelogy, component geometries, and
electrochemical interactions. In addition, the elitlic constant of soil is a function of the
percent of water in the soil, increasing with irr@®@g water percentage in the soil. The
horizontal surface where the GPR profile was cdraat can compromise the results of the
processing, because thaeitkground removalfunction, which removes the average of all the
scans accumulated, besides the banding and ringffiegts can remove other horizontal
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features such as water table. Nevertheless, théM0antenna guarantees a good resolution
and the fine lithology of the subsoil, which contilateral variations in terms of
granulometric composition, can produce oscillationslepth of the water table. Hence, if a
not planar water table occurs in consequenceseotéapillarity phenomenon, the associated
reflection thus can be detected through the hotatdranding filters application. The figure
6.23 illustrates a clear banding at around two meetad half, that is characterized bRiaker
waveletthat gives a 180° phase change and the three rhajbicycles have a - + —
(black/white/black) phase, indicating the expectetlection at interfaces from higher to
lower permittivity. Such banding shows a very regyprofile and in addition, it is situated
whereas the signal-to-noise ratio is too low todpice such reflection. However, the water
table presence can be estimated at the variablkiaglep one meter and half to two meters,
whereas an undulate continuous reflection marks ehtre radargram, described by a

positive—negative—positive pulse + — + (in greylsaehite/black/white).
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Figure 6.23 — GPR profile with 400 MHz antenna, caied out on the external basis of the embankment,
which evidences the possible presence of reflectioaused by the water table top.

These oscillations can be confirmed by the fact tha lithology is composed by
prevalent sandy horizons, which result in a slicayillarity phenomenon. This phase polarity
corresponds to the expected reflection with thitermma at interfaces from lower to higher
permittivity, which actually is given by the pasesaffom unsaturated to saturated soil.
Unfortunately, the water table detection for thebamkments soil type and stratigraphic
column is a contradictory task and for all the pesfcarried out, the margin of uncertainty is

too high to make an adequate estimation. Anywagy,glofile evidences also in its right part
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a hyperbola at one meter depth that can be assdctat a buried object belonging to
carryover materials.

The other segments, respectively in the fractidnSapo d’Argine and Ca dei Fabbri,
located at twenty kilometres northward Bologna, evehosen whereas cleaned levee and
smooth surface at the top of the levee itself ieumd. These segments are also interesting
because many constructions as private houses haswghrehouses were built just below the
embankment structure and no geotechnical datavaikable. Generally, the granulometry of
the materials that compose the Savena Abbandortaedans embankments presents larger
amount of sand and consequently more heterogendityrespect to the other Reno River
catchment embankments; therefore, EM wave deep&tiadion capability was reached.

The Capo d’Argine GPR profiles were carried ouhgghe 100 MHz antenna and the
MF (200-600 MHz) antenna (Figure 6.24). With regiardhe MF antenna, interesting results
were produced both with the employment of 200 MHmostatic antenna and with the cross-
polar configuration, which transmits the impulsetteg nominal frequency of 200 MHz and

receives using the 600 MHz antenna.

Figure 6.24 — Study area on the Savena Abbandonagmbankments, for structural evaluation and cavities
detection: 100 MHz and MF (200-600 MHz) antennas we employed.
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The filtering values were chosen considering thegdency spectrum in order to
capitalize to energy emitted by the GPR and to idewan efficient signal cleaning. The
application of 200 MHz to 800 MHz high-pass and Jpass filters respectively has brought
to a better radargram definitionin some profiles, the prevalence of sand inside the
embankment material has improved the penetratipalihty of the EM wave. Therefore, for
200 MHz antenna applications, the signal-to-no& rwas adequate until a depth of two to
two and half meters and therefore the obtainedteelave maintained the expectations. Such
operating frequencies were functional to the deiecbf many punctual heterogeneities and
anomalous zones inside the first two meters okthbankment, which are prevalently linked
to the occurrence of heterogeneous carryover nadgdffigure 6.25). The massive amount of
carryover materials (especially rock boulders anickb) significantly increases the
permeability of the upper embankment structureessng a high grade of instability to this
segment of Savena Abbandonato Stream embankmédrgsisk associated to breakage and
seepage phenomena is restrained by the geomeattardahat characterize this alluvial plan
part of the Savena Abbandonato course. Indeed ittdgbed, which was used for drainage
and irrigation until the last century, was recentlyannellized and utilized as sewerage
system; the straight direction of the artificialatbed and its reliable slope increase the
discharges into the Reno River but mitigate thesibagy of persistence of high water-levels
into the riverbed during flooding.

Concerning the results obtained with the employnoéihe 200-600 MHz cross-polar
configuration, the depth achieved is less with eespo the depth gained with the 200 MHz
antenna, but the spatial resolution and the detdntsut the buried objects were improved.
Furthermore, the cross-polar configuration, witlspect to the 200 MHz antenna, has a
different dipole orientation and thus a differeabtprint; such displacement guarantees the
coverage of a wider area and therefore permitotghly understand the spreading of the
detected targets. All the profiles analysed shoames frequent punctual anomalies and
heterogeneous zones, and the lithologic passagdsedirst one meter are well-evidenced
with respect to the 200 MHz antenna results. Theepation depth has seldom reached two
meters, and in most of the cases under the metiehalhthe signal-to-noise level has resulted
too low. The Figure 6.25 shows some evident hydagband other reflections associated to
heterogeneous zones. The presences of metallictslge the profiles generate some multiple
vertical reflections, which mean total reflections the EM wave (Figure 6.25b). Some
objects are detected with both the configuratidherefore, they result fairly spreads and the

presence of houses as well as warehouses in theedrate surrounding could lead to
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hypothesise the occurrence of conduits (Figured&.2Hhd zones excavated, filled and thus
compacted, where anomalous materials seem to bedo{&igure 6.25Db).
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Figure 6.25 - GPR profiles carried out using MF anénna (monostatic and bistatic configurations), caiied
out on the top of the embankment, which evidences) presence of many reflections caused carryover
materials, b) metallic objects.

The antenna 100 MHz usage can provide the desmmiti a consistent part of the
embankment; this is the unique case whereas thengdions of the embankment as well as
the granulometric conditions have enabled to réhelbase level of the embankment itself (5-
6 meters from the surface). The profiles carriedusing the 100 MHz follow the same path
of the previous profiles and shows the major re¢ifdes that were detected with the
employment of the 200-600 MHz antenna; however,esparts of the radargrams, elaborated
with the GRESWIN2 software, show zones withoutastibns. The 100 MHz antenna has
often acquired noisy data, which create some bgnelifects of difficult interpretation. The
spatial resolution respect to the higher frequesrtignnas is obviously reduced but the EM
wave is able to identify an important boundary (ffegg6.26) at around four meters depth. The
lack of geotechnical information, as well as otgeophysical measurements, does not permit
the recognition of such evident change in dieleatharacteristics. Some hypothesis can be
done: the almost horizontal shape of the boundhoyld be associated to the water table
level or should be due to various phases of cocsty which can be justified by the high
heterogeneity of the entire embankment segment.eidery the noisy level of the data and the
presence of some artificial banding on the left pathe profile do not assure the hypothesis
formulated; once again, this case demonstratesehowltidisciplinary approach is necessary

to understand the causes of potential instabifithe embankments.
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Figure 6.26 - GPR profiles carried out using 100 MHE antenna, carried out on the top of the embankment
which evidences presence of an evident boundary fmur meters depth.

The Ca dei Fabbri segment, located at two kilonsetrerthward the Capo d’Argine
area test, was also chosen because of its vegetdtee and smooth surface at the top of the

levee.
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evaluation and cavities detection, with the usagd MF (200-600 MHz) antenna.
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The antenna employed was just the MF, realizingr@filp on the top of the
embankment of around 775 meters (Figure 6.27) Taeujpometry seems to present the same
lithologic characteristics (larger amount of sandthwespect to the other Reno River
catchment embankments) and consequently the sanuitioas for the GPR measurements
was encountered.

The figure 6.28 evidences the results obtainedhieythree configurations employed
with the antenna MF. The 600 MHz monostatic chanedn if is able to detect many tiny
anomalies, results too sensitive and suffers stemgugal attenuation; therefore, antennas that
produce EM waves at higher frequencies than 200 Mife insufficient to make
measurements in river embankments.

- ) d { ; . ) I . i 4m

Figure 6.28 — GPR profiles carried out using all tb configurations available for the MF antenna, caried
out on the top of the embankment, which evidenceggsence of many reflections caused by carryover and
metallic materials.
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The 200 MHz antenna and the cross-polar configumatigive comparable results,
individuating metallic objects and several hypeasoin the first meter and half until two
meters from the surface.

To make a summary, in homogeneous soil, the GRRI&sto identify shallow isolated
objects with a size higher than the maximum resmiubf the antenna employed. For the
Savena Abbandonato Stream embankments, it wasbpossiidentify pipelines and objects
having a high permittivity contrast. In case ofe® anomalies without repeated reflection at
depth, they were interpreted as isolated blockelén§lling soil; isolated small anomalies
with strong reflection at depth are probably redate metal objects. Even if the employment
of a 100 MHz antenna has guaranteed a good peaostrdépth, the scarceness of the
information related to the reflection individuatedemonstrates once again how a
multidisciplinary approach is necessary to undesthe causes of potential instability of the

embankments.
6.6.2 Reno River

Along the Reno River the embankment segment sduatelocality Case Reno
Sabbioni, near Malalbergo (BO), was chosen as éirst test of the entire campaign of
measurements (Figure 6.29). This area, situateth@mydrographical left side of the Reno
River is adjacent to the segment affected by teakages of 1949-1951 and of 1990 (in the
right hydrographical side) that was caused by tlesgnce of a methane conduit; this conduit
was built inside the embankment body and creatkdeaof weakness, which triggered the
breaking event. This area was chosen becausecanprised between breaking events that
took place in the past. The campaign aims to implensome GPR profiles together with
another geophysical method, commonly used (elenmography). The area was chosen also
in concomitance with direct measurement tests fimdes and CPT tests) and a series of
vegetation cuts. Three GPR campaigns were caraeower this embankment. The first one
was carried out in August 2006, with employmentS#iR-3000 GPR, commercialized by
GSSI, employing 100 MHz antenna; the second onecaaged out in November 2006, with
a relatively high frequency antenna (200-600 MHant IDS, 4 channels RIS MF and master
MF antenna). The third and last campaign, in Oat@®®7, was provided with RIS Ground
Penetrating Radar (IDS) also employing again th@ MHz antenna frequency. The
campaigns have realize with the same hydrologicalcdnditions, even if the atmospheric
humidity (and consequently of the first half maetésubsoil) of November can be considered

higher.
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Figure 6.29 — Study area on the Reno River embankmts near Malalbergo (BO), for structural
evaluation, with the employment of a 100 MHz antena.

The stratigraphy reconstructed from CPT and Boeshoiformation (Figure 6.30) is
characterized by a complex structure, revealingpacal sequence for the Reno River and its
tributaries embankments. Inside the study areaitiee bank, which is about ten meters high,
is mainly made up of silty sand. At a depth of éheand half meters it is possible to notice a
slight difference in lithology (from silty sand teilt) and compaction. For manmade
embankments, it is typical to detect both in boteti@and in CPT layers of the same material,
recognizable for different grade of compaction, ahhirepresent different phases of

construction. Usually three main units are recogjpliez as:

A: River embankment (artificial), typically repreged by sandy silt.

A’: Artificial river embankment, with horizon (wherpresent) characterized by

silty clay.

B: Fluvial sediments, typically represented byyssiand.

C: In site material, typically represented by clay.
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Figure 6.30 - Longitudinal cross section of the enamkment, deduced by the borehole and CPT tests.

The GPR survey was organized by implementing mamhgitudinal profiles with
various frequency antennas. Some results have neltaivith a relatively low frequency
antenna (100 MHz, from GSSI sir 3000) and with latrneely high frequency antenna (200-
600 MHz, from IDS, 4 channels RIS MF and master 8Mftenna). The lowest frequency
antenna is expected to have a deeper penetratima amnor resolution at shallower depth
with respect to the higher frequency antenna (D&isnnan, 1989). In both the analysis a
dielectric constantKk = 9 (v = 10 cm/nsec) was supposed. This has suggestetheby
interpolation make automatically in slightly wet@wnditions (November 2006) by the IDS
master MF antenna, and seems to be reasonablarfdy silt material (Daniels, 2004). For
dry conditions one expects a lower(thigherv), but velocity values higher than 10 cm/nsec
are not reasonable for such kind of material. FBguBla shows a profile that was made with
the 100 MHz antennas in the at the top of the ekrbant during dry conditions in August
2006; this profile evidences two continuous bourdarwhich, according to the imposed
dielectric constant, lie at two and five meterstepespectively. They do not match with any
lithologic horizons seen in the borehole stratigpsgpnevertheless, they match with CPT
information, which in these points show same matemth higher compaction. The Figure
6.31b shows the profile that was carried out inoDet 2007, where many reflections were
detected, which could be associated with some kamigxibut not continuous and that are not
clearly comparable with the August 2006 profile. IGEemonstrates to suffer a lack in
repeatability and further geophysical surveys rntediae implemented in order to check if they
are apparent reflective horizons (due to the cafféet or antenna ringing).

143



SE NW G Mpa) 5

0 0
1 - v - a . B, e emw s - ™ nu-'.;---- - i 9 -
. “e " ' 't"]*‘ L o U Tw...-.'.- ‘
2 ' st "V
J-h""‘ ol ’ Pkl el M\M /
3 ' L 3 -

¥ wh

! Y M A

' [
v W ey Wy .' e

M "H""-' .I"”| ! ‘ " [ I

0 m 50 m

QD
N

NG NN U R W N e D

0Om 50 m

b)

Figure 6.31 - GPR profiles carried out using 100 M antenna, carried out on the top of the embankment
a) two continuous boundaries at two and five metersb) many reflections but no evident boundaries.
Borehole test produce strong reflections at the cére of the radargrams.

Therefore, the electric tomography (see locatioRigure 6.30) was implemented with
a data acquisition system for multi-electrode testg surveying by ABEM (Terrameter SAS
1000) with electrode spacing of two meters. Wermoerfiguration was chosen, because of its
strongest signal intensity and the consequent tediuof noise that are important factors
when a survey close to zones characterized by @ntactivities is needed. Results (Fig.
6.32) show that the upper layer with relativelyigsistivity has a progressive increasing
thickness in the Northeast direction. This layemresponds to Unit A’, as correlations with
boreholes and CPT confirm. Anyway, this measuremgive not detailed information about
the internal structure of the embankment and hdfersd many problems during the
acquisition phase, both for the presence of a gtramse and for the atmospheric conditions,

144



very hot and dry, that have critically reduced ttapability of transmitting and receiving
currents for the georesistivimeter. Furthermoree Wenner array, that for the noisy
environmental conditions is capable to produce adgsignal intensity, has proved
insufficient to provide a description of the latevariations inside the entire embankment

structure.

NwW RESISTIVITY PROFILE SE
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Figure 6.32 - Electric tomography section obtaineavith Wenner configuration (2 m electrode spacing).

The 200-600 MHz antenna was used in November 200ié same embankment
segment, but at different levels with respect ®1B0 MHz antenna survey, given that on the
top of the embankment any consideration can be datmeshallower penetration depth. For
both the embankment steps and the road level psofdny sharp boundary can be identified:
some small anomalies are probably related to lodadmogeneities. Profiles implemented
with 200-600 MHz antenna on the external side ef ilrerbank (first step level and base
level) show several anomalies related to differend of discontinuity. In the profile of
Figure 6.33a, it is possible to notice one discanty at one meter depth with a quite good
lateral continuity, interpreted as a level of coctmm. At the same time, narrow parabolas
indicate discrete small targets that could be biiagments or roots at shallow depth. Profile
obtained along the road at the base of the rivérli@ngure 6.33b) shows very clearly
discontinuities with a spacing of about 30 cm &t probably related to the reinforced bars
of the asphalt and some pipelines and conduits.

Pertaining to the profiles (for a total length g@peaoximately one kilometre), carried
out using the 100 MHz antenna in October 2007, sother reflections and anomalies were
detected. The best vertical filter application masulted the 80 MHz (high-pass) and 500
MHz (low-pass), that were chosen after many emglirttempts for their capability to
enhance anomalies definition from three to fivearebf depth.
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Figure 6.33 - GPR sections carried out using the P0MHz antenna: a) along the external flank of the iver
bank, b) the road level.

Anyway, the penetration depth has never exceededixmeters that is insufficient to
provide a complete and satisfactory descriptiorthef embankment, which has an average
high of twelve to thirteen meters. The passage thweborehole test triggers many multiple
reflections; however, some levels with differeneattic properties are noticeable. The
borehole evidence some slight changes in matesraposition, passing from the first layer in
fine sand with silt to a horizon characterized bystty sandy silt with small presence of clay.
Over this horizon, a peak of CPT cone resistanaairg¢ perhaps referred to the same
geological conditions of the surrounding matefait with higher compaction. The sandy silt
lens, of half-meter thickness, overtops anotheerayith the same characteristic of the first.
Some profiles show sub-horizontal boundaries wiabdyreflection coefficient, which could
identify some stratigraphic levels at different tesppbetween two and half meters to five. A
deeper boundary at around five to six meters, whafiesponds to another relative peak on
the CPT test, could be associated to other vangtin porosity, but it is located near to the
noise threshold and does no represent a certaimdatt a certain distance from the borehole
test, the GRP profiles show some strong bandinghasgaund three meters depth and some
slight not continuous reflections derive from sieters (Figure 6.34). Despite of the scarce
depth calibration with the changes evidenced with direct tests, nevertheless many lateral
variation and some boundaries inside the matehia t¢ompose the embankments can be
roughly detected.
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Figure 6.34 — GPR profile with 100 MHz antenna, caied out on the top of the embankment, which
evidences a possible boundary caused by porosity lithologic changes.

The 100 MHz antenna was useful also to detect tsegeshallow depth: some profiles

have detected punctual strong anomalies insid@r#teneter from the ground (Figure 6.35).

0m 50 m

Figure 6.35 — GPR measurement, carried out on theop of the embankment, which has detected many
conduits at shallow depth, employing 100 MHz anterm

To remark is the fact that the polarity of the eeflons clearly shows a passage from a
material characterized by lower permittivity to #rer that has it higher. Such anomalies
represent conduits that are used for the irrigadibthe field both inside the flood bed and in
the surroundings of the embankment; however parthen are clearly visible from the
embankment and the positioning on the top of thearkment itself does not preclude the

structural safety in case of flooding. Therefotee GPR applicability for the detection of
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heterogeneous zones and materials inside the emeamiland dikes is partially verified for

the Reno River and its tributaries, principally #ase the high of the structures has always
resulted larger than the penetration capabilityhef GPR. Furthermore, the profiles carried
out along the longitudinal flanks of the embankrsdmve proved ineffective to describe the

structural core, because of the large dimensigmalasling of the embankments themselves.
6.6.3 Napoleonic Channel

The Napoleonic Channel is an artificial channet ttamnects Reno and Po rivers with
a double function as a flood control reservoir andrrigation canal. As recent geological and
geotechnical investigations reveal (Mazzini et 2D06) its pathway intersects abandoned
channels and fluvial ridges related to ancient sewf the Po River. The channel riverbed is

not always coated in correspondence of these &dgoms, thus seepage phenomena can

LEGEND

Boreholes
A  CPT
GPR Profile

0 50 Meters

Figure 6.36 — Study area on the Napoleonic Channeimbankments near Bondeno (FE), for structural
evaluation, with the employment of a 100 MHz as wkhs MF (200-600 MHz) antennas.
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The study area, shown in Figure 6.36, is situatedve one of these points of
intersection; the main aim was to check riverbankditions in order to prevent possible
piping or seepage even®long the 18 km of Napoleonic Channel longitudispteading, the
massive geotechnical campaigns through boreholes GRT tests have revealed the
stratigraphy of the levee foundation, without ggirany information about hat the
embankments. From preliminary direct tests andlimlyd it was notified that the
embankments are prevalently constituted by silt@dag. The GPR profiles were carried out
using several configurations and antennas MF (Z@D¥Hz) and 100 MHz with the IDS
GPR, 150 MHz and 300 MHz with the GPR by Radsystloeivery fine lithologic conditions
has always impeded the EM wave to reach a deepetraéion than two meters. The profiles
were carried out both at the top and on the extdiarg of the embankment, for a total length
of more than one kilometre; the profiles carried on the top in particular have suffered a
strong attenuation, with a powerful level of noise.

The only result achieved by the 100 MHz is justtige to the detection of a large
anomaly relative to the methane conduit of SNAMiatycat around 50 - 60 cm depth,
according to the velocity estimation consideringigher dielectric constankK(= 12,v = 8,6
cm/nsec). Is noticeable also the reflection causgdhe material excavated to pose the
conduit and then re-compacted, which produce agsham porosity and therefore electric
properties (Figure 6.37)

0m 50 m

Figure 6.37 — GPR measurement, carried out on theop of the embankment, which has detected a
methane conduit at shallow depth, employing 100 MHantenna.

As already stated, for the external flank of thebankment, even if geotechnical
investigation are not available, from preliminatyatigraphic analysis is unmistakable that
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the riverbank is mainly made up of silty and clawtemial. The monitoring tests were
implemented with 300, 150 MHz antennas (Zond Gearalby Radsys) and 200-600 MHz
antennas (IDS RIS MF Georadar). Because of the pggbentage of clay fraction, the radar
signal was highly attenuated with all the used ram&s. Nevertheless, surveys carried out in
the external side of the embankment, as shown gnréi6.19A (SCAN A), in November
2006 with the IDS Ground Penetrating Radar emplp@@0-600 MHz antenna (Figure 6.38)
clearly show a channel-shape boundary twenty metels and one and half meter deep. This
horizon is probably related to an old weakness tpoirthe embankment that was perhaps
filled with heterogeneous carryover material andstitompacted. Below one and half m
depth, the high attenuation is probably due to &sbigh moisture conditions that do not
allow recognizing any target and the signal-to-eorsitio results to low to give any
information.

m 50 m

Figure 6.38 — GPR measurements along the Napoleor@hannel (Figure 6.19, SCAN A for positioning)
and comparison of the results obtained with a) GPRDS MF (200-600) MHz antenna and b) Zond 12-e
with the use of 300 MHz antenna.

With regard to the necessity to verify the accuratthe data obtained by the various
GPR campaigns, as well as to assess the effecapabdity of the employed acquisition
systems and antenna sets, during July 2007 a sespwvided. A profile, employing Radsys
GPR over the external flank of Napoleonic Chanmebankment, was carried out over the
segment where the lithologic horizon previously alié®d was identified. The antenna
employed was a 300 MHz nominal frequency. The sm#wPrism2 released by Radsys
company was utilised for the data elaboration; mmarison of the results has permitted to

verify the differences between the two system eygalaand the scarceness of the data quality
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that the elaboration with Prism2 software has givéigure 6.38a, obtained from the 200
MHz antenna channel, clearly identify the horizaswér boundary, enables a rough
identification of the heterogeneous condition @ fitling material, localize the upper margin,
and evidences the levelling and compaction workwigded. Figure 6.38b shows the scarce
definition of the horizon clearly detected by 20Bi¥antenna, even if in theory the 300 MHz
antenna must have higher spatial resolution. Tfferdnces can be attributable, besides the
quality of the elaboration software, also to fdwttthe frequency spectrum for the 300 MHz
antenna has showed for all the profile carriedtewt peaks at around 30 - 50 MHz and 140
MHz; such frequency lowering compromise the spatemolution but improve the depth
penetration.

In the complex, considering always essential abcation with direct in-situ
measurements, it is possible to assert that GPRaweeful tool for some issues concerning
the inspection of the embankment internal structiiieas achieved some good results for the
detection of areas with a strong difference in caatipn, such as refurbished levels and
recently repaired areas: it is important to mentagain that GPR cannot quantify the
compaction state. Some advantages and drawbaclesemepuntered for the description of
shallow stratigraphic boundaries between soils withoticeable difference in lithology or
moisture content, like medium sand and silt, buemvismall electrical properties changes
occur, it present many detection difficulties. Tdraployment of GPR results valuable for the
recognition of shallow isolated objects like blocksetal objects and pipelines. Therefore the
GPR can be considered a valid technique when aletbtstudy of river embankment is
needed or to detect local shallow anomalies. Uafately, with the chosen antenna
frequency of 100 and 200 MHz, the survey resultsevadwvays significantly influenced by the
low investigation depth, due to the high silt frantof the embankment materials. This aspect
is a strong limitation of the method: a maximumestigation depth of four to six meters over
an embankment height ranging from five to twelvetere is fairly restraining. Spatial
resolution is similar to the size of the expectgéts: actually, objects of known nature and
shape were clearly detected. Nevertheless, to wldegood detection of many, but not all
types of defects leading to failure of the embankina site-specific calibration and the

employment of complementary geophysical methodsecessary.
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7. CASES OF MULTI-DISCIPLINARY APPROACH

7.1 The Samoggia Stream piping phenomena

7.1.1 Introduction

The Samoggia River is the longest left bank tributa the Reno River. The total area
of the basin, closed at the river cross-sectioaltara, is 178 ki The drainage basin is
constituted mainly by mountain areas; the maximdtitude is 850 m above sea level
(m.a.s.l.), while the main stream length is 60 Bwoils and rocks of sedimentary origin, which
are mainly covered by broad-leaved woods, mainipmase the mountain areas. The bottom
valleys are mainly floodplains for the most part@®d by farmlands and urbanised. Because
of their low permeability and their extension wiéspect to the total drainage basin surface,
mountain areas give a remarkable contribution ® fdrmation of flood flows, which are
principally generated by infiltration excess run{@rath et al, 2006). During last centuries,
many floods occurred in the low basin, the absesfckevees or any protection bank was
permitting annual flooding events, with no danger@ifects in the social context. As the
anthropization increased, protection works wergi@drout and flooding or breaking events
were recorded. Here is present a brief review, bly£i (1995), of the last century events,
(Figure 7.1):

= 1937 - 3¢' of August, Large breakage event in the left bankdrenzatico.

= 1937 - 29 of September. Breaking event on the Samoggia Eigi, in Bagno, close
to Sala Bolognese.

= 1956 — Night from 36 of April to 1% of May, Samoggia stream breakage, close to Le
Budrie village, in left hydrological side. In ordar prevent the flooding in San Giovanni
in Persiceto town, several cuts were provided énr#ilway tracks Bologna Verona, which
banks were an obstacle for the water drainage.r@¥ents in the surrounding streams
occurred.

= 1966 — &' of November, breakage closet to Forcelli, hugeding of 5.000 Ha; it was
the largegest breakage in that century.

= 1966 - 4/8' of December, over flooding event, with no pipingoeakage event.

= 1966 - 4/8 of December, liquefaction breakage for the rightlbm Bagno, near to
Sala Bolognese, and second event that producethtg®rips in Samoggia stream levees.
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= 1996 — &' of October, breakage triggered by three largengiphenomena occurrence
on the left bank, closet to Forcelli and Sala Bakgp, with large flooding in the
surroundings.

From figure 7.1 appear dramatically how this arsaoften affected by flooding
phenomena and how resolve these issues will beriofapy importance for the Emilia-
Romagna regional administration. Such an embankifadate risk suddenly came out again
in the spring of 2008, nearby the two last dram#itioding events of last century. Is useful
here remember thapiping’ is a subsurface form of erosion, which involvas removabf
subsurface soils in pipe-like erosional channela feeeor escape exit. Although it develops
in different types of soilend under a wide range of physic-chemical condstiguiping

materials are commonly highly erodible (Masann@8Q).
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Figure 7.1 — Geographic sketch of Samoggia low basiith breaking, piping and overflooding events
occurred in the last centuries (Luciani, 2002).
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7.1.2 The piping phenomena of 20may 2008

Following several arid seasons, the last sprinly ltaas besieged by a constant low-
pressure atmospheric front, which have producedymainfall episodes, triggering various
issues, principally related to embankment safetytlie Northern part of Italy. Around the
half of May, after heavy precipitation events, asye and consequently piping phenomena
have occurred in the left flank of Samoggia Rivanks, close to the Sala Bolognese village
(many times in the past involved in similar issyagmpromising the safety of a large
anthropized area. The piping phenomenon was clesizeti by a kind ofsand boiling
triggering. Generally, gaand boiloccurs when the upward pressure of water flowimgugh
soil pores under the levee (under seepage) extleedkwnward pressure from the weight of
the soil above it. The underseepage resurfacebeotamdside, in the form of a cone of sand.
Boils signal a condition of incipient instabilityhich may lead to erosion of the levee toe or
foundation or result in sinking of the levee inte tiquefied foundation below (Ozkan, 2003).

In the Samoggia Stream case, the seepage phenorhascoccurred not under but
inside the levee and no real sand boiling effecs waidenced, but there was a strong
outcropping of coarse sandy and sandy material. fiuge 7.2a shows the area of piping
phenomena occurrence and is clearly visible howmthis segment of Samoggia Stream was
affected in the past by embankment failure. Thatioa of sand outcropping points, although
approximate, shows that the breaking events of 18& hundred meters toward valley
distant; hence, defects of embankment reparatien tfe 1996 breakage have to be excluded.
The number of seepages was significant, neverthebestly of them were stopped up before
any piping occurrence, thanks to the well-timedrapen of waterproof blanket installation in
the internal side of the banks. Therefore four agpdcoronellé were built to constrain the
water flooding just where the piping phenomena warech stronger. A coronella” is a
mitigation work, which consists in a ring of sangbasurrounding and containing the soil
boiling or water outcropping, in order to contrést pressure of the fluid that comes out for
piping. Around the €oronellé number one and two areas, during the embanknedniiding
works, a large tunnel (Figure 7.2b), formed by pigng phenomenon, and it was discovered
inside the embankment itself. This demonstrates Bewous the event was; the timely
renovation works were provided a rapid safety matimn risk, nevertheless they have
impeded a correct calibration and detection of dualle with geophysical measurements for

the purposes of this research.
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Figure 7.2 — a) Sala Bolognese area, from a pictu 1996, where are shown the three last phenomena
that occurred in Samoggia Steam left embankment. jlole excavated by the 2008 piping phenomenon.

If we regard the hydrometric measurements in aostatear to the piping occurrence
site (figure 7.3), it is visible how the hydrometievel has suddenly raised during the night
between the 19and 20" of May and the early morning of the "20triggering the piping
phenomena. The first waterproof protections wer¢ around 11 a.m. to build the
“coronelle”. During the afternoon the water has reached thledst level (30,25 m.a.s.l), and
the overtopping phenomenon was prevented for 6§t . Must be taken in account that the
STBR (Regione Emilia-Romagna Technical Service tftg Reno River Basin) in 2004
managed some works for the rise of Samoggia leveesh refurbishment has proved
providential. Moreover, the water level reache@®®8 event was just around 30 cm less than
the level reached for the 1996 breakage.
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Figure 7.3 — Hydrometric levels reached by Samoggiatream and provided works for safety mitigation.

Some interesting occurrences were the rapid engtgfrone ‘toronelld (the n. 1,
figure 7.2a), which was built to constrain the wdleoding and the abruptly increasing water
flux coming out from the lower levekbronelld (the n. 2 in figure 7.2a). Such phenomenon
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indicates that the two ways that the water has vated inside the embankment were
suddenly linked by a structural collapse or matdigaefaction.

7.1.3 The lithostratigraphic model

In addition to the Reno River and Savena Abbandonstteam geotechnical
campaigns, also for the Samoggia stream many déisguests were carried out in the last
years, to acquire as much knowledge as possibleh®f materials that constitute the
embankments. These punctual data, that will beetleaext paragraph, demonstrate the high
inhomogeneity and three-dimensional anisotropy athlembankments and their fundament
ground. For the embankments, the anisotropy istlstrlinked with the human activities
history, which consist of repeated restoring, gsirestoring works, while for the foundation
ground the geomorphologic evolution was of fundataeimportance. According to several
boreholes and cone penetration test carried outthegiping area, a simplified but effective
embankments structure model was provided (Luci#02): three main litotechnic units were
recognised:

= A Unit (“Anthropogenic”). This unit is constituted by Samoggia embankment
materials, artificial, with main presence of siftgnd, insufficient to provide a safe
waterproofing of the structure: these materialsemaughly taken near the riverbed, in
order to build the structure as faster as possiie. materials compaction status results
variable, with a peak value associated to the pesistance and rather difficult estimation
of physic-mechanical characteristicsy €€ 72 - 304 KPa, c¢' =0 - 27 KPa and= 20° -
29° ). Permeability tests evidence values fronf @@0® m/sec (with rare values around
10° m/sec).

= S Unit (“Superficial”). This unit represents the natural embankment (@-fBom the
ground level.) composed by mainly brown coloureayand silt, with some sand lenses,
deposited by all the previous Samoggia Stream ft@pdaffecting the bank structure with
an extreme anisotropy. Hence, an extremely higimeability could be found randomly
in some parts of the embankments. The lenticulamgtrical shape of these deposits and
their longitudinal extension can create (as we ek for the piping phenomena of May
2008) dangerous situations of transversal permgabileaks occurrences. In situ
permeability values are comprised betweefi 40d 10> m/sec, while laboratory tests give
rather different wrongly results, probably assamato the “scale effect”. Compressive
(Triaxial cell) tests provide values of & 136 KPa (UU testpf ¢’ ande' respectively 5
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KPa and 25° (CU tests); c'= 7 Kiga = 20° are the values obtained by Direct Shear
Testing.
= | Unit (“Impermeable”). This unit underlies the superficial unit at gufeur m. depth
from the surface, and is mainly composed by dae-gtays and it can be dissevered into
two different subunits {J I,), because of the different values provided Bone
Penetration Testing. The superficial uni),(lWwhich has 1-2 meters of thickness, shows a
weak point resistance, slightly less, comparingtite underlying layers, due to the
consistent amount of organic materials. Direct $A@sting were provided only for two
samples, obtaining similar resultg, € 182 - 209 KPa, c' = 3 - 5 KPa ap'o= 20° - 25°),
contrasting with both CPT profiles and pocket pesmaeter, which indicate a larger
compaction of 4Unit. By Hydraulic point of view, however, both Wsil, and } have the
same very low permeability, edometric tests revailes for the permeability coefficient
comprise between 0 and 10"* m/sec. Breakage effects never affected thesedayer
Taking in accounts all the information providedthg borehole and cone penetrating
tests, a stratigraphic section of the left sidehef Samoggia stream embankment (visible in
the map of figure 7.9) is shown in figure 7.4, witle hypothetic water table, deduced from

the borehole tests information, which is referredata acquired at the end of January.
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Figure 7.4 — Cross section of the Samoggia left Bvbank, comparison between stratigraphy and CPT
values, with litho-technical Unit identification (detail of borehole on figure 7.9).

After the 20" of May 2008 event, the Regione Emilia-Romagnaduesmitted works
of reparation and reconstruction of the Samoggiaa®t embankment segment that suffered
piping phenomena. The initial plan was to providg®mhysical measurements on the river
levee before the reconstruction, in order to compand calibrate the results given by

158



geophysical methodologies with the actual cond#tioh the embankment internal structure.
Unfortunately, the immediate necessity of mitigatworks, carried out under the supervision
of STBR, has prevented such application and thés tkad to be provided after the
reconstruction and the reparation of sand boilioguarences; however, many considerations
can be made. The geophysical methodologies invoimedhe campaign were the EM
induction (FDEM), electric tomography resistivitgRT) and GPR, which will be following

treated.
7.1.4 Ground Penetrating Radar

The GPR campaign was conducted with IDS Georadachavas kindly lent by Prof.
Santarato and Prof. Peretto of Ferrara Universityng a 400 MHz antenna, mounted on a
special survey cart with encoder wheel. The eldmravas carried out using the software
also released by IDS, GRESWIN2. GPR profiles weesried out along the river
embankment, both at the top and external first,séespwell as along one road, which
represents the levee base (figure 7.5); no trasaleections were produced, due to the scarce
GPR manoeuvrability over the steeply and roughlyp@mkments flanks surfaces. The GPR
capability of detection profile, carried out at tiog of the riverbank was significantly reduced
because the high antenna frequency was not ablath an adequate depth and the survey
was considerably affected by strong EM wave atteomgohenomenon, due to the large
amount of clay contents in the first half meterdafpth. Moreover, several traces on the
surface, left by the caterpillars used to repargtructures, have created rough conditions that
have affected the coupling antenna-ground and bysemuence, the relative radargrams
guality. Another profile was carried out along firet step of the embankment, between the
road level and the levee top; this time as wek, phesence during the previous days of the
levee-reconstructing site has substantially detetéol the surface conditions and GPR has
suffered this problem, yielding scarce results eomicig depth penetration and data quality.
All of these issues confirm how this methodologsngdoying ground-coupled antennas) for
riverbanks can be negatively influenced by not hgemeous surface conditions, which are
unfortunately common for the entire area of ReneeRbasin, excluding some areas where
local administrations have provided special systemmaintenance and cleaning plans of the

river embankments itself.
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Figure 7.5 - Planimetry of the study area, with GPRsurveys carried out in the July 2008 campaign; the
orange coloured rectangles represent the piping oorence zones.

Finally, important results were produced using B®R over the road, which
constitutes the embankment base. Primary, the Isgoaessing was carried out using the
familiar application of vertical filters; the radgams after the application of high-pass filter
present a high noise effect if the frequency spectis cut at 100 MHz as well as 200 MHz.

A second filtering with same parameters enablesntiise elimination (especially applying
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200 MHz filter). The nominal frequency of the aman(400 MHz) differs slightly with the
central frequency, which results around 263 MHzca@xding to the frequency spectrum
(figure 7.6), a 750 MHz low-pass filter was chos€he filters choice, based on the necessity
to reach as much deep as possible, avoiding thee reffect, strictly linked with the low
frequencies, has brought the double vertical fageplication, before and after the gain (signal

power amplification).

& Sweep[m]: 18.17672

2 |D T.min 2 . min
1 | i i 100 T.max '2— . max
2980232 rﬂn oo - 10 T.step 1 W step
4 f ) nEec woltz
. A AR
a 0 20 30 40 &0 BOD 70 80 90 100
Sweep [nsec] |43_44 |2_42 |.2_ 71 Section:  LPS10008
t.[nzec] depth [m] W [wolks] Hesweep: 1817
20 |D F.miri a0 Mir
a i 1500 F.max 20 Max
20
n [2s0  Fustep 0 Step
£ MHz dB
a0 Time Window [nzec] 0.00 ; 200
0 280 500 780 1000 1250 1500
Print | Reliraw |
Spectrum [MHz] |263.94 [11.28
Freq. [MHz] " [dB] Close |

Figure 7.6 — GPR wave and frequency spectrum for aingle trace, which have leaded the vertical high-
pass filter choice.

Three parallel profiles of approximately 700 m légmgvere carried out, both at the
sides and in the centre of the road, along theitodigal axis of the riverbank, with an
interval of around two and half meters. Severalkear were put in order to guarantee a good
radargrams calibration, producing a semi-three-dsimnal section of the road track itself.
Suddenly is clearly visible how the EM wave pen@iraincreases comparing to the previous
profiles, due to the road surface (mainly compdsgdounded gravel clasts) conditions, and
some results are evident. First of all an anomalowse, detected in all the profiles and
characterized by many reflections, of 20 — 25 ngtlenis recognisable in the northern part of
the profiles. The heterogeneous area seems to daatkrized by a large clast dimensions
increment and the EM wave penetrates in the graumi the depth of two to two and half
meters. This anomalous zone, acknowledged by mefiasbibliographic research in the
STBR archives, is the reconstructed part of the,réibked with drainage material, which was
built after the breakage event of 1996: the figlie proposes the comparison between such

areas with the reconstruction work images.
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Besides its capability to locate changes in dielegrroperties and therefore lithologic
passages at shallow depth, the GPR results the pnesise and efficient tool for punctual
anomalies detection. Indeed, the most importanilres GPR campaign has achieved over
the road, along the riverbank base, by the detedidive conduits in concrete, transversal to
the road longitudinal axis; they represent a digenavork, which was unknown to the
Regional Administration and the Reno Basin authewitThe GPR scans was triggered by an
odometer wheel with the resolution of one vertisahn per horizontal centimetre and a
sampling rate of at least 512 samples per scanjrtteewindow was set in order to obtain a

good compromise between penetration depth andutesol

a: Western side (moat side)

. b: Centre

. _¢: Eastern side (riverbank side)

o w— Meters

Figure 7.7 — GPR profiles carried out over the roadat the riverbank base, anomalous area and
comparison with 1996 reconstruction works pictures.

The data acquisition has achieved the localizaton orientation of eventually
conduits or pipes; hence, the horizontal electolafization is parallel to the long axis of the
road and traverses perpendicular across the pi@eimmzing the coupling respect to
polarization. Four conduits were posed with annrgkeof 15 - 20 meters, while the fifth is
quite far from the others; however, all of themuiegoincident with the seepage-affected
area. Moreover, two of these conduits are situaiecbincidence with an area, situated in
proximity of the scarp relative to the first steptbe embankment, which was previously
excavated and shows occurrence of large bouldevbaply constituting a kind of drainage
structure. The author, in order to verify the catsloccurrence and their characteristics, was
provided a manual test: a small borehole was bwgdoglose to the moat that bound the road

and the depths of such conduits, as well as pHystwaracteristics of both material and
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conduit itself, were estimate. The conduits aneaséd at around 0, 95 m depth from the road
surface: by means of this test, according to Equa?i.3, the average valueskf= 7-8 and
therefore velocity (valid just for the material &leahe conduitsy =11 cm/ns were obtained.
This value is in accordance with the previsiongalse of the road conditions, which have
brought the author to estimate a dielectric conidan 7. Furthermore, also the computation
that were carried out using the asymptotes slopewe hyperbola pretty gives the same
result. According to the GPR profiles, the estinditaneter of such conduit is around 25 — 30
cm; they drain the water into the moat that boune toad. The Figure 7.8 presents a
particular of the three profiles carried out, somgerbolas are detected, and they can
represent punctual heterogeneities inside the layat or just below it. The green highlighted
areas represent the detected hyperbolas, whiclhheaalated to the concrete conduits; these
hyperbolas are visible in all the three radargraausied out and such occurrence shows a
continuity of these anomalies in the direction $ngersal to the road longitudinal axis.

: Western side (moat side)

W N = D

_b: Centre

W N = O

_c: Eastern side (riverbank side)

RN = D

m e Meters

Figure 7.8 — GPR profiles carried out over the roadat the riverbank base, green areas represent the
detected drainage conduits, with their relative loalisation on the pictures.

Figure 7.8 shows also the location on picturesheffour conduits, which is relative to
the four anomalies in green, visible in the magigfire 7.5. When many anomalies have
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occurred in just one profile, and were not visilolehe other radargrams, therefore they were

recognised as just punctual heterogeneities (Bsgtsan brick or gravel).
7.1.5 Electrical Resistivity Tomography

As previously stated, this method is based on regkesific resistance measurements,
using large amount of the electrodes, which aratéxtalong the profile or round the surface.
The electrodes are connected by special cablehwdnables consecutive connections of the
electrodes in current or potential function. Thisates many four-electrode arrangements to
be measured with different geometry and differesdiched depth. The measurement is
executed automatically, therefore all the operatiane computer controlled. According to
IMPACT project (Morris, 2005) electric resistivitpethodology is the most recommended
way to describe dike structure and homogeneitypage phenomenon and to recognise

lithologic contacts until a reasonable depth.

N® Length _ _
Electrodes (m) Orientation
Profile 1L 112 222 SSW — NNE
Profile 2T, 38 74 W_E
Profile 3T, 39 76 W_E
189 372

Table 7.1 — Detailed Scheme of the electric tomogvhy profiles, which were carried out over the
embankment.

For this application, the acquisition part was ieafrout using the ABEM mod.
SAS4000 (maximum powerl00 W) georesistivimeter ratterized by a sensitivity value of
around 1 micro-volt, using a switch — box ABEM ma&5464 and three set of multi-polar
cables of 16 electrodes (hence 48 electrodes .tdiad) measurements were performed using a
dipole-dipole array (Figure 5.5) with two metergatode separation. Three profiles were
carried out (table 7.1): one parallel to the lel@egitudinal axis, which cover all the piping
occurrence area and the two others transversalet@mbankment carried out over strategic
zones. The longitudinal profile was provided witte troll-along technique, which schedule
the detachment of one cable section and is commmecin the other end, continuing in the
measuring process. The two transversal profilesppfroximately 75 meters were carried out
in order to give more details of the embankmenéa@ing; one is placed just over the piping

zone that were affected by the sort of sand bdfisce another in the zone involved in
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filtration issues and where concrete conduits wagected. The dipole-dipole electrodes
configuration was chosen, because of its high seitgito detect vertical variations; even if

such configuration has not the strongest signabise ratio, the overall depth reached during
the measurement, which depends on the maximumdesiaf the electrodes, can be estimate

around 15 meters and is comprehensive of the emtramtkbase.
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Figure 7.9 — Scheme of the EM induction and electritomography profiles, which were carried out over
the embankment, with borehole test carried out onhte top of the embankment.

The cone penetration tests as well as boreholdtsesnable the calibration of the
resistivity data collected, producing an assocmtbsome resistivity intervals with different

lithologies, which characterize the embankmentcstime (table 7.2).
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TYPE RESISTIVITY TYPE RESISTIVITY

Sandy Silt,

Clay < 150m Silty Sand

>25-<450m

Silty Clay >15-30Qm Sand >50Qm

Table 7.2 — Range of resistivity values, which cahe associated with the lithologies that compose the
embankment.

Moreover, four additional CPT (Cone Penetratingty)esere carried out some days after the
piping phenomena on the top of the embankment; pleesnit to associate and calibrate their
resistance values with the electrical informatiod aroperties achieved with the geophysical
measurements. The results showed in figure 7.10odstrate a good superimposition.
Therefore, for the profile carried out on the top tbe embankments, some resistivity
distribution models can be described: primary, $hbsoil appear to be subdivided in three
electro-strata:
= First electro-stratum, generally conductive<(40 Qm - blue colour), which is
placed for around one meter of thickness from tindase. Although it is not always
present (is not well visible in the transversatiess), an association can be however done
with the material that covers the embankment strectindeed, 2004 maintenance works
provided a silty-clayey superficial cover for thelgankment segment analysed, that can
correspond to this superficial layer.
= Second electro-stratum, generally resis{we 45 Qm — green/red colour), which can
be identified as horizon containing sand, siltydsaand sandy silt, with a relevant amount
of sand lithology until the progressive 100 m. Th&ectro-stratum thickness is
approximately constant (around 4 m) and its basstgnable at 26 and 27 m (m.a.s.l.).
This electro-stratum was involved in the™2of May piping event, as a matter of facts the
sand boiling effects, resulted by the excavationtta@ large hole (figure 7.2b) have
occurred inside this resistive horizon.
= Third electro-stratum conductivep € 15 Qm — lilac/blue/cyan colours), which is
identifiable as clay horizon having a variable kimess from 5,5 m (until 100 meters of

progressive) and around 2,5 m (form the progresEd@n until the end of the profile).
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calibration and a verification of the material proprieties.
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The upper contact is roughly horizontal and (exiclgdsome reliable fluctuations) is
attestable between 26 and 27 m (m.a.s.l.). Thealagpreading and continuity of this
horizon sometimes appears interrupted by the peceseh zones with higher resistivity
values p > 15Qm), which are not associable with the clay soilnwat
= Fourth electro-stratum averagely resistive ( 2p < 45 Qm — cyan/green colour),
which has strong characteristics of inhomogen&igimg composed by clayey silt, sandy
silt and silty sand, with a larger amount of sandtains from the beginning to 30 m of
progressive and form the progressive 120 m to tite Between the 30 m and 120 m
progressives, the average thickness (around 5 stigistly reduced and clay components
are prevailingg < 25Qm).

Concerning the transversal sections, (figure 74lough characterized by some

slightly difference, they can be described by thiloWwing electro-strata:

» Superficial resistive body (30 <80 Qm — green/red colour), it interests the
embankment portion for the first 3-4 meters in 8setion 2, until the depth of 26 m.a.s.l.
(Section 3), and is associated to the second elst@tum recognised in the longitudinal
section. For both profiles, this horizon charazeesi the top of the embankment and it
disappears at around 10 m of progressive. This li@dyso present in the first internal
step of the embankment, with a thin thickness (frome to two meters) between the
progressives 52 m and 68 m.
= Two resistive bodies (25 g< 35-45Qm — green/blue colour) which are characterized
in section by a lenticular shape and are localegoroximately between the progressives
20 — 30 m (altitude comprise between 13 and 20sth)aand 35 — 50 m (altitude comprise
between 13 and 24 m.a.s.l.). The resistivity valaes associated with the presence of
medium-fine size sediments as well as sandy silhetimes with larger amount of sandy
fraction. The section 3 presents larger bodiesciwBeem to be connected because of the
anomaly A2 around the progressives 33 m and 5@gpectively at 24.5 and 19 m.a.s.l.
Such anomaly may be a possible continuity zonen(evith smaller values of resistivity)
and the separate lenses could represent a uniglye Moreover, others areas of possible
continuity are noticeable in both the transversaitisns: section 2 indeed, although the
bodies appear distinct and confined, shows an alyonedwveen the progressives 34 — 40
m (A1l anomaly), which could represent a slight ocaity zone among the superficial
resistivity body and the lower sandy and silty s
» Conductive soil matrix@ <15 Qm — blue/violet colour) in both sections, which is

characterized by typical values of fine materiatiayey sediments.
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7.1.6 Frequency Domain Electromagnetism

The innovative electromagnetic method (FDEM indue)j was tested and verified in
European Projects (Boukalova and Benes, 2007grites out basic assessment of the dikes
condition and their material composition in largeas with quick and not highly money-
consuming measurement. During the geophysical measunts campaign a dipole
electromagnetic profiling device (Profiler EMP —0}Qvas applied to test conductivity (as
well as resistance) of the different materialsdasihe entire embankment structure and part
of the surrounding area. EMP-400 device is a fraque&lomain system, recently released by
GSSI, in which, acquiring multiple frequencies, thger can select the frequencies that
provide the best results for a specific applicatibhe Profiler was configured to measure
simultaneously three frequencies, 1000 Hz, 500@itz 10000 Hz. The nomogram usage (as
previously explained in Chapter 4.1, and showeBigure 4.2) enables the rough estimation
of the skin depth. Thekin depthis defined in classical EM theory as the distancea
homogeneous medium over which the amplitude ohaglvave is attenuated by a factor of
1/e, or to about 37% of the original amplitude. Thaqtical depth of investigation, defined as
a maximum depth at which a given target in a gikest can be detected by a given sensor,
according to the experience of some authors (Setigtii, 2004, Boukalova and Benes§, 2007)
can be many times lower and it is significantlyueed by layering and homogeneity too. The
depth of investigation for a given skin depth imses with target conductivity and
conductivity contrast, and it decreases with theéeat®n threshold. Therefore, after a
comparison with electrical and stratigraphic prdipsr of the ground, for the three
frequencies, 1000 Hz, 5000 Hz and 10000 Hz, thehdep penetration can be estimate
respectively as 12-14 m, 9-10 m, 5-6 m.

The system can be deployed in either the verticdlooizontal dipole mode, but this
time the vertical configuration, which guaranteedegper penetration (twice respect to the
horizontal configuration) was selected. The outpubhe mutual coupling ratio (Q) in parts per
million (p.p.m.) for both the in-phase and quadratand the apparent conductivity in mS/m.
All survey acquisition parameters and EM data éweed on internal memory. Coupled with
the EMP-Profiler, a GPS is provided and some speefarence data was acquired. Several
parallel profiles on the road and the embankmesysstvere carried out, excluding area with
high vegetation coverage and the steeply embankseanps, with a frequency of sampling of
1 Hz, hence one measure each second was registérieti, permits the operator to maintain
a normal walking velocity during the acquisition.tétal amount of 3634 data points were
collected, as it can visible in Figure 7.9. Eacbfitg can be visualised as 1D resistivity
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graphic. Figure 7.11 shows some important anomdktscted by the FDEM methodology,
which has the velocity acquisition as a winningtdac even if its results are decidedly

gualitative.
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Figure 7.11 — EM profiles carried out over the ente embankment segment and major anomalies detected.

The Profile 5 of figure 7.11 is referred to thesfistep of the embankment, just over
the road level. It shows homogeneous low resigtpibperties with a strong anomaly related
to iron material presence at very shallow deptisoasable to the rest of iron structure
employed to contain the piping, as well as maylend of drainage system just above. A
series of renovating were provided for the Samo@graam embankments in October 2008
with the positioning (from the surface at the tdghee embankment itself) of 200 meters long
by 15 meters deep benthonitic diaphragms, whickigeoa waterproofing of this segment of
Samoggia Stream levees. An artificial basin (to rnhie water and the benthonite) was
excavated in this first bank for some meters, rigwvgavery compacted clayey material,
confirming the EM profile estimation. The Profilar®figure 7.11, carried out over the second
step, just under the top of the embankment, hasated again the presence of almost
superficial iron material (especially detected lwe tower frequency,) associated to high
values over 600 Ohmm, which can be explainable thi¢hpolarization of the iron conductive
material with respect to the inductive field. Acstg resistivity (values around 70-80 Ohmm)
anomaly was localised in the first 30 meters, pbbpassociated with the 8 m depth sandy

lenses, which can be visible in the transversaii@ex Profile 10 and 11 of figure 7.11 are
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referred to the top of the embankment; we can edadigeneral higher resistivity value with
respect to the profile 5, especially for the frague5 KHz and some anomalies are present. It
can be understandable if we look on the longitudama transversal sections, which show an
evident presence of sand and silty sand at thend®p2-4 meters and from 8 to 10 meters.
Indeed, the 5 KHz and 1 KHz show a similar patterfiuenced by the presence of the fourth
electro-stratum averagely resistive (noticeabletlageresistive anomalies on the right part of
the profiles), while the 10 KHz has lower valuesdese is significantly influenced by the
third conductive electro-stratum, just above. Ak tapparent resistivity values measured with
the EMP-Profiler can be plotted to form a resisyivualitative map (using Surfer8 program,
interpolation settings) for each frequency employedeed the results of the measurement
are produced in the form of curves (graphs) of egaresistivity along the tested profile for
the individual measured frequencies (Figure 7.12).
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Figure 7.12 — EM maps of apparent resistivity distibution over the entire embankment segment.

The curves allow the qualitative analyse of embagkimmaterial homogeneity, locate zone
with relatively higher resistivity and with the susion or larger grain size horizons. A
calibration and a verification of the FDEM methodhathe electrical resistivity method was
provided for the longitudinal profile carried ouh ahe top of the embankment: the three
frequencies data acquired with the GSSI EMP-40@&wempared with the electrical pseudo-

section. Some consideration can be done:
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» The frequencies 5 KHz and 10 KHz are characteriged similar electrical behaviour
but an anomaly occurs. Indeed the 10 KHz profilsults slightly more conductive
(average value: 62 mS/m) with respect to he 5 Kidguency profile, (average value: 38
mS/m). Generally this differences are not expeetablwe consider that in normal
lithologic conditions, as lowest the frequency aghbar the conductivity, because at
shallow depth the surface effect increase nornmhb#yresistivity response. 5 KHz data are
deeper than the 10 KHz data but their resistivajugs result higher. Is important now to
remember that the FDEM device provides a measutkeo@pparent resistivityp, and it
should be considered as some sort of averageivédgisincountered in the heterogeneous
underground. The relatively low frequency emplogablith the EMP-Profiler (at most
10000 KHz) does not enable to evaluate the firatlelv meters. We can notice that the
first 5-7 meters of the embankments are more cdnauand therefore contain more fine
material than the first 10, which confirm the fdélcat at 8-10 meters of depth from the
embankment top a sandy and hence resistive hoisZzonated.
» The frequency 1 KHz, which can reach in these milditions roughly up to 12-14
meters depth, shows the presence of significamthdactive material that can be related
with the low resistivity horizon comprises betwe2? and 26 m.a.s.|. depth of the
longitudinal electric tomography profile 1. Indeetthe lower, more conductive one
attenuates the resistivity contribution of the upmasistive layers. The resistivity values
and their relative oscillations are associable tes@nce of lateral lithologic variation
inside the conductive layer, for example the omnee of the fourth electro-stratum
composed by silty and sandy materials, which predusome local conductivity
minimum. It measures lower resistivity values wigspect to the 5 KHz profile, which
can be related with the conductive electro-strafonostly clayey as it can be visible in the
borehole test) after the 10-12 meters depth, asasetith the presence of the water table.
The results of the previous campaigns, especiayBuropean Project GEMSTONE

(Boukalova and Bene§, 2007), carried out emplofbgEM methodology, where the writer

was involved, has revealed that this method hasrg good repeatability in the time. On

condition that the device will be calibrated and #tability of measured data will be certified,

this method can be also used for quick repeateduneents. It allows prompt location of

sections with abnormal changes of conductivityha tourse of time (e.g. in time of high

water level) which are often correlates with soeekbhge or in-homogeneities section.
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7.1.7 Discussion of the results

Before to analyze the results of the geophysicalpzagn, some considerations must
be done; concerning the moat that bound the roaallglato the embankment longitudinal
axis, some public associations for the environnmenédety have recently notified that
sometimes during the wet as well as the dry seagbeswater inside the moat itself is
characterized by a strong contains of iron paickehich confer it a red colour (figure 7.15).
One stratigraphic section of the embankment, obthithrough boreholes tests reveals the
presence of possible drainage level that probaklgaveloped transversal to the levee
longitudinal axes, at around 10 m depth from théa&mkment top and around 3 meters depth
from the first external step. This drainage cowdcbnstituted also by iron structures that are
currently going rusty.

A series of renovating works were provided for 8@moggia Stream embankments in
October 2008, regarding the positioning (from thdace at the top of the embankment itself)
of benthonitic diaphragms (supposed 300 meter riftleby 10 m of depth), which have to
provide a waterproofing of this segment of Samo@jr@am levees. In this occasion, several
hundreds of meters of Samoggia Stream both sideeknients was properly cleaned by the
vegetation as well as the moat that bound the radi;h was also excavated, in order to
operate a better drainage of the surrounding fi€ltiss operation has finally evidenced the
presence of the conduits previously detected by @RR surveys (figure 7.8). Such
underground conduits cross the road and link a &findrainage system under the first step of
the embankment made up of boulders and iron gatlendhe gabionade is located
approximately under the scarp that separates the aad the first step level and drains the
water directly to such conduits. During the renov@twvorks, an artificial basin (to mix the
water and the benthonite) was excavated in ths bank for two meters, revealing very
compacted silty clayey material and no evidenclugfer grain size material for the drainage,
therefore it leads to locate the boulders and dgaroccurrence just under the scarp close to
the road. After such renovation works, the extefradts of the conduits (previously occluded
by the vegetation and by the material deposed guaist decades), were appearing inside the
moat and prevalent dry conditions were noticeadegept the conduit in figure 7.13a, which
was having a consistent flux of red water.

Some field tests were carried out to check the gotility of the red water contained
in the moat, the results present sweet water vathlteration of such physical parameter. The

entire area, affected by the last fifty years sgepand breakage events (nowadays are still
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visible several alluvial fans from aerial photos)actually located over a Plio-Pleistocenic
intense trusts zone, now reactivated (general vie\Wwigure 2.2).

Figure 7.13 — a) October 2008, the moat that bounthe road at the embankment base is receiving red
coloured water drained by one of the detected conds in concrete. b) July 2008, the GPR utilised (4D
MHz antenna) and the trace of such conduit, detecteand marked.

A constant water table control, using piezometed @onductivimeters could reveal
some important aspect of the tectonic evolutiorthi$ part of the lower Po Plain basin;
however, this argument is beyond the scope ofrdgsarch. Nevertheless, the needing of a
drainage system under the left embankment of Sara&jgeam can be preliminary explained
checking the cartography of the Region Emilia-Ronaza@ comparison between the historical
topographic surveys was carried out for this redeaand it brings to the location of some
characteristic ponds around the study area. Thelgptimat characterize this part of the Po
Plain are calledrhacerf: artificial basins of sweet water with dimensiooSgenerally one
tenth of hectare that were excavated in the pasth® textile industry of hempC@nnabis
sativg. This kind of production was abandoned in theosdchalf of the XX century and
since that a large amount ahacei” were filled by soil material in order to recovepace for
agriculture and new constructions. Thedcerd, which is visible in the left part of the Figure
7.14, was filled with soil material probably duritige fifties or after the large flooding event
of 1966, since then no historical data are avaslals position is interesting, because
coincides with the area where the largegest pipingnomenon occurred. Moreover, with
respect to the first map of 1933, is noticeable pghesence of the widectronelld on the
northern part of the 1979 map, highlighted by tiheeg colour, which was carried out in
1966.
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The geophysical multidisciplinary approach bringsns others information. The
electric tomography pseudo-sections show that tiper§icial layers have relatively high
values in resistivity generally for the first twoeters of depth at the top of embankment and
in both the first internal and external step. Sanbmalous areas can be explained following
the historical events and renovation works. After 1966 flooding the Samoggia River left
embankment was moved of about 20 m toward wesitdar to guarantee a wider space and
storage capability of the pensile riverbed. Theanak was moved from the old position to
the new one; therefore, the materials that conetitoe first internal flank now represent the
rest of old embankment. Hence, a large part obtdeembankment itself was placed into the
new position and it could show the same electrperties.
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Figure 7.14 — Topographic surveys carried out in 18 (left) and 1979 (right), blue and green lines
evidence the analogies, while the red line eviderscthe anomaly between the two maps.

Analyzing the electric tomography pseudo-sectian® other important things are
noticeable: for example, the predominantly sandzboroccurrence between one to four-five
meters depth from the top of the embankment, whiak affected by the piping phenomena.
Such horizon can results dangerous, because tBesn ievident lack of waterproofing
behaviour and the relatively high permeability,egivby the large sand percentage inside the
embankment probably triggered the piping phenonuérthe 2¢" of May. The hole that was
excavated by the larger piping phenomenon, visiblégure 7.2b, has taken place in this
horizon; unfortunately, the geophysical measuremenere carried out just after the

rebuilding works and the electric characteristi€she excavated cavity were not verified.
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Another issue evidenced by the electric tomograpbth in longitudinal and transversal
sections is the presence of a fine sandy zonensete placed just below the embankment
structure, approximately at nine meters depth. [6hgitudinal pseudo-section evidences this
consistent layer, which is around three meterskihaod its presence is really well definite
just above the area affected by both piping phemanand drainage structure (gabionade,

conduits) occurrence.

Sand, gravel

. Silt, Clay

The river leaves the old position B to migrate in A
Formation of the prominence in A and lowering of B.
The alluvial fans of A begin to cover B.

B is finally covered inside the ground.

PN PE

Figure 7.15 - Formation and evolution of a typicafdosso” structure (Fuoco et al., 1999; modified).

The layer could represent an alluvial fan thataswisible from aerial photos or, with
more probability, a paleochannel that constitutesy@ical fluvial “dossd. Indeed, the
dominating morphologic characteristic on this PaifPlpart is the so-calleddbssd: it is a
fluvial prominence, which can be associated to kequhannel and its top represents the
position of the ancient stream. The figure 7.15wsh@an example of adbssd evolution.
Each paleochannel that was active for several gestinas created a prominence of the
surface that nowadays is still visible in the Rdtiwer basin. In most of the cases, such
prominences result hidden by the alluvial eventsth@d present rivers, subsidence and
differential compaction, operated by the fine sezhis (Luciani, 2002). A geomorphologic
sketch of this segment of Samoggia stream hagvettiand it shows how a fluviatléssd
interacts with the present course of Samoggia Btrdigure 7.16). Probably under the zone
where the piping phenomena occurred, its posittomoderately shallow (around eight-ten
meters) and represent the permeable fourth elsttatdm. However, as well as many Po
Plain rivers that have hanging riverbed, Samogtyi@am, instead to capture the water that
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percolates from the subsoil, operates the draivdgiee surroundings area. Hence, this layer
represents the way that the river adopts to drhen aquifer and is probably very well

permeable.
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Figure 7.16 — Geomorphologic sketch around the Samggia stream. The alluvial fans are evidenced in red
the highlighted areas in pink and orange represemntespectively the ‘dosso” presence and the study area.

The amount of water drained by this layer from tilver to the surrounding fields was
already noticed in the past. Some verbal testinsogieen by the citizens of the surrounding
area demonstrate that this constant water outangppvhich was supposed to be a kind of
source, probably influenced the decision to exaavae ‘macerd for the hemp production
(showed on the left part of figure 7.14) just instlarea. In the meantime, after the 1966
flooding the Samoggia River left embankment was @&doas already stated of about 20 m
toward west, in order to guarantee a wider spaak siarage capability of the pensile
riverbed. The new embankment positioning coveredwtiater outcropping, bringing to the

source closure. The necessity of a drainage systanbe therefore explained with the large
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amount water infiltration due to the source coverag well as the pond filling probably
during the "70 (decline of hemp production), whadnstituted a large evaporation zone of the
aquifer. Indeed, such events triggered the wat®e taising level, which had to be restrained
with the construction of gabionade and an artifidi@inage system. Nowadays, the drainage
probably does not resolve the water infiltratiord dherefore, the embankment base results
always completely wet; moreover, some plumes ohdrgesistivity can be detected in the
longitudinal pseudo-section and in the transvessation 3 T2. They seem to link the lower
sandy horizon to the upper, and a possible fluwatier between them, in case of large pore
pressure (case of flooding or rising level of thetav table) can be hypothesized.

The complete geophysical campaign and the followimigsiderations have brought the
Technical Service of the Reno river Basin to addugt dimensioning of the benthonitic
diaphragms, choosing a deeper penetration inselertlire embankment body until the base
of the deeper well permeable sandy horizon (foelletro-stratum).

In conclusion, the study area close to Sala Bolsgr{80O) has given very satisfactory
results, concerning the simultaneous employmertnbus geophysical methodologies, each
one able to describe different parameters relatedthe embankment structure. ERT
methodology was a useful tool for the complete deson of the embankment as well as its
shallower foundation ground, being able to discniae conductive and resistive bodies (i.e.
passages between silty clayey to sandy materighs). calibration with CPT and borehole
tests has validated the hypothesis formulated. tBoisnique allows also recognising the areas
affected by the piping phenomena as well as thenpiad weakness zones, characterized by
larger amount of sand. FDEM technique has revealegossibility to estimate the electrical
properties of the subsoil with very fast acquisiteind it can be considered as a fundamental
tool for preliminary investigations. Modelling tetdques that aim to carry out some
resistivity pseudo-sections from EM data were needu because time-consuming and
insufficient to provide quantitative as well asiable results. Finally, GPR has investigated
just the shallower part of the embankment, inddezl émployment of a relatively high
frequency antenna (400 MHz) results insufficiengiee any information deeper than half to
one meter depth, especially when high clay contacwir. However, even if a 100 MHz
antenna would be utilized, the strong EM wave ation in the first meter of subsoil could
have significantly reduced the signal amplitudevéttheless, the 400 MHz antenna was able
to localize some strong anomalies along the roatlibund the embankment, permitting to
discover a conduits system to drain the wateritifdtrate inside and under the embankment

structure. Such detection, together with other rimftion deduced by simultaneous
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application of both geotechnical and geophysicahsneements, has permitted to analyse and
describe the complex history of this Samoggia $tremnbankments segment.

7.2 The Reno River case

The fluvial embankments of the Reno River systesidiewn in this territory a series
of geotechnical and hydraulic problems that in meages, during exceptional flood events,
have resulted in catastrophic inundations. As gl introduced in Chapter 2, the main
causes of these problems can be related to hydecobogl morphologic changes as land
subsidence, variations in water discharge and twams of river bed profiles. Others issues
can be triggered by anthropogenic interventionspdesions of urban areas, quarry
exploitation of the river beds, underground excawves etc.), animal excavations and
biological alterations. Problems concerning thecea@onsolidation of underground terrains
(below the dykes) and consolidation of the eartb@mkments (dykes) can therefore evolve in
piping or seepage problems.

The levees, inspected with standardised field looriatory tests result affected also by
the inappropriate building techniques that weredukeoughout history. As a result the flood
defence system of the complex Reno River netwodsdmt operate as it should in many
important nodes. The STBR (Regional Technical $eraf the Reno River Basin) of the
Regione Emilia-Romagna has recently begun a sysweyramme, financed by the Authority
of the Reno River Basin (Autorita di Bacino del Be2002), focused on the study of the
hydraulic and geotechnical conditions of the rivikes inside the territory under its
jurisdictional authority (Mazzini & Simoni 2004) h& need to carry out a survey of hundreds
of kilometres of river embankments for identifyingrimarily, weakness zones, is also a
requirement of the regional government authoritlest in this context, GPR suitability was
tested in the study of river embankments togethiéh wther geophysical techniques as
MASW (Multi Channel Analysis of Surface Waves) aalictric resistivity tomography
(ERT). The detection of stratigraphy, animal cadtiand burrows, buried pipelines, non-
homogeneities represent the main purposes ofdbléesarch.

The multi-disciplinary approach aims to provide mdstailed information as possible
of the structural characteristics of the embankseBven if there is the needing of further
investigations, it is possible to outline geophgbkimethods capability in the study of river
dikes.
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7.2.1 Introduction

Along the Reno River (Figure 7.17), near Dosso (BD)comparison of GPR
methodology with other geophysical techniques wasried out. A segment on left
hydrographical side of the Reno River embankmeras @hosen as study area. Some direct
measurements as borehole and CPT tests assureequmasel calibration of the geophysical
data. The embankment is one of the highest stresteicountered during the entire research,
with its high of 12 meters; such embankment is cosepg by three external steps and one
internal.

f[fonde /[ PR L/
San Giovanniy/ =,

| LEGEND

Boreholes
CPT
GPR Profile

GPR Anomaly

2007 campaign near Dosso (BO); location of GPR an@ious zones.

The GPR was utilized in two different campaign® finst, in July 2007, employing
Zond 12-e by Radsys, with antenna 300 MHz and aimajydata with software Prism2. The
second campaign was carried out in October 20QfFarsame dry conditions of the previous
test, through the employment of RIS-MF acquisitiont by IDS, using 100 MHz and 200
MHz antennas. Approximately 500 meters of profiesre carried out on the top of the

embankment, showing some interesting results, bakiluniversal problem linked to the EM
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wave attenuation in fine grain-size soils and eveithere is a scarce correlation and
repeatability between the two separate campaigestaiRing to the electric resistivity
tomography (ERT) measurements, a SuperSting R8cha®nel AGI, kindly supplied by
IdroGeoStudi, and software RES2DINV were employegdrform a complete investigation
of the embankment and its foundation. ConcernirggNPASW methodology, Seismograph
OYO - McSEIS-SX 24 Bit and software Sursfseis wamgloyed. In the geophysical field the
use of surface waves is not new, Indeed seismiectefn and refraction methods are well
established, but in the geotechnical scale the SAS@éctral Analysis of Surface Waves)
method was used only recently worldwide. This tepheé consists of generating a
perturbation at a point on the free surface ofdite and then the travelling disturbance is
measured at several stations on the same freeesufiibe speed of the surface waves depends
on the geometry of the site as well as the stinasthe soil. In addition, the attenuation of
the registered signal with distance from the souscdue to both the geometrical spreading
and the material damping. MASW methodology is feclsn the dispersion and the
attenuation of Rayleigh waves, which represenptieelominant components of motion of the
surface waves in the far field. Complete descrigtioof such methodology and new

theoretical procedures were provided by Roma (2@0d)Lai et alii (2002).

m a.s.l.
25 A
20 7
15
10

5

=]

layered sand and silt

clay

Silt (artificial river embankment)

10 m

Silt (in situ alluvial deposits)

[
I

Fine sand (in situ alluvial deposits)

Clay (basement)

Figure 7.18 - Schematic section along the left sidé Reno River with the location of GPR survey, dedced
by both borehole and cone penetrometric test.

The geotechnical section of the embankment (Figut8) is characterized by a major
complexity structure with respect to the Napoleo@itannel as well as Samoggia Stream

embankments. Borehole stratigraphy evidences thesepce, besides the artificial
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embankment (silt prevalent), of in situ alluvialpdsits (silt and sand) covering the basement
(clay). The artificial embankment is constitutesaof alternation of horizons with prevalent
silty component, but with differences in sandy eomé, which give to the embankment itself
portions characterized by different porosity an@réfiore permeability. Such lithologic
differences entail just slight changes in dielecpioperties that are hardly detectable with the

geophysical methods; however, some interestingnméition were notified.
7.2.2 Results

The MASW survey has covered a length of 23 m, wite meter spacing geophones
(Figure 7.17a). Such application aims to obtain emtechnical parameter and precise
information at shallow depth. The elaboration heglenced a strong Vs attenuation at a
depth of about three meters. This confirms theegmes, supported by the borehole data, of
the latest level of construction; beside such tdeasl is made up of silty sand with respect to
the former underlained sandy silt level, the modignificant factor is that there is a
difference in shear-resistance characteristics.celesuch evidence was not given by the
small lithologic change but probably the MASW swyr\es allowed the highlighting of this
slight difference in geotechnical properties, beafie to detect the higher compaction of the
upper level and to confirm its lateral continuifyigure 7.19). The depth penetration in not
adequate to furnish a description of the entirearkinent: to achieve it another measurement
was planned with the geophones separation of twenndJnfortunately, many problems due
to cultural noise occurrence and some issues coouhdpr the data interpolation during the

elaboration have invalidated this test.

NE Borehole SW Vs (m/s)

— 100 —
B 125 —I
2 : 3

150 —l

175 —
200 —I

Figure 7.19 - Multi-channel Analysis of Surface Wags (MASW) investigation, carried out in Dosso (BO),
is able to detect the higher compaction of the emb&ment upper level.

25m

The electric tomography was made with an electdigiance of two meters, attaining
a total length of the scan of 220 m. Results afeemnt with the borehole data and definitely
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more accurate than MASW information. The depthnokstigation reached about 20 meters,
allowing the detection of the embankment base téatat about 12 m depth. The difference
in electric resistivity (strong reduction) at tldepth is due to the sandy-silt to clay passage
and probably to the presence of the water-tablethEumore, the electric resistivity
tomography individuates three major electro-sttatd constitute the embankment structure
(Figure 7.20).
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Figure 7.20 - Geophysical investigations carried dualong the Reno River near Dosso (BO). Electric
resistivity tomography easily reached the base ohe river bank.

= First electro-stratum, generally resistive Bt <p < 100Qm green/yellow colours),
which spreads for around three meters of thickifesa the surface. Although it shows
some heterogeneities (passing from slightly condedb resistive), an association can be
however done with the other geophysical measuresremdi the geotechnical tests; this
electro-stratum, that covers the old embankmenicttre, represents the new level of
construction.
= Second electro-stratum, generally resistjpe>50 Qm, with peaks of 1400Qm,
yellow/red colours), which can be identified asibon containing sand, silty sandy and
sandy silt, with a relevant amount of sand lithglag some parts of the pseudo-section.
The electro-stratum thickness is approximately tams(around five m) and its base is
estimable at from nine to ten meters depth. Thiscted-stratum has a lack of
waterproofing and can result unsafe during floodewgnts because water can easily
infiltrate, creating seepage and piping phenomkatdan lead to the structural failure.
= Third electro-stratum scarcely resistive < 40 Qm — green colour), which is
identifiable as silty horizon having a variableckmess from three meters. The upper and
lower contacts are roughly horizontal; the eledtr@tum base corresponds to the artificial
embankment base and (excluding some reliable fitictos) is located at around twelve
meters depth. Under the third electro-stratum thsr@ zone characterized by good
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conductivity p < 20 Qm — blue colour, which is associated to the clayey natural soil
matrix, with the presence of the water-table.

With regard to the GPR survey, the Zond 12-e, ar#eB00 MHz device was
employed for the first campaign, the antenna wdleguin contact with the ground, while the
acquisition system was mounted on a mini-car tharantees an extreme velocity of
acquisition. Two kilometres of profiles were acgdirwith 512 scan/sec and just a minimum
stacking applied, to prevent a reduced velocitgamuisition. Besides the scarce quality of the
elaboration software, such acquisition mode hasbably decreased the data quality;
however, almost all the profiles show the presasice boundary that is fluctuating at around
two to three meters (Figure 7.21). When it is mmigssome punctual anomalies (as carryover

material presence) were detected.

NE Borehole SW Nsec
e e e S =
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Figure 7.21 —GPR profile: 300 MHz antenna employeda sharp boundary is present at around 2,5 m
depth.

Concerning the second campaign, carried out inli@ctd007 with both the 100 MHz
and 200 MHz antennas, it was carried out for 456mthe top of the embankment. With the
100 MHz antenna employment, despite the investigadiepth is limited to four-five meters,
it is possible to mark the contact already notibtgdMASW, ERT and by the first GPR
campaign at about three meters depth between tiferatitly levels. This contact is visible
for the entire length of the scan: a stronger owemker signal may be related to soll
differences, to moisture changes or/and higheromret material porosity and therefore
compaction state (Figure 7.22).

Such boundary does not result well definite; anywvitaig associated to series of strong
reflections through the analysed section, thatrdetate a not linear threshold, which is
developed longitudinally with lateral discontinesi A large anomaly was detected at around
140 meters of progressive and it is characterizedtimng amplitude reflection especially at

two meters and half — three meters.
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Figure 7.22 — GPR profiles acquired near Dosso (BQ100 MHz antenna was employed: a sharp boundary
is present at around three to four meters depth fothe entire profile length.

In this case, GPR technique allows catching thetrétal properties difference, but it
is only thanks to the multidisciplinary approachopieéd, that this feature can be well
determined. A comparison between the two campagiesvs how this method does not
assure an adequate repeatability; probably the @B&el changing, frequency and moisture
conditions variability have compromised the resuRegarding to the results obtained with
the employment of 200 MHz antenna, the penetratapth is significantly limited by the fine
grain-size materials that constitute the embankptemce the signal-to-noise ratio becomes
too weakly just above the expected boundaries iddated by the geophysical
measurements. The application of #moothed gairfiunction, with respect to theear gain
function is motivated by the necessity to enhartoe deeper reflections instead of the
superficial ones, determinate by the strong sugatfboundary. The profiles carried out show
a constant reflective horizon inside the first metehich is only partially present into the 100
MHz radargrams. Tweinging noisy effects that produce some artificial horiabrbanding
occur respectively at two and three meters. Therdigr.23 shows a very strong anomaly
already individuated by the 100 MHz antenna, dueato abrupt change in dielectric

properties; therefore, large lateral heterogensigxpected.
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In conclusion, the study area of Dosso (BO) hawigesl some satisfactory results,
concerning the simultaneous employment of varioespgysical methodologies, each one
able to describe different parameters related écethbankment structure. ERT methodology
was a useful tool for the complete descriptiontef Embankment as well as its foundation
ground, being able to distinguish conductive argisteve bodies (i.e. passages between silty

clayey to sandy materials).
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Figure 7.23 — GPR profiles acquired near Dosso (BQparticular of 200 MHz antenna profile: a sharp
boundary is present at around three to four meterslepth for the entire profile length. The large anomaly
coincides with the one evidenced in figure 7.20.

Furthermore, this methodology, with the employmehteight-channel acquisition
system that massively reduces the acquisition tand,a certain number of operators, it can
guarantee the analysis of around one kilometrgwaffle length per day. MASW technique
has revealed the possibility to estimate the géoieal parameters through the analysis of the
shear-wave velocity but it was influenced by thiural noise of the surrounding anthropized
area as well as some interpolation uncertaintiasnguhe elaboration. Finally, GPR has
investigated just the shallower part of the embaskimwithout a sufficient repeatability (i.e.
the comparison between the Zond-12e and the RI&r@r@enetrating Radars); however, it
was able to localizes some strong heterogeneliegsnievertheless need direct drills or other

analysis to be adequately described.
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8. CONCLUSIONS

This research was developed in merit of the agraeemsépulated between the
University of Bologna and the STBR of Emilia-RomagRegion, with the aim to provide a
review pertaining the advantages and drawbacksadiiél Penetrating Radar usage, to assess
the structural safety of Reno River and its tribiet& embankments. GPR technique was
chosen because the total length of river networth@Reno plain basin is too spread (about
500 km long) for the use of common geophysics teglas (seismic, gravimetry, electric
resistivity tomography) in a preliminary phase tfdy, searching hazardous areas. The Reno
River and its tributaries embankments were studiexigh the realization of around 40
kilometres of GPR profiles, employing various asgjion units and a wide range of antenna
frequencies (from 100 MHz to 600 MHz). GPR as etwuhgnetic method lacks the
resolution and depth penetration of resistivityveys, but has the advantage of being rapid
and less expensive. Therefore, the use of GPR @veslsled because of its high velocity of
acquisition as well as the possibility to check tasults directly during the data acquisition
(fundamental in case of hydrological emergencies).

The GPR investigations are based on the emissi&ibfvaves, which spread inside
the ground and come back to the GPR timing uniteflected waves, once they encounter
changes in electrical properties of the materiadasttuting the subsoil. Generally, in
geologic applications, GPR methodology performse#&nt results when clean, coarse-
grained materials such as quartz, sand as wellaaglgoccur. In fine-grained soils such as silt
and clays, the presence of water is one of the mygsirtant factors determining GPR results;
ions dissolved in the water give rise to an eleatrconduction mechanism. Hence, the more
ions dissolved in the solution, the higher the canidity; as a result, clayey soils impose a
strong reduction of EM wave penetration inside thedium. The Reno River and its
tributaries embankments were built up utilizingrgaver materials available in the riverbed
surroundings, and they are mainly constituteslgfwith variable contains of sand and clays,
with random presence of objects in brick and mélais high contains of fine grain-size
materials have significantly influenced the deptingtration of EM wave and thus limited the
applicability of GPR for the Reno River embankmaesitactural safety assessment.

Concerning the GPR surveys, some practical aspesmtsl to be considered: the
topography surface must be clean from vegetati@hiais not possible to work with rainy

weather or with the wet condition of the soil. Ciolesing always essential a calibration with
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direct in-situ measurements, it is possible to rast@at GPR technique applied to river
embankment investigations has supplied some uséfgrvations concerning the following

cases.
Areas affected by seepage and piping

Beside the scarce results obtained when seepaga@ngd phenomena have occurred
lower than the penetration depth reached by the ,Gfieh methodology has still the
possibility to detect areas with different porosatyd lithology. When a piping phenomenon
occurs, it is often associated to strong erosidactf, which produce massive changes in
material distribution inside the embankment pavolaed in that event. For Quaderna and
Samoggia Streams many attempts were carried ocwider to verify the lateral continuity of
the internal structure of the embankments. For tde& many other tests are needed, due to
the GPR impossibility in both cases to reach argaae penetration and therefore to detect

such changes.
Embankment segments rebuilt in the past

The GPR has suffered many problems related torthieommental conditions and just
seldom it was useful to identify changes of strradticonditions inside the embankments,
which were rebuilt in the past. The results wertioed only with the employment of a 100
MHz antenna, because higher frequencies are ckawmsd by a strong increment of EM
wave attenuation after the first meter of subsbievertheless, repaired areas are well
recognizable if they were executed recently, bezdlns new materials are more porous and
therefore less compacted with respect to the okk.oReparations completed several years
ago are difficult to detect with GPR because withet the soil compaction and the electric
properties of the materials, influenced also by m@sture content, become similar to the

surroundings.
Detection of animal cavities

In the complex, the results are partially negatihe employment of high frequency
antennas, although suitable for the good spatsallugion, was seriously compromised by the
EM wave attenuation in the first meters of substile to clutter and scattering phenomena
occurrence. The 100 MHz antenna, which has reatiieedarget depth, is unable to detect
small punctual targets and however, as deeperatigettas higher must be the contrast in
dielectric properties to produce any noticeabléeotion. Moreover, the moisture conditions
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and the embankment geometric factors significanflyence the GPR measurements, which
have achieved just one interesting result, forstimall Reno tributary levee. The detection of
animal cavities with the employment of geophysicethodologies remains an open issue:
nowadays the best way to assure the hydraulicyseddted to the presence of cavities is a
constant surveillance of the river embankments adl \s a constant cleaning and

maintenance of the surface.
Inspection of the embankment internal structure

As already stated, the Reno River and its tribesaembankments were built up
utilizing carryover materials available in the niged surroundings, and they are mainly
constitutes of silt, with variable contains of sawcthys and with the random presence of
objects in brick and metal. These settings confatrang heterogeneity and many lateral
variations inside the embankments, which can resala lack of waterproofing as well as a
structural weakness of the embankments themséWeh. the chosen antenna frequency of
100 and 200 MHz, the survey results have signiflgainfluenced by the low investigation
depth, due to the high silt fraction and the embaehkt foundation level was never reached;
therefore, no complete structural description ef éimbankment is available. This aspect is a
strong limitation of the method: a maximum inveatign depth of four to six meters over an
embankment height ranging from five to twelve meter fairly restraining. However, the
spatial resolution is similar to the size of theested targets: actually, objects of known
nature and shape were clearly detected. This isntbst valuable characteristic of GPR,
because strong reflections referred to isolate@atbjare generally hardly detectable with
other methods. Therefore the GPR can be considewadid technique when a detailed study
of river embankment is needed, or to detect loballew anomalies. It has achieved some
good results for the detection of areas with angfrdifference in compaction, such as
refurbished levels and recently repaired areass important to mention again that GPR
cannot quantify the compaction state. Some adgastand drawbacks were encountered for
the description of shallow stratigraphic boundabesveen soils with a noticeable difference
in lithology or moisture content, like medium saadd silt, but when small electrical
properties changes occur, it present many detedifficulties. The employment of GPR
results valuable for the recognition of shallowlased objects like blocks, metal objects and
pipelines.
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Localization of stratigraphic contacts beneath rive embankments

Some important aspects in the use of GPR came wutgdthe surveys carried out
along the Napoleonic Channel: the topography sarfaerfectly smooth due to the asphalt
coverage of the road that represents the embanKasetand its dielectric properties, which
imply a weak signal attenuation, has definitely amted the acquired data. Once again,
encouraging results were obtained for the desonptf stratigraphic boundaries between
soils with a noticeable difference in lithology moisture content, like medium sand and fine
silt. However, it is always recommended a calibratwith other direct and/or indirect
measurements. It was also been possible to checlatitral continuity of a paleochannel at
the base of the Napoleonic Channel embankment.

Multidisciplinary approach

GPR has revealed its importance in case of shabmemalies and boundaries
detection, but cannot be considered as a methoglobagable to furnish a sufficient
description of the embankments structure. Nevesisel with the usage of a unique
geophysical methodology is impossible to achiegymad detection of the defects leading to
failure of the embankment; therefore, in order t@mmgantee an adequate investigation and
safety evaluation, a site-specific calibration atite employment of complementary
geophysical methods are necessary. The Reno Ras& kas evidenced the necessity to
accurate analysis to acquire sufficient knowledf¢he embankment structures. Beside the
GPR efficacy for the detection of areas with arggralifference in porosity, which can be
associated to compaction changes, electric regystomography provides the better results
when a lithologic section of the embankment is eeedvhile MASW technique can estimate
the geotechnical parameters through the seismicesvanalysis. The multi-disciplinary
approach can guarantee the detection of lots adctiefthat can bring to the embankment
failure. As a matter of facts, the Samoggia Strease demonstrates how the simultaneous
employment of various geophysical methodologiesciwilachieve different geotechnical as
well as physical parameters related to the masetlat constitute the embankments, have
brought to an accurate reconstruction of the pigdhgnomena occurred last May 2008.
Noticeable, is the advantage of the FDEM methodpol@&EM-2 or EMP-400 devices) over
both the OhmMapper and ERT techniques; indeedkitslesign, provides greater flexibility
for investigating anomalies in dense vegetation @fteh allows more rapid data acquisition.

A disadvantage is its lower resolution compareth&other systems.
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This technique allow also to recognise the arefestaid by the piping phenomena as
well as the potential weakness zones, charactermedarger amount of sand. FDEM
technique has revealed the possibility to estintateelectrical properties of the subsoil with
very fast acquisition and it can be considered aturmlamental tool for preliminary
investigations.

In conclusion, with the aware of the above-mentiblmits, GPR can be considered a
valid technique for detailed studies of the riverbankments shallower part and demonstrate
impressive qualities to detect local sharp anoreali® achieve a good detection of many, but
not all types of defects leading to failure of #gmmbankment, a site-specific calibration and

the employment of complementary geophysical metlanesherefore necessaries.
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9. RECOMMENDATIONS

Geophysical techniques are able to detect manyndituall types of defects leading to
failure. A detailed evaluation including resolutiand effort studies is to follow. Additional
techniques as CPT including seismic and electmesare necessary for superior calibrations
of surface measurements. As we have seen, GPRewealed its applicability for detailed
surveys, assuring a good compromise between atiqniselocity and data quality; however,
it requires optimal surface conditions and onlyllsma depth is covered by this kind of
investigation. For the future applications, theemsher must schedule the improvement in
terms of usefulness and efficiency of the Geoplaysidonitoring System, concerning the
degrees of repeatability, quality assessment alutitye acquisition, of the geophysical data.

The Applied Geophysics is a branch in constant anotand development, with
remarkable achievements by means of time-consurmogjs and data quality improvement.
Besides the traditional techniques, for future aedees, the OhmMapper and FDEM
methodologies, even with all the possible limitaipcan massively improve the knowledge
of wide parts of the Emilia-Romagna as well as parover embankments.
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