STRATEGIES FOR IMPROVED LEVEE KNOWLEDGE: INTEGRATING
TRADITIONAL AND NOVEL MONITORING TECHNOLOGIES
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INTRODUCTION

The difficulties of investigating and monitoring levees structures arise from the extensive length of these structures and the pronounced
spatial variability of the soils comprising both the embankment body and its foundation, particularly in mountain environment and with
the presence of ancient paleo-beds. Playing a crucial role in this context, monitoring systems could identify areas with significant seepage
and potential weak points susceptible to failure (Radzicki et al., 2021). Moreover, if well implemented and the correct variables are selected,
these systems serve as effective early warning tools by detecting incipient signs of a potential failure. Recent studies have identified temper-
ature as a reliable indicator of seepage within the levee body and its foundation (Bersan et al., 2018; Cola et al., 2021; Li et al. 2022). This
technique is based on the concept that temperature changes under regular flow conditions, are mainly influenced by seasonal heat transfer
from the air and the foundation. However, when there are unusual seepage movements, the extent of temperature fluctuations notably
rises due to significant water movement from the upstream source. This indicates that substantial leakage can cause temperature changes,
signaling preferred flow paths, cracks, voids, permeable sections, and potential internal erosion. Consequently, the integration of traditional
field monitoring with distributed fiber optical sensors (DFOS) for detecting and monitoring temperature variations becomes a compelling
prospect. Renowned for its high spatial accuracy and continuous monitoring capabilities, DFOS proves particularly adept at monitoring
long portion of extensive structures. Despite being prevalent in varies engineering applications (e.g. Brezzi et al., 2023; Hottges et al., 2023)
and dam monitoring (e.g. Bekele et al., 2023), its application in monitoring river levees remains relatively limited, attributed to the scarcity
of published experiences in this domain. DFOS installations are feasible in both new and existing embankments (Schenato, 2017). In the
latter scenario, cables can be buried using various methods, such as horizontal trenches or boreholes. Two approaches are utilized by DFOS
to detect seepage. The passive gradient method relies on temperature alterations within the levee structure due to seepage water, but it
necessitates temperature gradients. On the other hand, the active heat pulse method involves hybrid sensor cables integrating optical fiber
and copper wire. By briefly heating the sensor cable, areas with heightened water saturation or flowing regions exhibit increased thermal

transfer, cooling down more rapidly.

This paper presents a case study relative to a DFOS application along the Adige River levee and discusses the results obtained with a mon-

itoring system during a flood event in autumn 2023.

MONITORING TECHNOLOGIES APPLIED ON ADIGE RIVER LEVEES

The Adige Valley in northern Italy has a history of significant floods, with major events in 1882, 1966, and 1981, partially due to anthropic
interventions, including straight levees, altering the natural river course. Following this event, The Mountain Water Authority of the Bolzano
Province undertook an intensive monitoring program of the “structural health” of Adige levees, promoting monitoring activities of the levee
response, investigation and experimental studies and modelling. The activity here presented was established on the right embankment of
Adige levee close to the village of Egna (Figure 1 a), in autumn 2021. The test site comprises five boreholes positioned at the corners and
center of a 20-meter side square area, as reported in Figure 1 b). The central borehole, denoted as L3 and aligned with the central axis of
the embankment, reaches a depth of approximately 30 m. In contrast, boreholes L1 and L2, located on the landside embankment berm, and

L4 and L5, positioned on the waterside, reach depths of about 25 m to achieve a roughly equivalent elevation (Figure 2).
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Figure1: Test site location: maps from national to local scale (a); Quoted plan of the carried out surveys (b).
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To ensure a comprehensive geotechnical characterization of the site, an extensive array of tests was conducted during the drilling opera-
tions, encompassing Standard Penetration Tests (SPT), Lefranc tests, and the collection of soil samples using Shelby and Gel-Push type TR
Samplers, as detailed by Fabbian et al. (2023). Figure 2 presents an illustrative geotechnical model, revealing a comparable stratigraphic
succession due to the proximity of surveys, albeit with variations in the thickness of layers. The embankment body primarily consists of
well-graded gravel intermixed with silt and sand, specifically classified as GW-GM according to USCS, with an estimate hydraulic conduc-
tivity of 5 x 10-4 m/s. The foundation soil displays a stratification comprising five primary layers, delineated from top to bottom as follows:
(2) Silty sand or poorly graded sand with silt (SM or SP-SM); (3) Well-graded gravel with silt and sand (GW-GM); (4) Silty sand (SM); (5) Silt
(ML); (6) Silty sand (SMD.

With the aim of characterizing seepage, a comprehensive array of monitoring device was deployed in the five boreholes. Specifically, each
borehole accommodated two pressure (TP) and temperature (T'T) transducers, characterized by a precision of 2 kPa and 0.1°C, respectively,
and strategically positioned at varying depths as illustrated in Figure 2. These conventional sensors undergo remote hourly interrogation.
Additionally, Distributed Fiber Optic Sensing (DFOS) was employed to precise measure temperature variations throughout the entire vertical
extent of each borehole. An electrical cable was also installed for the purpose of conducting 3D Electrical Resistivity Tomographies (ERT)
in cross-hole and time-lapse modalities (this aspect is beyond the scope of the present paper). All the sensors are affixed to a micro-slotted
pipe: the corner boreholes are then inside filled with grout to prevent water circulation, while the central borehole is left empty for subse-
quently performing other kind of tests. The DFOS cable is vertically installed in a U-loop configuration, anchored to the micro-slotted pipe,
and creating a single optical cable, which crosses all the wells and is centrally interrogated. The DFOS, interrogated with a Raman interro-
gator (Sensornet's Oryx SR DTS), provides a temperature datum along its entire length with a spatial resolution of 2 m and an precision of
0.1°C (upon proper calibration). A detailed description of the installation methodology and the type of cable used is presented in Fabbian
et al. (2024) and Schenato et al. (2022).

RESULTS OF DATA COLLECTED DURING THE AUTUMN FLOOD 2023

Between October 30th and November 4th, 2023, the Adige River experienced two subsequent significant floods that affected its levee system.
These events presented an opportunity for the evaluation of the monitoring system reliability. Figure 3a compares the piezometric readings
obtained from the pressure transducers and the concomitant river water level (RWL) in the same section. To ensure a correct comparison,
the RWL in the monitoring section is obtained from that recorded at the Salorno hydrometric station, situated 5 km downstream, applying

a correcting level increment calibrated on the base of data recorded during previous floods.

The first flood produced an increase of 4.5 m in RWL within a 12-hour timeframe, maintaining a 1.5 m safety margin below the levee crest.
Meanwhile, very close to the experimental site, some springs of medium discharge, characterized by the emersion of clean water, appeared
on the landside just below the levee foot and at some meters from the foot (Figure 2). The second flood peak occurred 3 days after and
reached a peak RWL 1.5 m below the first. The springs were still activated during the second flood peak (occurred on November 3rd, 2023)
even if with a strongly reduced intensity.

All the pressure transducers registered variations corresponding to the river level fluctuations and captured even the minor peaks, albeit ex-
hibiting different impacts in relation with their positions. Meanwhile in pre-flood conditions the differences among the TP measurements do
not exceed 50 cm in range, during the first flood peak, marginally greater deviations exist. Pressure readings escalated by 2 — 2.5 m during
the event, surpassing the ground level of the embankment base: only the TP9 exhibited a more subdued trend due to its deeper position

compared to others and being beneath a silty layer.

As show in Figure 3b, it is evident that during the initial increasing phase of the flood (night between October 30th and 31st), there was a
rise of about 1.5°C in the water temperature of the river. Subsequently to the first peak occurrence, the temperature of river water gradually
decreased up to reach a final value 2°C below the initial one. Noteworthy is the absence of significant temperature fluctuations at greater
depths (TT3, TT8 and TT9) even on the riverside, contrasted by marginal variations registered at depths ranging from 10 to 12 m on the
landside (TT1, TT2 and TT4). A small variation is overserved also in TT7 in the deep silty sand on the riverside. In well L3, TT5 and TT6
evidenced the higher variation, but since the slotted pipe is still open, potential vertical movements of both water and air could affected the
recorded data, which could be not completely significant. On the other hand, the sudden and pronounced temperature decrease detected
at sensor TT2 denotes the probable movement of the relative colder ground water beneath the sandy silt layer below the embankment. This

phenomenon caused the emergence of the observed springs at the levee toe, but further investigation is needed to verify this hypothesis.
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Figure3: Pressures (a) and temperatures (b) registered by traditional transducers during the analyzed flood event (29 October 2023 - 6 November 2023).

The manual DFOS measurements were conducted twice, quite coinciding with the peaks of the flood wave. Using the passive gradient
method, Figure 4 compares temperature profiles obtained from DFOS readings with a reference measurement taken under pre-flooding
conditions, specifically on September 27th, 2022, when the river water level was low. The upper plots display absolute temperature data

while the lower ones illustrate temperature differences recorded during the flood compared to the reference measurement.

On the landside, a significant temperature decrease occurred in the shallowest layers. It is important to note that typically, the water table
(WT) remains at about 211 m a.s.l. in both L1 and L2. Consequently, in summer solar radiation and air temperature affect the soil tempera-
ture above WT, which at the end of the summer is very high (up to 25-26°C). During the flood event, both the shallow soil layers and the
embankment rapidly saturated due to the infiltration of water from the river and rainfall: this results in a reduction of approximately 3-4°C
in soil temperature. Between 203 and 211 m a.s.l. in L1, a small increase of temperature (less than 1°C) occurs. This behaviour conflicts
with the readings of TT2 sensor that shows a temperature decrease, as previously commented, but this discrepancy may be attributed to the
choice of a not representative reference measurement. In fact, the measures carried out in previous studies (Fabbian et al. 2024) show that

in October the soil continues to warm and starts gradually cooling down from November onwards.

In the well L5, located along the river, a temperature drop is observed only in the upper 2-3 m, likely because the wellhead is merely 2 m
above the normal river water level. Finally, the temperature profiles in borehole L3 are challenging to be interpreted because, as already

underlined, the slotted pipe is open and allows air circulation which can influence the internal temperature.

Upon contrasting the measurements obtained using TT and DFOS, a discernible temperature variance of around 1°C in absolute values is

evident (as depicted in Figure 4a). This discrepancy in accuracy, attributable to differing sensor technologies, remains within an acceptable
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range for a real-scale test site for geotechnical application. Enhancing the accuracy of DFOS measurements can be accomplished through a
calibration procedure utilizing a thermal bath, as comprehensively outlined in Schenato et al. (2022). However, adverse weather conditions
prevailing during the measurement campaign precluded the execution of this operation.

For these studies, the precision exhibited by both systems is of heightened significance, enabling the detection and analysis of subtle fluc-

tuations. Recorded data of Figure 4b reveals analogous variations and trends, consistently measured by both TT and DFOS methodologies.
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Figure4: Temperature (a) and temperature variation (b) profiles measured by DFOS and temperature transducers in alignments L1 (landside), L3 (embankment axis) and L5 (riverside).

DISCUSSION AND CONCLUSIONS

The monitoring system here presented combined traditional and novel monitoring technologies for improve levee knowledge and conse-
quently assessing levee stability. Typically, traditional sensors provide a detailed time evolution of temperature and pressure at some pre-
defined points. Conversely, DFOS provide a comprehensive temperature assessment all along the vertical well in some specific moments,
because they require an operator for the measures. Consequently, the DFOS possesses the capability to discern the precise depth of seepage
occurrence. This distinction presents challenges for pinpoint sensors, as their placement necessitates predetermined positions, thus limiting
their precise detection abilities when the limitation of costs is necessary. Nevertheless, the merging of these different techniques yields a

more detailed comprehension of the levee hydraulic behaviour.

In the presented case-study, the flood occurrence served as an opportunity to appraise DFOS efficacy in identifying where the groundwater
seepage occurs. On the other hand, the interpretation of data collected by DFOS during the event encountered complexity due to minimal
temperature variations in the portion beneath the water table and the need for an approximate portrayal of seepage flow. Seasonal temper-
ature fluctuations within the initial soil layers cannot be discounted, warranting periodic measurements. Although the current results, briefly
outlined here, offer preliminary insights into the embankment hydraulic behavior, further measurements and analyses are imperative. These
forthcoming assessments will facilitate a more comprehensive evaluation of fiber optic potential in the monitoring of river embankment

structures.
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