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Abstract

The availability of new constellations of synthetic aperture radar (SAR) sensors is
leading to important advances in infrastructure monitoring. These constellations offer the
advantage of reduced revisit times, providing low-latency data that enable analysis that
can identify infrastructure instability and dynamic deformation processes.

In this paper we use COSMO-SkyMed (CSK) and TerraSAR-X (TSX) data to monitor
seasonal induced deformation at the Pertusillo dam (Basilicata, Italy) using multi-
temporal SAR data analysis. We analyzed 198 images spanning 2010-2015 using a
coherent and incoherent PS approach to merge COSMO-SkyMed adjacent tracks and
TerraSAR-X acquisitions, respectively. We used hydrostatic-seasonal-temporal (HST)
and hydrostatic-temperature-temporal (HTT) models to interpret the non-linear
deformation at the dam wall using ground measurements together with SAR time-series
analysis. Different look geometries allowed us to characterize the horizontal deformation
field typically observed at dams. Within the limits of our models and the SAR acquisition
sampling we found that most of the deformation at the Pertusillo dam can be explained
by taking into account only thermal seasonal dilation and hydrostatic pressure. The
different models show slightly different results when interpreting the aging term at the
dam wall. The results highlight how short-revisit SAR satellites in combination with
models widely used in the literature for interpreting pendulum and GPS data can be
used for supporting structural health monitoring and provide valuable information to

ground users directly involved in field measurements.

1. Introduction
Dams are anthropogenic barriers that provide a series of advantages for human

activities such as water and/or electricity supply and flood protection. However, water



impoundment by means of a dam leads to safety concerns related to induced
embankment breaks or overtopping.

Earthquakes, landslides, erosion and aging are among the causes of dam failure and
subsequent uncontrolled water release. Several instruments and procedures have been
developed for monitoring and predicting dam behavior and mitigating the socio-
economical risk. Most of them take into account ground based measurements using
GPS or pendulum displacements (Chouinardet al. 1995, Behr et al 1998, De Sortis and
Paoliani 2007, Lombardi et al. 2008, Amberg 2009, Ehiorobo et al 2011, Li and Wang
2011, Barzaghi et al. 2012). A discrete number of studies have been conducted during
the past 15 years for structural health monitoring of dams using SAR data (Tarchi et al.
1999, Blom et al. 2001, Wang et al. 2010, Arjona et al. 2010, Grenerczy & Wegmdiller,
2011, Vbge et al., 2011, Tomas et al., 2013, Di Martire et al. 2014, Michoud et al. 2015a,
2015b, De Sousa et al. 2015, Roque et al. 2015, Mazzanti et al. 2015)

Only recently have analyses been conducted to investigate the achievable accuracy and
sensitivity of SAR displacement measurements at dams (Wang et al. 2010, Di Martire et
al. 2014). The surge in available high quality INSAR data coming from international
constellations of SAR satellites are transforming InSAR based time-series analysis
techniques into near-real-time operational tools able to deliver useful information to
ground users (Milillo et. Al. 2015, Briel et al. 2015, Lundgren et al. 2015) providing an
increased sensitivity to displacements that highlights the dynamic behavior of natural
and anthropogenic phenomena. In this paper we use a multi-temporal INSAR technique
to examine non-linear displacements at the Pertusillo dam (Basilicata, Italy), combining
coherent CSK parallel tracks with incoherent TSX and CSK X-band data (3 cm
wavelength). This technique, initially applied with ERS, ENVISAT and ALOS SAR
datasets (Perissin 2007a 2007b 2007c, Perissin 2008a 2008b) allowed us to decrease

the acquisition repeat time down to 8 days on average, with sporadic same day



acquisitions from CSK and TSX. The TSX and CSK time-series were compared to ALOS
L-band data (24 cm wavelength) spanning a different time period, underlining the
fundamental role of the finer temporal and spatial resolution in illuminating new aspects
of the deformation dynamics of a dam. We used ascending and descending tracks to
constrain vertical and horizontal movements and characterize horizontal displacements
at the dam crown. The time-series analysis drives hydrological-season-time (HST) and
hydrological-temperature-time (HTT) models for interpreting displacements at the dam
(Leger and Leclerc, 2007). These models include ground-based data such as water
levels, water elevation at the dam wall and temperature records. The two models
interpret most of the deformation in terms of seasonal temperature oscillations and
hydrostatic pressure at the dam walls. We find slightly different results when interpreting
linear temporal deformation trends and provide a possible explanation. We explain this
difference as the effect of the non-uniform temporal acquisition sampling and the
temperature records included in the HTT model.

The paper is organized as follows. First, the Pertusillo reservoir is described. Then a
brief description of the dataset is given followed by a brief summary of the basic
concepts of INSAR and multi-temporal InSAR technique, coherent/uncoherent data
merging and a description of interpretative models for concrete dams. Finally, the
deformation fields obtained with the PS technique are used to constrain HST and HTT
models. The result shows how very short repeat time interferometry is leading to
unprecedented observational capabilities able to efficiently characterize the dynamic

behavior of a dam.

2. Test site

2.1 Geological setting



The Pertusillo Dam is located in the southern part of the Agri Valley (Val d’Agri in Italian)
and is mainly used for producing hydroelectric energy and irrigation of the Puglia and
Basilicata regions. The Val d’Agri is a Quaternary intermountain fault-bounded basin in
the Lucanian Appennines (Figure 1). The area is characterized by a high seismogenic
potential as testified by the occurrence of destructive earthquakes, (such as the 1857
Mw 7 Basilicata Earthquake and the 1980 Mw 6.9 Irpinia earthquake, Giocoli et al.
2014). Induced seismicity by recharge of the Pertusillo reservoir and fluid reinjection had
also been recorded recently (Stabile et al. 2014, Giocoli 2014) suggesting a one
dimensional pore fluid pressure diffusion physical mechanism involving the Northeast-
Southwest fault zones connecting the reservoir to the Monti della Maddalena fault
system (Stabile et al. 2014).

The 98 m high 357 m long arch-gravity dam impounds water coming from the Agri river
collected in the “Lago di Pietra del Pertusillo”, an artificial lake built between 1957 and
1962. The basin capacity amounts to 155 10° m*. On December 28th 2014 an Mw 3.2
earthquake occurred, the epicenter being located at a distance of about 1 km and a
depth of 16.5 km from the dam. Official reports do not classify this event as induced
seismicity due to fluid reinjection and water recharge of the Pertusillo basin (ENI report
2014). Our results do not show any significant deformation occurring at the dam related

to this event.
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Figure 1 Overview of the study site (A) South Italian Peninsula; the red outline shows the
extent of the Pertusillo artificial lake in B. (B) Google-Earth Optical Image showing the “Lago
di Pietra del Pertusillo”. Seismicity at the Pertusillo dam recorded by the ISIDE-INGV network.
Yellow (orange) dots indicates earthquakes with 0-10 (10-20) km depth The red box shows the
extent of the dam in C. (C) Google-Earth optical image evidencing the sides of the dam(D ) side

view of the dam. Scale bar is referenced to the height of the dam.

2.2 Dataset
We analyzed five interferometric datasets, three from ascending and two from
descending tracks. We processed a total of 201 SAR scenes that are divided among

three COSMO-SkyMed tracks: one ascending (Figure. 2A) and two adjacent descending



(Figure. 2C), each with a right-looking radar direction and incidence angles of 30° for the
ascending (satellite moving North and looking East) and 29 and 30 degrees for the
descending (satellite moving South and looking West) geometries spanning 2010-2015.
For TerraSAR-X we use an ascending track, right looking SAR with incidence angle 39°
covering the years 2010-2012 (Figure 2B). For ALOS we use an ascending track, right
looking SAR, with incidence angle 34° covering the years 2006-2010 (Figure 2D).
Polarization is HH (horizontal transmit and receive). Table | in the supplementary
material shows the datasets used for our analysis. The acquisitions were planned to
facilitate short-repeat time interferometry, avoiding holes in the acquisition plan. The
COSMO-SkyMed dataset is based on the Mapltaly project covering the entire Italian
Peninsula. The ascending dataset is composed of a dense and uniform acquisition plan,
while the descending tracks suffered frequent interruptions during the period December-
April 2012, 2013 and 2014. The TerraSAR-X datset is the densest (11 days repeat time)
compared to COSMO-SkyMed (only one CSK satellite acquired data at the 16 day
repeat time according to the Mapltaly acquisition plan). The ALOS sensor acquired only
14 images over a period of six years. Due to the dam lying near the center of the CSK
ascending track we were not able to image it from adjacent overlapping ascending

tracks.



RANGE

o

f2%

*CSK DESCENBIN:

%,
FA

» AZIMUTH

16
14 ®ALOS

12 @ DSC COSMO-SkyMed multitrack

©, 19 -®ASCCOSMO-SkyMed
- 8 ASC TerraSAR-X
E 6 -+ Water levels
Q
S 4Jo————o0o0—0co0—0——0—0—0—0—00——0
2
0
22-Dec-2006 05-May-2008 17-Sep-2009 30-Jan-2011 13-Jun-2012 26-Oct-2013 10-Mar-2015

Figure 2 Mean amplitude images over the Pertusillo dam (A) CSK ascending (B) TSX
ascending (C) CSK descending (D) ALOS ascending. The plot on the bottom shows the temporal
distribution of each dataset, red CSK ascending, yellow TDX ascending, green CSK multi-track
descending and blue water levels at the Pertusillo dam during the acquisition time span.

Water level data are not available before 2009.



Ascending and descending geometries observes the dam with different incidence and
heading angles. A schematic description of the scattering mechanisms and sensitivity to

different parts of the dam is presented in Figure 3.
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Figure 3. Schematic representation of the Pertusillo dam as seen from the SAR
satellites in terms of electromagnetic scattering and phase sensitivity to deformation.
(A) Different tracks sensitivity to horizontal displacements perpendicular to the dam
wall (B) Shadowing and foreshortening scattering mechanism characterizing the dam

wall. ALOS has not been represented since it follows the TSX and CSK ascending

sensitivity and scattering scheme.



Figure 4. Double bounce effect recorded during different periods of the year affecting

the CSK ascending. The descending dataset does not show this effect. Reference point

used for PS-InSAR analysis showed in red.

The descending data (Figure 2C) are characterized by foreshortening showing the crown
before the basement in the range direction. The ascending data (Figure 2A) are affected
by shadowing, which hides the basement of the dam. A first visual analysis of the
seasonal water level changes at the dam can be performed looking at the ascending
amplitude images and the different double bounce angles (Figure 4). The descending
dataset does not show this scattering effect. It is important to discuss the relative
orientation of the dam to the range direction and the incidence angle of the radar. The
ascending datasets are more sensitive to radial displacements of the dam at the center
and South-side (Point a in Figure 3 and Figure 1C) while the descending datasets are
more sensitive at the center of the crown decreasing their sensitivity toward the sides of
the dam (Point a and Point b in Figure 3 and Figure 1C). Vertical displacements are
independent of the relative orientation between the dam and the SAR antenna and only
depend on the incidence angle. It is interesting to calculate the projection vector

components for each component (Table1).
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Table 1: LOS projection vector components for the east, north, up components of

deformation

Incidence ° Heading® North East Up Sensor
30 350 0.09 049 0.87 CSK ASC
39 357 0.14 0.61 0.78 TSX ASC
29 190 0.08 -0.48 0.87 CSK DSC
34 352 0.08 0.55 0.83 ALOS

INSAR observations are mostly sensitive to the vertical component. However, The
incidence angles available for our analysis allow us to observe horizontal component of
motion. A schematic description of the LOS sensitivity to horizontal and vertical

displacement is shown in Figure 3.

3 Techniques

3.1 Multi-temporal INSAR for monitoring non-linear motion

To measure time variable deformation from a single set of SAR images we use the
SARPROZ software (Perissin et al. 2011) applying an extension of the standard linear
PS technique (Ferretti et al., 2000, 2001) to solve for non-linear motion with no a priori
information (Colesanti et al. 2003). The PS technique assumes a set of N+1 co-
registered SLC SAR images. We generate N single look differential interferograms with
respect to a single master image. We neglect atmospheric phase screens given the
small area of interest (less than 2 km?) and adopt a stochastic model as proposed in

(Ferretti et al. 2001). To do this we unwrap our PS candidates in space using the DEM
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error term. Once the data are unwrapped we estimate the low pass component using a 5
samples temporal baseline weighted moving average and assume this residual phase

term as an estimation of the non-linear motion contribution.

3.2 Coherent and incoherent merging

We carried out multiple sensor analysis and parallel track analysis (Perissin 2007a,
Perissin 2008a). The main scope of these experiments was to reach a sufficient number
of images for a PS-like analysis and provide temporal continuity to the time series. In our
case we applied these methodologies in order to increase the temporal sampling and the
sensitivity to thermally and hydrologically induced deformation. We merged two datasets
considering separate master scenes, merging the two dataset in the geocoding stage
covering a total period of 5 years (2010-2015) for a total of 112 ascending acquisitions
(60 TSX, 52 CSK). Two descending tracks of 89 images were coherently merged (i.e.
the data coregistered on the same stack) decreasing the average repeat time to 8 days
with holes during the winter period (December-April). The CSK Mapltaly acquisitions
over Pertusillo lake maintained a nearly continuous incidence angle across different
parallel tracks. This allowed us to coherently merge overlapping areas across the two
adjacent tracks only if the location of the scatterer within the cell was very accurate. A
very precise coregistration is fundamental for exploiting the parallel track interferometric
phase. The main task for data combination from multiple tracks and different sensors is
the identification of multi-angle targets. In our case poles and a fence are located on the
crown of the dam. These targets ensure a sufficient amplitude stability (Figure 1D). The
result of the whole analysis is very sensitive to the geocoding process for which a

ground control point was chosen (Figure 4)

3.3 Time-displacement model for concrete dams
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Studying how a barrier reacts to external stress is fundamental for understanding the
primary phenomena responsible for crest displacement. Part of the structural health
monitoring of concrete dams is based on the interpretation of displacement
measurements from direct or inverse pendulums. Several statistical or deterministic
models have been developed for interpreting dam deformation. Here we used the
Hydrostatic-Seasonal-Time (HST) and the Hydrostatic-Temperature-Time (HTT)
statistical deterministic models to interpret deformations perpendicular to the Pertusillo
dam crown. These models are suitable for elastic structures and are based on the
superimposition principle in which every effect sums up linearly and is weighted by a
coefficient. The HTT (HST) models relate the thermal (seasonal) effect and hydrostatic
loads to the structural response. In the HST model the thermal effects are modeled as
the sum of an annual sinusoids while the HTT model uses a direct measurement of
temperature at the dam walls. Both models assume a hydraulic load described by the
water elevation as a polynomial plus linear or exponential terms, indicating irreversible
strain and other unexpected behavior. Pendulum displacements can be written for each

model as:

SHST=acos(%)+bcos(%)+CHW+dHﬁ,+eHﬁ,+fH{,‘V+gt+h(6)

Syrr =aT +b + cHy + dH3 + eHy, + fHyy + gt (7)

where § is displacement in millimeters, t is the time in days, H,, is the water level, T is
the recorded temperature and a, b, c, d, e, f are estimated using a least squares method.
The HST model does not use a direct measurement of temperature and it may lack
robustness when cyclic water level variations are in phase with seasonal temperature

variations. This could be the case of dams used for hydroelectric production.
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4. Results and discussion

We processed ALOS, TDX and CSK data with the SARProZ software (Perissin et al.
2011). The sparseness of the ALOS acquisitions and the low resolution make the
interpretation of the calculated displacements difficult. The multi-temporal non-linear
technique cannot be applied given the few acquisitions available over the area and a PS
processing that, assuming a linear model, shows no evident deformation for the few PS
identified at the dam. On the contrary the integration of CSK and TDX measurements
highlights the dynamic deformation of the crown of the dam (Figure 5, Figure 6, and
Figure 7). SAR measurements need to be analyzed together with ancillary data for
interpreting the observed seasonal displacement. Hence, it is fundamental to also

consider water height at the dam wall and temperature measurements.

Figure 5 shows a time-series plot from ascending and descending TSX and CSK data
with water height and temperature records for a nearby station (lat. 40.0875, lon.
16.0136). Both ascending and descending data show a periodic behavior that is the sum
in phase of both temperature and water height data. The similar incidence angles
between the ascending CSK and TDX dataset (7 to 10 degrees difference) translates
into a similar sensitivity to vertical and horizontal displacements (Figure 3). Ascending
and descending datasets have comparable seasonal amplitudes of about 10 mm and
opposite phase (Figure 6), suggesting that the deformation is purely horizontal.
Moreover deformation along the dam crown is compatible with both ascending and
descending LOS sensitivity to dam radial displacements (Figure 3A, Figure 6, and Figure
7). The largest displacements are located at the center of the dam crown and decrease
toward the edges. This behavior has been observed at dams when interpreting
pendulum data that measures displacements perpendicular to the dam wall (Barzaghi et

al. 2012). We generate a 2D model merging ASC and DSC data using a multi-

14



parametric approach described in (Milillo, 2016). We used only ASC and DSC CSK data
overlapping in time and estimate a thermal,-hydrological component perpendicular to the
dam wall and estimate an aging term for the vertical and horizontal component of
motion. We did not find any relevant aging term in the vertical direction occurring during
the period of observation covered by CSK. In order to exploit the entire dataset we will
hereby assume that the observed time-series displacements are purely horizontal radial

to the dam. We can re-project the displacement in the radial direction to the dam wall.

Considering the LOS vector d; s we can write:

= _ %os
didam = sin (8)cos (Y) (8)

where 6 is the incidence angle and ¥ is the angle between the azimuth direction (flight
direction of the radar) and the direction perpendicular to the dam wall.

We can calculate the variance of our measurements after maximizing the absolute value
of the temporal coherence as in (Colesanti et al. 2003) :

2
OLos ® -V —2inlyl| (9)

_ JLos
Oldam = G @)cos (1) (10)

Table 2 shows the estimated o;,5and o, 4., for each dataset.
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Table 2: LOS and re-projected measurements variance for each sensor used in the

time-series analysis.

[yl o0s(mMm) 6, 44m (MmM) Sensor
0.90 1.14 2.99 CSK ASC
0.86 1.37 2.84 CSK DSC
0.96 0.7 2.94 TSX ASC

After re-projecting all three datasets into the same geometry radial to the dam walls the
increased number of data samples in the dataset allows us to apply the HST and HTT
statistical deterministic models. Figure 8 shows the re-projected and modeled
displacement radial to the dam wall recorded at the top center of dam and its relative
residuals. The standard deviation of the residuals is below 3 mm for both the HST and
the HTT models. Table 3 shows the list of the parameters obtained for both models.

One of the most important parameters is the linear term, which is not correlated with
either thermal or hydrological displacements. This term is usually called the “aging term”
and it is an irreversible displacement component that could be considered as an
indicator of potential structural instabilities (Léger and Leclerc 2007). The most

significant difference between the two adopted interpretative models consist in the aging

term. The HST model estimates a 0.5 + 0. 22 mm/year while the HTT model shows

values below the significance level. Model validation is beyond the scope of this paper
and may be a hard task if ground measurements (GPS or direct/reverse pendulum) are
not available, as in our case. We can still make some considerations regarding the
residuals and the models adopted. The HST model seems to indicate a linear
irreversible deformation trend in time with smaller model residuals when compared to the

HTT model. The HTT model on the other hand requires one less parameter (7 vs 8) to
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explain the observed deformation at the Pertusillo dam with slightly larger residuals (2.4
vs 2.9 mm). Moreover, the temperature data have been recorded 20 km away from the
dam wall, which put our analysis in a non-optimal scenario for time-series interpretation
using the HTT model. The temperature data and the simplicity of the models may be a
limiting factor for providing a more accurate interpretation. Also the non-simultaneous
ascending and descending acquisition times make a rigorous non-parametric three-

dimensional displacement decomposition not feasible.
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Figure 5 : (A)Cumulative displacement at the center of the dam wall. TSX ascending
(cyan star),CSK descending multitrack analysis (green cross), CSK ascending (black

circle). (B) Temperature records (C) water height variation at the dam wall.
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from the satellite. Optical image from Bing Maps.
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Table 3: Model Parameters found with the HTT and HST models with two sigma values

reported

Coefficients (eq. 6-7) HST HTT
Thermal a -5.5+ 0.5mm -0.5+£0.07
mm/Celsius
b -0.57 £ 0.1 year
Hydrostatic c -14.4+ 6 1271 £7
pressure d -108.4 + 140 -22.44 + 150
e 165.0 £ 170 -27.83 £ 160
f -77.54 £ 90 12.48 £ 95
Aging g -0.5+ 0.22 0.001 £ 0.003
mm/year mm/year
h -1000 * 500 -1300 = 700
R? 0.92 0.89

5. Conclusions

In this work, we present a PS time-series analysis combining multiple track and multiple
sensors for monitoring seasonal induced deformation. Our results show how the
combination of different datasets together with the short-repeat time interferometry
available with the second generation of SAR sensors can provide a valuable tool for
monitoring deformation at the Pertusillo dam, and dams in general.

INSAR-based methods can be used in combination with ground surveys at the dam as

well as for planning and optimizing the installation and the position of monitoring
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stations. The high-resolution of SAR images also allows for estimating deformation at a
larger number of points compared to traditional techniques (GPS or pendulum
measurements). The combination of INSAR and deterministic models for seasonally and
hydrologically induced dam deformation allow interpreting deformation at the dam wall in
near-real-time without the need of ground surveys. The nature of these statistical models
requires a copious number of acquisitions in order to stabilize the inverted parameters
as required for interpretive models with pendulum measurements. We highlight how
different models may lead to different interpretations given the simple nature of the
model and the elastic behavior assumption. These models have been used and
validated in several studies (Chouinard, 1995; De Sortis and Paoliani, 2007; Amberg,
2009; Barzaghi et al., 2012) and are widely accepted within the structural engineering
community. Viscosity rheology or more detailed models using finite element method
models could also be adopted to provide more accurate results taking into account the
inelastic behavior of the concrete.

The major limitation of this kind of analysis is the relative non-orthogonal orientation of
the dam walls to the satellite flight direction. The use of high-resolution spotlight
interferometry has provided useful information even in rural areas (Milillo et al. 2014) and
its improved spatial resolution and phase sensitivity could partially overcome this issue.
The ability of interpretative models to explain deformation measurements provided by
SAR data allows us to link the INSAR remote sensing technique to the structural
engineering of dams, thus providing a valuable tool supporting civil engineers and
complementing ground measurement data giving a synoptic near-real time view of the

dam structure health status.
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