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Abstract: Dams are essential structures in the growth of a region due to their ability to store large
amounts of water and manage it for different social activities, mainly for human consumption. The
study of the structural behavior of dams during their useful life is a fundamental factor for their
safety. In terms of structural monitoring, classic terrestrial techniques are usually costly and require
much time. Interferometric synthetic aperture radar (InSAR) technology through the persistent scat-
terer interferometry (PSI) technique has been widely applied to measure millimeter displacements
of a dam crest. In this context, this paper presents an investigation about the structural monitoring
of the crest of the Sanalona dam in Mexico, applying two geodetic satellite techniques and mathe-
matical modeling to extract the risk of the dam-reservoir system. The applicability of the INSAR
technique for monitoring radial displacements in dams is evaluated and compared with both GPS
systems and an analytical model based on the finite element method (FEM). The radial displace-
ments of the Sanalona dam follow a seasonal pattern derived from the reservoir level, reaching
maximum radial magnitudes close to 13 mm in November when the rainy season ends. GPS rec-
orded and FEM simulated maximum displacements of 7.3 and 6.7 mm, respectively. INSAR derived
radial displacements, and the reservoir water level presented a high similarity with a correlation
index equal to 0.8. In addition, it was found that the Sanalona dam presents the greatest deformation
in the central zone of the crest. On the other hand, based on the reliability analysis, the probability
of failure values lower than 8.3 x 1072 was obtained when the reservoir level was maximum, which
means that the radial displacements did not exceed the limit states of the dam-reservoir system in
the evaluated period. Finally, the extracted values of the probability of failure demonstrated that
the Sanalona dam does not represent a considerable risk to society.

Keywords: InNSAR; structural health monitoring; dam safety; risk analysis; GPS technology; finite
element method; probability of failure

1. Introduction

Dams are structures that play an essential role in the socio-economic growth of a
region because they help in storing and/or managing water resources. In general, such
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structures store water coming upstream from natural flow, which is mainly used to sup-
ply water for different activities of the population, to generate electricity, to irrigate large
areas of farmland, and to provide the optimum conditions to perform sports activities that
may be carried out in some dams [1-3]. In this sense, it may be considered that the safety
of dams is guaranteed once they are completely built and start operations; however, dur-
ing their service life, dams are subjected to different loads, such as hydrostatic thrust, dead
weight of the structure, seismic actions, sediment thrust, effect of waves, and temperature
variations [4-6]. It has been documented that these loads may cause displacements in the
vertical and horizontal components of the dam crest, being critical in the radial direction
[5]. Then, monitoring displacements in dams is crucial to detect possible failures in the
structure, helping in making an objective decision about possible rehabilitation, or in the
worst scenario, the destruction of the dam, obviously, if it represents a real risk to society
[6]. Therefore, even if the displacements of dams are below permissible thresholds, they
must be regularly monitored to guarantee their long-term stability. However, carrying out
structural health monitoring (SHM) processes on dams during their useful life is a com-
plexjob [7]. The structure of a dam can be monitored with different sensors, such as strain
gauges, accelerometers, inclinometers, photogrammetry, INSAR, Global Navigation Satel-
lite Systems (GNSS), total stations, and leveling [1,6]. Commonly, campaigns for defor-
mation measurements of dam structures are made based on strategically distributed con-
trol points. One of the first monitoring studies about the structural condition of dams con-
sisted of developing a geodetic control network to measure displacements of the dam crest
depending mainly on the reservoir level, with reference to measurements of angles and
distances [8-11]. However, the traditional geodetic techniques used in the above studies
were very complex and time-consuming since they required expert personnel to carry out
measurements for days in each measurement campaign [7]. Furthermore, high-precision
leveling is used to measure vertical displacements in various studies; however, this tech-
nique is limited by high human resources and material and the high costs derived from
deploying long leveling campaigns on points in the crest of the dams [12].

As an option for the above-mentioned approaches and because of technological ad-
vances, new automatic data acquisition and transmission systems have been developed,
providing an opportunity to perform the more precise monitoring of displacements on
the crest of dams. For example, the GPS system can detect horizontal displacements in the
order of millimeters over long observation periods. Due to this, GPS has been widely used
to measure horizontal displacements in dams [2,13-18]. Unfortunately, the measurement
density with GPS is limited by the distribution of expensive receivers located on the dam
crest. Therefore, rapid large-scale monitoring with GPS technology is difficult [19] and is
focused on the horizontal component due to the low accuracy achieved in the vertical
direction [20].

On the other hand, the spatial geodetic measurement technique called Interferomet-
ric Synthetic Aperture Radar (InSAR) has numerous advantages, including the ability to
acquire measurements over large areas in all weather conditions with high precision and
high spatial resolution [19]. Within this context, InNSAR has recently been considered one
of the most used techniques to monitor landslides [21], earthquakes [22], and subsidence
[23], etc. Furthermore, INSAR has proven to be an attractive alternative technique to high-
precision leveling [19], in particular, in those cases where any monitoring system or geo-
detic control is established. In recent years, Multi-Temporal INSAR (MT-InSAR) technol-
ogy has proven its efficiency in monitoring critical infrastructure, such as dams from
space, especially those earthfill or rockfill types, where the large extension of the dam
body is favorable for the detection of permanent scatterers (PSs) [24-27].

Most of the current dam-deformation monitoring studies are based only on geodetic
satellite methodologies, such as MT-InSAR and GPS, and in some cases, high-precision
leveling. In general, they only compare the measured displacements with the reference
ones (in situ); however, this analysis strategy by itself does not determine the safety con-
dition of the dam. Thus, determining the structural safety of dams is necessary to quantify
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the risk of the dam-reservoir system. In other words, for an initial state of the system and
different failure modes, it is necessary to determine the risk related to loading events and
the system response for a given load condition. Due to the last issue, which has been de-
tected in several dams in Mexico, the National Water Commission (known as CONAGUA
in Mexico) inspected several dams around the country detecting some damage and dete-
rioration conditions in various ones; therefore, it was necessary to replace or rehabilitate
some structural part of the dams, which resolved problems of recurring operations and
allowed a more straightforward operation with lower maintenance costs.

Consequently, to quantify the risk of the dam-reservoir system, it would be neces-
sary to estimate the probability of failure using a model representing the uncertainty of
the structural and load parameters [4,5]. In general terms, the probability of failure can be
defined as the probability of exceeding a limit state during a given period of time [28].
Within this frame of reference, some scholars have proposed a method to estimate the
probability of failure of the reservoir level responses in a dam using the dam-foundation
joint [5]. In this sense, the uncertainty of random variables defining the limit state function
is considered. This method is based on the Monte Carlo Simulation (MCS) technique. Cur-
rently, in Harriri-Ardebili et al. [29], a state-of-the-art review is reported where a list of
numerical modeling methods/techniques is adopted for dams, and the FEM is reported as
one of the most popular techniques due to its ability to handle complex geometries.

Based on the above discussion, in this paper, the radial displacements of the Sanalona
earthfill dam, located in the northwest of Mexico, are obtained and analyzed with the help
of MT-InSAR (2014-2021), GPS (2016-2022), and a mathematical model using the FEM
theory. Then, the probability of failure due to a landslide is calculated and related to the
maximum and minimum levels of the reservoir and the displacements caused on the crest
of the dam.

In summary, the main objective was to determine the radial displacements at differ-
ent reservoir levels of the Sanalona dam crest using three techniques, namely MT-InSAR,
FEM, and GPS, and subsequently quantify the probability of failure in terms of the re-
sponse of the dam for a given load event (reservoir).

The other sections of this paper are organized as follows. Section 2 describes the case
study area where the Sanalona dam is located. The strategies of acquisition, analysis, and
processing of geospatial data and the method for calculating the probability of failure are
documented in Section 3. Section 4 summarizes the results, and the discussion of the re-
search is provided in Section 5. Finally, in Section 6, some conclusions are presented.

2. Case Study: The Sanalona Dam

The Sanalona dam is located in the northwestern part of Mexico. Such a structure
stores water principally obtained from the Tamazula and Sianori rivers that descend from
the “Sierra Madre Occidental”. The location of the Sanalona dam is illustrated in Figure
la. The construction of the Sanalona dam lasted about eight years, starting in 1940 and
ending on April 2, 1948. Fifteen years later, a hydroelectric plant capable of generating 14
MW of electricity started operations. The Sanalona dam is a gravity-type dam with a rock-
fill built mainly with hauled materials and reinforced concrete. The storage area capacity
of the dam extends approximately 5,420 ha and it may store up to 970 hm? of water; how-
ever, for safety reasons, only 673 hm? are recommended to be stored by the dam [2].

The Sanalona dam has a crest length and width of 1,031 m and 10 m, respectively, a
height of 81 m and a base of 415 m (see Figure 1b). It was the first dam to be built in the
Sinaloa state region, triggering an economy in the Culiacan valley, where approximately
60,000 ha of farmland are currently irrigated with the help of the water contained by the
Sanalona dam. In addition, the dam is about to turn 75 years in constant operation, ex-
ceeding its 50-year safety period of life recommended by CONAGUA.

The geological structure of the area under consideration is composed of andesite,
rhyolite-acid tuff, basalt, and intermediate tuff from the Tertiary period, as well as alluvial
and conglomerate from the Quaternary period, both belonging to the Cenozoic era. Figure
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1c illustrates the geological configuration of the Sanalona dam. On the other hand, the
rainy season in the region plays an essential role in filling the reservoir since it reaches its
maximum capacity in a short time. The highest rainfall of the year is recorded in July,
August, and September, as shown in Figure 1d.
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Figure 1. Location of the Sanalona Dam (red rectangle) taken from Google Earth: (a) general location
of the Sanalona Dam in the Tamazula and Sianori rivers; (b) detailed image of the crest of the Sana-
lona Dam. The red triangle is the location of the GPS station, SSIG; (c) geological setting of the Sana-
lona dam; (d) hydrological cycle of the study area. The blue dots represent the rainfall measure-
ments in mm.

3. Methodology
3.1. MT-InSAR Displacements

InSAR analysis was carried out using MT-INSAR measurements considering Senti-
nel-1 data. For that, all the available Sentinel-1A/B scenes until the end of 2021 were pro-
cessed in order to derive the vertical and E-W horizontal displacements. In particular, the
ascending track was composed of 152 SLC IW scenes (20 Sentinel-1A and 132 Sentinel-1B)
from 14 October 2014 to 18 December 2021, with an incidence angle of 39.0486° and a
ground sampling of 3.70 and 13.97 m, respectively, for the range and azimuth direction.
This included 162 scenes (Sentinel-1A) composed the descending track, with an incidence
angle of 39.4565° and a similar ground sampling to the ascending track.

The processing methodology was the classical PS-InSAR analysis using SARPROZ
[30] software where a master image is selected for each track, and all the connections be-
tween this master and the rest of the images in the stack are computed. The master images
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were automatically selected by the software in the middle of the stacks, the image of 16
August 2016, for the ascending track and 9 January 2017, for the descending one. Once co-
registering all the images with respect to the master scene, the reflectivity map is com-
puted and a ground control point is selected for geocoding the results. Then, the Atmos-
pheric Phase Screen (APS) is computed over a large area around the dam and removed
from the final phase estimates. Finally, the PSs are obtained by deriving for each one the
Line-of-Sight (LOS) displacements for each track. After the ascending and descending
tracks are computed, both LOS displacements are combined to decompose the movements
in the vertical and E-W velocities. First, the software computes possible shifts between
the ascending/descending datasets estimating the offsets in longitude, latitude, and
height. Precise offsets are then estimated using points with distances closer than the range
specified as a maximum planar distance and with height differences closer than a maxi-
mum height distance. For processing the ascending/descending pairs, a maximum planar
distance and maximum height distance are used, as well to identify the corresponding
points in the two datasets. Once offsets have been estimated and ascending/descending
pairs are identified (in the case of ascending and descending dataset pairs), the decom-
posed movement can be computed, plotted, and exported. Several options are available
for that. For example, all points, ascending/descending pairs, or a grid created on over-
lapping areas can be generated.

To combine the LOS displacements of the ascending and descending mode, first, the
PSs were identified on the crest of the Sanalona dam that corresponded to the same PSs
but observed at different angles and from opposite directions (ascending and descending).
Subsequently, it was necessary to establish the same evaluation period for each track,
since the analysis period of the ascending mode begins and ends before the descending
mode; for this, a timeline was defined for both modes, and the LOS data were interpolated
every 12 days. In this way, the PSs located on the crest of the Sanalona dam in both modes
contain the same period to be evaluated, from 5 October 2016 to 18 December 2021, every
12 days. On the other hand, due to the studied dam’s long service, its settlement process
decreased decades ago. Therefore, the vertical displacements in the dam are insignificant.
Consequently, the observed displacements are entirely attributed to horizontal displace-
ments [2].

It is necessary to project the displacements from E-W to N-S. Subsequently, the N-5
component must be rotated and converted into radial displacement, since the displace-
ments caused by the thrust of the reservoir on the crest of the dam have a greater effect on
the transversal component (radial displacement). Therefore, the mathematical model of
the Sanalona dam was used to estimate the crest orientation and use this angle to extract
radial displacements following the strategies proposed by Janichen et al. [1]. Radial dis-
placements are considered positive towards the downstream direction.

3.2. Finite Element Model of the Sanalona Dam

To obtain the structural response of the Sanalona Dam, the SAP2000 finite element
software was implemented in the study [31]. In general, SAP2000 is a finite element soft-
ware with an object-oriented 3D graphical interface, prepared to carry out, in an inte-
grated way, the modeling, analysis, and dimensioning of the most comprehensive sets of
structural engineering problems. SAP2000 is well-known for its capabilities to easily ana-
lyze structures and its visually friendly data interpretation. Moreover, this software is one
of the most used by structural engineers around the world. The versatility in modeling
structures allows its use in the dimensioning of bridges, buildings, stadiums, dams, in-
dustrial structures, maritime structures, and all types of infrastructure that need to be an-
alyzed and dimensioned [31]. The geometric dimensions and the composition of the dif-
ferent materials of the Sanalona dam are illustrated in Figure 2.
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Figure 2. Geometry of the cross-section of the Sanalona Dam.

Table 1 summarizes the mechanical and physical properties of the materials used in
the finite element analysis performed by SAP2000. On the other hand, due to the compu-
tational complexity that a solid-based three-dimensional model would require, it was de-
cided to model the cross-section of the Sanalona dam through plate-type (Shell-thick) el-
ements. The model represents a unit strip (1 m) of the dam crest. Figure 3 shows the finite
element model implemented in SAP2000 software. Each color of the model corresponds
to a different type of material. In turn, the coordinate axis adopted for the analysis is in-
dicated in Figure 3; “x” is the direction of interest when representing the deformation
caused by the pushing force of the water, “Y” is the direction parallel to the height, and
finally, “Z” is parallel to the longitudinal direction of the dam. Regarding the boundary
conditions, the cross-section base was considered restricted to the displacements.

Table 1. Mechanical and physical properties of the Sanalona dam materials. p is the density, V is
the Poisson ratio, E is the elastic modulus, 8° is the angle of friction, and C is the cohesion.

Material Type p (kg/m?) V.  (E x 103(kN/m?») §° C (kN/m?)
Clay 1.9-2.1 0.4 69 27 50
Coronation(gravel) 2.2 0.3 200 42 -
Coronation (Sand) 1.9 0.3 45 36 -
Conglomerate 2.3 0.25 1350 35 15
Foundation(bedrock) 2.9 0.2 8400 - -

Figure 3. Cross-section FEM model of the Sanalona dam.

3.3. GPS Displacements
3.3.1. Data acquisition

A continuous-monitoring GPS station for seismic purposes was instrumented on the
right-hand side of the Sanalona dam (see Figure 1b, red triangle tagged as SSIG). The GPS
station is located approximately 670 m from the center of the crest, as can be seen in Figure
1b as well. The station comprises a TRM57971.00 antenna and a TRIMBLE NETRS re-
ceiver. It started operations on 24 June 2016 and is still working at present. The station is
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compatible only with the GPS constellation and has a sample rate of 1 Hz configured.
Unfortunately, due to the remote access to the SSIG station, it is complex to solve technical
problems, resulting in a data gap that may be present in the response time series. The
binary files sampled at 1 Hz were shared by the National Seismological Service of Mexico
(known as SSN in Mexico) corresponding to the measurement period from 24 June 2016
to 23 March 2022 and were converted to RINEX (Receiver INdependent EXchange) and
decimated to 30 s with the help of TEQC software [32].

3.3.2. GPS Processing Strategies

The GPS observation files in RINEX 2.11 format corresponding to the evaluation pe-
riod were processed in the CSRS-PPP service using the absolute precise point positioning
(PPP) method in static mode. CSRS-PPP is a free online service developed and maintained
by the Geodetic Survey Division of Natural Resources Canada [33]. The Canadian Spatial
Reference System (CSRS) allows users to send their GPS observation files from a single
receiver over the internet and achieve precise positioning. CSRS-PPP can process dual-
frequency PPP solutions with GPS L1 and L2 and GLONASS L1 and L2 frequency bands.
Integer ambiguity resolution is available for data collected on or after January 1, 2018.
Data collected before this date will continue to be processed with the IGS final products
without integer ambiguity resolution [34]. Additionally, Table 2 summarizes the pro-
cessing parameters used by the CSRS-PPP service.

Table 2. CSRS-PPP Service’s processing parameter summary.

GNSS System GPS
Observations Code & Phase
Frequency Observed L1, L2
Satellite Orbits Precise (IGS)
Satellite Product Type IGS Final
Sample rate 30s
Cut of Elevation 10°
Ocean Tide Model FES2014b
Tropospheric Model VMF1 Model
Ionospheric Model L1&L2
Reference Frame 1Gb14

The ECEF (XYZ) coordinates resulting from the processing were transformed to the
NEU (North, East, Up) topocentric coordinate system since the ECEF coordinates cannot
be applied to interpret horizontal and vertical displacements on the dam due to their
origin [35]. On the other hand, the NEU coordinates were transformed to local coordinates
of the dam using the methodology proposed in [2], where the dam’s crest represents the
longitudinal axis and perpendicular to it, the transverse axis. The origin of the time series
was obtained by subtracting the mean of the time series from each datum that makes it

up.

3.4. Probability of Failure Calculation Considering Dam Sliding

The concept of probability of failure and the approaches to obtain it are maturing,
and they are widely reported in the literature [36-38]. In general, the safety of structures
is computed using deterministic approaches based on safety factors. However, since the
risk depends on the uncertainty of load and resistance parameters of the structure under
consideration, approaches based on safety factors may fail to convey the actual margin of
safety. Therefore, more rational techniques must be used to explicitly compute the margin
of safety considering uncertainties related to load and resistance variables. In this sense,
since uncertainties in load and resistance variables must be considered in risk analysis, it
may be hard to satisfy the basic design requirements during the evaluation. A basic case
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of risk analysis is illustrated in Figure 4. It can be observed that two variables are consid-
ered, one related to the demand on the system (e.g., loads acting in a structure, S) and the
other related to the capacity of the system (e.g., the resistance of the structure, R). Both S
and R are random variables. Thus, they are randomly characterized based on mean val-
ues (U and pg), standard deviations (o5 and o), and corresponding probability density
functions [fs(s) and fz(r)]. The deterministic or nominal values of load and resistance are
illustrated in Figure 4 as Sy and Ry, respectively. Kg and Ky are factors related to the
safety that the structure is expected to have and depend on the structural system to be
evaluated. Thus, the position of fs(s) and fr(r), respectively, depends on the values of
K and Kg. Therefore, the value of the probability of failure will also depend on the values
Ks and Kg. In this context, if K; and Ky are very large, then, p; will be small because
fs(s) and fr(r) will be far apart. For example, in problems related to calculating the safety
of critical structures, such as nuclear power plants, Ks and Ky are expected to be large.

>

on

fs(s)

I Probability Density Funct

Figure 4. Illustration of risk analysis of structures.

It is important to mention as well that the intent of conventional approaches can be
explained by considering the overlapped or shaded area between both curves fs(s)
and fr(r) as illustrated in Figure 4. The shaded/overlapped area presented in Figure 4
represents the probability of failure (ps), which depends on three factors of the two curves:
the (1) relative position between them depending on the mean values (s and pg), (2) dis-
persion among curves given by the standard deviations (o5 and og), and (3) shapes of the
two curves represented by the corresponding Probability Density Function (PDF). Hence,
deterministic design procedures achieve safety by selecting design variables in such a way
that the overlapped area between fs(s) and fr(r) is kept minimum. Then, deterministic
approaches generally shift the position of fs(s) and fr(r) using safety factors. Unfortu-
nately, a more rational approach would be to calculate the underling risk by considering
the above three factors (1, 6 and PDF). Thus, design variables would be selected satisfying
an acceptable risk. To clarify this concept, the failure state of structural systems can be
expressed as [29]:

g(R,S)=R—-S<0 1)

where g(R,S) is the mathematical representation of the relationship of Random Variables
(RVs).
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The failure event P(R < S) or psrepresents the shaded area () in Figure 4. It can be
calculated by computing the overlapped area (Q2) between fs(s) and fz(r) as:

pr = P(R<S) =P[gR,S) <0] = frs(r, s)drds (2)
g(R,S)<0

where frs(r,s) is the joint PDF of the random variables related to resistance and load.

The integration of Equation (2) is performed over the failure region (). Generally,
random variables related to S and R are a function of several other variables as gravity,
lateral, and accidental loads and/or sectional and material properties. Hence, Equation (2)
can be expressed in terms of multiple random variables as:

g(X) = g(x1, Xz, s Xi) ®)

where X is a vector that represents the load and resistance random variables
(X1, X3, ---,Xg), and k is the total number of them.

Based on the above discussion, the limit state function can be defined as g(X) = 0.
This represents the boundary between the safe and unsafe region in the design parameter
space, i.e., the state of a structure representing the limit between the appropriate and in-
appropriate performance. The limit state function and safe and unsafe regions are illus-
trated in Figure 5 in terms of R and S. The limit state function plays an important role in
the calculation of reliability or risk. Combining Equations (2) and (3) and considering that
failure occurs when g(X) < 0, the py can be calculated as:

a
12 =J-J- fx (X1, Xz, oov, Xp)dxq dX, ... dxy 4)
g(X)<o

where fx(Xq,Xy,...,Xy) is the joint PDF related to the basic random variables represented
by the vector X.

S A Unsafe
Region
g(X)=g(R,S)<0

Safe
Region
9(X)=g(R,S)>0

Limit State

2 9(¥)=g(R,S)=0

0 >R

Figure 5. Limit state concept.

The integration represented by Equation (4) is performed over the failure region
[g(X) < 0]. If the random variables are statistically independent, the joint PDF can be re-
placed in Equation (4) by the product of individual PDFs. However, PDFs of random var-
iables are difficult to obtain, and even if they were available, solving multiple integrals as
presented in Equation (4) can be extremely complicated. Hence, an alternative is to use
analytical approximations to solve the integral represented by Equation (4). Unfortu-
nately, analytical approximations are often restricted to use only the mean () and coeffi-
cient of variation (VC) because the information about random variables may only be suf-
ficient to evaluate u and VC. As an alternative, the well-known Monte Carlo Simulation
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(MCS) can be implemented to solve it. In this sense, MCS can extract the probability of
failure in the following way:

N
Py = Wf
where Py is the estimate of the probability of failure, N¢ is the number of simulations
where the failure occurred, and N is the total number of simulations.

The Monte Carlo method requires a large enough number of simulations to find the
desired value of P;. The limit state function was selected, established from the Mohr-
Coulomb model. The Mohr-Coulomb criterion is used to evaluate the resistance to sliding
of two rigid bodies in contact separated by a flat cemented layer. Based on this criterion,
the sliding resistance fails when the sum of the intrinsic resistance of the intermediate
layer plus the frictional resistance between the two contact surfaces is overpassed by the
demands acting on the surface. If the normal stress (T,) applied perpendicular to the con-
tact plane increases, the shear strength (R,,) increases, as defined by a linear law that de-
pends on a parameter known as the friction angle (¢). However, the intrinsic resistance
(or cohesion, c) does not depend on the tension level, although it does depend on the
properties and condition of the surface under consideration.

If F, is considered as the total normal force between bodies, c is the cohesion and
B is the compressed length of the contact. The following expression may represent the
Mohr—Coulomb criterion for the sliding stability of the Sanalona dam [4]:

©)

Ty, < F,-tgp +cB (6)

where T, (reservoir thrust force) is the tangential destabilizing force parallel to the sliding
plane, and ¢ is the internal friction angle, so that if T,, is greater than the right-hand side
of Equation (6), sliding will occur. In addition, in terms of structural safety, it must be
stated that F, - tge + cB represents the resistance (R) and T, the load (S). Therefore, the
limit state function that describes the performance of the dam, in terms of some essential
random variables, is expressed as:

1

R (A'pc'g—gpw'g'B'h)tgcﬁB'c

3= T <0 )
Epwghz

gX) =

where A is the area of the dam section in m?; p. and p,, are the density of the dam ma-
terial and the density of the water in kg/m?3, respectively; g is the acceleration due to
gravity in m/s?; B corresponds to the length of the base of the dam in m; h is the height
of the water in the reservoir in m; ¢ is the contact friction angle in degrees; and c is the
cohesion in contact in N/m?.

Analysis of Variables

Eight variables define the limit state function of the Sanalona Dam. They were pre-
sented in Equation (6). Based on previous studies, it was decided to consider only three of
them as random variables. Random variables used in MCS are summarized in Table 3.
These variables take commonly used distributions since certain information is available
on the site of the Sanalona dam. On the other hand, considering the Mohr—Coulomb
model, the shear strength parameters follow the normal distribution for the friction angle
and the log-normal distribution for cohesion. For the selection of the probability distribu-
tions and parameters for each of the variables, we followed the publication of [4].
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Table 3. Selected random variables.

P ili
Variable Abbreviation r?babl 1ty. ean Staryda}rd Min Value Max value Unit
Density Function Deviation
Conglomerate density Pe Normal 2300 50 2100 2500 kN/m?
hesion in th :
Cohesion in the dam c Lognormal 0418  0.298 0 3.5 MPa
foundation contact
Fricti le in th
ricon angle m the ® Normal 50 8.79 30 76 o
dam-foundation contact
4. Results

This Section divides the results into three parts. First, the calculation of the radial
displacements of the dam derived from the MT-InSAR technique is documented. Then,
the simulated displacements coming from the FEM approach are reported. Afterwards,
the measurements using GNSS GPS technology are presented. In addition, the analysis of
the comparison between the reservoir level and the displacements is illustrated. Finally,
the failure probability results for different reservoir levels are documented. In this sense,
there are two main objectives of the following numerical analysis: (1) to measure the radial
displacements of the dam with different methodologies, and (2) to extract the probability
of failure of the dam using MCS.

4.1. Displacements
4.1.1. MT-InSAR Displacements

The Sanalona dam is located in a very vegetated area, which prevents the detection
of many measurement points. Relatively few PSs were identified through both the ascend-
ing and descending processing, but their density was sufficient to sample the behavior of
the dam crest using MT-InSAR. Figure 6 shows the mean LOS velocity maps for the as-
cending and descending processing together with the decomposed vertical and E-W
mean velocity maps using a 5x5 m grid over the overlapping areas for a better visualiza-
tion. Final displacements were estimated for 13 MT-InSAR PSs selected in the combined
ascending and descending orbits along the Sanalona Dam. The location of the 13 PSs is
presented in Figure 7. The ascending and descending LOS displacements were first com-
bined and then converted into radial displacements, as explained in Section 3.1. The radial
displacements for the 13 PSs follow a seasonal trend derived mainly from the reservoir
filling at different times. Figure 8 illustrates the seasonal trend for point 148, located in the
center of the crest, which presents the largest displacements, as expected due to its loca-
tion. This trend is due to the beginning of the rainy season in the region, which is at the
beginning of June and commonly reaches maximum displacements in November when
the reservoir level is close to 100%. The radial displacements generally reach a maximum
of up to 4 mm in November and decrease in the following months to -10 mm when the
reservoir decreases in May. The PS located on the edges of the crest obey the behavior of
the reservoir level but with maximum and minimum displacements lower than those ob-
tained at the central points, within the precision range of the MT-InSAR technique.
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Sentinel-1 Mean LOS Velocity (2014-2021) Ascending - PS-InSAR $ Sentinel-1 Mean LOS Velocity (2014-2021) Descending - PS-InSAR

Figure 6. Mean velocity maps for the MT-InSAR analysis of the Sanalona dam. (a) Ascending dataset
in the LOS direction. (b) Descending dataset in the LOS direction. (¢) Decomposed vertical direction.
(d) Decomposed E-W direction.

L 100m_,

Figure 7. Location of the 13 PSs identified along the Sanalona dam in the MT-InSAR analysis.

On the other hand, the seasonal behavior of the displacements is correlated with the
changes in the reservoir level, as seen in Figure 8. The radial displacements and the water
level present a high similarity with a correlation index (r2) of 0.88. Therefore, it is shown
that the water level is the main factor that generates the driving force of the deformation
on the crest of the Sanalona dam.
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Figure 8. Comparison between the radial displacements from MT-INSAR measurements at PS no.
148, located at the center of the crest, and the water level of the Sanalona dam.

4.1.2. FEM Displacements

The finite element analysis was carried out considering 100% of the capacity of the
Sanalona dam (level of the spillway: 156.2 m). The pressure forces generated by the water
were evaluated in terms of a triangular distribution of forces with respect to water depth.
The forces were assigned to the model through distributed loads on the crest (rock layer
element). Figure 9 illustrates the displacement contours of the model. In summary, it is
observed that the displacements obtained in the crest width of the dam were 7.7 mm in
the “X” direction and 0.7 mm in the “Y” direction.

Figure 9. Displacement contours in mm of the mathematical model of the Sanalona dam.

With the help of the finite element model of the Sanalona dam, it was possible to
estimate the displacements produced by the pushing force of the water at different reser-
voir levels from 2016 to 2022. It was also possible to generate a regression model with a
correlation of r? = 0.9981 to calculate the displacements (“y”) from the reservoir level in
meters (“x”). Equation (8) describes the regression model:

y= 0.027360.0684x (8)
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The radial displacements simulated by the FEM were determined using Equation (8)
from the reservoir level for the evaluation period ranging from October 5, 2016 to Decem-
ber 18, 2022. Figure 10 represents the radial displacements obtained with the FEM and its
relationship with the reservoir level. It is visible that these radial displacements presented
the highest correlation with the reservoir level compared to GPS and MT-InSAR. The FEM
modeling presented the highest correlation with the reservoir level. This last was consid-
ered a reference since the FEM represents, in a more detailed way, the structural perfor-
mance of the dam. This is justified because FEM modeling considers the mechanical be-
havior of the materials that compose the dam when it is subjected to static and dynamic
loads.

150

Radial displacement/mm
=
wn
Water levellm

140

‘ L 130
2017 2018 2019 2020 2021

Timefyears @ FEM [mm] @ Water level [m]

Figure 10. Comparison of the simulated radial displacements with the mathematical model of the
dam and the reservoir level.

4.1.3. GPS Displacements

The daily radial displacements of the Sanalona dam were extracted with the help of
GPS observations by transforming them to local displacements of the structure. A low-
pass digital filter commonly known as moving average with a 10-day window was ap-
plied to smooth the time series. This was performed with the objective of visualizing its
long-term trend (See Figure 11). Once the low-pass filter was applied to the time series,
they were shortened to the analysis period. Figure 11 shows a similar behavior between
the reservoir level and the radial displacements measured with GPS. In addition, Figure
11 illustrates the deviation between the time series and the water level in the middle of
the series. Thus, it is mainly due to the location of the SSIG station, which is not placed on
the crest of the Sanalona dam (See Figure 1). However, the effects of the thrust force of the
water are reflected in the zone of the SSIG station.



Remote Sens. 2023, 15, 819

15 of 22

Radial displacement/mm

-]

- ]

o
e

X

s sems® osnee sdbSe

/-\155

160

®e o
4'-
-
A . ‘M..
[ )
L]
e o
(1]
oz
ha )
- "
/- . ﬁ
™S
o e 9® @
» e
-~
|
= @
3] o
Water level/m

; '“140
! D j

8

2017

130
® Water level [m]

2018 2019 . 2020 2021
Time/years @ Radial displacement (SSIG-GPS)[mm]

Figure 11. Local radial displacements of the Sanalona dam through GPS measurements at the SSIG
station.

It is observed in Figure 11 that the radial displacements of the area where the SSIG
station is located increased in the rainy season due to the rise in the reservoir level of the
dam. In this sense, the maximum deformation was on 12 May 2019, at 5.8 mm, which
corresponds to the top level of the reservoir. When the reservoir decreases, the radial de-
formation also decreases; however, the minimum displacements are within the noise of
the GPS measurements.

4.2. Accuracy Analysis of Radial Displacements

Considering the radial displacements obtained from the mathematical model of the
Sanalona dam as the reference, the accuracy of the radial displacement measurements
with MT-InSAR and GPS was analyzed. Figure 12 illustrates the displacements corre-
sponding to over 5 years of four PSs. Due to the extensive vegetation in the area where
the SSIG station is located, it was impossible to identify a nearby PS. Moreover, the radial
displacements of GPS and FEM are observed and simulated, respectively, with the latter
considered the reference. GPS observations were measured daily. However, there are cer-
tain gaps (lack of information) in the data that were not measured. MT-InSAR and FEM
measurements have an observation frequency of 12 days. In this sense, the visual compar-
ison among the three methods is visible in Figure 12.
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Figure 12. Visual analysis of four InNSAR (black dots) radial displacement zones and those obtained
with GPS (blue line) and FEM (red dots). (a) PS no. P148 located in the central zone of the crest. (b)
PS no. P152 situated in the center of the crest. (¢) PS no. P189 located in the western zone of the crest.
(d) PS no. P167 located in the eastern zone of the crest and close to the GPS station.

Figure 12a illustrates the radial displacements of PS no. P148, which is located in the
central area of the Sanalona dam crest, where the greatest displacements are expected due
to the thrust force of the reservoir. There are differences in magnitude in the time series of
each methodology due to the errors of each one and the location of monitoring on the
dam. PSno. P148 has better visual behavior than GPS when compared to FEM. This means
that the observations on PS no. P148 from the ascending and descending satellites were
highly precise at the acquisition time. The maximum displacements that PS no. P148 pre-
sents were in the order of 5 mm in one of the times when the reservoir is close to 100%.
However, considering the origin of the displacements when the level of the reservoir is
minimum, the maximum radial displacement that the crest has suffered corresponds to
the year 2018 (see the first arrow in Figure 12a), reaching radial displacements of 12.4 mm
during May (origin) and November (maximum). To determine the accuracy of the GPS
and InSAR methods, it was necessary to generate Table 4, where the maximum displace-
ments are observed for each reservoir level of 100% (or near) in the evaluated period. In
the first three fills, the GPS and InSAR dam displacements obtained differences of less
than 5 and 8 mm with respect to the FEM, respectively.

Table 4. Maximum radial displacements at different filling times of the Sanalona dam.

Displacements in mm
GPS FEM InSAR (P148)

Reservoir Level

13 October 2016 (101.5%) 0 (origin) 0 (origin) 0 (origin)
18 October 2018 (81.1%) 1.4 (7.3)* -1.86 (4.7) 3.5(12.4)
23 December 2019 (92.81%) 4.167 (4.9) -0.8 (5.7) -0.93 (11.9)
27 September 2020(99.93%) 0.45 -0.14 (5.5) -2.89 (3.7)
15 October 2021(100.13%) -1.9 -0.11 (6.7) -1.82 (11.1)

* Considering the origin as the minimum reservoir level.
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The values of the GPS measurements have a time lag with respect to the InSAR and
FEM measurements. This is because the radial displacements measured via InNSAR and
FEM presented a peak earlier, while the GPS values fall behind and showed a peak later.
On the other hand, the displacements on PS no. P152 were lower, although it is located on
the central zone of the crest as well. The maximum displacements recorded on PS no. P152
were 8.37 mm corresponding to 100% of the reservoir, as illustrated in Figure 12b. PS no.
P189 is located towards the west of the dam, as illustrated in Figure 7. This PS has maxi-
mum displacements of 8.2 mm, caused mainly by the level of the reservoir, as seen in
Figure 12c. On the other hand, PS no. P167, located on the eastern side of the crest and
closest to the SSIG station, presented smaller radial displacements than the three previous
PSs, with magnitudes of less than 5 mm. The seasonal trend of PS no. P167 does not follow
a pattern similar to that of the FEM; that is, the radial displacements are little affected
when the reservoir level is 100%. The reservoir level had less effect on PS no. P167 than
GPS, even though they were in a similar area of the dam curtain with a separation of 115
m. The first half of the evaluation period of PS no. P167 presented variations of + 2.5 mm,
that is, the uncertainty range of InNSAR, which is observed in Figure 12d. In summary, the
push force of the water has a greater impact on the western part of the curtain than on the
eastern one. This phenomenon can be derived from the location of the body of the dam to
the total reservoir and the construction design. Consequently, the area where PS no. P167
is located can be considered stable, and these displacement values are used to measure
the accuracy of the InSAR technique. InSAR is the best technique to evaluate the radial
and vertical displacements in the dams caused by the reservoir level. It represents an al-
ternative to high-precision leveling due to the precision achieved.

4.3. Probability of Failure by Sliding

For the calculation of the probability of failure by sliding of the Sanalona dam, six
reservoir levels were identified, which represent the minimum level, average level, and
maximum level of the reservoir, as well as the level of the spillway, the level of the crest,
and a level above the crest (See Table 5). These levels are within the evaluation period. In
this context, 100 million simulations were performed for each reservoir level using the
MCS. Figure 13 illustrates the probability of failure obtained for each reservoir level.

Table 5. Probability of failure for different reservoir levels.

Ny

Reservoir Level (m.a.s.) Number of Simulation (N) Number of failures (N;) Probability of Failure(P; = m
131.09 (7.73%) 100,000,000 0 0
142.5 (81.1%) 100,000,000 8 8.0 x 1078
156.2 (100%) 100,000,000 35,624 3.56 x 107*
156.43 (101.5%) 100,000,000 40,109 4.01 x 107*
165 (132.76%) 100,000,000 1,824,720 1.82 x 1072
170 (151.2%) 100,000,000 8,297,482 8.29 x 1072
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Figure 13. Estimation of the probability of failure by sliding for different reservoir levels applying
the Monte Carlo simulation method.

For the minimum reservoir level, g(X) < 0 is never reached out due to the low mag-
nitude of the elevation of the stored water in the dam. Considering that the low levels of
the reservoir correspond to lower load states than those with the high levels, the estima-
tion of the probability of failure makes mathematical sense for this study. The minimum
value of Py corresponds to the minimum level of the reservoir, and the maximum value
of pf corresponds to the maximum level of the reservoir. When the reservoir levels are
low, the Pr is 0; that is, the structural safety of the Sanalona dam is high, and it does not
present any risk to society and/or users. However, based on and according to the results
of Table 4 and Figure 13, the reservoir levels equal to or above the level of the crest do
represent a risk to the safety of the dam due to the high load demand.

5. Discussion

It is important to apply different measurement methodologies to consider a complete
study of monitoring displacements on a dam. The MT-InSAR technique is used to study
structures with slow and long-range movements, such as dams. On the other hand, one
of the most common methods for the mathematical study of structures is the FEM ap-
proach since it allows a more detailed analysis of the structure and establishes its integrity.
The most accurate satellite technology to measure specific displacements is GPS since it
allows permanent monitoring of a structure regardless of environmental conditions.
However, most of the reported studies of displacement on the dam crest were based on
MT-InSAR and GPS; these approaches only report the magnitudes and the precision with
which they were obtained. It is important to mention that SHM goes beyond just quanti-
fying the magnitudes of different variables on a structure. Identifying the structural in-
tegrity of a dam based on risk analysis methodologies considering the quantification of
the dam-reservoir system is one of the objectives of the SHM. In particular, in this study,
the probability of failure for a system response is calculated for a given load event and the
case of an earthfill dam.

To ensure precise monitoring with MT-InSAR, it is necessary to identify many PSs
on the dam crest. However, the physical properties of the objects located near the crest,
such as the variation in the vegetation during the year, means that some PSs are only ob-
served from geometry. In this study, 13 common PSs were selected for the ascending and
descending geometry over the crest of the Sanalona dam. For the processing, 152 scenes
from the ascending geometry corresponding to 14 October 2014 to 18 December 2021 and
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162 scenes for the descending geometry were used. The classical PS-InNSAR processing
methodology was used in the SARPROZ software. The LOS measurements of both geom-
etries were spatially interpolated, and the vertical and horizontal E-W displacements
were later estimated from the combination of satellite geometries. Horizontal displace-
ments were converted to radial displacements using the dam crest azimuth. The 13 MT-
InSAR PSs are distributed along the 1031 m of the concrete crest. The 13 common PSs
presented displacements with different magnitudes, mainly those located in the center
and outside the crest. The PS that presented the highest correlation with the reservoir level
was PS no. P148, located in the center of the crest. The area where PS no. 148 is located
presented a displacement of close to 13 mm in the filling from May to November 2018,
when the dam reached 81% of the reservoir level. The displacements of the central area of
the crest are caused by force generated by the level of the reservoir on the structure. On
the other hand, the PSs located outside the central zone of the crest do not have a high
correlation with the level of the reservoir. However, these areas also present radial dis-
placements, but in periods when the reservoir level is low. Possibly, these alterations are
due to variations in temperature and vegetation.

To evaluate the use of MT-InSAR technology in the structural monitoring of dams, it
was necessary to make a comparison between the displacements obtained by this tech-
nique with those simulated by a FEM and those measured by the GPS technique. The
displacements simulated by FEM obey a mathematical model created from the geometry
and properties of the materials contained in the evaluated dam. Material properties can
commonly be fitted to a probability density function with a history of in situ measure-
ments. However, it is essential to know precisely the magnitudes of the physical proper-
ties of the materials because they are input parameters for the FEM and the calculation of
the probability of failure. In the case of GPS measurements, these are affected by different
sources of error that cause the studied phenomenon to be altered. It is important to con-
sider theoretical models of corrections and precise products. For this study, the GPS con-
tinuous monitoring station was not instrumented for structural monitoring but for seismic
studies of the region. Therefore, the station is located outside the central zone of the dam
crest, where the displacements are fewer due to the little effect of the push force of the
water on the structure. Therefore, the radial displacements measured with MT-InSAR and
those simulated with FEM for the central area of the crest were not expected to be the
same as those measured via GPS. Identifying a trend derived from the reservoir level in
the three evaluated techniques was what was sought. The FEM is considered the reference
technique due to its high correlation with the reservoir level (r* = 1). Therefore, the radial
displacements measured with MT-InSAR in the evaluation period should have a similar
behavior to those simulated with the FEM but with a different magnitude, due to the
measurement principle of each technique. The PS no. P148, located in the central zone of
the studied dam’s crest, registered the greatest radial displacements. When the reservoir
level is minimal, the dam structure is not subjected to load; therefore, its body does not
suffer deformations, and the dam is at repose. When the reservoir level increases due to
the rainy season, the radial displacements increase until they reach a maximum due to the
applied load in the crest. The effect of the load on the dam crest is visible in Figure 12a.
The maximum radial displacement of the crest was 12.4 mm for the year 2018 and 11.9 for
2020. PS no. P152, located approximately 100 m from PS no. P148, presents the same trend,
but a different magnitude in the displacements. PS no. P152 reached maximum magni-
tudes of displacements close to 9 mm. PS no. P189, located on the left side of the crest,
showed greater radial displacements than those measured on PS no. P167, located at the
other end of the crest (right side). The maximum radial displacements achieved on PS no.
P189 and PS no. P167 were 8.2 mm and about 5 mm, respectively. These differences in the
extreme zones of the crest are due to the design of the dam and the orientation it has
regarding the total reservoir; therefore, the forces of the reservoir are distributed in an
inhomogeneous way over the body of the Sanalona dam.
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The radial displacements of PS no. P148 InSAR and the reservoir level presented a
high similarity, with a correlation coefficient r? of 0.88, demonstrating the high precision
of the InSAR technique in tracking movements over dams. Finally, the risk assessment of
the dam-reservoir system through the calculation of the probability of failure shows that
for a maximum historical level of the reservoir (101.5%), a P, = 4.01 X 10™* is obtained, a
probability that does not represent a structural risk for the dam. On the other hand, a
simulation of a 151.2% reservoir is made, representing a water level 5 m above the curtain
of the dam, possibly a phenomenon that will never happen. However, the risk to the struc-
ture is high due to the applied load and the slight resistance that the dam will oppose.

The radial displacements measured on the crest of the Sanalona dam with the INSAR
technique presented high accuracy when compared with those simulated by the FEM, In
[1], the authors analyze the radial displacements and compare them with those measured
by a pendulum located in the center of the curtain of the Moehne dam, reaching displace-
ments above 4 mm. On the other hand, the radial displacements in the Sanalona dam pre-
sented magnitudes greater than 10 mm, with magnitudes 4 times the uncertainty achieved
by InSAR [39,40]. Additionally, in [6], the authors compared the PS-InSAR results with
those obtained with GPS and found a similar behavior; that is, INSAR has the capacity to
reach precisions similar to those of GPS. In general, in this investigation, the results
achieved with InNSAR were similar in precision to those published in other studies. Addi-
tionally, this article contains a risk assessment. It can be presented as one of the first stud-
ies where radial displacements on the crest of an earthfill dam are monitored with three
different methods and giving it a probabilistic approach to extract the risk represented by
the level of the reservoir on the structure of a dam.

6. Conclusions

In this study, two satellite geodesy techniques were applied to monitor the radial
displacements of the Sanalona dam located in northwest Mexico and compare them with
those simulated from the dam’s finite element model. Likewise, an analysis of the proba-
bility of failure by sliding for different reservoir levels was carried out. Maximum radial
displacements of 12.4 mm were detected with InNSAR, with 6.7 mm for FEM and 7.3 mm
for GPS. The InSAR technique presented a seasonal trend similar to the reservoir level and
a correlation close to 0.9. On the other hand, the behavior of the radial displacements sim-
ulated with the FEM and measured with InSAR presented a similar trend with differences
in magnitude in the order of 5 mm. GPS presented a different trend due to the location of
the station. The InSAR results showed that it is a good and precise technique for monitor-
ing movements in earthfill dams. In addition, many InSAR points distributed over the
dam curtain were identified, which represented a better understanding of the structural
behavior of the dam when it is subjected to different levels of load caused by the reservoir.
The central zone of the crest presented the greatest displacements and the extreme zones
the least. Indeed, the radial displacements of the dam are mainly caused by the reservoir.
When the reservoir level of the Sanalona dam reaches its maximum, the structural risk
increases inversely, and when the reservoir level decreases due to the absence of rain, the
risk of a possible failure of the dam-reservoir system is null. The results of the probability
of failure represent the risk of a possible failure of the reservoir-dam system; therefore,
based on the p; for a 100% reservoir, it does not represent a risk for society since the
performance of the Sanalona dam, for such a case, would be similar to the risk presented
for the original design.
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