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Reservoirs are highly relevant infrastructure assets, and now, more than ever, they play an essential role in society’s welfare and
national security. Their importance is related to regional socioeconomic development due to their capacity to store water for
different uses, such as human consumption, agricultural irrigation, flood control, and hydroelectric energy production, among
other important services. However, many reservoirs are reaching the end of their period of life, and others are showing undesired
displacements and cracking. Four 3D surveys were conducted on a reservoir that serves the Metropolitan Area of Monterrey City in
Mexico. These surveys were carried out over a period of 5 years using GNSS observation to assist in understanding the actual dam
kinematics, i.e., the behavior of its longitudinal and transversal displacements and the possible correlation with the reservoir level.
The high-precision leveling and close-range remote sensing data were assessed and then mapped. The high-precision geodetic and
leveling techniques allowed us to locate and measure 84 established permanent control points with errors of aboutÆ 0.003m. The
mapping of displacements was made possible by modeling the positive and negative translations. The highest uplifts (11mm)
occurred at the left riverbank, and the highest subsidences (−5mm) occurred along the downstream piers from the middle of the
dam crest to the right riverbank. A ground laser scanner (GLS) produced 3D digital models with geometrical and radiometric
characteristics, detecting displacements among the dam crest elements. The synergy of GNSS and high-leveling techniques allows
the possibility to measure displacements, while the use of geographical information system (GIS) and geomatic techniques allows a
better visualization through 2D and 3D maps validated using traditional topographical methods.

1. Introduction

Hydraulic infrastructure is a national asset that allows the
use and management of water resources and the control of
floods (for the protection of the population) and functions
as a strategic reserve for times of drought [1]. Dams provide
societal benefits, namely drinking water, irrigation, and energy
generation. Therefore, a possible failure in the system represents

risks in the form of material losses to the environment, espe-
cially if they are close to urban communities. For example, in
August 1975, Typhoon Nina struck Zhumadian in China’s
Henan province [2], causing extreme rainfall and surpassing
the total annual precipitation in the area. The Banqiao dam
failure was the most fatal failure dam event in history, with
more than 170,000 deaths and millions of people homeless.
Daowencheng, the closest town, was immediately inundated,
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and almost 10,000 citizens were killed during the first few
hours [3].

All possible causes of dam failures are considered during
their design. Furthermore, the values or assumptions con-
sider the theoretical stresses and deformations, which have to
comply with fields such as balance, compatibility, boundary
conditions, and material [4]. With these considerations, it is
expected that the body of the structure remains continuous
during deformation. If the dam does not present cracks or
overlaps, it is important that the tensor meets the additional
conditions of integrality and that those conditions are kine-
matically admissible [5].

As time goes on, climate change and pollution will sig-
nificantly impact the safety of these hydraulic systems [6].
Deterioration factors, such as loads, thermal expansions, and
contractions, decrease the structure’s effectiveness [7]. Super-
vision andmaintenance become indispensable [8] to understand
if temporary or permanent displacements and deformations
are due to gravitational loads, wind, earthquakes, or human
activity [9].

Regular inspections could, in many cases, prevent failures.
For example, in 2019, in Paraíba, Brazil, poor maintenance
left 3,000 people homeless as a consequence of displacements
exceeding the critical limits of the dam structure. Similar
incidents around the world demonstrate how poor mainte-
nance increases the risks from external factors such as heavy
rain, among others, especially when a lack of inspection or
illegal modifications occurs.

During the last few decades, dam safety has attracted
increasing attention because of the high number of accidents
and failures that have occurred [10]. The number of dam fail-
ures will increase, according to a study by the United Nations
University [11]. By 2050, most people will live downstream of
large dams built in the 20th century [12], many of which are
approaching the limits of their useful lifetime.

Inspection and monitoring of dam infrastructure is a field
that has been gaining attention in recent years, especially on
dams that have exceeded their designed lifespan. This brings
the challenge of obtaining high-precision information that is
operationally feasible and at an affordable cost. According to
FEMA [13], the process of dam monitoring consists of seven
steps: surveillance, instrumentation, data acquisition, evalua-
tion, analysis, management, and decision-making. Surveying
andmonitoring the static and dynamic behavior of large dams
is and will be a topic of great interest and relevance due to the
impact that these types of structures have on the landscape
where they have been built [14]. Monitoring the structural
response to detect abnormalities must be imperative. How-
ever, many governments are not prepared for these needs. The
early detection of anomalies could focus on appropriate cor-
rective actions [15].

According to the International Commission on Large Dams
(ICOLD), the first criterion to define a large dam is that it has
a height of 15m or greater, measured from the lowest point of
the foundation to the crest. The second criterion is a damwith
a height between 5 and 15m, impounding more than 3mm3

[10, 16]. In Mexico, over 4,400 dams were built by govern-
ment agencies and private enterprises, with an approximate

storage capacity of 150mm3. CONAGUA [17] reports that
667 dams (15%) correspond to large dams and store almost
80% of the reservoir water. These are important for Mexicans;
nevertheless, most of the dams are close to the end of their
operational life.

Several studies have used geodetic or geotechnical meth-
ods for dam monitoring, especially those using the Global
Navigation Satellite System (GNSS) station time series. For
example, Kalkan [18] monitored deformations of the Ataturk
Dam from 2006 to 2010 using geodetic methods, where the
monthly average radial velocity was found to be 2.2mm. Other
studies, such as Michalis et al. [19], used geodetic monitoring
to measure horizontal and vertical displacements (crest settle-
ments). They used a 29-year-long dataset of the Pournari I
Dam in Greece and found that the displacements remained
within normal limits for the analyzed time period. Grosel [20]
used geotechnical monitoring to calibrate a genetic algorithm
and predict deformations. Geotechnical values were the main
data used to monitor and evaluate dam deformations. How-
ever, this model needed several runs to find the best fit.

Reservoir level fluctuations and their relationship to dam
deformations have been studied by Yigit et al. [21]. This study
revealed evidence that the reservoir level and the seasonal
temperature variations are the main sources of the measured
deformations in the Ermenek Dam in Turkey. Their results
are based on the combination of conventional geodetic mea-
surements and the finite elementmodel (FEM). Galán-Martín
et al. [22] successfully used a Differential Global Positioning
System (DGPS) to monitor millimetric (Æ2–3mm) move-
ments of the La Aceña Dam in Spain. In 2022, Vazquez-
Ontiveros et al. [23] used the GNSS reflectometry inversion
technique to monitor 3.5 years of local deformations of the
Sanalona Dam, a gravity-type dam located in Culiacan, Mex-
ico. Their findings highly correlate (0.97) deformations of the
crest with the reservoir level. Mapping displacements is a less
explored field.

Even though there are some studies, such as the two-
dimensional (2D) mapping using an interpolation method
to simulate an uneven deformation rate, the interpolation
method has been used in many fields of knowledge. Wang
et al. [24] used a method based on the radial basis function for
land cover mapping at the subpixel scale by hardening the soft
class values. In ongoing research in autonomous vehicles,
conventional LIDAR 3D data were transformed into 2D
images by Ashraf et al. [25] by using an interpolation tech-
nique based on the density of the data. In physics, Yin et al.
[26] used interpolation routines with parallel for-loops over
query points to compute several numerical tests for the 3D
incompressible Euler equations. Poreh and Pirasteh [27]
reported vertical deformations and analyzed several Cos-
moSkyMed images utilizing the interferometric synthetic
aperture radar (InSAR) technique to improve the under-
standing of 3D surface displacements. Later, Poreh et al.
[28] used InSAR, Continuous Global Positioning Systems,
and optical remote sensing data to analyze Mexico City’s
subsidence. Accordingly, in another study, Chen et al. [29]
interpolated GPS data to obtain continuous spatial estimates
of vertical deformations.
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Three-dimensional (3D) models using ground laser scan-
ners (GLS) have been applied to monitor dam deformation.
Authors such as González-Aguilera et al. [30] concluded that
the GLS alone is not sufficient to monitor dam displacements.
Indeed, it is the necessary synergy of GLS and GPS. This way,
the demanded level of precision can be attained andmeasured
through time. Xu et al. [31] used GLS for earthen dams, and Li
et al. [32] for arch dams. However, in almost all cases, highly
accurate leveling techniques are used to validate the analysis.
In order to understand the actual condition of a dam crest, it is
necessary to monitor the behavior of vertical and horizontal
displacements and their possible correlation with the reser-
voir level. Using the synergy of GPS observations, high-
precision leveling and close-range remote sensing data were
assessed and mapped. Herein are analyzed four 3D surveys
made during a period of 5 years in a dam in the northeast of
Mexico.

The contributions of this paper are as follows:

(i) A consistent, decisive, and stricter displacement moni-
toringmethod that enhances millimetric accuracy for
longitudinal and transverse displacements was attained
based on 2D and 3D models.

(ii) The data collected can be used to validate theoretical
and numerical models of structural behavior, improv-
ing understanding of the actual conditions of the dam
and the accuracy of predictions.

(iii) Studies employing these techniques offer essential
information for the management, maintenance, and
security of critical infrastructures such as dams, con-
tributing to informed decision-making and the pre-
vention of potential risks.

(iv) The ability to identify dam displacements even before
they reach critical levels can be crucial for making
preventive decisions and early warning.

2. Data and Methods

2.1. Case Study: Solidaridad “El Cuchillo” Dam. The Mon-
terrey Metropolitan Area has a population of 5,195,000 peo-
ple and is the second most populated metropolitan area in
Mexico. The water supply for the population is carried out
through three dams: Rodrigo Gómez “La Boca,” José López
Portillo “Cerro Prieto,” and Solidaridad “El Cuchillo.” Due
to the reduction in precipitation levels in the northeastern
region of Mexico, “El Cuchillo” plays an important role as a
main reserve and represents a national security issue.

“El Cuchillo” dam site is located at 25°42′ N and 99°17′

W in China City, Nuevo León, in the northeast of México
(Figure 1). It was built from 1990 to 1994 to supply drinking
water and irrigation to the region. In 1994, the “El Cuchillo”
Dam was put into operation, with a 1,123mm3 of storage
capacity. It has an aqueduct of 110 km, is 2.13m in diameter,
and has 5 pumping stations with a capacity of 45,000HP.
Since its inception, it has been operated by Water and Sewer
Services of Monterrey [33], and its primary function is water
management for the distribution and supply of 5,000 L/s to

the Metropolitan Area of Monterrey. The reservoir captures
runoff from the San Juan River basin and has a dam of
graduated materials, with slopes of a 2 : 1 ratio. The dam
has a length of 10,800m (Figure 1). This includes the portion
of the gravity section where the excess spillway structures are
located. That is 320.0m long, 44.0m maximum height from
the ground, and 10.0m wide crown at an elevation of 169.66
m above sea level (m.a.s.l.). Seven radial gates control the
surplus spillway, which is 13m wide by 16m high (Figure 2),
with a maximum discharge capacity of 10,477m3/s. Along its
entire length, the dam is settled in shales and sandstones,
rocks that are more deformable in comparison to the con-
crete dam.

The lowest point of the foundation is 134.00m above sea
level, and the upper elevation is 151.75m.a.s.l. There are
seven spillways (Figure 2), each one delimited by two piers.
The first and last piers have a thickness of 2.50m, and the
intermediate piers are two single of 2.5m and four double
piers of 4.0m. On the crest, there is a vehicular concrete
bridge. Also, there is a drainage and inspection gallery at an
elevation of 137.00.

One year after the inauguration, inspections were carried
out, and cracks were detected in different elements of the
El Cuchillo Dam. In 2016, the National Water Commission
(CONAGUA) started a surveying project. Topographicmonu-
ments were built for survey control data. First, a boundary
monument called level bank 4 (LB-4) (Figure 1) was estab-
lished andmarked in a static position 3 km from the dam crest.
Second, 2 level banks (LB-A and LB-B) on the concrete crest
(Figure 1) are positioned 40m away from the first and last
columns. Third, 84 permanent control points (PCPs) were
established in the spillways area (Annex 1). The surveying team
used these marks to monitor the displacements of this dam.

Water level and environmental temperature are two factors
that need to be considered for dam monitoring. Research by
Dardanelli et al. indicates that displacements can be revealed
in time and periodicity if it is correlated to the water level [34].
Such deformations could change during emptying and filling
periods and are indicated by some authors as hysteresis loops
[35]. Other researchers have found a linear relationship between
water levels and dam deformations [21, 34]. The influence of
seasonal concrete temperature oscillations can also impact
deformations of the dam crest [36].

2.2. Monitoring of Displacements on El Cuchillo Damwith GPS
Measurements. This study proposes an innovative method
that can measure horizontal and vertical displacements, map-
ping them into optional 2D or 3D models for deformational
andmotion control where the required precision is millimetric
[22, 27, 28]. The general workflow is displayed in Figure 3.

2.2.1. Data Acquisition, Specifications, and Preparation.
(1) Geodetic and Topographic High-Leveling Surveys. From
left to right, Figure 3 explains the use of geodetic and topo-
graphic high-leveling surveys that can assess the longitudinal
and transversal displacements of the crest and the correlation
to the levels of the official reservoir records. For these tasks,
the following devices and procedures are required. First, a Sok-
kia GRX2 (GPS, Glonass, Galileo, Beidou, SBAS) was used with
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the following parameters: Antenna GRX1y GX2, Universal
Transversal Mercator (UTM) zone 14, 102w−96w, static
method, Ephemerid GPS, Geoid mex97c, Mask 13°, datum
WGS84, and UTC-6 : 00 Guadalajara, Mexico City, Monter-
rey. Second, Magnet Field software is used to enter the col-
lected positions for LB-4. The evaluation assessed the position

and precision in static mode: only L1-H= 3mm+ 0.8 ppm
and V= 4mm+ 1.0 ppm. Then, the superficial level banks
(LB-A and LB-B) were measured with the GPS, and a double
verification was conducted with a total station and a high-
leveling measurement (HLM) device. The data from LB-4,
LB-A, and LB-B were registered for 2 hr to obtain better
data quality and precision.

The Wide Area Augmentation System (WAAS) method
was used. The WAAS provides extremely accurate naviga-
tion capability by augmenting GPS, and it covers most of the
United States National Airspace System (NAS) as well as
parts of Canada andMexico. This method references stations
located at known points that create correction messages sent
to various satellites and then broadcast to end users. Two
algorithms for correction were calculated in Magnet Field:
PDOP (Position 3D Dilution of Precision), this value repre-
sents the effect of the geometry of the satellites on the result-
ing precision, and GDOP (Geometric Dilution of Precision),
which is a dimensionless number, measuring satellite geom-
etry. Another three superficial control points were measured
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FIGURE 1: El Cuchillo Dam location and permanent level banks points. Source: World Geodetic System 1984. EPSG:32614.

FIGURE 2: View of the reservoir, the control structure, and the buffer
tank, as well as the embedding of the lateral abutments with the dam
embankment.
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using a total station Sokkia CX-101 with an accuracy ofÆ
1.0mm and a mean error ofÆ 1.0mm/km for the horizontal
readings. Automatic Level Machine Topcon AT-B4A with 28x
magnification was used to measure vertical coordinates with
an accuracy ofÆ 2.0mm and a mean error ofÆ 2.0mm/km.

(2) Master Polygon Establishment. Using the five superfi-
cial control points (SCPs) on the dam crest, a master polygon
was calculated as a reference plane. The vertices mentioned
in Table 1 define themaster polygon. Finally, distances among
the vertices were calculated using Equation (1):

D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xt−84 − xv−1ð Þ2 þ yt−84 − yv−1ð Þ2

p
; ð1Þ

which results in the following: distance from V1 to V2=
45,323m, distance from V2 to V3= 114,596m, distance from

V3 to V4= 47,945m, distance from V4 to V5= 89,874m, dis-
tance from V5 to V1= 105,507m, and traverse perimeter=
403,245m.

Error calculation of the master polygon uses the assump-
tion that the closing error obtained in the field is the verifi-
cation of the coordinates positioning the total station in two
vertices. In this case, these two vertices were V1 and LB-B
Table 1). The results were as follows: in X-direction= 0.000
and in Y-direction= 0.003. With these results, the linear clos-
ing error was calculated with Equation (2):

el ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eX2 þ eY2

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:000ð Þ2 þ 0:003ð Þ2

p
; ð2Þ

which results in a linear error: el= 0.003.
The final accuracy for the master polygon (Figure 4) was

calculated using the maximum available precision, e.g., about
1/10,000, using Equation (3):

P ¼ 1
perimeter

el

¼ 1
403:245m
0:003

¼ 134; 415: ð3Þ

Therefore, 134,415> 10,000, and thus, it meets the required
precision and linear tolerance of a high-accuracy survey.

(3) 2D Mapping Displacements by an Interpolation Method.
The objective of any 2D mapping is to estimate the value of
the unmeasured locations based on a finite set of measure-
ments. Inverse distance weighted (IDW) interpolation deter-
mines cell values using a linearly weighted combination of a
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FIGURE 3: The workflow for the 2D and 3D mapping displacement method.

TABLE 1: Coordinates used to build the master polygon.

SCP Coordinates

Vertices (LB and PCP) X Y

V1 (LB-B) 472,211.948 2,843,702.639
V2 (PCP-84) 472,219.635 2,843,747.305
V3 (PCP-7) 472,176.891 2,843,853.632∗

V4 (LB-A) 472,139.686 2,843,883.873
V5 (PCP-29) 472,168.162∗ 2,843,798.630∗

Note: ∗These measurements presented 1mm difference for the second survey.
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set of sample points [37]. The weight is a function of the
inverse distance. This method assumes that the variable being
mapped decreases in influence with distance from its sampled
location.

The dam displacements were mapped using ArcGIS 10.8,
applying the IDW method (Equation (5)). The estimation of
the z-value at location x is a weighted mean of nearby mea-
sured values:
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z xð Þ ¼ ∑n
i WiZi

∑n
i Wi

; ð4Þ

where

Wi ¼ x − xij j−β; ð5Þ

and where β≥ 0 and |.| or jx− xij : corresponds to the Euclid-
ean distance. The inverse distance power β determines the
degree to which the nearest points are preferred over more
distant points.

Typically, β= 1 or β= 2 corresponds to an inverse or inverse
squared relationship. The number of surrounding points n deci-
des whether a global or local weighting is applied. Both param-
eters may be fine-tuned by cross-validation, a technique we
discuss in the subsequent sections inmore detail. If the point x
coincides with a control point (x= xi), then the observed value
x is returned to avoid infinite weights.

(4) 3D Mapping Displacements by a Cloud-to-Cloud
Comparison Method. To achieve a very high density point
cloud, a detailed scanning was required to cover the entire
structure using stepwise horizontal and vertical GLS. The
device weight is approximately 48 kg including the GLS, bat-
teries, tripod, and operation computer. A total of 45 scans were
needed to complete the 3D model of the dam crest. This survey
was repeated twice during 2021; at least 88% of the stations were
located inside themaster polygon. A tripod was used to position
the instrument about 1.5m above the ground. Different opening
angles were used, ranging from 180 to 360° of horizontal sweep
(depending on the section of the structure) and 70° of vertical
sweep. The distance from the target ranged from 5 to 70m,
adjusting the resolution for all scans to 0.002m.

Every scan was set on the highest possible angular reso-
lution, resulting in point clouds of 70,000–170,000 points on
the farthest section. The variation in point density was assumed
to result from a difference in range, wind, temperature, and
humidity on both the target and air [38]. The total scanned
area was 1.6 ha, which resulted in a 3D point cloud with over
680 million points. Topcon ScanMaster software was used next
for data processing, which involved filtering and noise removal
to reduce the density and size of the data and then georeferen-
cing [39]. The produced 3D point clouds are computationally
intensive and thus challenging due to the need for computing
power and memory.

2.2.2. Validation. The full 3D model was integrated to dis-
card points that do not belong to the structure, such as noise.
Validation of metric precision was realized by measuring five
sections in the field using the total station and a measuring
tape. Also, the digital point cloud was imported to AutoCAD
2015 and to CloudCompare V2 (CC) software to do the
digital metric analysis [32].

The two surveys made in 2021 were processed using the
CC software. The set of scans obtained in each surveying
campaign was merged to have a complete, detailed 3D sur-
vey. After that, the CC software was also useful for splitting
the complete point cloud into sections, and this is a strategy
to save time and computational resources. In the second step,

a filtering process was done by using the segmentation tool.
Once the whole cloud was sectioned, the cloud-to-cloud (C2C)
algorithmwas used to compute distances between the first and
second clouds using these data. The resulting 3D model gen-
erated from the first survey was considered a reference cloud,
while the second (displaced cloud) was used as the comparison
clouds. C2C computes the Euclidean distance using the nearest
neighboring distance. It also uses a referenced cloud (the 2016
survey) and estimates the distance for each point of the subse-
quent compared cloud(s).

Each Tainter gate has two trunnions (left and right), and
each one has nine marked bolts (Figure 5). A more detailed
procedure was followed for the geometrical analysis of the
trunnions. First, the latitude (x), longitude (y), and altitude
(z) value coordinates for the 126 bolts (identified in the 14
existing trunnions) were obtained. A database was created to
carefully classify the values by gate and trunnion. For each
one of these, the distance among each pair of bolts was
calculated.

The distance between any pair of bolts was calculated
using Equation (6):

AB¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 − x1ð Þ2 þ y2 − y1ð Þ2 þ z2 − z1ð Þ2

p
: ð6Þ

3. Results

3.1. Surveying. A total of four surveys were conducted during
a period of 5 years using the synergy of two high-leveling and
close-range remote data sensors. The water level of the res-
ervoir in m.a.s.l. and the filling volume in mm3 are reported
in Table 2.

3.2. Validation. Specific distances of the digital 3D model
obtained from the point cloud were verified in the field.
These results are presented in Table 3, which allowed us to
validate the model. According to the verification, the mean

FIGURE 5: Zoom in of a trunnion gate and the nine measured bolts.
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value of the error is 0.00154m and a standard deviation of
0.0005m, similar to that reported by [40].

3.3. Fill Level and Deformation of El Cuchillo Dam. The
values of the storage volume during the 5 years of the study
(Figure 6) and the hydrostatic pressure over the dam could
be correlated with the measured dam kinematics.

3.3.1. 2D Mapping Displacements. The altimetry differences
in the structure revealed a deformation pattern over the
crown of the dam, consisting of both uplift and subsidence
areas. The total measured differences in the field go up to
11mm (uplift) at the left riverbank to −5mm (subsidence)
from the middle part to the right riverbank, specifically in
longitudinal section 7, where the trunnions are located. Piers
5–9 present the most consistent subsidence in the order of
−7.3mm in piers 5 and 6. Conversely, in both LB-A and
above gate 3, there are uplifts up to 12mm (Figure 7).

3.3.2. 3D Mapping Displacements. The digital 3D model,
aligned and validated, allows an understanding of the kine-
matic behavior of the central axis of the trunnion gates. The
change of position was used to monitor the longitudinal and
transversal displacements. The results indicate that the dis-
placements can rise to 6.272 cm among the trunnion central
bolts of gate 1 and gate 4 (156.72m–156.78m) (Figure 8)
along the monitored period.

In Figure 9, the 3D displacements over the dam crest can
be observed in a colored code (blue to red). Using Cloud-
Compare software to visualize these results, the whole range
of possibilities that this provides can be more appreciated.
With the comparison of the 2021 3D datasets, the horizontal
displacements are observed not only in the aerial view but
also in a perpendicular view. In Figure 9, displacements up to
4mm can be observed all over the left face of pier 6.

4. Discussion

This type of study, which employs high-precision leveling
techniques and short-range laser remote sensors to assess
displacements in structures such as dams, provides several
significant contributions, such as monitoring of critical
structures such as dams, identification of xyz displacements,
temporal analysis, model validation, relationship with filling
fast conditions, and early warning.

This research evaluated four datasets obtained using
high-precision leveling and laser close-range remote data
sensing, and two assessments were done. The first assess-
ment was done using 84 control points during a 5-year
period of study producing 2D displacement maps. Due to
the relatively long period of measurements, the observed
displacements were larger than the normal errors.

On the other hand, the second assessment was done in a
period of 2months (Table 2), with the digital 3D point cloud
producing a very high-resolution cloud. However, the results
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FIGURE 6: Storage volume of the Cuchillo Dam during the three
evaluated surveys (5-year monitoring period).

TABLE 2: Reservoir levels and filling volume registered by CONAGUA.

Surveying

First (base)∗ Second Third∗∗ Fourth

GLS surveys 4-Sep-16 23-Jan-18 31-Jul-21 13-Sep-21
Reservoir level (m.a.s.l.) 160.92 159.67 157.72 157.56
Filling volume (mm3) 951.15 812.42 625.71 612.72
∗Referenced point cloud for the 2D model and ∗∗referenced point cloud for the 3D model.

TABLE 3: Differences of distances (in meters) measured between the total station and the scanner.

Measured section Total station 3D digital model Absolute differences

Pier 10–11 2.945 2.9466 0.00160
Pier 9 1.424 1.4247 0.00070
Pier 2–3 2.958 2.9596 0.00160
Pier 7–8 2.896 2.8944 0.00160
WT 64–71 1.4978 1.4956 0.00220
Mean — — 0.00154
Standard deviation — — 0.00054
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indicate that the differences did not exceed 3mm, which
means that the results are not significant, considering that
the error range of the measuring instruments has a normal
error ofÆ 3mm.

According to the geometric evidence of the “El Cuchillo-
Solidaridad” Dam, the structure has allegedly shown contin-
uous displacements since its first years after its construction
in 1994. Until 2021, displacements up to 6.27 cm have been
measured. The vertical displacements are represented by
uplifts on the left dam stirrup and subsidence along cross-
section 7. The average annual displacement is 1.16mm,
and two specific points from piers 5 and 10 had cracks up

to 2.34 cm. These displacements can have implications for
the safety and integrity of the dam, and knowledge of these
movements is essential for informed decisions regarding
maintenance and repairs. Comparing the differences in ele-
vations of the 84 control points over a 5-year period (2016 vs.
2021), the temporal analysis reveals shifts of up to 11mm.
These displacements mark a trend of 11mm uplifts on the
left riverbank, mainly from pier 1 to pier 5, and subsidences
of up to −5mm from piers 6–11, especially in section 7.

The dam filling conditions during the 5-year monitoring
period decreased from 951.15mm3 in September 2016 to
612.72mm3 in September 2021. According to the measured
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displacements, there could be a relationship between the fill
level conditions and the longitudinal and vertical displace-
ments. However, the methodology of high-precision remote
sensing was the same.

By linking displacements with dam filling conditions, these
studies can contribute to understanding the influence of water
level on structural movements, which is highly relevant for

dam design and management. However, detailed and contin-
uous monitoring of this dam is crucial to ensure safety and
stability over time. On the other hand, the data collected to
date can be used to validate theoretical and numerical models
of structural behavior, improving understanding of the actual
conditions of the dam and the accuracy of predictions. More-
over, early warning is a very important contribution of this
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work; these studies serve as a valuable tool for early detection
of potential structural issues. The ability to identify displace-
ments even before they reach critical levels can be crucial for
making preventive decisions. In summary, studies employing
these techniques offer essential information for the manage-
ment, maintenance, and security of critical infrastructures
such as dams, contributing to informed decision-making and
the prevention of potential risks.

5. Conclusions

Reservoirs as the “El Cuchillo” Dam are essential infrastruc-
ture assets, and they require both a more decisive and stricter
displacement monitoring program. The use of remote sens-
ing technologies as high-precision leveling and laser scan-
ning, together with more traditional sensing technologies,

can provide muchmore reliable information about dam kine-
matics; This type of study, however, could have some limita-
tions in a field, such as the time-consuming, heavy equipment
or computational challenges. This way, the decision-makers
can make better judgements. Three conclusions emerge from
this study:

(i) First, “El Cuchillo” Dam displaced 1.16mm annu-
ally since 1994. 2D and 3D maps identify and locate
displacements of 11mm uplifts on the left riverbank,
mainly from pier 1 to pier 5, and subsidences of up
to −5mm from piers 6 to 11, especially in section 7.

(ii) Both the 2D and 3D models revealed similar altitu-
dinal displacements in the upper part, as in the case
of piers 5–9, present the most consistent subsidence
in the order of −7.3mm piers 5 and 6; however, the
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FIGURE 9: Mapping 3D displacements using absolute distances between the two 2021 surveys.
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dam curtain is moving in the three axes. Longitudi-
nal and transverse displacements are visible in (a)
the opening of the joints between the head and the
slab sections of the vehicular bridge and (b) the
garnish and railing of the upstream end of the bridge
vehicular bridge and opening of the joints and dis-
placement of the gasket of the lower rest of ramp of
stairs in double stacks, and in two specific points of
piers 5 and 10 where cracks are up to 2.34 cm.

(iii) Finally, in further research of “El Cuchillo” Dam, it
is important to consider (1) a stricter experiment
design, mainly under different filling dam scenarios
and thermal fluctuations due to seasonal differences;
(2) explore remote sensing InSAR analysis, which is
a cost-effective method for displacement measure-
ment at dams and reservoir banks [41], and since
this dam was built in 1994, it must be possible to
find historical images [42]; and (3) integrate geolog-
ical and geotechnical information under the dam
structure to know the type of rock formation, along
with its physical and mechanical properties. In this
study, this information was not available. Thus, it
will be necessary to carry out a geological explora-
tion campaign.
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