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AERIAL CLOSE-RANGE PHOTOGRAMMETRY TO QUANTIFY
DEFORMATIONS OF THE PILE RETAINING WALLS

Abstract

Today, as structures with life expectancy of more than 100 years are being constructed, it is
vital to gain knowledge about the gradual decline in material properties. Accordingly, to
ensure the longevity and safety of these structures, monitoring has been incorporated as a
fundamental part of their service life. To monitor structural deformation, various methods
have been developed, with the most common being the survey of certain points of a structure
during and after construction using a total station. New techniques are now being developed,
and one of the most promising ones is photogrammetry because it provides a simple method
to monitor a structure using Unmanned Air Vehicles (UAVS). This paper is aimed at sharing
the strategic steps followed in monitoring the deflection of a simple secant pile retaining wall
during excavation and construction of a basement. The monitoring is performed using a
commercial UAV in combination with point cloud formation, georeferencing, and comparison
software (cloud compare, I-Site Studio, 3DReshaper etc.). The monitoring results show very
good agreement with the traditional inclinometer deflection measurements and numerical
analysis, thereby demonstrating the feasibility of the proposed method. The authors believe
that in the future, photogrammetry using UAVSs can become the standard method for
geotechnical monitoring because its speed, lower cost and ease of use, when compared to
conventional methods, a non-destructive method, and is easy to learn and use.

Keywords: Photogrammetry, Monitoring, Unmanned Air Vehicle (UAVS), Image

processing, Structural deformation.
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1. Introduction

Structures around the world undergo deformation because of weather conditions,
groundwater, seawater, earthquakes, and many other natural factors. Structures requiring deep
excavations, terraces on slopes, retaining walls, and embankment slopes along highways and
roadways are geotechnical assets, which are a critical part of national infrastructure systems.
These geotechnical assets can fail during construction or along their service life, because of
various problems including the lack of proper design or maintenance, deterioration of
materials, and use of unregulated backfill or poor drainage systems [1-4]. Specifically, in
retaining structures, failure mechanisms are triggered by deep-seated movement, overturning
motion, bearing capacity, or sliding translation [2, 5]. Therefore, monitoring of these
structures is necessary to secure their construction and maintain safety. In addition to structural
monitoring during the life cycle of assets, it is important to monitor the deformations during
the construction phase. Monitoring the construction phase is an essential process for
geotechnical assets because the soils can be extremely heterogeneous; particularly on large
construction sites, where design depend on parameters determined using spot site
investigations (standard penetration test, cone penetration test, pressuremeter test, etc.), the
appearance of unforeseen soil conditions can lead to unexpected responses from the structure.
Therefore, structural monitoring, back analysis, and design modification are extremely
important steps during the construction of geotechnical structures. Various monitoring
techniques have been developed to monitor deformations. These techniques can be
categorized as conventional measuring methods (precise leveling or total station surveying),
positioning system methods (Global Positioning System (GPS) measurement), satellite radar
system methods (Interferometric synthetic aperture radar (InSAR) observation),
photogrammetry (satellite, aerial, or earthbound imaging), some traditional geotechnical

methods using inclinometers and strain meters and, more recent, fibre optics either Brillouin
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or Bragg techniques.

Table 1 summarises the advantages and disadvantages of certain important above-mentioned
monitoring techniques used in the field. Geotechnical monitoring equipment’s such as fiber
optic strain sensors [42] and inclinometers [43] are widely used in pile deformation
monitoring. Even though, using fibre optic Brillouin strain sensors you could obtain three-
dimensional deformed shape with high accuracy, they are known to use very expensive
analysers. Furthermore, both devices are offering local solutions as they should be installed
infon to the structure and physical contact with the structure is required to obtain the
measurements. Contact devices such as conventional surveying equipment [31, 37] and global
navigation satellite systems (GNSSs) [13-16, 36] have been used to monitor structural
deformation or slope movement, but these devices can be expensive or time consuming, can
be limited by physical or traffic accessibility problems, or can have low accuracy in
determining real-time movements. The use of Terrestrial Laser Scanners (TLS) [8, 39, 40] has
also been incorporated in monitoring; however, it is a costly method but it has been decreasing
in price. Interferometric synthetic aperture radar (INSAR) [32-35, 38] observation has also
been utilized in the field of displacement measurement however, it experiences some
drawbacks in that it is a time-consuming method with limited vertical displacement
measurement and a single look direction whose accuracy can be affected by different weather

conditions.

Therefore, more recently, to reduce the cost and ease the monitoring process, photogrammetry
[6, 7,17, 44] has been utilized. Renee et al. [23] used 3D photogrammetry to assess the failure
modes of a sample retaining wall model. This new solution was proposed as a cost-effective,
fast, and safe asset management system, which could be an alternative to existing retaining
wall monitoring techniques. PhotoScan software was used to produce dense points, compare

the locations of common points representing the surfaces for different scenarios, and
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determine the surface displacements. Additionally, control points that did not move between
epochs were used to co-register the point clouds in a coordinate system common to the
different epochs. Finally, control points on the moving panels were compared between epochs,
and the comparison was also carried out using conventional surveying techniques. The results
of this study indicated that the accuracy of displacement between the two methods was within
1-3 cm. Photogrammetry provides speed and cost effectiveness to the monitoring process;
however, the accuracy of photogrammetry depends on the distance from which the photograph
is taken as well as the type of camera. Furthermore, it is difficult to use photogrammetry in

areas with restricted access or in large project sites.

To overcome the abovementioned disadvantages, photogrammetry with the aid of Unmanned
Air Vehicles (UAVs, commonly known as drones) [18-20, 41] have been introduced and used
extensively in the field of civil engineering. In a study, Brown [24] used the locations and
elevations of surveyed auger holes and the ground surface as control points and aligned two
point clouds, which were generated from autonomous flight paths of Unmanned Air Vehicle
(UAVS) , by picking common points in CloudCompare software. To interpolate a surface from
the lowest point, Brown [24] manually cleaned the point cloud in CloudCompare by removing
trees and other “noise” that did not represent the ground surface. More recently, Turner et al.
[20] monitored possible unfavourable discontinuities in underground excavations using the
UAYV imagery. Upon successfully generating and georeferencing the point cloud model, they
used CloudComepare to align the unregistered RGB, thermal, and multispectral models with

the registered LIDAR data from the slopes.

In this study, the authors utilized the close-range photogrammetry technique along with the
UAV to enable reaching of difficult-to-access areas faster and more economically; the UAV
obtained photographs, which were converted to point cloud data, and the deformations

occurring on the geotechnical structure were further analysed. Furthermore, the geometry
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obtained via the point clouds was provided to numerical analysis software to analyse the
expected deformations. Finally, the expected deformations calculated via the numerical
software and measured with inclinometer were compared against the proposed monitoring

data obtained on site.

2. Method

The images collected by the UAV are processed in the following stages: 3D point cloud
formation, georeferencing, and point cloud comparison. In photogrammetry, the formation of
a 3D point cloud is a process that involves various steps. To accomplish these steps, various
software packages can be used. Harwin and Lucieer [21] mentioned commonly used software
such as PhotoScan (Agisoft) and PhotoModeler as well as open-source platforms such as
Photosynth and Bundler [22]. In addition, software such as CloudCompare, I-Site Studio, and
3DReshaper can be used for georeferencing and the comparison of point clouds from different

epochs by aligning them using existing reference points in different 3D models [25-27].

2.1.1.  Image Collection

Figure 1 shows the steps used for conducting the photogrammetry study on the site discussed
in the paper. Flow chart is also aligned with the flow of this study from this point onwards.
First, a site walkover survey was conducted, after which a desk study, recording the
topography of the study area as well as planning the location of the targets, was undertaken.
It should be noted that the desk study was conducted after the walkover survey because input
from the site conditions was required for planning the survey and target location. Following
the desk study, 10 printed retroreflective targets were placed on site. According to the
conditions seen on site, the targets were printed on an A4 sized paper and later laminated to
provide more resistance to weather and dust. These steps facilitated easy alignment from one
epoch to another. The location as well as the number of targets placed differed from site to

4
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site. The location of the targets was heavily dependent on the topography of the study area.
As seen on Figure 2 retroreflective targets were also used as ground control points and
coordinates of the points have been recorded with an aid of Pentax Series G6 GNSS device
(Table 2).This coordinates of ground control points (known points) were recorded in order to
improve the accuracy of the point cloud or the Digital Elevation Model (DEM) generated

using the UAVs.

A UAV (DJI PHANTOM 3 Pro) equipped with a 12-megapixel camera (Sony EXMOR) (see
Table 3 for camera specifications) was used to manually capture around 120 pictures from the
site on every epoch. The pictures were taken following a simple rule: every picture overlapped,
by at least 70%, every surrounding picture. Prior to image collection, the device quality,
including the battery life and flashcard memory space, were checked. One battery with a

battery life of 25 min was sufficient for monitoring a 200-m-long, 8-m-high retaining wall.

2.1.2.  Image Processing

Image processing and alignment were carried out using PhotoScan, which was chosen because
it provides an affordable solution for multiview 3D construction. James and Robson [28]
stated that the structure-from-motion approach requires multiple pictures of an object from
more than one camera angle and an overlapping ratio of at least 70% for accurate 3D
reconstruction. At the site, measurements were taken to ensure that the above criteria were
met and about 120 photographs were taken at each epoch. Captured images were in .jpg format
and their sizes were 4000x3000 pixels. Images were stored on a video speed class (Vao) micro
SD card to enable fast recording. Images were directly imported from the micro SD card to
the computer with a DJI link cable. Prior to uploading the photographs to the software, poor-
quality, dislocated and blur images were deleted as they would have reduced the quality of the

3D point cloud construction. Within the software environment, camera calibration that would
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provide a correct point cloud is not necessary because the software estimates the camera
calibration parameters automatically using Brown’s model [45] for lens distortion; a process
known as bundle adjustment. Camera calibration is advantageous in that it enables the user to
remove pictures that do not offer good precision. Therefore, manual calibration is not needed

if standard optical lenses and a highly redundant image network is used.

After loading the taken photographs in PhotoScan, the images are aligned. This process
iteratively refines the internal as well as external camera orientations and locations using the
least-squares solution. This process takes about 10 minutes to complete. The software then
builds a sparse point cloud model and calculates the depth information based on the estimated
camera positions. A single dense point cloud can be obtained using the “Build dense point
cloud” command. In the case study outlined below, in generating the dense cloud about 10
million points were obtained and the process took about 160 minutes. Furthermore, the
software allows the user to set the quality and depth for the point cloud generation. Settings
for achieving higher quality can also be obtained; however, this will require a longer
processing time. The dense point cloud obtained was then cleaned for about 10 minutes by
cutting out points that will interfere with analysis. It is worth to mention that the above
mentioned durations for processing depends on the computer configuration and in this current
case an i7-7700HQ CPU at 2.8GHz with 16GB of RAM and a K5000 graphics card and a 1TB

SSD hard drive computer was used.

2.1.3. Data Processing

After data from two different epochs were obtained, the generated point clouds were exported
to the CloudCompare software in the LAZ (Lidar Data file) format. CloudCompare is an open-
source software that allows operations and comparisons to be performed on 3D point clouds
from different epochs. Prior to carrying out any comparison, CloudCompare’s Iterative Closed

Point Processing algorithm is used to align the two point clouds. Close overlap between the
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targets is necessary for the best alignment of the point clouds. Girardeau-Montaut [29]
reported that noise and points outside the area of interest should be removed before performing
the alignment and registration to prevent the degradation of the registered point clouds.
Change detection, as described by Singh [30], refers to the process of identifying the
differences in an object by observing it at two epochs. While carrying out change detection,
the areas in the point cloud where changes occurred were analyzed more closely.

In CloudCompare, analysis of change detected areas can be carried out primarily in two
different forms—cloud-to-cloud and cloud-to-mesh—both of which are used in this study. In
these two methods, first the point cloud is sectioned and these sections are then closely
analysed, as shown in Figure 3a. In the cloud-to-cloud comparison, the software calculates the
distance between a point on the first cloud and a group of points on the second cloud. The
distance displayed is the shortest distance calculated (Figure 3b). In the cloud-to-mesh
comparison, a series of planes are fitted to the point cloud and the distance perpendicular to
the nearest plane is measured (Figure 3c). The distance from a point to a plane is measured
(X1, X2, X3...Xn), as shown in Figure 3c. CloudCompare is then used to develop a Gaussian
distribution graph that displays the number of points versus the distance measured between
epochs (see the section on the case studies for the graph).

In this study, a new method of analysis called the strip method is also adopted. This method
is similar to the cloud-to-cloud comparison, with the only difference being that the point cloud
is cut into a longitudinal thin strip (Figure 3a and 3d). As a benefit in the current practice, the
strip method allows the deflection along the length of the pile wall to be seen. After obtaining
the deflection data from the CloudCompare, the data is exported to Microsoft Excel, where
graphs are drawn; these graphs allow the user to better visualize the amount of deflection
observed. Furthermore, the angle of deflection of the pile can similarly be estimated through
geometric relations. Considering that the wall length remains the same and no axial load is

applied on the pile cap, than there is no axial deformation on the wall; the angle A at the base
7
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of the wall is twice the angle a, as shown in Figure 3d.

3.  Case Study

3.1. Pile Retaining Wall Monitoring during Deep Excavation

To investigate the use of the proposed method, a cantilever pile retaining wall of the basement
of an apartment block was monitored. The authors of this paper were responsible for
performing site investigations to obtain the relative soil parameters for the design and
monitoring of the retaining wall deformations during the construction phase. The studied
apartment block is located in the district of Kyrenia, Northern Cyprus. The proposed structure
has seven stories with two basement levels and is constructed using reinforced concrete.
Therefore, to construct the basement, an excavation depth of 7.5 m is proposed, and the

excavation was performed in four stages.

3.1.1. StudyArea

Figure 4 shows the layout of the studied site. At a 5-m distance from the east face of the
excavation site, there is a single-story reinforced-concrete structure (A). On the west side,
there is a two-lane road (B), which carries heavy traffic to the commercial port, and on the
north side, there is a single-lane town road (C), which carries light traffic. On the south side
of the excavation site, there is a swimming pool (D) at a distance of 2 m and a two-story

reinforced-concrete structure (E) at a distance of 9 m.

To obtain the geotechnical parameters for design purposes, five standard penetration tests (one
at each of the four corners and one at the centre of the site) and laboratory tests were
performed. The encountered soil profiles consisted of sandy clay up to 2 m, silty clay down to
5.5 m, stiff clay down to 11 m, and marl down to 20 m. At this level, the investigation was
stopped because the marl was assumed to be the bedrock, extending to a depth of 2 km. The

8
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water table on site was found to be at 3 m from the ground level. The decision to use a secant
pile wall was attributed to the unsafe conditions along the slope on the western side, where
the road with the heavy traffic existed. To construct the proposed basement, a cantilever
retaining wall (Figure 5) was proposed. To evaluate the lateral earth pressures acting on the
wall, an idealized soil profile was formed by adopting a Mohr—Coulomb soil model and using
the effective soil parameters obtained from the site investigations and laboratory testing

results. The parameters used for each soil layer are listed in Table 4.

Finite element modelling software (Plaxis 2D v.8.6) was used to perform two-dimensional
analysis on the proposed pile retaining wall under the current loading conditions. A stage-wise
construction method was used in the analysis. In the first stage, the initial (geostatic)
conditions of the ground were considered; here, just the piles were constructed but no
excavation was performed. This stage was followed by four stages, representing the soil
excavation and the epochs of monitoring. Therefore, the numerical calculations consisted of a
geostatic condition and four consecutive stages of excavation, after which the final condition
was reached (Figure 6). Following the analysis, Figure 7a shows the deformations occurred
along the analysed area with the deformations occurring on the pile retaining wall. According
to the results, the maximum horizontal displacement of 32 mm occurred at the top of the wall.
The variations in the horizontal deformations along the pile surface are shown in Figure 7b,

which indicates that the deformation reduced as the excavation level progressed downward.

Furthermore, an inclinometer was installed at the central bored pile and displacements were
recorded at two different dates, starting from the beginning of pile wall construction. It can be
seen on Figure 8 that the maximum deformation is at the pile capping beam, reducing with the
increase in depth. The maximum displacement measured in two different epochs are at the
pile capping beam and correspond to 15mm on 06.09.2017 and 52mm on 17.09.2017. The

location of the installed inclinometer is indicated as location B in Figure 9.
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3.1.2. Results

A comparison of the generated point clouds consisted in the computation of the distance
between two point clouds from four different epochs. The chosen segments are shown in
Figure 9. These segments are labelled as A, B, and C in the horizontal direction, and their
relative depths from the top of the capping beam are 0, -2, and -4 m. Based on the visual
horizontal deformations, segments were further chosen depending on the performed numerical
analysis. Two segments were chosen close to the corners where the expected deformations
were much lower because of the corner effect of the retaining structure, and one segment was

chosen in the middle, where high deformations were expected.

Figure 10 shows the Gaussian distribution of the cloud-to-cloud distances with respect to the
depths of 0, -2, and -4 m along the selected pile surface at location C. As expected, the
deformation at the top of the pile was 16.88 mm and reduced to 6.94 mm at the depth of -4 m.
It was not possible to compare the displacement of the wall at the bottom of the excavation

site because the point clouds were generated at different excavation levels.

Figure 11 shows the comparison of the cloud-to-cloud distance at location A for the intervals
between epochs 1 and 2, 1 and 3, and 1 and 4. As time passed, the deformation of the wall
increased from 21 mm in epoch 2 to 63 mm at the final epoch. Figure 12 shows the comparison
of the cloud-to-mesh approach used to analyse the deformations at the same location A. The
results were in good agreement with those of the cloud-to-cloud comparison at the same

location.

Table 5 lists the maximum displacements at the pile capping beam along the selected locations
at different epochs for both the cloud-to-cloud and cloud-to-mesh methods, showing that both
methods are consistent. As time progressed, the deformations at the top of the beam at all the
locations increased. Additionally, location A showed the highest deformation among the all
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locations. Location C showed the least deformation because it was closest to the corner and

was influenced by the corner effect.

The comparison of the two developed methods indicated that the cloud-to-cloud method gave
results that were more logical. As an extension of this method, a cloud-to-cloud comparison
method along a strip was developed. Figure 13 shows the comparison of strips from different
epochs at location B. To observe the deformations in a more pronounced manner, Figure 14
was plotted. This figure focuses on the pile cap section because it was found to show the

highest deformations according to the inclinometer measurements and numerical analysis.

The progress of the deformations measured via strip, cloud to cloud and inclinometer
measurements at the pile capping beam, at different epochs and at location B are shown in
Table 6. Displacements measured via each method were plotted against time in days on Figure
15. A comparison of the results in Figure 15 and those in Table 6 indicate that the
measurements are consistent, showing similar results. The curves for each method seem to
adjust in a polynomial curve. Therefore, it is clear that the results of aerial close-range

photogrammetry are in good agreement with the inclinometer measurements.

4. Conclusions and Recommendations

In this study, two different methods of deformation monitoring via aerial photogrammetry
have been adopted: cloud-to-cloud and cloud-to-mesh methods. A novel strip method has also
been proposed as an extension of the cloud-to-cloud method. Among the three adopted
methods, the strip method is found to reveal the full deformation profile of the pile and was
found to be the easiest and quickest to apply. Additionally, by reducing the number of points
relative to the other two methods and using widely known software such as Microsoft Excel,
the strip method can eliminate the need for complex analysis on CloudCompare and the
requirement of large computational power, often required by these softwares. Furthermore,
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the results of the photogrammetric study are in alignment with those of the inclinometer
measurements during the construction of the wall. For all the numerical, inclinometer and
proposed methods, the expected deformations are the greatest at the top of the pile cap and

reduce as the excavation progresses down to the bottom of the site.

Compared to other available photogrammetry techniques, the proposed method enables close-
range photogrammetry to be carried out using a UAV. Therefore, the difficult-to-access areas
of geotechnical structures (deep excavations, slopes with stability problems, and retaining

structures) can be monitored with high accuracy.

Furthermore, it is considerably quicker and easier to obtain data on a geotechnical field using
the proposed method than using other available techniques. With the advancements in drone
technology, route planning that allows inspection scheduling in advance can be performed; in
this case, drones can autonomously fly off and collect data at predefined locations and return
to their docking stations. Moreover, the proposed technique records considerable geometric
data in a brief period, by procuring pictures using easy-to-use cameras. This permits users to

return to the visual records and conduct extra investigations at a later stage.

The disadvantage of the adopted methods is that the displacement of the wall at the bottom of
the excavation site cannot be compared because the point clouds are generated as the different
excavation levels progress. Furthermore, it is recommended that a similar study be conducted
by comparing the findings of the proposed methods with the results obtained using known
deformation monitoring tools such as GNSSs, inclinometers, and laser scanners so that the

accuracy of the proposed methods can be examined.
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Figure Captions:

Figure. 1. Flowchart representing the steps followed in aerial close-range photogrammetry

study.

Figure. 2. Case study area aerial photographs and ground control points.

Figure. 3. Representation of (a) Pile arrangement cross section with mesh and strip sectioning

(b) Cloud to cloud (c) Cloud to mesh and (d) Strip.

Figure. 4. Layout of the case study area.

Figure. 5. Proposed cantilever retaining wall.

Figure. 6. Numerical analysis showing stages of excavation, monitoring and analysis.

Figure. 7. Numerical analysis results (a) deformations along analyzed area and (b) variations

of horizontal deformation along pile surface.

Figure. 8. Sketch of constructed cantilever retaining wall with inclinometer monitoring results.

Figure. 9. Point Cloud of the excavation area with the location of the sections used for

comparison.
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Figure. 10. Gauss distribution of Cloud to Cloud distance comparison at Location C at (a) Om,

(b) -2m, (c) -4m depth from reference point.

Figure. 11. Gauss distribution of Cloud to Cloud distance comparison at Location A (a) Epoch

1-2, (b) Epoch 1-3, (c) Epoch 1-4.

Figure. 12. Gauss distribution of Cloud to Mesh distance comparison at location A (a) Epoch

1-2, (b) Epoch 1-3, (c) Epoch 1-4.

Figure. 13. Comparison of epochs at location B with strip method.

Figure. 14. Deflections of the pile at location B from height 46.6m above sea level to 47.8m

above sea level.

Figure. 15. Displacement of the pile capping beam at different epochs via Strip, Cloud to

Cloud and Inclinometer measurements at location B.

Table Captions:

Table. 1. Comparison of different deformation monitoring technigues.

Table. 2. Control Point Coordinates taken by GNSS device.

Table. 3. Specifications of the camera used in photogrammetry study.

Table. 4. Soil parameters adopted in numerical analysis.

Table. 5. Maximum displacements at the pile capping beam along the selected locations and

different epochs via cloud to cloud and cloud to mesh methods.

Table. 6. Maximum displacements at the pile capping beam at different epochs via all adopted
methods.
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Study

Erol et al. [13]-
Viaduct monitoring.

Xuetal. [14]-
Preseismic
deformation
monitoring.

Luo et al. [15]-
Freeze/thaw-induced
deformation
monitoring.

Gu et al. [36]- Crustal
deformation
monitoring.

Yang et al. [16]-
Deformation
monitoring.

Method

Global Positioning
system (GPS)
measurement

Advantages

Provide high accuracy
and simultaneous
three-dimensional
(3D) positioning

Disadvantages
Costly

Greater flexibility in
the selection of station
locations

Time consuming

Can be carried out
under different
weather conditions

Low accuracy in
determining real time
movements

Limited physical
accessibility

Limited vertical
displacement
measurement

Kaloop et al. [31]-
Beam deformation
monitoring.

Lienhart [37]-
Geotechnical
monitoring.

Total station surveying

Quick instrument
setup

Low accuracy in
determining real time
movements

Can be carried out
under different
weather conditions

Relatively costly

Limited physical
accessibility

Digital elevation
model (DEM) errors

Accuracy depends on
the target type

Massonnet et al. [32]-
Earthquake
displacement field
mapping.

Rosen et al. [33]-
Techniques of
interferometry,
systems and
limitations, and
applications.

Yan et al. [34]-
Subsidence
measurement.

Thakur et al. [38]-
Snow cover area

mapping.

Sefa [35]- Land
subsidence
measurement.

Interferometric
synthetic aperture
radar (INSAR)
observation

Less costly than
obtaining sparse point
measurements from
labor-intensive global
positioning system
(GPS) surveys

Low temporal
sampling intervals

Numerous data points

Single look direction

Limited vertical
displacement
measurement
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Hisham et al. [42]-
Secant pile wall.

Fiber Optic Strain

Full length deflection
profile

Local solution

Can still be monitored
long after the
construction

Costly

Sensing High accuracy Affected by weather
conditions
Three-dimensional Limited physical
deformation (vertical | accessibility
and horizontal)
Xu et al. [43]- Large Full length deflection | Local solution
scale bored pile profile
Relatively low-cost Accuracy is limited
One-dimensional
Inclinometer deformation

(horizontal)

Less stable results

Limited physical
accessibility

Wang et al. [8]-
Landslide monitoring.

Provides an effective
and rapid solution to
detect deformation on
a large surface

Costly

Gui et al. [40]- Terrestrial Laser Numerous data points | Affected by weather
Subway deformation Scanners (TLS) conditions
monitoring.

Xu et al. [39]- Contact free with the

Composite structure scanned object

deformation analysis. 3 dimensional results

Valenca et al. [44]- Numerous data points | Accuracy is distance
Footbridge dependent
deformation

monitoring.

Han et al. [6]- Reduced time of field | Accuracy is camera
Retaining wall work dependent
displacement

measurement. Photogrammetry

Scaioni et al. [7]-
Tunnel monitoring.

Masoodi et al. [17]-
Riverbank seepage
erosion monitoring.

3 dimensional results

Affected by weather
conditions

Cost effective

Limited physical
accessibility

Contact free with the
scanned object

Stalin et al. [41]-
Mine modeling and

mapping.

Yutaka and Yoshihisa
[18]- River

topography
monitoring.

Photogrammetry with
the aid of an
Unmanned Air
Vehicle (UAV)

Cost effective

Affected by weather
conditions

Reduced time of field
work

Accuracy is camera
dependent

22




488

489

490
491

492

493

494

495

Congress and
Puppala [19]-
Transport
infrastructure
monitoring.

Turner et al. [20]-
Underground

excavation mapping.

Accessibility to
different locations

Can be automized

3 dimensional
results

Contact free with
the scanned object

Numerous data
points

Table. 1. Comparison of different deformation monitoring techniques.

Control
Point Y X Z
1 530188.444 [3912026.156| 45.799
2 530177.626 [3912028.623| 45.934
3 530174.532 [3912017.127| 46.221
4 530171.177 [3912000.244| 46.451
5 530172.505 [3911992.085| 46.703
6 530184.839 [3911986.874| 46.782

Table. 2. Control Point Coordinates taken by GNSS device.

Sensor 1/2.3” CMOS Effective pixels: 12.4 M (total pixels: 12.76 M)
Lens FOV 94° 20 mm (35 mm format equivalent) /2.8 focus at
ISO Range 100-3200 (video) 100-1600 (photo)

Electronic Shutter Speed 8 -1/8000 s

Image Size 4000%3000 pixels

Table. 3. Specifications of the camera used in photogrammetry study.
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496

1 2 3 4
Mohr-Coulomb Sandy-Clay Silty-Clay Stiff Clay Marl
Type Drained Drained UnDrained UnDrained
Yureat [kN/m?] 18.71 19.20 19.60 19.60
Yo [kN/m3] 22.26 22.20 22.20 22.60
e, [-] 0.500 0.500 0.500 0.500
Cy [-] 1E15 1E15 1E15 1E15
E. [KN/m?] 5372.000 8690.000 14000.000 35708.000
v [-] 0.300 0.300 0.350 0.400
G [kN/m?] | 2066.154 3342.308 5185.185 12752.857
oed [KN/m?] 7231.538 11698.077 22469.136 76517.143
ref [KN/m?] 83.00 21.00 135.38 288.00
[0) [°] 31.00 33.80 33.53 40.15
497  Table. 4. Soil parameters adopted in numerical analysis.
498
LOCATION A LOCATION B LOCATION C
cloud to| cloud to | cloud to | cloud to |cloud to| cloud to
Date of Ref Depth| cloud mesh cloud mesh cloud mesh
Monitoring| Day(s) (m) (mm) (mm) (mm) (mm) (mm) (mm)
28.08.2017 0 0 0 0 0 0 0 0
06.09.2017 9 0 21 20 14 10 11 7
10.09.2017 13 0 23 24 23 24 12 9
17.09.2017 20 0 63 62 48 47 16 23
17.09.2017 20 -2 9 13
17.09.2017 20 -4 7 9
499  Table. 5. Maximum displacements at the pile capping beam along the selected locations and
500 different epochs via cloud to cloud and cloud to mesh methods.
LOCATION B
Ref Cloud to
Date of Depth [Inclinometer| Cloud | Strip
Monitoring| Day(s) (m) (mm) (mm) (mm)
28.08.2017 0 0 0 0 0
06.09.2017 9 0 15 14 17
10.09.2017| 13 0 - 23 28
17.09.2017| 20 0 52 48 57
501  Table. 6. Maximum displacements at the pile capping beam at different epochs via all adopted
502  methods.
503
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505  Figure 1 - Flowchart representing the steps followed in aerial close-range photogrammetry
506  study.
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508
509  Figure 2 - . Case study area aerial photographs and ground control points.
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514
515  Figure 4 - . Layout of the case study area.
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532  comparison.
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Figure. 12. Gauss distribution of Cloud to Mesh distance comparison at location A (a) Epoch 1-2, (b) Epoch 1-3, (¢) Epoch 1-4.

Figure 12- Gauss distribution of Cloud to Mesh distance comparison at location A (a) Epoch
1-2, (b) Epoch 1-3, (c) Epoch 1-4.
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