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ABSTRACT

Rock and soil slope movements cost millions of dollars annually. During the past
few decades, engineers have relied on traditional methods to detect slope movements.
These tools are valuable for small spatial areas but, may not be adequate or cost effective
for large spatial areas. Remote sensing methods such as terrestrial laser scanning (TLS)
and terrestrial radar interferometry (TRI) provide excellent spatial coverage, and with
adequate post-data-processing software, sub-millimetric scale deformation sensitivity can
be achieved.

This work will present a comparative experimental study between TLS and TRI.
The comparative experimental study will allow us to achieve the two main objectives of
this research: 1. The development of a methodology to correct repositioning errors of the
TRI during discontinuous measurement campaigns. 2. The development of a methodology
to use TLS as an independent measurement device to constrain the results of the TRI when
rock displacements exceed multiple wavelengths of the instrument or displacements
exceed one quarter of the wavelength of the instrument.

Results from the measurement campaigns show that sub-millimetric displacements
can be detected with both TLS and TRI systems. Furthermore, TLS systems are widely
available, cheaper, lighter, and easier to operate than TRI systems. Data can also be reduced
faster, and the results more easily interpreted than with TRI systems. These advantages
make TLS systems ideal for rock slope evaluation for highway projects, especially when
time, cost, and public opinion are major concerns for the state’s Department of

Transportation.
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1. INTRODUCTION

Rock and soil slope movements cost local departments of transportation millions
of dollars annually. In addition, slope movements can cause loss of private property and in
some cases loss of human life. During the past few decades, geotechnical and geological
engineers have relied on traditional methods to detect slope movements, such as traditional
survey tools (total stations), inclinometers, extensometers, etc. These tools are valuable for
small spatial areas, but may not be adequate or cost effective for large spatial areas. Remote
sensing methods such as terrestrial laser scanning (TLS) and terrestrial radar interferometry
(TRI) provide excellent spatial coverage, and with adequate post-data-processing software,
sub-mm scale deformation sensitivity can be achieved.

This work will present a comparative experimental study between TLS and TRI.
To accomplish this objective, steel targets of different sizes will be constructed and
mounted on a rock displacement simulator (RDS) capable of simulating sub millimetric
rock movements. The Leica Scan Station of the Missouri University of Science and
Technology (Missouri S&T) and the Gamma Portable Ground Interferometric Radar
(GPIR) of the University of Missouri at Columbia (MU) will be the main equipment for
this study. The comparative experimental study will allow us to achieve the two main
objectives of this research: 1. The development of a methodology to correct repositioning
errors of the TRI during discontinuous measurement campaigns; and 2. The development
of amethodology to use TLS as an independent measurement device to constrain the results
of the TRI when rock displacements exceed multiple wavelengths of the instrument or

displacements exceed one half of the wavelength of the instrument.



1.1. PROBLEM STATEMENT

According to Rosenblad et al. (2016), detecting sub-mm scale movements of
objects is a difficult measurement problem and one that is important for geotechnical
applications. The authors used TLS to measure movements of boulders on a site previously
surveyed with TRI. They found that TLS could detect cm scale movements, but it was
unable to detect millimeter scale movements.

On the other hand, Maerz et al. (2016) have been able to measure sub-mm
movements using TLS in conjunction with proprietary post-processing software developed
at Missouri S&T. Their research shows that movements as little as 0.3 mm can be detected
with the appropriate equipment and software.

Wujanz et al (2013) pointed out that even when the precision of TRI systems can
be assumed to be less than 1 mm, such precision cannot be attained during discontinuous
measurements campaigns. The authors mentioned two reasons responsible for this
problem: 1. The dependence of TRI on a single standpoint; and 2. The problem of solving
ambiguities when displacements exceed half the wavelength (1/2) of the instrument.

From the findings of the authors mentioned above, and from the findings of several
researchers which will be presented in the next section, more research is needed to evaluate
the capabilities of TLS and TRI to detect precursory rock movements. This work will shed
some light on the use of both TLS and TRI for detecting precursory rock movements.
Finally, it will present a methodology to overcome some of the problems of TRI during
discontinuous measurement campaigns, and when displacements exceed multiple

wavelengths or exceed half the wavelength of the instrument.



1.2. OBJECTIVES

The specific objectives of this research are the following:

To construct target plates of various sizes, and to mount them on a rock
displacement simulator, developed at Missouri S&T, capable of simulating
sub-mm scale movements of rocks.

To perform TLS and TRI measurements in a controlled environment using
target plates of various size. We propose to use mine adits in Springfield,
MO, to achieve a very controlled environment in order to avoid errors from
atmospheric conditions.

To compare TLS and TRI measurements to determine their accuracy in
detecting sub-mm scale movements of rocks. The TLS data will be post-
processed with the proprietary Missouri S&T LiDAR software developed
by Boyko (2014).

To install a compact TLS on the TRI to acquire additional data during
discontinuous measurement campaigns.

To use the compact TLS data into the post-processing TRI software in order
to overcome its single standpoint problem and to solve ambiguities when
rock displacements exceed multiple wavelengths or exceed one half the

wavelength of the TRI.

1.3. RESEARCH QUESTIONS

The research at hand intends to answer the following questions:

Can TLS detect sub-mm movements of rocks?



4
. Does the post processing Missouri S&T LiDAR software give a better

accuracy of rock movements?

. Can TRI detect sub-mm movements of rocks?
. Do TLS and TRI measurements correlate with ground truth data?
. Can the compact TLS data be used to overcome the single standpoint

problem of the TRI?
. Can the compact TLS data provide additional information to help solve
ambiguities when rock displacements exceed multiple wavelengths or

exceed one half the wavelength of the TRI?

1.4. RESEARCH HYPOTHESIS

Since the TRI method has a theoretical finer resolution than the TLS (sub mm), and
does not require special targets like the TLS does to achieve its finest resolution, and since
the TRI method has difficultly related to repositioning and measuring movements greater
than one half the wavelength of the instrument, could TLS measurements be used to
calibrate the TRI method when repositioning and in identifying the approximate range of
the target to a resolution of less than the ambiguity range of one half the wavelength of the

TRI?



2. LITERATURE REVIEW

TLS and TRI are becoming increasingly useful in the fields of geological and civil
engineering, to which the problem of deformation analysis is associated. The last two
decades have been dominated by TLS, which can be used to obtain high-density digital
elevation models (DEM), and to detect precursory rock movements from small- to
medium-range distances (less than 300 m). During the last decade, attempts have been
made to use TRI in the field of deformation monitoring to extend the capabilities of TLS
to long-range distances (up to 5 km). Although great developments have been made during
the last two decades with regard to measurements using both TLS and TRI scanning
methods, room for improvement still exists. This section presents a state of the art review
of TLS and TRI used in geological and civil engineering applications to detect or predict

precursory rock movements.

2.1. TLS AND TRI TECHNOLOGY: STATE OF THE ART

In 2005, Rosser et al. presented a methodology to monitor the coastal cliff erosion
process using TLS. Their methodology allowed the quantification of failures, ranging in
scale from the detachment of blocks of a few centimeters in dimension through to large
rock, debris, falls, slides, and flows over 1000 m3. TLS allowed the authors to collect data
on-site in a fast way and hence was a cost-effective method, which provided a detailed
description of the process of coastal cliff erosion.

Lingua et al. (2008) carried out measurements using both TRI and TLS in order to
assess the hazard of a quarry in Baveno in the Italian Alps that is subject to ground

instabilities. The equipment used by the authors is shown in Figures 2.1 and 2.2. The



6

authors claimed that continuous monitoring using TRI can achieve sub-millimetric
accuracy (x 0.70 mm). However, in the case of interrupted measurement campaigns, it was
not possible for the authors to reach sub-millimetric accuracy due to phase decorrelation.
On the other hand, the TLS technique allowed accurate measurements during interrupted
campaigns of the monitored area. Furthermore, TLS scans taken at different times can be
used to compute volume changes of the observed rock or soil mass, which provides 3D
displacement measurements, while TRI scans can only detect displacements parallel to the
line of sight of the instrument. The authors concluded that integration of TRI1 and TLS can

be a powerful tool for remote monitoring of slopes.

Figure 2.1. The GB-InSAR instrument used by Lingua et al. (2008).



Figure 2.2. The Riegl LMS-Z420 terrestrial laser scanner used by Lingua et al. (2008).

Alba et al. (2008) used TRI to measure deformations of an arch-gravity dam. The
TRI used in their study is named IBIS-L and is shown in Figure 2.3. They compared the
displacement measured with a “coordinatometro” (Italian for reference card or Romer)
installed on the central section of the dam (see Figure 2.4) to the measurement obtained
from the TRI. The authors found that TRI-measured displacements were within £1 mm of
the readings from a ‘“coordinatometro”. However, the authors recommended further

experimental and theoretical research in the field of TRI.



Figure 2.3. TRI, named IBIS-L, installed on a concrete foundation and used by Alba et al.
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Figure 2.4. TRI single pixel displacement (green circles) on the middle of the dam crest,
compared to a “coordinatometro” measurements observation (from Alba et al., 2008).

Abelldn et al. (2009) performed an experiment to determine whether the TLS
instrumental error was small enough to detect millimetric displacements. This consisted of
ground truth displacements of three objects (see Figure 2.5). The authors found that

millimetric changes cannot be detected by the analysis of unprocessed TLS point cloud
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data. However, by applying the nearest neighbor (NN) averaging technique to the TLS

point cloud data, displacement measurements were improved considerably, reducing the
error (1o) up to a factor of 6. The NN technique was applied to a rockfall event at
Castellfollit de la Roca, Spain. The authors showed that precursory millimetric
displacements can be detected using TLS by applying the NN averaging method. The
authors recommended more research on the detection of precursory displacements at

different ranges and for variable displacement directions.

Figure 2.5. (a) Experimental setup at 50 m, (b) Close up of the scanned area showing the
three moving objects, and (c) Perspective views of the TLS point cloud (from Abellan et
al., 2009).

Tapete et al. (2013) integrated TRI and TLS to obtain three-dimensional
interferometric radar point clouds to evaluate the displacements affecting archeological

monuments. The authors carried out measurements of targets located in the central
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archeological area of Rome, Italy. The site and the equipment used by the authors are
shown in Figure 2.6. The TRI used in the tests was the Lisamobile, which is manufactured
by LiSALab. On the other hand, the TLS used in their study was the RIEGL LMS-Z420i.
The integration of both scanners (TRI and TLS) provided useful information about the
stability of the archeological structures. The authors recommended future research on the
use of the TRI for modelling the structural behavior of the monitored surfaces in order to

predict stresses and finally to plan appropriate countermeasures.

Tiberiana

=
GBInSAR Domus

Figure 2.6. The TRI mounted on a platform, with view centered on the Domus Tiberiana
site, and the TLS (from Tapete et al., 2013).

Wujanz et al. (2013) carried out a comparative experimental study between TRI
and TLS. According to the authors, a major limitation of TRI is the comparison of data

collected at different measurements campaigns. The two main reasons for this problem are:
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1. The dependence of radar techniques on a certain standpoint; and 2. The issue related to
solving ambiguities when deformations exceed half of the wavelength of the instrument.
The equipment used in their study is shown in Figure 2.7. The authors carried out their
experiment in a quarry where topographic changes were deliberately made. These changes
produced false results during the phase unwrapping process. The authors concluded that
TRI alone cannot be used for deformation monitoring due to ambiguities. In order to solve
this problem, the authors introduced TLS data into the TRI post-processing software. They
called this methodology assisted Ground Based Radar (aGBRadar). The authors conclude
their paper by recommending more research of the procedure and expansion of their

methodology to distances larger than 45 m.

Figure 2.7. To the left is the TLS and to the right is the TRI used by Wujanz et al. (2013).

Jenkins (2013) performed a study using a TRI manufactured by Gamma at a site of

previous major rockfall events located in Glenwood Canyon, Colorado. The site and the
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equipment used by the author are shown in Figure 2.8. Measurements were performed over
two-week intervals for a duration of about 6 weeks. The results from this study appeared
to show no movements occurring over this time span. However, the findings regarding the
capabilities of the GBIR were inconclusive since it was not known if movements were
occurring at the site. The author recommended to perform more measurements at sites

where reliable ground truth data is available.

Figure 2.8. Rock slope in Glenwood Canyon, CO, (center) and GBIR (left) (from Jenkins,
2013).

Crosetto et al. (2014) stated in their paper that TRI offers a convenient deformation
monitoring tool, and it has been implemented in the past to monitor dams, landslides,
subsidences, glaciers, volcanoes, avalanches, and snow. According to the authors, sub-
millimetric displacements of good targets can be detected. However, TRI measurements

are largely affected by the configuration method used during measurement campaigns. The
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most common method used in measurement campaigns is the continuous mode, where the
TRI is installed and left on site during the entire campaign. This method has the lowest
impact on the measurements. The other method used in measurements campaigns is the
discontinuous mode, where the TRI is removed from the site and installed again when
revisiting the site of interest. This method of taking TRI measurements has a high impact
on data quality.

Monserrat el al. (2014) presented a review of TRI systems. The authors explained
that TRI is based on the concept of a coherent radar system, which measures both the
amplitude and the phase of the received radar signal. When applying interferometric
techniques to the phase measurements, deformation of the measured scene can be obtained.
TRI is advantageous because it is very sensitive to small displacements, its range is in the
order of kilometers, and it has the ability to obtain a relatively large number of
deformations. On the other hand, TRI is ambiguous to large displacements, which can be
problematic for discontinuous mode measurement campaigns.

Caduff et al. (2015) carried out a review of the use of TRI for the detection of
surface mass movement. The authors described several TRI systems and data acquisition
methodologies. Some radar sensors use real aperture and other use synthetic aperture for
radar image formation. Some case studies were presented to illustrate applications in TRI
for displacement detection. In general, detection of very slow (mm to cm per year)
displacements in rock walls to very fast (~50 m per year) displacements of mass
movements has been documented.

Kromer et al. (2015) presented an algorithm to post-process TLS point cloud data.

According to the authors, the algorithm has the capability to detect displacements at the
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sub-mm scale, which can be used to study precursory rock movements. The authors
implemented the algorithm in synthetic and experimental cases. The results indicated that
an improvement of one order to two orders of magnitude in the level of displacement
detection can be achieved compared to existing point cloud techniques.

Daud and Abdullah (2016) conducted an accuracy assessment using TLS, airborne
light detection and ranging (ALIDAR), and TRI. ALIDAR data elevation accuracy was
between 15 to 20 cm, while TRI elevation accuracy was between 5 to 10 m. Based on their
results, the authors concluded that TLS has better accuracy when compared to ground truth
data rather than ALiDAR and TRI.

Rosenblad et al. (2016) presented observations from recent studies of the
application of TRI to diverse slope stability issues. The authors presented three cases: 1.
Continuous short-term monitoring of a slow-moving landslide; 2. Periodic monitoring of a
potential rockfall site; and 3. A controlled study simulating detection of precursory rock
movements. In the first case, the average moving rate was approximately 50 cm per month
and movements as small as 0.5 mm were detected using TRI. The second case consisted of
detecting small and localized movements within a rock face. However, the authors were
no able to discern small and localized movements of rocks within a rock slope using TRI.
The third case consisted of a controlled study to evaluate the capability of TRI to detect
movements of individual boulders in a landscape to detect precursory rock movements.
Boulders ranging from 0.5 to 5 m were moved using pry bars and airbag jacks in increments
of a few to several mm. Two identical TRI scanners were used to scan a region covering
approximately 20,000 m? after each boulder movement. Ground truth measurements were

also performed after each boulder movement. The results from this third case study showed
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that displacements of boulders larger than 2 m were detectable for range offset distances
from about 75 to 150 m. Displacements as small as 1.7 mm were measured on these larger
boulders. Based on these results, the authors concluded that the ability to detect movements
of boulders less than 2 m in nominal dimension was inconclusive in their study.

Maerz et al. (2016) presented a TLS scanning approach to determine the slip surface
as well as measuring the extent and direction of small slip movements. They mounted
spherical targets on rigid rods driven to the ground placing the targets above the vegetation
(see Figure 2.9). In addition, the use of two spherical targets on each rod was used to
measure rotation of the target rods, thus giving insight into the nature of the below grade
failure. To increase the accuracy of measurement, the authors repeated the measurement
multiple times and computed an average of all observations. The authors used this principle
to achieve sub-mm precision with TLS data. Their results showed the ability of TLS to

measure movements of as little as 0.3 mm based on temporal scanning.

Figure 2.9. Rebars driven into the ground with 100 mm Styrofoam balls (from Maerz et
al., 2016).



16

Intrieri et al. (2016) monitored a rockslide located at Cantoniera in Vetto
Municipality (Reggio Emilia Province, Central Italy) by means of a TRIand a TLS in order
to monitor its displacements and to provide both an early warning system and a feedback
for the restoration works. The radar furnished near real-time displacement maps that were
integrated with 3D models of the slope reconstructed through the laser scanner. The
integration between the two techniques permitted the reconstruction of a high-resolution
3D displacement map of the rockslide also in the areas where profiling works created
disturbance to radar data.

Kromer et al. (2017) developed an automated TLS system capable of detecting
deformations in near real-time. Their system is shown in Figure 2.10 and was named
automated terrestrial laser scanning (ATLS). The main purpose of the ATLS was to provide
a high temporal resolution alternative to TRI. Their ATLS was light, portable, and less
expensive than available TRI. In order to evaluate the capacities of their ATLS, the authors
carried out a six-week measurement campaign on the Séchilienne Landslide in France.
During the measurement campaign, the authors detected flux of talus and precursory rock
displacements. The accuracy of the ATLS was between 2 to 10 mm at distances greater
than 1000 m. The authors concluded that their system can be used effectively to monitor

landslides and rockfall processes at high levels of temporal resolution.

2.2. SUMMARY

As presented in the previous section, more research is needed to evaluate the
accuracy of TLS in conjunction with post-processing software to detect sub-millimetric
precursory movements of rocks. Also, more research is needed to evaluate the feasibility

of TRI to detect sub-millimetric precursory movements of rocks with facial dimensions
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smaller than 2 m, to evaluate the feasibility of TRI for campaign-wise deformation
monitoring, and to detect movements greater than one half the wavelength of the

instrument.

Figure 2.10. Automated TLS system which consisted of: (a) A TLS system encased in a
protective housing which was installed on a roof; (b) A laptop installed inside a room;
and (c) TLS tilting base and battery backup installed inside the protective housing (from
Kromer et al., 2017).
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3. RADAR BACKGROUND

According to Richards (2014) the word “radar” was originally an acronym,
RADAR, for radio detection and ranging”. Radar was developed by many nations for
military use before and during World War 11. Radar systems are so common today that the
acronym lost its capitalization and became an English noun.

This section will present the main components of radar systems, their basic
principles of operation, and data interpretation. The intent is to give geological engineers
and civil engineers with majors in geotechnical engineering a fundamental understanding

of radar concepts that will be utilized in this study.

3.1. BASIC RADAR CONCEPTS

Richards et al. (2010) explain that a radar is a device capable of transmitting
electromagnetic (EM) waves toward a point in space and capable of detecting these
electromagnetic waves when they are reflected from that point in space. The main
components of a radar system (see Figure 3.1) are the following: a transmitter, an antenna,
a receiver, and a signal processing unit. The component that generates EM waves is the
transmitter. The antenna is the component that takes the EM waves generated by the
transmitter and propagates them through the environment to the target. The transmitter is
connected to the antenna through a component called a T/R device. The T/R device has
two functions: 1. It provides a simultaneous connection of the receiver and the transmitter
to the same antenna; and 2. It protects the receiver of the high-powered transmitted signals.
The propagated EM wave induces currents on the target, generating and radiating

secondary EM waves. Some of these secondary EM waves reach the antenna and are
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captured by the receiver component, which is connected to the antenna. The
subcomponents of the receiver amplify the received signal, convert the received signal to
an intermediate frequency (IF), convert the signal from analog form to digital form (A/D),
and finally relay the signal to the processor. The detector, shown in Figure 3.1, is the
subcomponent of the receiver that removes the carrier from the modulated received signal

in a way that data from the target can be analyzed by the signal processor.
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Figure 3.1. Major elements of the radar transmission/reception process (Richards et al.,
2010).

As explained above, radar systems are very sophisticated devices that can be used
to detect a target of interest. Some of the applications of radars are the following: target
tracking, target imaging, target classification, and determining the target range distance (R)

between the radar and an object. This is accomplished by using the speed of light
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(c~3x108m/s) and measuring the two-way travel time of the radar signal (4T). The equation
to calculate the range distance is:
R=—. (3.2)
3.1.1. Electromagnetic Waves. The concept of electromagnetic (EM) waves was
introduced in the previous section without a former description of this concept, which is
important to understand how radar systems work. Richards et al. (2010) define EM waves
as electric and magnetic field waves that oscillates at a given frequency. The electric, E,
field is in one plane, and the magnetic, B, field is perpendicular to the E, field. EM waves
propagate through space perpendicular to the plane described by the E and B fields. In
Figure 3.2, the E field is defined along the y-axis, the B field along the x-axis, and the

direction of propagation of EM waves along the z-axis.
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Figure 3.2. Orientation of the electric and magnetic fields and their velocity vector
(Richards et al., 2010).
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The amplitude of a wave is a measure of its change over time. The amplitude of the
x or y component of the electric field (E) of an electromagnetic wave (EM) propagating
along the z-axis can be expressed as

E = E,cos(kz — wt + ¢) (3.2)
where E, is the peak amplitude, and ¢ is the initial phase.

The wave number, k, and the angular frequency, o are related by

k = 27" radians/m, w = 2nfradians/sec (3.3)
where 4 is the wavelength in meters, and f is the frequency in hertz.

3.1.2. Wavelength. According to Richards et al. (2010), the amplitude of the
electric field (E), of a linearly polarized electromagnetic wave propagating in space and
measured at a single point in time, has a sinusoidal shape as shown in Figure 3.3. The
points on the sinusoid can be computed by holding t constant in Equation (3.2) and varying
z. The distance from any point on the sinusoid to the next corresponding point (i.e., peak
to peak or trough to trough) is known as the wavelength, A, of the wave, as shown in Figure

3.3.

Wavelength A

.

\/

Distance ——

Amplitude

Figure 3.3. The wavelength of a sinusoidal electromagnetic wave (Richards et al., 2010).
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3.1.3. Frequency. Richards et al. (2010) explain that if a fixed point in space is

selected and the amplitude of the electric field is observed as a function of time at the
selected point, the result will be a sinusoid as a function of time as shown in Figure 3.4.
Any point on the sinusoidal curve can be computed by holding z constant in Equation (3.2)
and letting t vary. The time from any point on the sinusoid to the next corresponding point
(i.e., peak to peak or trough to trough) is known as the wave period, To. In other words, the
period is the time it takes an electromagnetic wave to go through one cycle. The inverse of
the period is known as the wave’s frequency, f, and it represents the number of cycles the
electromagnetic wave travels in one second. Frequency can be expressed mathematically

as
f=-— (3.4)

Frequency is expressed in hertz; 1 Hz equals one cycle per second.

A Period T,

Amplitude

Time ———

Figure 3.4. The period of a sinusoidal electromagnetic wave (Richards et al., 2010).
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The product of wavelength and frequency of an electromagnetic wave is known as

the speed of light, c, and can be expressed mathematically as:

Af =c.

(3.5)

Different types of electromagnetic waves as a function of frequency are shown in

Figure 3.5. As can be seen in Figure 3.5, radar bands are defined between 3 MHz to 300

GHz. According to Richards et al. (2010), most radars operate between 300 MHz and 35

GHz. The wavelengths of the radar bands shown in Figure 3.5 were calculated using

Equation 3.5 and are shown in Table 3.1.

Radar Bands _
HF = 3-30 MHz f
VHF = 30-300 MHz
UHF = 300-1000 MHz
L-Band = 1-2 GHz
S-Band = 2-4 GHz
C-Band = 4-8 GHz
X-Band = 8-12 GHz
Ku-Band = 12-18 GHz
K-Band = 18-27 GHz
Ka-Band = 27-40 GHz |
W-Band = 75-110 GHz |

F(MHZ) ¢ =f4 (/sec) \
Radio Telegraphy 4 (m)
0.3 Broadeast 1 km
Short Wave =
& 300 1 m
Conventional Radar B
v 5
— 3 105 Millimeter Radar | mm
Infrared B
- 1
Visible H
Ultra Violet |
X-Rays - 1A
Gamma Rays =

Figure 3.5. Electromagnetic wave types (Richards et al., 2010).



Table 3.1. Radar Bands designation for different microwave frequencies and

corresponding wavelengths.
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Band Frequency Range Wavelength Range
High frequency (HF) 3—30 MHz 100m—-10m
Very high frequency (VHF) 30 — 300 MHz 10m—1m

Ultra high frequency (UHF) 300 MHz — 1 GHz I1m-03m

L 1-2GHz 30cm—15cm

S 2—4 GHz 15cm—-7.5cm

C 4 -8 GHz 7.5cm—-3.75cm
X 8—12 GHz 3.75cm—-25cm
Ku (“under” K-band) 12 — 18 GHz 25cm-—1.67cm
K 18 — 27 GHz 1.67cm—1.11cm
Ka (“above” K-band) 27 — 40 GHz 1.11cm—0.75cm
V 40 — 75 GHz 7.5 mm—4mm
W 75—110 GHz 4mm-—2.73mm
mm 110 — 300 GHz 2.73 mm—1mm

3.1.4. Phase. Richards et al. (2010) pointed out that the variable ¢in Equation 3.2

is commonly known as the initial phase, and it depends on the initial conditions of the

electric field. If the electric field (E) is zero at both time (t) and distance (z) zero, then ¢ =

+n/2 radians. On the other hand, the phase of an electromagnetic wave is the argument of

the cosine function, kz — wt + ¢, and it depends on position (z), time (t), and initial

conditions.

The relative phase of an electromagnetic wave is defined as the phase difference

between two waves. Two electromagnetic waves are in phase when their phase difference

is zero. However, the two electromagnetic waves can become out of phase if the travelled

length is different. Two electromagnetic waves out of phase by A¢/w seconds are shown

in Figure 3.6.
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Figure 3.6. Two waves with the same frequency but a phase difference A¢/@ (Richards et
al., 2010).
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3.1.5. Superposition. Richards et al. (2010) define superposition as the complex
sum of two or more electromagnetic waves that have the same frequency and are present
at the same place and time in space. Two superposition cases can occur: 1. Construction
interference is when two in-phase waves produce a wave having an amplitude that is the
sum of each wave; and 2. Destructive interference, which occurs when two out-of-phase
waves produce a resultant wave with an amplitude less than the sum of the two amplitudes.
As a matter of fact, two electromagnetic waves that have the same amplitude but are out of
phase by 7 radians (180°) will produce a null wave.

3.1.6. Intensity. Intensity, Q, of an electromagnetic wave is defined by Richards
et al. (2010) as the power per unit area of the propagating wave. Let us consider an
isotopically radiating source (antenna) emitting an electromagnetic wave of power P in all
directions as shown in Figure 3.7. The wave front in this case will be a sphere, and any
point along the wave front will have the same amplitude and same power. We can define
the wavelength, A, as the distance between concentric spheres. Then, we can

mathematically express the intensity, Qt, as:
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(3.6)

_ P
" 4nR2?

Q:

where R is the distance from the isotropic source. We can see in Equation 3.6 that the
intensity of an electromagnetic wave decay is 1/R?.

If the electromagnetic waves are far away from the isotropically radiating source,
then the spherical waves can be approximated as planar wave fronts, as shown in Figure
3.7. If the curvature of the wave front is less than A/16 over a given area of dimension D,
then the wave can be considered planar. This condition is usually met if the distance from
the radiating source to the target is at least 2D%/. This is known as the far-field

approximation.

“Plana” Waves

Isotropically Radiating
Source

F

=

Spherical Waves

Figure 3.7. Intensity of spherical waves (Richards et al., 2010).

3.1.7. Basic Radar Configurations and Waveforms. Richards et al. (2010)
mention two types of radar antenna configuration: 1. Bistatic where one antenna is used to
transmit electromagnetic waves and another antenna is used to receive the backscattered

wave; and 2. Monostatic where one antenna is used to transmit electromagnetic waves and
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receive the backscattered wave. The two types of radar antenna configuration are shown in
Figure 3.8. The presence of two antennas in a radar system does not classify the system as
monostatic or bistatic. Radar systems constructed with two very close antennas can be
considered monostatic. Radar systems are only considered bistatic if the antennas are far

apart from each other.

Transmitter —(}E %
Receiver —& N

Transmitter

Receiver

(b)

Figure 3.8. Radar antenna configurations: a. Bistatic, and b. Monostatic (Richards et al.,
2010).

As can be seen in Figure 3.9, radar waveforms can be divided into two general
classes: continuous wave (CW) and pulsed. In the CW case the radar transmitter is

continually radiating an electromagnetic wave, and the radar receiver is continually
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receiving the backscattered wave. In the pulsed case the radar transmitter emits pulses of
finite duration. When the transmitter is turned off, the radar receiver is turned on and
backscattered waves can be detected.

Another type of radar waveform is Frequency Modulated-Continuous Wave (FM-
CW). According to Jenkins (2013), FM-CW systems operate by using a linear modulation
technique, where the operating frequency of the radar is swept over a certain range. FM-
CW devices perform well at close ranges where the reflected signal is received during

transmission of the signal. These systems typically use a bistatic antenna configuration.

Figure 3.9. Continuous wave (CW) versus pulsed (Davis, 2011).

3.1.8. Radar Main Lobe and Beamwidth. According to Richards et al. (2010),
most radar antennas emit electromagnetic waves in patterns known as lobes. Depending on
the radiating direction and strength of the electromagnetic wave, they are known as the
main lobe or main beam, side lobe, and back lobe. The different types of lobes are shown

in Figure 3.10. The main lobe is the lobe that contains the higher power. Side lobes are
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usually unwanted electromagnetic radiation that propagates in undesired directions.
Radiation emitted towards the back of the antenna is within the back lobe. Beamwidth is
the angle between the points on the main lobe where the power has fallen to half (-3 dB)
of its maximum value. As shown in Figure 3.11, beamwidth is usually expressed in degrees

for a horizontal plane.
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Figure 3.10. Polar antenna radiation diagram. The radial distance from the center
represents signal strength (Truckle, 2008).

3.1.9. Radar Measurements. Once a target has been detected by a radar system,
its position in cartesian space (Xo,Yo,Z0) must be specified, as shown in Figure 3.12. This
can be determined by knowing the azimuth, #, and the elevation angle, ¢, measured from

the antenna main beam when the target is detected. The distance between the target and
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the antenna, R, can be determined by the two-way travel time of the electromagnetic

wave as discussed in Section 3.2.

Figure 3.11. Polar diagram showing beamwidth (Hoeksma, 2007).
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Figure 3.12. Spherical coordinate system used to specify target position (Richards et al.,
2010).
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3.1.10. Resolution. Richards (2014) defines range resolution as the capability of a

radar system to distinguish two or more targets that are closely positioned in space. Figure
3.13.a shows a radar antenna emitting a radio frequency (RF) pulse of width 7 (typically
0.1 to 10 microseconds) that is backscattered from two reflectors separated by a distance
AR. If AR is greater than zc/2, two reflected signals will be detected by the radar’s receiver
system as shown in Figure 3.13.b. In this case the point reflectors are said to be resolved
inrange. If AR is less than zc/2, the two reflected signals overlap, as shown in Figure 3.13.c.
In this case, the two reflectors are not resolved in range. Furthermore, depending on the
space between the point reflectors, the twO-backscattered signals can superimpose
constructively, destructively, or in some intermediate way. However, for the receiver to
resolve in range, the point reflectors AR must be at least equal to zc/2, as shown in Figure
3.13.d. 4R is known as the range resolution of the radar, and it can be expressed

mathematically as

CcT

AR = . (3.7)

Angular resolution is another important concept described by Richards et al. (2010).
Angular resolution, both in azimuth and elevation, is determined by the antenna beamwidth
in the same plane. Let us consider again two reflectors located at the same range but with
different azimuth or elevation as shown in Figure 3.14. In this case the point reflectors will
backscatter an electromagnetic wave if they are within the antenna main lobe and are both
irradiated at the same time. As explained in Section 3.1.3, the main lobe width is known as
63 and is typically taken to be 3-dB the beam width of the antenna. The distance between
the point reflectors, which are located at 3-dB edges of the beam, is known as the cross-

range resolution (ACR) of the radar and can be expressed mathematically as:
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63
2

ACR = 2Rsin( ) = RO, (3.8)

where R is the distance or radius between the radar and the point reflectors. Typically, for
a circular antenna, the main lobe width can be estimated using the following equation:
1.31 .
05 = - radians (3.9

where A is the wavelength, and D is the diameter of the circular antenna. The equations
listed above can be used to determine both the azimuth and elevation resolution. Contrary
to range resolution, which is constant with distance, cross range resolution increases

linearly with distance.
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Figure 3.13. Concept of range resolution: (a) RF pulse and point reflectors; (b) Receiver
output for point reflectors resolved in range; (c) Receiver output for point reflectors
unresolved in range; and (d) Receiver output for defining range resolution (Richards et
al., 2010).
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3.1.11. Radar Imaging. Richards (2014) states that most radars in use today are

used to perform three functions: 1. detection; 2. tracking; and 3. imaging. Only the last
function will be presented in more detail in this work.

Imaging is the methodology used to obtain information on one or more targets or
to obtain the information of wide areas. The methodology is a two-step process: 1. a high-
resolution range profile of the target or area of interest must be developed; and 2. a high-

resolution azimuth and elevation profile must be developed.
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Figure 3.14. Angular resolution concept (Richards, 2014).

In the beginning radar systems were used to create two-dimensional images of an
area of interest. Over the last few decades, interferometric radar techniques have been
developed for generating three-dimensional images of targets or areas of interest. The next
section will present a summary of radar interferometry.

3.1.12. Type of Instruments. According to Caduff et al. (2015), radar used for
imaging areas or targets of interests differs by the type of antenna incorporated in its design.

Three types of radar systems available today are presented in Figure 3.15. Type | systems



34
have a dish antenna, which emits a narrow, pencil shaped beam. Type Il systems have a

long antenna and emit a very narrow, fan-shaped beam in the azimuth direction. Type Il
systems have a horn antenna, which moves along a rail and produces a wide, cone-shaped
beam. Type Ill systems are known as synthetic-aperture radars (SAR) because they
synthetize a longer antenna. Several commercially available radar systems and their
specifications are listed in Table 3.2. Note that the Gamma Ground Portable Radar

Interferometer (GPRI-I1), which will be used in this research, is a Type Il TRI.

Type-I Type-Il Type-lil
Dish antenna Slotted-waveguide antenna Horn antennas forming
Pencil beam Fan beam synthetic aperture
Ogl Ogl = Oaz
B - —_— -
E1h- -3 dB, ™
= SAR-
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B:  Azimuth profile Lsynth: Length of synthetic antenna sl: side-lobe ©el: -3 dB elevation beamwidth

Figure 3.15. Types of antenna used in radar systems and their real aperture radiation
pattern (Cadduf et al., 2015).

3.1.13. Interferometry. Caduff et al. (2015) explain that interferometry is the
comparison of two radar images where the phase image is subtracted from a phase image

taken at an earlier time. In this process, only phase differences can be calculated, because
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the total number of phase cycles along the line of sight (LOS) between the radar and the

reflector point is unknown due to phase ambiguities.

Table 3.2. List of commercially available radar systems and their specifications (modified

from Caduff et al., 2015)
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Figure 3.16 was presented by Caduff et al. (2015) to graphically present the

differential interferometry process. As can be seen in this figure, the ambiguous phase

differences of two images are the sum of topographic (4¢topo), atmospheric (A4¢atmo),

displacement (4¢pdisp), and system noise (dgnoise) contribution. However, for most

displacement detection tasks, only the displacement phase contribution (4¢qisp) is of

interest. To isolate the displacement phase contribution, the other terms mentioned before

must be determined and subtracted from the total differential interferogram. In the case of

continuous monitoring, where the antenna does not change position between image

acquisitions, the topographic phase contribution (4¢ptwpo) is zero. However, for interrupted
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monitoring campaigns instrument repositioning errors can occur, which introduce a
baseline error. For small repositioning errors, this baseline error can be corrected in the
same way as the atmospheric phase (dgamo) component. If the repositioning error is
relatively large, greater than one centimeter, then the resulting phase variations can only
be corrected with digital elevation models.

Monserrat et al (2014) presented the principles of TRI interferometry for
deformation measurements. According to the authors, TRI is a sensor used for imaging.
The technique provides a complex number for each pixel in the acquired image. This
complex number contains the in-phase (I) and quadrature (Q) of the received signal. The
signal phase (¢) and amplitude (A) phase can be obtained from I and Q.

The signal phase is used for deformation measurements of the area of interest. On
the other hand, the amplitude can be used for scene interpretation and for backscattering
analysis. Contrary to satellite interferometry, deformation measurements by terrestrial
radar interferometry are usually carried out from a zero-base line configuration. As will be
presented later in this section, this is only true for continuous measurements campaigns
performed from the same point of observation. For example, in a deformation
measurement campaign where the area of interest has been scanned twice by a TRI, the
phases of two pixels of the same target at different times can be computed as shown in

Equations (3.10) and (3.11):

4'7T'R1

¥1 = Pgeom-1 T Pscatt-1 = 1 + @scatt-1 (3.10)
4-1T'R
Y2 = Pgeom—2 T Pscatt—2 = % + Pscatt—2 (3.11)

where R1 and R2 are the instrument-to-target distances at each acquisition, gscat is the phase

shift generated during the interaction between the microwaves and the target, 1 the
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wavelength of the instrument, and the factor 4 is related to the two-way path of radar-
target-radar. Then, the interferometric phase Ag21, which is the main TRI observation, can

be computed using Equation (3.12):

4-t*(R,—Ry)
Aprr =@ — 1 = % + (@scatt—2 — Pscatt—1) (3.12)
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Figure 3.16. Phase components of the differential phase and coherence of the
interferogram (modified from Caduff et al., 2015).

If the phase shift components gscat2 and gscar-1 do not change between two

measurements (i.e., insignificant variation over time), Agp»1 is directly related to the
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distance difference (R2-R1) and hence to the target displacement. However, in real case
scenarios, four other terms must be accounted for, as shown in Equation (3.13):
APy = @2 — Y1 = Paefo + (Patom2—Patom1) + Pgeom T Proise T2 k-m
(3.13)
where ggefo iS the component related to the displacement; (@atmo2 — @atmo1) IS the phase
component effect due to the atmospheric conditions present at the time of data gathering;
@geom 1S the geometric phase component due to repositioning errors between two
acquisitions; gnoise i the phase component related to the term (gscatt-2 - @scatt-1) and other
noise sources (i.e., instrument noise); and 2-kx is used because Ap21 is wrapped, where k
is an integer. Equation 3.13 is the main observation of TRI deformation measurements. In
satellite base interferometry, the term ¢geom COrresponds to the orbital phase component.
As mentioned before, Equation 3.13 does not contain the topographic phase component
(ptopo). This is only true if the TRI measurements are carried out from the same observation
point, which is known as a zero-baseline configuration.

The first objective of this research is to correct repositioning of the instrument
during discontinuous campaigns. We propose that a geometric phase component that
occurs due to repositioning errors between two image acquisitions (pgeom), as explained by
Caduff et al. (2015) and by Monserrat et al (2015), can be determined with a compact laser
measurer device. In real-life scenarios, inexpensive targets can be permanently installed to
the front or to the rear of the TRI to measure repositioning offsets with a compact TLS unit,
and the repositioning offsets measured with the compact TLS unit can be used as a

geometric phase component in Equation 3.13.
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3.1.14. Phase Unwrapping. According to Monserrat et al. (2014), the term k in

Equation 3.13 must be correctly estimated for accurate deformation measurements. The
term k is used to reconstruct the full phase value by adding integer numbers of cycles to
the wrapped phase. This is known in radar interferometry as phase unwrapping. This is
perhaps the main limitation of TRI for deformation monitoring, as k has infinite solutions.
The majority of phase unwrapping techniques assume that the full interferometric phases
(i.e., the unwrapped phases) vary smoothly over a given interferogram and satisfy this

condition as expressed mathematically in Equation (3.14):

|A§012_unwr(i:j) — A@12 ynwr (K, l)l <r (3.14)
where (i,j) and (k,I) represent two adjacent coherent pixels. If Equation 3.14 is not satisfied,
phase unwrapping errors that are multiples of 2rt can occur. This introduces severe errors
in deformation measurements. Considering that 2 corresponds to a displacement of half
the wavelength of the instrument (i.e., 27=4/2), the above condition in terms of

displacements can be expressed using Equation (3.15):
|Defo_At(i, ) — Defo_At(k,1) | <2 (3.15)

where A is the wavelength of the TRI, and Defo_4t is the deformation between two
observations. This condition is critical for discontinuous measurement campaigns. It may
require adjusting the observation time to meet this condition. However, it is not always
possible to adjust the observation time between measurements (i.e., in the case of very fast
displacement rates).

According to Cadduf et al. (2015), phase unwrapping is performed to correct errors
in the determination of the absolute differential phase when displacements exceed multiple

wavelengths or when phase differences per pixel of two adjacent pixels are greater than
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one quarter the wavelength (4/4) of the radar. To avoid ambiguities, a sampling interval
below 4/4 should be defined. The authors concluded that the confirmation of any ambiguity
can be used to constrain the results by using an independent survey method with accuracy
below the radar wavelength (1).

As explained in the last two paragraphs, phase unwrapping is a critical issue in
terrestrial radar interferometry. One of the main objectives of this research is to use an
independent measurement device, such as a compact lidar, to constrain the results when
displacement exceeds one quarter the wavelength (A/4) of the instrument or when
displacement exceeds multiple wavelengths.

3.1.15. Coherence. Coherence means that two electromagnetic waves recorded at
different times have the same frequency, same waveform, and a constant phase difference.
Interferograms require interferometric coherence as a fundamental prerequisite (Caduff et
al., 2015). Temporal decorrelation may be significant during TRI campaigns and may be
caused by random movements of a single scatter in the imaging area. Vegetation and wind

high displacement gradient may cause decorrelation.

3.2. TERRESTRIAL RADAR INTERFEROMETER

The University of Missouri at Columbia (MU) possesses a TRI known as the
Ground Portable Radar Interferometer (GPRI), which is a Ku-band real-aperture radar
system manufactured by Gamma Remote Sensing in Switzerland. A photograph showing
the GPRI system is shown in Figure 3.17. Table 3.3 presents operational and performance
specifications for the GPRI system. Werner et al. (2012) indicated that the sensitivity of

the GPIR, with a signal-to-noise ratio of 30 dB, is equivalent to 0.04 mm of deformation.



Figure 3.17. Photograph of the Ku-band system at MU (Gillian, 2015).
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Table 3.3. Specifications for the Ku-Band GBIR System (modified from Gillian, 2015)

Type Ku-Band
Radar Type FM-CW
Frequency 17.1-17.3 GHz
Chirp Duration 0.25-8ms

Acquisition Mode

Single Polarization 2m Antennae (VV)

Single Polarization Horn Antennae (HH, HV, VH, VV)

Transmit Power 100 mW (+20dBm)
Power Consumption 65 W, 110-220 V(AC) or 24 V(DC)
Chirp Bandwidth 200 MHz

Azimuth Scan Time

20 sec. for 180° sweep

2m Antennae Pattern

38°, 3dB Elevation Beamwidth

0.5°, 3dB Azimuth Beamwidth

Antennae Polarization

Single Polarization (V)

Radar Operation Range

50m - 10km

Azimuth Resolution

~0.70 at 100m Range Distance

Range Resolution

1 m with Kaiser Weighting

0.75 m without Kaiser Weighting
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3.3. ADVANTAGES AND LIMITATIONS OF TRI

The following sections will present a summary of the advantages and the limitations

of TRI systems.

3.3.1. Advantages of TRI Systems. Lingua et al. (2008) reported the following

advantages of TRI systems:

1.

Sub-millimetric  displacements can be measured during continuous
measurement campaigns;

Long-range monitoring can be achieved reducing risks to technicians in the case
of ground instabilities;

Near real-time monitoring can be carried out;

Measurement campaigns can be conducted independently of weather
conditions;

Displacement maps generated through the interferometric process are easily
and immediately interpretable; allowing a macro evaluation of the area of
interest;

Digital elevation models (DEM) of the monitored area can be generated within

an accuracy of a few meters.

According to Monserrat et al. (2014), TRI systems have the following advantages:

1.

This technique can be used to monitor a wide range of deformation rates, from
millimeters per year to meters per hour;

They can be used to measure millimetric and sub-millimetric displacements;
Long-range measurements, in the order of kilometers, can be taken

independently of the atmospheric conditions;
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4. 1mages can cover an area of 1 to 2 km?, which provides a dense measurement
coverage of the area of interest;

5. Monitoring can be automated and used for an early warning system.

3.3.2. Limitations of TRI. TRI systems’ negative aspects have been reported by

Lingua et al. (2008). Some of the limitations are the following:

1. Only displacements parallel to line of sight between the TRI and the area of
interest can be detected;

2. The azimuthal resolution of TRI images decreases with range distance,
resulting in pixels of some square meters at a range of 200 meters. This limits
the application of the TRI systems for rock slope movements;

3. High coherence of the area of interest is necessary to obtain good results;

4. TRI systems are relatively heavy and cumbersome, which requires all terrain
vehicles or helicopters to transport them to the observation point;

5. The systems must be installed in such way that no metal objects are in a range
of 10 to 20 meters between the TRI and the area of interest. Otherwise, the high
reflectivity of metal objects may saturate the radar images, and therefore they
cannot be used for deformation monitoring. Furthermore, passing vehicles,
thick vegetation, and water bodies can create similar problems.

6. Millimetric changes in the position of the instrument during discontinuous
measurement campaigns can dramatically reduce the accuracy of the

measurements.
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Alba et al. (2008) found that TRI is only capable of monitoring higher frequency

deformations at a lower spatial resolution, while TLS can detect lower frequency

deformations with a higher point density.

Wujanz et al. (2013) presented the following TRI limitations:

1.

2.

3.

4.

The interferometric technique is ambiguous for displacements larger than A/4;
Data post-processing is complex;

The instrument is linked to one standpoint, which limits its application for
continuous measurement campaigns;

The systems suffer from low spatial resolution.

Monserrat et al. (2014) discussed the following limitations of TRI:

1.

2.

3.

TRI interferometry requires coherent data, which is a critical issue during
discontinuous measurement campaigns.

Ambiguities in the interferometric phases, especially in areas with large
displacements, can lead to biased deformation estimates. This limitation is very
problematic to discontinuous measurement campaigns.

The technique is limited to detect only line of sight displacements (1D
deformations). Contrary to terrestrial laser scanners, which can be used to
measure 3D displacement, TRI systems cannot be used to monitor vertical
displacements.

Correct estimation of the atmospheric phase component (@amo) requires the
presence of stable areas adjacent to the area being monitored. This requirement
cannot be satisfied in some situations, which limits the measurement capacity

of TRI systems.
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Intrieri et al. (2016) pointed out that TRI measures along line-of-sight movements
and is not able to measure abrupt and remarkable changes because of loss of coherence and

phase ambiguity.

3.4. SUMMARY

This section provided a general overview of radar and the fundamentals of
differential interferometry for deformation measurements, subjects that are not generally
familiar to a civil/geotechnical/geological engineering audience. This was followed by a
presentation of the interferometric technique that will be used in this research, and finally

some advantages and limitations of TRI, as discussed by others, were presented.
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4. LIDAR BACKGROUND

A laser as a device which emits light through a process of optical amplification. It
was first built in 1960 by Theodore H. Maiman based on the theoretical work of Charles
H. Townes and Arthur L. Schawlow (Hecht, 2008). The word laser is an acronym for “light
amplification by the stimulated emission of radiation.” Laser devices are So common today
that the acronym lost its capitalization and became an English noun.

According to Heritage and Large (2009), lidar was developed shortly after the
invention of the laser as a surveying tool. Lidar (also stylized LIDAR and LiDAR) is an
acronym for “laser induced detection and ranging,” or more commonly, “light detection
and ranging.” According to Ring (1963), lidar was originally a combination of the words
light and radar. As a matter of fact, the Oxford English Dictionary defines lidar as a
“detection system which works on the principle of radar, but uses light from a laser.” The
term lidar is referred to in some other references as a terrestrial laser scanner (TLS), the in-
situ 3D-laser scanner (3D TLYS), terrestrial lidar, ground-based laser scanner, or ground-
based lidar. The generic term TLS will be adopted in this research.

This section provides a summary of the basic concepts of TLS systems. The intent
is to give geological engineers and geotechnical engineers a fundamental understanding of

TLS concepts utilized in this study.

4.1. TERRESTRIAL LASER SCANNER COMPONENTS
Heritage and Large (2009) explain that TLS systems have the following three main
components: 1. a transmitter; 2. an opto-mechanical device; and 3. a receiver/recorder unit.

All three main components are incorporated in the TLS unit as shown in Figure 4.1. The
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transmitted laser pulse travels from the TLS unit to the target of interest, where some of
the energy is reflected to the TLS unit and recorded by the receiver/recorded unit. Then,

the recorded data is analyzed to determine the position of the target of interest in space.

Laser unit

_____________ — Target

Transmitter

Transmitted laser pulse

A
—
\

. Return laser pulse
Receiver/ P

recorder
Opto-mechanical
device

Figure 4.1. Basic components of a TLS instrument (Heritage and Large, 2009).

4.2. POINT CLOUD PRODUCED BY TLS

As mentioned previously, TLS transmits a laser pulse to a target of interest, where
some of the energy is reflected to the recorder unit. In the same way, this process is
continuous until TLS finishes scanning the whole surface of the target of interest. Ageel
(2012) pointed out that this process can acquire millions of points in a short time with an

accuracy rate in the range of 3-5 mm. The closer the points are together, the higher the
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resolution of the image, and thus the more the image resembles a photograph, as shown in

Figure 4.2.

S

Figure 4.2. The closer the points are together, the higher the resolution of the image and
thus the more the image resembles a photograph. (a) A scanned rock cut that has 9.5
million points, while (b) is the same rock cut but with less detail and only 8.2 million

points (Otoo, 2012).

According to Otoo et al. (2012), the resultant points are identified by local xyz
coordinates related to the scanner position. This is performed by measuring the horizontal
and vertical angles and the distance between the center of the scanner and the surface of
interest. These xyz coordinates and their associated intensity of reflectivity from the surface
are known as a “point cloud.” By measuring the geographical coordinates in the field for
at least one point for each scan, the local coordinates of the TLS data set “point cloud” can
be transformed into a geographical coordinate system that is able to locate any point in real
3D space. As shown in Figure 4.3, the xyz coordinates of the object of interest can be
computed as shown in Equations (4.1), (4.2), and (4.3), respectively:

x = sina,d (4.1)
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y = cos apd (4.2)

z = sina,d (4.3)
where on is the horizontal angle of the laser pulse, a, is the vertical angle of the laser pulse,

and d is the distance from the TLS to the object.

Y /”Q

T
d
X = sin (o) X d
Y =cos (o) X d
Z=sin (o, ) X d
,“’/ } Gy z Cxy
X

Figure 4.3. lllustration of the ability of TLS systems to position remote objects in 3D
space (Heritage and Large, 2009).

Otoo (2012) explains that TLS data collection depends on the system’s design and
its components. Three basic TLS data collection methodologies are point data (XYZ); point
and intensity (XYZI); and point, intensity, and mapped color (XYZRGB). Point data (XYZ)
generates relatively small files that are easier to store and process by digital computers than
the other two methodologies. However, point data (XYZ) is the harder of the three

methodologies for human visualization. The XYZ values are the coordinates of the point.
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The point and intensity data (XYZI) include the coordinates of the point, plus an intensity

value that is directly related to the reflectivity of the scanned object. Intensity is the
percentage of the light returned in terms of light emitted. Intensity introduces a
photographic quality into the point cloud, making the data relatively easier to visualize.
The point, intensity, and mapped color data (XYZRGB) consist of points and colors
matching the red, green, and blue properties of a colored digital image. These data are the
easiest to visualize for humans. TLS systems with internal digital cameras allow automatic
association of the point data with colors from a corresponding optical image. The three

basic point cloud data are shown in Figure 4.4.

Figure 4.4. Three basic point cloud data of a rock cut: a. point data, b. point and
intensity, c. point, intensity, and mapped color (Otoo, 2012).



51
4.3. CLASSIFICATION OF TLS SYSTEMS

Frohlich and Mettenleiter (2004) mentioned that it is very difficult to classify TLS
systems due to the wide variety of systems available in the market. According to the
authors, TLS systems can be classified based on either the distance measurement principle
employed by the systems or based on the technical specification of the systems. The authors
pointed out that there is no one universal laser scanner that can be used for all imaginable
applications. Laser scanners can be designed for short-range applications (up to a few
meters), for medium-range applications (up to 100 m), and for long-range applications (up
to 1000 m). The most common classification of TLS systems is based on the principle of
the distance measurement system, because it takes into consideration both the range and
accuracy of the TLS system. Accordingly, TLS systems can be classified into time-of-flight
or “pulsed” scanners, phase-based scanners, and triangulation-based scanners.

4.3.1. Time of Flight. According to Fréhlich and Mettenleiter (2004), the most
commonly used measurement system for laser scanners is the-time-of flight principle. This
scanner can be used to take long-range measurements with reasonably accuracy. This type
of scanner was used in this research.

Otoo (2012) explains that time-of-flight laser scanners operate under the principle
that light travels at a constant speed in space, and that based on the travel time the distance

to the target of interest can be computed using Equation (4.4):

Speed of Light x Time of Flight
2

Distance = (4.4)

Figure 4.5 is an illustration of the distance measurement from a time-of-flight sensor.
4.3.2. Phase Shift. Frohlich and Mettenleiter (2004) explain that phase shift is

another technique that can be used for medium-range distances. The typical range for phase
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shift systems is less than 100 meters. These systems can achieve accuracies in the order of
millimeters.

According to Otoo (2012), phase-shift scanners have a sensor that compares the
phase of the emitted light to the phase of the received reflected light. Then, the time-of-

flight can be calculated using Equation 4.5:

Phase Shift
21 x Modulation Frequency

Time of Flight = (4.5)

Figure 4.6 is an illustration of a phase shift sensor and a target.

Light source

O Emitted light

Reflected light

Distance

Senzor Target

Figure 4.5. Schematic of a time-of-flight sensor and a target (Otoo, 2012).

4.3.3. Optical Triangulation. Frohlich and Mettenleiter (2004) mention that a
triangulation-based laser scanner is a scanner that can be used for distance ranges up to few
meters (typically less than 5 m) with high accuracy down to some microns of a meter.
However, this type has limited applications and is more commonly used in industrial

applications.
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4.4. TLS DATA PROCESSING

Point cloud data collected from the field must be processed to extract the needed
measurements or information. Many commercially available software packages for point
cloud processing exist today. Most of these software tools, however, were developed by
scanner manufacturers for general projects. According to Frohlich and Mettenleiter (2004),
the most advanced software packages are: Cyclone from Leica, 3D IPSOS from Mensi,

and Light Form Modeller (LFM) from Zoller and Fréhlich.

I

Distance

Sensor larget

Figure 4.6. Schematic of a phase shift sensor and a target; x is the distance corresponding
to the differential phase (Otoo, 2012).

The TLS post processing software that will be used in this research was developed
at Missouri S&T by Boyko (2014). The software is composed of a series of seven C++
programs that execute recursive algorithms. Each of these programs is executed through

the command prompt line. These programs have the ability to mesh, bin, sort, clip, and
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finally output the results for interpretation. The following programs were used in this
research: findminmax, load, and view2surf. Findminmax is used to find the minimum and
maximum xyz coordinates of the point cloud, and it creates a file that is used by the next
program. Load reads the file created by findminmax and bins all the acquired points into a
predefined mesh resolution. View2surf displays duplicates images of the scanned area and
allows the user to label objects with a number and with a specific role. View2surf is also

used to estimate the distance from the TLS to the target of interest.

4.5. ADVANTAGES AND LIMITATIONS OF TLS
The following sections will present a summary of the advantages and the limitations
of TRI systems.
4.5.1. Advantages of TLS. Ageel (2012) presented the following advantages of
using TLS systems:
1. The technique allows the acquisition of data both at the base and top of the rock
outcrop, providing a more statistically representative sample;
2. Steep and high rock slopes can be surveyed,;
3. The survey can be undertaken remotely, which reduces risks and hazards for
workers in terms of traffic accidents and or rock falls;
4. The ability to build databases for surveyed rock slope face that can be used and
updated anytime.
Positive aspects of using TLS to detect slope movements were presented by Lingua
et al. (2008). They are as follows:
1. TLS systems can quickly acquire millions of points of the monitored area and

provide a 3D model of the area of interest;
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2. Displacements and volume changes computations of the area of interest can be
determined,

3. TLS are typically lighter and less cumbersome than TRI systems, making it
possible to transport them without all-terrain vehicles or helicopters;

4. TLS techniques can be used to generate dense digital elevation models of the
monitored area. This allows detection of displacement of small areas or objects
within the monitored area and not in pixels of several square meters of
dimensions as in the TRI system;

5. Repeated or discontinuous measurement campaigns can be carried out without
concerns for changes in the position of the instrument, because the reference
system of the models is “fixed” on the markers.

6. The measurement range varies for different instruments; typically, it can vary
from a few meters for short-range systems to kilometers for long-range systems.

7. Comparison between multitemporal scans allows detection of 3 D
displacements.

4.5.2. Limitations of TLS. Lingua et al. (2008) reported that TLS campaigns must

be performed during good weather conditions (i.e., no rain), and that good illumination of

the area of interest is necessary when digital images (photographs) are needed.

4.6. ADVANTAGES AND LIMITATIONS OF TLS AND TRI SYSTEMS
Table 4.1 presents a summary of the advantages and limitations of TLS and TRI

systems as presented in Section 3.3 and Section 4.5.
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Table 4.1. Advantages and Limitations of TLS and TRI.

System

Advantages

Disadvantages

TLS

Systems can quickly acquire millions of points of
the area and provide a 3D model of the area.

Displacements and volume changes computations
of the area of interest can be determined.

Lighter and less cumbersome than TRI systems,
making it possible to transport them without all-
terrain vehicles or helicopters.

Can be used to generate dense digital elevation
models of the monitored area. This allows
detection of the displacement of small areas or
objects within the monitored area.

Repeated or  discontinuous  measurement
campaigns can be carried out without concerns for
changes in the position of the instrument.

The measurement range varies for different
instruments; typically, it can vary from a few
meters for short-range systems to kilometers for
long-range systems

Comparison between multitemporal scans allows
detection of 3 D displacements.

Campaigns must be performed during
good weather conditions (i.e., no rain),
and good illumination of the area of
interest is necessary when digital images
(photographs) are needed.

TRS

Sub-millimetric displacements can be measured
during continuous measurement campaigns.

Only displacements parallel to line of
sight between the TRI and the area of
interest can be detected

Long-range monitoring can be achieved reducing
risks to technicians in the case of ground
instabilities

The azimuthal resolution of TRI images
decreases with range distance, resulting
in pixels of some square meters at a range
of 200 meters.

Near real-time monitoring can be carried out.

High coherence of the area of interest is
necessary to obtain good results

Measurement campaigns can be conducted
independently of weather conditions.

Relatively heavy and cumbersome,
which requires all terrain vehicles or
helicopters to transport them to the
observation point.

Displacement maps generated through the
interferometric  process are easily and
immediately interpretable, allowing a macro
evaluation of the area of interest.

The systems must be installed in such a
way that no metal objects are in a range
of 10 to 20 meters between the TRI and
the area of interest.

Digital elevation models of the monitored area
can be generated within an accuracy of a few
meters.

Millimetric changes in the position of the
instrument during discontinuous
measurement campaigns can
dramatically reduce the accuracy of the
measurements

The interferometric  technique s
ambiguous for displacements larger than
M4,

Data post-processing is complex

Low spatial resolution.

Linked to one stand-point, which limits
its  application  for  continuous
measurement campaigns.
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4.7. TLS SPECIFICATIONS

The Leica Scan Station Il, property of Missouri University of Science and
Technology, which will be used in this research, is shown in Figure 4.7, and its
specifications are listed in Table 4.2. It consists of hardware and an accompanying software
program (Cyclone). The hardware components include the scanner unit and a connected
laptop to run, operate, and drive the scanner unit to scan the target of interest and to record
and store the range, angle, and intensity of reflection data for each reflected and detected
laser pulse via a network connection. The installed Cyclone program is used for data set

processing either in the field or in an office.

Figure 4.7. A back view for the Leica-ScanStation2 which was used in this research
(Aqueel, 2012).



Table 4.2. Specification of the Leica Scan Station 2 (Ageel, 2012).

Laser scanning type Pulsed
Color Green
Range 300 m at 90%; 134 at 18% albedo
Scan Rate Up to 50,000 points/seconds maximum
instantaneous rate
Spot size From 0 — 50 m: 4 mm (FWHH-based); 6
mm (Gaussian-based)
Selectability Independently, fully selectable vertical and
S horizontal point-to-point measurement
= spacing
S Point spacing Fully selectable horizontal and vertical < 1
& mm minimum spacing, through full range;
= single point dwell capacity
A Maximum sample distance | <1 mm
Horizontal (deg.) Up to 360
Vertical (deg.) Up to 270

Optical sighting using Quick-Scan bottom

= Aim/Sighting

";’ Scanning optics Single mirror, panoramic, front and upper
P window design

= 5 Digital imaging Low, medium, high automatically spatially
T L rectified

Camera Integrated high-resolution digital camera

Scanner dimensions (mm)

265 x 370 x 510 without handle and table
stand

Weight

18.5 kg
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Power supply

36 V, ACor DC

The Faro Laser Scanner Focus 3D X 130, property of Missouri University of

Science and Technology, will be used in the first experiment of this research. The

instrument is presented in Figure 4.8 and its specifications are presented in Table 4.3. The

Focus 3D X 130 uses the phase shift method to measure the distance. The scanner emits

constant waves of infrared light of varying length. These waves are reflected from the

object back to the scanner. The distance from the scanner to the object is determined as

explained in Section 4.3.2.



Figure 4.8. Faro Laser Scanner 3D X130 (from Faro, 2015).

Table 4.3. Specification of the Faro Laser Scanner 3D X130 (Faro, 2019).
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Laser scanning type

Phase shift

Color Invisible — infrared (1550 nm)
Range 300 m at 90%; 134 at 18% albedo
Scan Rate Up to 50,000 points/seconds maximum
instantaneous rate
S | Spot size From 0.6 — 130 m
£ | Selectability N/A
< 2 | Point spacing N/A
& & | Maximum sample distance | N/A
= Hori_zontal (deg.) Up to 360
2 Vertical (deg.) Up to 300
% _ | Aim/Sighting N/A
= 3 | Scanning optics N/A
it L | Digital imaging N/A
Camera Up to 70 megapixel color
Scanner dimensions (mm) 240 x 200 x 100
Weight 5.2 kg

Power supply

19 V (power supply), 14.4 V (battery)
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The Leica Scan Station P40 (see Figure 4.8), property of Missouri University of
Science and Technology, will be used in the last experiment of this research. The

specifications of the Leica Scan Station P40 are listed in Table 4.3.

Figure 4.9. Leica Scan Station P40 (from Leica, 2019)

4.8. SUMMARY

This section provided a general overview of TLS fundamentals, concepts that are
not generally familiar to a geotechnical/geological engineering audience. Advantages and

limitations of TRI and TLS systems were summarized in Table 4.1. The next section will

present the proposed methodology for this dissertation.



Table 4.4. Specifications of the Leica Scan Station P40 (Leica, 2019).
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Laser scanning type Time-of-flight
Color Invisible
Range Minimum 04 m. Max 270 m at
34%reflectivity
Scan Rate Up to 1,000,000 points/seconds maximum
S | Spot size Less than 3.5 mm (FWHH-based)
£ | Selectability N/A
< 2 | Point spacing N/A
& & | Maximum sample distance | N/A
Horizontal (deg.) Up to 360
= Vertical (deg.) Up to 290
“;’ Aim/Sighting N/A
45 _ | Scanning optics N/A
= 5 Digital imaging Low, medium, high automatically spatially
s rectified
Camera 4 megapixels per each 17° x 17° colour
image
Scanner dimensions (mm) 238 x 358 x 395
Weight 12.25 kg
Power supply 24V DC




62
5. METHODOLOGY

The experimental part of this research was performed at three different sites.
Controlled movements of targets were carried out to document and evaluate the capabilities
of both TLS and TRI systems for detecting and monitoring precursory rock movements on
the sub-millimetric scale for various sizes and offset distances from the instruments. This
section presents descriptions of the field site, the equipment, the experimental setup, and
the data collection procedures, the data processing methods, and the proposed methodology
to overcome both the single standpoint problem of TRI during campaign-wise deformation
monitoring and the ambiguity of the interferometric phase when a target suffers

displacement greater than one quarter of its wavelength (1/4).

5.1. SITE DESCRIPTION

The first measurement campaign was carried out at Springfield Underground,
located at 3510 East Kearney Street, Springfield, Missouri, on November 6, 2017. Figure
5.1 is a Google Earth satellite image showing the location of Springfield Underground.
This site was selected due to its constant temperature and because the measurement
campaign was not subjected to weather conditions.

The second measurement campaign was carried out at Stephens Lake Park, located
at 2001 East Broadway, Columbia, Missouri, on April 5, 2018. Figure 5.2 is a Google
satellite image showing the location of Stephens Park. This site was selected due to its
wide-open areas and clear field of view of more than 200 m.

The third measurement campaign was carried out at the Missouri S&T Student

Recreation Center, located at 705 W. 10" St., Rolla, Missouri, on January 8, 2019. Figure
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5.3 is a Google Earth satellite image showing the location of the Student Recreation Center.
As in the first measurement campaign, this site was selected due to its constant temperature

and because the measurement campaign was not subjected to weather conditions.

Figure 5.1. Google Earth map showing the location of Springfield Underground.

5.2. EQUIPMENT

The main equipment used in this research consisted of a rock displacement
simulator, steel targets, compact lidar units, two TLS, and a TRI. These will be described
in more detail in the following sections.

5.2.1. Rock Displacement Simulator. The rock displacement simulator (RDS)

described by Alzahrani (2017) was employed in this work to simulate precursory rock
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movements. The device allows the researcher to estimate the accuracy of both the TRI and
the TLS by means of known displacements. The RDS was used in every measurement
campaign carried out in this research. This device is composed of the following
components: target plate, linear actuator, actuator frame, control circuit, and software
control. A brief description of each component will be presented in the following

paragraphs.

| f:‘ (

[ <

Figure 5.2. Google Earth map showing the location of Stephens Lake Park.

Rectangular aluminum and steel plates were used as targets (i.e., rocks) in the
measurement campaigns. The plates were cut to the following dimensions: 20 x 20, 46 x

31, 61 x 61, and 106 x 76 cm. Figure 5.4 shows a 46 by 61 cm target.
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Figure 5.3. Google Earth map showing the location of the Missouri S&T Student
Recreation Center.

The device used to move the targets was a linear motion actuator. This device works
on the principle of the screw mechanism, which generates very precise movements. This
type of movement is achieved by a ball screw that is rotated by a motor to a specified
position. The linear motion actuator can be used to push or pull the targets. The linear
motion actuator is shown in Figure 5.5. It was manufactured by Oriental Motors under
model number EZ Limo EZC4-05M.

This EZ Limo was mass produced with a linear movement accuracy up to 0.06 mm
and £ 0.02 mm repetitive position accuracy. However, the EZ Limo was driven by a micro-

stepping controller to provide a linear movement resolution of 0.00375 mm (Alzahrani,

2017).
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Simple Anti-Spin Mechanism

Figure 5.5. EZ Limo EZC4-05M manufactured by Oriental Motors (Alzahrani, 2017).

Two rigid steel frames were designed and constructed (Alzahrani, 2017). These
frames provided a very stable platform for the linear motion actuator to which the targets
are bolted. The short steel frame and tall steel frame are shown in Figure 5.6 and 5.7,

respectively.



67

Figure 5.6. Short steel frame with the linear motion actuator and 61 x 46 cm steel target
(Alzahrani, 2017).

Figure 5.7. Tall steel frame with the linear motion actuator and 106 x 76 cm target.
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The RDS control circuit was based on an Arduino microcontroller and is shown in
Figure 5.8 (Alzahrani, 2017). The control circuit allows the linear motion actuator to be
operated by remote radio. It can be used to program the linear motion actuator in several
different ways for both static and dynamic tests. The control circuit can also be

programmed to simulate very slow displacements.

iy
Stepper Motor Controller Relay Trigger i X-Bee Radio / Terminal Block

Figure 5.8. Programmable actuator circuit (Alzahrani, 2017).

A graphical user interface (GUI) was developed to operate the RDS (Alzahrani,
2017). Different types of displacements scenarios can be defined using the software

controls.
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5.2.2. Terrestrial Laser Scanners. The Leica Scan Station Il lidar scanner of
Missouri University of Science and Technology is shown in Figure 5.9. It consists of the
hardware and accompanied software program (Cyclone). The hardware components
include the scanner unit as well as a connected laptop to run, operate, and drive the scanner
unit in order to scan the target of interest and to record and store the data on range, angles,
and intensity of reflection for each reflected and detected laser pulse via a network

connection.

Figure 5.9. A back view of the Leica-ScanStation2 that was used in this research.
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The Faro Focus 3D X130 scanner of Missouri University of Science and
Technology was used in the first measurement campaign. Figure 5.10 presents the
instrument positioned in an adit of Springfield Underground. According to Faro (2019), it

has a single point accuracy of £ 2 mm between 10 and 25 m.

Figure 5.10. Back view of the Faro Focus 3D X130 that was used in the first
measurement campaign.

The Leica Scan Station P40 lidar scanner of Missouri University of Science and
Technology was used in the third measurement campaign, and it is shown in Figure 5.11.

According to the manufacturer, the P40 has a range accuracy of 1.2 mm over its full range.
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Figure 5.11. From left to right: Leica Scan Station Il and Leica Scan Station P40.

5.2.3. Terrestrial Radar Interferometer. The TRI used in this research is owned
by the University of Missouri (MU). The instrument is manufactured by Gamma, and it is
commercially known as the Ground Portable Interferometric Radar (GPIR). As shown in
Figure 5.12, the instrument is composed of: a transmitting antenna, two receiving antennas,
a radio frequency controller, a mounting frame, a stepping motor with tribrach, a portable
tripod, and a field computer.

5.2.4. Compact Lidar Units. Compact lidar units were used in this research to
gather additional data to overcome the two main limitations of the TRI: its single standpoint
problem and ambiguities related to large displacements. In the first case, the data collected
from the compact lidar units can be used as a geometric phase component (¢geom) to correct
errors due to repositioning of the instrument during discontinuous campaigns. In the second

case, the data collected from the compact lidar units can be used to identify phase ambiguity
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errors when displacement rates exceed one quarter the wavelength (A/4) by multiples of

the radar wavelength (1).

Transmit
Antenna

Receive e
Antenna 2 -

N re Asdembly -

_Receive &
Antenna 1

Azimuthal
_#Seanner and Tribrach

Figure 5.12. Main components of the Gamma GPRI-II (Gamma, 2014).

The end goal was to mount the compact lidar units on one of the T-slotted aluminum
bars (Figure 5.13) of the TRI tower using a metal bracket and T-nuts. The following
compact lidar units were used in this research: Noyafa NF-2680, and Bosch GLR-825.

The Noyafa NF-2680 is an inexpensive laser distance measurement device
manufactured in Shenzhen, China. According to the manufacturer, it can take
measurements up to 80 meters away. The device is shown in Figure 5.14, and its

specifications are listed in Table 5.1.



Figure 5.14. Noyafa NF-2680 laser distance measurer (Noyafa, 2018).

Table 5.1. Noyafa NF-2680 specifications (Noyafa, 2018).

Maximum measurement distance 80 meters
Measurement precision +/- 1 mm

Test time 0.1-3 sec

Laser type I1&635nm & <1mw
Dimensions 108 x 51x 31 mm
Weight 88 g

Power 2 AAA batteries
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The Bosch GLR 825, shown in Figure 5.15, is another laser measurer device.

According to the manufacturer, it can be used outdoors to measure distances up to 825 ft

(251 m) with an accuracy of 1/25 in. (1 mm). The device specifications are listed in Table

5.2.

Figure 5.15. Bosch GLR 825 laser distance measurer (Bosch, 2018).

Table 5.2. Bosch GLR 825 specification (Bosch, 2018).

Accuracy 0.04 in (1 mm)

Power 4 AAA Batteries
Laser Class 2.0

Laser Diode 630 ~ 670 nm, =1 mw

Range 2 in (50 mm) to 825 ft (251 m)
Weight 0.5 1b (227 g)
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5.2.5. Synthetic Rock. Miles (2018) designed and constructed a synthetic rock

(Figure 5.16) to simulate sub-millimeter movements of rocks. The bulk structure of the
synthetic rock is composed of Styrofoam and polypropylene. The synthetic rock was
covered with a layer of Prolite® tile mortar to simulate a surface roughness and dielectric
constant similar to a real rock. The synthetic rock was fixed to the wooden board of a
displacement device as shown in Figure 5.17. The displacement device allows the synthetic
rock to move in controlled displacement increments. The displacement device was
constructed by mounting a wooden frame to a precision drill vice. Displacements of the
synthetic rock are achieved by manually rotating a gear at the rear of the vice. The
magnitude of displacements was controlled using Starrett ® No. 154A adjustable parallel
spacers in the vice, and the vice was closed onto the spacer as shown in Figure 5.18. The

spacers were preset to the following lengths: 0.1 mm, 0.25 mm, 0.5 mm, 1 mm, and 2 mm.

5.3. FIRST MEASUREMENT CAMPAIGN

The first measurement campaign was carried out in an adit of Springfield
Underground. The TLS and TRI measurement procedures will be presented in the next few
sections.

5.3.1. TLS Measurements. TLS measurements were performed during the
measurement campaign using both the Missouri S&T Leica Scan Station Il (SSII) and the
Faro Focus 3D X130. The instruments were installed a few meters to the left and to the
right of the TRI as shown in Figure 5.19. The rock displacement simulator was installed at
an offset distance of approximately 40 and 90 meters. Figure 5.20 shows the rock
displacement simulator with the tall steel frame and the 106 x 76 cm aluminum target. The

targets were scanned at a resolution of 1 mm x 1 mm. Three scans of each target movement
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were acquired with the SSII with the four targets at an offset distance of 40 m. Also, two
scans of each movement of the 106 x 76 cm target installed at an offset distance of
approximately 90 m were acquired with the SSII. The displacements used for the rock
displacement simulator were the following: 0.05, 0.1, 0.25, 0.5, 1, 2, and 5 mm. Due to
difficulties trying to set up the scanning area on the small liquid crystal display of the Faro
Focus 3D X130 and due to the time required to scan each target displacement,

measurements with the Faro Focus 3D X130 were discontinued after a series of trials. .

Figure 5.16. Picture of the artificial rock mounted on drill vice (Miles, 2018).



Figure 5.18. Example of a spacer inserted into drill vice (Miles, 2018).
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Figure 5.19. Equipment used in Springfield Underground. Missouri S&T Leica Scan
Station 2 (to the left), the MU GPIR (center), and the Missouri S&T Faro Focus 3d X130
(to the right).

The TLS data were processed following the same procedure described by
Rohrbaugh (2015). First, after every scan of the target was completed, the acquired data
were checked on site to confirm that there were no blank spaces in the target. Second, the
acquired data were processed at the office using Cyclone (see Section 4.4). In this step, the
data is trimmed to include only the area of interest, and then the data is exported to point
cloud files in XYZIRGB. Third, the point cloud files are processed using the Missouri S&T
lidar software (see Section 4.4). The massive amount of raw data was processed within a
week after the measurement campaign.

5.3.2. TRI Measurements. TRI measurements were performed by Dr. Francisco
Gomez (Associate Professor and Director of Graduate Studies of the Department of

Geological Sciences of the University of Missouri). Dr. Gomez positioned the TRI
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perpendicularly to the rock displacement simulator, and he took measurements of the same

displacements taken by the TLS.

Figure 5.20. Rock displacement simulator with the 106-cm aluminum target.

5.4. SECOND MEASUREMENT CAMPAIGN

As mentioned in Section 5.1, the second measurement campaign was carried out in
Columbia, MO. The TLS and TRI measurement procedures will be presented in the
following sections.

5.4.1. TLS Measurements. The TLS scanner was positioned a few meters to the
left of the TRI as shown in Figure 5.21. The rock displacement simulator with the short

frame was installed at an offset distance of 42 meters. The targets were scanned at a
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resolution of 1 mm by 1 mm. One scan of each target movement was performed with the

four targets.

Figure 5.21. Field set-up at Stephen’s Lake Park (modified from Miles, 2018).

The displacements used for the RDS were the following: 0.05, 0.1, 0.25, 0.5, 1, 2,
and 5 mm. In order to simulate displacements larger than one quarter the wavelength of the
TRI, the following displacements were carried out: 7, 9, 18, 26, and 36 mm.

The Noyafa NF-2680 laser distance measurer was positioned on a tripod a few
meters to the right of the TLS. At least five readings of every displacement of each target
were recorded on a field notebook.

5.4.2. TRl Measurements. The TRI measurements were performed by Dr.
Francisco Gomez, as in the first measurement campaign in Springfield, Missouri. The TRI

was installed a few meters to the right of the TLS. Dr. Gomez also installed a surveyor total
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station to the right of the TRI. Later, Dr. Gomez installed a GPS on the same tripod used

for the total station.

5.5. THIRD MEASUREMENT CAMPAIGN

Another controlled experiment was carried out with the Scan Station Il, the Scan

Station P40, and the TRI. This time, the Bosch laser distance measurement device was used

to take readings from the back of the TRI towards a fixed point on a concrete wall and from

the front of the TRI towards the RDS. Rock displacements of 0.5, 0.7, 1.0, 2.0, 6.0, 12.0,

15.0, 20.0, and 28.0 mm were simulated using the RDS. The TRI was repositioned after

each RDS displacement to simulate a discontinuous measurement campaign. The detailed

procedure used for the third measurement campaign was as follows

1.

The TLSs and the TRI were installed in the Student Recreational Center of
Missouri S&T (please see Figure 5.22). The TRI was placed perpendicular to
the targets, and the TLSs were placed to the right of the TRI.

A mark was placed on the front (Figure 5.23) and on the back (Figure 5.24) of
the TRI to define the placement point of the Bosch GLR-825. Readings were
taken from those points towards the RDS and towards a bullseye drawn on the
wall just in front of the TRI.

All electronic equipment was allowed to warm up for at least 30 min.

The RDS was installed at an offset distance of approximately 42 m from the
TRIand TLSs (see Figure 5.25 and 5.26).

Readings of the 61x61 cm metallic target were taken at the following

displacements: 0.5, 0.7, 1.0, 2.0, 6.0, 12.0, 15.0, 20.0, and 28.0 mm. The TRI
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was repositioned after every displacement of the RDS, and its position from the
wall recorded.

6. Then, the TRI was fixed after taking the 28 mm displacement reading. This
time, readings of the 61x61 cm metallic target were taken at the following
displacements: 7.0, 9.0, 18.0, 26.0, and 36.0 mm.

7. For every displacement of the RDS, four measurements were taken with the
Bosch, three with the Leica Scan Station Il and Leica Scan Station P40, and
five with the Gama GPIR-II.

8. The TLSs data was post-processed at the office, and the TRI data was processed

by Dr. Gomez.

Figure 5.22. Equipment used in the third measurement campaign. From left to right:
Leica Scan Station P40, Leica Scan Station Il, and Gamma GPIR II.
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Figure 5.23. The blue dot on front of the azimuthal scanner of the TRI marks the position
from where the RDS displacements were taken.

Figure 5.24. The blue dot on rear of the tribrach marks the position from where
repositioning displacements were taken.
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Figure 5.26. Close up of the RDS with the 61 x 61 cm metallic target.
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5.6. SUMMARY

This section presented the methodology used in this research to document and
evaluate the capabilities of both TLS and TRI systems for detecting and monitoring
precursory rock movements of various sizes and at different offset distances from the
instruments. The next section will present and discuss the results of the three measurement
campaigns. The proposed methodology to overcome both the single standpoint problem of
TRI during campaign-wise deformation monitoring and the ambiguity of the
interferometric phase when targets suffer displacements greater than one-quarter their

wavelength (A/4) will also be presented.
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6. ANALYSIS AND DISCUSSION OF RESULTS

This section will present and discuss the results of the three measurement
campaigns performed to evaluate the capabilities of both TLS and TRI systems for
detecting and monitoring precursory rock movements (sub-mm scale) of various sizes and

at different offsets distances.

6.1. FIRST MEASUREMENT CAMPAIGN

As mentioned in Section 5.1, the first measurement campaign was carried out in
Springfield, MO, on November 5, 2017. As noted in Section 5.3.1, measurements with the
Faro Focus 3D X130 were discontinued during this campaign and therefore are not
presented in this research. The TLS (Leica Scan Station 1) data were post-processed within
a week, and the results are presented in Figures 6.1 to 6.5 and Tables 6.1 to 6.5. Figure 6.1
and Table 6.1 show that the average error of the measured displacements of the 106 x 76
cm target at an offset distance of 41.58 m can be estimated as 0.249 mm. Figure 6.2 and
Table 6.2 show the results of the 61 x 61 cm target at an offset distance of 41.58 m, and
the estimated average error is 0.742 mm. It must be pointed out that this target 61 x 61 cm
target presented the greatest average error during this measurement campaign. Figure 6.3
and Table 6.3 present the results of the 46 x 31 cm target at an offset distance of 41.58 m,
and the estimated average error is 0.431 mm. Figure 6.4 and Table 6.4 present the results
of the 20 x 20 cm target at an offset distance of 41.58 m, and the average error is 0.126,
which represents the smallest average error measured in this campaign. Finally, the
measurements of the 106 x 76 cm target at an offset distance of 90.75 m are presented in

Figure 6.5 and Table 6.5, and the average error is 0.230 mm.
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From the results presented before, TLS measurements are greatly improved by

using post-post processing software. Furthermore, the accuracy of the TLS during the first
measurement campaign was approximately 1 mm or better.

The results of the first TRI measurement campaign conducted on November 6,
2017, are not presented in this work because they were not submitted for evaluation.
However, on March 12, 2018, Dr. Gomez reported that the phase measurements were off

by a factor of two.
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Figure 6.1. TLS results for the 106 x 76 cm steel target at 41.58 m. Rock displacement
simulator (RDS) displacements are the actual or ground truth displacements.
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Table 6.1. Average error for the 106 x 76 cm steel target at 41.58 m. RDS displacements

are the actual displacements.

Avg
Reading | RDS | ScanA | ScanB | ScanC | Disp Error
No (mm) (mm) (mm) (mm) (mm) (mm)
1 5.000 | 5.004 | 5.885 | 5.869 | 5.586 0.586
2 2.000 | 1.483 | 2.254 | 2.380 | 2.039 0.039
3 1.000 | 0375 | 1.223 | 0.963 | 0.854 | -0.146
4 0.500 | 0.035 | 0.707 | 0.683 | 0.475 | -0.025
5 0.250 | -0.438 | 0.521 | 0.327 | 0.429 0.179
6 0.100 | -0.229 | 0.517 | 0.379 | 0.375 0.275
7 0.050 | -0.462 | 0.320 | -0.841 | 0.541 0.491
Avg. Error = 0.249
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Figure 6.2. TLS results for the 61 x 61 cm steel target at 41.58 m. Rock displacement

simulator (RDS) displacements are the actual or ground truth displacements.
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Table 6.2. Average error for the 61 x 61 cm steel target at 41.58 m. RDS displacements

are the actual displacements.

Avg Avg
Reading| RDS | ScanA | ScanB | ScanC | Disp Error
No (mm) (mm) (mm) (mm) (mm) (mm)
1 5.000 | 6.077 | 5.710 | 6.058 | 5.948 0.948
2 2.000 | 2.609 | 2.486 | 3.402 | 2.832 0.832
3 1.000 | 2.296 | 1.741 | 2.009 | 2.015 1.015
4 0.500 | 1440 | 1.074 | 1433 | 1315 0.815
5 0.250 | 0.931 | 0.963 | 1.129 | 1.007 0.757
6 0.100 | 0.812 | 0.608 | 0.596 | 0.672 0.572
7 0.050 | 0.528 | 0.008 | 0.367 | 0.301 0.251
Avg. Error= 0.742
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Figure 6.3. TLS results for the 46 x 31 cm steel target at 41.58 m. Rock displacement

simulator (RDS) displacements are the actual or ground truth displacements.
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Table 6.3. Average error for the 46 x 31 cm steel target at 41.58 m. RDS displacements

are the actual displacements.

Avg Avg
Reading| RDS | ScanA | ScanB | ScanC | Disp Error
No (mm) (mm) (mm) (mm) (mm) (mm)
1 5.000 | 4.994 | 5.162 | 5.169 | 5.108 0.108
2 2.000 | 2.155 | 2.051 | 2.255 | 2.154 0.154
3 1.000 | 1.614 | 1411 | 1.090 | 1.372 0.372
4 0.500 | 0.671 | 0.938 | 0.892 | 0.834 0.334
5 0.250 | 1.034 | 0.688 | 1.259 | 0.994 0.744
6 0.100 | 1.141 | 0.835 | 0.992 | 0.989 0.889
7 0.050 | 0.422 | 0.452 | 0.534 | 0.469 0.419
Avg. Error= 0.431
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Figure 6.4. TLS results for the 20 x 20 cm steel target at 41.58 m. Rock displacement

simulator (RDS) displacements are the actual or ground truth displacements.
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Table 6.4. Average error for the 20 x 20 cm steel target at 41.58 m. RDS displacements
are the actual displacements.

Avg Avg
Reading| RDS | ScanA | ScanB | ScanC | Disp Error
No (mm) (mm) (mm) (mm) (mm) (mm)
1 5.000 | 5432 | 5266 | 4.800 | 5.166 0.166
2 2000 | 2.732 | 2.218 | 1583 | 2177 0.177
3 1.000 | 1.252 | 1.109 | 0.817 | 1.059 0.059
4 0.500 | 0.679 | 0.458 | 0.224 | 0.454 | -0.046
5 0.250 | -0.288 | 0.817 | 0.336 | 0.480 0.230
6 0.100 | -0.023 | 0.102 | -0.142 | 0.089 -0.011
7 0.050 | -0.311 | 0.170 | -0.242 | 0.241 0.191
Avg. Error= 0.126
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Figure 6.5. TLS results for the 106 x 76 cm steel target at 90.75 m. Rock displacement

simulator (RDS) displacements are the actual or ground truth displacements.
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Table 6.5. Average error for the 106 x 76 cm steel target at 90.75 m. RDS displacements
are the actual displacements.

Avg Avg

Reading| RDS | ScanA | ScanB | ScanC | Disp Error

No (mm) (mm) (mm) (mm) (mm) (mm)
1 5000 | 4.630| 4.371]| 4501 | 4.501 -0.499
2 2000 | 1.761| 1.754| 1.757 | 1.757 -0.243
3 1.000| 0.936| 0.810| 0.873 | 0.873 -0.127
4 0.500 | -0.322| -0.054| 0.188 | 0.188 -0.312
5 0.250 | 0.409| 0.173] 0.291 | 0.291 0.041
6 0.100 | -0.181| 0.252| 0.216 | 0.216 0.116
7 0.050 | -0.519| 0.119] 0.319 | 0.319 0.269
Avg. Error= 0.230

6.2. SECOND MEASUREMENT CAMPAIGN

As presented in Section 5.1, the second measurement campaign was carried out in
Columbia, MO, on April 5, 2018. TLS measurements were performed by Missouri S&T,
and they were post-processed within a week. Results of the measurements taken by the
Noyafa NF-2680 laser distance measurer were very sporadic, and they are not included in
this section. Weather conditions were likely the main factor that caused the Noyafa to
malfunction. TRI measurements were taken by MU students under the supervision of Dr.
Francisco Gomez. Partial results of the TRI test were submitted to the author on June 4,
2018, and the rest of the results on June 27, 2018 (see Table A.1). The results and
comparisons of both TLS and TRI tests are presented in Figures 6.6 t0 6.9.

The results of the measured displacements of the 106 x 76 cm target at an offset
distance of 42 m are presented in Figure 6.6 and Table 6.6. Six of the seven displacements
measured by the TLS instrument are closer to ground truth displacements than those

displacements measured by the TRI. TLS errors vary from 0.019 to 0.484 mm, with an
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average error of 0.156 mm, while TRI errors vary from 0.099 to 0.311 mm, with an average
error of 0.204 mm.

Figure 6.7 and Table 6.7 present the results of the 61 x 61 cm target at an offset
distance of 42 m. As can be seen in this figure, the TLS measured displacements for actual
displacements of 5, 2, and 1 mm are closer to ground truth displacements than those
measured with the TRI. However, the TLS tends to overpredict ground truth displacements
of 0.5, 0.25, 0.1, and 0.05 mm, while the TRI tends to underpredict them. TLS errors vary
from 0.006 to 0.629 mm, with an average error of 0.305 mm, and TRI errors were estimated

between 0.031 to 0.399 mm, with an average error of 0.201 mm.
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Figure 6.6. Measured displacements of the 106 x 76 cm target at 42 m. Rock

displacement simulator (RDS) displacements are the actual or ground truth
displacements.



Table 6.6. TLS versus TRI error for the 106 x 76 cm steel target at 42 m. RDS
displacements are the actual displacements.

TLS TRI

Reading | RDS TLS TRI Error | Error

No (mm) | (mm) | (mm) | (mm) | (mm)

1 5.000 | 4.836 | -5.311 | -0.164 | 0.311

2 2.000 | 1.957 | -1.852 | -0.043 | -0.148

3 1.000 | 1.082 | -1.195 | 0.082 | 0.195

4 0.500 | 0.703 | -0.197 | 0.203 | -0.303

5 0.250 | 0.734 | -0.366 | 0.484 | 0.116

6 0.100 | 0.133 | -0.356 | 0.033 | 0.256

7 0.050 | -0.031 | -0.149 | -0.019 | 0.099

Avg. Error= 0.156  0.204
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Figure 6.7. Measured displacements of the 61 x 61 cm target at 42 m. Rock displacement

simulator (RDS) displacements are the actual or ground truth displacements.
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Table 6.7. TLS versus TRI error for the 61 x 61 cm steel target at 42 m. RDS
displacements are the actual displacements.

TLS TRI
Reading | RDS TLS TRI Error | Error
No (mm) | (mm) | (mm) | (mm) | (mm)

5.000 | 5.006 | -4.817 | 0.006 | -0.183
2.000 | 2.303 | -1.601 | 0.303 | -0.399
1.000 | 1.291 | -0.669 | 0.291 | -0.331
0.500 | 0.865 | -0.276 | 0.365 | -0.224
0.250 | 0.729 | -0.118 | 0.479 | -0.132
0.100 | 0.729 | 0.011 | 0.629 | -0.089
0.050 | -0.111 | -0.081 | 0.061 | 0.031

Avg. Error=  0.319 0.201

N[OOI~ WIN (-

Results of the induced displacements on the 46 x 31 cm target at an offset distance
of 42 m are shown in Figure 6.8 and Table 6.8. In this case, TLS measured displacements
for 5 and 2 mm of movements are closer to ground truth displacements than TRI
measurements. TLS errors were estimated between 0.03 to 0.283 mm, with an average
error of 0.146 mm, and TRI errors were estimated between 0.008 and 0.140 mm, with an
average error of 0.055 mm

The results for the smallest target, 20 x 20 cm at an offset distance of 42 m, are
presented in Figure 6.9 and Table 6.9. For ground truth displacements of 5, 2, 1, 0.5, and
0.25, the TLS measurements are in closer agreement to the actual displacements.
Nevertheless, the TRI measurements for 0.1 and 0.05 mm of displacements are in closer
agreement to the actual displacements. TLS presented an average error of 0.344 mm while

TRI presented an average error of 0.658 mm.
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Figure 6.8. Measured displacements of the 46 x 31 cm target at 42 m. Rock displacement

simulator (RDS) displacements are the actual or ground truth displacements.

Table 6.8. TLS versus TRI error for the 46 x 31 cm steel target at 42 m. RDS
displacements are the actual displacements.

TLS TRI
Reading | RDS TLS TRI Error | Error
No (mm) | (mm) | (mm) | (mm) | (mm)
1 5.000 | 4.947 | -5.123 | -0.053 | 0.123
2 2.000 | 1.951 | -1.860 | -0.049 | -0.140
3 1.000 | 1.283 | -0.940 | 0.283 | -0.060
4 0.500 | 0.756 | -0.502 | 0.256 | 0.002
5 0.250 | 0.396 | -0.232 | 0.146 | -0.018
6 0.100 | 0.307 | -0.137 | 0.207 | 0.037
7 0.050 | 0.080 | -0.042 | 0.030 | -0.008
Avg. Error= 0.146  0.055
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Figure 6.9. Measured displacements of the 20 x 20 cm target at 42 m. Rock displacement

simulator (RDS) displacements are the actual or ground truth displacements.

Table 6.9. TLS versus TRI error for the 20 x 20 cm steel target at 42 m. RDS
displacements are the actual displacements.

TLS TRI
Reading | RDS TLS TRI Error | Error
No (mm) | (mm) | (mm) | (mm) | (mm)
1 5.000 | 5.283 | -6.752 | 0.283 | 1.752
2 2.000 | 2.232 | -0.836 | 0.232 | -1.164
3 1.000 | 1.369 | -0.396 | 0.369 | -0.604
4 0.500 | 0.861 | -0.120 | 0.361 | -0.380
5 0.250 | 0.424 | 0.034 | 0.174 | -0.216
6 0.100 | 0.635 | 0.113 | 0.535 | 0.013
7 0.050 | 0.502 | 0.160 | 0.452 | 0.110
Avg. Error= 0.344  0.658
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As discussed above, the TLS system estimated ground truth displacements greater
than 0.5 mm very accurately. TLS measurements for 5, 2, and 1 mm are closer to ground
truth data than TRl measurements. TRI measurements are slightly closer to ground truth
displacement for 0.5, and 0.25 mm. Gomez (June 4, 2018), stated the following: “I think
we can safely say that the radar cannot really detect the 0.10 and smaller displacements. In
general, it seems to detect movement at the 0.25 mm displacement, although it is noisy.”
Furthermore, TRI measurements for the smallest target (20 x 20 cm) present the biggest
errors of the four targets used in this research.

As presented in Section 5.4.1, displacements larger than one quarter the wavelength
(A4/8) of the TRI were simulated using the RDS. These tests were performed using the 61 x
61 cm target at an offset distance of 42 m. The target was displaced at the following
displacements: 7, 9, 18, 18, 26, and 36 mm. Gomez (June 27, 2018) reported that TLS
results were used to calculate the number of wavelength cycles in order to calculate the
total target displacements (see Table A.2). The results are presented in Figure 6.10 and
Table 6.10. As can be seen in Table 6.10, TLS errors vary between 0.512 and 1.043 mm,
while TRI errors vary between 0.2 and 7.4 mm.

The results presented in Figure 6.10 are of particular importance for this research.
Even with TLS data, TRI errors were calculated in the order of millimeters due to phase
ambiguities. This problem has been pointed out in Section 2 and 4 and is a limitation of
TRI systems in addition to the time required to reduce the data. TLS data can be post-
processed in a week compared to TRI data that takes from two to three months to post-

process. The amount of time required to post-process TRI data may not be acceptable in
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real slope stability problems along highway corridors (i.e., user’s safety, economic impact

of keeping a highway corridor closed, etc.).
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Figure 6.10. Results of measured displacements greater than one quarter the wavelength
of the TRI. The 61 x 61 cm target was positioned an offset distance of 42 m. Rock
displacement simulator (RDS) displacements are the actual or ground truth
displacements.

The results of the measured displacements of the pseudo rock are presented in
Figure 6.11. As it can be seen, both the TLS and TRI show measured displacements very
close to ground truth displacements. The measured errors for both scanners are less than
0.2 mm as shown in Table 6.11. These results show that sub-millimetric displacements can

be detected using TLS and post-processing software.
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Table 6.10. TLS and TRI results and errors for displacements greater than one quarter the

wavelength of the TRI.

TLS TRI
Reading | RDS TLS TRI Error | Error
No (mm) | (mm) (mm) (mm) | (mm)
1 7.000 | 7512 | -2.300 | 0.512 | -4.700
2 9.000 | 9.793 | -9.400 | 0.793 | 0.400
3 18.000 | 18.730 | -18.800 | 0.730 | 0.800
4 18.000 | 16.957 | -10.600 | -1.043 | -7.400
5 26.000 | 25.215 | -26.700 | -0.785 | 0.700
6 36.000 | 34.992 | -36.200 | -1.008 | 0.200
Avg. Error = 0.812  2.367
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Figure 6.11. Results of the pseudo rock displacements.



Table 6.11. Pseudo rock measurements 43 m.

6.3. THIRD MEASUREMENT CAMPAIGN

Reading TLS TRI

No Actual | TLS TRI Error Error

1 2.000 | 1.943 | -1.969 | -0.057 | -0.031

2 1.000 | 1.033 | -1.031 | 0.033 | 0.031

3 0.500 | 0.604 | -0.636 | 0.104 | 0.136

4 0.250 | 0.432 | -0.264 | 0.182 | 0.014

5 0.100 | 0.189 | -0.126 | 0.089 | 0.026
Avg. Error=0.093  0.048
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As presented in Section 5.1, the third measurement campaign was carried out in the

Student Recreation Center of Missouri S&T, on January 2018. TLS measurements were

performed by Missouri S&T students and post-processed within a week. TRI

measurements were taken by Dr. Francisco Gomez from MU with help from his students.

The results and comparisons of both TLS and TRI tests are presented in this section.

Before analyzing the results of this measurement campaign, the following terms

must be defined:

1. ARDS is the RDS displacement. It is the ground truth data. A negative number

means the target is moving towards the TRI or TLS. A positive number means

the target is moving away from the TLS or TRI.

2. RDSyis the average distance between the TRI and the RDS measured with the

Bosch GLR 825 for an n observation.

3. TRInis the average distance between the TRI and a reference target behind the

TRI measured with the Bosch GLR 825 for an n observation.
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. ARDSgosch is the RDS displacement measured with the Bosch GLR 825. It can

be determined using the following equation:

ARDSg,sn, = RDS,.1 — RDS; (6.1)
where the subscript 1 is the base or first reading and n+1 is the subsequent
reading.

. ATRI is the TRI displacement measured with the Bosch GLR 825. It can be
determined using the following equation:

ATRI = TR, — TRI, (6.2)
where the subscript 1 is the base or first reading and n+1 is the subsequent
reading. A negative number means that the TRI is moving towards a reference
target behind the TRI. A positive number means that the TRI is moving away
from a reference target behind the TRI.

. ARDSc is the RDS displacement corrected for TRI repositioning error. It can be
estimated using the following equation:

ARDS; = ARDSg,p, + ATRI. (6.3)
. ARDSE is the measured RDS error. It is the difference between the ground truth
displacement and ARDSc. It can be computed as

ARDSy = ARDS — ARDS,. (6.4)
. The average measurement errors (ARDSg-avg) can be computed using the

following equation:

ARDSy_ g = 22805E (6.5)

n

where n is the number of observations.
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The true phase integer and the experimental phase integer can be computed

using the following equations:

True Phase Integer = I;TDZS (6.6)

ARDSBosh—Rev
—az (6.7)

Bosh Phase Integer =
where A is the wavelength of the TRI, which is 17.2 mm for the TRI used in
this research.

. TLSnis the average distance between the TLS and the RDS measured with the
Leica Scan Station Il or P40 for an n observation.

ATLS is the RDS displacement measured with the Leica Scan Station Il or P40.
It can be determined using the following equation:

ATLS = TLS,,; — TLS, (6.8)
where the subscript 1 is the base or first reading and n+1 is the subsequent
reading. A negative number means that the RDS is moving towards the TLS. A
positive number means that the RDS is moving away from the TLS.

ATLSE is the measured RDS error. It is the difference between the ground truth
displacement and ATLS. It can be computed as

ATLS; = ARDS — ATLS. (6.9)

The average TLS measurement errors (ATLSg-avg) can be computed using the

following equation:

ATLSg_ppg = Z2TE5E, (6.10)

n

The average TLS base (ATLSg.avyg) is the average reading for zero RDS

displacements, and it can be computed as
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ATLSB_Avg — TLSTest K;_TLSTEStR- (6.11)

Test A was discarded as a base reading because of human error.

Table 6.12 presents the ARDS displacements measured with the handheld Bosch
measurement device (ARDSgosch). For such a small and relatively inexpensive device,
compared to the TRI and TLSs used in this research, its accuracy is very good. As we can
see in Table 6.12, the accuracy of the Bosch GLR 825 is below the wavelength (A = 17.2
mm) of the radar used in this research. Furthermore, ARDSgosch Can be used to constrain
ambiguities when displacements are greater than one quarter of the wavelength (4/4) of the
radar, as suggested by Caduff et al. (2015).

Table 6.13 presents the measured TRI displacements after repositioning the
apparatus over a mark on the floor using a laser plummet. Repositioning errors varied from
0.6 mm to 1.4 mm. This finding agrees with what Wujanz et al. (2013) called the TRI single
standpoint problem. According to the authors, even when the precision of TRI systems can
be assumed to be less than 1 mm, such precision cannot be attained during discontinuous
measurements campaigns. Monserrat et al. (2014) also pointed out that TRI data can
contain errors due to the repositioning of the TRI between different campaigns. The authors
stated the following: “These errors are usually non-negligible, especially if “light
positioning” is performed, e.g. by simply materializing the GBSAR location using some
marks.” Nevertheless, as pointed out in Section 3.1.7, ATRI can be used as a geometric
phase component in Equation 3.13 to correct for repositioning errors between two

discontinuous measurement campaigns.
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Table 6.12. Results of the measured displacements of the 61x61 cm target using the
Bosch GLR 825.

Reading | ARDS | Test Bosch Readings (m) RDSh | ARDSgosch
No (mm) | Name 1 2 3 4 (m) (mm)
1 0.0 | A-F | 41.609 | 41.609 | 41.606 | 41.608 | 41.608 0.0
3 -0.5 | B-F | 41.607 | 41.607 | 41.608 | 41.606 | 41.607 -1.0
5 -0.7 | C-F | 41.605 | 41.604 | 41.605 | 41.606 | 41.605 -3.0
7 -1.0 | D-F | 41.606 | 41.608 | 41.608 | 41.606 | 41.607 -1.0
9 -2.0 | E-F | 41.605 | 41.605 | 41.606 | 41.606 | 41.606 -2.5
11 -6.0 | F-F | 41.600 | 41.600 | 41.600 | 41.600 | 41.600 -8.0
13 -12.0 | G-F | 41.594 | 41.595 | 41.595 | 41.595 | 41.595 -13.3
15 -15.0 | H-F | 41.591 | 41.592 | 41.592 | 41.591 | 41.592 -16.5
17 -20.0 I-F | 41.589 | 41.586 | 41.589 | 41.587 | 41.588 -20.3
19 -28.0 | J-F | 41580 | 41.582 | 41.578 | 41.578 | 41.580 -28.5
21 0.0 K-F | 41.607 | 41.607 | 41.607 | 41.606 | 41.607 -1.3
23 -7.0 | M-F | 41,598 | 41.598 | 41.598 | 41.598 | 41.598 -10.0
24 -9.0 N-F | 41.599 | 41.598 | 41.597 | 41.596 | 41.598 -10.5
25 -18.0 | O-F | 41.588 | 41.589 | 41.589 | 41.589 | 41.589 -19.3
26 -26.0 | P-F | 41.581 | 41.580 | 41.579 | 41.582 | 41.581 -27.5
27 -36.0 | Q-F | 41.570 | 41.572 | 41.572 | 41.572 | 41.572 -36.5
28 0 R-F | 41.606 | 41.605 | 41.606 | 41.606 | 41.606 -2.3

Table 6.14 presents the RDS displacements corrected for TRI repositioning errors

(ARDSc). These results are in close agreement to the ground truth displacements (ARDS).

Test M (Reading 23) presents a high ARDSg. This might have been caused by human error

while taking or transcribing the Bosch readings. These kinds of errors can be reduced in

future research by attaching the compact lidar unit to the tower of the TRI and using a lidar

unit capable of transmitting the data over a wireless connection to a computer or readout

unit. Nevertheless, the average measurement error (ARDSg-avg) is sub-millimetric (0.6

mm).
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Table 6.13. Results of the measured repositioning displacements of the TRI using the
Bosch GLR 825.
Reading | ARDS | Test Readings (m) TRIN | ATRI
No (mm) | Name 1 2 3 4 (m) | (mm)
2 0 A-B | 3.4881 | 3.4899 | 3.4898 | 3.4881 | 3.4890 --
4 -0.5 B-B | 3.4862 | 3.4857 | 3.4859 | 3.4865 | 3.4861 0.0
6 -0.7 C-B | 3.4876 | 3.4876 | 3.4871 | 3.4876 | 3.4875 1.4
8 -1 D-B | 3.4872 | 3.4873 | 3.4871 | 3.4871 | 3.4872 11
10 -2 E-B | 3.4866 | 3.4868 | 3.4857 | 3.4868 | 3.4865 0.4
12 -6 F-B | 3.4874 | 3.4875 | 3.4873 | 3.4876 | 3.4875 1.4
14 -12 G-B | 3.4865 | 3.4869 | 3.4869 | 3.4870 | 3.4868 0.8
16 -15 H-B | 3.4866 | 3.4867 | 3.4869 | 3.4867 | 3.4867 0.7
18 -20 I-B | 3.4862 | 3.4864 | 3.4867 | 3.4867 | 3.4865 0.4
20 -28 J-B | 3.4865 | 3.4866 | 3.4865 | 3.4864 | 3.4865 0.4
22 0 K-B | 3.4865 | 3.4869 | 3.4869 | 3.4864 | 3.4867 0.6
22 -7 K-B | 3.4865 | 3.4869 | 3.4869 | 3.4864 | 3.4867 0.6
22 -9 K-B | 3.4865 | 3.4869 | 3.4869 | 3.4864 | 3.4867 0.6
22 -18 K-B | 3.4865 | 3.4869 | 3.4869 | 3.4864 | 3.4867 0.6
22 -26 K-B | 3.4865 | 3.4869 | 3.4869 | 3.4864 | 3.4867 0.6
22 -36 K-B | 3.4865 | 3.4869 | 3.4869 | 3.4864 | 3.4867 0.6
22 0 K-B | 3.4865 | 3.4869 | 3.4869 | 3.4864 | 3.4867 0.6

Using the computed ARDSc, the phase integer value was computed and presented

in the last column of Table 6.14. Except for Test M (Reading 23), the computed phase

integers agree with the ground truth phase integers. As presented in Section 3.1.8, phase

unwrapping is a critical issue in terrestrial radar interferometry. The computed Bosch phase

integers presented in Table 6.14 can be used to constrain the results when displacements

exceed multiple wavelengths, as suggested by Caduff et al. (2015).

The RDS displacements measured with the Leica Scan Station 11 are presented in

Table 6.15. The ATLS were determined by using the average of Readings 21 and 28.

Reading 1 was not included in the average because of human error during that reading. As
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can be seen in Table 6.15, the measured RDS displacements (ATLS) are in very close
agreement with ground truth displacements (RDS). Furthermore, the average error (ATLSE-

Avg) 1S 0.18 mm. This agrees with the results presented in the previous section, namely that

post-processed TLS data can detect sub-millimetric movements of rock.

Table 6.14. RDS displacements corrected for average TRI repositioning errors using the
data collected with the Bosch GLR 825.

True Bosch
Reading | ARDS | Test | ARDSgosch | ARDSc | ARDSg | Phase Phase
No (mm) | Name (mm) (mm) (mm) | Integer | Integer
1 0 A-F 0.0 - -- 0 0
3 -0.5 B-F -1.0 -1.0 0.5 0
5 -0.7 C-F -3.0 -1.6 0.9 0 0
7 -1.0 D-F -1.0 0.1 -1.1 0 0
9 -2.0 E-F -2.5 -2.1 0.1 0 0
11 -6.0 F-F -8.0 -6.6 0.6 0 0
13 -12.0 | G-F -13.3 -12.5 0.5 1 1
15 -15.0 | H-F -16.5 -15.9 0.9 1 1
17 -20.0 | I-F -20.3 -19.3 -0.7 2 2
19 -28.0 | J-F -28.5 -28.1 0.1 3 3
21 0.0 K-F -1.3 -0.7 0.7 0 0
23 -7.0 | M-F -10.0 -9.4 2.4 0 1
24 -9.0 N-F -10.5 -9.9 0.9 1 1
25 -18.0 | O-F -19.3 -18.7 0.7 2 2
26 -26.0 | P-F -27.5 -26.9 0.9 3 3
27 -36.0 | Q-F -36.5 -35.9 -0.1 4 4
28 0.0 R-F -2.3 -1.7 1.7 0 0
ARDSE.avg 0.6

The RDS displacements measured with the Leica Scan Station P40 are presented

in Table 6.16. The ATLS were determined by using the average of Readings 1, 21 and 28.
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As can be seen in Table 6.16, the measured RDS displacements (ATLS) are in very close
agreement with ground truth displacements (RDS). The average error (ATLSg-avg) is 0.30
mm. One more time, the results indicate that TLS with post-processing software can be

used to detect sub-millimetric movements of rock.

Table 6.15. Results of the measured displacements of the 61x61 cm target using the Leica
Scan Station II.

Reading | ARDS | Test TLS Readings (mm) TLSn ATLS ATLSE
No (mm) | Name 1 2 3 (mm) (mm) (mm)
1 0.0 A-F | 41602.2 | 41602.2 | 41602.1 | 41602.2 | -- --
3 -0.5 B-F | 41603.3 | 41603.3 | 41603.2 | 41603.3 -0.38 -0.12
5 -0.7 | C-F |41602.7 | 41603.0 | 41603.0 | 41602.9 -0.76 0.06
7 -1.0 | D-F | 41602.6 | 41602.6 | 41602.7 | 41602.6 -1.03 0.03
9 -2.0 E-F | 41601.7 | 41601.6 | 41601.8 | 41601.7 -1.97 -0.03
11 -6.0 F-F | 41597.3 | 41597.5 | 41597.4 | 41597.4 -6.27 0.27
13 -12.0 | G-F | 41591.5 | 41591.4 | 41591.4 | 41591.4 -12.25 0.25
15 -15.0 | H-F | 41588.4 | 41588.6 | 41588.6 | 41588.5 -15.15 0.15
17 -20.0 | I-F | 41583.6 | 41583.4 | 41583.4 | 41583.5 -20.20 0.20
19 -28.0 | J-F | 41575.7 | 41575.6 | 41575.4 | 41575.6 -28.11 0.11
21 0.0 K-F | 41603.2 | 41603.6 | 41603.5 | 41603.4 -0.24 0.24
23 -7.0 | M-F | 41596.3 | 41596.3 | 41596.4 | 41596.3 -7.32 0.32
24 -9.0 | N-F |41594.4 | 41594.4 | 41594.5 | 41594.4 -0.24 0.24
25 -18.0 | O-F | 41585.4 | 41585.5 | 41585.6 | 41585.5 -18.13 0.13
26 -26.0 | P-F | 41577.4 | 41577.4 | 41577.3 | 41577.4 -26.26 0.26
27 -36.0 | Q-F | 41567.4 | 41567.5 | 41567.6 | 41567.5 -36.18 0.18
28 0.0 R-F | 41603.9 | 41603.9 | 41603.9 | 41603.9 0.24 -0.24
ATLSp.avg = | 41603.7 | ATLSg-avg= 0.18

TRI results were submitted to us by Dr. Gomez on February 12, 2019 (see Table
A.3). These results are compared to both TLS and Bosch results on Figure 6.12 and Table

6.17. As can be seen, TLS errors for the Leica Scan Station Il vary between -0.03 to 0.32
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mm, and TLS errors for the Leica Scan Station P40 vary from 0.00 to 1.22 mm. On the

other hand, TRI errors vary between 0.03 to 8.47 mm. These results are similar to the results
presented in Section 6.2. Even with TLS data, TRI can overpredict displacements in the
order of several millimeters due to ambiguities related to the direction of movement of the
target (i.e. towards or away from the TRI). This is a serious limitation of TRI systems.
Furthermore, the time required to process the data (one week versus five weeks) limits the

applicability of TRI systems for highway projects.

Table 6.16. Results of the measured displacements of the 61x61 cm target using the Leica
Scan Station P40.

Reading | 4ARDS | Test TLS Readings (mm) TLSn ATLSE
No (mm) | Name 1 2 3 (mm) | ATLS (mm) | (mm)
1 0.0 A-F | 41787.1 | 41787.1 | 41787.1 | 41787.1 -0.11 0.11
3 -0.5 B-F | 41786.7 | 41786.8 | 41786.8 | 41786.8 -0.45| -0.05
5 -0.7 C-F | 41786.6 | 41786.5 | 41786.6 | 41786.6 -0.70 0.00
7 -1.0 D-F | 41786.3 | 41786.3 | 41786.3 | 41786.3 -0.97 | -0.03
9 -2.0 E-F | 417854 | 41785.3 | 41785.3 | 41785.3 -1.96 | -0.04
11 -6.0 F-F | 41781.2 | 41781.2 | 41781.2 | 41781.2 -6.08 0.08
13 -12.0 G-F | 417755 | 417755 | 417755 | 417755 -11.77 | -0.23
15 -15.0 | H-F | 417725 | 41772.6 | 417725 | 417725 -14.71 | -0.29
17 -20.0 I-F | 41767.8 | 41767.8 | 41767.8 | 41767.8 -19.49 | -0.51
19 -28.0 J-F | 41760.1 | 41760.1 | 41760.1 | 41760.1 -27.18 | -0.82
21 0.0 K-F | 41787.3 | 41787.2 | 41787.3 | 41787.3 0.02| -0.02
23 -7.0 M-F | 41780.2 | 41780.1 | 41780.2 | 41780.2 -7.08 0.08
24 -9.0 N-F | 41778.4 | 41778.5 | 41778.4 | 41778.4 -8.84 | -0.16
25 -18.0 O-F | 41769.7 | 41769.7 | 41769.7 | 41769.7 -17.53 | -0.47
26 -26.0 P-F | 41761.9 | 41762.1 | 41762.0 | 41762.0 -25.26 | -0.74
27 -36.0 Q-F | 417525 | 41752.5 | 41752.5 | 41752.5 -34.78 | -1.22
28 0.0 R-F | 41787.4 | 41787.3 | 41787.3 | 41787.3 0.10 | -0.10
ATLSp-avg = | 41787.3 | ATLSe-avg= 0.30
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Figure 6.12. Results of measured displacements for the third measurement campaign. The
61 x 61 cm target was positioned an offset distance of approximately 42 m. Rock
displacement simulator (RDS) displacements are the actual or ground truth
displacements.

6.4. SUMMARY

Results of the three measurement campaigns show that sub-millimetric
displacements can be detected with both TLS and TRI systems. TLS data was post
processed with the Missouri S&T Lidar Software developed by Boyko (2014). The
Missouri S&T Lidar Software computes average displacements of the targets. The Leica
Scan Station Il has a single point accuracy distance of 4 mm, as can be seen in Table 4.2.

However, using the Missouri S&T Lidar Software, sub-millimetric displacements (<0.5
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mm) of the RDS were measured. Sub-millimetric displacements were also measured with

the TRI. In this research, displacements as small as 0.25 mm were detected with the TRI.

Displacements measured with both TLS and TRI were in close agreement with ground

truth displacements. Furthermore, TLS accuracy was as good as TRI accuracy.

Table 6.17. TLS SSII, TLS P40, Bosch, and TRI results and errors for the third
measurement campaign.

ATLS | ATLS

ATLS | ATLS Error | Error | 4Bosch | AGPIR

Reading | ARDS | Test | SSII | P40 | 4Bosch | AGPIR | SSII | P40 Error Error

No (mm) | Id. | (mm) | (mm) | (mm) (mm) | (mm) | (mm) | (mm) (mm)
1 0.00 A - - - - - - -
3 0.50 B 0.38 | 0.45 1.00 0.53| 0.2 0.05 0.50 0.03
5 0.70 C 0.76 | 0.70 1.60 0.74| 0.06 | 0.00 0.90 0.04
7 1.00 D 1.03| 0.97 -0.10 1.03| 0.03| 0.03 1.10 0.03
9 2.00 E 197 | 1.96 2.10 2.08| 0.03| 0.04 0.10 0.08
11 6.00 F 6.27 | 6.08 6.63| 1441 0.27| 0.08 0.63 8.41
13 1200 | G | 12.25| 11.77 1250 | 12.15| 0.25| 0.23 0.50 0.15
15 15.00 H 15.15 | 14.71 15.85 1489 | 0.15] 0.29 0.85 0.11
17 20.00 I 20.20 | 19.49 19.33| 19.93| 0.20| 0.51 0.67 0.07
19 28.00 | J 28.11 | 27.18 28.08| 27.71| 0.11| 0.82 0.08 0.29
21 0.00 K 0.24 | -0.02 0.65 0.05| 0.24| 0.02 0.65 0.05
23 7.00 M 7.32| 7.08 9.40| 15.47| 0.32| 0.08 2.40 8.47
24 9.00 N 924 | 884 9.90 890| 0.24| 0.16 0.90 0.10
25 18.00 | O | 18.13| 17.53 1865 | 1776 | 0.13| 047 0.65 0.24
26 26.00 | P | 26.26 | 25.26 2690 | 2558 | 0.26| 0.74 0.90 0.42
27 36.00 | Q | 36.18 | 34.78 3590 | 3550| 0.18 | 1.22 0.10 0.50
28 0.00 R -0.24 | -0.10 1.65 0.06| 0.24| 0.10 1.65 0.06
Average Errors=| 0.18 | 0.30 0.79 1.19

An independent measurement device, the Bosch GLR 825, with an accuracy below

the wavelength of the radar (A = 17.2 mm) was used to constrain the results of the TRI
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when displacements exceeded one quarter the wavelength (4/4) of the radar or when
displacements exceeded multiple wavelengths of the radar. The independent measurement
device can provide valuable information for overcoming the single standpoint problem of

the TRI due to repositioning errors during discontinuous measurement campaigns.
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7. CONCLUSIONS AND RECOMMENDATIONS

This work presented a comparative experimental study between TLS and TRI. Steel
targets of different sizes were constructed and mounted on a rock displacement simulator
(RDS) capable of simulating sub-millimetric rock movements. The Leica Scan Station Il
of the Missouri University of Science and Technology (Missouri S&T) and the Gamma
Portable Interferometric Radar (GPIR) of the University of Missouri at Columbia (MU)
were the main equipment used in this study. The comparative experimental study shows
that both TLS and TRI can be used to detect sub-millimetric displacements. A compact
lidar unit (i.e., Bosch GLR 825) was used as an independent measurement device to
constrain the results of the TRI when rock displacements exceeded multiple wavelengths
of the instrument or when displacements exceeded one quarter the wavelength of the
instrument. It is proposed that measurements taken with a compact lidar unit can be used
to correct TRI measurement for repositioning errors during discontinuous measurement

campaigns.

7.1. CONCLUSIONS

In conclusion, the results of the measurement campaigns carried out in this research
extended out knowledge on methods for detecting precursory rock movements. The
experiments carried out in this research have shown that both TRI and TLS systems can
detect sub-millimetric displacements of single rock targets. Specifically, this research led

to the following findings:
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1. TLS data post-processed with the Missouri S&T Lidar Software can detect sub-

millimetric displacements. The accuracy of the TLS (SSII) improved from its
native resolution of 5 mm to less than 0.5 mm.

2. TRI can detect displacements as small as 0.25 mm during continuous
measurement campaigns. A compact lidar unit attached to the TRI can be used
to solve ambiguities when rock displacements exceed multiple wavelengths or
exceed one quarter the wavelength of the TRI.

3. TRI line-of-sight (LOS) position with respect to a fixed target behind the
instrument can be acquired and later used to provide information about
repositioning errors during discontinuous measurement campaigns.

These findings appear to confirm the hypothesis presented in Section 1.5. That is,

TLS measurements can be used to calibrate the TRI method after repositioning, and TLS
can be used to identify the approximate range of the target to a resolution of less than the
ambiguity range of half the wavelength of the TRI.

The TRI system (Gamma GPIR I1) used in this research suffered from several

limitations. Some of these limitations were the following:

1. Millimetric changes in the position of the instrument during simulated
discontinuous measurement campaigns dramatically reduced the accuracy of
the measurements. Repositioning errors in the same order of magnitude as the
measured RDS displacements were measured with the Bosch laser
measurement device. These errors were non-negligible and could not be

avoided by simply materializing the TRI location using marks on the ground.
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. Ambiguities related to the interferometric phases caused biased deformation
estimates, especially when the RDS displacements exceeded one quarter the
wavelength (4/4) of the instrument. In this research, deformation estimates with
absolute errors of several millimeters (i.e., 7.4 mm during the second
measurement campaign and 8.47 mm during the third measurement campaign)
were detected.

Post-processing the TRI data took several weeks. This limitation is critical for
active landslides or rockslides, and it could seriously limit the applicability of
TRI systems for highway corridors or any other project where human lives are
at stake.

Only displacements parallel to line of sight (LOS) between the TRI and the
target of interest can be detected. The TRI had to be placed perpendicular to the
targets during this research.

. The TRI was top heavy, requiring very flat surfaces for its deployment. This
limits its applicability on rolling terrain or during windy conditions.

No metal objects can be between the TRI and the target. Also, no metal objects
can be behind the target of interest. The exposed surfaces of the tall steel bracket
system used during the first measurement campaign caused the phase
measurements to be off by a factor of two. In this research, this problem was
overcome by using a short frame and by using a target large enough to cover all

the components of the RDS.
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Perhaps the main advantage of the TRI system used in this research was the short
time required to measure the displacements of the RDS. The TRI was able to take a reading
of the RDS in seconds, compared to a couple of minutes required by the TLSs.

The main limitation of the TLS systems used in this research was that their single-
point accuracy was in the order of millimeters. However, as presented in Section 6, TLS
accuracy was greatly improved by using the Missouri S&T Lidar Software that
incorporates averaging techniques. Using this approach, sub-millimetric accuracy was
achieved in this research.

TLS systems have several advantages over TRI systems. TLS systems are lighter,
cheaper, and easier to operate. In addition, the data can be reduced faster, and the results
are easier to visualize. All of these represent big advantages for rock slope evaluation in
highway projects, especially when time represents an economic cost for the state and when

the press requires timely reports from the state’s Department of Transportation.

7.2. RECOMMENDATIONS

Further measurement campaigns under controlled conditions should include
measurements at further line-of-sight distances. Only one test at 90 m could be performed
due to space limitations in controlled environments. Airplane hangar buildings can be used
for such tests.

In this research, sampling densities of 1x1 mm were used. Measurement campaigns
with larger sampling densities should be carried out, and the results should be compared
with TRI results for the same targets.

The Missouri S&T Lidar Software was used in this research to determine

displacements from point clouds. However, other methods have been proposed by Abellan
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et al. (2009) and Kromer et al. (2015). Further research using other methods can help to

select the best point-cloud displacement method to detect precursory rock movements.

It is commonly taken for granted that setup-repositioning errors are negligible for
detecting line-of-sight movements using TRI systems. Repositioning errors in the line of
sight of the TRI were measured in this research. As a matter of fact, errors in the same
order of magnitude as the measured displacements were measured. Therefore, the
possibility of incorporating TRI repositioning errors into the TRI software should be
investigated.

The compact TLS used in this research was handheld due to limitations of space in
the tower of the TRI. The possibility of attaching a compact TLS to the tower of the TRI

should be investigated. This will allow for better precision during measurement campaigns.



Table A.1. TRI results of the second measurement campaign (modified from Gomez, 2018).

0.00 0.05 0.10 0.25 0.50 1.00 2.00 5.00
ARDS Disp. (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
TRI Measured disp disp disp disp disp disp disp disp
Disp. (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Pseudorock 0.10 -0.05 -0.13 -0.26 -0.64 -1.03 -1.97 0.06
106 cm target -0.15 0.11 -0.36 -0.37 -0.20 -1.19 -1.85 -5.31
crl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pseudorock -0.14 -0.16 -0.02 -0.30 -0.57 -1.06 -2.10 -0.05
61 cm target -0.08 -0.16 0.01 -0.12 -0.28 -0.67 -1.60 -4.82
crl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pseudorock 0.00 -0.08 -0.07 -0.28 -0.53 -0.98 -2.00 -0.12
46 cm target -0.04 -0.09 -0.14 -0.23 -0.50 -0.94 -1.86 -5.12
crl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pseudorock 0.18 0.08 0.11 -0.15 -0.53 -0.97 -1.83 -0.09
20 cm target 0.16 0.27 0.11 0.03 -0.12 -0.40 -0.84 -6.75
crl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A.2. Results of measured displacements greater than one quarter the wavelength of the TRI. The

61x61 cm target was positioned at an offset distance of 42 m (modified from Gomez, 2018).

ARDS Displacements (mm) 7.000 | 9.000 18.000 | 18.000 | 26.000 | 36.000
Wrapped displacements (mm) -2.27 -0.79 -1.64 -2.05 -9.49 -1.77
crl (stationary near corner reflector) | 0.00 0.00 0.00 0.00 0.00 0.00
Laser displacement (mm) -7.51 -9.79 -18.73 -16.96 -25.21 -34.99
Phase integer number 0 1 2 1 2 4
Total displacements -2.30 -9.40 -18.80 -10.60 -26.70 -36.20
Difference (laser - GBIR) -5.21 -0.39 0.07 -6.36 1.49 1.21

67T



Table A.3. Results of the measured displacements of the 61x61 cm target using the TRI (modified from Gémez, 2019).

LOS disp. (mm)

Test B C C E F G H | J K M N ¢} P Q R
Reading No 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16
Target -049 | -146 | -141 | -1.72 2.28 | -3.45 206 | -296 | -2.27 | -0.34 122 | 070 | -1.08| -0.39 | -1.81 | -0.37
Target alt. wrap 801 | 704 | 709 | 6.78 | -6.22 5.05 | -6.44 5.54 6.23 | 816 | -7.28 | 7.80 7.42 8.11 6.69 | 8.13
crl 0.04 | -0.72 | -0.38 | 0.35 | -0.31 020 | -0.05| -0.03 | -0.05]|-0.29 | -0.31]-0.30 | -0.32 | -0.31| -0.31] -0.32
Sigma (mm)
Test B C C E F G H | J K M N O P Q R
Target 0.03 | 0.04 [ 0.06 | 0.06 0.07 0.09 0.05 0.09 0.09 | 0.02 0.04 | 0.03 0.05 0.02 0.08 | 0.02
crl 0.03 | 0.04 | 0.06 | 0.06 0.07 0.09 0.05 0.09 0.09 | 0.02 0.04 | 0.03 0.05 0.02 0.08 | 0.02
Non-moving pixels | 0.09 | 0.11 | 0.12 | 0.14 0.14 0.18 0.14 0.16 0.14 | 0.10 0.13 | 0.12 0.12 0.11 0.14 | 0.10
LOS disp. (atmosphere-corrected using crl)
Test B C C E F G H | J K M N O P Q R
Target -0.53 | -0.74 | -1.03 | -2.08 259 | -3.65 211 | -293 | -2.21 | -0.05 153 |-040| -0.76 | -0.08 | -1.50 [ -0.06
target alt. wrap 797 | 776 | 747 | 642 | -591 485 | -6.39 5.57 6.29 | 845 | -6.97 | 810 7.74 8.42 7.00 | 8.44
LiDAR disp. (mm) (provided by S&T)
Test B C C E F G H | J K M N ¢} P Q R
Target -1.00 | -1.60 | 0.10 | -2.10 | -6.60 | -12.50 | -15.90 | -19.30 | -28.10 | -0.70 | -9.40 | -9.90 | -18.70 | -26.90 | -35.90 | -1.70
total disp. (mm) adding integer number of cycles from LiDAR
Test B C C E F G H | J K M N 6] P Q R
Target -0.53 | -0.74 | -1.03 | -2.08 | -14.41 | -12.15 | -14.89 | -19.93 | -27.71 | -0.05 | -15.47 | -8.90 | -17.76 | -25.58 | -35.50 | -0.06
Phase integer 0 0 0 0 -1 -1 -1 -2 -3 0 -1 -1 -2 -3 -4 0

0cT
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