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Abstract: Mechanically Stabilized Earth (MSE) walls retain soil on steep, unstable slopes with crest
loads. Over the last decade, they are becoming quite popular due to their high cost-to-benefit
ratio, design flexibility, and ease of construction. Like any civil infrastructure, MSE walls need
to be continuously monitored according to transportation asset management criteria during and
after the construction stage to ensure that their expected serviceability measures are met and to
detect design and/or construction issues, which could lead to structural failure. Current approaches
for monitoring MSE walls are mostly qualitative (e.g., visual inspection or examination). Besides
being time consuming, visual inspection might have inconsistencies due to human subjectivity.
This research focuses on a comprehensive strategy using a mobile LIDAR mapping System (MLS)
for the acquisition and processing of point clouds covering the MSE wall. The processing strategy
delivers a set of global and local performance measure for MSE walls. Moreover, it is also capable of
handling MSE walls with smooth or textured panels with the latter being the focus of this research
due to its more challenging nature. For this study, an ultra-high-accuracy wheel-based MLS has
been developed to efficiently acquire reliable data conducive to the development of the serviceability
measures. To illustrate the feasibility of the proposed acquisition/processing strategy, two case studies
in this research have been conducted with the first one focusing on the comparative performance of
static and mobile LiDAR in terms of the agreement of the derived serviceability measures. The second
case study aims at illustrating the feasibility of the proposed strategy in handling large textured MSE
walls. Results from both case studies confirm the potential of using MLS for efficient, economic, and
reliable monitoring of MSE walls.

Keywords: textured MSE walls; mobile LIDAR mapping systems (MLS); static terrestrial laser scanning
(TLS); performance/serviceability measures; civil infrastructure; segmentation; characterization

1. Introduction

Mechanically Stabilized Earth (MSE) walls have been widely used to stabilize steep, unstable
slopes that are subjected to crest loads [1]. Low-cost construction and ease of installation have made
MSE walls with precast concrete panels a common infrastructure along transportation corridors within
the United States as well as other countries. For instance, in the state of Indiana, USA, there are roughly
1200 to 1500 MSE walls excluding those on Local Public Agency (LPA) routes [2]. An MSE wall is
comprised of several components including a facade of precast concrete panels supporting many
compacted backfill layers strengthened with geosynthetic or metallic reinforcement [3]. A typical
cross-section of the components of an MSE wall is shown in Figure 1. Modular facing blocks, which

Remote Sens. 2020, 12, 306; doi:10.3390/rs12020306 www.mdpi.com/journal/remotesensing


http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0002-5903-4438
https://orcid.org/0000-0001-6498-5951
http://www.mdpi.com/2072-4292/12/2/306?type=check_update&version=1
http://dx.doi.org/10.3390/rs12020306
http://www.mdpi.com/journal/remotesensing

Remote Sens. 2020, 12, 306 2 of 29

could be smooth or textured—i.e., with several architectural and aesthetically pleasing finishes,
constitute the facade of the MSE wall [4,5]. The key function of these facing panels is preventing
backfill soil material from leaking out of the joints. The joints between the panels permit excessive
water to seep through them. Failure of an MSE wall can lead to loss of life and/or property damage.
Therefore, a monitoring strategy that can quickly, economically, and reliably detect any anomalies in
an MSE wall is of high importance.
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Figure 1. Typical cross-section profile of an MSE wall (modified after [3]).

The long-term performance of an MSE wall relies on a well-designed and constructed system
that meets the specifications provided by regulatory organizations such as the U.S. Department
of Transportation (DOTs). Internal and external inspections are regularly conducted to ensure the
prevention of reinforcement rupture and pullout from the facing panels. A commonly accepted
set of serviceability measures include the longitudinal angular distortion («y) and the transversal
angular distortion (ar), which have been proposed by the American Association of State Highway and
Transportation Officials (AASHTO) [6]. The longitudinal angular distortion () is defined as the ratio
of the differential settlement between two points along the length of the MSE wall to the horizontal
distance between them as illustrated in Figure 2a. The transversal angular distortion (ar) is defined as
the lateral deflection (i.e., out of the wall plane) of the MSE wall divided by its height, as illustrated in
Figure 2b.

Table 1 provides the tolerable a;, values for MSE walls that are constructed using incremental
precast concrete panels with different joint widths. For the transversal angular distortion, during
the construction of an MSE wall with incremental precast concrete panels, the tolerable ar values
when measured with a 3.048 m (10 ft) long straight edge should be less than 1/160. At the end of wall
construction, ar should be less than 1/240 when measured using a plumb line dropped from the top to
the bottom of the constructed wall [6]. In addition to the angular distortions, the U.S. Federal Highway
Administration provided guidelines for tolerable out-of-plane offset between neighboring panels [7].
According to such guidelines, the out-of-plane offset at any joint should be less than 9.53 mm (3/8 in)
during wall construction. The standard serviceability measures, with the exception of the out-of-plane
offset, are global measures focusing on the vertical settlement and lateral deflection of an MSE wall.
However, most MSE wall failures are closely related to local deformations, such as relative angular tilt
and displacement among neighboring panels, as shown in Figure 3. Therefore, a reliable monitoring
should be capable of providing measures that evaluate the deformation behavior of the individual
panels within an MSE wall. Examples of such measures are those proposed by Lin et al. [5].
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Figure 2. Definition of (a) longitudinal and (b) transversal angular distortions.

Table 1. Tolerable longitudinal angular distortion (ar) values for MSE walls constructed with
incremental precast concrete panels (modified from [6]).

Joint Width wj Panel Area < 2.8 m? (30 ft?) 2.8 m? (30 ft?) < Panel Area < 7 m? (75 ft?)
19 mm (0.75 inch) ar, gl = 1/100 = 0.01 ar, ol = 1/200 = 0.005
13 mm (0.50 inch) ar tol = 1/200 = 0.005 ar, ol = 1/300 = 0.003

6 mm (0.25 inch) ar, ol = 1/300 = 0.003 ar, ol = 1/600 = 0.002

(a) (b)

Figure 3. An example of (a) an MSE wall failure that started with (b) an excessive angular deformation
(bulging) between neighboring panels.
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Other than the serviceability measure type, the monitoring strategy should also consider factors
that would affect the practical implementation and scalability of such an approach. Total station,
geotechnical field instrumentations, and/or static Terrestrial Laser Scanning (TLS) are the most
commonly used data acquisition systems for the derivation of the serviceability measures. However,
such instruments require access to the MSE wall site and this could subject the inspectors to hazardous
conditions as a result of incoming traffic. In addition, field data collection is time consuming; thus,
making the monitoring process non-scalable. The third challenge, which should be addressed by
a monitoring strategy, is its ability to deal with both smooth and textured MSE walls that could be
straight or curved (i.e., the MSE wall is comprised of a set of individual planar faces—Figure 4a—or a
single curved facade which could be considered piece-wise planar—Figure 4b). Prior research (e.g.,
Lin et al. [5]) has mainly dealt with planar MSE walls with smooth panels (i.e., the one in Figure 4a).
Therefore, the development of a methodology that could deal with any type of MSE walls would be
valuable. In response to existing challenges for monitoring MSE walls, this research is focusing on
addressing the following three objectives:

(1) Development of a monitoring strategy that could be used for the delivery of both standard and
recently-available serviceability measures,

(2) Themonitoring strategy is based on reliable, scalable data acquisition procedure—more specifically,
point clouds captured by a Mobile LIDAR mapping System (MLS) will be used for serviceability
measures derivation, and

(3) The strategy could handle MSE walls with smooth or textured precast concrete panels along
either planar or piece-wise planar fagades.

In this paper, Section 2 starts with an overview of existing MSE wall monitoring strategies with an
emphasis on those utilizing LiDAR point clouds. Then, the developed MLS data acquisition system
and two case studies used in this paper are presented in Section 3. The first one focused on illustrating
the fact that an MLS can provide similar performance measures to those derived from TLS. The second
case study, on the other hand, aims to illustrate that the data acquisition modality and processing
strategy are capable of monitoring large MSE walls along a transportation corridor. The MSE walls
considered in both case studies have piece-wise planar fagades and are comprised of textured panels.
The study then proceeds with the coverage of the proposed methodology in Section 4 and experimental
results for the two case studies are discussed in Section 5. Finally, in Section 6, it concludes with the
main findings of this study and the recommendations for future research.

(b)

Figure 4. Two types of MSE walls: (a) Multi-face planar MSE wall and (b) Curved MSE wall with
piece-wise planar facade.
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2. Related Work

Commonly used MSE wall monitoring techniques are based on visual inspection/examination
using a variety of instruments, such as measuring tapes and plumb lines. However, such techniques
may have inconsistencies due to human subjectivity that vary over time [8]. Other methods for
evaluating some serviceability measures for MSE walls with precast concrete panels include the use of
a total station or TLS. Laefer et al. [9] proposed an approach for monitoring retaining walls using TLS.
For the data collection, multiple temporal scans are required to detect any movements of the vertically
stacked panels within an MSE wall. Each scan must include at least three spherical targets, which are
used as reference points for registration/alignment and monitoring purposes. The spherical targets
should be placed at the same location for each scanning operation. The study recommended that the
targets are left on-site for the duration of the monitoring course. Oskouie et al. [1] utilized TLS to
acquire point clouds to derive some performance measures for MSE walls. In their research and before
starting any data processing, they first cleaned the data from unwanted objects, such as temporary
steel and wooden brackets. Then, a planar model is fitted through the wall using the random sample
consensus (RANSAC) algorithm [10]. Based on the distance between the fitted plane surface and the
vertical/horizontal joints separating neighboring panels, joint distances are reported. More specifically,
vertical/horizontal joints are considered as outliers when inspecting their normal distances relative
to the fitted wall plane surface. Lienhart et al. [11] presented a practical approach for large-scale
monitoring of retaining walls along Austrian highways using a Mobile Mapping System (MMS).
The measurement platform consisted of two laser scan profilers, inertial measurement unit (IMU),
differential global navigation satellite system (GNSS) receiver, and multiple cameras. The cameras are
utilized to provide true colors for the point clouds. The aligned point clouds from different sensors
were used to generate vertical profiles every 5 cm along the retaining wall by intersecting the wall
surface model with planes orthogonal to the vehicle’s trajectory. A fitted regression along the vertical
profile is then used to derive the tilt angle. They found that it is possible to determine the tilt angle
with an accuracy better than 0.1°. However, their approach is limited to evaluating the transversal
out-of-plane angle of the retaining wall, which is similar to the AASHTO-based transversal angular
distortion (a). Lin et al. [5] utilized TLS to derive the standard longitudinal and transversal angular
distortions of MSE walls with smooth panels. In their work, they also derived new measures that
describe out-of-plane angular tilts and displacements of the panels relative to the individual MSE
wall faces. For the derivation of the standard and new performance measures, Lin et al. [5] defined
coordinate systems for the individual faces and panels, denoted as the Levelled Face (LF) and
Panel (Pcs) coordinate systems, respectively. LF.; was derived by using a plane fitting through a
manually-cropped face of an MSE wall and considering the local horizontal/vertical directions within
the site. The definition of the P, started with the identification of the individual panels through a
region segmentation procedure where the normal distance between the points along the face and
the best fitting plane through these points was used as the segmentation criterion. Following the
panel segmentation, its bounding box—i.e., Minimum Bounding Rectangle (MBR) [12]—was used to
define the Ps. The new serviceability measures developed in their work were based on the spatial and
rotational relationships between the LF; and Pes.

The above literature has already shown the potential of using TLS for MSE wall monitoring while
providing high accuracy, reliable serviceability measures. However, the TLS monitoring strategy
is time-consuming, limit traffic accessibility, and has not been fully tested when dealing with large
MSE walls with either smooth or textured panels. Due to the large number of existing MSE walls,
limited monetary resources, and time-critical needs, the frequency of scheduled inspections is not
always sufficient to detect problems in a timely manner. In order to verify MSE walls integrity more
efficiently, the presented research in this study proposes a monitoring strategy is based on an MLS.
Such systems collect high accuracy, high-resolution point clouds in a short time while driving along
the transportation corridor. The system description along with the involved case studies are presented
next, in Section 3.
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3. Data Acquisition System Specifications and Configuration of the Case Studies

The main objective of this research is illustrating the feasibility of using a wheel-based MLS for the
acquisition of point clouds that could be used for the derivation of standard as well as recently-available
serviceability measures for textured MSE walls. An in-house developed MLS, shown in Figure 5, has
been used for the involved case studies. The system is comprised of two high-grade laser scanners
(VUX-1HA, Riegl, Horn, Austria and Profiler 9012, ZF, Wangen, Germany) and two rear-looking
cameras (two Flea2 5.0MP cameras, FLIR, Wilsonville, OR, USA). Each of the laser scanners has a single
laser beam and delivers a 360° horizontal field of view. The Riegl VUX-1HA and ZF Profiler 9012 can
capture roughly one million points per second each with a range of 150 m (at an accuracy of +£5 mm)
and 120 m (at an accuracy of +2 mm), respectively [13,14]. The sensors onboard the MLS are directly
georeferenced by a ProPaké6 GNSS receiver and an ISA-100C near-navigation grade IMU (NovAtel,
Calgary, AB, Canada). The accuracy of derived GNSS/INS attitude after post-processing is 0.003° for
the pitch/roll angles and 0.004° for the heading (yaw). The positional accuracy, on the other hand, is in
the range of 0.01 to 0.02 m [15]. A rigorous system calibration procedure [16] is used for the estimation
of the mounting parameters—spatial and rotational offsets—between the GNSS/INS and laser scanning
units. The system calibration parameters are estimated through minimizing the discrepancies between
conjugate points, linear features, and planar features captured from different drive-runs.

. GNSS Antenna

. Left LIDAR (Riegl VUX1HA)

". Right LiDAR (Z+F Profiler 9012)
. GNSS/INS unit

. Rear Right Camera

. Rear Left Camera

Figure 5. Configuration of the wheel-based mobile LIDAR mapping system used for the acquisition of
point clouds along MSE walls.

Two textured MSE walls in the state of Indiana were selected to illustrate the feasibility of the
developed MLS and proposed processing strategy for deriving both standard (longitudinal and
transversal angular distortions) and new performance measures introduced by Lin et al. [5]. Site-1
was selected to evaluate the capability of mobile LiDAR in inspecting an MSE wall by comparing the
derived measures to those based on TLS. More specifically, TLS and MLS data were acquired for Site-1.
A Focus x330 TLS unit (Faro, Mary, Florida, USA) which has a range accuracy of +2 mm at 25 m object
distance, has been used for the data acquisition at Site-1 [17]. It has a maximum range of 330 m while
emitting close to one million pulses per second. This scanner provides color-coded point clouds using
a built-in camera. More specifically, at a given location, the TLS performs two consecutive scans with
the first one dedicated to acquiring the 3D point cloud, while the second scan captures successive
images that are used for colorizing the individual points. For Site-2, the dataset, which is only captured
by the MLS, is used to evaluate the performance of mobile LIDAR when dealing with large MSE walls.
Figure 6a,b) show a photo of a portion of the textured MSE walls at Site-1 and Site-2, respectively. As it
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can be seen in Figure 6, both MSE walls have textured panels and are piece-wise planar fagades (i.e.,
the fagades cannot be modeled as a single planar surface).

The textured MSE wall at Site-1 was built in 2017 and is comprised of a single side with piece-wise
planar facade. The total length along the MSE wall is approximately 175 m with a height of 4.5 m.
The MSE wall facing consists of 85 rectangular precast textured concrete panels that are approximately
1.5 m by 3 m in size. The width of the panel joints for the size of the facing panel used in this wall is
19 mm (0.75 in.) as prescribed in the Indiana Department of Transportation standard specifications [18].
Two TLS scans were conducted in order to obtain full coverage of the MSE wall and mitigate any
occlusions caused by vegetation and/or road furniture (e.g., light poles and signs). The MLS system
drove forward and backward, as shown in Figure 7a. The MLS dataset contains point clouds captured
in the two drive runs at an average driving speed of 15 mph collected over almost 30 s. A sample of
the collected point cloud is shown in Figure 8a.

Figure 6b shows a photo of the MSE wall at Site-2. The wall was built in 2014 and has two sides
(denoted hereafter as Side A and Side B) (see Figure 8b), with a length of 175 m and an average height
of 7.5 m. The MSE wall has a total of 296 panels on Side A and 80 panels on Side B. Figure 7b shows the
path of the vehicle travelled during the data collection. The dataset has four drive runs captured at an
average driving speed of 25 mph for over almost 30 s. The double drive runs in each driving direction
as well as the forward and backward drive runs provide a data redundancy, which could mitigate
potential occlusions from nearby objects and degraded resolution from varying scanner-to-object
distance. An example of the MLS point cloud for two drive runs at Site-2 is shown in Figure 8b.

(b)

Figure 6. Sample photos of the textured MSE walls at different sites (a) Site-1 and (b) Site-2 (the different
tiles are highlighted by the red rectangles).
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Figure 7. Location and drive-run configuration for the dataset collection at (a) Site-1 and (b) Site-2.

(b)

Figure 8. MSE wall point clouds collected by the MLS at (a) Site-1 and at (b) Site-2.
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4. Methodology

4.1. Conceptual Basis of the Proposed Methodology

In this research, a scalable, systematic approach for MLS-based monitoring of large MSE walls
with textured precast concrete panels is developed. A flowchart of the proposed procedure, comprising
data acquisition, data processing, and estimation of performance/serviceability measures for MSE walls,
is shown in Figure 9. As previously mentioned, the standard serviceability measures, as proposed by
AASHTO [6], evaluate the longitudinal and transversal angular distortions of a given MSE wall face.
The newly developed serviceability measures by Lin et al. [5] provide the relative displacement and
rotation of the individual panels relative to a Levelled Face coordinate system (LF.). The developed
strategy is designed to be capable of handling MSE walls that have either smooth or textured precast
concrete panels. Moreover, it can handle MSE walls with fully planar or piece-wise planar facades.
Finally, the input point clouds to the processing methodology could be either from MLS or TLS data
acquisition systems.

In order to derive the performance measures, the point clouds captured from different MLS
drive runs or TLS scans need to be registered to a common reference frame. When using a TLS unit,
acquiring several laser scans with significant overlap is a fundamental requirement for guaranteeing
full coverage of the site of interest. The outcome from a TLS scan is a 3D point cloud referenced to a
local coordinate system associated with the scanner’s location and orientation. Hence, a registration
process must be performed when dealing with multiple TLS scans in order to align them relative to a
common reference frame.

Theoretically, registration is not necessary for point clouds acquired by an MLS since they are
directly georeferenced through the onboard GNSS/INS unit. More specifically, the GNSS/INS trajectory,
when combined with the system calibration parameters, produces the position and orientation of the
laser scanners relative to the mapping frame (e.g., the UTM coordinate system with the WGS84 as
the datum for horizontal coordinates and the National American Vertical Datum of 1988—NAVD
88—for vertical coordinate). Therefore, collected point clouds from different drive runs should be
properly aligned as long as there is reliable trajectory data and access to accurate system calibration
parameters. However, issues related to canopy cover, obstructions (e.g., tunnels and/or overhead
bridges), GNSS-signal multipath interference from neighboring traffic, and platform speed could
compromise the GNSS/INS trajectory would lead to alignment discrepancies between overlapping
point clouds from neighboring drive runs. To take advantage of the available/complementary point
cloud data from multiple drive runs, fine alignment must be ensured (i.e., a fine registration must be
conducted to ensure the alignment of the point clouds from the different drive runs).

Regardless whether point clouds were acquired by TLS or MLS units, alignment must be ensured
through a registration procedure. In general, registration strategies can be categorized into coarse and
fine approaches [19,20]. Since this research primarily utilizes MLS point cloud data, which is aligned
to a high degree by the onboard GNSS/INS unit, we focus on fine registration. The point cloud fine
registration strategy adopted in this research is discussed in more detail in Section 4.2.

Once the point clouds of the MSE wall in question have been accurately registered, we proceed
with the identification of individual planar segments of the wall. In other words, if an MSE wall is
multi-face with planar individual faces as shown in Figure 4a or piece-wise planar facade as shown in
Figure 4b, it should be partitioned into sections that are believed to be perfectly planar. Each planar
section will be denoted hereafter as an MSE wall face. In this research, the identification/partitioning of
MSE wall faces is conducted manually. The criterion for the fine-tuning of the partitioning process is
based on the Root Mean Square Error (RMSE) of the normal distances between the constituent points
from the corresponding best-fitting plane through the MSE wall face in question.

The next step is to define the coordinate systems associated with the MSE wall face (the Levelled
Face coordinate system (LF.;)) as well as the individual panels (the Panel coordinate system). These
coordinate systems are essential for determining the standard and new serviceability measures. The LF
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is defined by the local horizontal/vertical directions at the MSE wall site as well as the best fitting plane
through the face in question, as depicted in Figure 10. More specifically, the Y-axis of the LF is defined
in a way that it belongs to the MSE wall face (as defined by the fitted plane parameters) and is parallel
to the horizontal plane as described by the XY-plane of the defined mapping coordinate system at the
site location. The Z-axis of the LF is aligned along the vertical direction, i.e., the plumb line, at the
MSE wall site. Finally, the X-axis of the LF is derived to define a right-handed coordinate system.
To facilitate the definition of the LF, the geo-referencing parameters from the MLS have to be defined
in a local mapping coordinate system with its Z-axis pointing in the local level (plumb line) direction at
the MSE wall site location. The panel coordinate system (Ps) defines the position and the orientation
of individual panels, and it is essential for evaluating the relative displacement between the panels as
well as the relative displacement/rotation between the panels and the Levelled Face coordinate system,
LF¢s. As shown in Figure 10, the panel coordinate system is defined in such a way that two of its axes
are aligned along the bottom and left sides of the bounding rectangle enclosing the panel. The X-axis
of the panel coordinate system is derived to define a right-handed coordinate system (i.e., it is defined
by the normal to the panel surface). A key component for reliable derivation of the serviceability
measures is ensuring that the Panel coordinate system (P) is defined in an identical manner for all
the panels in a given face. To isolate the points making up the individual panels and define the Panel
coordinate systems, Lin et al. [5] adopted a region-growing segmentation procedure which utilizes
the local point spacing and normal distance from the best-fitting plane to the MSE wall face as the
similarity criteria. The underlying assumption for such segmentation is that excessive normal distances
from the best-fitting plane correspond to the joints separating the individual panels. Nevertheless,
such planar segmentation would not accurately isolate the individual panels for a textured wall as
the joints among the panels might not be as distinguishable from the wall texture. In this research,
a unique panel identification strategy has been developed to cope with the imposed challenge by
working with a textured MSE wall. In this strategy, a region-growing segmentation is first applied to
obtain an approximation of the individual panels. A template matching procedure is then performed
to refine the panel extraction result, assuming that the individual panels are identical (i.e., the same
form is used for panel casting). Section 4.3 describes the proposed face and panel extraction strategy in
detail. Finally, after the coordinate systems are established and the individual panels are extracted, the
performance measures can be derived. The derivation of the standard and new performance measures
for textured MSE walls are presented in Section 4.4.

| Riegl || ZF |

| Manual Extraction of MSE Wall Faces |
]

Data Acquisition

Definition of Levelled Coordinate System
(LF¢s)
:
| Panel Identification (Segmentation) |

Data Processing

Definition of Panel Coordinate System
(Pes)
L : )

Standard Measures New Performance Measures
(Angular Distortions) 3D Position and Orientation

Results

Figure 9. Flowchart of the proposed methodology.
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Figure 10. Illustration of the Levelled Face coordinate system (LF.s) and Panel coordinate system (Pcs).

4.2. Registration of Point Clouds from Different MLS Drive Runs and TLS Scans

As mentioned earlier, the first step towards deriving the performance measures for an MSE wall
is to ensure an accurate registration of LiDAR point clouds captured from different MLS drive runs
or different TLS scans. A wide range of point cloud registration procedures have been proposed in
the past few years. According to Habib and Al-Ruzougq [21], a comprehensive registration paradigm
should address four criteria: (1) transformation parameters relating the reference frames of the
involved datasets, (2) registration primitives used for the estimation of the transformation parameters,
(3) mathematical constraints describing the similarity metric between conjugate primitives after
registration, and (4) matching strategy controlling the framework for the automated identification of
conjugate primitives. Due to the short duration for the acquisition of the point cloud from different MLS
drive runs (e.g., less than thirty seconds for the involved case studies), a 6-parameter transformation
(i.e., three shifts and three rotation angles—denoted hereafter as Xt, Y1, Z1, (2, ®, and K) would
be sufficient. For fine registration, point primitives are recommended since the huge redundancy
furnished by the size of the point cloud would ensure the highest accuracy possible for the estimated
transformation parameters even though a point-to-point correspondence cannot be guaranteed in the
data from different drive runs. Moreover, the similarity metric could be modified to handle point
primitives without assuming point-to-point correspondence. The similarity metric could be based
on constraining the distance between a point in one drive run and its corresponding point, which is
established by the matching strategy, after the application of the transformation parameters to be zero.
Addressing the matching strategy is the last task to carry out the alignment process. The well-known
iterative closest point (ICP) method [22] can establish the matches through iterative minimization
of the squared sum of the point-to-point distances in the overlap area between the different drive
runs. A better matching strategy that avoids the underlying assumption of having point-to-point
correspondences is the iterative closest patch (ICPatch) [23], which is a variant of the ICP. Within
the ICPatch, points in one drive run are matched to triangular patches in another drive run. These
triangular patches could be derived through a triangular irregular network (TIN) procedure. In this
case, the matching strategy identifies point-patch pairs through the iterative minimization of the
squared sum of the normal distances between such pairs. To avoid the TIN generation procedure,
which could only handle surfaces with predominantly mild slopes, the iterative closest projected point
(ICPP) was developed [19]. In this case, the patch is defined by the closest three points in the second
drive run to a transformed point from the first one using the current estimate of the transformation
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parameters. The matching strategy aims at identifying the matches and estimating the transformation
parameters through the iterative minimization of the squared sum of the normal distances between the
points in one drive run and their corresponding patch defined by the closest three points in the other
drive run [19].

In this research, a modified matching strategy, which is a hybrid implementation of the ICPatch
and ICPP, is used. More specifically, the procedure starts with an approximate estimate of the
transformation parameters between the captured point clouds from different drive runs. Given that
these point clouds are aligned to a high degree through the onboard GNSS/INS, zero shifts and zero
rotation angles could be used as the initial values for the transformation parameters. Such parameters
are used to transform a point from one drive run—denoted as the source surface—to the reference
frame of the other drive run—denoted as the reference surface. The transformed point (P;) will be used
to identify the three closest points in the reference surface. The closest three points will be accepted as
a possible match if (P;) belongs to a bipyramid formed by these points and two vertices that belong to
the orthogonal to the triangle defined by these three points through its centroid given a predefined
normal distance threshold (Figure 11). The normal distance threshold (1) is selected based on the
noise level within the data. Rather than minimizing the squared sum of the distances between the
transformed point and its projection onto the corresponding triangle (which is implemented in the
ICPP), this research utilized the modified weigh function proposed by the ICPatch for the estimation
process. For more details regarding the modified weight function, interested readers can refer to [23].

Compared to the original ICPatch and ICPP procedures, the advantages of the hybrid approach
include a higher computational efficiency, less sensitivity to the existence of erroneous points (i.e.,
outliers), and capability of registering vertical surfaces, which cannot be effectively handled in the
original ICPatch. An example of the outcome from the point cloud registration is shown in Figure 12,
where two TLS scans at Site-1 are registered together with the MLS point clouds from different
drive runs.

(\\\
7 AN ~
/ N S~ Ps

e o ©
o
® o
° g "
Pt
Reference Point Cloud Source Point Cloud

(@)

Figure 11. (a) Transformation from the source to the reference point cloud, and (b) conditions to accept
the point-to-patch correspondence between the two point clouds.
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Figure 12. Point cloud registration of TLS dataset at Site-1 (colored by the RGB values from the TLS
camera) and the MLS dataset (colored by intensity).

4.3. MSE Wall Face and Panel Extraction

In this section, a semi-automated procedure is introduced to extract the faces and the panels of
the MSE wall. First, the MSE wall needs to be divided into individual faces that can be considered as
planar segments (Figure 13), which corresponds to the MSE wall facade in Figure 4b. The sectioning
process is conducted manually and the planarity of each individual MSE wall face is examined by
applying a plane fitting to the constituent points. A sectioning/partitioning would be accepted if the
root mean square error (RMSE) of the normal distance of the points from the best-fitting plane through
this section is below a threshold that depends on the noise level in the data and the texturing detail in
the panels. Once the individual faces are established, one can proceed with defining the Levelled Face
coordinate system (LF) as explained in Section 4.1. Then, a region-growing segmentation technique is
applied to segment the points comprising the individual panels as described by Habib and Lin [24].
The similarity criteria for the region growing process include the local point spacing and normal
distance between the points and the fitted plane through the face. For a smooth MSE wall face, such
criteria can effectively segment the individual panels, and the Panel coordinate system (Ps) is simply
defined by identifying the Minimum Bounding Rectangle (MBR) enclosing the segmented panels,
as proposed by Lin et al. [5]. Defining the panel coordinate system in a unique manner for textured
MSE walls is much more challenging. The planar segmentation technique mentioned above would
not isolate the individual panels in a unique way as the joints among the panels could not be easily
identified as out of plane features since their normal distances could be within the texture level of the
wall (for example see Figure 14). Moreover, existing occlusions could also affect the segmentation of
the complete panels as shown in Figure 15. Therefore, a strategy based on template matching to refine
the initial panel segmentation result and uniquely define the Panel coordinate system (P) is proposed.

The initially segmented panels are used to extract the approximate corners, which represent
the enclosing rectangle, of the individual panels through a search procedure starting from virtual
points that are defined by the minimum/maximum coordinates of the segmented points. These
corners are then utilized to define an approximate P, for the individual panels and to isolate the point
clouds pertaining to the individual panels. Due to the subjectivity of the segmentation procedure and
consequently the defined panel corners, one cannot assume that the P, is defined in a unique manner
for the different panels. To resolve this issue, a panel matching procedure is carried out while assuming
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that the individual panels are identical (i.e., the same form is used for panel casting). More specifically,
a master panel is selected and used as a template for a panel matching procedure. The master panel
is denoted as the “template panel” with its Pcs denoted as (xp,, ¥p,, zp,). The remaining panels are
denoted as “matching panels” with their approximate Pcs denoted as (xp,, ,, Yp,, os Zpw o). The template
and matching P are defined using the corners of the respective panels (i.e., the origin is defined at
the lower left corner of the segmented panel; the Y and Z axes are defined by the lines connecting
the lower corners and left corners, respectively; and the X-axis defines a right-handed coordinate
system). To identify the panels’ corners in a unique manner, the points enclosed by the template
and matching panels undergo a registration procedure using the modified ICPatch to estimate the
shifts and rotations—as seen in Equation (1)—relating the template P;; and approximate matching
Ps. In this equation, i is the index of a point that have been matched in the template and matching
panels—denoted by k.

e R )

1

where: rf n-K. are the coordinates of point i relative to the approximate matching P, for the kth panel;
rgf”‘ﬂ‘k: are the shifts between the template P.s and the approximate matching P for the kth panel;
R;’;"*”J‘ : is the rotation matrix between the template P.s and approximate matching P for the kth panel
and r?t: are the coordinates of point i relative to the template Pgs.

Following the estimation of the shifts and rotations relating the template P.; and approximate
matching P, the parameters can be utilized to derive the corners for the matching panels—which
correspond to those used for defining the template panel as shown in Figure 16. Using these corners,
the P is defined in a unique manner for all the panels along the MSE wall.

Figure 13. An example of manual extraction of the faces along an MSE wall with piece-wise planar
fagade (different colors along the MSE wall represent the different registered scans).
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Figure 14. Normal distance map for a given face illustrating the fact that joints among the panels could
be distinguished through their normal distance from the best fitting plane to that face (units for the

values along the scale bar are in meters).
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Figure 15. An example of segmented textured MSE wall panels (different colors represent different

segmented panels).
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Figure 16. Refined panel coordinate system (Pcs) through the estimated transformation parameters
relating the template and matching panels.

4.4. MSE Derivation of Standard and New Serviceability Measures

The standard serviceability measures include the longitudinal angular distortions (a) and
the transversal angular distortions (at). The derivation of such measures is based on establishing
longitudinal and transversal lines along the MSE wall face in question. The longitudinal lines are
established using the corners of the horizontal edges of all the panels adjacent to these lines by applying
a line fitting technique. Once the line parameters (i.e., directional vector of the 3D line) are estimated,
a dot product between the directional line parameters and Y-axis components of the LF is used to
obtain the longitudinal angular distortion (ar). The transversal lines for the columns of panels are
derived using the midpoints of the horizontal edges of the uppermost and the lowermost panels of a
given column. Then, a dot product of a vector connecting the midpoints of the uppermost and the
lowermost panel edges and the Z-axis components of the LFs is performed to obtain the transversal
angular distortion (ar). An example of the longitudinal and transversal lines used for a planar face of
the MSE wall at Site-1 is illustrated in Figure 17.
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T7 T8

Figure 17. Longitudinal and transversal lines used to define the angular distortions for a planar face of
the MSE wall at Site-1.

The recently developed serviceability measures by Lin et al. [5] evaluate the relative displacement
and rotations of a panel relative to the Levelled Face coordinate system (LF;). To derive these
serviceability measures, the spatial and rotational relationships between the LF s and P as seen in
Figure 18 are utilized. More specifically, the location of the origin of the P, relative to the LF s—denoted
as Xo, Yo, and Z,—defines the panel position. The rotation angles—denoted as 6Oy, 6, and 0,,—that
need to be applied to the LF s to make it parallel to the P, are used to define the panel orientation.
The final measure is the normal distances between the corners of each panel and the fitted planes
through the corners of neighboring panels. Using the derived corners from the template matching
procedure, one can derive these normal distances as shown in Figure 19. In this figure, eight normal
distances—denoted by the red lines—from the four corners of panel 4 to neighboring panels can be
estimated (i.e., panels 1, 2, 3, 5, 6, and 7). One should note that using the corners enclosing the panels
to define the panel position, orientation, and displacement would exclude the panel texture from
impacting the derived measures.

VA i
LF
0z,
> Y
X p
p
pr ﬁyp Panel Coordinate System (P,,)
Y

XLF \ LF

Levelled Face Coordinate System (LFCS)

Figure 18. Illustration of the relationship between LF. and P¢s for deriving the panel position and
orientation serviceability measures.

Figure 19. Evaluation of panel-to-panel out of-plane displacement.
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5. Experimental Results

Two case studies were carried out to evaluate the capability of the MLS in monitoring MSE walls
with textured precast concrete panels. The case study at Site-1 validates the MLS derived measures by
comparing them against those derived from an -TLS dataset. The case study at Site-2 further highlights
the capability of the MLS by applying the proposed strategy for inspecting a large textured MSE wall.

5.1. Experimental Results for Site-1

5.1.1. LiDAR Point Cloud Alignment

Point cloud registration was performed to register (i) MLS point clouds from the two scanners
onboard the data acquisition system in a given drive run, (ii) the MLS point clouds from two drive
runs, (iii) the TLS point clouds from two scans, and (iv) the MLS and TLS point clouds. The estimated
transformation parameters relating the derived point clouds from the two MLS scanners in a given
drive run can be used to evaluate the quality of the system calibration procedure (i.e., significant
deviations from zero shifts and zero rotation is an indication of residual artifacts in the system
calibration parameters). The estimated transformation parameters between the point clouds from
different drive runs were used to quantitatively evaluate the quality of the GNSS/INS trajectory (i.e.,
significant deviations from zero shifts and zero rotation is an indication of inferior quality of the
GNSS/INS trajectory). The registration of the TLS and MLS point clouds is done to ensure that there
are uniquely defined local vertical and local horizontal directions within the study site.

To evaluate the comparative performance of TLS-based and MLS-based inspection strategies, the
experimental results for this dataset focused on a single face of the wall that has 32 panels. As already
mentioned, this research had two MLS drive runs in opposite directions covering the MSE wall. For the
MLS registration process, a total of three registration steps are conducted. The first and second steps
involved the registration of the Riegl and ZF scans in each drive run. The third step performed the
alignment between the combined/registered scans from the two drive runs. For the TLS, the two scans
were registered. Finally, the TLS and MLS point clouds were registered to a common reference frame
defined by the latter. Figures 20-23 qualitatively illustrate the alignment of the derived point clouds
from the two scanners in a given run, point clouds from two different runs in opposite directions, point
clouds from the two TLS scans, and point clouds from TLS and MLS units. In each of these figures, four
vertical profiles were manually extracted to illustrate the alignment quality. These profiles exhibit an
overall alignment, which is commensurate with the expected accuracy range of the individual system,
between point clouds from the scanners in a given drive run, two drive runs, two TLS scans, and the
TLS/MLS units.

Tables 2-5 show the respective transformation parameters along with the square root of a-posteriori
variance factor (d-) and average/root mean square error (RMSE) of the normal distances between the
registered point clouds in Figures 20-23. Close inspection of Figures 20-23, and Tables 2-5 reveals the
following:

1.  The estimated magnitude of the transformation parameters necessary for the alignment of the
Riegl and ZF scanner point clouds indicates the high quality of the system calibration as indicated
by small values of these parameters (the estimated parameters are in the range of 2 cm and 0.02°).

2. The estimated transformation parameters necessary for the alignment of the MLS point clouds
from different drive runs indicate the presence of some discrepancies between these point clouds in
the range of 3 to 5 cm and —0.01° to 0.19°. These are mainly caused by the impact of environmental
factors on the GNSS/INS trajectory derivation.

3. The reported square root of a-posteriori variance factor (6-) and average/root mean square error
(RMSE) of the normal distances between conjugate primitives for the different point clouds show
the alignment quality following the registration process (i.e., in the 1 to 2 cm range).
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Figure 20. Cross sections illustrating the alignment quality of registered Riegl and ZF scans from a
given drive run for the MSE wall at Site-1.
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Figure 21. Cross sections illustrating the alignment quality of registered point clouds from the two
MLS drive runs for the MSE wall at Site-1.
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Figure 22. Cross sections illustrating the alignment quality of registered TLS scans of the MSE wall

at Site-1.
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Figure 23. Cross sections illustrating the alignment quality of registered TLS and MLS point clouds for
the MSE wall at Site-1.

Table 2. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal distances)
following the registration of the Riegl and ZF scans in a given drive run at Site-1.

Xt (m Yt (m Zr(m Q(deg P(deg K(deg . Average Normal RMSE
G (m) .

+mm) +mm) +mm) =+ sec) + sec) + sec) Dist. (m) (m)

0.020 0.010 0.005  -0.0012  0.022 0.0003

+0.01 +0.03 +0.02 +0.003  +0.029  +0.004 0.0024 0.0023 0.0032
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Table 3. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal distances)
following the registration of the MLS point clouds from different drive runs at Site-1.

Xrm Yrm Zym Q(deg @(deg Ki(deg N Average Normal RMSE
d° (m) :
+mm) +mm) +mm) + sec) + sec) + sec) Dist. (m) (m)

—-0.058 0.032 0.035 -0.012 0.189 0.009
+1.04 +0.270  +0.410  +0.018 +0.120  +0.011

0.016 0.0098 0.018

Table 4. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal distances)
following the registration of the TLS scans at Site-1.

Xt (m YT (m Zrm Q(deg P (deg K(deg N Average Normal RMSE
G- (m) A
+ mm) +mm) + mm) + sec) + secq) + sec) Dist. (m) (m)

-0.817 13.11 -0.722 0.04 0.01 1.06
+2.91 +4.02 +1.34 +0.418 +0.302  +0.220

0.003 0.0048 0.005

Table 5. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal distances)
following the registration of the MLS and TLS point clouds at Site-1.

Xt (m YTt (m Zr(m Q(deg ®(deg K(deg 6 (m) Average Normal RMSE
+mm) +mm) +mm) =*sec) + sec) + sec) Dist. (m) (m)
0.641 0.431 -0.181  —-0.066 0.341 1.67

+1.70 +0.39 +0.70 +0.032 +0.170  +0.018

0.010 0.0052 0.008

5.1.2. Serviceability Measures

Figure 24 illustrates the longitudinal and transversal angular distortions for the textured MSE
wall planar face (TLS in green and MLS in blue) as well as the recommended tolerable angular
distortions (denoted by the red lines). These angular distortions are evaluated using the longitudinal
and transversal lines in Figure 17. The horizontal line in Figure 24a represents the tolerable longitudinal
distortions for a joint width of 19 mm (0.75 in.), while the horizontal lines in Figure 24b represent
the tolerable transversal angular distortions, as prescribed in AASHTO (2014). Figure 24 reveals that
the angular distortions (both longitudinal and transversal) obtained from the MLS closely resemble
those derived using the TLS. This confirms the capability of mobile LiDAR in achieving high quality
assessment of the standard serviceability measures. As far as the MSE wall evaluation is concerned,
Figure 24a,b show that this wall satisfied the longitudinal angular distortion criterion for a joint width
of 19 mm (0.75 in.). However, it failed to meet the tolerable transversal angular distortion criterion
of 1/240.

1/200 0.005 0025

Slope, a

0,001 1/160 ‘
| T R | [p—— e i
L1 L2 L3 L4 LS

ETLS mMLS Tl T2 LE} T4 5 T6 7 T8 9 T10 Ti1 TI12

(a) (b)

Figure 24. Angular distortion for the textured MSE wall face at Site-1: (a) longitudinal angular
distortion along lines L1-L5, and (b) transversal angular distortion along lines T1-T12 (the horizontal
lines represent the tolerable angular distortions)—L1-L5 and T1-T12 are illustrated in Figure 17.
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As for the recently available serviceability measures, the estimated values (namely, the position
of the most lower left corner of each panel—X,, Y,, and Z,—and the angular orientation of each
panel—0y,, 6,,, and 0,,—relating the P.s and LF. coordinate systems) are listed in Table 6 for TLS
and MLS, respectively. For a perfectly constructed MSE wall, the X-coordinate of the origin of the
P relative to the LF, denoted as X,, should be close to zero. Moreover, the YZ-coordinates of the
origin of the P, denoted as Y, and Z,, should reflect the dimensions of the panels as well as the gap
between the panels along the width and height directions, respectively. The position of the panel can
be used to detect potential relative movements among the panels in a given face. Such movement
can be identified and quantified through repetitive scans over time. The second set of measures is the
angular rotations representing the relationship between the LF;; and P.. As mentioned earlier, the
rotation angles 0., 6,,, and 0;, represent the rotations that need to be applied to the LF until it is
parallel to the P.s. More specifically, 6,, and 6;, can be viewed as rotations of the panel out of the LF,
while 0y, represents a rotation in the plane of the panel. For a perfectly constructed MSE wall, these
rotation angles should be as close to zero as possible. Although it is instructive to inspect the data
provided in Table 6 for the 32 panels constituting the textured MSE wall face in question, a graphical
summary is much more intuitive for identifying trends and outliers. Figure 25 shows the Cumulative
Distribution Functions (CDF) for the three angular values (0x,, 6y,, and 6,) and the panel-to-panel
normal distance of TLS and MLS datasets.

Table 6. TLS-based and MLS-based panel parametrization for the textured MSE wall at Site-1.

TLS-Based Measures MLS_Based Measures
D X, Y, Z, Oxp Oyp 0z X, Y, Z, 0xp 0y 0z
(m) (m) (m) (deg) (deg) (deg) (m) (m) (m) (deg) (deg) (deg)
1 0.08 -038 0.06 0.00 000 -038 005 -035 0.00 0.00 0.00 -0.33
2 0.13 -0.38 155 0.01 -0.89 -0.21 0.11 -034 150 -192 -0.83 0.13
3 0.10 265 -032 046 -0.80 -1.11 0.08 266 -0.02 067 -136 -094
4 0.12 2.61 0.81 0.02 -1.06 -126 0.08 2.64 0.76 020 -119 -143
5 0.14 2.62 232 -0.64 1.06 -1.04 0.11 2.65 227 -043 0.67 -1.08
6 0.16 5.61 0.03 0.62 —-043 -057 0.13 563 —-0.02 0.62 -051 -0.58
7 0.18 5.61 1.53 054 -042 -076 0.16 5.63 1.48 050 -0.61 -0.70
8 0.23 5.61 3.02 -0.17 2.04 -0.35 0.20 5.64 2.98 0.01 1.12 -0.36
9 0.21 8.41 0.15 009 -378 -0.79 0.19 8.60 —0.06 086 -1.67 -0.54
10 0.20 8.57 0.78 0.17 -0.02 -0.87 0.18 8.62 0.73 028 -0.11 -0.79
11 0.25 8.58 2.29 0.10 -1.06 -0.60 0.23 8.63 2.24 0.41 -1.25 -0.55
12 0.25 11.58 0.40 034 —-088 -042 022 11.62 036 —-024 -0.61 027
13 0.27 11.57 1.52 0.21 -043 -0.08 0.24 11.60 1.47 0.10 -0.52 -0.11
14 0.30 11.58 3.02 034 -105 -0.07 0.28 11.61 298 -031 -1.14 0.05
15 0.27 14.56 0.77 046 —-0.62 0.05 0.25 14.61 0.73 0.62 -0.89 0.25
16 0.29 14.56 2.28 037 -124 -0.06 027 14.61 2.23 0.66 -135 0.12
17 0.29 14.58 3.77 0.30 0.00 0.01 0.28 14.63 3.74 -1.84 -1.00 0.09
18 0.28 17.56 0.76 092 -144 021 0.25 17.62 1.01 -024 020 0.28
19 0.28 17.56 1.54 024 -059 -0.08 0.25 17.62 1.50 028 -0.79 -0.07
20 0.30 17.56 3.04 030 -1.19 -0.06 0.28 17.61 2.99 057 -154 -0.01
21 027 2055 1.11 154 -042 030 024  20.55 1.10 -173 -0.33 0.30
22 0.30 20.55 2.28 0.01 -0.71 0.26 0.27  20.59 224 -0.15 -091 0.28
23 0.31 20.55 378 —-0.65 -1.68 0.10 0.29 20.60 373 028 -204 021
24 0.28 23.55 1.53 037 -141 -0.06 0.25 23.58 148 -0.01 -151 0.10
25 0.28 23.55 3.02 048 -1.11 -020 0.26 23.60 2.98 052 -1.27 -0.05
26 0.25 26.51 1.52 037 044 048 0.22 26.53 149 -051 -0.80 0.51
27 027 2653 2.28 032 -081 0.63 0.25 26.58 2.24 019 -1.03 0.83
28 0.29 26.54 3.77 0.49 0.15 0.61 0.27  26.59 3.71 0.09 -0.11 0.73
29 0.22 29.67 1.90 0.28 0.01 0.13 0.20 29.58 1.86 0.41 -0.47 0.28
30 0.26 29.53 3.04 028 -0.66 045 0.23 2957 3.03 -046 -071 047
31 0.23 32.52 2.29 037 -0.86 1.23 0.21 32.56 2.24 015 -1.09 1.27

[€5]
N

026 3252 3.78 054 -063 141 023 3256 373 -056 075 144
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Figure 25. Cumulative Distribution Functions (CDF) for panel 3D orientation and panel-to-panel
displacement using TLS (in blue) and MLS (in red) point clouds at Site-1.

Table 7 provides summary statistics of the proposed serviceability measures for the investigated
32 MSE wall panels using TLS and MLS point clouds, respectively. For TLS-based derivation measures,
the 95th percentile values of angular tilts (6x,, 0y,, and 0;,) are 0.62°, 0.15°, and 0.63°, respectively.
These values almost agree with same measures derived from MLS-based. For the TLS/MLS comparative
evaluation, Table 8 shows the statistics of the differences between the TLS-based and the MLS-based
serviceability measures. In this table, it can be concluded that MLS-based similarity measures are
within 5 cm and 0.5° when compared to those from TLS.

Table 7. TLS-based and MLS-based summary statistics of the derived serviceability measures for the
MSE wall at Site-1.

TLS MLS
Panel-to-Panel Panel-to-Panel
Oxp Oyp Ozp i Oxp Oyp Ozp i
(deg) (deg) (deg) Dlspzlljl;i;nent (deg) (deg) (deg) Dlsp(l:li;;nent
Sample Size 32 32 32 167 32 32 32 169
Minimum Value -0.65 -3.78 -1.26 —24.50 -0.84 -2.04 -143 -29.00
Maximum Value 1.54 2.04 1.41 23.10 0.86 1.12 1.44 32.50
Range 1.26 1.83 1.74 47.60 1.39 1.87 1.91 61.50
Average 028 -0.67 -0.10 -0.01 006 -0.77 -0.02 0.39
Standard Deviation 0.39 0.92 0.62 8.28 0.46 0.67 0.63 8.59
5th Percentile -0.64 -1.68 -1.11 -13.60 -0.73 -1.67 -1.08 -11.30
25th Percentile 0.09 -1.06 -0.57 -5.70 -031 -125 -0.54 -5.60
50th Percentile (median) 0.30 -071 -0.07 0.20 0.09 -0.89  0.04 0.10
75th Percentile 046 -042 021 5.40 0.41 -0.51 028 5.50
95th Percentile 0.62 0.15 0.63 11.80 0.66 0.20 0.83 13.50

Interquartile Range (IQR) 0.37 0.64 0.78 11.10 0.71 0.74 0.82 11.10
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Table 8. RMSE of the differences between the TLS-based and MLS-based serviceability measures for
the MSE wall at Site-1.

0xp 0y 02 Panel-to-Panel
Xom) Yo (m)  Z, (m) (deg) (deg) (deg) Displacement (m)

RMSE 0.02 0.05 0.06 0.39 0.55 0.11 0.0178

5.2. Experimental Results for Site-2

This dataset is used to further highlight the MLS capability in deriving serviceability measures for
a large textured MSE wall. As previously mentioned, the MSE wall at Site-2 has a total of 376 panels
along two sides (296 panels along Side A and 80 panels along Side B). There are a total of 4 drive runs
in two opposite directions—two drive runs in each direction—covering the MSE wall. The drive runs
in each direction cover only one side of the MSE wall. Side A and Side B are sectioned into 6 and
4 planar faces, respectively. To illustrate some of the results from the proposed processing strategy,
the following discussion focuses on one face with 31 panels. For the overall summary statistics, the
serviceability measures for 285 of the 376 panels are reported (incomplete and partially occluded panels
were excluded).

Similar to the processing workflow for Site-1, the registration between the two scanners (i.e., Riegl
and ZF sensors) in a given drive run was first performed. Then, the point clouds from the different
drive runs were registered. In total, there were three registration steps for the MLS scans in a given
direction (two steps for the registration of the Riegl and ZF scans in each of the two drive runs in that
direction and the third step for the alignment of the combined/registered scans from those drive runs).
Qualitative evaluation of the alignment following the registration procedure when applied to the
scanners’ point clouds in a given run and the point clouds from two drive runs is shown in Figures 26
and 27, respectively. The two different colors (e.g., red and blue) in Figures 26 and 27 represent two
scanners and two different drive runs, respectively. In those figures, four cross-sectional profiles are
used to illustrate the alignment quality. The estimated transformation parameters together with the
associated statistics are shown in Tables 9 and 10. Inspection of the profile alignment in Figures 26
and 27 as well as the reported transformation parameters in Tables 9 and 10 further confirms the derived
observations from Site-1; namely, high quality of the system calibration parameters, small discrepancies
caused by the GNSS/INS trajectory, and very good alignment following the registration process.
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Figure 26. Cross sections illustrating the alignment quality of the Riegl and ZF point clouds from a
given drive run of the MSE wall at Site-2.
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Figure 27. Cross sections illustrating the alignment quality of MLS point clouds from two drive runs in
the same direction of the MSE wall at Site-2.

Table 9. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal distances)
following the registration of the Riegl and ZF point clouds for one of the drive runs at Site-2.

Xt (m + YTt (m Zr(m Q(deg P (deg Kideg 5 (m) Average Normal RMSE
mm) +mm) + mm) + sec) + sec) + sec) o Dist. (m) (m)

0.011 0.019 0.014 -0.04 0.13 -0.008
+0.02 +0.04 +0.03 +0.011 +0.029  +0.004

0.0045 0.0033 0.0062

Table 10. Estimated transformation parameters and quality measures (square root of a-posteriori
variance factor, average normal distance among point-patch pairs, and RMSE of the normal distances)
following the registration of the MLS point clouds from two drive runs of the MSE wall at Site-2.

Xt (m + YTt (m Zr(m Q(deg P (deg Kideg 6 (m) Average Normal RMSE
mm) +mm) + mm) + sec) + sec) + sec) Dist. (m) (m)

—-0.065 -0.009 -0.037 -0.011 -0.028 0.009
+0.01 +0.02 +0.02 +0.007  +0.014 +0.00

0.0039 0.003 0.0043

Following the registration of the different point clouds, this research proceeds by deriving the
different serviceability measures. The established longitudinal and transversal lines in Figure 28
are used for evaluating the angular distortions for one of the MSE wall faces at Site-2. Figure 29
illustrates the longitudinal and transversal angular distortions for that face as well as the tolerable
angular distortions (i.e., denoted by red lines). The horizontal line in Figure 29a represents the tolerable
longitudinal distortions for a joint width of 19 mm (0.75 in.), while the horizontal lines in Figure 29b
represent the tolerable transversal angular distortions, as prescribed in AASHTO [6]. As shown in
Figure 29a,b, this MSE wall face satisfied the longitudinal angular distortion criterion for a joint width
of 19 mm (0.75 in.). However, it failed to meet the tolerable transversal angular distortion criterion
of 1/240.

The estimated values of the other serviceability measures (namely, the position of the most lower
left corner of each panel—X,, Y,, and, Z,—and the angular orientation of each panel—6y,, 6,,, and
0,,—relating the LF and P coordinate systems) for the illustrative face with 31 panels are listed in
Table 11.

Table 12 provides statistics of the proposed serviceability measures for all the complete/
non-occluded panels of the textured MSE wall at Site-2 (285 panels). Although it is instructive



Remote Sens. 2020, 12, 306 25 of 29

to inspect the data provided in Table 12 for all the panels constituting the textured MSE wall, a graphical
summary is much more intuitive for identifying trends and outliers. Figure 30 shows the Cumulative
Distribution Functions (CDF) for the three angular values (0x,, 6,,, and 6,) and the panel-to-panel
normal distance of the MLS dataset at this site. One of the basic assumptions of MSE walls is that the
joints (i.e., gaps) between panels are sufficiently close and have minimal offset along the X-axis of
the P.s between neighboring panels—according to FHWA (2009). It can be concluded from this table
that 75% of the panels have an offset less than 0.6 cm, which indicates that the wall meets tolerable
out-plane offset as prescribed by FHWA (2009).

Table 11. MLS-based panel parametrization for one of the MSE wall faces at Site-2.

ID X, (m) Y, (m) Z, (m) Oxp (deg) 0yp (deg) 02 (deg)

1 0.02 0.06 0.13 0.00 0.00 0.96
2 0.03 0.05 0.80 0.71 2.52 0.92
3 0.08 0.05 2.34 -0.12 2.01 1.12
4 0.12 0.00 3.87 -1.11 3.45 1.15
5 -0.02 3.05 0.09 -0.15 1.80 0.29
6 0.00 3.06 1.54 0.88 2.62 0.24
7 0.05 3.05 3.11 -0.29 1.45 0.20
8 —-0.04 6.05 0.12 -0.26 0.67 0.58
9 -0.03 6.03 0.81 0.03 2.81 0.48
10 0.02 6.04 2.35 -0.08 2.79 0.30
11 0.06 6.02 3.82 —-0.48 1.02 0.30
12 -0.05 9.16 0.51 -0.33 1.31 —-0.04
13 -0.03 9.03 1.53 1.02 3.25 -0.31
14 0.05 9.05 3.09 -0.54 0.97 0.19
15 —-0.04 12.03 0.35 1.61 -0.55 -0.27
16 -0.04 12.05 0.84 -0.23 3.06 -0.29
17 0.02 12.02 2.38 -0.66 1.88 -0.15
18 0.04 12.04 3.89 -0.22 1.76 0.14
19 -0.03 15.03 0.54 0.99 1.74 0.15
20 0.01 15.03 1.61 -0.28 240 0.34
21 0.04 15.05 3.16 -0.30 0.28 0.46
22 -0.04 18.03 0.80 0.45 2.13 -0.24
23 0.00 18.05 2.38 0.71 1.52 -0.03
24 0.02 18.02 3.82 0.33 1.09 0.05
25 —-0.03 21.02 0.73 0.60 1.07 —-0.63
26 -0.02 21.03 1.55 1.27 3.07 -0.99
27 0.03 21.01 3.09 -0.94 0.60 -0.91
28 0.03 20.96 4.64 -1.93 0.83 -0.32
29 0.01 24.03 0.85 —-0.66 3.14 -0.24
30 0.07 24.02 2.35 -0.52 1.07 -0.23
31 0.06 24.00 3.83 -0.26 0.09 -0.17

Table 12. MLS-based summary statistics of the serviceability measures for 285 panels of the MSE wall

at Site-2.
0,y (deg) 0yp (deg) 02y (deg) Panel-to-Panel Displacement (mm)
Sample Size 285 285 285 1538
Minimum Value -2.95 -2.09 -1.72 -31.40
Maximum Value 2.85 3.61 1.81 34.90
Range 5.80 5.70 3.53 66.30
Average 0.16 0.55 0.01 -0.21
Standard Deviation 0.92 1.02 0.52 9.03
5th Percentile -1.10 -0.87 -0.86 -14.70
25th Percentile -0.37 -0.10 -0.33 —6.40
50th Percentile (median) 0.00 0.41 0.00 -0.30
75th Percentile 0.73 1.12 0.34 5.90
95th Percentile 1.89 2.62 0.87 14.00

Interquartile Range (IQR) 1.10 1.22 0.67 12.30
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Figure 28. Longitudinal and transversal lines used for defining angular distortions for one of the faces
of the MSE wall at Site-2.
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Figure 29. Angular distortions for one of the faces of the MSE wall at Site-2: (a) longitudinal angular
distortion along lines L1-L4, and (b) transversal angular distortion along lines T1-T9 (the horizontal
red lines represent the tolerable angular distortions).
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Figure 30. Cumulative Distribution Functions (CDF) for the MLS-based panel 3D orientation and

panel-to-panel displacement at Site-2.
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6. Conclusions and Recommendations for Future Work

MSE walls are a commonly-used civil infrastructure due to their economic benefits, ease of
construction, and accommodating tight right-of-way constraints. Continuous monitoring of MSE walls
is necessary to ensure their performance using a wide range of serviceability measures that describe
both global and local deformations within the wall. Current approaches for MSE wall monitoring
are time consuming, limit access to transportation corridors, and could subject the inspectors and/or
instrument operators to risk from incoming traffic. Prior research has shown that TLS is a promising
tool for deriving standard/global and new/local serviceability measures. The time-consuming nature
of scanner set-up and data collection makes it an impractical approach that could not be scalable.
Therefore, this research has proposed the use of MLS for the data acquisition and introduced a
processing framework that could produce all types of serviceability measures. Achieving the research
objectives has been tested through two case studies with the first one evaluating the comparative
performance of TLS and MLS data acquisition modalities. The second case study aimed at illustrating
the feasibility of using MLS for monitoring large MSE walls. The key findings/contributions of the
proposed acquisition/processing strategy can be summarized as follows:

(1) Ilustrating the potential of Mobile LiDAR in collecting point clouds with sufficient point density
to derive global and local serviceability measures;

(2) Introducing a framework for point cloud processing, which include registration, segmentation,
panel isolation, and serviceability measures evaluation, more specifically:

(a) A hybrid approach has been introduced for the fine registration of scans from different
sensors in a given drive run and scans from different drive runs;

(b)  Arigorous procedure has been devised to identify/isolate the individual panels along the
MSE wall in a unique manner. For this task, a template matching procedure has been
developed to ensure consistent definition of the individual panels along the wall;

() The extracted panels are then used to derive both global and local serviceability measures;

(3) With an accurate system calibration and high quality GNSS/INS onboard the Mobile LiDAR
System (MLS), point clouds from different sensors and different drive runs are shown to enhance
the level of the detail in the collected point clouds;

(4) The potential of MLS has been evaluated through comparative evaluation with TLS—derived
serviceability measures from TLS and MLS are in close agreement;

(5) Extensive testing with multiple real datasets has shown the feasibility of the different components
of the proposed processing strategy. To the best of the authors’ knowledge, this is the first study
of its kind (i.e., first study that has verified the ability of mobile LiDAR in the acquisition and
generation of wide-range of serviceability measures for textured MSE walls).

The proposed methodology in this research can be used to establish acceptance criteria for new
projects, to derive measures for monitoring the long-term serviceability of existing MSE walls, and/or
to propose criteria to assess the serviceability of MSE walls in regions susceptible to natural disasters.
This would, in turn, result in reducing costs associated with infrastructure management, and improving
the overall quality of our infrastructure by enhancing maintenance operations. Future extensions of
the work will focus on the following actions:

(1) Development of a fully automated partitioning process for MSE walls with piece-wise planar
facades,

(2) Incorporate the reported discrepancies among the point clouds from multiple scans onboard
the MLS or different drive runs to improve the system calibration and GNSS/INS trajectory, or
identify the proper transformation function relating point clouds from different drive runs (the
latter would be critical for excessively long MSE walls),
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(3) Investigate the impact of environmental parameters (neighboring traffic) as well as technical
factors (driving speed) on the derived serviceability measures,

(4) Expand the processing strategy to handle MSE walls with non-identical panels that could be
either smooth or textured, and

(5) Investigate the potential of using lower grade MLS as well as less point density in generating
reliable serviceability measures.
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