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Abstract

The measurement of displacement is an important factor to evaluate the stability of a retaining structure. In this paper, a
large-scale retaining structure with a width of 70 m and a height of 6 m was monitored using 3-D laser scanning. Displace-
ment mapping was proposed to globally monitor the entire retaining structure. The point cloud obtained immediately after
the excavation was converted into the mesh, and the point clouds obtained on the second and seventh days after excava-
tion were compared to the mesh using the Cloud to Mesh (C2M) comparison method. Since the C2M displacement can be
underestimated in the inclined section of the sheet pile, after filtering using the azimuth and element angles automatically,
only the flat sections of the sheet pile can be segmented from original point clouds collectively and consistently. The dis-
placement mapping results identify not only the local behavior of the sheet pile, such as the bending point and the maximum
displacement position, but also the global behavior, such as the expansion of the maximum displacement in the retaining
structure. The results of the displacement mapping were confirmed through site investigation as well. In the displacement
mapping result, the maximum displacement was found around rows 2 and 3 of the 37th sheet pile, and the analyzed result of
the load cell installed on the anchor indicated that the anchor constructed in the 37th sheet pile shows the plastic behavior. It
was established that other sheet piles are affected by the damage to the local anchor through the H-beam and the maximum
displacement in the displacement mapping is expanded horizontally in a positive parabola shape. Therefore, it was con-
firmed that displacement mapping using laser scanning can complement existing monitoring techniques and can contribute
to evaluating the behavior of a large-scale retaining structure during excavation.
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1 Introduction

Reinforcement is necessary to prevent the collapse of the
ground in an excavation site, and sheet piles are widely used
to reinforce a retaining structure. Each sheet pile is con-
nected with others by interlocking them to create the entire
retaining structure. It is possible to prevent the collapse of
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the soil induced by excavation by driving the sheet pile into
the ground before excavation. To minimize the displacement
of the soil, reinforcement materials such as soil nailing or
anchors are applied with the sheet pile as well. Various stud-
ies have been conducted on the interaction between anchors
and sheet piles in field experiments using numerical analysis
[3, 7,29, 31, 37]. Seo et al. [27, 32] conducted a study that
can improve the stability of the retaining wall while propos-
ing a method which combines an anchor and soil nailing.
Research on the behavior of the anchored sheet pile to estab-
lish the dynamic behavior of the ground is being conducted
[6, 20]. The anchor in the sheet pile minimizes the relaxation
of the soil in terms of static or dynamic ground behavior.
Therefore, anchors can also minimize the collapse of the
ground when applying prestress in geotechnical structures
[26, 28, 29, 31]. Despite the use of various reinforcement
methods, failure of the retaining structure can occur during
excavation or due to various factors on the site [19].
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Monitoring techniques are applied to determine the sta-
bility of the retaining structure during construction. Field
monitoring is mainly used to measure the vertical direction
and horizontal displacement of the ground behind the retain-
ing structure through a borehole such as an extensometer, or
an inclinometer and a tonal station can measure the displace-
ment of a certain point where the target is installed [1, 2, 17].
However, since conventional monitoring methods can only
monitor a specific area, the entire retaining structure cannot
be monitored using these methods. It is difficult to determine
in which section local damage will occur because the ground
is excavated on a large scale in the retaining structure. There-
fore, studies have been conducted to globally monitor entire
retaining structures. Mani et al. [18] undertook construction
management using the Building Information Model through
photography acquired every day during construction. Hain
and Zaghi [12] conducted inspection and monitoring of
dry-stone masonry retaining walls using photogrammetry.
In particular, many studies are being conducted to measure
the displacement of infrastructure [8, 15, 22] but photogram-
metry has a low resolution when it comes to measuring the
behavior of large-scale structures.

Laser scanning monitoring has higher accuracy than pho-
togrammetry and can represent structures in three dimen-
sions using numerous point clouds. Various studies have
been conducted to improve the accuracy of laser scanning.
Hack [10] studied laser metrology for precision measure-
ments and inspection in industry. Hack [11] developed lasers
and optical devices and introduced production technology.
Dias-Lalcaca et al. [9] measured strain in electronic pack-
ages, using coherent fiber-bundles, with a laser-based instru-
ment as well. Laser scanning has been widely applied to
Building Information Modelling (BIM) because it is not
highly accurate as a monitoring technique [4, 5]. Soga et al.
[33] conducted a study on applying a smart monitoring tech-
nique that enables permanent and global monitoring of geo-
technical structures. Laser scanning monitoring is being con-
ducted on infrastructures [16, 23-25]. Studies in which laser
scanning is used as a monitoring technique at excavation
sites have been conducted [13, 35, 36]. Since laser scanning
can monitor the deformation of the entire site due to excava-
tion, studies have also been conducted to apply displacement
monitoring to urban excavation [14, 34]. Recently, research
on monitoring using laser scanning has been conducted to
assess the stability of a retaining structure and it is necessary
to improve the accuracy of this monitoring technique [27,
32, 38]. Errors can be generated depending on the surface
condition of the structure because a shadowed area occurs in
a rough or curved shape [23, 25]. Since the retaining struc-
ture monitored in this paper is composed of sheet piles, the
surface is relatively flat compared to structures such as soil
mixing walls and piles. Therefore, monitoring of this site
was conducted using laser scanning to obtain point clouds
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to define the behavior of the retaining structure globally.
After removing the effect of inclined section in the sheet
pile in by data processing, the sheet pile was divided into 6
rows and 47 columns to allow displacement analysis to be
performed on 251 elements of point clouds. It was possible
to analyze the global behavior as well as the local damage of
the retaining structure by performing displacement mapping
for the entire retaining structure.

2 Displacement mapping method

Point cloud data can simulate the three-dimensional shape of
a large-scale structure with a single laser scan. Therefore, it
is possible to analyze the displacement in three dimensions
for a large-scale structure. This paper proposed a displace-
ment mapping method that can analyze the displacement
behavior of large-scale structures using 3D point clouds.
Laser scanning has been applied as a monitoring technique
in limited infrastructures due to the low resolution and accu-
racy. It is also affected by applied construction methods. If
data are collected by scanning the target structure, a proper
point cloud comparison method needs to be selected for
the distance calculation between the different point clouds.
Since each point cloud comparison method is affected by
shapes and factors such as roughness and curvature of the
target structure, pre-treatment of the point cloud to minimize
errors is required. The point cloud after pre-treatment has
to be segmented into a number of elements for displace-
ment mapping. The displacement is calculated by comparing
the point clouds belonging to each element. The calculated
displacement can be visualized by the displacement map-
ping, and the location of the maximum displacement and the
expansion pattern of the displacement can also be evaluated
using the displacement mapping. Finally, the cause of the
displacement can be identified by an in-depth analysis of
the location of excessive displacement. The framework of
displacement mapping is shown in Fig. 1, and, in this paper,
the displacement mapping of a retaining structure composed
of sheet piles was performed following the framework.

3 Site selection: retaining structure

The site where the retaining structure was constructed has
a total area of 5.6 ha, and large-scaled excavation was con-
ducted. In this paper, a part of the retaining structure in the
entire site was selected and monitored. As shown in Fig. 2a,
the retaining structure is composed of sheet piles. Each sheet
pile has a length of 17.5 m, and each set of sheet piles is
constructed at 1.5 m intervals. Before excavation, the sheet
pile was constructed using a driving machine (see Fig. 2b).
Anchors which were 21 m long were installed at 1 m below
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Fig.2 Overview of retaining structure site

the top of the sheet pile. The movement of a retaining
structure can be minimized, in terms of the displacement
induced by excavation, by prestressing the installed anchors
(see Fig. 2c). The excavation was started approximately 1 m
below the ground surface after the installation of anchors
(see Fig. 2d). The ground was excavated for 7 days by exca-
vators. In this paper, laser scanning was conducted on the

Sheet pile

head

(b) Sheet piles of retaining structure

i,

Excavation

(d) Excavation of site

day when excavation was completed, 2 days after excava-
tion, and 7 days after excavation to evaluate the behavior
of the retaining structure, composed of sheet piles, after
excavation.

The retaining structure was divided into three sections:
Sections A, B and C (see Fig. 3). The ground to be excavated
was inclined as shown in Fig. 3a. A section of around 70 m
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(a) Initial stage of ground

(b) Excavation of inclined gound

(c) Excavation of section A and B

Fig.3 Excavation procedure

of the slope was located in Section C of the retaining struc-
ture, and this section was excavated first (see Fig. 3b). The
remaining ground near Sections B and A of the remaining
retaining structure was excavated later (see Fig. 3c). Since
the length of the entire retaining structure including Sec-
tion C was around 75 m, bending in the horizontal direction
could occur. Since Section C of the retaining structure was
connected to Section A and Section B, confining stress could
apply to the boundary between Section C and Section B.
Therefore, displacement could be greater due to excavation
in Section C as the distance from Section B increased. In
this paper, the behavior of the retaining structure generated
by such an excavation was predicted and then monitored.

4 Methodology
4.1 Laser scanning

The retaining structure of about 70 m in length and 6 m in
height was monitored after excavation in this paper and the

schematic diagram to show the monitoring plan is shown in
Fig. 4a. Since laser scanning can allow three-dimensional
monitoring of the entire structure, it is possible to obtain
results like having millions of total stations. Therefore, the
behavior of the entire structure was analyzed by displace-
ment mapping using 3-D laser scanning. Laser scanning was
performed in three locations: facing the retaining structure
in front, on the excavated ground, and above Section A (see
Fig. 4b). Scanning was performed at 3 different points in
time, at three locations and hence 11 targets were installed
to merge the collected point clouds into one coordinate sys-
tem (see Fig. 4c). Since 11 targets were installed in different
directions, even if an error occurred in 1 or 2 targets, the
registration error of the point cloud can be compensated for
by the other targets. The Leica P40 model laser scanner used
in this paper, with accuracy range of 1.2 mm+ 10 ppm over
its full range. The resolution was set as 1.6 mm at 10 m for
the field monitoring. Since a retaining structure composed
of sheet piles has a flatter surface than a mixed structure of
concrete and soil, such as a soil mixing wall (SMW), errors
due to surface conditions could be minimized [23-25]. To
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Fig.4 Monitoring technologies in retaining structure site

determine whether the laser scanning result was appropriate,
four total station targets (C1, C2, C3, C4) were installed on
the heads of the sheet piles and compared with the displace-
ment results calculated using the laser scanning data. The
total station can only monitor specific points, but it can mon-
itor during the entire construction period. The laser scanning
aims to monitor the entire excavation surface exposed imme-
diately after the excavation is completed, since it is possible
to monitor the entire retaining structure but it is constrained
by the monitoring time or site conditions. A set of sheet piles
was installed at 1.5 m intervals with other sheet piles so that
the point clouds of sheet piles were analyzed by splitting
those at 1.5 m intervals in the horizontal direction. The four
targets of the total station corresponded to numbers S9, S24,
S37, and S47, in the sheet piles and the analysis position was
calculated based on the first sheet pile (S1). Each anchor

(c) Reference targets

was constructed one by one for each sheet pile set, and a
load cell was installed on the anchor constructed at S37 to
measure the load variation of the anchor due to excavation.
The detailed location of the installed monitoring system is
shown in Table 1.

4.2 Data analysis methods

The specific area of an object can be shadowed depending
on the location of the laser scanner and site conditions
and hence laser scanning needs to be performed in vari-
ous positions to minimize the shadow effect. As shown in
Fig. 5a, since each surface of the sheet pile has a different
angle, a surface can be obscured depending on the angle
between the scanner and the structure. The resolution also
varied depending on the distance between the scanner and
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the structure. In the case of large-scale structures, such as
the retaining structure monitored in this paper, the resolu-
tion of areas located far from the scanner decreased pro-
portionally with the distance. Therefore, laser scanning
was performed at three locations to minimize the shad-
owed area in this paper. Each point cloud with a different
local coordinate system can be represented in one global
coordinate system using 11 reference targets. Figure 5b
shows an example of the point cloud acquired in this
paper, and it can be seen that the entire retaining structure
was covered by the laser scanning.

To determine the distance between point clouds, Cloud to
Cloud (C2C) and Cloud to Mesh (C2M) methods are widely
used. The C2C method provides an average value by calcu-
lating the distance between an individual point in one point
cloud and the closest point among points in another point
cloud. In the C2M method, an average distance is provided
by calculating the distance between a mesh created from
one point cloud and points in another point cloud. As shown
in Fig. 6, two point clouds scanned in different periods can
be compared in laser scanning monitoring. If the analysis
is performed by the C2C method, nearest points between

Table 1 Location of monitoring

Sheet pile number S1
system

Distance from S1 (m) 0
Total station No. -
Distance from S1 (m)

Load cell of Anchor -

Distance from S1 (m)

S9 S24 S37 S47 -

12.0 345 54.0 69

Cl1 Cc2 C3 - C4

12.6 35.1 54.6 74.6

- - AC1 - -
54.0

e . .
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F,
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Scan 1

Merged Point Cloud

(a) Merging point clouds

Fig.5 Registration of point clouds

Fig.6 Selection of analysis
method
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difference point clouds are directly compared, so that the
movement of the actual structure can be over- or underesti-
mated. If the resolution of the point cloud is not higher than
the expected displacement, the results evaluated by the C2C
method are dominant on the resolution of the point cloud.
However, since the C2M distance is calculated after mesh-
ing a point cloud, the displacement evaluation error can be
reduced more than that evaluated by the C2C method. There-
fore, it is possible to minimize errors using the C2M method
due to resolution in field monitoring of large-scale structures
such as a retaining structure. However, if the direction in
which the displacement occurs is not perpendicular to the
surface of the structure, such as the inclined surface of the
sheet pile in Fig. 6, the C2M distance can lead to underes-
timation of the actual displacement because the points are
compared to the nearest mesh for the distance calculation.
Therefore, data processing was performed to remove the
inclined section of the sheet pile so that the error induced
by the inclined section of the sheet pile is not reflected in the
displacement calculation for the sheet pile.

4.3 Pre-treatment of point clouds

Since both inclined and flat sections are included in a set
of sheet piles, in-depth analysis is needed to define the
effect of the inclined section in C2M analysis. The C2M
distance distribution patterns in the inclined section and
the flat section are defined by comparing the point clouds
of the sheet pile before and after excavation. The point
cloud expressed in red in Fig. 7a is the collected point
cloud immediately after excavation, and the point cloud
expressed in white is the point cloud collected 7 days after
the excavation. Figure 7b shows the distribution of points
in terms of the C2M distances for inclined and flat sec-
tions. In the results based on calculating the C2M dis-
tance by meshing the point cloud obtained immediately
after excavation, the flat section has a mean C2M distance
of 4.277 mm, showing a difference of about 0.03 mm

(a) Two sections in point clouds

Fig. 7 Effect of inclined section in C2M distance calculation

from the total station result. However, the mean C2M
distance of the inclined section is 1.996 mm, which is
about 2.25 mm smaller than the displacement measured
by the total station. This is because the direction in which
the displacement occurs in the inclined section is not
perpendicular to the surface of the inclined section. The
C2M distance calculated in the inclined section can lead
to underestimation of the actual displacement, and hence
data processing was performed to remove the point cloud
of the inclined section in this paper.

Before performing displacement mapping of the point
cloud, it was necessary to undertake data processing for the
point cloud. As illustrated in Fig. 7, the inclined section and
the flat section have to be separated in the sheet pile and
then the inclined section has to be removed to minimize
the displacement calculation error caused by the inclined
section. Although it is possible to divide the point cloud
manually, to divide all point clouds for sheet piles consist-
ently, an automatic segmentation method was proposed for
this paper. As shown in Fig. 8a, the area with the sheet pile
can be segmented from the original point cloud. The point
cloud of the sheet pile has locally angled regions as well
as inclined sections. Therefore, the global azimuth angle
of the point cloud was analyzed. As shown in Fig. 8b, the
distribution of points is concentrated on two peaks. Since the
azimuth angle representing the flat area of sheet pile is dis-
tributed mainly around 78.5°, the global azimuth angle was
filtered in consideration of an error of +5° from 78.5°. To
remove the inclined section described in Fig. 7, the pattern
of the elevation angle was identified, and points represent-
ing the flat section were distributed around 0°; the points
representing the inclined section show a pattern in which
the elevation angle increases or decreases depending on the
position (see Fig. 8c). Density-based spatial clustering of
applications with noise (DBSCAN)-clustering was used to
separate the filtered point cloud into individual sheet pile
elements [21]. Therefore, filtering was performed in con-
sideration of an error of +5° from 0°. The local curvatures
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Fig. 8 Data processing to remove inclined section and local curvature

and inclined sections were filtered using the azimuth and
elevation angles, and the results are shown in Fig. 8d.

5 Displacement mapping of retaining
structure

5.1 Segmentation of sheet pile elements

Laser scanning can express a three-dimensional shape with
numerous points so that it can compensate for the shortcom-
ings of the conventional monitoring system, which can cover
the local area or specific points. In this paper, a displace-
ment mapping method is proposed in order to analyze the
displacement of an entire structure with a 3-D point cloud
collected during field monitoring. The flat sections of the
47 sheet piles automatically divided in Fig. 8 are shown in
Fig. 9a. The point cloud collected 7 days after excavation
was unable to scan certain areas located at the bottom of
the sheet piles in columns 13 to 16 with any scanning angle
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(d) Filtered point cloud

because the anchor installation machine was on site dur-
ing scanning (see Fig. 9b). As shown in Fig. 9c, all sheet
piles were divided into six columns to create the elements
necessary for the displacement mapping. The center of the
first row, corresponding to the head of the pile, was located
about 0.35 m below the ground surface. Elements includ-
ing anchors under the pile head, which were approximately
1.5 m long, were excluded from analysis. The remaining five
rows were divided into 1 m intervals as shown in Fig. 9c.
The number of elements divided for displacement mapping
was 251, and point clouds and C2M distances obtained on
the second and seventh days after excavation were calculated
based on the mesh converted from the point cloud obtained
immediately after excavation from each element.

Figure 10 is an example to show the C2M analysis for the
elements of a sheet pile. Figure 10a shows an example where
the displacement that occurs is about 16 mm, and this ele-
ment is located in row 2 and column 36. The mesh converted
from the point cloud obtained immediately after the excava-
tion shows a noticeable difference from the points obtained
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47 columns

I' Row
Anchored Row

Anchor installation
machine
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(b) Shadowed area due to anchor installation (¢) Divided element in a sheet pile

Fig.9 Divided point clouds for displacement mapping

Fig. 10 Examples of mesh to
cloud comparison at different
elements of sheet pile (row,
column)

(a) Mean C2M distance: 15.97 mm (2, 36) (b) Mean C2M distance: 12.81 mm (1, 28)

(c) Mean C2M distance: 8.93 mm (2, 26) (d) Mean C2M distance: 4.85 mm (1, 17)
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7 days after the excavation. Since the sheet pile has a flat
surface and less curvature than a concrete structure, such as
an SMW, it can be seen that the actual sheet pile is clearly
expressed as a mesh. Figure 10b shows the case where the
displacement that occurs is about 12.8 mm with the element
located in row 1 and column 28. It can be seen that the spac-
ing between the mesh and the points is clearly checked at
the 0.1 m view scale. Figure 10c shows the mesh and point
comparison of the elements located in row 2 and column
26, and the displacement is about 8.93 mm. Although the
points are still located in front of the element, the distance
between the mesh and the point has decreased significantly.
Figure 10d shows the comparison of the meshes and points
of the elements located in row 1 and column 17, and the
displacement is about 4.85 mm. It can be seen that the mesh
and the points are closely attached compared to the other
point cloud comparisons. Each element shows a similar pat-
tern to the examples in Fig. 10, and when the point cloud
from 7 days after excavation is compared with the mesh of
the point cloud obtained immediately after excavation, it
is verified that the C2M results not only have a tendency
according to the position of the element, but also clearly
express the excavation displacement.

5.2 Verification of the monitoring availability
of laser scanning

To find out whether laser scanning is applicable as a dis-
placement monitoring technique for the retaining structure,
the analysis results of the total station, which are generally
used to measure the displacement of the retaining wall,
were compared with the results of laser scanning. Since
the total station was monitored over the entire construction
period at each target point, temporal trends were compared
based on the results of the total station. Since the entire
area of the retaining structure could be monitored by laser
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Fig. 11 Comparison results between laser scanning and total station
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scanning, the spatial trend was compared with the results
for the total station based on the results of laser scan-
ning. The accuracy of the total station used in this site was
1 mm. Figure 11a shows a comparison of the total station
and laser scanning results according to the monitoring date
at sheet pile location S37. Since laser scanning can scan
the excavation surface immediately after the completion
of excavation, the monitoring timing was undertaken later
than of the scanning for the total station. The total station
monitored during the entire excavation period from before
the excavation, and hence the displacement on day 0 of
laser scanning, shifted to 6.19 mm, which is the displace-
ment measured by the total station. The total station results
show that the displacement increases dramatically imme-
diately after excavation, and converges after 4 days. The
maximum displacement was 32.97 mm, which was about
0.55% of the excavation height (6.0 m). When comparing
the results with laser scanning, it can be seen that the trend
is almost the same. In this paper, total station monitor-
ing was performed using four targets (C1, C2, C3, C4)
installed in the section of the retaining structure where the
laser scanning was performed. Figure 11b shows the C2M
distance of the point cloud and the displacement calcula-
tion result for the total station corresponding to the pile
head at the first column of the sheet pile. As shown in the
results for the laser scanning, the displacement was less
than about 5 mm until around 25 m, then the displacement
increased from 25 m gradually and then decreased again
after the maximum displacement occurred at about 54 m.
The tendency of the displacement to increase or decrease
according to each position is similar to the results for the
total station. The displacements at points C1, C2, and C3,
where the total station targets were installed, differed from
the results for the laser scanning by 0.61 mm, — 0.29 mm,
and 1.99 mm, respectively. Therefore, it was verified that
the laser scanning and point cloud comparison method
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O Total station (C1 to C4)
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used in this paper are appropriate for use as a monitor-
ing system to define the behavior of a retaining structure
composed of sheet piles, and hence point cloud analysis
was conducted for the entire retaining structure.

5.3 Displacement mapping using C2M method

While conventional monitoring techniques have been able
to measure the displacement of a specific point, laser scan-
ning can monitor the entire structure with numerous points.
Therefore, in this paper, C2M displacement analysis was
performed on the 251 elements of the sheet pile point clouds

corresponding to the retaining structure, and the shadowed
area was excluded from the analysis. Figure 12a shows the
results of displacement mapping for the retaining structure
by comparing the point cloud obtained immediately after
the excavation with the point cloud obtained 7 days after the
excavation. The displacement mapping result clearly shows
the displacement expansion pattern of the retaining structure
caused by the excavation. The maximum displacement was
18.48 mm in row 3 and column 37. The elements where
the displacement is larger than 17 mm are from columns
35 to 38 in row 1, column 37 column in row 2, and column
27 in row 3, respectively, and there is a positive parabolic

1(2(3(4|(5(6(7 (8|9 (10(11|12|13|14|15|16|17|18|19|20|21|22|23|24 |25
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(a) Displacement mapping of sheet piles in retaining strucuture
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displacement pattern that decreases as the elements descend
from the pile head. The width of the positive parabola is
wider with a decrease in the displacement, indicating that
the retaining structure protrudes in the horizontal direction.
Most of the results for row 2 shows that the displacement
is small or similar to row 3, but the displacement is smaller
than in row 1. Anchors and H-beams are installed between
the first and second rows and the skin friction of the anchors
is mobilized as displacement increases, and hence confining
stress against to the retaining structure is operated by the
fixed points of anchors on the beam. Therefore, it is found
that the movement of the sheet piles is restricted by the
installed anchors according to the displacement mapping
results. Displacement decreases dramatically as the position
of the sheet pile approaches Section B. The displacement
is mostly controlled within 5 mm if the column number is
lower than S21. It can be seen that the displacement behavior
is controlled by the horizontal earth pressure of the ground
itself because Section B is located at the corner and the
ground in Section A is perpendicular to Section C. To define
the expansion of the maximum displacement occurring at
S37 in the horizontal direction, the displacement mapping
result, re-evaluated with a displacement scale interval of
5 mm, is shown in Fig. 12b. The area where displacement
of more than 15 mm has occurred affects up to 4 rows in a
narrow parabolic area. The area where the displacement of
more than 10 mm is further expanded and it is located within
columns 29 to 46, and the area where the displacement of
more than 5 mm is expanded to column 22. As shown in the
displacement mapping result in Fig. 12, the maximum dis-
placement generated at line 37 of the sheet pile is expanded
out in a parabolic form in the horizontal direction. The dis-
placement mapping shows that it is possible to evaluate the
global and local behaviors of the retaining structure due to
excavation.

The sheet piles are connected to each other by inter-
locking so that generally, they behave together, but since

]
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Row 5
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(a) Displacement variation in horizontal direction

Fig. 13 Displacement variation of sheet pile
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each sheet pile is not perfectly connected, sheet piles that
behave independently can be found in the displacement
mapping. Therefore, analysis needs to be performed to
define the behavior of sheet piles that behave indepen-
dently. Detailed analysis was performed on each row and
column of sheet piles, and the results are shown in Fig. 13.
Figure 13a shows the horizontal displacement variation for
each row. It can be seen from the displacement results that
large bending occurs in the horizontal direction around
sheet piles S37 and S22. In the results for horizontal dis-
placement for each row, row 1 has a displacement greater
than that of other rows in most elements. Rows 2 and 3
have a similar pattern due to the confining effect of the
anchors, and rows 3, 4 and 5 show a pattern in which the
displacement decreases with the increase of row number.
Figure 13b shows the displacement variation in the verti-
cal direction, which is analyzed to clarify the reduction
pattern in each row. In the results for columns 10, 21, 25,
and 30, the displacement decreases linearly from rows 2
to 5. The displacement in row 2 decreases more rapidly
than that in the first row due to the influence of the anchor
and H-beam. The displacement also decreases more rap-
idly in the 6th row than that in the 5th row, and it can
be seen that the bottom of the pile has not moved due to
the unexcavated ground. Therefore, it was established that
large banding occurs at the boundary between the unex-
cavated ground and the bottom of the sheet pile. Sheet
pile S37 shows a slightly different result to that for other
sheet piles. Most of the sheet piles showed maximum dis-
placement at the pile head and this then decreased when
from the head of the pile to the bottom. But in S37, there
are a few reductions in displacement in row 2, and row 3
has the largest displacement among all the elements. The
maximum displacement thus generated causes positive
parabolic-shaped displacement behavior in the retaining
structure. Displacement mapping through laser scanning
can define the local behavior of each sheet pile as well as
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0

e
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the overall displacement behavior of an entire retaining
structure. Displacement mapping also indicated that exces-
sive displacement occurred in a specific sheet pile, and
thus how this sheet pile affects the overall behaviour of the
retaining structure can be defined. Therefore, the displace-
ment mapping presented the basis for in-depth analysis of
the behavior of sheet pile S37, which caused movement
across the entire retaining structure.

5.4 In-depth analysis of damaged section detected
by displacement mapping

It has been established that a large displacement occurred
around the S37 sheet pile according to the displacement
mapping results and field investigation. A load cell was
installed on the anchor face constructed in S37 to contin-
uously measure the load variation over time. At this site,
about 95 kN of prestress was applied during anchoring
to reduce the stress release of the soils due to the excava-
tion. Three PC strands with a diameter of 15.2 mm were

used as anchor reinforcements, as shown in Fig. 14a. The
length of the anchor was 21 m, and grouting was injected
up to about 13 m from the tip of the anchor. The anchor
was installed into four different soils as shown in Fig. 14b.
Since each anchor was connected in a horizontal direction
by the H-beam, they all had the same behavior as each other.
Therefore, if one anchor is damaged, other sheet piles are
affected through the H-beam, and damage in one anchor can
be compensated for by the resistances of other anchors as
well. A total of 43 drainage wells were installed and excava-
tion was carried out under drainage conditions. The detailed
drainage wells layout is shown in Fig. 14c.

To determine the stability of the anchor installed in S37,
the ultimate resistance of the anchor has to be evaluated.
The stability of the anchor can be identified by comparing
the calculated ultimate resistance force and the data of the
load cell installed on the anchor. The ultimate skin friction
of the anchor can be calculated using the soil properties pre-
sented in Fig. 14b. If it is assumed that the anchor installed
in S37 has excessive displacement, the ultimate skin friction

0m
y = 18.0kN/m®
Fill dirt - 10kPa
@ =10.0°
29m
Silty clay loam y =17.3kN/m® ¢ =10kPa ¢ =8.0°
3.9m
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Clay ¢ =46.3kPa
i
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. _ 3 round
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c¢=5.7kPa
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(a) Installed anchor

¢=23.7°

(b) Ground conditions in retaining structure

Section C

(c) Locations of drainage wells

Fig. 14 Ground condition around installed anchor
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needs to be considered in the plastic state for the calculation.
Therefore, the theory of ultimate skin friction proposed by
Zhenggui and Werner [39] and modified by Seo et al. [30]
was applied in this paper. The equation for estimating the
coefficient of pullout friction (f*) is:

f

P = TR+ /(= 200 + 2Ky tany

ey

where @ is tan @, u is the Poisson’s ratio, K, is the coefficient
of lateral earth pressure at rest and y is the dilatancy angle.
The skin friction of cohesive soil (z;) can be estimated using
the following equation:
7 =f"0, +c 2)
where o,, is mean normal stress applied to the surface of
an anchor and c is the cohesion. The soil parameters for
calculating the ultimate skin friction force were estimated
by the laboratory tests, and the ultimate skin friction force
calculated by Eq. (2) is shown in Table 1. The summation of
ultimate skin friction forces acting on each ground was cal-
culated as 234.5 kN, which was calculated under a drained
condition (see Table 2).

In the displacement mapping results for the entire sheet
pile, the displacement of most sheet piles decreased as the

position of the pile element was lowered to the bottom of
the pile. However, elements in rows 2 and 3 of S37 not only
caused excessive displacement compared to other sheet
piles (S35 and S38) as shown in Fig. 15a, but there was also
greater displacement in row 3 than in the pile head (row 1).
The load cell data of the anchor installed in S37 were ana-
lyzed to define the reason for the excessive displacement in
rows 2 and 3 of S37. As shown in Fig. 15b, day 0 was the day
when the excavation was completed, and this was the same
day as that on which day O of laser scanning monitoring took
place. When the anchor was installed, a prestress of about
95 kN was applied. However, the load acting on the anchor
increased during the excavation and the maximum load was
about 231.47 kN. Then, it rapidly decreased after the excava-
tion was completed, to about 218.37 kN. When compared
with the ultimate skin friction force calculated in Table 1,
the anchor was in a plastic state after the ultimate skin fric-
tion force from the excavation was mobilized. Therefore,
excessive displacement occurred without an increase in the
active earth pressure after the plastic state. Other sheet piles
were affected by the excessive displacement of S37 caused
by the plastic behavior of the anchor through the H-beam,
and hence the result of displacement mapping shows a posi-
tive parabola formed from S37 and expanded horizontally.

Table 2 Evaluation of skin

NN Depth (m) Bonded Y o,kPa) c(kPa) @(°) Y(°) wu K, 7(kPa) T(kN)
friction in anchor length (m) (KN /m3)
0-2.9 - 18.0 19.58 No grouting
2.9-3.9 - 17.3 26.06
3.9-7.0 5.5 19.5 48.73 46.3 162 6 0.3 043 622 107.4
7.0-9.5 5.5 18.9 66.45 35.1 153 6 0.3 043 553 95.6
9.5< 2.0 18.8 73.5 5.7 237 9 033 049 50.1 31.5
Displacement (mm) 240 -
0 5 10 15 20 §
0 1 1 1 ) =<
23542
-1 A =2
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(a) C2M distance results around anchor

Fig. 15 Behavior of installed anchor
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In this paper, displacement mapping using 3-D laser
scanning data was able to investigate not only the local
displacement of the retaining structure but also the global
displacement. Displacement mapping can locate damage
to the entire retaining structure, and hence it is possible to
evaluate the overall stability of a site during construction.
It is also confirmed that clearer causes of structural damage
can be identified when this method complements the existing
monitoring system.

6 Conclusions

In this paper, monitoring was conducted using laser scan-
ning after excavating the ground around the retaining struc-
ture composed of sheet piles. Displacement mapping was
proposed to globally evaluate the behavior of the retaining
structure induced by the excavation. The detailed conclu-
sions are as follow:

(1) The distance between point clouds was calculated using
the C2M method. Since the sheet pile consisted of a
flat section and an inclined section, it was verified that
displacement can be underestimated in the inclined sec-
tion. Therefore, to collectively and consistently analyze
all sheet piles, the point cloud for analysis was acquired
by filtering the inclined section by azimuth and element
angles automatically.

(2) The sheet pile was divided into 251 elements for the
displacement mapping for a large-scale retaining struc-
ture which was 70 m in width and 6 m in height. The
point cloud immediately after excavation was meshed,
and the C2M distance was calculated by comparing
meshes with the point clouds obtained on the second
and seventh days after excavation. The results of the
displacement mapping not only showed the overall
bending behavior of the retaining structure, but also
that the maximum displacement occurred at S37 of the
sheet pile and expanded in a positive parabolic shape
in the horizontal direction. In the analysis for each
row, most of the elements in the first column showed
the largest displacement, and then the displacement
decreased from the first to the sixth row.

(3) The field investigation was conducted based on ana-
lyzing the points at which excessive displacement and
banding occurred in the displacement mapping, and
cracks were found at three locations above the sheet
piles. In sheet pile S37, where the maximum displace-
ment occurred, the displacement of rows 2 and 3 was
larger than for row 1, unlike the results for other piles.
The total station results also show that the maximum
displacement was 32.97 mm at S37, which was about
0.55% of the excavation height (6.0 m). The result of

the load cell of the anchor acquired in the field was
analyzed, and the reason of the excessive displacement
was identified as being that the anchor behaved in the
plastic state after it mobilized ultimate skin friction.
The displacement expansion with a positive parabolic
shape also indicated that the displacement induced
by the anchor damage was transferred through the
H-beam, which could have affected other sheet piles.

(4) Displacement mapping using 3-D laser scanning data
is able to investigate not only the local behavior of a
retaining structure but also the global behavior. Dis-
placement mapping can indicate damage to an entire
retaining structure, and hence it is possible to evalu-
ate the stability of an overall site during construction.
It was also confirmed that clearer causes of structural
damage can be identified using this method to comple-
ment the existing monitoring system.

The main contribution of this paper is that displacement
mapping was performed, after minimizing the error for a
large-scale retaining structure, using laser scanning. This
method is expected to contribute to monitoring the displace-
ment of entire retaining structures.

Data availability Some or all data, models, or code generated or
used during the study are available from the corresponding author by
request.
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