
  

 
 

 
Distributed fibre optic monitoring of the time-dependent behaviour of 

tunnel segmental linings in London clay 
 

*Hyungjoon Seo1), Sinan Acikgoz2) and Yang Zhao1) 
 

1) 
Department of Civil Engineering, Xi’an Jiaotong Liverpool University, Suzhou 215123, 

China 
1) 

hyungjoon.seo@xjtlu.edu.cn 
2) 

Engineering Department, University of Cambridge, Cambridge CB2 1PZ, United 
Kingdon 

2) 
msa44@cam.ac.uk  

3) 
Department of Civil Engineering, Xi’an Jiaotong Liverpool University, Suzhou 215123, 

China 
3) 

zhaoyang_d15@163.com 

 
 
 

ABSTRACT 
 
     3D laser scanning technology has been frequently adopted in Building 
Information Modeling to collect the 3 dimensional imaging data that start to be used to 
monitor the behavior of infrastructures. This technology has lots of advantages than the 
other typical monitoring system. By performing a scan over the entire field of view, the 
scanner is able to measure millions of separate points in 3D space creating a 3D „point 
cloud‟. Therefore, this technology is able to cover the huge infrastructure that people 
want to monitor. 
In this research, the movement of steep retaining wall at tunnel entrance has been 
monitored by laser scanning for 2 years in each summer and winter. After the 
monitoring, a plane analysis was selected to compare the data between summer and 
winter. Normal vectors of each planes can then be obtained from every plane and 
changes in these vectors between the data of summer and winter can be computed to 
get a tilt angle in the vertical plane over this several month period. In order to verify the 
accuracy of the laser scanning and the analysis error, the wooden panel was made to 
simulate the concrete panel of retaining wall. In this test, monitoring of laser scanning 
was performed with different angles of panel and different amount of point cloud and 
then the data was analyzed. The accuracy of this laser scanning system is less than 
0.1°.  
From the laser scanning for retaining wall at tunnel entrance, the application of laser 
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scanning is verified for the monitoring of tilt angle of concrete panel. The results of tilt 
angle is also related to the amount of point clouds and hence this paper shows the 
minimum point clouds to analyze the data in plane analysis. In the monitoring results of 
field data, the stability of entire wall was able to be assessed. 
 
 
1. INTRODUCTION 
 
     Monitoring for the stability of infrastructure is a challenging task, already being 
studied for a long time. The use of total stations for monitoring the infrastructures is 
also being applied in a wide range of applications. However, the results of total stations 
can provide the limit information of a small set of points. In order to receive the lots of 
information from the construction site, three dimensional laser scanning method started 
to be applied to the construction site. Nuttens et al. (2014), Fekete et al. (2010), Yoon 
et al. (2009), Argüelles-Fraga et al. (2013), and Delaloye et al. (2011) applied the laser 
scanning method to the circular train tunnel. Lindenbergh et al. (2005) and Teza et al. 
(2009) applied the laser scanning in 2D or 3D mode for the monitoring of bridges or 
harbor locks.  
The most important thing in the laser scanning is the analysis method. The data 
analysis need to cover the low accuracy of the laser scanning. Lague et al. (2013) 
proposed DEM of difference (DoD), Direct cloud-to-cloud comparison with closest point 
technique (C2C), and Cloud-to-mesh distance or cloud-to-model distance (C2M). 
Girardeau-Montaut et al. (2005), Zeibak and Filin (2007), and Hodge (2010) studied 
that high roughness surfaces generate occlusion patterns that depend on the viewpoint 
and introduce complexity in the point cloud comparison. Mitra and Nguyen (2003), and 
Lalonde et al. (2005) studied calculation and orientation of surface normals.  
In this paper, three dimensional laser scanning was used for detecting the movement of 
the retaining wall at the tunnel entrance. For the data anslysis, DoD, C2C, and C2M 
methods are not appropriate in this study due to the roughness of the concrete 
structure. Therefore, plane analysis was selected to compare the different point clouds 
data.  
 
 
2. LASER SCANNING TECHNOLOGY 
 
     3D laser scanner is surveying instruments that use a laser distance meter 
combined with a rotating mirror. As the unit rotates about a vertical axis on its tripod, a 
45 degree mirror rotates about a horizontal axis (see Figure 1). This allows the scanner 
to measure distances in any direction within a wide field of view. Optionally, a camera 
within the unit may also be used to provide colour information for each measured point. 
By performing a scan over the entire field of view, the scanner is able to measure 
millions of separate points in 3D space creating a 3D „point cloud‟. This point cloud may 
be viewed and manipulated on a computer, and may be viewed from any locations not 
just the position from which the scan was originally taken. 
Typically several scans are taken on the same site from different locations. This 
minimises the effect of „shadowing; where objects that were obscured from view of the 



  

scanner would otherwise be absent from the point cloud. During off-site processing of 
the data multiple point clouds from different scans can be referenced together to 
provide a larger, more complete 3D representation. 

 
Figure 1. Laser Scanning Technology 

 
2.1 Laser Scanning Methodology 

Reference targets (checkerboards or magnetically mounted spheres) are positioned 
around the perimeter of the area to be scanned. These targets are to aid later post 
processing of the scan data by allowing two or more scans, which initially have different 
co-ordinate systems, to be easily referenced to one another. Point clouds produced by 
different scans need at least two targets in common in order to be cross referenced.  
The operator will assess the site to be scanned and plan a series of locations from 
which to perform scans such that overlapping scans will minimise the areas of the site 
that are obscured or „shadowed‟, whilst ensuring that at least three reference targets 
are in view and in common with neighbouring scans. On large sites, it may be 
necessary to move targets used in earlier scans once they are no longer in view 
provided three common targets remain between successive scans.When choosing 
locations, the operator will pay due regard to: 

 Safety – the location should be away from potential hazards such as moving 
plant, overhead crane loads, or debris on the ground liable to cause trips slips 
and falls etc. 

 Environment - the ground at the location sufficiently solid to give the tripod a firm 
footing so as not to move during the scan. Concrete is preferred to muddy 
ground. 

 Personnel – ideally there should be as few personnel in the immediate area as 
possible. 

 Obstruction – the location of the scan should not cause an obstruction or 
otherwise inconvenience other personnel on site. 

The operator will configure the scanner with appropriate parameters for the site. 
Different settings may be appropriate for indoor and outdoor scans. Other settings 
control how many individual points the scanner will measure, which has a large impact 
on the length of time that a scan will take to complete. Before commencing a scan the 



  

operator will check that the scan is likely to be able to be completed in the time 
available at the current scan location. It is anticipated that approximately 10 minutes will 
be needed to complete a single scan. 

Once a scan is started, the operator will remain near the scanner to ensure it is not 
interfered with and to be able to direct other personnel around the scanner away from 
the current scanning direction. The operator will move around the scanner as it rotates 
so as not to obscure the line of sight. 

 
2.2 Cloud comparison 

There are mainly three methods can be applied to compare the different point 
clouds: (a) point to point comparison; (b) mesh to mesh comparison; (c) plane to plane 
comparison. In this research, the concrete panel is too rough. If we use the point to 
point comparison or mesh to mesh comparison, it has lots of error can be generated. In 
order to decrease the error during the data analysis, the plane analysis was selected to 
compare among four different data. For each scan, every anchored panel can be cut 
and then extracted from the entire point clouds. Extracted point clouds of the concrete 
panel can be changed to simple plane (green plane) as shown in Figure 2. The normal 
vectors can then be obtained from every plane and changes in these vectors among 
four scans can be computed to get a tilt angle in the vertical plane. Finally, the 
differential angles can be obtained from the baseline. 

 

 
Figure 2. Plane analysis 

 
 
3. LABORATORY CALIBRATION TEST 
 

In order to clarify the density effect, the calibration test were performed. Wooden 
panel was made to simulate to the half size of the concrete panel as shown in Figure 
3a. Tilt angles of the wooden panel increases with the 3 mm plates inserting between 
the wooden panel and the wall so that the angles of wooden panel were increasing with 
the number of plates (see Figure 3b). At each step, laser scanning were performed with 
different resolutions as 3.1 mm at 10 m, 12.5 mm at 10 m, and 50 mm at 10 m, 
respectively as shown in Figure 3c). The distance between the wooden panel and the 
laser scanner is 20 m to simulate the similar condition with the field. In order to 
compare the all scanning data, three reference targets were installed and then the 
target scans were performed before the laser scanning (see Figure 3d). 

 



  

  
      (a) Wooden panel        (b) Increasing tilt angles with 3mm plates 

 

  
(c) Laser scanning     (d) Target scanning 

Figure 3 Overview of calibration test 
 

In the field condition, the density of clouds are decided by the distance between the 
concrete panel and the laser scanner so that the density of each panel is different with 
the location of each panel. If the distance is getting farther and farther, the resolution 
and the density are getting smaller and smaller. In order to define the density effect, the 
different resolutions were applied in the laboratory test. The different resolution can 
affect the density of clouds of the wooden panel as shown in Figure 4. Higher resolution 
has the higher density. For example, in the case which has relatively higher resolution, 
3.1 mm at 10 m, has 28241 points in 0.25 m radius of the circle but the other cases 
have 1763, and 73 points in the same area for the resolutions, 12.5 mm at 10 m, and 
50 mm at 10 m, respectively. Less point clouds can affects the results of the plane 
analysis. 

 



  

  
(a) Resolution: 3.1 mm @ 10 m    (b) Resolution: 12.5 mm @ 10 m  

 

 
(c) Resolution: 50 mm @ 10 m 

 
Figure 4 Density difference in calibration test 

 
The plane analyses were performed to define the tilt angles of three different cases. 

Figure 5 shows the results of the calibration test. The results of relatively higher density 
(3.1 mm @ 10 m and 12.5 mm @ 10 m) shows the similar differential angle with the 
measured results (reference) but the result of lower density has the error which is over 
0.1 ° (see Figure 5a). Figure 5b shows the estimated error with different resolutions. 
Therefore, if the resolution of point clouds is smaller than the resolution of 12 mm at 10 
m, plane analysis is difficult to apply to the concrete panel analysis. 

 

   
Figure 5 Overview of calibration test 

 
  



  

4. Laser scanning survey in retaining wall 
 
4.1 Site description 

The anchored retaining walls located tunnel entrance were constructed during the 
period 1989 to 1993 in order to facilitate the construction of the tunnel. The anchor 
bolts were constructed with all concrete panel. The panel sized is 4.2 m * 2.0 m. The 
purpose of this project was to monitor the wall performance in the west entrance of the 
tunnel as shown in Figure 6. Initial laser scanning were performed in March to 
determine a baseline in winter and three more scans were performed to detect the 
movement of the wall on July 2015, February 2016, and July 2016, respectively. This 
paper is focused on the differences observed among these four laser scans. 
 

 
Figure 6. Laser scanning location (maps.google.com) 

 
To compare scans performed at different times it is necessary to install 

reference targets at various locations.  The reference targets used, which size was 
approximately 15 × 15 cm, were stuck on some specific areas of the structure.  

The scanning areas at the east bound tunnel is divided between EA1 
(Eastbound entrance Area 1) and EA2 (Eastbound entrance Area 2). Because the 
tunnel security office obstructs the area EA 1, laser scanning was performed on the 
pathway (NTTR) with three target as shown in Figure 7b and each scan is merged as 
shown in Figure 7a (see red box). In order to scan EA 2 (see blue box in Figure 7a), a 



  

target was installed at the bottom of the road sign and two targets were installed beside 
of the tunnel security building. 

The area of retaining wall was divided into seven locations for the laser 
scanning. Figure 7a shows the design of the scanning plan. Each laser scan was 
carried out from the pathway. Three targets were installed as shown in Figure 7b to 
perform the laser scanning around the tunnel entrance. Three other targets were 
installed on lamp posts as shown in Figure 7c to perform the laser scanning along the 
retaining wall.  

Tunnel

Retaining wall

Shotcrete

Path
Scanning point

Target

Scanned area

WA1

WA2

 
(a) Scanning design 

 
(b) Target installations for scanning of tunnel entrance 

 
(c) Target installations for scanning of retaining wall 

Figure 7. Westbound entrance area 



  

 
4.2 Results of laser scanning 

Each scan taken by different locations has the different point clouds data so that 
every scanning data has to be merged by using the reference targets. After the 
registrations of point clouds, all merged point clouds can be taken as shown in Figure 8. 
Because of the distance between the panel and laser scanner, the density of point 
clouds is different at the every locations. As shown in Figure 8, the density is larger at 
the center of the wall but it is getting smaller when it goes to the tunnel entrance or to 
the end of the retaining wall. The purpose of this research is to determine the variation 
of the tilt angle from the baseline in winter and summer temperature conditions and to 
compare both data to find the temperature effect. We focus on how much tilting has 
happened for 2 years.  

 
 

 
Figure 8. Merged raw data 

 
 
4.3 Field calibration 

The purpose of this analysis is to know how much the point clouds disperse 
from the selected plane. We selected inner part of the panel and outer part of the panel 
as shown in Figure 9a and Figure 10a. From the results of this analysis, the maximum 
distance between the point clouds and selected plane is almost 5 mm in inner part and 
almost 20 mm in outer part, respectively (see Figure 9b and 10b). 

  



  

  
(a) Cloud selection of inner part of pannel 

 
(b) Examples of results 

 
Figure 9. Dispersion of clouds at inner part of pannel 

 
 

 
(a) Cloud selection of outer part of pannel 

 
(b) Examples of results 

 
Figure 10. Dispersion of clouds at outer part of pannel 

  



  

4.4 Results of Tilt Angle Analysis 
The point clouds of every panels were cut down to analyse the tilt angles from 

entire point clouds as shown in Figure 11a. All cut point clouds of panels were changed 
to the simple planes and then the normal vector can be obtained. Those can be 
converted to the angles of panels. Based on this plane analysis, the differential angles 
of each panel from the baseline were defined. This wall has the 41 rows and 11 
columns. As shown in Figure 11b, c, and d, the differential angles of can be obtained 
from the baseline. If the tilt angle is less than 0.1 °, the panel is assumed to be safe 
considering the accuracy of laser scanning. Other cases which is over 0.1 ° of tilt angle 
are highlighted with the different colours. The panels located on the first to third row 
generally have large differential angles in every cases. Therefore, it need to be installed 
more accurate sensors on the panel which was detected some movement from the 
laser scanning. 

 

 
Location of anchored panel 

  
(b) July 2015  

  
(c) April 2016  

  
(d) June 2016 

 Figure 11. Changes in tilt angle (degree) since March 2015 for WA 1 and WA 2 
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Laser scanning is relatively lower accuracy than tilt meter so that more accurate 
tilt sensors are installed in the panels which have larger tilting angles as shown in 
Figure 12 and temperature and humidity monitoring systems are needed to determine 
the correlation between the temperature and the panel movement. 
 

 
Figure 12. Suggested panel needed more accurate sensors 

 
 
5. CONCLUSIONS 
 

This project was able to determine a baseline in winter and summer 
temperature conditions to detect small tilting movement in some wall panels using laser 
scanning results. Findings from this study are summarized as follows:  

 
(1) Typical monitoring systems are generally focused on the certain locations 

that the movements or the damages can be expected. But the laser 
scanning can take the three dimensional imaging of the structure and it can 
merge the lots of scanned images to cover the huge area with reference 
targets. 

 
(2) The panels located on the first to third row generally have large differential 

angles in every cases. Therefore, it need to be installed more accurate 
sensors on the panel which was detected some movement from the laser 
scanning. 

 
 
(3) Based on the results of laser scanning, the panels for the installation of the 

tilt meter were decided. Laser canning method is not a main monitoring 
system to detect the movement of the structures due to the accuracy but it is 
possible to assess the global behaviour of the structure and to support the 
other monitoring systems. Therefore, it can be complementary each other 
and, when combined, should provide an accurate understanding of the wall 
behaviour. 
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