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ABSTRACT: This project aims to develop a low cost, rapid and non-invasive methodology to measure ground surface settlement, in 
particular for settlement problems related to tunnelling operations. In cases where subway tunnels are constructed beneath existing 
roads or buildings, conventional monitoring of ground settlement by surveying the elevation of settlement markers is tedious and 
provides only point measurements which are spaced several metres of interval away. In addition, it is sometimes not possible for 
measurements on the road without partial closure of the road which impedes smooth traffic and heightens safety concerns to the 
surveyor and drivers. Photogrammetry was adopted and high quality 3-D models have been created with photographs taken on a 
roadway, grass patch and adjacent to buildings so as to encompass the possible variety of typical urban environment settings. Results 
from a series of field trials showed that the accuracy in the 3-D models are comparable with measurements from land surveying up to 
millimetres. Precise-machined plastic plates with varying thickness were also used to validate the robustness of the technique. 
Findings and recommendations are presented with considerations to larger scale implementation. 

RÉSUMÉ: Ce projet vise à développer une méthodologie peu coûteuse, rapide et non invasive pour mesurer le tassement de la surface 
du sol, en particulier pour les problèmes liés aux opérations de tunnelage. Dans les cas où les tunnels de métro sont construits sous 
des routes ou des bâtiments existants, la surveillance ordinaire des phénomènes de tassement par la mesure de l'élévation des 
marqueurs de tassement est fastidieuse et ne fournit que des mesures ponctuelles qui sont espacées de plusieurs mètres d'intervalle. En 
outre, il n'est parfois pas possible d'effectuer des mesures sur la route sans fermeture partielle, ce qui entrave la fluidité du trafic et 
augmente les problèmes de sécurité pour l'arpenteur et les conducteurs. L’apport de la photogrammétrie a permis de créer des modèles 
3-D de haute qualité à partir de photographies prises de la chaussée, d’une pelouse et proche de bâtiments afin d'englober la variété 
des paramètres typiques de l'environnement urbain. Les résultats d'une série d'essais sur le terrain ont montré que la précision des 
modèles 3-D est comparable aux mesures effectuées par l’arpenteur à l’échelle du millimètre. Des plaques en plastique usinées de 
façon précise avec une épaisseur variable ont également été utilisées pour valider la robustesse de la technique. Les résultats ainsi que 
des recommandations sont présentés en tenant compte des considérations liées à la mise en œuvre de cette technique de 
photogrammétrie à plus grande échelle. 

KEYWORDS: photogrammetry, settlement, tunnelling, land surveying  

 
1  INTRODUCTION 

Over the past decades, the rapid progress in camera technology 
has enabled photogrammetry to be exploited extensively in civil 
engineering works. These include modelling component 
provision for visualization (Dai and Lu, 2008), soil erosion 
(Moritani et al. 2010), construction progress assessment 
(Quinones-Roze et al. 2008; Kim and Kano 2008; Golparvar-
Fard et al. 2009; Bugler et al. 2016), quantity take-off 
(Gonzalez-Aguilera and Gomenz-Lahoz 2009) and land 
surveying (Krsak et al. 2016). Given the accessibility of a 
digital camera, photogrammetry allows engineers to easily 
acquire photos on site and interpret data at office. Such 
photogrammetry method considerably improves equipment 
portability and reduces the amount of labour required in the 
field for similar work.  

More specific to the scope of this project, in the case of land 
surveying (Krsak et al. 2016), the current practice uses the total 
station with trigonometric measurement of heights to survey the 
positions of target points. Unmanned Aerial Vehicles was flown 
at 35m above the average height of the terrain was carried out. 
135 images was captured. Results of the photogrammetric data 
processing show that the mean average error of ground control 
points was 0.043m, which corresponded to 0.86pixel in that 
study. The longitudinal overlay was 80% and the lateral overlay 
was 60%. In another literature, Goncalves and Henriques (2015) 
showed that a low grade UAV with 12 megapixel camera, flown 
at a height of about 130m and 60% overlap, was able to produce 
3D models with vertical accuracy ranging from 3 to 5 cm.  

Accuracy of photogrammetry varies between case studies 
and there is no thorough review to depict the expected field 
accuracy of combination of UAV, camera and software package. 
However, it can be learnt that accuracy in the millimetre range 

is rare and requires research and experiments with the highest 
resolution camera, sufficient good quality control points nearby, 
minimal lens distortion and maximum overlaps. These factors 
would best place the measurement of tunnelling-induced ground 
settlement in the highest possible accuracy and reliability.  

2  PHOTOGRAMMETRY AND TRIANGULATION  

The proposed remote sensing photogrammetry involves 
estimating the 3-dimensional coordinates of points on an object 
using two or more photographic images taken from different 
positions. Common points are identified on each image. For 
each image, a line of sight (or ray) can be constructed from the 
camera location to the point on the object. Based on the 
intersection of these rays, the three-dimensional location of the 
point can be determined. Such methodology is known as 
triangulation. Triangulation is the principle used by theodolites 
for coordinate measurement. Triangulation is also the way the 
human pair of eyes work together to gauge distance, also known 
as depth perception.  

With respect to triangulation, precise location of the point 
can be determined by mathematically intersecting converging 
lines in space. Triangulation produces 3-dimensional point 
measurements as shown in Figure 1. By taking pictures from at 
least two different locations and measuring the same target in 
each picture, a "line of sight" is developed from each camera 
location to the target. If the camera location and aiming 
direction are known, the lines can be mathematically intersected 
to produce the XYZ coordinates of each targeted point. 
Alternatively, if only the relative change in coordinates is 
needed, the absolute camera location and aiming direction is 
secondary.   
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Figure 1. Triangulation method to obtain 3D coordinates 

 

 
Figure 2. Simplified triangulation example 

 
A simplified concept of triangulation can be described with 

the drawing of several similar triangles as shown in Figure 2. 
Point P is observed by two cameras L and R, with offsets of xl 
and xr to the Z axis respectively. Y axis is perpendicular to the 
page. By applying similar triangle, the following relationships 
can be obtained: 

                   (1) 

                       (2) 

              (3) 

Rearranging produces the coordinates of Point P:  

    
∙

        (4) 
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         (5) 
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       (6) 

where xl, xr and yl are corresponding points in the image in 
image coordinates (pixel scale).  

However, if there are control points present in the image, 
the image coordinates can be converted to the real coordinates 
(mm). The unknowns are the focal length f and baseline b. The 
f parameter can be obtained from camera calibration or 
manufacturer’s specification. The b value can be obtained with 
the observation of more than one point in their image. For 
example, when camera R is observing a feature straight ahead, a 
right-angle triangle connecting L, R and Q is created. 3D 
Coordinates obtained between two images can be transposed to 
another similar set of image analysis. The accuracy would be 
enhanced if more images showing Point P is available (i.e. 
higher percentage of overlaps between images). A 
Photogrammetry software, Pix4D was used to create the 3D 

models from the still 2D images captured from the camera. The 
Leica Geosystems TC® 303, a high-quality electronic total 
station, was used for land surveying in this study. Results from 
the photogrammetry may also be validated with land surveying 
using total stations and reflector rods. 

2.1 Survey Control Network  

As the study was conducted in Singapore, the control points 
were obtained from the Singapore Land Authority (SLA). SLA 
has established the land survey control network as the 
infrastructure to support survey work conducted by all 
Registered Surveyors. This allows all land lots in Singapore to 
be geographically linked to one other and to the whole of 
Singapore. They maintain 2 types of survey control: a) 
Horizontal Control Network, and b) Vertical Control Network.  

For Horizontal Control Network, there are two categories of 
horizontal control: Primary and Secondary. As a whole, they are 
known as the Integrated Survey Network (ISN). The primary 
control network consists of about 70 points that are strategically 
located in Singapore, most of which are on top of government 
residential flats, to cover the entire area of the island. The 
secondary control network comprises of more than 5,000 points, 
which are mostly found on the ground along major roads for 
easy access.  

The Vertical Control Network consists of physical points on 
the ground known as Precise Levelling Benchmarks (PLBM). 
There are about 400 PLBMs located at 1 km intervals along 
major roads. PLBM information is used to determine heights of 
locations in Singapore. 

2.2 Considerations of photogrammetry  

Most of the existing settlement markers installed to monitor 
tunnelling-induced settlement are spaced more than 3m apart. 
However, the ambition of this project is to minimise this 
spacing while providing reliable settlement measurements 
without significant labour effort. In order to obtain high 
accuracy of 3-D coordinates, the images must be of high quality. 
This can be achieved with consumer-grade digital cameras 
readily available in the market. Three main considerations to 
obtain good images for such photogrammetry are: 1) Field of 
view, 2) Focusing, and 3) Exposure. 

The camera's field of view (f.o.v.) is the extent of field that 
can be captured and is a function of the focal length of the lens 
and the size (or format) of the digital sensor. For a given lens, a 
larger format sensor has a larger field of view. Similarly, for a 
given size sensor, a shorter focal length lens produce a wider 
field of view. There is generally a trade-off between the field of 
view of a lens and accuracy. Wider angle lenses can capture 
more objects, but they often tend to be less accurate. Thus, a 
camera with long focal length and of medium angle lens would 
be desirable as a good compromise between field of view and 
accuracy. Nevertheless, these requirements can be altered for 
cases requiring higher precision or with limitations of number 
of images that can be collected.  
 Another consideration to take note is the focusing of 
the lens to produce sharp images. This is sometimes known as 
depth of focus. The depth of focus of a lens is dependent on 
several factors such as the focal length of the lens, the format 
size, the distance from the camera to the object, the size of the 
object, and the f-number of the lens. The camera exposure is 
also crucial in producing relatively bright objects in the image. 
This can be adjusted with the flash power. If the targets are 
small, the flash power setting may be increased. In the field 
application specific to settlement due to tunnelling, it is 
expected that lighting would not be an issue in bright daylight, 
but may pose more challenges in the evening and night. 
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3  RESULTS 

3.1 Roadway Setting 

The roadway site selected was located at Clementi Ave 6, 
beside Regent Park apartments. This pedestrian bridge crossed 
over an arterial roadway with 8 traffic line in total, which 
facilitate photo-taking over a wide area for photogrammetry 
analysis. Hence, visibility is good and suitable for trial studies 
using photogrammetry. Many signage were present for feature 
point purposes. Furthermore, it would be interesting to assess 
the ability of photogrammetry to handle transient passage of 
cars in the analysis. Figure 3 shows the 3D point cloud model 
of the site. 
 

 
Figure 3. Point cloud drawing for roadway model (95%) overlap 

 
Table 1 shows the comparison between survey and 

photogrammetry elevations of ground control points at the 
bridge location. The elevation mean error of these control 
points is -1mm. The root mean square error is 5mm. These 
accuracy are far more superior to those reported in literature. 
This also indicates the potential of photogrammetry in 
replacement of extensive land surveying. 

Further assessment on the effect of overlap percentage on 
the results were conducted as well. If was observed that the 
greater is the overlap, the denser will be the point cloud of data, 
hence potentially more accurate measurements.  
 
Table 1. Comparison of elevation between survey and photogrammetry 
at roadway site at 95% overlap  

Point
 ID 

Land Survey Photogrammetry 

N/S  
Coordinate 
(m) 

E/W  
Coordinate 
(m) 

Elevation
(m) 

Difference in   E
levation (m) 

1 33303.269 20119.906 15.031 -0.006

2 33280.164 20073.879 14.430 0.007

3 33314.713 20086.724 16.316 0.002

4 33354.990 20097.099 16.773 -0.002

5 33282.538 20049.787 14.750 -0.005

Mean Error (m)     -0.001

Root Mean Square Error (m)   0.005

 

3.2 Building Setting 

Designed as a general recreational centre for student activities, 
the Stephen Riady Centre located at UTown in the NUS campus 
was selected due to its access to a large plain area in front of the 
building which ensure sufficient distance for photo shooting.  

Table 2 shows the comparison of the control points between 
land surveying and photogrammetry for 90% overlap at 10m 
distance from the building. Figure 4 shows the point cloud 

obtained from the images taken on the building.  
 

 
Figure 4. Point cloud generated with images taken at 10m distance from 
building (90% overlap) 
 
Table 2. Comparison of elevation between survey and photogrammetry 
at building site at 90% overlap  

Point
 ID 

Land Survey Photogrammetry 

N/S  
Coordinate 
(m) 

E/W  
Coordinate 
(m) 

Elevation 
(m) 

Difference in   El
evation (m) 

1 31875.544 21295.746  11.025  -0.001

2 31893.110 21271.063  17.302  0.002

3 31905.827 21255.065  11.083  -0.001

4 31894.004 21276.211  15.912  -0.002

5 31901.379 21261.926  10.984  0.005

Mean Error (m)     0.001

Root Mean Square Error (m)   0.003

 
It can be observed from Table 5 that both the mean error 

and root mean square error were relatively low, with root mean 
square error of 3mm. Further analysis showed that the root 
mean square error increased from 3mm to 6mm when the image 
overlap was reduced from 90% to 70%. 
 

3.3 Grass Patch Setting 

The Town Green, adjacent to the Stephen Riady Centre used for 
the building setting was selected given the large grass area of 
about 4500m². In addition, few trees were planted at the 
peripheral of the field which permits unblocked view with clear 
visibility for the trial study.  

Figure 5 shows the point cloud generated at the grass patch. 
Table 3 shows the comparison of the control points between the 
land surveying and photogrammetry for 95% overlap at 10m 
distance on the grass patch. The root mean square error 
obtained was 8mm. This value is larger than the cases of the 
roadway and building settings, possibly due to the irregularity 
of height of the grass at different time of photo taking and land 
surveying. Nevertheless, analysis show similar trend as the 
building setting case where lower overlap percentage yielded 
higher root mean square error. 
 

 
Figure 5. Point cloud generated at grass patch setting at 10m distance 
(95% overlap) 
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Table 3. Comparison of elevation between survey and photogrammetry 
at grass patch site at 95% overlap 

Point 
ID 

Land Survey Photogrammetry 

N/S  
Coordinate 
(m) 

E/W  
Coordinate 
(m) 

Elevation 
(m) 

Difference in   El
evation (m) 

1 31978.169  21290.275 11.991  -0.006

2 31977.317  21270.818 14.013  0.001

3 31968.872  21302.920 11.786  -0.006

4 31989.415  21296.333 25.554  0.016

5 31960.420  21300.405 9.837  -0.002

Mean Error (m)     0.001

Root Mean Square Error (m)   0.008

 

4  CONCLUSION  

A series of photogrammetry analysis was conducted to validate 
the feasibility of using photogrammetry analysis to produce 3-D 
models suitable for deformation measurement purposes. In 
order to provide a robust investigation, three urban settings, 
namely roadway, adjacent to building and on grass patch was 
considered. From the results, it was found that the 
photogrammetry technique adopted is capable of obtaining 
similar good accuracy as land surveying, given the comparable 
coordinates obtained between the two methods. The mean 
square root errors between the two methods obtained for the 
three settings, (i.e. roadway, building and grass patch) have 
shown to be consistently low, between 3 to 8mm. The largest 
error was found for the grass patch setting, possibly attributed 
to the irregularity of grass height between the time of photo 
taking and land surveying. In addition, a larger percentage of 
overlap of images have found to produce more accurate results 
with low differences in measurements between the 
photogrammetry and land surveying.  
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