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1. Introduction 

 

In recent years, 3D laser scanners have gained interest, especially in 3D reconstruction and 

reproduction, mainly because of their capability to record huge numbers of points with high 

accuracy in a relatively short period of time. Especially in the field of deformation monitoring 

for analyzing the structural stability of built heritage, laser scanners can provide a much 

denser and thus better representation of the deformations taking place over time.  

The single-point precision of modern mid-range laser scanners varies from 5 to 25mm 

depending on the laser and the measuring principle used, but also depending on the 

measurement conditions and the object surface to be scanned. Comparing this precision to 

that of traditional surveying techniques used for deformation monitoring such as total stations 

or contact sensors, the precision of a laser scanner is approximately 1 order lower in 

magnitude. The main disadvantage of these traditional techniques is that they only offer 

single-point measurements and thus require prior knowledge of critical zones.  

The accuracy of a laser scanner can, however, be upgraded by fitting surfaces to the collected 

points and as such average the errors on each single point. In order to optimize the accuracy 

even further, multiple scans of the same object can be acquired sequentially, increasing the 

number of points and thus theoretically improving the standard deviation of a single point 

measurement [1].    

 

In this paper, the results of a test under laboratory conditions are presented which aimed at 

determining the sensitivity of laser scanning for detecting deformations.  

 

2. 3D-Laser Scanning 

 

Laser scanners used in built heritage recording are categorized by their measuring principles: 

phase-based scanners and pulse-based scanners. Pulse-based scanners emit laser pulses and 

measure the time between sending these pulses and receiving their reflection from a surface. 

Since the laser pulse travels with a constant speed, the speed of light, the distance between the 

scanner and the object can be determined. Their main benefits are the large range (up to 3km) 

and the fact that their accuracy is independent of the distance to the objects that needs to be 

measured. One disadvantage is the fact that before sending a second pulse, ones needs to wait 

for the reflection of the first pulse to be received. This makes this measurement principle 

rather slow (50.000 pts./sec) compared to phase-based scanners (500.000 pts./sec.). Phase 



 

based scanners emit a continuous modulated signal and calculate the distance to the object by 

comparing the phase of the reflected signal to that of the sent signal. This allows a faster point 

acquisition. However, as the signal modulation is affected by noise at longer distances, its 

range is limited to 50 meter, or even to 25 meter for highly accurate measurements. 

 

The result of a 3D laser scanning campaign is a virtual three-dimensional point cloud 

representing the entire geometry of the scanned area. As laser scanning is a field-of-view 

technique, meaning that laser scanners cannot „see‟ through obstacles or around edges, 

multiple scan positions are often necessary to cover the whole object. The process of linking 

these different positions is called „registration‟. The registration of multiple scans is often 

performed using artificial targets placed in the scene and captured with very high resolution 

using the laser scanner. These artificial targets then define reference points in the virtual point 

cloud and allow the computation of transformations putting all the scans in the same reference 

system.  

Once all the sub-scans are registered, the global point cloud still needs extensive processing in 

order to obtain useful information. The main steps in this processing workflow are: noise 

reduction, resampling, surface modeling and hole filling.  

 

3. Deformation monitoring using laser scanning 

 

Research on the use of terrestrial laser scanners for deformation monitoring has started only 

recently, mainly because of the low single point accuracy that can be achieved. However, in 

literature a number of references can be found using this technique. Tsakiri [2] publishes the 

results of a deformation measurement of a sea lock using a laser scanner which is fixed on a 

stable position. The point clouds are then segmented by fitting planes and the distances 

between these planes are computed as a deformation measurement. The detected deformation 

are in the order of 9 to 21 mm. 

Gonzales and Aguilera [3] use terrestrial laser scanning to perform 3 subsequent 

measurements of a dam in Spain. The first survey is done when the reservoir behind the dam 

is empty, and the second survey when it is filled. Between the second and the third survey, a 

tunnel was built close by. In order to orient the point clouds according to each other, they use 

artificial targets attached to an external reference system using total station measurements. 

The detected deformations between the first and the second measurement campaign fulfilled 

the expected pattern, resulting in deformation of 8mm in the center of the dam decreasing 

towards the edges. Between the second and the third measurement, deformations up to 18 mm 

were detected. 

Gielsdorf [4] describes an algorithm that orients subsequent point clouds according to each 

other based on the automatic recognition of flat surfaces. Tests prove that deformations larger 

than 10 mm can be detected. 

 

The workflow for deformation monitoring using terrestrial laser scanning can be described as 

follows. A structure is scanned at two different times t1 and t2, assuming it deforms within this 

time frame. This results in two point clouds representing the structures‟ condition at these 

points in time. For the sake of simplicity we will assume that only one scan is made of the 

structure, so that there is no need for registration of different point clouds.  

 

Next, both point clouds must be positioned according to the same spatial reference. This is a 

crucial step which we will call “orientation”. After having been oriented in a unique reference 

system, the point clouds can be compared to determine the deformations that have taken place 

between t1 and t2. However, since laser scanners never measure exactly the same points two 



 

times in a row, rough point clouds cannot be compared. Therefore at least one of the point 

clouds must be converted to a mesh before the differences between both scans can be 

computed. 

The orientation of the point clouds in a common reference is of the greatest importance for the 

accuracy of the detected deformations. For this reason, four possible configurations (Table 1) 

for the set-up of the measurement campaign are preset. Each of these configurations implies a 

different way of referencing the point clouds captured at different times. However, only two 

of the configurations lead to an accuracy that is high enough for deformation monitoring in 

historical buildings. 

 

The first set-up consists of a laser scanner placed in a permanent and stable position from 

where it can measure the structure at given time intervals. Since the scanner does not move 

between scans, its internal reference system does not change.  

 

 
Table 1. Accuracy of displacement measurements with total station and laser scanner. 

Configuration Advantages Disadvantages 

Fixed scanner Scanner fixed on a 

permanent, stable position. 
 Accurate 

 Little labour intensive 

 Expensive 

 Chance of theft or damage 

 Scanner position must be 

stable 

 Only 1 point cloud per 

scanner possible 

Fixed targets Targets are fixed on stable 

positions in or on the 

structure. 

 Accurate 

 Multiple point clouds 

possible 

 Requirement for stable target 

positions (Possible 

movement of targets) 

Temporary 

targets 

Targets are surveyed from 

each scanner setup and are 

also topographically 

surveyed referencing them to 

the same coordinate system. 

 No permanent elements on 

the monument (No chance 

of damaging the structure) 

 No chance of moving 

targets 

 Complex survey of targets 

 Labor intensive 

Stable 

surrounding 

elements in the 

point cloud 

No use of targets; a stable 

and easy to model part of the 

surroundings is used. 

 No permanent elements on 

the monument (No chance 

of damaging the structure) 

 No chance of moving 

targets 

 No absolute reference 

possible 

 Requires stable elements in 

the surroundings 

 Low accuracy 

 

Therefore the resulting point clouds are automatically positioned in a unique reference and 

there is no need for further orientation. The main drawback of this configuration is the high 

cost involved, as the scanner should be left in place. 

 

A second set-up consists of permanent targets that are placed on stable positions. These 

targets, that are supposed not to move between measurements, are used for the orientation of 

the point clouds measured at different times. Since the orientation for this setup is based 

entirely on targets, the scanner moved after one measurement and placed back on 

approximately the same position for a measurement at another time. A potential problem with 

this set-up is the need to find stable points for the targets inside the scanned area. As historical 

buildings are constantly moving, this might be problematic.  

When it is impossible to find stable locations for targets inside the scanned area, a third 

configuration can be used. In this set-up, targets are removed from the scanned area after 

every measurement and placed back (on possibly entirely different positions) for the next 

measurement. An external reference consisting of stable points outside the scanned area is 

then used to determine the position of the targets inside the scanned area before every 

measurement. The coordinates of the targets are determined using a topographical surveying 



 

method which should be as accurate as possible (i.e. total station). Although this set-up has 

been used with success for the monitoring of large dams [5], our tests have shown that the 

resulting accuracy is too low for deformation monitoring in historical structures. 

The fourth set-up does not make use of any targets, nor does it need a laser scanner placed in 

a permanent and stable position. In this last case, stable parts of the structure itself or of its 

surroundings are used to orient the point clouds. The stable parts of the point clouds are 

selected and fitted together, resulting in the determination of the parameters of the rigid body 

transformation that orients one cloud with respect to another. Although our own tests have 

shown that even deformations of up to 2,5 cm could not be detected, Gielsdorf [4] claim to 

have detected deformations of 1 cm by using plane-fitting algorithms on historical buildings. 

This seems possible if the algorithms were of a very high quality, but in any case it is far 

below the sub-millimeter accuracy that is pursued in our research. 

 

4. Test case 

 

In order to study the minimum detectable deformation suing a terrestrial laser scanner, a test 

case was prepared. The object of the test measurements is a 90 cm high by 140 cm wide 

masonry arch (Figure 1). One of the legs of the arch was attached to a movable platform 

controlled by a screwing mechanism. The masonry arch was selected because of its rough but 

realistic texture, its high resistance to deformations and the high occurrence of arches in 

historical heritage buildings.  

 

At first the scanner for placed in a stable position and was not moved throughout the 

experiment, allowing to test the first setup configuration. The scanner used in this test 

campaign was a Leica Scanstation 2 pulse-based scanner which has a per point accuracy of 4-

6 mm. 

 

The arch was scanned multiple times, moving the right leg of the arch a few millimeters 

outwards between scans. The exact displacement of the foot was measured using an electronic 

vernier calliper with a precision of 0,1 mm. After every step, two scans were taken of the arch 

and its surroundings, one with a resolution of 5 mm and one with 1 mm. This allowed to 

determine the effect of resolution on the accuracy of the results. 

 
Figure 1. (left) The masonry arch with paper targets, (right) scheme of subsequent applied deformations. 

 

 

Firstly, the ability to detect deformations based on artificial targets was analyzed. A paper 

target was attached to the moving platform. This target was measured using both a 

reflectorless total station and the terrestrial laser scanner after each step. In this way, the 



 

accuracy of the displacement measured by both total station and laser scanner could be 

checked. Table 2 shows the error on the difference between two positions of a target 

measured from the same scanning position. As such, any systematic errors are ruled out and 

there is no uncertainty about the orientation between different point clouds. As both the total 

station and the laser scanner use the same measuring principle of reflectorless measuring, the 

errors are very similar.  

 

 
Table 2. Accuracy of displacement measurements with total station and laser scanner. 

 Total station Laser scanner 

Displacement 

[mm] 

Measured 

[mm] 

Error 

[mm] 

Measured 

[mm] 

Error 

[mm] 

0,0 0,0 0,0 0,0 0,0 

0,6 1,0 0,4 1,0 0,4 

1,4 2,0 0,6 1,2 0,2 

2,5 3,0 0,5 2,1 0,4 

4,6 5,0 0,4 5,0 0,4 

15,0 15,0 0,0 15,2 0,2 

 mean error 

 
0,3 mean error 

 
0,3 

 

Then, the point clouds themselves were used to detect deformations. The point clouds 

measured after each deformation step were compared with a mesh of the original geometry of 

the arch. This brings up the first parameter influencing the measurements, namely the scan 

resolution. The higher the resolution, the better the local surface is approximated. However, in 

practice, a proper balance needs to be found between the required level of detail and the scan 

time. In this test case scans were made with a resolution of 1 mm and 4 mm. The point clouds 

obtained were then meshed using the software package Geomagic Studio. Scans made at a 

resolution of 1 mm were clearly oversampled. Oversampling occurs when the resolution is 

chosen so small that the distance between neighboring points becomes smaller than the error 

on the distance between scanner and object. For the Scanstation 2, this error on the distance 

measurement is approximately 4 mm.  

Comparison between the scans with resolution 1 mm (which are clearly oversampled) and 

those with resolution 5 mm showed that the measurement error on the distance between 

scanner and object is independent of the resolution. This means that the accuracy of an 

oversampled point cloud is as good as the accuracy of a normal point cloud. Some problems 

arise, however, when a meshing algorithm is applied to the data. Oversampled point clouds 

lead to meshes with a very poor quality. This can be explained by the fact that the angle 

between neighboring elementary planes becomes too sharp, resulting in a very coarse surface. 

This can be seen in Figure 2. 

 



 

 
Figure 2. Meshed point clouds resulting from different point cloud resolutions, (left) 1mm, (right) 5mm 

 

 

Tests were performed, applying smoothing algorithms or resampling the oversampled point 

clouds in order to reduce their point density. These resulted in negative effects on the 

accuracy of the data. For this reason it is very important that the resolution should be correctly 

chosen from the start. As a rule one should remember that the resolution must be at least as 

big as the error on the distance measurement from scanner to subject. 

 

Finally, the 5 mm resolution scans were used and the distances between the deformed point 

clouds and the original meshes were computed and plotted on a 3D model of the arch using 

Geomagic. A colored representation illustrates the computed distances between the models, 

where green are relative distance smaller than 0,5 mm. These are the points for which it is 

impossible to tell whether the distance between the point clouds is due to noise in the data or 

due to real deformations.  

 

The other colors give the magnitude of distances that should represent real deformations. 

Analyzing the different deformations, it was possible to clearly detect deformations of the 

point cloud for a displacement of the foot of the arch over 0,8 mm. The distance plot for this 

step is shown in Figure 3. Bigger displacements led to (much) clearer results. 

 

 
Figure 2. Deformation plot of a displacement of the right foot over 0,8 mm outwards. The blue colour represents 

displacements to the right. 

 

 

The other setup configurations were tested as follows. For the second configuration a number 

of artificial targets (both black-and-white paper targets and highly reflective Leica HDS 

targets) were placed on stable positions around the arch. The third configuration was 



 

simulated by placing a larger amount of targets around the arch than necessary. In this way, 

targets could be deleted from the point clouds, resulting in point clouds containing each a 

different set of targets. The coordinates of all the targets were measured by a total station 

standing on a permanent position during the whole test. Finally, the fourth configuration was 

simulated by deleting all the targets in the point clouds and by using the surrounding walls 

and furniture as stable parts of the point clouds. 
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Figure 4. Average errors on the target measurements for different measurement configurations 

 

 

For the configuration using fixed targets, the average errors on the target measurements are 

almost identical to those of the configuration using a fixed scanner position (see Figure 4). 

The use of temporary targets led to a slightly larger error in the order of 1 mm. However, it 

has to be noted that the total station was not moved in our study. This means that in practice, a 

set error will be introduced by repositioning the total station. As this set error can be 

minimized by using a proper network, it can be said that even temporary targets can be used 

for deformation monitoring.  

The final configuration using some stable elements in the environment lead to much larger 

errors in the order of 30 to 40 mm. It also has to be noted that in the presented test, the 

deformation subject was many times smaller than the stable area used for the orientation. In 

practice this will often be vice versa. As such this configuration cannot be used for 

deformation monitoring purposes. 

 

5. Conclusion 

 

Using a laboratory test on a masonry arc, it has been shown that displacements of 0,8 mm can 

be detected from a point cloud obtained by terrestrial laser scanning. The main benefit of 

using laser scanning for deformation monitoring is the fact that is can give a clear 

understanding of the general trend of the displacement as opposed to traditional (total station) 

measurements that only survey a sparse set of points. As the detectable deformation obtained 

by using artificial targets is 2 times higher than when using only the point clouds, it is advised 

to combine both. The target measurements will provide accurate deformation measures while 

the point clouds will point up the global deformation trend and possible critical zones. For an 

extensive discussion of this case study and a more detailed overview of the accuracy of 

current laser scanners we refer to Demeyere and Herinckx [6]. 
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SUMMARY  

 

LASERSCANNING FOR HERITAGE DOCUMENTATION 
 

Over the last few years many researchers have tried to exploit the benefits of laser scanning 

by using the technique in a broad range of applications and constantly challenging its 

possibilities. Especially in the field of cultural heritage, laser scanning has become an 

important tool for the creation of as-built data for digital archiving, monitoring or restoration 

of important elements of our cultural heritage patrimonial. One of the challenges, still 

remaining, is the use of laser scanning for deformation monitoring. This article addresses the 

question whether laser scanning can produce sufficiently accurate measurements so that it can 

be used for deformation monitoring of historical structures.  

 

 


