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Application of the DAD method for damage 1 

localisation on an existing bridge structure using 2 

close-range UAV photogrammetry 3 

ABSTRACT: A novel damage detection and localisation method, the so-called Deformation Area 4 

Difference method for localisation of damages in bridge structures is introduced. The method is based on 5 

static load-deflection experiments with the prerequisite of high precise deflection measurement. This study 6 

presents the first experiences of applying the DAD method on a real bridge structure. The investigated 7 

structure is a prestressed concrete slab bridge with a span of about 27 m, which was built in 2013. The 8 

loading on the bridge is applied using six heavy trucks, each weighing up to 32 t. A wide range of the 9 

modern measurement technologies were used to achieve high precision measurements of the bridge 10 

deflection along the longitudinal axis, namely the photogrammetry using a big size drone, laser scanner, 11 

total station, levelling and displacement sensors. The performed load-deflection test was non-destructive 12 

since the maximum deformation did not exceed the serviceability limit state. The exercise of the novel 13 

damage detection and localisation method on a real structure initiated further optimisation opportunities of 14 

the DAD method and the study of its limits. Several boundary conditions and methodical influence factors 15 

related to the applicability of the proposed method were analysed, such as impacts of measurement 16 

precision, damage degree, the position of damage, and the number of measurement repetitions. 17 

1. Introduction 18 

There exists an enormous amount of bridge structures worldwide guaranteeing a functional infrastructure 19 

as part of the public space. However, the constantly rising average age of bridges and the growing weight 20 

of heavy transporters further increase the applied stresses on the existing bridge structures [1]. The 21 

construction industry mostly uses natural resources. Therefore, the preservation of existing structures has a 22 

decisive influence on the ecological balance [2]. In general, the quality of the condition assessment depends 23 

on the experience of the bridge inspector and the applied state-of-the-art inspection methods. Although 24 

technological innovation has become much more prevalent in many areas, the construction industry is still 25 
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lagging to implement new technologies in their processes [3] and, therefore, the bridge inspection according 26 

to the state-of-the-art is still mainly carried out by visual inspection [4]. 27 

Generally, the damages of bridge structures can be recognised on the structure surface by visual inspection. 28 

However, in case, the damage occurred inside the load-bearing structure, the damage detection becomes 29 

highly complex and the loss of stiffness cannot be detected in time. Some bridge inspection methods such 30 

as ultrasonic [5] or endoscopy are capable to examine the interior of the structure to a certain extent, but 31 

the location of the damage should be identified in advance. Recently, various research projects are dealing 32 

with the objective of damage assessment in bridge constructions based on different approaches. Oskoui et 33 

al. [6] developed a method for detection of cracks in bridges based on the structural influence line from 34 

moving load and the measurement of strains at multiple positions. The method was tested on a five-span 35 

332-meter bridge and the analysis of the results led to the identification of five locations with anomalies. 36 

Visual inspection verified mini cracks at two locations and three misaligned sections. The method was 37 

mostly influenced by the big noise effect from the strain measurements. A comparative study based on 38 

strain gauges and influence line for damage detection in bridge structures was carried out by Wu et al. [7]. 39 

The focus of the study is on truck weight variations and vehicle speed to procedure the influence line. The 40 

authors report that the damage identification method is not affected by the truck speed but by the weight of 41 

the truck. An additional study for the damage extension is done based on a 1:10 scaled bridge model. The 42 

authors announced about higher damage identification accuracy for damages greater than 10 %. Further 43 

damage detection methods based on influence line are presented in [8] [9] [10] [11]. Based on the theoretical 44 

principles, the detection of stiffness changes is feasible using the influence line, but the accuracy of the 45 

measurement related to the noise effect significantly affects the result of damage detection [12]. 46 

Besides to the examination of the moving load and the analysis of the resulting influence line, the 47 

investigation of the static load-deflection experiments on bridge structures provides information about the 48 

stiffness changes and the damages [13]. As bridge structures are built to bypass local obstacles, such as 49 

river, slope, road and valley etc., not all measurement techniques are applicable and it is often difficult to 50 

carry out deflection measurements along a bridge structure [14] [15]. 51 

Le et al. [16] present a method for damage localisation based on static load-deflection experiments. This 52 

study shows the results from finite element calculations for several steps of damage degrees. The theoretical 53 

results without noise effect show successful detection of damages at two positions for a one-span beam. 54 

Furthermore, a laboratory test was performed, where the cross-section of a U-profile is reduced at two 55 

different positions and the resulting deflection of a loading test is measured at seven locations with 56 

displacement transducers. Opposed to the finite element result, the experiment delivers deflection values 57 

affected by a measurement noise effect. The clear identification of damage is questioned and further 58 

examination with different noise level are examined [17] [18] [19]. 59 
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Load-deflection tests on bridges have a long history and usually are carried out before the opening of the 60 

bridge or after the rehabilitation to demonstrate to the public about its load-bearing capacity. However, 61 

innovative measurement techniques open new possibilities to develop novel methods based on existing 62 

experiences and knowledge. Such a novel technique is the newly developed Deformation Area Difference 63 

(DAD) method for detection and localisation of damages in bridge structures, which is based on high 64 

precision deflection measurements of static load-deflection tests. The state-of-the-art methods for damage 65 

detection and the DAD method are presented based on theoretical examples and a laboratory experiment in 66 

[20]. The laboratory experiment consists of a reinforced concrete beam with the stepwise loading process. 67 

The study presented the successful identification of the cracked areas using the DAD method. Further 68 

development of the method tested on an additional laboratory experiment is published in [21]. The main 69 

development of the method was to find out how to smooth the measurement noise to localise only the 70 

damages. 71 

The current research investigates the boundary conditions and the needed measurement accuracy related to 72 

the detection of damages using the DAD method and presents the first application of the DAD method on 73 

a real prestressed concrete bridge with a span of about 27 m. All impact factors influencing the damage 74 

detection sensibility, such as the measurement precision, the degree of the damage, damage position, 75 

required amount of experimental deflection, repetition of measurements etc., are investigated. The static 76 

load was applied using six heavy trucks, each of them weighing about 32 t (Figure 1). This study starts with 77 

the introduction of the theoretical background of the DAD method. Subsequently, the experimental setup 78 

of the experiment on the bridge is presented, followed by an investigation of the influencing factors for the 79 

DAD method.For the bridge experiment carried out in the current research, various modern measurement 80 

techniques were applied such as photogrammetry, laser scanner, total station, levelling and displacement 81 

sensors. Levelling delivered very high precision and was easy handling for application on a bridge structure. 82 

In particular, the application of photogrammetry installed on a big size drone showed very promising results 83 

and suitable application. Finally, an analysis is carried out to evaluate the detection of the degree of damage 84 

depending on the measurement precision, deflection size, damage position and measurement repetition. 85 



 

Page 4 

 86 

Figure 1. Loading of the bridge by six trucks 87 

2. Deformation Area Difference (DAD) method 88 

The DAD method is developed to detect local damages in bridge structures. It takes into account the 89 

measured deflection of the structure wd(x) and the deflection from a reference system wt(x) (Figure 2). 90 

Beside an initial deflection measurement, also a simplified linear finite element model of the investigated 91 

bridge structure can be applied as a reference system. However, it is important that the reference system 92 

has a continuous deformation curve and it should consider the stiffness influencing structural parts like 93 

cross members, coves, coupling points of the prestressing cables etc. (Figure 2). The density of the values 94 

from the reference model should correspond to the density of the measurement points installed on the bridge 95 

structure. The DAD method is based on the fact that the measured deflection curve includes information 96 

about the local stiffness changes what will be further explained in the following section. 97 

2.1. Relationship between the deflection curve and the stiffness of the structure 98 

The study aims to develop a method to identify stiffness changes influenced by damages. Several research 99 

projects worked with the same goal based on dynamic [22] [23] [24] and static responses [25] [26] [27] of 100 

bridge structures. Both structural responses are influenced by stiffness changes e.g. due to damage. The 101 

localisation of the damage based on dynamic analysis presents more difficulties because the structural 102 

response on a dynamic excitation such as natural frequencies, mode shapes or damping are based on a 103 

global behaviour of a structure which renders the identification of local effects difficult. In contrast, the 104 

static structural responses deliver very promising results [28] [29]. 105 
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The DAD method allows the localisation of stiffness reducing damages based on the deflection 106 

measurement of bridge structures. The stiffness of a structure under loading can be analytically calculated 107 

from the multiple derivatives of the deflection curve. The first derivative of the deflection corresponds to 108 

the inclination angle (equation (1)). 109 

 110 

𝑤′(𝑥) =
𝛿𝑤(𝑥)

𝛿(𝑥)
= 𝜑(𝑥) (1) 

In case of small deflections, the second derivative of the deflection curve, respectively, the first derivation 111 

of the inclination angle corresponds to the curvature of the structure (equation (2)). This condition is 112 

fulfilled when non-destructive load-deflection experiments are performed within the serviceability limit 113 

state. The determined curvature of the structure k(x) can be expressed as the ratio between the bending 114 

moment M(x) and the stiffness EI(x) (equation (3)). The known parameters of equation (3) are the curvature 115 

as the second derivative of the deflection curve and the bending moment resulting from the experimental 116 

load. Thus, each change of the stiffness EI(x) should be identifiable using the curvature and the bending 117 

moment. However, there are some issues related to the direct use equation (3) for identification of damage. 118 

 119 

𝑤′′(𝑥) = 𝜑′(𝑥) ≅ 𝑘(𝑥) (2) 

𝑘(𝑥) =
𝑀(𝑥)

𝐸𝐼(𝑥)
 (3) 

Opposed to the theoretical models, the real measurement of the deflection include measurement noise, 120 

which depends on the precision of the applied technique. Furthermore, the noise effect included in the 121 

deflection curve is increased by multiple derivations (equation (2)). The stiffness values expressed in 122 

equation (3) comprise the information about damage, planned stiffness changing areas (Figure 2) etc. 123 

Therefore, the challenge is to distinguish the discontinuities in the curvature curve between damage, 124 

measurement noise effect and stiffness changes inherent in the cross-section configuration. At this point, 125 

the DAD method becomes effective as it provides an alternative possibility to identify damages without 126 

using multiple derivations. It also takes into account the measurement noise effect and the stiffness changes 127 

resulting from the shape of the structure. 128 

2.2. Background of the DAD-method 129 

The DAD method investigates the difference in the area (green area in Figure 2) between the theoretical 130 

curves of the deflection line, the inclination angle and mainly the curvature with their corresponding curves 131 
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from the experimental measurements. The deflection curve from the theoretical model of the bridge 132 

structure (wt(x) black curve in Figure 2) considers all planned stiffness influencing parameters of the 133 

structure such as cove, cross member etc. The principle of the DAD method is presented using a theoretical 134 

bridge girder with local damage of 60 %. The high amount of damage degree is chosen to clearly display 135 

the discontinuity resulting from the damage effect in the curvature curve. As long as the damage is not 136 

exactly at the point of a planned stiffness change, even the smallest degree of damage can be detected based 137 

on theoretical values. However, the real deflection measurement is affected by measurement noise which 138 

influences the detectable degree of the damage. Further investigation about the detectable degree of damage 139 

is presented in Section 5.2. 140 

 141 
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Figure 2. Principle of the Deformation Area Difference (DAD) method 143 

wt(x)   Deflection of the reference system (theoretical model) 144 

wd(x)  Actual deflection of the bridge structure from the measurement 145 
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ϕt(x)  Theoretical inclination angle from the reference system 146 

ϕd(x)  Inclination angle from the first derivation of the measured deflection 147 

kt(x)  Reference curvature from the theoretical model 148 

kd(x)  Curvature from the second derivation of the measured deflection 149 

Δxi  Distance between measurement points (mesh size of the model) 150 

green area Area between the reference system and the measurement 151 

DADk(x) Deformation Area Difference (DAD) value from curvature 152 

Ak,d,i  Area section under the damaged curvature curve 153 

Ak,t,i  Area section under the reference respectively undamaged curvature curve 154 

ΔAk,i  Area difference between damaged and undamaged curvature curve 155 

Once the theoretical and experimental curvature curves are determined, the area under both curves from 156 

reference system and measurement is computed using the integral of the curvature functions (equations (4) 157 

and (5)), and the area difference is calculated according to the equation (6). 158 

𝐴𝜅,𝑑,𝑖 = ∫ 𝜅𝑑,𝑖(𝑥)𝑑𝑥

𝑖

𝑖−1

 (4) 

𝐴𝜅,t,𝑖 = ∫ 𝜅𝑡,𝑖(𝑥)𝑑𝑥

𝑖

𝑖−1

 (5) 

The disintegration of the function of curvature k(x) leads back to the function of the inclination angles ϕ(x) 159 

because the derivation of the inclination angle corresponds to the curvature (equation (2)). In other words, 160 

the DAD values for the curvature can be directly calculated using the first derivation of the deflection values 161 

respectively using the inclination angle values (equation (6)). Using this method, the multiple derivations 162 

and the step of approximation according to equation (2) is avoided. 163 

∆𝐴𝑘,𝑖 = ∫ 𝜅𝑑,𝑖(𝑥)𝑑𝑥 − ∫ 𝜅𝑡,𝑖(𝑥)𝑑𝑥 =

𝑖

𝑖−1

𝑖

𝑖−1

= [𝜑𝑑(𝑥)]𝑖−1
𝑖 − [𝜑𝑡(𝑥)]𝑖−1

𝑖 = 𝜑𝑑(𝑥𝑖) − 𝜑𝑑(𝑥𝑖−1) − 𝜑𝑡(𝑥𝑖) + 𝜑𝑡(𝑥𝑖−1) 

 

(6) 

The DAD method subdivides the area differences into several small sections Δxi, as shown in Figure 2. The 164 

length of the section depends on the density of the measurement points and the mesh size of the finite 165 
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element model used as a theoretical reference. Then, each difference area is separately squared and divided 166 

by the sum of the squared areas according to equation (7) to filter out of the known stiffness changing areas 167 

from the reference model and to represent the damaged section in a squared scale. Due to this normalisation, 168 

the effect of damage is strongly highlighted, which allows the increase of the sensibility of the method on 169 

damage detection. 170 

𝐷𝐴𝐷𝜅,𝑖 =
∆𝐴𝜅,𝑖

2

∑ ∆𝐴𝜅,𝑖
2𝑛

𝑖=1

=
[𝜑𝑑(𝑥𝑖) − 𝜑𝑑(𝑥𝑖−1) − 𝜑𝑡(𝑥𝑖) + 𝜑𝑡(𝑥𝑖−1)]2

∑ [𝜑𝑑(𝑥𝑖) − 𝜑𝑑(𝑥𝑖−1) − 𝜑𝑡(𝑥𝑖) + 𝜑𝑡(𝑥𝑖−1)]2𝑛
𝑖=1

 (7) 

2.3. Smoothing of the measurement noise 171 

In case the measurement precision is known, the effect of noise can be filtered out from the measured 172 

deflection line. This procedure allows the reliable localisation of stiffness changes out of the range of the 173 

measurement noise. A detailed case study with a theoretical example and a laboratory test is presented in 174 

[21] and summarized in the following. The essential background of the noise smoothing process within the 175 

measurement standard deviation is applied based on equations (8) and (9). First of all, a polynomial 176 

regression wr(x) is determined based on the deflection curve wd(x), which is affected by noise (equation 177 

(8)). Then, the raw deflection curve wd(x) is filtered within the measurement standard deviation s(x) and 178 

the smoothed deflection curve wd,s(x) can be obtained using equation (9). 179 

𝑤𝑟(𝑥) = ∑ 𝑎𝑖𝑥
𝑖𝑛

𝑖=1  (8) 

{
𝑤𝑑,𝑠(𝑥) = 𝑤𝑑(𝑥) − 0,50 ∙ 𝑠(𝑥) ≥ 𝑤𝑟(𝑥) ,    𝑖𝑓      𝑤𝑑(𝑥) ≥ 𝑤𝑟(𝑥)

𝑤𝑑,𝑠(𝑥) = 𝑤𝑑(𝑥) + 0,50 ∙ 𝑠(𝑥) ≤ 𝑤𝑟(𝑥) ,    𝑖𝑓       𝑤𝑑(𝑥) < 𝑤𝑟(𝑥)
 (9) 

With: 180 

wr(x)   Polynomial regression 181 

wd(x)   Actual deflection of the bridge structure from the measurement 182 

wd,s(x)   The deflection function of the bridge structure from the measurement after smoothing 183 

s(x)   Standard deviation resulting from the measurement technique 184 

2.4. Identification of damages (outliers) 185 

The DAD method is supposed to highlight the discontinuities resulting from a local damage. However, the 186 

evaluation is affected by the measurement noise and all stiffness influencing parts of the structure (Figure 187 

2). After the application of the smoothing process, the outliers from the DAD values highlight the position 188 

of damages. However, it remains challenging to differentiate whether the highlighted discontinuities result 189 
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from damage, from the measurement noise effects or from a stiffness change in the structure. Therefore, 190 

the widely used box plot method [30] [31] is applied to identify the real outliers of the DAD values (Figure 191 

3). 192 
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Outer fence

Inner fence

75% quantile Q3

Median Q2

25% quantile Q1

Interquartile range
(IQR): Q3-Q1

3
*

IQ
R

1
,5

*
IQ

R

 193 

Figure 3. Identification of outliers based on the box plot method 194 

The application of the box plot method defines an inner boundary value and an outer boundary value. The 195 

values from the investigated data which fall over the inner boundary value are considered as a minor outlier 196 

and those values over the upper boundary value are considered as major outliers. In a first step, the lower 197 

25% quantile value (Q1 in Figure 3) and the upper 75% quantile value (Q3 in Figure 3) are computed to 198 

determine the interquartile range (IQR in Figure 3). Then, the inner boundary value is defined as the 75% 199 

quantile value plus 1.5 times the IQR, and the outer boundary value is defined as the 75% quantile value 200 

plus 3 times the IQR. The identified DAD values as a major outlier area are considered as locations where 201 

damage can be observed (Figure 3). 202 

In the case of small damages in bridge structures, the discontinuity from the DAD values does not clearly 203 

highlight. Therefore, the identification of outliers enables the differentiation between the actual outlier and 204 

the discontinuity resulting from the noise effect. If outliers have been found, the DAD method was not able 205 

to identify any damages within the measurement precision. The impact of the damage position and the 206 

measurement precision on the detectable degree of damage is discussed in sections 5, 6 and 7. 207 

3. Description of the bridge 208 

The applicability of the DAD-method on a real bridge structure is investigated on a road bridge in Altrier, 209 

Luxembourg. The bridge was built in 2013 and serves as an overpass bridge crossing over a traffic road. 210 

The structural bridge superstructure is made of prestressed concrete with a span of about 27 m (Figure 4). 211 

The height of the bridge cross-section amounts to 93 cm. In total, the prestressing consist of thirty-six 212 

parabolic post-tensioned tendons with nineteen strands of class 1860 MPa. Concrete of compressive 213 

strength class C45/55 according to EC2 [32] was used. According to the official static design documents, 214 
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the bridge is designed to accommodate trucks with a maximum weight limit of 60 tons. The cardinal 215 

direction of the bridge is oriented from the southwest (Luxembourg City) to northeast (Echternach), which 216 

allowed a uniform, natural illumination of the bridge side from morning until the afternoon. The favourable 217 

lighting of the structure was an optimal condition for the application of photogrammetry. 218 

 219 

Figure 4. The experimental bridge in Altrier in Luxembourg 220 

3.1. Applied techniques 221 

The high precision measurement of the deflection line along the longitudinal axis of the bridge is an 222 

essential prerequisite for the successful application of the DAD method. On the one hand, the closer the 223 

distance between the measuring points, the higher the achievable precision on the localisation of the 224 

damage. However, on the other hand, a higher density of the measuring points leads to shorter height 225 

differences between the measuring points, which means that higher measuring accuracy is required to 226 

observe any differences. Therefore, it is important to find an optimum between these conditions. The 227 

different measurement techniques, which were applied for the experimental test, are as follows: 228 

• Laser scanning: A laser scanner of type Leica P20 was used. This measuring unit can scan one 229 

million of measuring points per second to generate a point cloud with 0.8 mm density and has a 230 

range of up to 120 m [33]. 231 

• Total station: Two total stations of type Leica TS30 and Leica TS60 with very high accuracies, 232 

particularly in angle measurement (0.15 mgon) were applied [34]. Therefore, both total stations 233 

have been positioned at two different locations, and the targets have been measured using the 234 

angular intersection. 235 

• Levelling: The levelling unit of type Leica DNA 03 with very high precision in height observations 236 

was used. The precision of the electronic measurement with the help of invar staff amounts to 237 

0.30 mm [35]. The digital invar staff enables the faultless and precise recording of the measurement 238 

values. 239 
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• Photogrammetry: The technical equipment used for photogrammetry is a full-frame camera Nikon 240 

D800 set on a tripod and a medium-format camera Fujifilm GFX50S installed on a big size drone 241 

DJI Matrice 600 as shown in Figure 5. The calibration of both cameras was performed using the 242 

test-field calibration method. The captured images were processed using the software 243 

Elcovision 10 [36].  244 

• Displacement sensors: Two displacement sensors from HBM [37] with the length of 50 mm have 245 

been applied among other things to enable the real-time monitoring 246 

In addition, several temperature and humidity sensors were installed above and under the bridge to monitor 247 

the environmental conditions. Furthermore, an infrared camera of type InfraTec Variocam was used to 248 

observe the temperature distribution on the surface of the bridge. The photogrammetry with Nikon D800 is 249 

set using a tripod from a distance of about 10.0 m and 15.0 m from the bridge. The pictures are captured at 250 

every 2.0 m along the longitudinal axis of the bridge. The second measurement with photogrammetry is 251 

carried out using a Fujifilm GFX50S on a drone. The flight with the drone took place fully automatically, 252 

and the camera GFX50S took pictures every 2 seconds. The flights are done in two different heights, namely 253 

one at the same height as the bridge deck and one at about 2.5 m from the ground. The distance of the drone 254 

to the bridge amounts to about 12.0 m. 255 

 256 

Figure 5. The drone DJI Matrice 600 and the camera Fujifilm GFX50S hold by a gimbal 257 

3.2. Experimental setup 258 

The experimental setup installed on the southeast side of the bridge is schematically shown in Figure 6. 259 

Fifty-one photogrammetry targets were mounted below the cross-section of the bridge structure at a 260 

distance of 50 cm to each other, and each ten reference targets were positioned at both bridge abutments. 261 

The measurement with levelling is carried out on the top of the bridge with 3.0 m distances. The 262 
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measurement with the laser scanner is done from a single position orthogonal to the centre of the bridge at 263 

15 m from the bridge. 264 
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Figure 6. Side view of the experimental setup 266 

Part A of Figure 7 shows the installation process of the photogrammetry targets and part B the dimensions 267 

of the setup. The used photogrammetric targets [36] have been printed out on dull adhesive films which are 268 

usually used for automobile foliation. The dull films have the advantage for the capturing process that it is 269 

not reflected by the sun. The adhesive films are resistant to ultraviolet light and rain or water. 270 

B.A.

Main axis of
the targets

Targets for the 
photogrammetry

Stainless steel 
plate t=1.50mm

Reflector for the 
total station

Dimensions in[mm]
 271 

Figure 7. A installation of the targets; B. Dimensions of the setup for targets 272 

For the measurement with the total station, the same targets as for photogrammetry were used. Both 273 

displacement sensors have been installed at 6.5 m respectively at 7.0 m from the centre of the bridge, as 274 

shown in Figure 6. In addition, the deflection of the bridge was measured with two displacement sensors. 275 

The height of the bridge cross-section amounts to 93 cm and at the mid to 1.075 m (Figure 8). Since a large 276 

number of measurement techniques were applied during the experiment, the whole traffic was closed from 277 

nine in the morning to four in the afternoon for totally seven hours.  278 
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Figure 8. Cross-section of the bridge 280 

3.3. Finite element model of the bridge 281 

A finite element model of the bridge was designed using the software Sofistik (Figure 9). The FE-model 282 

functions as a reference system for the application of DAD-method. Furthermore, the dimension of the 283 

experimental load and the amount of the required trucks was defined based on the FE-calculation and the 284 

existing static documents of the bridge. The FE model is carried out based on linear calculation, which 285 

corresponds to the non-destructive load-deflection experiment on the bridge within the serviceability limit 286 

state. The realistic modelling of the bridge structure is usually a major challenge. The model updating is 287 

often required based on dynamic or static experimental results to enable the increase in the accuracy of the 288 

FE model. As already mentioned, the DAD method requires a theoretical reference system of the 289 

investigating bridge structure. However, the model does not have to respect a high requirement regarding 290 

the accuracy of the FE model. In other words, the following conditions are important for the creation of the 291 

reference system: 292 

• Static system respectively the span lengths 293 

• Consideration of the changes in cross-section or changes in local stiffness changes 294 

• Position of the experimental load 295 

In return, the following points are not needed to be represented according to the real conditions of the 296 

studied structure, which makes the modelling of the reference system much easier: 297 

• Amount of the structural deflection 298 

• Amount of the load 299 

• Global effects from both the dead load and the temperature 300 

• Spring stiffness of the support structure 301 

• Deflection due to shear force 302 
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• Effects from creep and shrinkage 303 

• Linear material properties and linear calculation 304 

The DAD method considers the area between the measured curvature curve and the reference curvature 305 

curve. The considered area is divided into several sections, which enables a relative comparison, 306 

respectively only identifies local changes in the deflection behaviour of the structure.  307 

 308 

Figure 9. Finite element model of the experimental bridge using the software Sofistik 309 

3.4. Loading of the bridge 310 

The DAD method for localisation of damages bases on the measurement of the deflection curve of a bridge 311 

structure. The easiest way to apply loading on a bridge structure is to use heavy trucks. However, on the 312 

one hand, the load should not exceed the serviceability-limit-state, and on the other hand, the amount of 313 

deflection should be as big as possible to generate a measurable bridge deflection. The required amount of 314 

experimental deflection is investigated in section 5.3. 315 

Within the presented bridge experiment, respecting the two constraints described in the previous paragraph, 316 

the determination of the loading led to six heavy trucks with a weight between 31 t and 33 t per truck 317 

(Figure 1 and Figure 10). During the experiment, the bridge structure is loaded step by step and the 318 

structural deflection is monitored in real-time using both displacement sensors (Figure 6). 319 
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Figure 10. Dimensions and wheel distances of the trucks [38] 321 
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Figure 11 shows the expected and measured deflection as a function of time and related to the consecutive 322 

loading of the bridge by the six trucks. The presented deflection values (vertical axis) as a function of time 323 

(horizontal axis) were measured by both displacement sensors (Figure 6). The values in brackets represent 324 

the expected deflections resulting from the FE calculation. For trucks number 1, 3 and 5, small peaks can 325 

be observed at the beginning of the deflection curves due to the crossing of the bridge centre by the trucks 326 

before reaching their final position. The measured deflection values always lay below the expected values 327 

from FE calculation, which allowed to increase the number of trucks to all planned six trucks. The 328 

maximum deflection of the bridge at the midpoint amounted to about 11.0 mm, which corresponds to a 329 

span deflection ratio of about L/w = 27.0/0.011 ≈ 2500. 330 

 331 

 332 

Displacement sensor, at 6,50m

Displacement sensor, at 7,50m

 333 

Figure 11. Loading of the bridge and measurement of the deflection by displacement sensors 334 

3.5. Environmental conditions during the test 335 

Figure 12 summarises the temperature and humidity measurements over time on top and under the bridge, 336 

as well as the deflections measured by the displacement sensors. The sensors are installed at about 8:40 am, 337 

which is visible in the diagram. After about 20 minutes, the sensors have been adapted to the surrounding 338 

conditions. The humidity and temperature sensors are battery operated and were switched on the day before 339 

the test and switched off the next day after the experiment. Therefore, Figure 12 includes recorded data 340 

about the humidity and temperature before and after the test day. These data show the environmental 341 

conditions of the transport vehicle and have no significance for the test conditions. The air humidity 342 
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amounted to about 85% and decreased over time. The temperature slowly increased during the test day and 343 

amounted on average to about 16°C. The sky on the experimental day was cloudy, which represents an 344 

optimum condition for the use of the photogrammetry technique. 345 

 346 

Figure 12. Determined humidity and temperature of the bridge Altrier, as well as its deflection measured 347 

by the displacement sensors on the test day 348 

Figure 13 shows the six thermography images of the bridge, which were captured at an hourly basis from 349 

the start to the end of the experiment. Until 14:12h, uniform temperature distribution at the surface of the 350 

bridge can be observed, which were ideal conditions for the experiment and mainly resulted from the cloudy 351 

weather conditions. In contrast, the highest surface temperature difference was recorded at 15:41h, 352 

however, only a maximum temperature difference of 1.30°C was observed between the surface in the 353 

shadowed area and the areas exposed to the sunlight. Therefore, it can be assumed that the load-bearing 354 

structure had an uniform temperature distribution over the whole duration of the experiment. Nonetheless, 355 

it should be noted that the application of the DAD method is not affected by a uniform respectively a global 356 

temperature change [20]. The temperature change usually affects the whole structure, not at a local position. 357 

Since the DAD method carries a relative investigation comparing measured data to a reference data set for 358 

the detection of damage, the temperature effect has no influence (see section 3.3). 359 
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 360 

Figure 13. Thermography measurement of the bridge at different periods of the day 361 

4. Results of the bridge experiment 362 

In the past, the DAD method was applied for several case studies based on finite element calculations and 363 

on some laboratory experiments [20] [21] [39] [40] [41]. The current study shows the first time the 364 

application of the DAD method on a real bridge structure. The major aim for this study was to identify the 365 

measurement precision which is able to be achieved on a real-scale structure under outside environmental 366 

conditions and not the DAD values themselves as the newly constructed bridge was expected to be without 367 

any damage. 368 

4.1.  Measurement precisions 369 

In this study, the deflection of the bridge is recorded by several most modern measurement techniques. 370 

Part A in Figure 14 shows the deflection of the bridge measured by photogrammetry. The maximum 371 

deflection by six heavy trucks amounts to about 11 mm. The targets were placed at a spacing of 50 cm 372 

along the longitudinal axis (Figure 14). Applying the photogrammetry, each measuring targets is captured 373 

several times from different angles and positions. The photogrammetry measurement was carried out based 374 

on the bundle block adjustment of all pictures and, the coordinates of the targets have been determined. The 375 

diagram presented in Figure 14 shows the standard deviation of each target with an average value of about 376 

0.07 mm (Part B. in Figure 14). 377 
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A.

B.

 378 

Figure 14. The deflection measurement by photogrammetry using the camera GFX50S and the drone 379 

(Part A.) as well as the standard deviation for each target (Part B.) 380 

The precision of the measurement is determined based on the noise effect (Figure 15). The noise from the 381 

deflection effect is shown in black, and the measurement noise after the smoothing process according to 382 

section 2.3 is shown in red dashed line. 383 

Raw measurement noise

Measurement noise after smoothing

 384 

Figure 15. The filtered noise effect from raw measurement and after smoothing 385 

In order to identify the accuracy of the measurement techniques, an exactly calibrated comparative 386 

measurement is normally carried out. Within the experiment, several most modern high–precision 387 

measurement techniques have been applied. However, every measurement technique delivers normally 388 

distributed measurement results. Therefore, in order to determine the standard normal distribution of the 389 

measurement results, the measurement noise effect has to be filtered out from the deflection line. Figure 16 390 

shows the determination of the standard deviation of a measurement noise related to a straight line. 391 

However, in the case of a deflection measurement (Figure 17), the standard deviation cannot be determined 392 
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directly, as shown in Figure 16. A polynomial regression is therefore created from the measurement data, 393 

which corresponds to the deflection curve of the experimental bridge structure and is substracted from the 394 

measured deflection line. Then, only the noise of the measurement results would remain as shown in Figure 395 

16. The advantage of this procedure is that the precision of the measuring techniques can be compared to 396 

each other (Figure 19). The disadvantage is that the polynomial regression does not correspond 100 % 397 

exactly to the deflection line and falsifies the result to a small extent. Based on this, the precision of all 398 

applied measuring techniques are finally compared by their standard deviations (Figure 19).  399 

SDz

 400 

Figure 16. Measurement noise along a reference line and the standard deviation 401 

Polynomial regression
Corresponding to the deflection 

behaviour of the structure

Noise affected
deflection curve

Elimination of the deflection curve using polynomial 
regression in order to filter out the measurement noise

 402 

Figure 17. Exemplary, a noise affected deflection line and filtering out the measurement noise using 403 

polynomial function 404 

The precision value of 3.0 mm for laser scanning is only an estimated value as the precision of the laser 405 

scanner depends on the roughness of the bridge surface, on atmospheric conditions, on internal safety 406 

mechanism and measuring configuration. Comparable studies [42] report the accuracies of about 0.50 mm 407 

to 5.00 mm for laser scanner Leica P20. Therefore, it is quite possible that the actual accuracy is much 408 

better than the estimated value of 3.00 mm. The displacement sensors deliver very high precise deflection 409 

values with a standard deviation of 0.0329 mm. However, the application of the DAD method using 410 

displacement sensors would not be practical, because of the high number of the required measurement 411 

points. The levelling is also a high precision measurement technique, however the precision could be 412 

influenced by human handling. The measurement of a long bridge requires a big amount of measurement 413 

points, which extensively increases the involved measurement effort. Nonetheless, it could be used as 414 

control measurement with few measurement points at selected positions. The measurement with total 415 

station works automatically which decreased the measurement effort. The standard deviation of 0.2360 mm 416 
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presented in Figure 19 was reached without using reflector targets as the use of reflector targets decrease 417 

the measurement precision [43]. In contrast, the close-range photogrammetry based on high-quality 418 

cameras which were calibrated in advance and by using one of them on a drone provided an optimal 419 

application for bridge deflection measurement. The achieved accuracy for the full-frame camera D800 420 

amounts to 0.1451 mm and for the medium format camera installed on the drone amounts to 0.1186 mm. 421 

The precision of the photogrammetry was not influenced by the vibration from the drone flight (Figure 422 

18 A.). The zoom of the photogrammetric target number 11 is shown in Figure 18 A., which is captured 423 

while the drone flight. The low shutter speed of 1/500 sec and the robust gimbal of the drone allowed the 424 

avoidance of the camera shake effect. A very stable gimbal DJI Ronin-MX and a very short shutter speed 425 

of the camera could avoid the blurring effect. In comparison, a capture done from the tripod using the 426 

remote release is shown in Figure 18 B. In both pictures, the sharp and not blurred pixels from white to 427 

black are clearly visible. The image stabiliser from the lens was not used, which would otherwise negatively 428 

affect the measurement precision. 429 

A. B.

  430 

Figure 18. A. Capture while flying the drone without any blurring (shake) effect, B. capture done using 431 

tripod and remote release while calibration of the camera 432 

 433 
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 434 

Figure 19. Reached  precisions respectively standard deviations for the applied measurement techniques 435 

for deflection measurement 436 

4.2. The damage detection and the DAD values 437 

The detection of damage on the investigated bridge using the DAD method is carried out based on deflection 438 

measurements performed by photogrammetry and by levelling. The DAD values from photogrammetry is 439 

done for two different measuring point distances. The analysis and the background of the horizontal 440 

measuring point distance are published in [21]. The horizontal distance between the measuring points has 441 

a significant influence on the precision of damage detection. A closer range between the measuring points 442 

allows a higher precision on the localisation of the damage. However, the closer the measuring points, the 443 

smaller is the inclination angle change resulting from damage. However, the smaller the measurable 444 

inclination change, the higher is the required precision of the deflection measurement. Figure 20 and Figure 445 

21 show the impact of the considered measuring point distance, namely 50 cm respectively 100 cm, on the 446 

calculation of DAD values based on photogrammetry. 447 

discontinuity resp. 
possible damage

 448 

Figure 20. DAD values from curvature for measuring point distance of 50 cm and based on 449 

photogrammetry; red bars represent the outliers 450 
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 451 

discontinuity resp. 
possible damage

 452 

Figure 21. DAD values from curvature for measuring point distance of 100 cm and based on 453 

photogrammetry; red bars represent the outliers 454 

no identified 
outlier

 455 

Figure 22. DAD values from curvature for measuring point distance of 300 cm and based on levelling 456 

The outlier respectively the discontinuity of the DAD values were determined according to the method 457 

described in section 0. Figure 20 indicates some discontinuity at about 2.90 m. However, the discontinuity 458 

does not increase with increasing measurement point distance to 100 cm (Figure 21). As for smaller 459 

measuring point distances (Figure 20), the measurement noise has more influence on the DAD values than 460 

for bigger measuring point distances, the outlier in Figure 20 results from measurement noise and not from 461 

any damage. The DAD values for the measuring point distance of 100 cm present already a nearly uniform 462 

distribution so that it can be concluded that the structure is still undamaged. The results from 463 

photogrammetry in Figure 21 is confirmed by the accurate measurement with levelling, which also does 464 

not have any outlier as shown in Figure 22. 465 

In summary, no damage was identified using the DAD method in the investigated bridge structure. 466 

However, the following questions require further clarification: 467 

• Identifiable damage degree for bridge structures; 468 

• Required precision of the measurement technique for localisation of small damages; 469 
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• Influence of damage position; 470 

• Required maximum deflection; 471 

• Number of required measurement repetition. 472 

Therefore, an additional investigation is carried out to answer the questions as mentioned above. These 473 

investigations are based on FE calculations using a model with artificial noise effects to get realistic 474 

deflection measurement values, whereas the artificial noise introduced into the deflection line of the 475 

numerical model corresponds to the noise from the real measurements by photogrammetry for the bridge 476 

test. 477 

5. Measurement noise and its influence 478 

Theoretical examples showed that the DAD method is able to identify already smallest stiffness variations 479 

down to 1 % [20]. However, the detectability of the damage using the DAD method depends on several 480 

parameters. The most important factor is the precision of the deflection measurement. The close-range 481 

photogrammetry represented promising accuracy and application-oriented handling. Furthermore, the 482 

reached accuracy under laboratory condition was between 0.01 and 0.03 mm [40] [39] and for real bridge 483 

experiment between 0.10 and 0.14 mm. In the following sections, the influence of the measurement 484 

precision, the damage degree, the damage position, the required deflection size and the required number of 485 

measurement repetitions are investigated. The investigations are carried out based on a finite element model 486 

of the bridge Altrier from the experimental test. 487 

5.1. Artificial noise 488 

The calculation results from the finite element method deliver exact mathematical results without any noise 489 

effect. However, real measurements are always affected by normal-distributed noise effect. Therefore, 490 

realistic test results are generated from the finite element model by incorporating an artificial noise which 491 

is produced based on the measured standard deviation range from photogrammetry. The normal distributed 492 

pseudo-random number is generated using the function NORM.INV() from Microsoft Excel [44] based on 493 

the Wichmann and Hill theory [45]. The NORM.INV() function consists of the variables such as 494 

probability, standard deviation and the mean value as arguments. The probability is associated with the 495 

standard normal distribution (equation (10)). 496 

𝑓(𝑥, 𝜇, 𝜎) =
1

√2𝜋𝜎
𝑒

−(
(𝑥−𝜇)2

2𝜎²
)
 (10) 
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The left diagram of Figure 23 shows the normally distributed noise effect for the standard deviation of 497 

0.10 mm and the right diagram of Figure 23 illustrates the real measurement noise from photogrammetry. 498 

Both are not identical, but they have the same value of standard deviation and are distributed normally. 499 

 500 

Figure 23. Left diagram: artificial noise, right diagram: real noise from photogrammetry measurement 501 

5.2. Relation between the detectable degree of damage and the measurement precision 502 

for the use of DAD method 503 

The detectable level of damage is investigated based on the measurement precision and the resulting DAD 504 

values. The study is done based on the theoretical model same to the static system of the experimental 505 

bridge. A local artificial damage is generated with several different levels by reducing the element stiffness. 506 

Figure 24 presents the DAD values from curvature at the damage position depending on the measurement 507 

precision and the damage level. The standard deviation varies from 0.01 mm to 0.10 mm. Each DAD value 508 

is determined from the average of 30 different calculations using artificial noise effects. A higher DAD 509 

value at a given damage position leads to more reliable damage identification. First, it can be considered 510 

that for smaller damage degrees, a higher precision of the deflection measurement is required. Furthermore, 511 

the trend lines of the relations between the precision of the measurement and the corresponding damage 512 

level follows an exponential curve. 513 

 514 
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Figure 24. Relation between measurement precision and detectable degree of damage 515 

5.3. Influence of the deflection size on the detectability of damage 516 

Another significant factor influencing the damage detection using the DAD method is the size of the 517 

measured deflection. The maximum deflection of the bridge should not exceed a specific allowed value of 518 

deflection size not to exceed the serviceability limit state and to allow a non-destructive condition 519 

assessment. In principle, there is no clear regulation regarding the deflection limitation in bridge design 520 

standards. Nonetheless, there are indications for structural deflection limitation depending on the type of 521 

construction. The allowed size of deflection varies from L/350 to L/2000 [46] [47]. Figure 25 shows the 522 

analysis of the range of damage detection using the DAD method. The diagram illustrates nine different 523 

curves, which represent the DAD values for different experimental deflection sizes starting from L/600 to 524 

L/2500. The horizontal axis of the diagram shows the level of a local stiffness reduction due to damage. 525 

The two dashed lines in red and black indicate the detectability of damage in function of the measurement 526 

accuracy. The red dashed curve represents the detectability limit for a measurement accuracy of 0.09 mm, 527 

which corresponds to the accuracy of the photogrammetry of the real bridge experiment. The black dashed 528 

line illustrates the detectability limit corresponding to the accuracy of measurement at laboratory condition 529 

of 0.01 mm. All DAD values above the dashed boundary line point out successful identification of damage. 530 

For example, based on an experiment with maximal deflection of L/600, the reliable identifiable damage 531 

degree starts at 60 % for a measurement accuracy of 0.09 mm. With the measurement accuracy of 0.01 mm, 532 

the identification of damages at 30 % would be possible. 533 

Bridge test

Corresponding to 
bridge test (0.09)

Corresponding to 
laboratory test (0.01)

 534 

Figure 25. Damage identification based on deflection size and measurement precision 535 
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6. Influence of damage position on detection of damage 536 

The position, at which damage has occurred, plays a role in the detection of damage using the DAD method. 537 

Figure 26 shows one-half of the studied FE-model. The influence of the damage position is examined on 538 

30 measurements using random noise effects for each investigated position. The resulting DAD values are 539 

represented by an average line summarising the 30 measurements with the standard deviation of 0.03 mm 540 

indicated by single crosses in Figure 26 A. Figure 26 B. represents the resulting average trend lines from 541 

investigations with different standard deviations of 0.01 mm to 0.09 mm. A higher DAD value at the 542 

damage position corresponds to a more accurate damage localisation. The resulting DAD values clearly 543 

show that a better damage detection can be achieved closer to the maximum deflection area. In contrast, at 544 

a position with hardly any deflection, e.g. at the support structures, almost no damage can be detected. 545 
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 546 

Figure 26. Influence of damage position on the detectability of damage 547 

7. Influence of the repetition of measurements 548 

The final investigation examines the influence of the repetition of the measurements on the variability of 549 

the resulting DAD values. This examination is carried out to understand how many deflection 550 

measurements are required to minimise the influence of measurement inaccuracy on the resulting DAD 551 

values. The problem is that the effect of normally distributed measurement noise involves potentially 552 

outliers, which could be falsely detected as damage. However, the repetition of the measurement would not 553 

have the potential outlier from measurement inaccuracy at the same area again. Only the outlier resulting 554 

from the damage would always highlight at the same position. Equation (11) is used to calculate the 555 

arithmetic mean values of the DAD values for n measurements. Mostly, the discontinuity resulting from 556 

damage effect is highlighted at the position of damage. However, some outliers resulting from the 557 
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measurement inaccuracy can occur randomly at various locations. The probability that an outlier resulting 558 

from noise effect occurs at the same location again is very low. Therefore, the repetition of the measurement 559 

helps to eliminate the effect of measurement noise and only to highlight discontinuities at the damage 560 

positions.  561 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑟𝑜𝑚 𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 =
1

𝑛
∑ 𝐷𝐴𝐷𝑖(𝑥)

𝑛

𝑖=1
 (11) 

Figure 27 shows the change of the DAD values at the damage position depending on the number of 562 

measurement repetitions. The presented DAD values cover the damage degrees from 10 % to 90 % and 563 

each value is based on average on ten artificially generated experimental values. The considered standard 564 

deviation amounts to 0.02 mm. The red curve illustrates the overall average from the nine different damage 565 

degrees. A stabilisation of the DAD values can be observed starting from the seventh repetition of the 566 

deflection measurements. In other words, the influence of the measurement noise effect can be optimally 567 

minimized starting from the seventh repetition of the measurements at a precision level of 0.02 mm. 568 

However, the number of required measurements varies depending on the measurement precision. 569 

Damage degree 
range 10%-90%

AverageStabilisation of 
the increase
starts at 7

 570 

Figure 27. Influence of the measurement repetition on the precision of damage identification 571 

8. Recommendation for practitioners 572 

In principle, certain recommendations can be made for practitioners of the DAD method. With regard to 573 

the requirement for the measuring accuracy, it should be mentioned that the longer the span, the more 574 

precision is necessary. For multi-span bridges, it is advisable to position control points on every abutment. 575 

If the target can remain permanently on bridges, the exact location of the control points should be measured 576 

before each load-deflection experiment. The application of close-range photogrammetry with the help of a 577 

drone is highly recommended for larger, higher or even difficult accessible bridges. Nevertheless, 578 
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displacement sensors or levelling should be used as a control measurement. Concerning the experimental 579 

load, it is advisable to approach the serviceability limit state in order to produce a measurable deflection. It 580 

is recommended to repeat the measurements for statistical reasons, i.e. more than 7 times. 581 

The used camera should be focused as far as possible on infinity. The shutter speed should be kept as short 582 

as possible to avoid blurring effect. The automatic rotation function of the camera and the image stabilizer 583 

of the lens must be switched off. Underexposed images are better than overexposed ones. 584 

The measurement of the environment temperature, humidity or thermography is not required. The 585 

investigation of the measurement noise is not necessary, but the sensitivity of the DAD method would 586 

increase, if the measured deflection line is smoothed within the range of the standard deviation. The density 587 

of the target can be chosen comparable to the presented study such as 50 cm, however depending on the 588 

length of the structure. The smaller the span the more density of the measuring targets are required. 589 

9. Conclusion 590 

The presented work summarises the experiences of the application of the so-called “Deformation Area 591 

Difference” (DAD) method on the detection of damage in existing real bridge structures. The applied 592 

method is based on the relationship between bending moment and curvature. The essential prerequisites of 593 

the method are a high precision measurement of the deflection line from a static load deflection test and a 594 

simplified linear finite element model of the bridge structure. The presented real-scale experiment is carried 595 

out on a prestressed concrete bridge structure in Luxembourg with a span of 27 m. The applicability of the 596 

DAD method is investigated based on several modern measurement techniques, namely laser scanning, 597 

total station, levelling as well as displacement sensors and photogrammetry. The photogrammetry is applied 598 

on using a camera with a tripod taking pictures from multiple locations, and another camera on a drone, 599 

also taking pictures from various locations. The study deals with the precision of the measuring techniques 600 

and not with the accuracy. The accuracy gives an absolute value to a reference value, while the precision is 601 

a relative measurement value. The DAD method examines the measured deflection line relative to the 602 

reference curve. For the application of the DAD method a high precision measurement is sufficient. 603 

From the findings of the different investigations, the following conclusions can be drawn: 604 

• The reached precisions from the deflection measurements on the bridge structure amount to 605 

0.1186 mm for photogrammetry, 0.236 mm for total station, 0.064 mm for levelling and 0.0329 mm 606 

for displacement sensors. As expected, no damage was detected on the newly constructed bridge 607 

structure using the DAD results from photogrammetry and levelling, which showed uniformly 608 

distributed values over the whole structure. 609 
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• Realistic experimental deflection measurement data was successfully generated based on theoretical 610 

models, which considered the artificial measurement noise effects. 611 

• Theoretical models without measurement noise effect prove that the DAD method is able to detect 612 

smallest stiffness changes such as 1 % local damage. 613 

• The influence of measurement precision is investigated based on finite element calculations with 614 

artificial measurement noise effect. The results showed that the effect of noise on lower 615 

measurement precision has an exponential influence on the damage detection.  616 

• The size of the investigated structural deflection also has an essential impact, namely the higher the 617 

deflection, the lower is the damage level which can be detected. 618 

• Damage close to higher deflections can be better localised than damage near to the support 619 

structures. 620 

• The number of the measurement repetition is investigated to eliminate the falsely detected outliers 621 

resulting from measurement noise. The repetition number of more than seven delivered reliable 622 

interpretation about damage detection. 623 

The applicability of the DAD method was already proven based on theoretical examples and laboratory 624 

tests [20] [21]. This study confirms the applicability of the DAD method on a real prestressed concrete 625 

bridge structure using most modern measurement techniques, especially with photogrammetry using a 626 

camera mounted on a big size drone delivered very promising results. Considering the discussed boundary 627 

conditions of the DAD method, this method offers a simple and reliable application for damage detection 628 

of bridge structures and contributes to the state-of-the-art of methods for condition assessment. 629 
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