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Application of the DAD method for damage
localisation on an existing bridge structure using

close-range UAV photogrammetry

ABSTRACT: A novel damage detection and localisation method, the so-called Deformation Area
Difference method for localisation of damages in bridge structures is introduced. The method is based on
static load-deflection experiments with the prerequisite of high precise deflection measurement. This study
presents the first experiences of applying the DAD method on a real bridge structure. The investigated
structure is a prestressed concrete slab bridge with a span of about 27 m, which was built in 2013. The
loading on the bridge is applied using six heavy trucks, each weighing up to 32 t. A wide range of the
modern measurement technologies were used to achieve high precision measurements of the bridge
deflection along the longitudinal axis, namely the photogrammetry using a big size drone, laser scanner,
total station, levelling and displacement sensors. The performed load-deflection test was non-destructive
since the maximum deformation did not exceed the serviceability limit state. The exercise of the novel
damage detection and localisation method on a real structure initiated further optimisation opportunities of
the DAD method and the study of its limits. Several boundary conditions and methodical influence factors
related to the applicability of the proposed method were analysed, such as impacts of measurement

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

1. Introduction

There exists an enormous amount of bridge structures worldwide guaranteeing a functional infrastructure
as part of the public space. However, the constantly rising average age of bridges and the growing weight
of heavy transporters further increase the applied stresses on the existing bridge structures [1]. The
construction industry mostly uses natural resources. Therefore, the preservation of existing structures has a
decisive influence on the ecological balance [2]. In general, the quality of the condition assessment depends
on the experience of the bridge inspector and the applied state-of-the-art inspection methods. Although

technological innovation has become much more prevalent in many areas, the construction industry is still


mailto:dolgion.erdenebat@uni.lu
mailto:daniele.waldmann@uni.lu

26
27

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47
48
49
50
51

52
53
54
55
56
57
58
59

lagging to implement new technologies in their processes [3] and, therefore, the bridge inspection according

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

Generally, the damages of bridge structures can be recognised on the structure surface by visual inspection.
However, in case, the damage occurred inside the load-bearing structure, the damage detection becomes
highly complex and the loss of stiffness cannot be detected in time. Some bridge inspection methods such
as ultrasonic [5] or endoscopy are capable to examine the interior of the structure to a certain extent, but
the location of the damage should be identified in advance. Recently, various research projects are dealing
with the objective of damage assessment in bridge constructions based on different approaches. Oskoui et
al. [6] developed a method for detection of cracks in bridges based on the structural influence line from
moving load and the measurement of strains at multiple positions. The method was tested on a five-span
332-meter bridge and the analysis of the results led to the identification of five locations with anomalies.
Visual inspection verified mini cracks at two locations and three misaligned sections. The method was
mostly influenced by the big noise effect from the strain measurements. A comparative study based on
strain gauges and influence line for damage detection in bridge structures was carried out by Wu et al. [7].
The focus of the study is on truck weight variations and vehicle speed to procedure the influence line. The
authors report that the damage identification method is not affected by the truck speed but by the weight of
the truck. An additional study for the damage extension is done based on a 1:10 scaled bridge model. The
authors announced about higher damage identification accuracy for damages greater than 10 %. Further
damage detection methods based on influence line are presented in [8] [9] [10] [11]. Based on the theoretical
principles, the detection of stiffness changes is feasible using the influence line, but the accuracy of the

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

Besides to the examination of the moving load and the analysis of the resulting influence line, the
investigation of the static load-deflection experiments on bridge structures provides information about the
stiffness changes and the damages [13]. As bridge structures are built to bypass local obstacles, such as
river, slope, road and valley etc., not all measurement techniques are applicable and it is often difficult to

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

Le et al. [16] present a method for damage localisation based on static load-deflection experiments. This
study shows the results from finite element calculations for several steps of damage degrees. The theoretical
results without noise effect show successful detection of damages at two positions for a one-span beam.
Furthermore, a laboratory test was performed, where the cross-section of a U-profile is reduced at two
different positions and the resulting deflection of a loading test is measured at seven locations with
displacement transducers. Opposed to the finite element result, the experiment delivers deflection values
affected by a measurement noise effect. The clear identification of damage is questioned and further

examination with different noise level are examined [17] [18] [19].
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Load-deflection tests on bridges have a long history and usually are carried out before the opening of the
bridge or after the rehabilitation to demonstrate to the public about its load-bearing capacity. However,
innovative measurement techniques open new possibilities to develop novel methods based on existing
experiences and knowledge. Such a novel technique is the newly developed Deformation Area Difference
(DAD) method for detection and localisation of damages in bridge structures, which is based on high
precision deflection measurements of static load-deflection tests. The state-of-the-art methods for damage
detection and the DAD method are presented based on theoretical examples and a laboratory experiment in
[20]. The laboratory experiment consists of a reinforced concrete beam with the stepwise loading process.
The study presented the successful identification of the cracked areas using the DAD method. Further
development of the method tested on an additional laboratory experiment is published in [21]. The main
development of the method was to find out how to smooth the measurement noise to localise only the

damages.

The current research investigates the boundary conditions and the needed measurement accuracy related to
the detection of damages using the DAD method and presents the first application of the DAD method on
a real prestressed concrete bridge with a span of about 27 m. All impact factors influencing the damage
detection sensibility, such as the measurement precision, the degree of the damage, damage position,
required amount of experimental deflection, repetition of measurements etc., are investigated. The static
load was applied using six heavy trucks, each of them weighing about 32 t (Figure 1). This study starts with
the introduction of the theoretical background of the DAD method. Subsequently, the experimental setup
of the experiment on the bridge is presented, followed by an investigation of the influencing factors for the
DAD method.For the bridge experiment carried out in the current research, various modern measurement
techniques were applied such as photogrammetry, laser scanner, total station, levelling and displacement
sensors. Levelling delivered very high precision and was easy handling for application on a bridge structure.
In particular, the application of photogrammetry installed on a big size drone showed very promising results
and suitable application. Finally, an analysis is carried out to evaluate the detection of the degree of damage

depending on the measurement precision, deflection size, damage position and measurement repetition.
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Figure 1. Loading of the bridge by six trucks

2. Deformation Area Difference (DAD) method

The DAD method is developed to detect local damages in bridge structures. It takes into account the
measured deflection of the structure wq(x) and the deflection from a reference system wi(x) (Figure 2).
Beside an initial deflection measurement, also a simplified linear finite element model of the investigated
bridge structure can be applied as a reference system. However, it is important that the reference system
has a continuous deformation curve and it should consider the stiffness influencing structural parts like
cross members, coves, coupling points of the prestressing cables etc. (Figure 2). The density of the values
from the reference model should correspond to the density of the measurement points installed on the bridge
structure. The DAD method is based on the fact that the measured deflection curve includes information

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

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

The study aims to develop a method to identify stiffness changes influenced by damages. Several research
projects worked with the same goal based on dynamic [22] [23] [24] and static responses [25] [26] [27] of
bridge structures. Both structural responses are influenced by stiffness changes e.g. due to damage. The
localisation of the damage based on dynamic analysis presents more difficulties because the structural
response on a dynamic excitation such as natural frequencies, mode shapes or damping are based on a
global behaviour of a structure which renders the identification of local effects difficult. In contrast, the
static structural responses deliver very promising results [28] [29].
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The DAD method allows the localisation of stiffness reducing damages based on the deflection
measurement of bridge structures. The stiffness of a structure under loading can be analytically calculated
from the multiple derivatives of the deflection curve. The first derivative of the deflection corresponds to

the inclination angle (equation (1)).

)
W) = 5 = o) )

In case of small deflections, the second derivative of the deflection curve, respectively, the first derivation
of the inclination angle corresponds to the curvature of the structure (equation (2)). This condition is
fulfilled when non-destructive load-deflection experiments are performed within the serviceability limit
state. The determined curvature of the structure k(x) can be expressed as the ratio between the bending
moment M(x) and the stiffness EI1(x) (equation (3)). The known parameters of equation (3) are the curvature
as the second derivative of the deflection curve and the bending moment resulting from the experimental
load. Thus, each change of the stiffness EI(x) should be identifiable using the curvature and the bending

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

w"®) = o' (x) = k(x) )
_ M(x)
k(x) = EIGD) 3

Opposed to the theoretical models, the real measurement of the deflection include measurement noise,
which depends on the precision of the applied technique. Furthermore, the noise effect included in the
deflection curve is increased by multiple derivations (equation (2)). The stiffness values expressed in
equation (3) comprise the information about damage, planned stiffness changing areas (Figure 2) etc.
Therefore, the challenge is to distinguish the discontinuities in the curvature curve between damage,
measurement noise effect and stiffness changes inherent in the cross-section configuration. At this point,
the DAD method becomes effective as it provides an alternative possibility to identify damages without
using multiple derivations. It also takes into account the measurement noise effect and the stiffness changes

resulting from the shape of the structure.

2.2. Background of the DAD-method

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

curves of the deflection line, the inclination angle and mainly the curvature with their corresponding curves
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from the experimental measurements. The deflection curve from the theoretical model of the bridge
structure (wi(x) black curve in Figure 2) considers all planned stiffness influencing parameters of the
structure such as cove, cross member etc. The principle of the DAD method is presented using a theoretical
bridge girder with local damage of 60 %. The high amount of damage degree is chosen to clearly display
the discontinuity resulting from the damage effect in the curvature curve. As long as the damage is not
exactly at the point of a planned stiffness change, even the smallest degree of damage can be detected based
on theoretical values. However, the real deflection measurement is affected by measurement noise which
influences the detectable degree of the damage. Further investigation about the detectable degree of damage

is presented in Section 5.2.
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Figure 2. Principle of the Deformation Area Difference (DAD) method

wi(X) Deflection of the reference system (theoretical model)

Wa(X) Actual deflection of the bridge structure from the measurement
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146 dt(x) Theoretical inclination angle from the reference system

147 da(X) Inclination angle from the first derivation of the measured deflection

148 ki(x) Reference curvature from the theoretical model

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

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

151 greenarea  Area between the reference system and the measurement

152 DAD«k(x) Deformation Area Difference (DAD) value from curvature

153 Axd,i Area section under the damaged curvature curve

154 Akt Avrea section under the reference respectively undamaged curvature curve
155 AAki Area difference between damaged and undamaged curvature curve

156  Once the theoretical and experimental curvature curves are determined, the area under both curves from
157  reference system and measurement is computed using the integral of the curvature functions (equations (4)

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

i

Agi = f Ka,i(x)dx 4)
-1
i

A = ] K, (x)dx (5)
-1

159  The disintegration of the function of curvature k(x) leads back to the function of the inclination angles ¢(x)
160  because the derivation of the inclination angle corresponds to the curvature (equation (2)). In other words,
161  the DAD values for the curvature can be directly calculated using the first derivation of the deflection values
162  respectively using the inclination angle values (equation (6)). Using this method, the multiple derivations
163  and the step of approximation according to equation (2) is avoided.
i i
AAy; = f Kqi(x)dx — f ke (x)dx =

i—-1 i'—l ' (6)
= [pa()]i—1 — [@c:()]ic1 = @a(x) — 9a(xi—1) — @e(x) + @ (xi—1)

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

165 length of the section depends on the density of the measurement points and the mesh size of the finite
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element model used as a theoretical reference. Then, each difference area is separately squared and divided
by the sum of the squared areas according to equation (7) to filter out of the known stiffness changing areas
from the reference model and to represent the damaged section in a squared scale. Due to this normalisation,
the effect of damage is strongly highlighted, which allows the increase of the sensibility of the method on

damage detection.

AAZ; _ [0a (X)) — @a(xi—1) — @e(x) + @e(xi-1)]?
L AAZ Lailoa(x) — @alxi—1) — @e(x) + @p(x-1)]?

DADK'i = (7)

2.3. Smoothing of the measurement noise

In case the measurement precision is known, the effect of noise can be filtered out from the measured
deflection line. This procedure allows the reliable localisation of stiffness changes out of the range of the
measurement noise. A detailed case study with a theoretical example and a laboratory test is presented in
[21] and summarized in the following. The essential background of the noise smoothing process within the
measurement standard deviation is applied based on equations (8) and (9). First of all, a polynomial
regression w(X) is determined based on the deflection curve wq(x), which is affected by noise (equation
(8)). Then, the raw deflection curve wq(x) is filtered within the measurement standard deviation s(x) and

the smoothed deflection curve wqs(x) can be obtained using equation (9).

=w,(x) = XL, ax’ (@)
Was(x) =wg(x) — 0,50 s(x) 2w, (x), if  wa(x) =wr(x)
{wd,’s(x) = wa(0) + 0,50 s() < w,y(x), if  walx) < wy(x) ®)
With:
wi(X) Polynomial regression
Wa(X) Actual deflection of the bridge structure from the measurement
Wa,s(X) The deflection function of the bridge structure from the measurement after smoothing
s(x) Standard deviation resulting from the measurement technique

2.4. Identification of damages (outliers)

The DAD method is supposed to highlight the discontinuities resulting from a local damage. However, the
evaluation is affected by the measurement noise and all stiffness influencing parts of the structure (Figure
2). After the application of the smoothing process, the outliers from the DAD values highlight the position

of damages. However, it remains challenging to differentiate whether the highlighted discontinuities result
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from damage, from the measurement noise effects or from a stiffness change in the structure. Therefore,
the widely used box plot method [30] [31] is applied to identify the real outliers of the DAD values (Figure
3).

————— Median Q,

<+«— 25% quantile Qg

§ Identified outlier
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S v
R e e B
: >
v al B @ @ - B | I
5 X 2 Inner fence
5 1 o' ¢ """"" O F-B#fr ~--~—c e ccm e === =
™ Y *Q Y g 75% quantile Q3
I mn | —
; —y g
]
(@)

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

The application of the box plot method defines an inner boundary value and an outer boundary value. The
values from the investigated data which fall over the inner boundary value are considered as a minor outlier
and those values over the upper boundary value are considered as major outliers. In a first step, the lower
25% quantile value (Q1 in Figure 3) and the upper 75% quantile value (Q3 in Figure 3) are computed to
determine the interquartile range (IQR in Figure 3). Then, the inner boundary value is defined as the 75%
quantile value plus 1.5 times the IQR, and the outer boundary value is defined as the 75% quantile value
plus 3 times the IQR. The identified DAD values as a major outlier area are considered as locations where
damage can be observed (Figure 3).

In the case of small damages in bridge structures, the discontinuity from the DAD values does not clearly
highlight. Therefore, the identification of outliers enables the differentiation between the actual outlier and
the discontinuity resulting from the noise effect. If outliers have been found, the DAD method was not able
to identify any damages within the measurement precision. The impact of the damage position and the

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

3. Description of the bridge

The applicability of the DAD-method on a real bridge structure is investigated on a road bridge in Altrier,
Luxembourg. The bridge was built in 2013 and serves as an overpass bridge crossing over a traffic road.
The structural bridge superstructure is made of prestressed concrete with a span of about 27 m (Figure 4).
The height of the bridge cross-section amounts to 93 cm. In total, the prestressing consist of thirty-six
parabolic post-tensioned tendons with nineteen strands of class 1860 MPa. Concrete of compressive
strength class C45/55 according to EC2 [32] was used. According to the official static design documents,
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the bridge is designed to accommodate trucks with a maximum weight limit of 60 tons. The cardinal
direction of the bridge is oriented from the southwest (Luxembourg City) to northeast (Echternach), which
allowed a uniform, natural illumination of the bridge side from morning until the afternoon. The favourable

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

Figure 4. The experimental bridge in Altrier in Luxembourg

3.1. Applied techniques

The high precision measurement of the deflection line along the longitudinal axis of the bridge is an
essential prerequisite for the successful application of the DAD method. On the one hand, the closer the
distance between the measuring points, the higher the achievable precision on the localisation of the
damage. However, on the other hand, a higher density of the measuring points leads to shorter height
differences between the measuring points, which means that higher measuring accuracy is required to
observe any differences. Therefore, it is important to find an optimum between these conditions. The

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

e Laser scanning: A laser scanner of type Leica P20 was used. This measuring unit can scan one
million of measuring points per second to generate a point cloud with 0.8 mm density and has a
range of up to 120 m [33].

e Total station: Two total stations of type Leica TS30 and Leica TS60 with very high accuracies,
particularly in angle measurement (0.15 mgon) were applied [34]. Therefore, both total stations
have been positioned at two different locations, and the targets have been measured using the
angular intersection.

e Levelling: The levelling unit of type Leica DNA 03 with very high precision in height observations
was used. The precision of the electronic measurement with the help of invar staff amounts to
0.30 mm [35]. The digital invar staff enables the faultless and precise recording of the measurement

values.
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e Photogrammetry: The technical equipment used for photogrammetry is a full-frame camera Nikon
D800 set on a tripod and a medium-format camera Fujifilm GFX50S installed on a big size drone
DJI Matrice 600 as shown in Figure 5. The calibration of both cameras was performed using the
test-field calibration method. The captured images were processed using the software
Elcovision 10 [36].

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

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

In addition, several temperature and humidity sensors were installed above and under the bridge to monitor
the environmental conditions. Furthermore, an infrared camera of type InfraTec Variocam was used to
observe the temperature distribution on the surface of the bridge. The photogrammetry with Nikon D800 is
set using a tripod from a distance of about 10.0 m and 15.0 m from the bridge. The pictures are captured at
every 2.0 m along the longitudinal axis of the bridge. The second measurement with photogrammetry is
carried out using a Fujifilm GFX50S on a drone. The flight with the drone took place fully automatically,
and the camera GFX50S took pictures every 2 seconds. The flights are done in two different heights, namely
one at the same height as the bridge deck and one at about 2.5 m from the ground. The distance of the drone

to the bridge amounts to about 12.0 m.

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

3.2. Experimental setup

The experimental setup installed on the southeast side of the bridge is schematically shown in Figure 6.
Fifty-one photogrammetry targets were mounted below the cross-section of the bridge structure at a
distance of 50 cm to each other, and each ten reference targets were positioned at both bridge abutments.

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

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

Part A of Figure 7 shows the installation process of the photogrammetry targets and part B the dimensions
of the setup. The used photogrammetric targets [36] have been printed out on dull adhesive films which are
usually used for automobile foliation. The dull films have the advantage for the capturing process that it is

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

o | Targets for the
’j//// |_ the targets | photogrammetry
o) Te]
N B o
o ) L=
8 & 8 v N
o A 1=
15} / 0
1
40 Reflector for the \ Stainless steel
P total station 80 plate t=1.50mm
60
80
100 160
H 7|‘—i|‘ Dimensions in[mm)]

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

For the measurement with the total station, the same targets as for photogrammetry were used. Both
displacement sensors have been installed at 6.5 m respectively at 7.0 m from the centre of the bridge, as
shown in Figure 6. In addition, the deflection of the bridge was measured with two displacement sensors.
The height of the bridge cross-section amounts to 93 cm and at the mid to 1.075 m (Figure 8). Since a large

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

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

3.3. Finite element model of the bridge

A finite element model of the bridge was designed using the software Sofistik (Figure 9). The FE-model
functions as a reference system for the application of DAD-method. Furthermore, the dimension of the
experimental load and the amount of the required trucks was defined based on the FE-calculation and the
existing static documents of the bridge. The FE model is carried out based on linear calculation, which
corresponds to the non-destructive load-deflection experiment on the bridge within the serviceability limit
state. The realistic modelling of the bridge structure is usually a major challenge. The model updating is
often required based on dynamic or static experimental results to enable the increase in the accuracy of the
FE model. As already mentioned, the DAD method requires a theoretical reference system of the
investigating bridge structure. However, the model does not have to respect a high requirement regarding
the accuracy of the FE model. In other words, the following conditions are important for the creation of the

reference system:

e Static system respectively the span lengths
e Consideration of the changes in cross-section or changes in local stiffness changes

e Position of the experimental load

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

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

e Amount of the structural deflection

e Amount of the load

e Global effects from both the dead load and the temperature
e Spring stiffness of the support structure

e Deflection due to shear force
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e Effects from creep and shrinkage

e Linear material properties and linear calculation

The DAD method considers the area between the measured curvature curve and the reference curvature
curve. The considered area is divided into several sections, which enables a relative comparison,

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

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

3.4. Loading of the bridge

The DAD method for localisation of damages bases on the measurement of the deflection curve of a bridge
structure. The easiest way to apply loading on a bridge structure is to use heavy trucks. However, on the
one hand, the load should not exceed the serviceability-limit-state, and on the other hand, the amount of
deflection should be as big as possible to generate a measurable bridge deflection. The required amount of

experimental deflection is investigated in section 5.3.

Within the presented bridge experiment, respecting the two constraints described in the previous paragraph,
the determination of the loading led to six heavy trucks with a weight between 31t and 33t per truck
(Figure 1 and Figure 10). During the experiment, the bridge structure is loaded step by step and the

structural deflection is monitored in real-time using both displacement sensors (Figure 6).
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Figure 10. Dimensions and wheel distances of the trucks [38]
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Figure 11 shows the expected and measured deflection as a function of time and related to the consecutive
loading of the bridge by the six trucks. The presented deflection values (vertical axis) as a function of time
(horizontal axis) were measured by both displacement sensors (Figure 6). The values in brackets represent
the expected deflections resulting from the FE calculation. For trucks number 1, 3 and 5, small peaks can
be observed at the beginning of the deflection curves due to the crossing of the bridge centre by the trucks
before reaching their final position. The measured deflection values always lay below the expected values
from FE calculation, which allowed to increase the number of trucks to all planned six trucks. The
maximum deflection of the bridge at the midpoint amounted to about 11.0 mm, which corresponds to a
span deflection ratio of about L/w = 27.0/0.011 =~ 2500.

T 12.0
k= 0.78 - measured deflectior
c 10.04 (1.14) - deflection from FENM
o
B - number of the truck:
2
Lg 8.0 —— Displacement sensor, at 6,50m
—— Displacement sensor, at 7,50m
6.0
4.0
2.0 [ [ \ [
| | | |
\ \ \ ‘ \
OO v ] v ] v ] v ] v ] v ] v ] v
130 132 134 136 138 140 142 144 146

Time [min]

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

3.5. Environmental conditions during the test

Figure 12 summarises the temperature and humidity measurements over time on top and under the bridge,
as well as the deflections measured by the displacement sensors. The sensors are installed at about 8:40 am,
which is visible in the diagram. After about 20 minutes, the sensors have been adapted to the surrounding
conditions. The humidity and temperature sensors are battery operated and were switched on the day before
the test and switched off the next day after the experiment. Therefore, Figure 12 includes recorded data
about the humidity and temperature before and after the test day. These data show the environmental

conditions of the transport vehicle and have no significance for the test conditions. The air humidity
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amounted to about 85% and decreased over time. The temperature slowly increased during the test day and
amounted on average to about 16°C. The sky on the experimental day was cloudy, which represents an
optimum condition for the use of the photogrammetry technique.
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Figure 12. Determined humidity and temperature of the bridge Altrier, as well as its deflection measured

by the displacement sensors on the test day

Figure 13 shows the six thermography images of the bridge, which were captured at an hourly basis from
the start to the end of the experiment. Until 14:12h, uniform temperature distribution at the surface of the
bridge can be observed, which were ideal conditions for the experiment and mainly resulted from the cloudy
weather conditions. In contrast, the highest surface temperature difference was recorded at 15:41h,
however, only a maximum temperature difference of 1.30°C was observed between the surface in the
shadowed area and the areas exposed to the sunlight. Therefore, it can be assumed that the load-bearing
structure had an uniform temperature distribution over the whole duration of the experiment. Nonetheless,
it should be noted that the application of the DAD method is not affected by a uniform respectively a global
temperature change [20]. The temperature change usually affects the whole structure, not at a local position.
Since the DAD method carries a relative investigation comparing measured data to a reference data set for

the detection of damage, the temperature effect has no influence (see section 3.3).
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Figure 13. Thermography measurement of the bridge at different periods of the day

4. Results of the bridge experiment

In the past, the DAD method was applied for several case studies based on finite element calculations and
on some laboratory experiments [20] [21] [39] [40] [41]. The current study shows the first time the
application of the DAD method on a real bridge structure. The major aim for this study was to identify the
measurement precision which is able to be achieved on a real-scale structure under outside environmental
conditions and not the DAD values themselves as the newly constructed bridge was expected to be without

any damage.

4.1. Measurement precisions

In this study, the deflection of the bridge is recorded by several most modern measurement techniques.
Part A in Figure 14 shows the deflection of the bridge measured by photogrammetry. The maximum
deflection by six heavy trucks amounts to about 11 mm. The targets were placed at a spacing of 50 cm
along the longitudinal axis (Figure 14). Applying the photogrammetry, each measuring targets is captured
several times from different angles and positions. The photogrammetry measurement was carried out based
on the bundle block adjustment of all pictures and, the coordinates of the targets have been determined. The
diagram presented in Figure 14 shows the standard deviation of each target with an average value of about
0.07 mm (Part B. in Figure 14).
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Figure 14. The deflection measurement by photogrammetry using the camera GFX50S and the drone

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

The precision of the measurement is determined based on the noise effect (Figure 15). The noise from the
deflection effect is shown in black, and the measurement noise after the smoothing process according to
section 2.3 is shown in red dashed line.
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Figure 15. The filtered noise effect from raw measurement and after smoothing

In order to identify the accuracy of the measurement techniques, an exactly calibrated comparative
measurement is normally carried out. Within the experiment, several most modern high—precision
measurement techniques have been applied. However, every measurement technique delivers normally
distributed measurement results. Therefore, in order to determine the standard normal distribution of the
measurement results, the measurement noise effect has to be filtered out from the deflection line. Figure 16
shows the determination of the standard deviation of a measurement noise related to a straight line.

However, in the case of a deflection measurement (Figure 17), the standard deviation cannot be determined
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directly, as shown in Figure 16. A polynomial regression is therefore created from the measurement data,
which corresponds to the deflection curve of the experimental bridge structure and is substracted from the
measured deflection line. Then, only the noise of the measurement results would remain as shown in Figure
16. The advantage of this procedure is that the precision of the measuring techniques can be compared to
each other (Figure 19). The disadvantage is that the polynomial regression does not correspond 100 %
exactly to the deflection line and falsifies the result to a small extent. Based on this, the precision of all

applied measuring techniques are finally compared by their standard deviations (Figure 19).
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Figure 16. Measurement noise along a reference line and the standard deviation

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

. )

Noise affected
deflection curve Polynomial regression
Corresponding to the deflection

behaviour of the structure

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

polynomial function

The precision value of 3.0 mm for laser scanning is only an estimated value as the precision of the laser
scanner depends on the roughness of the bridge surface, on atmospheric conditions, on internal safety
mechanism and measuring configuration. Comparable studies [42] report the accuracies of about 0.50 mm
to 5.00 mm for laser scanner Leica P20. Therefore, it is quite possible that the actual accuracy is much
better than the estimated value of 3.00 mm. The displacement sensors deliver very high precise deflection
values with a standard deviation of 0.0329 mm. However, the application of the DAD method using
displacement sensors would not be practical, because of the high number of the required measurement
points. The levelling is also a high precision measurement technique, however the precision could be
influenced by human handling. The measurement of a long bridge requires a big amount of measurement
points, which extensively increases the involved measurement effort. Nonetheless, it could be used as
control measurement with few measurement points at selected positions. The measurement with total

station works automatically which decreased the measurement effort. The standard deviation of 0.2360 mm
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presented in Figure 19 was reached without using reflector targets as the use of reflector targets decrease
the measurement precision [43]. In contrast, the close-range photogrammetry based on high-quality
cameras which were calibrated in advance and by using one of them on a drone provided an optimal
application for bridge deflection measurement. The achieved accuracy for the full-frame camera D800
amounts to 0.1451 mm and for the medium format camera installed on the drone amounts to 0.1186 mm.
The precision of the photogrammetry was not influenced by the vibration from the drone flight (Figure
18 A.). The zoom of the photogrammetric target number 11 is shown in Figure 18 A., which is captured
while the drone flight. The low shutter speed of 1/500 sec and the robust gimbal of the drone allowed the
avoidance of the camera shake effect. A very stable gimbal DJI Ronin-MX and a very short shutter speed
of the camera could avoid the blurring effect. In comparison, a capture done from the tripod using the
remote release is shown in Figure 18 B. In both pictures, the sharp and not blurred pixels from white to
black are clearly visible. The image stabiliser from the lens was not used, which would otherwise negatively

affect the measurement precision.

A.

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

tripod and remote release while calibration of the camera

Page 20



434

435
436

437

438
439
440
441
442
443
444
445
446
447

448

449
450

0.50

E 0.40

c

Qo

£ 030 r

>

(]

©

- 020 ¢

-'é’ 0.1186

& 010

(%]

0.00

@ Photogrammetry GFX50S @ Photogrammetry D800
B Total station M Levelling
B Displacement sensors M Laser scanner

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

for deflection measurement

4.2. The damage detection and the DAD values

The detection of damage on the investigated bridge using the DAD method is carried out based on deflection
measurements performed by photogrammetry and by levelling. The DAD values from photogrammetry is
done for two different measuring point distances. The analysis and the background of the horizontal
measuring point distance are published in [21]. The horizontal distance between the measuring points has
a significant influence on the precision of damage detection. A closer range between the measuring points
allows a higher precision on the localisation of the damage. However, the closer the measuring points, the
smaller is the inclination angle change resulting from damage. However, the smaller the measurable
inclination change, the higher is the required precision of the deflection measurement. Figure 20 and Figure
21 show the impact of the considered measuring point distance, namely 50 cm respectively 100 cm, on the

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

photogrammetry; red bars represent the outliers
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Figure 22. DAD values from curvature for measuring point distance of 300 cm and based on levelling

The outlier respectively the discontinuity of the DAD values were determined according to the method
described in section 0. Figure 20 indicates some discontinuity at about 2.90 m. However, the discontinuity
does not increase with increasing measurement point distance to 100 cm (Figure 21). As for smaller
measuring point distances (Figure 20), the measurement noise has more influence on the DAD values than
for bigger measuring point distances, the outlier in Figure 20 results from measurement noise and not from
any damage. The DAD values for the measuring point distance of 100 cm present already a nearly uniform
distribution so that it can be concluded that the structure is still undamaged. The results from
photogrammetry in Figure 21 is confirmed by the accurate measurement with levelling, which also does

not have any outlier as shown in Figure 22.

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

However, the following questions require further clarification:

o Identifiable damage degree for bridge structures;

e Required precision of the measurement technique for localisation of small damages;
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¢ Influence of damage position;
e Required maximum deflection;

e Number of required measurement repetition.

Therefore, an additional investigation is carried out to answer the questions as mentioned above. These
investigations are based on FE calculations using a model with artificial noise effects to get realistic
deflection measurement values, whereas the artificial noise introduced into the deflection line of the
numerical model corresponds to the noise from the real measurements by photogrammetry for the bridge
test.

5. Measurement noise and its influence

Theoretical examples showed that the DAD method is able to identify already smallest stiffness variations
down to 1 % [20]. However, the detectability of the damage using the DAD method depends on several
parameters. The most important factor is the precision of the deflection measurement. The close-range
photogrammetry represented promising accuracy and application-oriented handling. Furthermore, the
reached accuracy under laboratory condition was between 0.01 and 0.03 mm [40] [39] and for real bridge
experiment between 0.10 and 0.14 mm. In the following sections, the influence of the measurement
precision, the damage degree, the damage position, the required deflection size and the required number of
measurement repetitions are investigated. The investigations are carried out based on a finite element model

of the bridge Altrier from the experimental test.

5.1. Artificial noise

The calculation results from the finite element method deliver exact mathematical results without any noise
effect. However, real measurements are always affected by normal-distributed noise effect. Therefore,
realistic test results are generated from the finite element model by incorporating an artificial noise which
is produced based on the measured standard deviation range from photogrammetry. The normal distributed
pseudo-random number is generated using the function NORM.INV/() from Microsoft Excel [44] based on
the Wichmann and Hill theory [45]. The NORM.INV() function consists of the variables such as
probability, standard deviation and the mean value as arguments. The probability is associated with the

standard normal distribution (equation (10)).

_((x—u)z)
fl,u,0) = \/ﬁe 20° (10)
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The left diagram of Figure 23 shows the normally distributed noise effect for the standard deviation of
0.10 mm and the right diagram of Figure 23 illustrates the real measurement noise from photogrammetry.
Both are not identical, but they have the same value of standard deviation and are distributed normally.
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Figure 23. Left diagram: artificial noise, right diagram: real noise from photogrammetry measurement

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

for the use of DAD method

The detectable level of damage is investigated based on the measurement precision and the resulting DAD
values. The study is done based on the theoretical model same to the static system of the experimental
bridge. A local artificial damage is generated with several different levels by reducing the element stiffness.
Figure 24 presents the DAD values from curvature at the damage position depending on the measurement
precision and the damage level. The standard deviation varies from 0.01 mm to 0.10 mm. Each DAD value
is determined from the average of 30 different calculations using artificial noise effects. A higher DAD
value at a given damage position leads to more reliable damage identification. First, it can be considered
that for smaller damage degrees, a higher precision of the deflection measurement is required. Furthermore,
the trend lines of the relations between the precision of the measurement and the corresponding damage

level follows an exponential curve.

o~ 0.80 +  DAD for 80% damage level
g + =i Average of 80% damage leve
s 070F - - = Average of 60% damage leve
g i — — — Average of 40% damage leve
a 0.60F + Average of 20% damage leve
< | £\ £ o |- Average of 10% damage leve
[m)

0.50 f i

0.40

0.30 f

0.20 f

0.10 |

0.00

0.00 0.02 0.04 0.06 0.08 0.10
Standard deviation [mm]

Page 24



515

516

517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

534

535

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

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

Another significant factor influencing the damage detection using the DAD method is the size of the
measured deflection. The maximum deflection of the bridge should not exceed a specific allowed value of
deflection size not to exceed the serviceability limit state and to allow a non-destructive condition
assessment. In principle, there is no clear regulation regarding the deflection limitation in bridge design
standards. Nonetheless, there are indications for structural deflection limitation depending on the type of
construction. The allowed size of deflection varies from L/350 to L/2000 [46] [47]. Figure 25 shows the
analysis of the range of damage detection using the DAD method. The diagram illustrates nine different
curves, which represent the DAD values for different experimental deflection sizes starting from L/600 to
L/2500. The horizontal axis of the diagram shows the level of a local stiffness reduction due to damage.
The two dashed lines in red and black indicate the detectability of damage in function of the measurement
accuracy. The red dashed curve represents the detectability limit for a measurement accuracy of 0.09 mm,
which corresponds to the accuracy of the photogrammetry of the real bridge experiment. The black dashed
line illustrates the detectability limit corresponding to the accuracy of measurement at laboratory condition
of 0.01 mm. All DAD values above the dashed boundary line point out successful identification of damage.
For example, based on an experiment with maximal deflection of L/600, the reliable identifiable damage
degree starts at 60 % for a measurement accuracy of 0.09 mm. With the measurement accuracy of 0.01 mm,

the identification of damages at 30 % would be possible.
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Figure 25. Damage identification based on deflection size and measurement precision

Page 25



536

537
538
539
540
541
542
543
544
545

546

547

548

549
550
551
552
553
554
555
556
557

6. Influence of damage position on detection of damage

The position, at which damage has occurred, plays a role in the detection of damage using the DAD method.
Figure 26 shows one-half of the studied FE-model. The influence of the damage position is examined on
30 measurements using random noise effects for each investigated position. The resulting DAD values are
represented by an average line summarising the 30 measurements with the standard deviation of 0.03 mm
indicated by single crosses in Figure 26 A. Figure 26 B. represents the resulting average trend lines from
investigations with different standard deviations of 0.01 mm to 0.09 mm. A higher DAD value at the
damage position corresponds to a more accurate damage localisation. The resulting DAD values clearly
show that a better damage detection can be achieved closer to the maximum deflection area. In contrast, at

a position with hardly any deflection, e.g. at the support structures, almost no damage can be detected.
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Figure 26. Influence of damage position on the detectability of damage

7. Influence of the repetition of measurements

The final investigation examines the influence of the repetition of the measurements on the variability of
the resulting DAD values. This examination is carried out to understand how many deflection
measurements are required to minimise the influence of measurement inaccuracy on the resulting DAD
values. The problem is that the effect of normally distributed measurement noise involves potentially
outliers, which could be falsely detected as damage. However, the repetition of the measurement would not
have the potential outlier from measurement inaccuracy at the same area again. Only the outlier resulting
from the damage would always highlight at the same position. Equation (11) is used to calculate the
arithmetic mean values of the DAD values for n measurements. Mostly, the discontinuity resulting from
damage effect is highlighted at the position of damage. However, some outliers resulting from the
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measurement inaccuracy can occur randomly at various locations. The probability that an outlier resulting
from noise effect occurs at the same location again is very low. Therefore, the repetition of the measurement
helps to eliminate the effect of measurement noise and only to highlight discontinuities at the damage
positions.

1 n
Average from n measurements = ;Z DAD;(x) (11)
i=1

Figure 27 shows the change of the DAD values at the damage position depending on the number of
measurement repetitions. The presented DAD values cover the damage degrees from 10 % to 90 % and
each value is based on average on ten artificially generated experimental values. The considered standard
deviation amounts to 0.02 mm. The red curve illustrates the overall average from the nine different damage
degrees. A stabilisation of the DAD values can be observed starting from the seventh repetition of the
deflection measurements. In other words, the influence of the measurement noise effect can be optimally
minimized starting from the seventh repetition of the measurements at a precision level of 0.02 mm.

However, the number of required measurements varies depending on the measurement precision.
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Figure 27. Influence of the measurement repetition on the precision of damage identification

8. Recommendation for practitioners

In principle, certain recommendations can be made for practitioners of the DAD method. With regard to
the requirement for the measuring accuracy, it should be mentioned that the longer the span, the more
precision is necessary. For multi-span bridges, it is advisable to position control points on every abutment.
If the target can remain permanently on bridges, the exact location of the control points should be measured
before each load-deflection experiment. The application of close-range photogrammetry with the help of a
drone is highly recommended for larger, higher or even difficult accessible bridges. Nevertheless,
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displacement sensors or levelling should be used as a control measurement. Concerning the experimental
load, it is advisable to approach the serviceability limit state in order to produce a measurable deflection. It

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

The used camera should be focused as far as possible on infinity. The shutter speed should be kept as short
as possible to avoid blurring effect. The automatic rotation function of the camera and the image stabilizer

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

The measurement of the environment temperature, humidity or thermography is not required. The
investigation of the measurement noise is not necessary, but the sensitivity of the DAD method would
increase, if the measured deflection line is smoothed within the range of the standard deviation. The density
of the target can be chosen comparable to the presented study such as 50 cm, however depending on the

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

9. Conclusion

The presented work summarises the experiences of the application of the so-called “Deformation Area
Difference” (DAD) method on the detection of damage in existing real bridge structures. The applied
method is based on the relationship between bending moment and curvature. The essential prerequisites of
the method are a high precision measurement of the deflection line from a static load deflection test and a
simplified linear finite element model of the bridge structure. The presented real-scale experiment is carried
out on a prestressed concrete bridge structure in Luxembourg with a span of 27 m. The applicability of the
DAD method is investigated based on several modern measurement techniques, namely laser scanning,
total station, levelling as well as displacement sensors and photogrammetry. The photogrammetry is applied
on using a camera with a tripod taking pictures from multiple locations, and another camera on a drone,
also taking pictures from various locations. The study deals with the precision of the measuring techniques
and not with the accuracy. The accuracy gives an absolute value to a reference value, while the precision is
a relative measurement value. The DAD method examines the measured deflection line relative to the

reference curve. For the application of the DAD method a high precision measurement is sufficient.
From the findings of the different investigations, the following conclusions can be drawn:

e The reached precisions from the deflection measurements on the bridge structure amount to
0.1186 mm for photogrammetry, 0.236 mm for total station, 0.064 mm for levelling and 0.0329 mm
for displacement sensors. As expected, no damage was detected on the newly constructed bridge
structure using the DAD results from photogrammetry and levelling, which showed uniformly

distributed values over the whole structure.
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o Realistic experimental deflection measurement data was successfully generated based on theoretical
models, which considered the artificial measurement noise effects.

e Theoretical models without measurement noise effect prove that the DAD method is able to detect
smallest stiffness changes such as 1 % local damage.

e The influence of measurement precision is investigated based on finite element calculations with
artificial measurement noise effect. The results showed that the effect of noise on lower
measurement precision has an exponential influence on the damage detection.

e The size of the investigated structural deflection also has an essential impact, namely the higher the
deflection, the lower is the damage level which can be detected.

e Damage close to higher deflections can be better localised than damage near to the support
structures.

e The number of the measurement repetition is investigated to eliminate the falsely detected outliers
resulting from measurement noise. The repetition number of more than seven delivered reliable

interpretation about damage detection.

The applicability of the DAD method was already proven based on theoretical examples and laboratory
tests [20] [21]. This study confirms the applicability of the DAD method on a real prestressed concrete
bridge structure using most modern measurement techniques, especially with photogrammetry using a
camera mounted on a big size drone delivered very promising results. Considering the discussed boundary
conditions of the DAD method, this method offers a simple and reliable application for damage detection

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