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Abstract

Making informed decisions on timely
intervention for effective bridge
maintenance activities relies on good
quality, accurate, reliable data.
Although the proper functioning of
expansion joints is critical to bridge
performance, long-term monitoring of
their condition is challenging due to
the cost of sensors and data
processing. Digital image correlation
(DIC) is a non-contact photo-
grammetry technique that can image a
bridge component periodically and
compute strain and deformation from
images previously recorded. This
paper describes a one-month-long
monitoring campaign wherein a DIC
system was used as a cost-effective tool
for gathering data on the movement
and rotation of one of the Great Belt
Bridge’s expansion joints. The
monitoring provided previously
unavailable data, helped improve
understanding of the behaviour of the
joint and informed the next steps for
the maintenance strategy. The results
show good agreement between the
DIC data and measured temperature
data. A mathematical model was
established which relates the air
temperature to expansion joint
deformation, enabling the real-time
evaluation of monitoring data and the
cost-efficient identification of problems
in the functioning of expansion joints.
This is one of the first applications of a
DIC technique to the long-term
monitoring of a suspension bridge.

Keywords: suspensionbridge; expansion
joint; monitoring; digital image
correlation; performance assessment;
asset management; probabilistic
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Introduction

The principal difficulty with adding
lots of monitoring systems to bridges
is that they produce a vast quantity
of data. Bridge operators typically
do not know what to do with these

data unless there is a very clear defi-
nition of both the trigger levels for
the data and interventions for how
to proceed if these levels are
exceeded. This means that the struc-
tural engineer needs to identify what
the most likely deterioration mechan-
isms are for a particular bridge and
then design bespoke monitoring that
can be used to specifically measure
performance in such a way that an
acceptable level can be set and
checked.

Instruments such as strain gauges,
accelerometers, fibre-optic sensors
and displacement transducers are
becoming increasingly common in
structural-health monitoring. These
types of sensor can however possess
drawbacks such as the need for exter-
nal power, cabling and antenna for
data collection and transmission, high
data-acquisition channel counts and
the limitation of only measuring at dis-
crete points or along a line, so it is
necessary to have an idea of where to
expect damage when placing the
instrumentation. These sensors can be
used effectively to continuously
monitor for abnormalities that indicate
damage, but the type and severity of
the damage can still be difficult to
identify from discrete point measure-
ments. Furthermore, asset managers
are continuously searching for new
technologies that will allow them to
gather information about their struc-
tures without causing disruption to
the traffic flow.

Digital Image Correlation (DIC)

Digital image correlation (DIC) rep-
resents a photogrammetry technique
that is used to make accurate measure-
ments of surface deformation. The
digitized images (e.g. of a bridge
deck) are compared in order to match
facets from one image with another
by using an image correlation algor-
ithm (Fig. 1). The image analysis
involves capturing a reference image
of a bridge component surface in its
undeformed state. As the load is

applied (e.g. a truck load), additional
images are collected.

The algorithm involves a stage-wise
analysis in which each stage consists
of one image, resulting in a description
of displacements occurring on the
surface of the bridge component. The
evaluation of a correlation measure-
ment results in coordinates, defor-
mations and strains of the surface.
Assuming a locally homogeneous
deformation over a small facet of the
specimen, the deformed coordinates
(x′q, y

′
q) of material point q in the neigh-

bourhood of point p at the undeformed
location (xp, yp) are given as1:

x′q = xq + up + ∂up
∂x

Dxq + ∂up
∂y

Dyq (1)

y′q = yq + vp + ∂vp
∂y

Dyq + ∂vp
∂x

Dxq (2)

where up and vp are the x and y com-
ponents of the displacement vector of
point p, respectively, xq and yq are the
undeformed coordinates of point q,
Δxq = xq − xp and Δyq = yq − yp.

The DIC method allows surface defor-
mation to be measured with high pre-
cision to within a few micrometres.
DIC measurement can provide
information about strain, vertical and
horizontal displacement, crack size,
rotation and acceleration, with the
advantage that DIC is independent of
scale and material.

Image Analysis in Bridge
Engineering

Research activity on the application of
photogrammetry to bridge-related pro-
jects has been minimal and widely dis-
persed within the last 25 years.2 Early
applications of this technique include
the measurement of the deflection of
a continuous three-span steel bridge
under a dead load3 and the identifi-
cation of bridge deformation.4 DIC
has also been employed to measure
the geometry of a suspension bridge5

and the deformation of the steel con-
nections of a pedestrian bridge.6 It
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has been shown that DIC techniques
complement conventional measuring
systems such as Linear Variable Differ-
ential Transformer (LVDT) and strain
gauges. The last few years have seen
the increased application of DIC to
the measurement of the vertical deflec-
tions of steel and concrete bridges due
to traffic7–13 and train transit.14 In
general, it has been concluded that
DIC system accuracy is comparable to
existing displacement measurement
techniques and that DIC is an easier
way to measure the displacement of
multiple points at once. DIC has also
been proposed as a method for asses-
sing the dynamic characteristics of
hanger cables on suspension bridges;
in Ref. [15], a non-contact sensing
method is proposed for the purpose
of estimating the tension of hanger

cables with digital image processing
based on the use of a portable digital
camcorder. Moreover, DIC techniques
have been used to record the strain on
concrete girders during a full-scale
bridge failure test16 and to measure
the displacement field on a cracked
concrete girder during a bridge-
loading test.17 In both cases the photo-
grammetry method was successfully
used to detect changes in the loading
condition and locate cracks. One
recent application of DIC is its use
to fatigue test the monostrands of
bridge stay cables. It was found that
the vision-based system allows for the
measurement of the interwire move-
ment (fretting fatigue), which is the
governing mechanism of fatigue life
reduction in modern stay-cable assem-
blies.18,19 DIC has also been employed

in structural monitoring to measure the
strain in fatigue-sensitive bridge com-
ponents with a view to finding a way
to avoid the need for strengthening.20

The present report describes the
outcome of a one-month-long monitor-
ing campaign wherein a DIC system
was used as a cost-effective tool for gath-
ering data on the movement and
rotation of one of the Great Belt
Bridge’s expansion joints. The outcomes
of the monitoring provided previously
unavailable data, helped to form a
better understanding of the behaviour
of the joint and informed the next steps
with respect to themaintenance strategy.

The Great Belt Bridge

The Great Belt East Bridge, with its
mid-span of 1624 m and end spans of
535 m, carries a four-lane motorway
plus emergency lanes and pylons
reaching up to 254 m. A 31-m-wide
welded steel box girder is continuous
between the anchor blocks over the
whole length of the suspension bridge
—hence there are expansion joints
located at the anchor blocks (Fig. 2)
but none at the towers. Expansion
joints are a critical component of any
large structure and their correct func-
tioning is of fundamental importance
to structural integrity—thus, inspection
and maintenance are needed to assure
their flawless functioning at all times.

In October 2016, Atkins was appointed
by Sund & Bælt to provide a long-term
monitoring system to analyse the
rotation and movement (expansion
and contraction) of the one of the
Great Belt Bridge expansion joints
due to temperature change. Monitoring

Fig. 1: DIC technique

Fig. 2: Great Belt East Bridge expansion joint (© Sund & Baelt)
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was undertaken during the course of a
one-month period (November–Decem-
ber 2016). The long-term DIC monitor-
ing system was designed and set up
within three weeks; it was remotely con-
trolled via LAN connection from the
Atkins office and the scope of work
comprised of the synchronized monitor-
ing of the movement and rotation of
one of the edge beams.

The expansion joint is an assembly
comprised of centre beams and edge
beams that run parallel to the struc-
tural edges (Fig. 3a). In order to
avoid material fatigue, the traffic
loads are transmitted to the adjoining
reinforced concrete structure via
anchor plates, which are rigidly con-
nected to the edge beams. Depending
on the degree of movement, numerous
centre beams are arranged between
the edge beams. The beams slide on

obliquely arranged swivelling support
bars that rest on elastic sliding bearings
(Fig. 3b). The monitoring data describe
the movement and rotation of the
selected edge beam.

Measurement Methodology

A synchronized camera system with a
selection of lenses was designed to
provide sufficient resolution for
taking measurements. The system was
set up to capture the movement and
rotation of the selected expansion
joint periodically (every 30 min). The
camera location varied depending
upon the measurement requirements.
Normalized greyscale correlation
tracking algorithms were used for the
image analysis. The camera was
mounted on a steel plate designed to
provide the required field of view. Cali-
bration was achieved by measuring

distances within the image, which
allowed the bridge component (the
expansion joint) to be defined in real
units for measurement purposes. No
editing of the raw data was
undertaken.

Validation and Calibration of the
DIC System

Image processing and analysis of the
edge beam’s movement was carried
out using a programming language.
General validation (cross-checking) of
the image-based sensors had pre-
viously been conducted by the
author.18 Calibration is a measuring
process during which the coordinates
frame of the image pixels is adjusted
such that dimensional consistency is
ensured. The field of view (the area
of the structure captured by the
camera) was treated as a grid of

Fig. 3: Expansion joint (a) top view and (b) front view. (Units: mm)
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discrete elements and the calibration
was carried out by specifying real-
world distances between points in an
image. The relevant distances were
taken from the bridge design drawings.
The locations of interest in a field of
view are described as a system of con-
tinuously varying coordinates.

Measurement Location and
DIC Set-Up

DIC monitoring was carried out on
one of the edge beams (Fig. 4a).

The camera gathering the data on
movement was set up perpendicular
to the beam and the camera gather-
ing the data on rotation was set up
along the beam length; both fields
of view are shown in Fig. 4. The
DIC system allowed for the simul-
taneous monitoring of all move-
ments, deformations and rotations
induced by temperature differences
and was remotely controlled from
the Atkins office via LAN through-
out the entire course of the monitor-
ing period.

Results

This section presents the outcomes of
the long-term DIC monitoring of
movement and rotation performed on
the selected edge beam. The DIC
data are presented together with the
relevant temperature readings
obtained from the Danish Meteorolo-
gical Institute (DMI).

Edge Beam Rotation and Movement

Figure 5 presents the combined move-
ment and rotation measurements of
the selected edge beam and the corre-
sponding temperature data. It can be
seen that there is good agreement
between the data obtained from the
DIC system (Fig. 5a) and the tempera-
ture data received from the DMI
(Fig. 5b). Within one day, the increases
and decreases in temperature were fol-
lowed by movement of the expansion
joint under examination. A very high
resolution of 0.01° was achieved for
the DIC rotation measurements, and
the DIC data show that the beam
experienced a maximum daily rotation
of 1.05°. The data also indicate that the
beam is both moving and rotating at
the same time.

Statistical Analysis and
Probabilistic Considerations

The following section presents the
statistical analysis performed on the
collected data with a view to estab-
lishing a mathematical model which
relates air temperature to expansion
joint deformation. The proposed

Fig. 4: (a) Location of DIC measurement area; (b) edge-beam movement; (c) edge-beam
rotation

Fig. 5: Data for the one-month-long monitoring of the Great Belt Bridge: (a) DIC data on the movement and rotation of the selected edge
beam; (b) DMI temperature data
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model for the movement of expansion
joint beams based on temperature is
expressed using the following
equations:

M(t, Dt6h) = mm(t)+ f (Dt6h) (3)

mm(t) = 4.302 · t − 33.61 (4)

f (Dt6h) = 4.99 · Dt6h − 0.161 (5)

where t is the temperature, mm(t) is
the mean movement trend and
f (Dt6h) is the mean offset from mm(t).

The mean movement trend, mm(t), is
computed from the observations

collected over the one-month period
and shows an approximate average
movement at a given temperature. A
linear equation was chosen, as the
difference between the goodness-
of-fit R2 of a second-order polynomial
to a linear equation is small:
(R2

linear = 0.401 andR2
second = 0.406).

A statistical analysis was performed on
the deviation between the actual
measurements and the movement
trend mm(t). Figure 6 shows a histo-
gram of the deviation, together with
the fitted normal distribution. If
further probabilistic analysis is
desired (e.g. a Monte Carlo simulation
for fatigue analysis) then the random
variable accounting for the deviation
should be added to the mean trend
mm(t). The variable has a normal distri-
bution with a mean value of 0.00 mm
and a standard deviation of 12.16 mm.

The effect of temperature change on
the measured movements in relation
to the mean trend was analysed.
Figure 7 illustrates the correlation
between the temperature changes and
the measured movement in relation
to mm(t), where Dt6h is defined as the
temperature change over a period of
6 h (the difference between the temp-
erature at a certain hour and the temp-
erature 6 h earlier).

Figure 8 shows the proposed model
M(t, Dt6h) (plotted considering 95%
confidence intervals) together with
the monitoring data. The correlation
between the model and the measured
data is 77%. The daily peak move-
ments are shown in Fig. 8 and a statisti-
cal analysis was performed. If an
extreme value analysis is desired, the
mean value of the daily extremes is
estimated as 11.96 mm with a standard
deviation of 9.29 mm. AGumbel distri-
bution (which is independent of temp-
erature) can then be assumed for
modelling the daily peak movement.

Conclusions

In October 2016, Atkins was appointed
by Sund & Bælt to provide a long-term
monitoring system for analysing the
movement and rotation of one of the
Great Belt Bridge’s expansion joints
due to temperature change, and a
DIC system was chosen as a cost-effec-
tive tool for gathering the data. The
long-term DIC monitoring system,
which was designed and set up within
three weeks, was remotely controlled
via LAN connection from the Atkins

Fig. 6: Analysis of the measured data offset in relation to mm(t)

Fig. 8: The proposed model M(t, Dt6h) against measured data and peak movements

Fig. 7: Correlation of temperature changes with the measured movement in relation to mm(t)
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office. The monitoring project was
delivered on time and on budget,
despite a very tight time-frame.

The monitoring project provided pre-
viously unavailable data, helped to
better understand the behaviour of the
expansion joint and informed the next
steps of the maintenance strategy.
There is good agreement between the
data collected using the DIC method
and the temperature data received
from the DMI. A mathematical model
was formulated based on the collected
data which relates the air temperature
to expansion joint deformation. This
model can be used for further probabil-
istic analysis and allows for the real-
time evaluation of monitoring data
and the cost-efficient identification of
problems in the functioning of expan-
sion joints. To the authors’ knowledge,
this is one of the first applications of
DIC technology to the long-term moni-
toring of a suspension bridge.
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