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ABSTRACT

An innovative pedestrian bridge crossing a small pond has been constructed. The bowstring 
bridge is composed completely of nonmetallic parts for the structural members. For two years 
the bridge is being continuously monitored by a system based on single point sensors and a 
video system. Construction, monitoring system and measurement results are reported with 
emphasis on the performance of the imaging system. 

 

 

1 INTRODUCTION 

A pedestrian bridge to the main entrance of the administration building has to be constructed. 
The bridge is situated at the site of the Empa in Dübendorf, Switzerland. The working field of 
Empa - materials science, testing and research - implied to include innovative design solutions 
as well as monitoring and testing activities into the project. Therefore an attractive design of the 
bridge was required. The engineers decided to go for a lightweight construction and opted for a 
bowstring design. It was decided not to use any metals for structural purposes. Therefore only 
wood (glue-laminated-timber, Glulam), glass fiber reinforced plastics GFRP and Coal fiber 
reinforced plastics CFRP were used. A monitoring system was installed in order to observe the 
performance of the bridge over time.  

2 BRIDGE DESIGN  

2.1 Bridge design 

The statical system is a simply supported beam with a span of 12.0 m. The decks cross section 
is 3.0 m in width with a thickness of 0.16 m and its design load was set to 4 kN/m2. 

In longitudinal direction the bridge is designed as a trussed beam. Six pretensioned CFRP cables 
stretch under the bridge deck evenly distributed over the decks width. The cables are made of 
CFRP multilayer traction elements in the form of a loop (Meier (1998) and Winistörfer (1999)) 
with a cross section of b·h = 30·3 mm2 which leads to a total cross section of 6·2·90 = 1080mm2 
for the cables. The loops are anchored with simple GFRP-bolts at both ends of the bridge deck. 
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The truss geometry in combination with the applied tension strength leads to the bowstring 
shape of the bridge as shown in Figure 1.  
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Figure 1: Geometry and main dimensions of the bowstring bridge 

In addition to the longitudinal cables the bridge deck is also prestressed in lateral direction in 
order to minimize and restrict swelling and shrinking deformations due to variations in wood 
moisture content and to increase the effective width for the distribution of single concentrated 
loads. The lateral prestressing was realized with thin CFRP loops. 

The bridge deck is covered with a plate made of GFRP and the railing is also made of GFRP 
components. Most of the joints are realized by gluing with an Epoxy type adhesive. 

2.2 Assembly and installation of the bridge 

The bridge was prefabricated in a hall on the EMPA site. The main assembly steps consisted of 
the lateral and longitudinal prestressing of the deck, the mounting of the decks cover and railing 
and the installation of the relevant components of the monitoring system. In order to apply the 
lateral prestressing, the glulam bridge deck consisted of two pieces each of which being 12.0m 
long and having a width of a bit less than half the total decks width. Both pieces were laid side 
by side, the CFRP loops were slipped over, arranged in a pattern with mean distances of about 
30 cm and afterwards the two pieces were torn apart against the resistance of the CFRP loops 
with the help of wedges. After reaching the predefined deck width the slots between the two 
deck pieces were filled with glued-in timber blocks that serve as spacers. 

For the longitudinal prestressing the bridge deck was supported at the two outer quarter-points 
of its length and loaded with concrete blocks at the beams ends. This loading (approximately 
32 kN per side) resulted in the deflection that was needed for the assembly of the struts and 
cables. After putting these members into place the prestressing was finally realized by the 
removal of the concrete blocks. The relaxation of the decks deflection is prevented by the truss 
system which results in the desired bow-shape of the deck. The relevant steps of the decks 
prestressing are shown in Figure 2. 

 

   

Figure 2: Prestressing of the bow. Left: Glulam deck supported at quarter-points. Center: Bow shape of 
deck achieved by loading the cantilever ends. Right: Struts and cables keep the bow shape of the plate 
after removing the load. 

After the assembly of the monitoring system components, the GFRP deck cover and parts of the 
railing, load tests were executed. Finally the bridge was transported to the building site and set 
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into place with the help of a crane. At the building site only the completion of the railing and the 
final connections, set-up and initialization of the monitoring system had to take place. 

3 MONITORING SYSTEM 

Various sensing systems have been installed to monitor the bridge. The system includes sensors 
for temperature, humidity, change of the width of the bridge, the tension of the CFRP belts and 
a video system for distributed deformation measurements. A schematic overview of the system 
is given in Figure 3. The temperature and humidity sensor are indicated as TH1 to TH3. While 
TH1 and TH2 are mounted between the timber beam and the bridge cover to acquire the 
material conditions TH3 is located below the bridge to gather the environmental conditions.  

The sensor SK measures the tension of one of the six CFRP ribbons. It is based on transverse 
forces of the deflected CFRP ribbon.  

The transversal elongation is measured in the middle and close to one end of the bridge with the 
sensors PA and PB. The system is similar to the one used to measure the load in a strengthening 
element in a historical roof (Huster, 2008) of a church in Homberg, Germany. The sensing 
element is a potentiometric displacement sensor with a working range of 50mm. The sensor is 
mounted below the bridge deck near the edge in a slightly heated housing to avoid condensing 
humidity. The sensor is connected to a CFRP rod whose other end is attached to the opposing 
edge of the bridge deck. The advantages of the CFRP rod are high stiffness and negligible 
thermal expansion. To reduce the effect of buckling the rod is guided in a pipe attached to the 
bridge. 

 

Figure 3: Instrumentation of the bridge. The locations of the various sensing elements are indicated in the 
top and side view. The sensors are described in the text. 

3.1 Video surveillance 

To measure deformation of the bridge deck, an optical surveillance system was installed. The 
main advantage of such a system is its ability to measure several features simultaneously. Here, 
it consists of a video camera (Cam) and 15 targets. Figure 4 illustrates the location of the 
targets. The targets are organized in five rows of three targets each. The first three rows are 
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adhered to the three lines of struts, the forth row is on plates which are directly attached to the 
deck close to the end of the bridge, and the last row is directly mounted onto the concrete 
support an serves as a reference. 

 

Figure 4: View of the bottom side of the bridge showing targets for the video surveillance. 

Figure 5 (left) shows the bottom view taken by the surveillance camera. The target rows have a 
distance between 2.5 m and 12 m from the camera. The targets have been scaled accordingly, so 
that all of them have the same apparent size in the image.  

The target pattern is shown in the middle of Figure 5. It is a pattern of 5 by 5 squares rotated by 
45°. The size in the image is about 40 by 40 pixels.  

The design ideas of the pattern are the following: The many intensity changes improve the 
ability to locate the pattern with sub-pixel resolution. Roughly estimated there are about 40 
image lines with ten intensity transitions which results in 400 features per direction that can be 
fitted. The edges are rotated by 45° with respect to the camera's orientation. Therefore, it can be 
expected, that the intensity transition occurs at various sub-pixel positions which results in 
reduced aliasing effects. Also the sharpness of the image is of less concern as long as the 
squares can be resolved over the complete distance range of the targets with a high intensity 
modulation. Defocus can even be advantageous, because it reduces high frequency components 
which cannot be sampled by the image sensor (Manduchi, 1993). This pattern has also a 
relatively low sensitivity to gradients of the illumination. This is valuable because ambient light 
is used which changes over daytime, season, and weather conditions.  

       

Figure 5: Typical picture of the monitoring camera (2008/03/17 16:23, left), the target pattern (middle) 
and the synthetic correlation pattern for the middle target in the second row with 6.6 pixel/period and a 
rotation of -1.7° (right). 
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A webcam was used for the monitoring. The advantages are the simple interfacing with a 
computer; it is easy to control the camera by any software through the web interface, the 
distance from the computer to the camera is of no concern, it has a digitizer on board, and it is 
inexpensive. The lens (f=25mm) has a low image distortion of 0.2%. A low distortion is 
important to prevent that a change in the pointing direction of the camera due to thermal 
influence results in an apparent displacement. 

3.2 Image analysis 

Two approaches have been pursued. One is based on the phase shift of the Fourier transform of 
the image and the other is an image correlation method. Both give comparable results. For the 
correlation a two step method was applied. First, a synthetic pattern was generated and 
correlated with the area around a region of interest. The correlation peak indicates the target 
position to one pixel. Then the corresponding target including a few pixel rows containing the 
white background was extracted. This white background was used to make a linear background 
intensity fit, which is used as a base plane (zero level) and to normalize the intensity. This data 
is then correlated with the synthetic pattern shifted with sub-pixel steps. The correlation peak 
was finally fitted with a quadratic function, from which the correlation maximum and the 
position of the maximum are determined with sub-pixel accuracy. The correlation is a good 
measure to judge the quality of the position data. Figure 5 (right) shows a synthetic generated 
pattern, showing the granularity of the pixel. For all targets the width and rotation angle have 
been adapted individually.  

For each row three target positions are extracted. A line is fitted through the three positions. The 
intercept and the slope correspond essentially with the average vertical displacement and the 
rotation of the bridge deck. A third parameter is (the relative change of) the horizontal distance 
between the targets.  

The line fit in the reference row on the concrete serves as the base line for the other rows. The 
thermal expansion of concrete is below the measurement accuracy and the distances between 
the targets are assumed constant for our purposes. Therefore, the actual magnification factor can 
be derived from the third parameter. 

4 RESULTS AND DISCUSSION 

4.1 Laboratory tests 

Prior to installation of the bridge a load test was performed in the laboratory. Simultaneously the 
video surveillance system was tested. The load consisted of up to three concrete blocks with a 
mass of about 860kg. They were placed perpendicularly to the longitudinal axis in the middle of 
the bridge. Depending on lateral position of the blocks not only normal force but also torque 
was introduced into the bridge. 

In Figure 6 the measured vertical displacement for each row is shown. All show essentially a 
linear dependence on the load but also some dependence on the introduced torque. This is 
visible from the minute scattering of the markers at a certain load step. The displacement of row 
1 and 3 which correspond to the first and third quarter of the bridge show a good agreement. It 
is noteworthy, that a displacement of 1 pixel in the first and third row of targets corresponds to 
0.75 and 2.55 mm respectively, meaning that results expressed in pixel differ roughly by a 
factor of three. Also shown is the displacement of the center of the bridge measured with dial 
indicators (MD) as dashed grey line in Figure 6. It shows a good agreement with the 
displacement of row 2 but deviates stronger from linearity at the highest load. 
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The dependence of the bridge on torque is shown in Figure 7 as a function of the load steps. The 
two traces on the bottom, Indicated by ‘+’ and ‘x’ show the applied load and torque. The 
applied torque was either plus or minus 3.4 kNm which resulted in ±4 mrad rotation in the 
middle of the bridge. In the quarter section the rotation is reduced to about 2.4 mrad.  
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Figure 6: Displacement measurement as a function of the applied load.   

Again the measurement with the dial indicators (MR) is shown as dashed grey line. The 
measured rotation is in only 75% of the video measurement. However, it has to be taken into 
account, that left and right target on row 2 are placed about one meter from each other, whereas 
the dial indicators are located close to the edge of the bridge. It can be assumed, that under 
torque the cross section does not remain straight. 
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Figure 7: Rotation measured during the load test. Applied load and torque are shown on the bottom 
indicated by ‘+’ and ‘x’. 
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4.2 Field measurements 

The system is monitored since its installation by the above described sensing system except 
during downtime of the computer. Results of the vertical displacement measurement are shown 
in Figure 8. The left side show the displacement measured once every month around noon. The 
same behavior as during the load test can be seen. The displacements of the rows 1 and 3 (first 
and third quarter) are about the same and 75% of the displacement of the row 2 (middle). It 
shows some seasonal changes. The measurement of row 4 close to the support shows a settling 
effect. In Figure 8 (right) the results for two days are given. The displacement varies mainly 
with the temperature which is also shown. The daily changes are comparable to the seasonal 
changes. The dashed part of the traces indicates the time when no evaluation could be 
performed. The reason is the dependence on ambient illumination. Not only during the night but 
also during daytime when some targets are overexposed evaluation is impossible. 
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Figure 8: Displacement measurement on the installed bridge. The left figure shows the displacement 
measured once every month around noon and the right figure shows the results of two days.  
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Figure 9: Comparison of the measurement of the relative change of the width of the bridge performed 
with the potentiometric device PA and with the video system. 

The change in width of the bridge is measured by the displacement sensors PA and PB. 
However it is also possible to measure the horizontal displacement in the row 4 since the targets 
are directly attached to the bridge deck. The comparison between the strain evaluated with the 
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data from PA and the optical data is shown in Figure 9. The standard deviation of the difference 
of the two measurements is 0.15‰. Taking in consideration that the distance of the left and right 
target on row 4 is 400 pixels, 0.15‰ corresponds to a standard deviation of 0.06 pixels for the 
relative distance measurement between the two targets, attributing all measurement deviations 
to the video system.  

5 CONCLUSION 

A monitoring system for a completely nonmetallic pedestrian bridge has been developed and set 
into service. It delivers for two years valuable data. So far it fulfills the expectations. Besides 
sensors that provide only a single measurement parameter as potentiometric displacement 
sensors, temperature and humidity sensors, a video system was installed, that deliver several 
information simultaneously. Due to the design of the targets the system has low measurement 
uncertainty even with an inexpensive webcam. In principle, it can be interfaced easily to the 
web, therefore remote monitoring is simple and affordable to implement. With improved 
software it should be possible to evaluate the data at video frame rates, which would allow 
investigating the dynamic low frequency behavior of the monitored system. Using a multitude 
of cameras would even allow 3D measurements. Another interesting feature is the archive of 
images. If an unexpected condition is encountered, the archive can be scanned for possible 
reasons. 

On the other hand the system is open for improvements such as b/w cameras with higher 
resolution and sensitivity, illuminated or active targets, or the use of IR appropriate camera 
filter. 
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