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This paper presents environmental effects on static and dynamic behaviour of the Tamar 
Suspension Bridge. The research observes long term monitored data such as 
temperatures, wind, cable tensions, accelerations, displacements and numbers of 
vehicles through toll gates since 2007. The static monitoring results identify the 
longitudinal and vertical movement of the bridge deck as a result of thermal expansion 
and contraction. It has also been identified that the variation of the temperature, as a 
result of solar radiation, has some considerable influence on the static configuration of 
the bridge, and the tension in the stay cables. It is suspected that the bridge’s static 
configuration exerts an influence over the dynamic properties of the bridge. 
Mathematical predictive models for the bridge longitudinal extension and stay cable 
tensions have been identified, and proven to be quite accurate for response predictions 
based on temperatures and traffic information. A detailed Finite Element (FE) model 
was also developed for complete understanding of the bridge behaviours subjected to 
particular environmental loading conditions. The dynamic response caused by traffic 
has also been identified via the monitoring results, which exhibit distinct peaks in time 
series which are found at rush hour periods. This effect has been simulated by the FE 
model. 
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ABSTRACT: This paper presents environmental effects on static and dynamic 
behaviour of the Tamar Suspension Bridge. The research observes long term monitored 
data such as temperatures, wind, cable tensions, accelerations, displacements and 
numbers of vehicles through toll gates since 2007. The static monitoring results identify 
the longitudinal and vertical movement of the bridge deck as a result of thermal 
expansion and contraction. It has also been identified that the variation of the 
temperature, as a result of solar radiation, has some considerable influence on the static 
configuration of the bridge, and the tension in the stay cables. It is suspected that the 
bridge’s static configuration exerts an influence over the dynamic properties of the 
bridge. Mathematical predictive models for the bridge longitudinal extension and stay 
cable tensions have been identified, and proven to be quite accurate for response 
predictions based on temperatures and traffic information. A detailed Finite Element 
(FE) model was also developed for complete understanding of the bridge behaviour 
subjected to particular environmental loading conditions. The dynamic response caused 
by traffic has also been identified via the monitoring results, which exhibit distinct 
peaks in time series which are found at rush hour periods. This effect has been 
simulated by the FE model. 

 

 

1 INTRODUCTION 

Structural Health Monitoring (SHM) is the label for the range of systems that monitor 
civil infrastructure. The systems provide the operators information on the bridge’s 
current condition; whether it is acceptable, or has suffered either instantaneous damage 
or a gradual deterioration (Brownjohn 2007). In recent research modal parameters have 
been used to identify changes in the performance of two bridges under controlled 
conditions to detect various forms of induced damage and deterioration via a dynamic 
assessment (Maeck and de Roeck, 2003, Jaishi and Brownjohn, 2010). 

The significant effect of the local environmental conditions on the dynamic parameters 
has been identified by several papers (Cornwell et al., 1999, Peeters and de Roeck, 
2001, Ni et al., 2005). Various environmental variables are able to alter physical 
parameters governing the structure, such as the boundary conditions, material 



5th International Conference on 
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011 
11-15 December 2011, Cancún, México 
 
 

- 3 - 

properties, strains and stresses of the structure. The majority of these researches have 
determined that temperature is the dominant variable via monitored results. 

The Vibration Engineering Section (VES) has aimed to identify and quantify the 
response of the structure for each environmental variable. This paper presents a portion 
of the progress to date on the Tamar Suspension Bridge. 

2 BRIDGE DESCRIPTION 

The Tamar Suspension Bridge crosses the River Tamar between Plymouth and 
Cornwall in the United Kingdom, and was built in 1961 with a design by Mott Hay and 
Anderson. The bridge has a main span of 335m and two equal side spans of 114m. The 
towers are nearly 73m tall, and support 38cm diameter suspension cables. The original 
composite deck used a concrete slab and was supported by a 4.9m deep, 15.2m wide 
steel truss, with vertical 5cm diameter hangers every 9.2m along the span. 
In 2001 the bridge structure underwent a strengthening and widening program to 

support increased levels of traffic. This involved replacing the concrete deck with a steel 

orthotropic deck, and cantilevering two additional 6m wide lanes on either side of the 

truss. In addition eight pairs of additional stay cables, mostly 10cm in diameter, were 

connected from the top of the towers to either the truss or the base of the side towers. 

3 INSTRUMENTATION 

Following the completion of the strengthening and widening process, Fugro Structural 
Monitoring installed a sensor system consisting of several strain gauges and level 
pressure sensors to measure the stay cable forces and vertical displacements. A set of 
thermogauges and an elevated anemometer were installed on the truss and deck to sense 
the temperature and wind conditions upon the bridge. The data from the Fugro system 
are now sampled at 0.1 Hz, and summarized half- hourly in a VES structural health 
monitoring database. Vehicle counts and classification collected from the toll booths are 
also available. 

VES installed a set of accelerometers in late 2006. Three accelerometers were 
positioned at the centre of the main span; two vertical and one lateral, and four pairs 
were clamped to four stay cables. The data from the accelerometers are sampled at 
64Hz, and summarized every half hour. VES also installed a Robotic Total Station 
(RTS) in 2009 to record the bridge static configuration, by monitoring the location of 
several reflectors positioned on the deck and towers of the bridge approximately every 
10 minutes. 

4 FINITE ELEMENT MODEL 

A prediction of the bridge’s behavior from certain conditions, such as temperature and 
traffic loads, was derived from a detailed 3D Finite Element (FE) model of the bridge, 
which is shown in Figure 1. The model was created in ANSYS and contains nearly 
5200 nodes. The majority of the elements were modeled as SHELL63, BEAM4 or 
LINK10. Table 1 demonstrates how closely the modal results calculated from the FE 
model compare to the results from a previous ambient vibration test conducted by 
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Brownjohn et al. (2007). Further information about the FE model can be found in a 
paper by Westgate (2010). 

 

Figure 1. Finite element model of Tamar Suspension Bridge. 

Table 1. Modal properties determined from FE model. 

Mode Predicted 
Frequency 
(Hz) 

Monitored 
Frequency 
(Hz) 

Error 
(%) 

1 (VS1) 0.393 0.393 0.00 

2 
(LS1a) 

0.452 0.457 
1.09 

3 (VA1) 0.543 0.595 8.74 

4 
(LS1b) 

0.625 - 
- 

5 (TS1) 0.766 0.726 5.51 
VS1 is the first vertical symmetric mode, VA1 is the first vertical anti-symmetric mode, 

LS1a and LS1b are two lateral modes with similar symmetric shapes, and TS1 is the 

first symmetric torsional mode. 

5 INITIAL RESULTS 

During data post-processing it was apparent that the majority of the collected data were 
fluctuating in daily cycles. The first patterns identified were from the modal results 
shown in Figure 2, where the natural frequency of the bridge deck falls during the 
morning and rises in the evening. In particular, the first lateral symmetric mode (LS1a) 
varied by as much as 10% of its mean result. A fluctuation of this magnitude would 
cause a significant problem for damage and performance anomaly detection systems 
reliant on the modal properties of a structure, unless the diurnal phenomena could be 
explained and quantified. 
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Figure 2. Diurnal fluctuation of Tamar bridge's  natural frequencies for the first 3 
modes. 

The pattern of the modal result’s diurnal variation matched closely with other 

environmental conditions acting on the bridge, as well as the change in the structure’s 

static configuration. Some notable examples are shown in Figure 3. Static dispacements 

fluctuated in a similar pattern to the dynamic response: the bridge deck would expand 

and sag during the day, and contract and rise at night. It was assumed that the link 

between the static configuration and its natural frequencies may be causing the 

variation, since both are affected by the tension of the cables on the bridge. 

  

Figure 3. Other notable conditions and responses whivh fluctuate with time. Top: 
Longitudinal expansion at quarter span. Middle: Temperature of cable. Bottom: Total 
approximated mass of vehicles on bridge. 

It was decided that the environmental parameters was inducing a significant influence 

on the static and dynamic behaviour of the bridge, based upon the similarities of the 

time series. For this investigation only temperature and traffic was observed, due to the 

rise and fall of the data and certain features in the data that that indicated their influence. 
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This also provides an opportunity to report on the suspension’s bridges response to 

thermal conditions. 

6 ENVIRONMENTAL RESPONSE 

6.1 Temperature 

6.1.1 Static response 

Temperature was the first environmental parameter considered, since there were fewer 
uncertainties compared to the vehicle data and the bridge response could be reasonably 
predicted using the FE model. 

Concerning the application of temperatures to the FE model, there was generally little 
difference between the monitored temperatures of the truss, deck and cable during the 
winter, which is due to dominant overcast weather, shorter days and low levels of solar 
radiation. Thus for this analysis the temperature of the structure was taken to be the 
same throughout until the truss temperature exceeded 15°C, at which point the cable and 
deck are warmed to a higher degree. Modifying the modeled temperature of the model 
causes material properties such as Young’s modulus and density to change, and alters 
stresses due to thermal expansion. 

Figure 4 shows the how the vertical and longitudinal displacement of the bridge deck at 
quarter span relates to the cable temperature, which is a mostly linear relationship for 
both the monitored and predicted results. The monitored and FE model results correlate 
well with each other; the longitudinal expansion for both results has a correlation 
coefficient of 0.96, whilst for vertical elevation this is 0.92. This demonstrates the FE 
model is an adequate indicator for determining the thermal response of the structure. 

 

Figure 4. Monitored and predicted displacement of the deck. Top: Longitudinal 
expansion. Bottom: Vertical displacment. 

Figure 5 shows the change in the suspension cable tensions with temperatures predicted 

by the FE model; black markers indicate temperatures near -5°C, whilst lighter markers 

are temperatures close to 30°C. This demonstrates the cable tensions drop linearly as 
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temperature increases, as a result of the elongation of the cable and the deck. This 

modifies the configuration of the bridge deck, which is accomodated by an adjustment 

of the cable tensions. The graph is asymmetric since there is only one expansion gap, 

which is located at the tower near Saltash. 

 

Figure 5. Modelled variation of suspension cable axial forces, with regard to 
temperature. 

6.1.2 Modal response 

Figure 6 demonstrates that each of the modes on the bridge respond differently when the 
temperatures of the bridge elements are varied. For example, the frequency of the first 
lateral mode is significantly influenced by temperature when compared to the frequency 
of the vertical symmetric mode. This is because the behavior of mode LS1a is reliant 
upon the tension in the main suspension cable. A study shows that the material 
properties only contributed as much as 0.25% variation in the natural frequencies in a 
10°C range, since the Young’s modulus of steel barely changes over this slight range of 
temperatures. The change in static configuration tends to govern the dynamic response 
for most modes. 

 

Figure 6. Predicted % frequency change of the bridge, with regard to temperature. 
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6.2 Traffic 

6.2.1 Approximation for applied traffic mass 

An approximation of the traffic mass effect on the bridge was required in order to 
quantify the response found from the FE model and monitored results. The numbers in 
each class of vehicle was established from toll records collected on Wednesdays, and 
mean vehicle masses for each classification were taken from a report by the British 
Department for Transport (2008). Predictions for the number of vehicles on the bridge 
at any one time were interpolated from webcam images of traffic crossing the bridge. 
This information was used to derive the approximation shown in Figure 7, which relates 
the mass to an hour for each day, alongside a fitted polynomial to the data. Two 
important features in the plot are two peaks in the traffic mass found at the rush hour 
periods, which play a significant role in later results. 

 

Figure 7. Estimated total vehicle mass on bridge for each hour. 

The FE model was loaded incrementally with equally spaced static traffic masses, and 

the subsequent changes in the dynamic properties were observed. Figure 8 plots the 

observed change of the first vertical mode frequency from the FE model to the 

monitored results. The first vertical (symmetric) mode was chosen for its apparent lack 

of response to temperature, shown previously in Figure 6. The predicted and monitored 

results share the same shape, in particular the two troughs located at the rush hour 

periods. This demonstrates that high levels of traffic have a significant influence on the 

dynamic response of the bridge. 
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Figure 8. Diurnal fluctuation of frequencies; comparision between monitored and FE 
model results. 
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7 CONCLUSIONS 

It has been observed that the static and dynamic properties for a suspension bridge are 
significantly influenced by the temperature and traffic conditions upon the structure, 
which are apparent from both the long term monitoring results and FE model 
simulations. Using this fundamental understanding, the University of Sheffield can use 
this data to quantify the change in response for each condition. 
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